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Abstract

Abstract

The multi-enzyme co-immobilization technology based on the multi-enzyme cascade
reaction system can reduce the cost of the carrier effectively and minimize the consumption of
material and energy in the reaction system. In recent years, carrier-free multi-enzyme
immobilization technology has received widespread attention in multi-enzyme immobilization
because of it can avoid the problems of space resistance and enzyme active site shielding caused
by the carrier. In order to fully investigate carrier-free multi-enzyme immobilization technology,
in situ immobilization and layer-by-layer immobilization was designed to immobilize the ternary
enzymes of B-glucosidase (B-G), glucose oxidase (GOD) and horseradish peroxidase (HRP) in
this study. The enzymatic properties of immobilized enzymes under the two methods were
compared and the optimization conditions in the process of carrier-free immobilization were
determined. The main contents are as follows:

(1) Prepare the multi-enzyme co-immobilization templates. Calcium chloride, sodium
carbonate, poly (allylamine hydrochloric acid) (PAH) and poly (sodium 4-styrene sulfonate)
(PSS) were added to prepare calcium carbonate (CaCO3) with different structures, PAH-CaCO3
and PSS-CaCOs; microspheres, respectively. Scanning electron microscopy was used for
morphological characterization and X-ray diffractometer was used for structural analysis to
confirm the successful construction of templates.

(2) Perform in situ immobilization and layer-by-layer immobilization. The effects of the
concentrations and addition sequence of calcium chloride and sodium carbonate, crosslinking
agent concentrationand template removal agent concentration on the immobilized enzyme
loading and relative enzyme activity were investigated. The highest total enzyme loading
obtained by in situ immobilization of the multi-enzyme was 72.574+3.63%. 12 different self-
assembled structures of layer-by-layer immobilization were prepared using PAH-CaCOs and
PSS-CaCO; microspheres. The PSS-CaCOs--PAH--B-G--HRP--GOD structure showed the
highest enzyme loading and relative enzyme activity. Enzyme loadings were 75.16£1.97%,
87.70+4.39% and 85.461+3.24% of B-G, GOD and HRP, respectively, and relative enzyme
activities were 81.80+2.69%, 93.59+4.68% and 90.64+3.13% of B-G, GOD and HRP,
respectively.

(3) Study the enzymatic properties and kinetic parameters of the immobilized enzymes. The
effects of pH and temperature on the activity of immobilized enzymes were investigated. It was
found that the acid resistance of HRP increased after immobilization. At pH 5, the relative
enzyme activity of HRP in layer-by-layer immobilization and in situ immobilization was 1.48
and 1.50 times that of free enzyme, respectively. The thermostability of -G and GOD increased
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after immobilization. In layer-by-layer immobilization, the relative enzyme activity of B-G
remained 100% 50-60°Cand the optimum temperature of GOD was improved in the in situ
immobilization at 50°C. Furthermore, the kinetic parameters of the immobilized enzymes were
studied. The affinity and catalytic efficiency of the enzymes for substrates in layer-by-layer
immobilization were higher than those of in situ immobilizationThe K value of HRP in the
layer-by-layer immobilization was greater than that of free enzyme, and the Kca/Km valuewas
1.49 times of free enzyme. These results indicated the immobilized enzymes have good catalytic
performance.

(4) Study of the reusability of immobilized enzymes. After 8 repeated reactions, the residual
enzyme activities of B-G in in sifu immobilization and layer-by-layer immobilization was
96.35+4.82% and 96.691+4.84%, respectively. GOD and HRP were 69.17+3.46% and
66.6813.33%, 65.18+3.26% and 62.63%3.13%, respectively. The immobilized enzymes showed
good reusability. After 6 repeated reactions of immobilized enzymes in layer-by-layer
immobilization, the absorbance value was finally 0.29, which was 1.40 times of in situ
immobilization on the absorbance value. This result proved the good potential application of
multi-enzyme layer-by-layer immobilization.

Keywords: Multi-enzyme cascade reaction; Layer-by-layer immobilization; In situ

immobilization; Enzyme loading; Enzyme activity
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P 0 151 5 A BB AR AT ) T RV I N TR BRI HL- TR S48

TG TN R ELFE — SR S AR TR ER A0 & W0 E B o3 BT 2% AR SR AR,
TR . BOEER. WSS, B AT R AR R AL S A R R L 2 7 RS
HINTTAPRE, dnsffr sa bl BB, BRANKE . ThREM TCHLRERRSE . WM EHME
B I E LB, RS RIE R  RURAE) 2 R SOCAIRAR . SRR T
BT, REHECHAEMERERE, Rl AET, [HREMA G,

AN R EZ D A RIR G TIORAGE A DA RE . KRR R 7 T AR S g SRR 2
TRNE. YRS, SRANMEIERER O, BIRE NS (N E AR
AN RAMREE . EVERENEL . T IN. ZARER T /K e B €t id R v
Gy TR R i, AN, AN RHER @I B SR R EEE L, HAREN L
IR R SCRUEAR D A U R S T 2 Bt ] e v

BTN YA R, SRR R EHAAT B R, fe0s v ik e
HURRLFH T[] 52 A0 5 20 =5 248 PRI R L %, DL ACE MM RS E AR, 7

238 A R A TR BE A BOR B ), b R A AR — e R B RN 17 ]2 A Bl )
FIVG L, b 1 I P R ) 2% PR

1.3.3 TCRAEKIZ B E 2 Btid

AR GINER TS B ARG, AR B Ve B 2 ik a2 Mg e
ROy FARELFENE, AT SO AT 2 BT oy B [ 5 e 5k, RERGAE OR B ven i i e 1Y) 2
fiti b, O TN E R B P B A e AR, B 2R 7 R R AT B
T ALY S8 25 T il R A A s e A o 7 P g A=)

TeR ] e Al B AE A AR SR A ORI . ORFFEG = OB B P A% o B
J15ERE ji7PYs Je BRI 2 AL 8 X AR S (CLEs),  ZCHKME /4 (CLECs), %2
ARG R AL 1R (CLEAs), ZZHAME 55 T ME(CSDE)PS), A2 B & 14 & BELHAE T 2 B h i A28
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FE iR

