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Table 1 Summary on CA immobilization on natural polymer
Enzyme  Immobilization Support Enzyme Reaction kinetic o
. S Stability References
source method material activity parameters
Bovine Entrapment Alginate bead  The activity of immobi- — The optimum reaction tempera- [ 16 ]
(1.96, 2.74  lized CA were 0. 28, ture of immolized enzyme was
and 3.7l mm) 0. 10 and 0. 03 U/ 10 °C higher than that of free
mm? | respectively. enzyme.
Bacillus Entrapment Chitosan-algi- — — Stored in Tris-HCl ( pH8. 2) [18]
subtilis nate  poly-e- buffer at 37 °C for 2 h, the ac-
VSG-4 lectrolyte tivity of immobilized and free
complex CA  kept unchanged. After
stored for 28 days at 4 °C, the
activity of immobilized CA was
constant while free CA lost all
activity. Immobilized CA re-
mained 93% of the initial activ-
ity after 50 days.
Esche- Entrapment Chitosan-algi- — The K,, values of immobi-  Stored in Tris-HCl (pH8.2) [19]
richia co- nate  poly-e- lized and free CA were 19.  buffer at 37 °C for 2 h, the ac-
It MO1 lectrolyte 12 and 18. 26 mmol/L, tivity of immobilized and free
complex respectively.  The Vv, CA kept unchanged. After
values were 416. 66 and stored for 28 days at 4 C, the
434,78 pmol/min/mg, activity of immobilized CA was
respectively. constant while free CA lost all
activity. Immobilized CA re-
mained 81% of the initial activ-
ity after 40 days.
Bovine Entrapment- Alginate-PVA  — — Immobilized CA remained 33%  [22]
cross-linking of the initial activity after 6 re-
action circles.
Bacillus Adsorption Chitosan- The activity of immo- — — [23]
pumilus NH,OH, alg- bilized and free CA
inate-chitosan ~ were 47. 5, 35. 1,
and alginate 38.2 and 59. 4 U/
bead mL, respectively.
Bacillus Adsorption Chitosan- — The K,, values of immobi-  Stored in phosphate buffer at [24]
pumilus NH, OH-alu- lized and free CA were 4 °C, the t,,, of immobilized
mina-carbon 10.35 and 1. 89 mmol/L, CA was 25 days. Immobilized
composite respectively. The V. val-  CA remained 50% of the initial
bead ues were 0. 99 and 0. 99  activity after 4 reaction circles.
pmol/min/mL, respec-
tively.
Bacillus Adsorption Chitosan - — The K,, values of immohi-  Stored at —20 °C, the t;, of [26]
pumilus NH, OH bead lized and free CA were immobilized and free CA were
2.36 and 0. 87 mmol/L, 216 and 192 h, respectively.
respectively. The V,_  val-  The values were 456 and 408 h,
ues were 0. 54 and 0. 93  respectively, at 25 C.
pmol/min/mL,  respec-
tively.
Sheep Covalent Sepharose gel ~ Activity recovery was The K, values of immobi- Immobilized CA exhibited the [27]
bonding 83%. lized CA were 50 and 80 highest activity at 80 °C, and

mmol/L, respectively.

the optimum reaction tempera-
ture was 10 °C higher than that

of free enzyme.
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Enzyme  Immobilization Support Enzyme Reaction kinetic -
. . Stability References
source method material activity parameters
Bovine Adsorption Octyl, dode- — The K,, values of immobi-  Stored in phosphate buffer (in [31]

cyl or palmity-
Sepharose 4B

lized CA were 0.53, 0. 31
and 0. 21 mmol/L, re-
spectively.

the presence of 0. 5 mmol/L
KSCN) for 1 h, immobilized
CA remained 95% , 70% and
70% of the initial activity, re-
spectively. Incubated at 65 °C,
immobilized ~ CA
70% , 60% and 40% of the in-

itial activity, respectively.

remained

Continued table

BIlGoE A 0, I [ A BT R OR R 40% 13 1
[E]5E AL B AE 80 CHNFL 90 min 5, B HA 50% 1T
M, M RS 0E T, B EG IR RIS, SR
SEPCS R R R A A TR A S = 1%
2% F1 3% 1) 5 (3 M RPN 47 Bk i ) /7K W A1 ( PAA-
AAm/HT) K 24 K BERE, SR G K CA A3
g IR e MR B AR PR R, I W-A e H
CO, /KAEE, 43514 1 937, 2 002 F12066 U/mg,
Tir BN 2 273 U/mg. 3 7K 3 47 B9 AT LB
BRI K PERE, SR, MK A R
3% , 2F CA [1 [ 2 i AN G 18 B — 8 5. 2R
PALHE CA [ B iR i NHS 158 O 36k — W i
(DCC) , G5 /KER Z I I i, S
A K B A B, 2R TN 2.8 mg/g i i F
4.6 mg/g, MG LM 1 155, 1391, 1 746 U/mg;
AIHE- LR A [ 52 1 CA FE 50 °C 1 2% vh i Hh i #4
1 h JSIRRECREF 80% A& I, TP 3L i) CA
HABARE 65% T 1.

