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CONSTRUCTION AND PERFORMANCE STUDY OF
MULTI-ENZYME CASCADE BIOCATALYTIC
MEMBRANES

ABSTRACT

Enzymes are green and efficient biocatalysts, serving as the core
"chips" for achieving sustainable biomanufacturing. However, the fragile
nature, poor stability, and difficulty in recovery of enzymes limit their
large-scale industrial applications. Membrane is an excellent enzyme
immobilization substrate and separation media. By immobilizing enzymes
in/on the membrane, the biocatalytic membrane can not only enhance its
stability and recyclability but also enable convective mass transfer-driven
continuous flow with efficient reaction-separation synergy. However, it
still suffers from low catalytic efficiency and mismatched mass transfer
and reaction. Herein, this work aims to construct biocatalytic membranes
with different spatial dimensions to optimize the mass transfer pathways,
rates, and spatial dimensions of substrate molecules within the catalytic
membrane. The collision frequency and probability between substrate

molecules and enzymes are simultaneously increased and thus enhance the
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synergistic effect of mass transfer-reaction. This approach mitigates the
trade-off effect between mass transfer flux and catalytic conversion
efficiency, thereby improving both the catalytic efficiency and conversion
rate of enzymatic reactions. Furthermore, leveraging the excellent catalytic
properties of graphene oxide (GO)-based two-dimensional (2D)
membranes, invertase (Inv), glucose oxidase (GOx), and horseradish
peroxidase (HRP) are compartmentalized within the catalytic membrane
by simply tuning the deposition sequence of the GO-enzyme mixture. The
compartment enhances reaction order and prevents interference between
different reaction systems. Additionally, the 2D nanochannels within the
GO membrane facilitate directional substrate transport, reducing the
ineffective dissipation of intermediate products, and thereby sufficiently
improving catalytic efficiency. The detailed results are as follows:

(1) Investigating the impact of substrate molecule mass transfer
behavior on biocatalytic membrane performance

Inv was covalently grafted onto three types of TA-APTES-modified
1D nanotube, 2D GO, and 3D polymer membranes to construct biocatalytic
membranes of varying dimensionalities (E@1DM, E@2DM, and
E@3DM). Mass transfer pathways, rates, and spatial dimensions of
substrate molecules within the catalytic membranes were optimized.
Characterization via SEM, FTIR, XPS, and CLSM confirmed the

successful covalent immobilization of Inv on the functionalized substrates.
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Results revealed that the 2D GO biocatalytic membrane (E@2DM)
exhibited optimal catalytic activity and stability under flow conditions.
Specifically, the simplification of mass transfer pathways, reduction of
confined spatial dimensions, and enhancement of mass transfer rates
significantly improved substrate accessibility to enzymes, thereby
enhancing catalytic efficiency and stability.

(2) Constructing adaptive 2D GO biocatalytic membranes and
conducting kinetic studies

Leveraging the outstanding properties of 2D GO membranes, Inv,
GOx, and HRP are co-precipitated with GO nanosheets to fabricate 2D GO
biocatalytic membranes (E@GO). Structural characterization via XRD,
SEM, TEM, and particle size analysis demonstrates uniform dispersion of
enzymes within the GO nanosheets. The GO membrane exhibits self-
adjusting nanochannels capable of dynamically tuning interlayer spacing
based on molecular weight. Kinetic parameter validation confirms that the
catalytic efficiency of immobilized enzymes within the membrane
significantly surpassed that of free enzymes, exhibiting higher substrate
affinity (lower K,,) and catalytic activity (higher Vyax).

(3) Constructing cascade biocatalytic membranes and performance
evaluation

Dual-enzyme (Inv, GOx) and triple-enzyme (Inv, GOx, HRP) systems

are efficiently assembled within GO 2D nanochannels using co-
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immobilization and sequential layer-by-layer immobilization strategies.
Results demonstrated that the GO confinement structure markedly
enhanced enzymatic catalytic performance. In triple-enzyme cascade
catalysis, the sequential layer-by-layer immobilization strategy enables
effective substrate channeling while minimizing mutual interference,
thereby further reducing the inhibitory effects of intermediate products
(e.g., H202 and ‘OH) on the enzymes. This results in higher catalytic
efficiency compared to the co-immobilization strategy.
Chen Shengxian (Biology and Medicine)
Supervised by Zhao Shiguang
KEY WORDS: enzyme, biocatalytic membrane, enzyme immobilization,

cascade catalysis, reaction-mass transfer coupling process
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Figure 1-2 Biocatalytic membrane
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1.2.2 EELIERNN A