WA 2 e B SRS B, S I SR AR AR U2 7E 58 U 3 F AR AR MR TE ), TN\ AS Bk
AR F]. CLEs fE LA I FE b 5 & ilBE PR 2%, FFA @A T 2 B L e g 7%
H, CLECs A B m PINUGEE . FaE tEVS), ReresEr=p g ar A 2% f, (I8 /2 e
Al VR 9 5B, G s T I TR RO A AR B 07, Ak, R A IE B AR A T
P15 CLECs [ Rt /2 1% 8 8 72 BB AR, T CLEAs BeAE N —Fh R 45 1)
[ 2 A6 7%, SElk CLECS fill & F1 8 Hr sk s, HET, CLEs Al CLECs Ci& P4 CLEAs
[ 2 AL AR ELT,

CLEAs JH i AR A A& A SR T 11 it A K/ N RN SR B PR MEDS), A 38 v 19 TR0 R
HEF MM, T CLEAs HEGE MM, BAREMEMES, ER/En o R
o fE—EREE b, ST CLEA FURIRENS ORI B S, B ik Bg SR iED), 754, CLEAs
5 A AR BCA A, B AL fE AR, TEAC I Ry T =
YLE AR AR, BERITEYER IR TS, (HR Z 34 I i 45 1 T BE7E 3582 A ek F2 v A%
TR, PRI 2% A 10 IR ) A 2 5 e g P AL AR PEESO), Ol T 3 — S0 AR il = AR sz
Voberkoval®V&Z5E 3¢ H [E %4k, CLEAs $iAR, BI#AKTE LM, 7EH FLEAA N &6 ik
CLEAs, B 5 BtRRacAs, 9% mt 5e i) Joa i [ e AL g2

1.3.4 RERYH T 2 BILE &

[E#AY, CLEAs $7 AR BEWF B M 82 rh 2 PRSI RG (0 [ SE A4k, P 28 PR (8 BT V25
— MR L, FLIBOE AW T, LRI E R 4, LU fE, i+
W IRAR (1 ] 52 AR AR R BN —, TR & B s S ek s fe e . A AT
FPEmR, IR, EARE Y2, AT DA & T [ AN R b 2 1 B

BRERES (CaCOs) RE M A AR IS I [E 204K CLEAs AR, CaCOs 72 HAR A 140 7 2
skl —, ATRAMDLFE ., R4S WA B b 2 B 3RAS, AE A SR Tl A2 r= E#A
JTEZ BB, CaCOs 5T, RifR/h, HRmAR, MRh@EA S, Mo, @il
TS WEFIRESE AR, BefF 2N [F ARG AN FLAE K/ CaCOs. Weber ™48 18 1T 7E
PR FL 210 L[ 52 P450 BM-3 20 5 LT R 4509380, IEH T 3R RIEE i FLAE . #ik
P &5 ) 00 2 5 Ve g 1) SR A . TR TR R S A BRSNS T DA 4 R A R I B
CaCO;8871, I/ ] 52 A B S L A B J7 o 7 A BRECH RS A 2 CaCOs LI =
Pl A TS, A IR EREA(NaxCO3) FI A L5 (CaCl) N kL, REE ELE: & il CaCOs fhir
TR 2 B, [FIEF, AT LA CaCOs JEAT ThREAAEE, 1 amin N 25 F s I 7 an 5% ri i
RPN ZRROASE, 4 T 2 R R DI RE HARITE A CaCOs ki .

CaCO3 B AR KA BV 5T 2%, 76 il £ i F v 3 252 B B 1R B S OB IR pH A
I 7055 2% A 0] 22 P i 1931, g 42 1) A [ 1) % 2% 40 T DAL 2038 CaCOs I 25 1A A
H AP 8 P T i 1 ] A FR R, RS ST e AL B Y = 2l B . H AT, CaCOs /E iE
WREGER, CEEBEE. OEE. EVBUE T Z40EEPY. B4 8 A FE 5N [F) 40
43 B S BR R o
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1.4 FT BN AR 2 1) 2 B AR

1.4.1 FERR N ZR A 2 A [ R 4L

25 B R B I 2RO PR A S N3 5 2 i R Y A b s P o LBl (AR ATISR IR EAT P20
LU B NERE, AR 2] A B . 2 B E A I8 2 A M AL B s
R, KBV IUB SN A 28 il B i) 2 Rh gt AT SR g, 45 2 (10 13 58 1 Bl RE S RF
I T B R 2 T

F 3 2 ) 2 2K o 22 Bl B S I 5 D A PN R BB AR A e S AT SN SER AR A S
P AL B B H 982 % 21 ) 22 Bl RE A% el AN [ 7 AUHEAT i 72 1K » Yl 2185 B 45 D200 ff 28
WP IR A IR AR 1Y 328 T A i i A o A M O B, SRS I =4 2 AL b ERAE
FeAL(R)-3-Z T I A TP AR B R4 AR R A B A A o (B P ez o R g 52 3]
MM ACEHR R, HANMR A BRI P AL BB R 2%, 8 H XE DL E AT R A [, M4
N 2 RN e SR DU RE L B AT — e XERE, DRI, FEARAINHEAT 20 i B N A4 2 v i ) o
TG SRAT (1 18] 5E AL B AE 47 8 M R TP AT AL S N, R — PRI (8 ReoE Mk mr . R
FEPRIE L SN RT3 PRANEEAT 1) 22 BE SRR AL S NIRRT n] LI I SR IAR AT, AL
LR A AU B 1) S ML R, 8 ] A AN (R i 18] A Bip DA P, L BE TR 2 i
AT SRR ) 2 BRI BN o

1.4.2 B-HEFEEEEP-G). BEEEALE(GOD)FBIR T E VB (HRP) A

B-G JE T LT 4 bE, RLAUERM NIRRT IREN, |2 AT HATEY.
FE MR 0, F N T 4ERK M. SRR aw. MisEEER. £8
dh I AEIE A STSE T . GOD | iz AFE T EM AU EY) 2, EE DI AR 5
PENA P AR BT 2, T2 B T8 Tk, G523 Tolk. . 72 # 2%+ T, GOD
Xt B-D-H % E AR R A SO, BERE D~ W e A 1 2 W IR P T AT o SR S
(H202). HRP &M MBAR 4RI, DLERRR MO 4 2k (1 S i, B S ELis I
m PERRRE . UrRRARER, HATC RS VR Z, £ H0, s Ab AL Y17
{EI, HRP g Pusdk 17 LA AL S . HRP & N H T AN AL ks, it
AU,