i HL 25 22 ) 2% T TR W 47 4 LA v 1 L 3R T
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[ 5 IR AR h 2 2P 4E N, p-NPA RIS [ & AL 5
it ISR 40% , [E5E Ak CA I #ER e T AR
FaE vk W E R, 32 Cu™ R Fe™" 5545 Ja 5 7 (1 410 il
AR IR A%, Sahoo 267 R 27 22 45 Rl 4
IR (PLA) R4, SR )5 40 5 A Ak A B 0%
(GO) F1 nMOF (—Ft ] Zn #h 0 2-Z FL X 8 — W iR
B EAT K & R A HUREZR Y 5 ) % PLA 3R
P 5 K GO/PLA il nMOF/PLA. CA L4 Hl 1
By S 2 2 PLA b, RAMRBRE-JE 40 B8 4 00 X
4350 %2 46 GO/PLA f1 nMOF/PLA |-, 5 nMOF
ST T 1% W5 1 (GA ). ] p-NPA 3

HIEVE, B 3 Fh 2 1k CA By K, fH 53514
6.84.9.65,12.28  14.66 mmol/L, K_ /K, {E45 5]
$7937.55, 786. 64, 695.79, 671.74 M™" - s7'; #H
b R & AL B 35 53 o A 83.90% |
74.21% . 71.63% 5 70 °C T i, WeEESHEH 3 Fb [
FE AR T (1) il 15 20 0] S W) IR 9 22.7% | 47. 1% |
55.9% 1 51.3% ; [& LB E A 10 W5, 5
BRIP4 43.7% | 78.9% F169. 3% TG , X J&:H
B RGP R, B R

Joel 2538 SR FH /K 45 85 1 b B AL AR AE 58
I (PMP) [y b 25 £F e RRER T 5| A3, FELL CNBr
RIEAEHKE CA RECE] PMP K. 245K W], CA
TENE b B2 78 75 300 88% , M INTHC L TR A
FELSRF B[R] Xof il 7 [ 28 2 JL - A 52 )5 o [ Ak
CA HIF M CO, WBEER, CO, B EFRFLN 8
mL/min/m’, LA CA BFES 75%. FEEMgas™ %
FR IR B8 R AR RHEA TRl , F p-NPA 3530
TGP, 37 CF MR R il h /A7 16 d )5, TiFES
FF A PR BRI AR 10% , 1 i 0 A 0 F B8 T 1
36% ; SN A A LG, PMP R M0 245 G
CATE9 WUEE G, VIR R 2 46% W& 1k, 14 2E
37 o ) D) 56 4 912 2R 35 M. Arvazawa 2850 U] % 3,
#if = LW (TEA) 5 CNBr — & 1], ALty
1.5 0 1 B 380 Y [ A Bt T P Bt fif Y CNBre i
193.3 4%, X TEA GRS A S0 AR BT 4
R, TG K CA [k

Ozdemir 45" D3y S50 BR TG 1) 3R £ — B i
RW iR, 6 MR AN (PU) R i v,
FIH CA Zp ¥ LRy s 5 S RRIRERE &, CA 2
WRAE T PU IR F p-NPA R0 & v, D075 [
FEACEE RN 25 100 3 T2 S8 K, 53 1 9. 6 Fi
12.2 mmol/L, WFEsing K, /K, {H~2.02 M -
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Table 2 Summary on CA immobilization on synthetic polymer

Enzyme  Immobilization Support Enzyme Reaction kinetic -
. s Stability References
source method material activity parameters
Human Entrapment PAAm gel — The K,, values of immobi- In the presence of 0.5 mmol/L  [33]
lized and free CA were 5.6  sulfonamides, immobilized CA
and 5.9 mmol/L, respec- remained 50% of the initial ac-
tively. tivity, while free CA lose all ac-
tivity. Incubated at 80 C in
buffer, immobilized CA re-
mained 50% of the initial activ-
ity, while free CA lose all activ-
ity.
Entrapment PAA-AAm/ The activity recovery — Stored at 50 °C in Tris-HCl [ 34 -
HT nanocom-  were 85. 2% , 88.1% buffer, immobilized CA re- 35]
posite hydro-  and 90. 9% , respec- mained 65% of the initial activ-
Bovine gels (HT con-  tively, when meas- ity after 1 h, while free CA lose
tent of 1%, ured via W-A meth- all activity.
2% , 3% ) od.
Bovine Entrapment - PAA-AAm/ The activity recovery — Incubated at 50 °C in Tris-HCl ~ [34]
covalent HT nanocom-  were 50. 8% , 61.2% buffer, immobilized CA re-
posite hydro-  and 76. 8% , respec- mained 80% of the initial activ-
gels (HT con-  tively, when meas- ity after 1 h, while free CA lose
tent of 1%, ured via W-A meth- all activity.
2% , 3% ) od.
Bovine Entrapment Electrospin- Activity recovery was — — [36]
ning of polyu- 40%.
rethane hollow
fiber
Bovine Entrapment, PLA, GO/ The activity recovery The K, values of immobi- Reaction at 70 °C in phosphate  [37]
adsorption- PLA, nMOF/  were 83.90% ,74.21%  lized and free CA were buffer, immobilized and free
covalent PLA and  71.63%, re- 9.65,12.28, 14.66 and CA remained 47.1% , 55.9% ,
spectively . 6.84 mmol/L, respective- 51.3% and 22.7% of the ini-
ly. The K,/K, values tial activity. Immobilized CA
were 786. 64, 695 79, remained 43. 7% i 78. 9% and
671. 74 and 937. 55 M™! 69.3% of the initial activity af-
<57, respectively. ter 10 circles reaction, respec-
tively.
Bovine Covalent Hydrophilical- — — Stored in phosphate buffer at 37  [39 ]
bonding ly  modified °C, immobilized and free CA
PMP-HFM remained 36% and 10% of the
initial activity after 30 days.
Bovine Covalent Hydrophilical-  The activity of immo- — — [40]
bonding ly  modified bilized CA was 0. 99