TEAE RN S AFIRAN . SEREE R RN RO A AT I A5 RS, A
TEAGIEAE RS Y A ERO3 AR DAL COy Fl 33 A S5 4008 L HE T il (4 o
FIHTS, ZEW BN 20 LU JUAN L 77 1) AT (8 ZE MR o
1.2.2.1 IR ER

IR TV B K P 80 A LTS R BE AN, AE O AR 7 R G A A A4 e 11
KIAEFEARS /N I YL 2E A R R BARN iz, H1HH e i e
BFEAR o AR AR R P R T I — PRS0 R P R T R T i AR . i
1-3 ffi7n, Ren %PRA “3D ootk ” HiliE @ e AR, HT &igiE
P R0 Je A o At 7 AT AT i B PR H: PEL 51 N8 53 29 % DAL 52 kBl [
I} MOF (WK PDA IR)Z MBI RIS T B B e R, (45 i) % 1)
AL XY A (BPA) I BRREIE 92%.
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Figure 1-3 Diagram of "3D" membrane modification method>*
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Figure 1-4 Schematic diagram of a temperature-responsive catalytic membrane 155!
W 1-5 7R, Luo ZEPSLE GIHT ik e T BH =40 J 2 FLE YK
YRR, b RIS T AARAE, BRI, MRIkE 76, MRIEIE
25 FEMETE 2 FIBR MR RCR AT N 99.5% 90.2%- 86.35%F1 83.59%. LAk, %
AW ARBELE B A 14 P05 05 AR IS 21 00 B A 22 AN 99.48% 4% 2 98.52%,
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Figure 1-5 Fabrication process of the hierarchically porous nanofibrous membrane!>¢]
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[ 5 A1 20 5 P ) B AR P52, ) P 2 R0 45 B W TR Sk 1 2 o et o 1
Pl SCHEAE AR 5T 0 43 BT BSA B PIK K70 F KB (3-10 kDa) P37 i R 2
EPETE, M 2s 15 R R 53%4 2 0.05 s 45 B[] R 1) 82% (K] 1-6). Chu
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Figure 1-6 Enzymatic membrane reactor(immobilized pepsin)——regulating sample retention

time to control protein digestion!>”]
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Figure 1-7 Glucose sensing needle. (a) Multilayered structures. (b) Operation principlel®!]

1.2.2.3 CO: FHIRFEAL

TEHSRT R, COy [ 8 KAETERRIRITES (CAD /KA R BT Frh . %
EAEFMLHI S, R 2 (R 7 R 06 0T CA IIEDE (L BER K HAE CO, Hif
SRR RS . Bl40, Yang %0204 CA e EhBE LR NG (PAN) GiKer
YRR I SRR, O A AR I AL R PR RE, SEEL T CO2 B HCOs 1
WAL, fRHE T CaCOs i k. Bk 3 1 &5 IByE T HA72 (WAUD 11.77 mg CaCOs
e R, FEE S AWM S MEH T RFE T 63.12%[4)4h CaCOs £l . Fu
SO0 % 7 —Fh Janus B, ZBARE—ANEAL 18 nm MEHEREY], HERN
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W) CA A COx MK PHAH B NBRER, AT IR CO2 i E2IE
$i 15 CO2/Na Fll COo/Ha M FEIE . BEAh, BP0 A R SRR, it
FZ i U8 (FDH). FEEHE8E (FaldDH) FEEiEEE (ADH) JL[EEER A
Yolgrt, FrIT AR AR AL SE I 1 COx BIRIEE (0.5 mMD 1w R AP
.
1.2.3 FEREYIEHLER

H T A A R R A SR REAT AT 7R B 2 R AL [R) 22 5 2208 IR I S B B IR 4R
F 5 X845 22 B IR s L PRI 98 S A5 0y B 03051 5 6 i NS i A P i 2 (e
WIS AR TE AU A R R e 8%, FARIALE T 48R R AAL s ] 8] L AR o i)
PIGURE ik ) S R A L6561, T ZE 5 2 MR R BRI N (R RIS 4Tt T
AR RGP 2 B E TAER R K, BT A 8 I s 2 Al ] A
i B P 1) 4 2 RGO ER A D e A JEE, DASEIILR B0 BRI U R 6, AT 4 o
R fERIEREE . IF HLBEE MR 2R TRER M, A AL
R A AE S 2 A W A I i R AR B A