B-G. GOD Al HRP RI ¥ Ny 5e B = TuME IR MR R o 24K R K B4 S B A
e LT YE RN OB, B-G AR £F4E Wi il AL B w b, AT AT HE T GOD etk
NFEEIHEER AT H202, HRP 73 HaOo 7 A2 58 UNDKE e AR S B AR s s (77, n iy
AR} 2,2 - HRE - -3- £ FE TR E LR - 6-RETHR (ABTS) 3, S8/ T AR 2 07 R A 8 8 S B
B OGO UE B U SN TR ITOMIBEAT « e B2 R S AR 5 r BB O 22 g 3L [ i
HIBE SR R, % I8 E A 2 WA S N A T, HL v fa] P )R 2 = D S e i Wie e Y 1 oAt 45t
R AR R R S LRSS, TR L 2G4 AL, HaO iE T
R EE A BB MG BRI R S . IAh, BT 90K R
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FE iR

IR Z5 9 L il 1) 22 I [P 2 AU T R e, W REME T AT 4 — B AR A% I8 45 BT T K 3
HHE LS .

1.4.3 #F GOD fl HRP 2Bk x Bifg R H 2 B ] e Aok 7033 R

fEHHTATFTH, GOD A1 HRP 638 B A M HAA AT RENLIE 2 . 70 XIS €
SEFEE, WA ERDNTHIWIFUAE, 3T [l & GOD A HRP #E47 (1 2 By Lk M4k
B, O 2 M T AR RS . BRI B IR S, TR S AR S B B
TR VR EEAE. RNV m R AR . 3R 1-1 B4 T
H i H GOD A HRP L[ € (9411, e H a2 (it 5t 47, 2 GOD Al HRP P
FRBE IR SR RELE . 5 B-G S G HEAT = JoBe B S N 1 i = 0 e i b, HLIE €
A BOVRENLIE €, (A Oy A 1 = ol e (et s, RIS, sk = A3 20 X3
[¥ 7 B ) [F] 72 L RS R AR L o 2 2 AR ) 1 = e i e LA b ST 5 i 7 AR

% 1-2 GOD/HRP H: [ &
Table 1-2 GOD/HRP co-immobilization

IL [ 5E S [i] 5 A4k} Eipregtd fi] 5 A 45
BEALE E A FL A e 1100 GOD/HRP EE3E 77 0.420.1 pmol- min"!-mg!
— ol GOD/HRP TRA7 7 RIGWOEFE R 90%
% FLgk £F 41 02] GOD/HRP AL £ 4 ) 7 905 A 5-100 pmol - L)
2 ket 0] B-2F L EY/GOD/HRP {17 30 KJGBHETER AR 71%
Wrglk g (CNT) 104 GOD/% .4 W i%/HRP TRAT 4 J G RS TR R 81%
YR p ARl GOD/HRP TRA17 75 RIEHE R R R 75%
A A EHGO) 1% GOD/HRP 65°C G PR B %6 60-80%
&R A HUEZR0T) GOD/HRP TRAT 4 i J A AR PR BE 26 78%
S A HLAEZRl108) GOD/HRP/Z FRAHARAREG 0 AR T Ry 0.85 pmol-L-!
SrIXIEE Rk gRoR T GOD/HRP/HKUST-1 H3E 77 79 Umg'!
DNA “¥ra&sAR” 671 GOD/HRP P P H i B Il 15 1%
S [ [E] 7 I8 fi sz 4 (110) GOD/HRP AL ZR i B Y 24 1%
DNA 34zl W& AL BS/GOD/HRP  65°CIRTE 60 min, HEAAIEE A 70%

1.5 AREHLER XK EEZFTAE

1.5.1 AFRERISLAER X

AR A 22 B (AL S SR 2R A2 90 S AR AL AR DRE S A4 RERE 2 i) S L 7 T 1A
it 25 il ] PR ) E TR, 22 Bl ] BOR D L AT e ol A e VE 22 . 4
BB T2 D R E IR R R B R ML RCR S i, SN 2 B AL N
RARMIBARBT T T 2B E AL AR B BR 32 g B B s fh, e BT
[# 5E A7 VE R e B . SR #iik. CLEAs BiARMEAT ZRERENLE &, AR inE e
B RS E VEAN R AL VE, RIS my AR (A S N8R, (E I I R A X il 1] ) 25 [ 5
RHATHHW I BLoh, FIHLZZ S e T A A P S B0 i, FFOLA sl e i i 2
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Folt 2% At A RFRE [ 522 LA i 11 v T R 7o 0 2 (0 Tt A TR B o

ASCHEFE T LA B-G. GOD M HRP /E N EEX R, {FH CaCOs M. GA NAZHk
FIHEAT IR AT [E 52, I LLER (O T 1% 3R 1R (PAH) M B8 (4- 2K 2R TR IR AW (PSS) M 2 1) PAH-
CaCOs Y PSS-CaCO; ERIHHAT ZHEE 2 [E 8, Xf FLAfF 7oA [m . 28 e 10 2 B (g 2 1
i, B e I AR A, R e R AR T A v N R ) 2 i 3 [ SR
DAH A L Ath DA 2R I6 S 87 A il 11 22 B ] e S ALt 9 S B

1.5.2 XRBHEBEHARAANE

AL EBEHRRAFW T

(1) #4372 At CaCOs B F13Z 2 1] € 11, PAH-CaCOj3 1 PSS-CaCO3 BRI ;

(2) AL E B-G. GOD F1 HRP, A 7 [A i i % A AN [7) S A4 0o Bl 2 e o i 52 e

(3) ZEE & B-G. GOD Hl HRP, i 4 = Byt A e B B 1 11120 2 (] 7 25 4

(4) SXoF LR b ] A0 7 25 DA R T e A T S BB Mot 5 2 [ e Ak ) feoE P
2 R

AT B ARB W 1-1 Fis.