PMP-HFM U
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Enzyme  Immobilization Support Enzyme Reaction kinetic -
. s Stability References
source method material activity parameters
Bovine Cross-linking PU foam — The K, values of immobi-  Stored in Tris-HCl buffer at 4  [43]

lized and free CA were 9.6
and 12. 2 mmol/L, re-

°C, immobilized CA remained
100% of the initial activity after

spectively. 30 days, while free CA lost all
activity. Immobilized CA re-
mained 100% of the initial ac-
tivity after 7 reaction circles.
Continued table
87% HIIEHE.

2 FTHLEE

ToHLE A BA — G WU RA B AR,
FRE PR GT . AIUBRCR BE 5 . N 5 B s A ) e il L T
Bk . ASG . Ak, T2k CA f
PLEAA 4310 . FALREFI AL R 55

S EATRR e, A LATRHEA R Y L
KA LE RN B B W PR RE | FoE I 45 1 25 45
Ay AR D 1] R Al B 2 A FL A A5 R R Y I 3
Vinoba % 23 il 5% FHAS e i . JL A 45 A 12 A0 fft
2% CA [ B AR fL o> 70 SBA-15 |, Horpsgik
e sokt SBA-15 5 CA HyBEIRER 2 vl /E T 1 h,
fdr CA W R 7E SBA-15 i, WCH 5 74 A 2 &
0. 1% GA BBEIRERZE ik /EH1 0.5 h, {#i SBA-15
MY CA S2HK; AN EES L2/ APTES Hikb
JESBA-15, fE HRm 51 A S, ] GA K SBA-
15/APTES [ 34k, SRJ5 F5 CA %45 ] p-NPA
VLN, W R, SCIRR A E ALl . A gl B
] 7 A il A R T 325 [ 5 ATl 1) K, fEL20 01 6. 1
6.3.5.9 #15.8 mmol/L; K, /K, {435 % 129.51
123. 81, 98. 03 F1 62. 07 M~'s™; K, {5 5K
0.79.0.78,0.58 #10.36 s™'; wEEFIH 10 k)5,
I8 7 A3 R TF T 29 95% | 85% FI 50% HY T 1 5
1E 25 C T WEIRERZE v A A7 30 d J5, SCIBk ik [
FE AT I BT 0 0 PR A T2 95% F1 55% Wi 1
DL ACHE i K RHR TR A7 R . Fei 2510
CA a5 2 y-(2,3- PR N A AL ) WAL =H 4
Fefikhe (GPTMS) M J5 9 SBA-15 |, ] p-NPA 3
5 T 90 A [ A A i K, B0 00y 2. 4
3.1 mmol/L, K, /K, {f5 5} 896. 4 F1757. 4
M7 e s 4 CFEMPRCP A 30 d J5, 3 IR
T 30% F1 91% HEEIE ; =AEAH 20 RS A R

Yu 261 il W R CA 43331 [ 5 78 -COOH |
-SO,H #1-NH, e/ fLEARE (FMS) | RIhRE
TR LA AL RE (UMS ) 38 19 S fL ik (NPS) I,
CA H#Ammt g /e . SR R KIE RS A
AR, fEJLMORRI TR 3L, -COOH Tifig
AR FMS S il 2 11 B A AR e 1 5 g L [ 2
B, YRR, 209% HOOC-FMS F1 2% HOOC-FMS )
it [ 25 543 311K 0. 49 F1 0. 46 mg/mg, M B %
I3 IR 62% F149% . T3 R T (1 AR . G OR BB
g St FMS DIel A8 5 CA B ) A B ol AR -
COOH 5 FMS 2 [u] (1) fifk e 4 R w] AR 75 s

Wanjari 2576 CA W B[ 2 24 FLIE AR AR R
=, FH p-NPA 000 5 Bl , U0 25 6 R0 [ 16 B 1Y
K, {43514 0. 876 F10. 158 mmol/L, V,  {H 43
40.936 F12.307 wmol/min/mL, K, {55~ 2.3
1.9 s, 25 C R34 51k 360 1 600 h.
EAETE T LR M AL B B AR, GA Ry sk
A, R3S HAR A AT CA #EAT I e 1, e
W 6 IS, AIOREF 44.2% WIS , 764 CHER
G R AE 30 d 5, JREDREF 80% G 1, 60
d JE IR REOREE 60% LA L (3 1, 1T it 25 il A6 AH 7] 5%
1T FR) 3K — $U (B 65. 3% H1 22. 3% . i 1] g 2+
7E pH 24 8.0 F125 C ¥ CA 28 GA L[ 3] 4
it APTES Le 34k e Pk i 2 £L 3 55 (PG1000400, L
£ 100 nm) |, #EFeE R 14.7 mg/g, F p-NPA 3
D5 8] 58 A TG 7 R 1. 32 Urg, I 8] 58y
33.4% , [E AL GRS CA 19 K, B4y 7k 259%10™
F1116x10™* mol/L.