Zhang ST T — PR BRI EAG L, LRI 2% 7 kv B s a) it A
PDA/PEI JL30FY, I 7E R I AZ g i8R 3L [ 52 GOx AT HRP (& 1-8). %k R
FIFH GOx A=A FA HURR/ HF b A, 456 ii- ] ST 1 43 B9 5 e R bl [ 4
BERTET HRP KIEALMERE, SZHL BPA HISE4BEAR (100%2%FR%) . Barricella
Z5I98LKE GOx 1 HRP j@id PDA 1 PEI BSEPTARE R ERGER I (UF) JE 2% (A %)
7y PDA/PEL 0K Z /D T HEHIETE, 2 0lfRE T4 98%MEZ) 70%H) GOx
HRP, Jf H7% 8] B IR 2B 3R B0 A0 S IO A e, 5907 B3 1K) GOx Al HRP
FHEE, 20390 7 1.48 f540 3 £ . Li 5K GOx A1 HRP [ € /£ MOF o, i [
— /N 27 ] X ZE K R 8 DASE ren G A AL R 00, A e R 4 ) s i
7, A 7 BEAER E R AL T H0 00 e, A5 A 283 LA R R T B Bl AR
~5.8~13.5 fif o ¥ ZFLAKMBHE A 2 M AL RIS R NS T AT G 00K S R
A LK KRR R (BB MR 2k BT, Oh 250700 i WU Sl ok £ LR 1 —
> GOX/CAT IR M RA N FH AR . BLoh, 2R ARGIE ARG Z ML
P R e, R I A SRR AL AR CTRGHERR .

10



LI TR A 22 A8 S

122 [ ]
. v K
cw  *
Support layer —> AN —
_ —_—> wig bW e
Skinlayer—) { e s (fi 1 As
Reverse filtration W e L
Ho N
+ Co-deposition
‘\(\ . » Glucose T\/\Hr
CHOH o 8
0 | ¢* | e Micro-pollutant
| \ ®

ek S
</Oxidate

Micro-pollutant  Oxidate  Operation in normal mode

Horseradish S Ho NH, X iy oH OH O .
B b otidase Glucose Oxidase m]@l/\' Dopamine \f/\u]‘/ PEI ﬁf‘j.‘ Glucose "0\/'\(_;\‘;”\0« Gluconic acid

P 1-8 AW P 4 ] 45 A0 202 B A i 2L P 6T

Figure 1-8 Schematic diagram of biocatalytic membrane preparation and cascade catalysis(®7]

1.2.4 EPENEREIRH ERE B

A=A B AT EOR R T g, REE B SERr TR A BORZ R, 3%
FAAELLU RIS (1D EACRCRART o B [ e Um0 (B (57 FELSONE i 7 A1)
VEA SR A AL B e 55 1P il 7™ B I 39 B AL BE T (20 KIIRae tEA 2. —
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PR FDE R, GO —4EE VAN, SO 2 Big Ik s L 1) sk Bl ) o 6t FE AN
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Figure 1-9 Technology route
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b (E@IDM. E@2DM. E@3DM). i#it SEM. FTIR. XPS Al CLSM %5F B
BEAT RAEIAIE ; WL AU RA 73T E AL MDA I o A% BT B A T 3R A% Jod = (]
FF, BRI 53 HIAL AT Jxt AR A ke A RSV R PR s e L 1

(2) MEHEN GO 4 LM E IR0 AR BT B )i 7. BL GO
TR AR, H14 GO AEVHEALIE E@GO. i@id DLS. XRD. SEM #1 TEM
5 P B AT RAL AL ; DUBEALEE (Inv. GOx HRP A 7T AR I (150 7122 B 80 (K
Viax )~ BEAERCE . [HEEERSENESE, I GO AWM b IR A% 5T
A AL R ) ir R 4 FH LA o

(3) I GO —4ERIK AV XF FME REREATH L o 7E [ 22 fh B 11
BEfili b, SRR A SR (LI AR 2 B 5E ) il 2 BRI AE VAL
JE, O 55 T 2 Ml (A AR BEAT X b o MR IR TP A I ] 58 AL SRS X GO 22 BilFk
SR A P e A ) B A AL
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E2E ZHEEVENESIF L MEREXILL