G p-C

HE R K

____________________________________________________________________

o S it e AR g ey

TN X

e e e e e e e e e e e e e o o o o
| :
LWL 7, 7 7 i
: X PAH PAH- CaCO, © O O E
: @ e ﬁ & r :
: 8 A4S RER PN EEEE i B AT
R | 2 ﬁ . ﬁ . ﬁ
P 7
I PSS PSS- CaCo, !
e o © O
: 1
= i

PAH Opss PAH- CaCO; () PSS- CaCO, = #4L4#5  @Me#y O p-G () GOD ) HRP

1-1 FARTTEK
Fig. 1-1 Technology scheme diagram
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BE MRS

EZF HR5H®

2.1 SERAFRE
2.1.1 EgRIFPE
#*2-1
Table 2-1 Enzyme
[LEZLES B A

B R B R A A
iR TG PR A
LR R AR PR A 7]

B-G (EC 3.2.1.21, RIFETHA, HTHr, #EME=100, 000 U-mg?)
GOD (EC 1.1.3.4, R THEih%, Tk, EHE>180 Umg?)
HRP (EC 1.11.1.7, RIFETHAM, #&TFr, WEPE>200 Umg?)

2.1.2 EERF]

S5 BT 0 32 B SR 2-2 R .
#* 22 EEAH
Table 2-2 Main reagents

2 i LT S

R — A I 2 4 A 2 ) PR A
MR, RN IE] 24 45 A b 2 PR A
IR, A IE] 24 45 0 2 PR A
BRER$5(CaCOs) I 2 4 A 2 PR A )
HHME(H025 30%) I 25 4 b 2R A PR A
L ZRE(GA, 25%) IE] 24 45 0 2 A PR A
LGV B —4N(EDTA, —K) IE] 24 45 0 2 A PR A
EERE 4, =K IR R R A B A
TIKFAAT(CaCly) AR A A PR 7
T KRR (NaCO5), % b AR A R A
R (4-K LI EN)(PSS) bR T A PR A

D-21 4k —HE iR TG PR
JUSElWN ) R MR A IR 7]
SRIRER = A TAEY TR R HRA T

2 L A7) G250
R (T IR R ) (PAH)

4-Ti FE A - B-D- ALk MR 1 %1 % 1 (p-NPG)

A LA TAE (L) B A IR A 7
E i 5 BA ARG IR A F]
Fig 5 BAL ARG IR A F]
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2.1.3 FEMUBESHRE

SEIS BT B BN A 5 RS iR 2-3 Fiow
* 23 FENARE L

Table 2-3 Main instruments and equipment

FEAAR AR IR G

SR ACHETRX 5[ BioTek (X #% A PR A
/NS v B O L 1 [E Eppendorf /A 7]

& R A B 0L AU AR PR A
4°C, -20°CUKF IR A ]

SR AATROK R K [H Zealway IR A
pH it #iti -+ Mettler-Toledo A ]
Hw AR IR K IER RS A BR A 7]
DSHZ-300A 7K ##IR KRBT B A PRA 7
Gt T b E R A IR A F
TR ity B AR A BR A
Zeta FEAZIMHTAX e [ IR AL A PR A ]
AR L R fuf 2= Fei A ]

A RS T AR H A H A RA

X R ATHHX T8 Bruker /A 7]

{8 BLIH AR B 2T A6 TE A K H JE i AR A F]

2.1.4 SR A SRS

(1) Sz e i

BERR Eh 22 A JE /K IR — S AN IR L 8, FCHIVRFEA 0.1 mol L [ IR
R B (pH & TGN 5.5-9.0), {RAFAE 4°CEIE T &

PRI AT RIS, BCHIRE DY 0.1 mol- L T FR-F7 X IR M
22 PR (pH & TSN 3.5-5.5), fRAFLE 4°C5MF F 4% .

(2) BV W )

JiR A7 ] 5 (B VREC ] . 1 mg B-G WA T 1 mL KEH 0.1 mol L Frig R i
(pH 1E 4 5.0); 1 mg GOD ¥ T 1 mL KFEN 0.1 mol- L A7 R 22 M H (pH N 4.0);
1 mg HRP ¥ f#T 1 mL ¥RJE N 0.1 mol-L! B FRZE 1 7 (pH {H N 7.0).

%2 8 58 B R AR ECH] . 1 mg B-G AT 1 mL KFEN 0.1 mol- L Frig R &M iR (pH
fE4 5.0); 1 mg GOD #&f# T 1 mL ¥KEN 0.1 mol-L! B Th 22 rili(pH 5N 5.5); 1 mg
HRP ¥ fET 1 mL #KEEN 0.1 mol- L' SR ER & (pH BN 6.0). 5 FEAE LRHF B i (L B
DI, YR T T FEAeT F TR R T G, DRI IR S ] S ARG | 7 VR AN [F) T IR
(A

12
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(3) AHIE D ]

CaCly KV : 2> BIEHIRE N 0.1, 024 0.3, 0.4 A1 0.5 mol-L ] CaCla /K& ;

NaCO3 /KVER: 7> MIEHIKREZ )y 0.05. 0.1, 0.15. 0.2, 0.25. 0.3. 0.4. 0.5 mol-L"
1] Na,COs 7KIE K 5

GA KW 2 BIEHIREE N 2% 3% 4% 5% 6%I1) GA 7KIEW;

EDTA /KW 43 BIECHIRE AN 0.15, 0.2, 025, 0.3 0.35. 0.4mol-L"! [ EDTA /K
ST

p-NPG /KR : 43 BIECHIIRE A 24 51 104 15, 20+ 25 mmol-L™' ] p-NPG 7K¥E -

I AKVE: o BIECHIIREE Y 35, 404 45, 50, 55. 60 65 mmol-L-! [ 4 B K
ST

HoO0o /KIEW: 73 B BC I E A 304 604 90+ 120, 150+ 180 mmol-L™ ] H,O0, 7K VA -

2.2 SE AR
2.2.1 #]4% CaCO; AR

fliHH CaCla 1 NaxCOs 1R il £ SRRk, 18 PR 2 Ly E A 43 31 CaCOs Bt . HY
0.5mL ¥#KJZ 4 0.30 mol-L! CaCly, JREHRESIEHPUEMA 1 mL AN 0.15 mol- L' NaxCOs3
KR, FIRA 1 mine JLUTIEITEAEE O 4°C 8000 r-min™ 2544 0> 7 min, &
OE EEFEMALZETFIK, 4°C 8000 r-min! 254 F &0 5 min ¥ 3 K, RI43%] CaCOs
BEAR , CaCOs AR AE 37°C B2 TR AT T A5 e 4E

2.2.2 CaCO; B AL B 2l

(1) = UK 507 [ 58 B HI R B B S 1 mL,  FR 70 IRA = Fhiis B A

(2) WIRAM T, BL0.5 mL K& N 0.30 mol-L! ] CaCly ZKIEVRAT 0.5 mL (1R &
W, BENRA G, PUEMA 1 mL ¥#E A 0.15 mol- L NaxCOs /KIE WG 1R & 1 min, 7E 4°C
8000 r'min” 2 F &L 7 min 52 BiE, PUEM B TKBES 3 Ik, 1920 3L0T 5 R0k .