Bhattacharya %5 223X 4 Fh 7 3 [ 1k CA .
HIPIRCEHE APTES B R7EAAERE R, 535
FH DCC A —RRIR %4 CA(TEFR DCC #E-& R HLAS
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), 53 R R )2 B IR AE R AR 0. 450 ~
0.280 mm HYERJE KM, SR )51 CNBr j%E 4 CA(fA
PR CNBr #45) , 265 4 Al M-S 5 20K CA
[ 7 e IR A R A L, B SGE o L A R A
FH RS PR 45 R 1] - SR e A R R 1 B P R R (MA)
REWHER, B CA W, K5 MA GA ZZHL 2 h,
ol [P ZE SRR SR T (fATAR PMA AR5 . I W-A 3
I B AL B TS 1, 25 3RB, i 4 ROy vk
EELRAE 85% ~98% , EIEFH 20 k5, DCC #H
AR FEAR A 0 TS Bk 29 10% , CNBr #4 Fil
MA F & I BE WK T 18% . 65 CHF, DCC #i G
(T TG 518, PMA KB4 (S 16 fe . Ly 45>
4 CA [EE LB T/ B i vk IS P RGE: Fey O, 3L
BR(CBi4%0.180 ~0. 154 mm) F2ifi, FH p-NPA 7:30 5
Mt , TERUA I 3 mg/mL | &4 0. 012 mg/
mL . pH 8.0, %43 100 rpm, 30 C )i 4 h f5A4F
T, B CA MR PICRE K (69.2% ), fiEfLR
NEHEFT 10 WS ATFRE IR RS A TG Y 58. 5% .

3 REM-ENESHE

TG R TCHLEAR A5 A I, e te ot L
HEAMEE S 22, R S A YRS A BHE i
HAMARZR. FI LRSS nT R A HLR S xS
FRGETCALEARAT R, ) 2 L &0 R A
PR S B B TR [ AT, 23 T ARZ
I RE

Merle %5175 et o fift ORI 4 P B i s ¢ 45
e BEZ AR b, F o P il i i DURR L AR Y
AL TR SRS J2 SR BE . 5 R A PRl 5
L CA, —Ff 2 A GA i Ak A 2 1Hi 7

ifefe, AR5 CA RmaELILM LSS, 7 —F
A 3 5 0 () B i SR IR AR 2 BE (PEO) fifE CA SR 255
FEER b SER g5 R, E R G 2R MY
I, PR R ) B K, TEFAE R G R
JERERIAAET, 55 2 By vk i [ 2R i 29 A T
215 WEERGZIEERMIEM, 51 FEE S
PRI/, A 2 A E ARG TS PR, VTR
JEh PEO SR 1 8] R R 04 £ 78 5 5 22 19 il 1) 1%
P S AR k. 7EH 3 — 2 R (MEDA) i i
70 CHRAr 42 d J5, [ LB O 47 i S 19 50%
AR ST, Ui s A — Rk 8Bk 1, 1 [
SE PRI B TR PR R KA . Voicu 251 4 Fe i P 4
FERI RGOS 43 B RIS W, 5 3R BT VE AR
HALBOAR 25 RINFER KA ZALE AL, FH
FURBEENE R E AR, ¥ CA NGS5 7E MR .
TN OK A B R iR Y vh 2 RS M N R I T
T, AGEAMRMA CO, WHHES), 454 CA
JE kAR T CO, BT, PRITMTES & IR N %
1R A KA CO, WREE, FIAEA: Y 1% %A T 3 i
RNAE S, B A A I i) R AR A e M. Sahoo
4090 P GA % CA [ 5 7652 B BE/Si0,/y-Fe, 0, I,
FH p-NPA JENE BgG . U 25 F0 [ 2 4k CA 1Y K, {H
S35k 9. 54 Fi 13. 87 mmol/L, K. /K, {H4> 51K
453.2 f1303.2 M™' - s7'; 25 °C T 7E MR £h 22 vh ik
HORAE 12 d I, PR IS PRS0 60% F 75% 5 [H]
EA CA FEF A 10 WS PREE 90% BT PE.

3 LA TIETJLAFER CA ZETCHLE AR
REY-THE A AR T E 1 B SRR E, 51
TEFRRTE . B ik BARRORL . BT . RO
Bl 12 SRR e R

R3IENBEMBEN-TNESHEREEL CA BN ELE

Table 3 Summary on CA immobilization on inorganic matrix and polymer-inorganic composite

Enzyme Immobilization Support Enzyme Reaction kinetic .
. C Stability References
source method material activity parameters
Bovine Cross-linking SBA-15 — The K,, values of immohi-  Stored in phosphate buffer at 25  [44]

lized and free CA were 6.3 C, immobilized and free CA

and 6. 1 mmol/L, respec- remained 95% and 55% of the
tively. The K, values initial activity after 30 days.
Immobilized CA remained 95%
of the initial activity after 10 re-

were 0. 78 and 0.79 s7!,
respectively. The K /K,

action circles.