2.1 318

AR sk PR, SR M SRS LRI B, 7ERIZ . &
I AR R P S A R I R B 7, SR T AR I A5 R I 59  FeE 1 72
e LA TET ST BR 1) LRI Tl b S FH o 3 B8 AR Sy — I 5 10 Il ] e e 28 A 0 4
BB, R SRS A @AM, AR SCE R AR e PEAN T [, a8
A DASEIRTAAL A 2 3 IS [ N A B AR, SR MR R AT R AR,
T ] £ (1) A2 P e A AT S8 38 3 A7 6 A S AN e A e A 38 A LA DL RS A 1) 2. H BT
F R 2 O B AR P P B SRR CGRAKIE . A0 SRANEERDD TR 2K
B2 = B PR AR AL R0 A% TR AL e A 30 22 ] RO 2R RN AT SR A DA g 149341, s
bb, AR BRI A T M AN S G I ASAE TS PR B VIAR G, R4 53 75 15 A £ ot
A AR 2 () RS 2 50 IR 5 B PR PT B, s i) 2R G 1P e P S B ol
Y.

PRI, A RO O D P A S A S AR A B S R G R AT IR 1) R, A 4 i
LGS Inv MM, FIF TA-APTES W& VLG 4E 24 BIMIE 1D 4ka
(AAO). 2D gk} (GO). 3D ZALEEW (PES) AEWENE (E@1DM.
E@2DM. E@3DM). A % 45 A WA I AN 44, ARAG ) 7 7 Mk
PRSI A% BT B AT L R AL 0T 23 (R RUSE, SR FUAE R 200 5 AL I R AR 2K
KER, M2 RS IR A8 5 B e £ AL

2.2 SEEEHMN S AR
% 2-1 S bPRL

Table 2-1 Experimental material

4 Fix alifg HE R R

HERE AR B4z T

FLFER (TA) AR i

-ZIEN ) = LA RESE (APTES) AR (GENAN
L GR g

FIMFIR & (FITC) AR Fpibk

Z R (DMSO) AR (GETAN
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8:3% 2-1 B ARL

Table 2-1 Experimental material

4 HK afi g BN R
LER (UKESER) AR 244 4]
ToIK AR 244 4]
ToIK R4 AR 244 4]
T IR A — 4 AR 244 4]
TR — S AR 254 4]
HALEE (Inv) VI %, =300U/mg i3]
A MiEHEEH (BSA) / e R
Bradford 7 / [Lip S
FHAR AR (AAO) / A e T
Je T / FAZR B
REEGAFLIEE (PES) / g T e
HEAMA EIE S HIR (GO / VRERP 9
R 22 LI E
Table 2-2 Experimental instruments
£ Fx =S I
HL R GL1241-1SCN IR
FE R T Seven Compact $220 Bty - MR )
AN AT UH5300 HAH AL
P TEAE DZF-6020 g ER
6 P R L KQ-100DE B LS
ENER AR = 85-2 74 FigaE IR
B 4-16K 5% [ PUAg
TH IR R 4 HZ-9211KB KA Rk
T BB LA RID-10A H A
Ay RS B (SEMD JSM-6700F HAH T
Ae i A X 4otk (EDXO X-MaxN50 ] -
i B AR e 21 A3 (FT-IRD NICOLET iS 50 2% & Thermo
X SO BT REWE AU (XPS) AXIS SUPRA+ [ By
X SERATHA (XRD) Rigaku SmartLab 9 kW H A bk it
B L IR AR AR Leica SP8 STED 3X RS S

2.3 S5k

2.3.1 EYERIRMBIE X
2.3.1.1 E@1DM [ %

TG, ¥ TA BRAEBSBR 22 P (pH 3.6, 50 mMD Hii 4% TA VTR (2 g/L).
¥ APTES VARAE T /K 2l b4 APTES W (10 g/L). #4142 N 30, 50 A1 70
nm [ AAO X (id’N 1IDM-1. 1DM-2 1 1DM-3) H 50%] ZEEATEIE T 30 s,
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SRIGIZN 20 mL TA/APTES fARRLE A 8:1 I A1IE B IR« R E L FEAE 25°CHI
120 rpm F#E4T 30 min( 43 51ic N 1DM-1-coated IDM-2-coated 1 1DM-3-coated )
BEJE, BEIREAE B KPR 2h, ARG IR ALE MBS MR (pH 6.0, 10 mM)
Hl & 1) Inv ¥R (0.125g/L, 20mL) ", 7E 25°CHI 120 rpm FiEE 2h. [HE
W5, F 2B KM iE LA BRI R R 45 S e g 45 S il . 453 — 4k
YIRSyl % N E@IDM-1. E@1DM-2 1 E@1DM-3.