(3) FLPTTERTRL IR EE N 3% GA KIEHR, Wi FEE 3 h T8, b
JE R A T B0 B, REFKBERUTEY 3 I, R RIACH G B FL 0TI R .

(4) AZBRJE IR SR NN 0.25 mol- L™ EDTA /KB (pH 14 7.5), 25°C F &%
30 min A T %Bg CaCOs, BJG & 0% BIE, VIEM B TKBES 3 IR, 2433 )5 A7 [H
58 T SR R AR TROR
2.2.3 #JE PAH-CaCOs Fil PSS-CaCOs Bk

PAH-CaCO; 33K : Bt il 4 mg-mL™" ¥R JE K] PAH /K IEW, PAH A& 45 1 H i [ 58 HAL AR o
HY 0.5 mL 0.3 mol-L"! CaCl /K&, 0.5 mLPAH, ¥J5JIE&fGHREMA 1 mL0.15 mol-L™!
NaCO3 /KR, iR FHHE 1 min, YUUE 3 min, H4ILPTHEHRL 4°C 8000 r-min™ &0
7 min, fFEIHLPOEPRL, EB KBRS 3 K, BI15 2] PAH-CaCOs 3K

13
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PSS-CaCOs fiER: Fefl] 2 mg-mL ™ IR EI) PSS /KIEW, PSS J& 7 Gt HLfu7 1) 3R FEL AR o
HX 0.5 mL 0.3 mol-L! CaCl, 7K¥3i, 0.5 mLPAH, ¥2AIIRAEHIEMA 1 mL0.15 mol-L!
Na,CO3 /KW, #IRSME T Hi4E 1 min, YIUE 30 min, BFILPTTEBRL 4°C 8000 r-min™' &
0> 7 min, SEIFLUTIEER, 228 F/KEEE 3 X, PSS-CaCOs k.
2.2.4 BEFEE L

I FH i FBAR BAE 704 T 2 BRI IR 2 B € , 8 PAH-CaCOs f KAl PSS-CaCOs i3k
VE R[] 5 AR, 2 Tl 0 7 H T ) [ L5 s W 2 A 2 PR A S R385 3, T R A R
IR KA L E IR TR S N R b B ) 30 22 e fe,  DRLHAR S B 00 FR R %, A2 1 12
P 2 BHE 2 H A2 450

UL PAH-CaCOs i3k Mt , R LLT 6 M4ity: (1) PAH-CaCOs--B-G--HRP--GOD;
(2) PAH-CaCOs--p-G--PAH--GOD--HRP ; (3) PAH-CaCO;--GOD--HRP--B-G; (4) PAH-
CaCO0;3--GOD--PAH--B-G--HRP; (5) PAH-CaCO3--PSS--HRP--GOD--PAH--B-G; (6) PAH-
CaCO;--PSS--HRP--B-G--PAH--GOD.

PL PSS-CaCOs TER AR, KRALLT 6 Mghty; (1) PSS-CaCOs--HRP--GOD--PAH--
B-G; (2) PSS-CaCO;3--HRP--B-G--PAH--GOD; (3) PSS-CaCO;3--PAH--GOD--HRP--B-G; (4)
PSS-CaCOs3--PAH--GOD--PAH--B-G--HRP ; (5) PSS-CaCO;--PAH--B-G--HRP--GOD ; (6)
PSS-CaCOs--PAH--B-G--PAH--GOD--HRP.

LA PAH-CaCOs TR AR, (1) 5t 011, #7182 & B IR

(1) 7£ PAH-CaCOs fERF A 1 mL B-G, ¥J2IFEH RS 15 min, 4°C 8000 r'min™' &
L» 7min J55 BJE, B F/KBEEILUTIEMRL 3 IK;

(2) WINARIER 3% GA KiGHFEBEACH 2h, FIZMFTREGIEFEO. Y& 3 K,
A 1 mL HRP, ¥J5JEHIRA 15 min, 4°C 8000 rmin™ .0» 7 min 52 B, W& 3 K

(3) IINVREER 3% GA KIEHFRBEACH 2h, R NEGIEE O BEE 3 K. U
HHIF )77 20 € GOD.

(4) F&RREE M 5E OB E I 2 J5, 13 BT RR NN 0.25 mol-L! EDTA 7KK »
25°C R /B ¥Ess 30 min, B02E B, VUEVIBESR 3 IR, BmARENRZE € R 14
kL. 763 2 € & PAH (2 mg-mL™)H1 PSS (4 mgmL )ENEHAT, [FFEAT LIVENHE
AN TEASINAE B B S5 M, 3N PAH BX PSS 2, NI GA #1708, thabh, i
H PSS-CaCOs NI ERithkint, & —HFRE7/5, #E 30 min.