values were 123. 81 and
129. 51 M7' + s7U) re-

spectively.
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Enzyme  Immobilization Support Enzyme Reaction kinetic -
. s Stability References
source method material activity parameters
Bovine Covalent SBA-15 — The K,, values of immobi- Immobilized CA remained 85%  [44]
bonding lized and free CA were 5.9  of the initial activity after 10 re-
and 6. 1 mmol/L, respec- action circles.
tively. The K., values
were 0. 58 and 0.79 s7',
respectively. The K, /K,
values were 98. 3 and
129.51 M™'" -« s7') re-
spectively.
Bovine Adsorption SBA-15 — The K,, values of immobi- Immobilized CA remained 55%  [44]
lized and free CA were 5.8  of the initial activity after 10 re-
and 6. 1 mmol/L, respec- action circles.
tively. The K., values
were 0. 36 and 0.79 s7!,
respectively. The K /K,
values were 62. 07 and
129. 51 M™' - s re-
spectively.
Bovine Covalent Epoxy-func- — The K,, values of immohi-  Stored in phosphate buffer at [45]
bonding tionali-zed lized and free CA were 3.1 4 °C, immobilized and free CA
SBA-15 and 2. 4 mmol/L, respec- remained 91% and 30% of the
tively. The K, /K, values initial activity after 30 days.
were 757. 4 and 896. 4 Immobilized CA remained 87%
M« 57!, respectively. of the initial activity after 20 re-
action circles.
Bovine Adsorption FMS, UMS., The highest activity — — [46]
NPS recovery was 62% .
Bacillus Adsorption Mesoporous — The K,, values of immobi-  Stored in phosphate buffer at [47]
pumilus aluminosili- lized and free CA were 25 °C, thet,,, values of immo-
cate 0.158 and 0. 876 mmol/  bilized and free CA were 600
L, respectively. The V. and 360 h, respectively.
values were 2. 307 and
0.936 pmol/min/mL, re-
spectively. The K, values
were 1.9 and 2.3 s7! | re-
spectively.
Bovine Adsorption- Acidic alumi- — — Stored in phosphate buffer at [22]
cross-linking na 4 °C, immobilized and free CA
remained 80% and 65. 3% of
the initial activity after 30 days.
Immobilized CA  remained
44.2% of the initial activity af-
ter 6 reaction circles.
Bovine Covalent Pore glass  The activity of immo-  The K, values of immobi- — [48]
bonding (CPG) bilized CA was 1. 32 lized and free CA were 259
U/g and activity re-  x10 and 116x10* mol/
covery was 33.4% . L, respectively.
Bovine Covalent DCC-Fe, di- Activity recovery was — At 65 °C, DCC-coupled CA lost  [49]
bonding carboxylic- 85% ~98% . activity was slower than PMA-
Fe, CNBr-Fe coupled CA.
and PMA

bead
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Enzyme  Immobilization Support Enzyme Reaction kinetic -
. s Stability References
source method material activity parameters
Bovine Covalent Carboxyl- Activity recovery was — Immobilized ~CA  remained [50]
bonding functionalized ~ 69.2% . 58.5% of the initial activity af-
Fe; 0, ter 10 reaction circles.
Bovine Covalent Polypyrrole- — — Stored in ammonia solution at [53, 54]
bonding porous carbon 70 °C, immobilized CA re-
nanotubes mained 50% of the initial activ-
ity after 42 days.
Bovine Covalent Chitosan/ — The K,, values of immohi-  Stored at 25 °C in phosphate [56]
bonding Si0, /y- lized and free CA were buffer, immobilized and free
Fe, 0, 13.87 and 9. 54 mmol/L, CA remained 75% and 60% of

respectively. The K /K,
values were 303.2 and
453.2 M7" - 57t
tively.

respec-

the initial activity after 12 days.
Immobilized CA remained 90%
of the initial activity after 10 re-

action circles.

Continued table

4 ZAKEAK

e BB T R AL E— 2R A YT
KBRS T B AR R 0 AT A sk 5 I Y
IREEPE. Yan 2512 51 FN-PA 045 10t 4205 3% 3 15t 0
g (NAS) 5 CA Fe i, fEfgRmGI A %, Ria
DA TE I (AAm) S BRLAR L N, N7 -1 H RGP o
Pt (NMBA ) Dy 52 1c7), 5 CA Rl E ) £ M JE i
PR A TRAR SN 9. 1, 13.7 F1 18.2 nm
PAAm YOKEEIE. F p-NPA ILINE B , K, {605
Sk 1,845, 1.865 F11 1. 878 mmol/L, T i = fiF M) A
1.804 mmol/L; K, /K, {H4>5] 4 368, 356 Fi1 336
M7 s RS S13 M7 - T BFSUR B, A
KIORL AT 2 1) ROSE 3800, Bl A JORE RS 1) 9
I, T E B AIOR B B 12 75 °C I IR
RGP P ORAT, 5052 40, 90 1100 min,
M35 B3 W UAE 5 min 50 2 200200 5 76 37 °C 1wk
ML 22 v R AT 48 h 5, 3 B E AL R BE T
87% OB , M 5 B AE 24 b5 RIS 2 50% 1Y
it T .

Yadav 28" 25 468 Bacillus pumilus FEYR Y CA
RESLINREAL , SRS A AL S e M 2 T 3R 1Y
BAHELE, 16 CA SN — R R EY I 7,
IR 7R TR RS APTES Z [A] 1Y
i BV S I ARE RS IR, A HOK i 32K 7R CA
(R NI F8 e A 1) B AR 2854, A5 A
BL-TCHLA b A= W 155 53 7 9 oK UKL (fj Bk SEN-CA)

X RLAR A 70 ~ 80 nm, JT p-NPA 0 & il 1,
SEN-CA e 85 W 10 K, {E4 514 6. 143 Fi1 1. 252
mmol/L; V. {HZr 54 28. 57 F120. 29 wmol/min/
mg; K /K {43500 1 396.5 F1486.66 M~ - s7".
FEREIRER G2 vl rh T -20 “CRAF 100 d, K BLIE 25
i 7E 20 d JE L5842 050G, 1 SEN-CA (WS 7E 55 d
WORFF LTS, 25918 T, 100 d 58 f-5E
JEAE TG 9 95% A4y, Ui AR e P R R # . b
Gb, AT EAR T A st R 1 CA
DA AESE RO CA IR R PR in GA 53 HDT-
MBr il #5143 FAIR] () SEN-CA™ | A5 Ml b B 3%
Moe R E R CA, %m GA 1 HDTMBr J5 il 15
{14 [ AR )0 PR T I A R B . X2 GA
Fe R Z A B SR R IL LS &
(a3 kb, HL G IE s R ) HDTM 0 BH 3 1 5
BRI AR, X E/E I YBLAG T e R
T R L 5 R LY CA 254, JEMEm T
FEALRERR.