2.2.5 FAESHENE

Al 1. 20 54 7.5 104 150 20 mmol-L ¥ K p-NPG /KW, A 0.2 mL
[¥] p-NPG, 0.6 mL #7452 R -FT 5 BR AN i1l (pH fE 4 5.0)F1 0.2 mLB-G, 7E 55°C %M F R
I 1h, W€ B-G B /75 p-NPG 35 1AL i 26 . RMNZEH S, SEZIANN 2.5 mLNaxCOs
Zb RN, P E WG EAE Adooo

Iy HIECH] 35, 40, 45, 50, 55. 60+ 65 mmol-L" % /& % & B K. TN 1 mL %

14
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ZEFEKIEE . 0.1 mL 0.02 mol- L™ @AM 7K. 0.05 mL HRP £l 0.05 mL GOD ¥4 5)i&
& WSE GOD g 7 it % ) Ml 52 () A2 40 il 2k
Iy HIECHIRE A 300 60 904 120, 150, 180 mmol-L' [ HO2 /KIFW . JI 2.8 mL
0.1 mol-L" B2 5 22 3P (pH=7.0)~ 0.1 mL 0.02 mol-L" @B AR /K¥ETR . 0.05 mL H,0,
0.05 mL HRP ¥ 51iE 4, I5E HRP BEE /7106 HaOo W AR AL Hh 25
R Lineweaver-Burk 1EEE, 43 A13K13 B-G. GOD Hil HRP 18] 1% %4 K {EM
Vinax 1o THHEAFE] Koot (A Koo/ K o Kear (s7)HHHE A
() 537 X Vima
60

(1)
(Hztr
Vinax: B¢ KR M IE 2 (mmol-min™! - L),

2.2.6 B&E pH MR 2

AE 28 YR A HE AT U 2 A [ 52 AL B R B-G, GOD A HRP 53 pH Al dE iR 52
BT =M B B =R, Rk B[R] i 5B B A T e

Hr B-G 11 pH W EEFA 3-9, N 30-70°C; GOD (1) pH Il & i il 3.5-8.5,
TR N 20-60°C; HRP ) pH Ml 5EVE A 5-9, 55N 15-45°C . K =BG 11 5E N 100%,
PAE Z B 5 At 25 A7 T RO REDOT i 77

2.2.7 LB MM E

B-G, GOD H HRP = 5E % 44 i 22 MR IK S MR 22, AR S S Ay 414
THEE NN, i B-G A B &N, AT BEAE GOD fEH AR HaO2, HRP
I3 HoOn P AR, AR QR PT A3 BB BR (7 W o 2NN B N, R
P o O I, P TR S N A IR AT, (RIS AR SRR, W S B R

B2 0.6 mL BRI, 0.3 mL £F4E KIS, Forb i 25 Bl e B2 A B 5 [ 5 10 g AH 5]
EH IREWRAE S5°CRB BT 1 h, BEEREIRIRIEZE 40°C, k4L 10 min, X
L4 RE R SRR EI R 25°C, IO RIAREY B iRk77, JE 2 min BOLSE Adrs

2.2.8 fEfFRaRE MR E

o (B T T B SV P S H JERR AR 0, UBLAE 4°C A LT 7 TR
BE, WIS 7 RPABE A, N, A B (RS RCE-20°CA I T AT 30 KKK
17, WISE 30 RAMBE AN . KRBT AIEN 100%, HUSE QOB AR 153 LIt
W), R A S SRARNE 1. JR, 20°C R A URRIIE E IR, AN
A R TR, BRI VAHERT A, (TSR RGP AT 100
2.2.9. FEISE MBS E P R

J 3 R ] 5 P T Y 28RS 1P A B SR AR AT B S I 1Y) B R A I PR B
[ 5 P 14 B SR A P = 70l 00 [ A 20 g b = e i O B 0, 26— U e 4
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HJa, KA RERBEBOEE 0.22 pm JERBENE, [FHECEREEAEIERE L, 1E 37°C
HAT AT REAT TR, b5 WA 1 [ e fUlg, BEAT R — R IR s 1€ » Rl in g
HIEN 100%, T RSB /I BR AT AGRERS 77, 8L 70 vk 545 B9 R S 77
AR [ A i ) ) B R A I

F AP [ S AL B AT GBS S RE = M R IR s LM 5 7 3K, A 58 BUER — IR Bk [
N2 )5, HPTA RNIERGET 0.22 pm JEMEEIE, VLA B2 (LlE, BB/ 37°CH Tk
TERE ISR [ i AU, BT T AR I OB NEIE 5 12058 45 R AROC EERUE Aaro B

2.3 Tk

2.3.1 B§IESII5E

MR 22 SCHR T AT B 0 € B-G HIERTE 771121, B 0.6 mL 0.1 mol-L™! pH=5.0 f7#5
FR-FTEERR AN ZE P, 0.2 mL 10 mmol-L!' p-NPG, 0.2 mL FilBBHR 7 RS, IR ETEI
55°CR/K¥ 1h, NG, SERIHIA 2.5 mL 1 mol-L! Na,COs ¥l 1k N, i i il
SEME M Adooo FEIRIGE 3 ANPATIRLS, [RIN s (R, 2 1 6 KT TR S o 25 5
TR, AR X R T b o 1 2SR A5 R SLFT AR BRI AR ' . B-G B AL(U) E
SRS K AR B 1 wmol X il 3 S B A A A

XA FE R ARAE BE 2R 22 H]: 1 mol-L' NaxCOs ¥ AE MR, 4> BIBCHIIRE A 2.
5. 10~ 15+ 20+ 25 mmol L WX ER Iy bR S, R 3 A TAT L, [FIRH
EI R SEES . AL BR AR IR EE, AL FR ARG FEAE Adooo

FRAE 22 SR AT B 20 2 GOD HIBEE 7713 B 1 mL 50 mmol-L™ % &) B 7K V%
. 0.1 mL 0.02 mol-L" @G AR /KA 0.05 mL 25°C R 47K HRP 1 0.05 mL 40°C
il f7H) GOD Y50 &, ME 1 min KIBOGEE Ase. GOD HIBGE HLAL(U)E N 4h
fEAL 8 &0 A2 K 1 pmol HoOn T R B . BvE J(U-mL )i A 2

AAG Vo BEHRE (2K
25.5%txV,

2)

)=\

25.5: AIAREITE 470 nm i EE RN E R 5

Vi B RUEARF(mL);

t: SN E B[] (min)s

Ve: MR A BB AR R (mL)

G S 2% LRI E HRP (KEHE /104, B 2.8 mL 0.1 mol-L #EZ £h 22 /i (pH=7.0)-
0.1 mL 0.02 mol-L" @B ARE /K%~ 0.05 mL 90 mmol-L"' H,O, F1 0.05 mL HRP )27
A ME 2 min FIROEEEE Asro. HRP IS HAL(U)E XONEE T BH A Agro 246 0.01 AT
EHEGE. BS U mLYiHEAR:
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55 MRS UE