Zhang %5 FIA T 3 B Zo/Si HA (] ()
Si0,-Zr0, G549 K KT, H APTES gttt )5 7 H GA
¥ CA [ AL BR300, LA 3 ol [ 28 it R 25
it} /£ K,CO,/KHCO, Wik il CO, MR, &
BAE 50 CF g 60 d J5, [ b CA fR+F T 5A
(1) 56% ~ 88% K 1, T [F) &5 2% 14 i 5 i U A
30% ; FEMHIF SO, NO,™ | CUfA7ERS, [ fk
CA WIS HERFE T 40% ~T75% , [Al 55 244 T Ui B i
1 30% .
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REPERORLAE S [ TR B 2k AR RL, B e
SEPEFIIARE TR  LEWAHZPELT . S 43 25 [l AN
JRAR A 4. Vinoba %™ CA [ 52 51 Si0,
BECPERY Fe, O, BENEANAKRLF (10 nm) |, 75 H
GA #4219 OAPS Y HEfL 1Y 44 K ki Fe,0,/8i0,/
OAPS-CA( fii] % Fe-CA ), p-NPA 2 Il 5& H: iy 7% ,
K, /K, {HJ} 783 M - ™", WEBSEGE Ny 874 M7 -
s™, Zead OAPS THREAL o 2 A 3 1fd 28 % 14 I B e A
FHFN OAPS A< Bf () 37 J7 hik FE B 25 44 4 K F Ok +F CA
OGP [ At o 3 e i 1 I AR e Pk, 30 d
J&, Fe-CAATREOREF 82% M TH k. X P VAT BHE
e T REAS T GHORE 2 A DS A Joz o [,
AR CA BEREI ) I A AEREVE A K R R
T Jing O y- S TR R N R 5 = AR
RELE (MPS) B MEREPE Fey O, 33k (CRLAZ Ry 200 ~ 400
nm) (F HR A NS, K55 B IR 4 K
HMER(GMA) H RG] ARSI, HEEI IS CA
ORI 5. ] p-NPA LI & BT
[EEAL RN BS CA 1 K, {H43 51 J 8. 077 F1 6. 091
mmol/L, V_._ {87 % 0. 027 F1 0. 091 mol/min/
mL, K {H25 R 0.67 F12.27 s ZIR T Tris-
HCL ZZ v i v DR A7 1 by, 3 ) R 5 400 2 05 1R 19
90.9% f171.8% ; 70 °C F Tris-HCl 28wl ifi Hp 117
1 h, B8k CA BGEEAAAS , iF I RF7E0. 5 h 5 3L
CoE KT ; ek CA TR A 6 Wa R frF

47.6% [T 1.

1) Tl 5 T L LR ) DX B 5 B R PR Y 4
YKL~ 2Z 8] 1 i F A P o 8 1% 4 i 40 K s -l
LHOARL, RROEIG G RY [ 4, HaxX Fh & E f i
REAG AR 5 0 9 A W AR 35 27 Vinoba 2517
S HRELE (B IE ) 3-S50 5k = H (2L A e (CPTMS )
BPEA AL SBA-15, fEHR I ARNEE, 2
JE 05 3 FhaE G Y AaHE = (2- 2 L) e
(TAEA) | PUZIEH [ (TEPA) | Z ARG /2 5
ARIERESEBE(OAPS) i, 51 AZ I, FiEit SBA-
15 [ ARF IR 1) L T 5 1 B H ) 4 B R ) A8 K kL
¥, eJEima E AR BRI CA [ E TEAR 44 K
BRI . ) p-NPA P00 e (LS PR, 3 15
K, /K, 511580, 159 F11640 M7 - 57",
WeEsHER 1 660 M™' - s7'; 25 °C Tris-HCl 22 vhifi
R1E30 d J5, 4304 T 86.5% | 87.5% . 89% 11y
TEPE, WEESHE A 77% . W]t APTES F1 3-%i
e = G ARG (MPTES ) Bt SBA-15, 43 il 75 3
RKEFIAZHEFBLE, FFI0A S 90K R F1 CA,
i B CA/SBA-15, CA/Au/APTES/SBA-15 Fi CA/
Auw/MPTES/SBA-15"" | [# 2 AL TS F1 8l 112 S50
Bt 5 CER[70 AR 40T, WLk 4.