AX A Aa70x V< B BEAE HL
26.6xtxV;

3)

3z
26.6: EIAREITE 470 nm I EE IR R 5
Vi RS AEF(mL);
t: SN 5E B (8] (min);
Vi IR AAFA (mL) .
232 BEHRSENEBENE

B S 5 4# ] Bradford 35, FlF &K EEARGHAT I E . L 50 pL B, N
N 250 pL % ST W VA RGRF), SN 3 min, WGEWOGREA Asos, FEALM 3 AT SELG,
WA MEEARERZTEEARSE. VEAMEASES KRB CHEASEZE
MLWIEE R BB E A& &, Bl a0 it EEREEEE.
2.3.3 Zeta B2 5 AL HT

TE Zeta 53 BT AL AT 43 BEEAT P00 FEORLAE A AL 52 , 0 A it K VR AR R
P DU A5 85 0.22 pum 7K R 8

2.3.4 FHBTFEMBESCEM)MT

i F SEM JIE BESN IR TR, 16 10 KV BT, HERA R R R 8.
2.3.5 & BMANRBOEIE ST (FTIR)

A SR [ 7 A B2 BRASAR AT S HORE S 20 8 FTIR 5E, SRS EIIFHEAT ELXS
FHT-00 52 i T e A0, FRFRATTE 37°CHEAT B2 T J.
2.3.6 X SHARATHU(XRD)

i H XRD W E V5 IR AR S5 44, XS 5 A AT e It i RS H0: BIa6H
JE 30kV, HJE 10 mA, FARHFGEE 10 deg'min, T 5-90°. %#EiEid MDI
Jade 6 HEAT 45 A w74 o
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E=F HFR5HL

3.1 ZESLE E KRR

PR (1 A 1) 46 7 AU T B e LB AR S TERE, AW TSNS CaCOs AR AN
LA CaCOs N#AAM ORI IE D BT IR R, ZIE I Wi & s s F R 2, Bt
DI HIRRAR 1T L RE BL R S RFIE

3.1.1 CaCOs AR B R TEARIE

I % CaCOs & 251, REMEIRIFAFIFLAE . AIRLEHI CaCOs™, CaCOs i
ARG ERZERE . pHy SRR EESER 0, A, CaCOs HIZE 2 52 [ 2 A id 2
W S BRSO R, T s e B [ AL B RS PR RR . AR AEDY), Rt B
X} CaCOs HibR A LR BAT W B W 7T . AW FUAE ] CaCla A1 NaxCOs 1E N & B CaCOs
JERE, DAL & Bk A A CaCOs M7 A Y CaCOs, BRI &R 3-1
Fr7

% 3-1 Hil%& BT AT CaCOs M5 A CaCOs 1A

Table 3-1 The conditions for preparing calcite and vaterite CaCOs3

R JifRAa Y
Na,CO3 0.30 mol-L"! 0.15 mol-L!
CaCl, 0.30 mol-L"! 0.30 mol-L!
TR P ] 1 min 10 min
1) 2% i BE 40°C 25°C
B0 A 10°C 4°C

Kl 3-1 Bk B CaCOs A5 A1 B CaCO3 SEM
Fig. 3-1 SEM diagrams of vaterite CaCOj3 and calcite CaCO3
E: (ARRTAT CaCOs; (D) NITFA R CaCOs; () N i CaCO;3
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Wt SEM Wl e W R &5 H 45 B TE A RAE W 3-1 s BERAMAF KRS A
AT EIFI Tl CaCOs fn AL #4), H R TR 528, W0 3-1 (@), B — I ER S A B CaCOs
SEHEREEIEE, AT EARIOLE, BAREMERE, B—MHHAS CaCOos £ER
SERIRIISIARTERS, BEARGE VAR A BR B A T S5 A0 B R & FE R, BRI CaCOs
FAPERIBON A, T EAE 40°CHIREIN I N A et BRI 7E B0 . B — IR TE A .
UbAk, MR, HEREA T CaCOs JHEFIRFAE T, SfE—EmEZ GHLN
J7 AT CaCOs [ SRR ZER o 3-1 ()BT NAEH IR T R i CaCOs iR ghitl), Hah
P S TE T SLARTERS, ST 3-1 (b) Pl & B 5 i 284 CaCOs 4544, W#H Z5AEAL, 1H
il %% 15 2 1 7 ff A AL CaCOs @R ST IE /)N, TR 3E— 20 Ut B 7 A 242 CaCOs K 1%
FRIRRE g Rl

DT RRAT B
R A1 RS
i | |||“ ”l‘n [T e
1500
(a) R RIS
=
'é 1000
=
@)
S
o
= 500 -
=
0
1500
(b) 77 AT TR
=
= 1000
=
S
5
i)
=
=500
= \\J\f/,{%
() T T T T T T T
10 20 30 40 50 60 70 80 90

20 (Deg)

32 BRE AL CaCOs AT fiff A1 CaCO3 XRD
Fig. 3-2 XRD diagrams of vaterite CaCO3 and calcite CaCO3
TE: (a) WEREAHL CaCOs; (b) A7 A 2 CaCOs
R XRD I PR S5 R 45 200 S AR A s R an &l 3-2 Frok. XRD 74 RAEsE 1
il 2 (PRl CaCOs SRR LS FIRT 5 J7 il A7 AER AT i AR FRIAT ST U AR, 7 20 AbI e 2107 il A
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AR P SRR ANATS's
(RIS AERT ST AE v 23.02 (012), 29.18 (104), 36.06 (110), 39.38(113), 43.21(202), 47.03
(024), 48.20 (116), ISiE | REMEARYE S0 2% (15 20 77 ffA 8L CaCOs, [FINS, 7E 20 4bill &
FIBREE AT AT 1641 9 24.87 (100), 27.03 (101), 32.71 (102), 42.56 (004), 43.80 (110),
UGAE T ARIE SLEG 6 AT IR S BR T A L CaCOs. HAh, 7E 20 v 29.18 (104) A ERTE A7t HH B
R0, Ui R LS5 M TR & B 7 e B ), i — DR S T BB R RO e 2
MR ONTT IR G AT, 5 B R SRR S5 8 CaCOs EAT SR B AN 22 B 1) R A7 i1 5 40 30l U 52
Bl E, RWER 32 fion. SiREH, Dl e g2, A% CaCOs 1Y
G ES & T ERBA Y CaCO; M &, H GOD MR, AR CaCOs
FIERF AR CaCOs H GOD k& 53 A 67.3443.37%H1 58.9442.95%, 1fii HRP %
BRK, EERREAR CaCOs HEHEFREIUN 16.4240.82%, MU HBRE AR CaCOs ANiE
AT T K ) i ) (8] E A o
% 32 BREA AT AT CaCOs 1M 2l &
Table 3-2 Enzyme loading of vaterite CaCOj3 and calcite CaCO3

oy A B il B-G GOD HRP BB 2
i fRa 43.96+2.20% 67.34+3.37% 29.70+1.49%  55.40+2.77%
R A 38.45+1.92% 58.94+2.95% 16.42+0.82%  41.68+2.08%