F A AT CA FEGIKR AR T [ & 1L i) S
BRAGE , FUH TR . BT L AR R
it 115 S SN By ) 2 SRR A PR

R4 MRYEEEN CA I ELS

Table 4 Summary on CA immobilization on nanometer materials

Enzyme  Immobilization Support Enzyme Reaction kinetic .
. s Stability References
source method material activity parameters
Bovine Covalent PAAm nano- — The K,, values of immobi- The t,, values of immobilized [28]
bonding gels with the lized and free CA were CA were 40, 90, 100 min, re-

average size of 1.845, 1.865, 1.878 and  spectively, while free CA lost

9.1, 13. 7, 1. 804 mmol/L, respective- all activity after 5 min.

18.2 nm, re- ly. The K,,,/K,, values were

spectively 368, 356, 336 and 513

M™ - 7! respectively.

Bacillus Covalent APTES/ chi- — The K,, values of immohi-  Stored in phosphate buffer at [60]
pumilus bonding tosan nanop- lized and free CA were —20 C, immobilized CA re-

articles

6.143 and 1. 252 mmol/
values were 28. 57 and
20.29 pmol/min/mg, re-
The K. /K,
values were 1396. 5 and
486. 66 M™' « s7' re-

spectively.

spectively.

mained 95% of the initial activ-
ity after 100 days, while free
CA lost all activity after 20
days.
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Enzyme  Immobilization Support Enzyme Reaction kinetic -
. s Stability References
source method material activity parameters
Bacillus Covalent Chitosan, chi-  The specific activity —— Stored in phosphate buffer at [61]
pumilus bonding tosan modified  of immobilized and 4 °C, immobilized CA remained
by GA or free CA were 300, 28% of the initial activity after
HDTMBr 150, 160 and 500 U/ 30 days while free CA lost all
mg, respectively. activity.
Bovine Covalent Fe;0,/510,/ — The K, /K, values of im-  Stored in phosphate buffer at 25 [ 64 ]
bonding OAPS mobilized and free CA C, immobilized CA remained
were 783 and 874 M~' -  82% of the initial activity after
s7!, respectively. 30 days.
Bovine Covalent Epoxy-func- — The K, values of immobi-  Stored at room temperature in [ 66 ]
bonding tionali-zed lized and free CA were Tris-HCl buffer, immobilized
Fe; 0, 8.077 and 6. 091 mmol/ and free CA remained 90. 9%
L, respectively, and the and71.8% of the initial activi-
V,.. values were 0. 027 ty after 1 h. Immobilized CA re-
and 0. 091 mol/min/mL mained 47.6% of the initial ac-
respectively. The K, val- tivity after 6 circles reaction.
spectively. > K,
ues were 0. 67 and 2. 27
s, respectively.
Human Adsorption TAEA/CPT- — The K, /K,, values of im-  Stored in Tris-HCI buffer at 25  [70]
MS/SBA-15, mobilized and free CA C, immobilized CA remained
TEPA/CPT- were 580, 1 590, 1 640 86.5%, 87.5% , 89% of the
MS/SBA-15 and 1 660 M™" - 57!, re- initial activity after 30 days, re-
and  OAPS/ spectively. spectively.
CPTMS/SBA-
15
Human Adsorption SBA-15, Aw/ — The K, values of immobi- Immobilized ~CA  remained [71]
APTES-SBA- lized and free CA were 79% ,93% and 96% of the in-
15 and Aw/ 26.85, 22.35,27.75 and  itial activity after 6 reaction cir-
MPTES-SBA- 13. 07 mmol/L, respec- cles, respectively.
15 tively. The K_,/K,, values

were 1 480, 1 514, 1 612
and 1 663 M7« 57! re-

s

spectively.

Continued table

5 BlEK CA M TR MEzaI iR

T 8 A G B X A RSB T R, D
HBFFE [ E AL CA TER I S8R M E . Zhang
a2y Rl CA(ACA . SCA) 43 5] [ 42 51 3% 585 44
(CPG38, CPGI00) | iGHER 3 Fhadh b, ik 6 Fb
ALK 2R, FER GBI COo, T4, X
NS A 200 mg/L Fl1 400 mg/L ft) ACA-CPG38
WY CO, W Wi 58 2R 43 5] L S in il 1 75 50% A
100% , PLIAE & fL CA WAL T K,CO; A
CO, MMz i, [ 22 fh i 1) 1 77 F e L 75 31 1 e
¥, 50 °CIHEERERZE Pl RAE 90 d ), 6 it E
1k CA Z/BERS IR 60% (% 1, 1 7 5 00 L i

TR 30% HTE Pk, 60 °C i Wl R 3k 2% vh W H AR AT
30 d, ACA-CPG38 #1 ACA 4354545 53% #1 4% 1Yy
TEPE. EEAL CA YRS DA KB R £k . 1k 4 %5 A4
e 52 M AR 5, 50 C I ACA-CPG38 1R & A
0.4 mol SO, 0.05 mol NO, . 0.3 mol Cl” i HEfR
RGP AEAE 20 d, YETETRCA TR, RO PR
PR 114% , AR ZEET, ACA HAREDREE 51% 11
ThPE.

P TH v R FAd AR CO, fUfEJ), Bhattacharya
SE PR T — R B T 25 3 B, 1R A
K FSCHR[49 17 eds CA SN EETEIR BT A Si0,
AT RET b, SO ge R AEIE, [5E b CA 52 3¢
FEE T ROV HER, SCHEZE AR BN 28 TR 2 AL
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fifi CO, K ARREME I H KRB AE LA 255 B =itk AL
SEESBFSE TR . AT I R AL AN
L AR R R o 55 A5 X A 7K 5 S ;B 5 i)
S RSB E AR B 7 19 R SR 3l 554k
K L R N 5 B ROV ARk CO, TE R
BRI 43 LA R 70% , K 5 ~7 L/min,
AR 8 mL/min, MEZRFETALAE R 2 wm, 2
4 2 mg/mL.

Zhang 24 CAII A HEF PAA-AAm/HT 4K
BEKEER T, IR T s 2R 4E B (HFM) [
i, AT A2 (B PR AR IR EE CO, 1Y
R, FERON AR, 8 EORH AT S R
ATREFR I A 9 £ s (PVDF) rhas R 4EfigE, i 1A
FolE T AHE CA MUK E GHRER. S8 3 moft
BESM R CAMRE 1 o/L, 20 mmol /L ff Tris-
HCI Zzopi (pH 24 8.0) , RS CO, (R 43 %k
0. 1% , WA 300 mL/min, J5ORF 3 3
100 mL/min, #/EIREE R 20 C. FEUCERIERMET,
CO, BERAA 1.65%10° mol/m*/s/Pa, CO,%f N,
PEFEME N 820 1 1, CO, XF O, eSS 330 + 1,
LR 2% ] K238 47 30 h. Bao 2517 Bt T —Fh
HFM [ 3 i A AR5 f5 MR < ) €O, RN
#r PR GAL HEM 4R, RS (0, N, i CO,
PRAS) FRE S BI7E W K HEM trgi 3l 65
CA FYIBBEAL T PR HEM PRS2 /R, PL20% ) —
R W], CA Fil Na,CO,-NaHCO, 2% mhifi 1t
WRE /P4 3.0 /L 1 1.0 mol/L I, FL&E T i
ari iR CO, B ER RN, GREN], kS
H1 CO, MBIy 10% BT, J5 & 1) CO, B %
JERE ) 33.5% 5 24 CO, BUREE R 15% I, FiiE 1Y
CO, BBER G # 5 109% . Favre 25704 2 53 3
JKE PR PVDF JBELL K fLA2 435312 20 pum F1 60 pum
(5K e e £F 4E 3= A Si0, BEfE, T A CA IF
W, A BL-TC L A% 1k B M B B o ke, 140
N,/CO, RGP CO,. TEFFERMT, X 3 Tl
) CO, BBERA MM 3.7x10°, 2.9x107° Fl 2. 6%
107 mol/m’/s/Pa, Y& CA B 4r51k 4.3%x107°
4.7x107° #14.9%10  mol/m’/s/Pa

6 ZEit5RE

SR, BLE LI E Tk il 1A 45 A A ik
me RERE TR BRI BA TCREE | 25
PERBLF SO0, (AARLR EEBAR HAE IR AR T 5

WRE iR G TR, HRE
Phf, AT B R SR AR BT Z A IE FE A A4
kAR A R R | AR AN L AR R e
AT, [R) I e R AR T B AN Tl
YRR, (R R TERE s THLM LR A AR
TETELF . HUBRR B W . AR SF DL AR, (HICHLA R
[ 52 B4 7 N2 Yy B RS, R ERMER s R -
T A PR BAHURICHLA R4S 5L, HLIRGE
FEm, PFRUENELr, (BRH & ITE A 001
KRB A R AU ARBUN L RIE H dRER Y
PUri, B CREALROR s, PEETE R AF s 40K
ULV 2R B LE A AT | BRI T 1 g 25
Pt BAEd s R b 5 AR, HAS i
I, 2P RSO DU AT e RS — R, FERE S 1
FITT B a] s B ARG o . P, ARG HT & A
BORRIERE 538 HY BRI RE AL 773X T 8R4
HARPEREAY [ E 1 CA ZCH 2 Rl (A /Y
Je, WA LA 2 A 07 15 s R i R 7 I8 5 £k
ITEWNRATNEZ R AR BRI A
RMESE AR, A B R B — ] 5 AT 3 TR [l iR
% R T2 | AL BB Ty 2255 )L, AR A BE 2 3l
ST CA flEZE k. BLAh, CA G BAR
T MER v, (R AE N T RO AS i, i 44
TSR 7R A A S L o A T2 A G R AR 25 T T
VIFFE—E 220, —J7 1 nlad i 4R A A [ 52 £k
D7 B AR 3, 55— T 3 i R 4 32 A
3 L RAT B3 MR P I
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Research Progress on Carbonic Anhydrase Immobilization

LIU Wen-fang™ , WEI Li-na
(School of Chemical Engineering & the Environment, Beijing Institute of Technology, Beijing 100081, China)

Abstract ; In recent years, the application of carbonic anhydrase (CA) in CO, capture has attracted great interest.
However, as most other enzymes, on one hand, free CA has poor stability and the activity is susceptible to a variety
of environmental factors, on the other hand, it is expensive and not easy to recycle. Therefore, it is necessary to
immobilize CA for economic reason. This paper summarized the research progress on CA immobilization in the past
decade. The type of the carrier was classified into four types: polymer, inorganic matrix, polymer-inorganic com-
posite , nanometer materials, and the source of enzyme, immobilization method, support material, enzyme activity,
reaction kinetic parameters and the stability of enzyme immobilized on each type of carrier have been summarized
and listed. Research progress on the application of immobilized CA in reactor has been reviewed. At last, the ad-
vantages and disadvantages of all kinds of supporting materials were pointed out and the existing problems and fu-
ture research direction of CA immobilization were presented.

Key words: carbonic anhydrase; immobilization; carrier; enzyme activity; stability