BEJG W E 7 Pl CaCOs iR gy fa e tE, 5B WK 3-3 fin. Fifh CaCOs £5 4[]
AT 14 RAETE, 14 REWE 3-3 0w, Al CaCos L T HEBILR, KA
DR, (HERGE T 5E R, MERFCA Y CaCO3(3-3 (a) BB A, K073 45 F AN
W, HARAERNGED S . R, @ ee, ARSEI6iEPEH 7 AR CaCOs i
25 77 SR T[] 7 A PR AR 1) 2%

Bl 3-3 14 KAt A7 Bk B A 2 CaCOs Al J7 #4128 CaCOs SEM &
Fig. 3-3 SEM diagrams of vaterite CaCO3 and calcite CaCOs after 14 days of storage
E: (@ ERE A CaCOs; (b N fiA 7 CaCOs
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3.1.2 PAH-CaCOs 1 PSS-CaCOs (i85 R4E

R R A ELAE S 2 BRI 2 [ 58, IEFELL CaCOs AIAS [A] A 14 5 1Y)
RHMRBFUNIEER, B PAH-CaCOs fll PSS-CaCO; fERTE NiZ 2 [ e . TR
# W, PSS. PAH 1 CaCOs fEJE BRI FEH, FATEAMMT CaCOs S NHEL, 1
FeH ¥4 PSS 1 PAH RERS IR I {E CaCO; £5 MR TH 1Y, d b a] 541 CaCOs Bk
A AN E AT R, H B TR T 5 2 2 B IR = B 5E I AH S5

FJ%E ) PAH-CaCOs 1 PSS-CaCOs &5t EARAEUE] 3-4 P, i EE <] i ]
#% PAH-CaCO; 1 PSS-CaCO; HIJ7VEHA AT, A% RIEATEN PAH-CaCO; M
PSS-CaCOs f¥k&itt, Hr PAH-CaCO3 B R IISIARTE A, BRGS0 /B 5, R—
CERIILAS AL, TCRREAR AEREIL R . T PSS- CaCO; 451 & W B IIERIAE A, FHH
S)HEER B, BNy PSSR R A B G, B R TR R A ORI Tk, (B AR B —
SERTE A UK 5

3-4 PAH-CaCOs; 1 PSS-CaCOs 45 /4 i S RAE
Fig. 3-4 Characterization of PAH-CaCO3; and PSS-CaCOj; structures
1: (a)y PAH-CaCOs 3000 £ SEM [&; (b)y PAH-CaCO3 10000 f% SEM &
(c)4 PSS-CaCO; 3000 fi5 SEM Kl; (d)”A PSS-CaCO; 10000 £ SEM
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3.2 BRHIKAIE

3.2.1 FRKIEFHI 0

CAHARY, AEWKIKERESEN B-G g 7M€ MRS s AR P, i A
FULEFELE 390-420 nm WK TEHE NI AA R KYE B-G RIBOCEE KL MM, 4
Rl 3-5 Fiowo

XA AL K I8 25 1 75 B IR BEAE AT B R LG, XA L 2R AE 400 nm
Wb bR v 2R B 2R 1 191 U9 77 R v=3.5889x+0.0264, R>=0.99, &l 7E 45 5 b £ 40 & R
B B e 26, IR FRAE 400 nm P N EET G 4L B-G Bl 27 M R A € &

- B p-NPG 2 mmol-L"!
< @® p-NPG 5 mmol-L"'
A p-NPG 10 mmol-L”!
1.0 + ¥ p-NPG 15 mmol-L"!
@ p-NPG 20 mmol L'
< « p-NPG 25 mmol-L"'
L 4
0.8 4 . < <
3 ¢ *
= 0.6
~l D
R b v v
= v
0.4 A A
- A
024 ¢ * e L
| =] n | |
0.0 T v T T T v T
390 400 410 420

A (nm)
K] 3-5 AEPE KX B-G W% EE 520

Fig. 3-5 Absorbance of 3-G solutions at different wavelengths

3.2.2 5 J= BLA E) A0 R ) i £ 5

£ 400 nm. 436 nm. 470 nm A SFAF AL 73 O TE 73 A HEAT AN [R] OB IS [R] R
JEVIREEXS B-G. GOD 1 HRP B2 miilliE, SEinss RunEl 3-6 . B-G fERAEE R
B 60 min 5, WO TR . GOD BEEER R, WFHBET 180 s ELEMY
FEEME, N 1min ZJ5, BOLEEET PR HRP R FE, Bt
JEE Bt 5 2N TR) IS 0, 72 B 2 min Ji= , WROGE AR TT AR TP A8 o it 23 7l 16 #% 60 min.
1 min A1 2 min YE N B-G. GOD 1 HRP J& £EEFI% 7790 52 AR AL 4

JEEYDIR BT EL M IE S22 B BRSP4, B-G. GOD A1 HRP ) %l 32 KW p-PNG. Hi %]
BT HoO2 WRJZ IR . 24 p-PNG [ EETE 2-20 mmol- L G, B-G A5 32 HI 0
i, RGPS B A AR AR W K, JRYIRE KT 15 mmol L J5, 39K il 28 18 5 sk
o A EIHERE N 50 mmol- L iF, GOD NG E B, Ause A 0.843, T 43K &K
T 50 mmol- L i, GOD [ B 52 B AN ), 7EH BN 65 mmol- L, W BEFEAIR A 0.741 .
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