2.3.1.2 E@2DM K%

H 50K 0.8mg GO 5 TA W (2 g/L) 4 30 min (20mL, 25°C, 120 rpm)
PLIRTS TA WRTEN GO 99K . 285, B Inv I (20mL, 0.125g/L) AN GO
T, BRI (pH 6.0, 10 mM) KHAFRIE® E 60 mL. FHIES WAL
25°CHI 120 rpm FIRA 1he G, FIREER (60 mL) IIER| B el b, &
DA, 129 E@2DM. il & I AE DA IEAE IR AR T 25 B KA
RGeS, DLERRARL G EES4 G .
2.3.1.3 E@3DM %] &

¥ PES i (icdoh 3DM) H 50%0 ZEEMRIENE 30 s, ZRJEIRAN 20 mL
TA/APTES iR IR WU o B I FEAE 25°CH] 120 rpm R #EAT 30 min, 755375

(it~ 3DM-coated) o K HRAE 2 B F /K FHBESE 2 he BHJS, BBIRA Inv BT (20
mL, 0.125g/L) #, 7E25°CH1 120 rpm FEfE 2 h #HATEE M etk )5, AEE
TR B DL B R G G B9 45 6 I . AT 3 S4B, idoh
E@3DM.

2.3.2 Inv EEF RS

¥ FITC Aric i) Inv 42858 2.3.1 75 il 1R 5] 732 ] e 76 = FhAS [F) 4
(i . SRS H Y L I S Leica SPS STED 3X R4 kAT LR AEROLIHIE
W48 (CLSMD) 0 Bi§ 20 A7 » FITC FRic i Inv 38T DL B BEHI 4. B 26% 5 mg/mL
() Inv BRI BUEET 50 mM pH 9.0 HIBKER Eh &zl (BcHi J7i%: 7.36 g NaCl.
1.06 g NaCOsAHll 7.56 ¢ NaHCOs¥E T 1 L B F7/K). [AI, A DMSO Ei#l 1
mg/mL FITC ¥ . BfJ54 FITC RS2 M INE Inv S, 4°CHEPE RN 4~8
h. I 2 mL 50 mM NH.Cl /KIEWR & 1E N 5, fJa F 50 mM pH 7.0 FIBERR £
R NT 72 h 25k 2 R FITC.
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2.3.3 FAERMR

8 JISM-6700F 17 K S A% B 1 S i e (SEMD £E 5kV #AF & T M 525
FTH (I TSN 2 R RAALE S AT 2R 4 RS T e s A s B, [FIAR A
Re L X ST ZROBIHY (EDS) BT 20T, 1 15 kV s s & F3RE C. O
N HlS FRAE X 2R 0 oA B0 s @ (i LR e T A Y (FT-IRD SRAE
4000~400 e JFEHTEH N L AMRBOGERE, RN 4 em™, R 64 X
A MR R R AR (W1-OH. C=0. C-N25) [URFAEHREhIE; Rl 5 2%
't HL T RE R (XPS ) I 5E AL (2 I A4 25 14 0T, SR FH B 4k Al Ko 528 (1486.6
eV), PL0.1eV B K RERmNFE, Bid CasaXPS BAFHAT MBI AT E R TTER
L3RS, B X SHZRATSHMY (XRD) W& —4EE 0 2R, F35EHE 5-60 °

(20), FARMIAE 8° /min, 1BId Bragg 77 FEvHSLIE R 2 ) EE, 3 HIL R EROH

BT (CLSMD WZ2AE YA NS g IR [ E A 70 A, i H 488 nm GBS T
FBR R AR E BB 7T (FITC #3id), PA 1 um SSKHT Z 5h)Z4H, @i Imagel
BRAFIRAR B AE R b (12 () 3 AT A5 2
2.3.4 EEEANE

A8 FAE s I PR il & . 5, K IRAE 2 bar NTUE 30 min, EEIH
VEREASE o ARJEMNALAEA FRIHRAER Boh ol & Ak, BEEE., REZ)E.
W G W — @ BB RO 8, MK =R, BCFE . 7
il (Ly, Lm?2h!bar') A7 LUER AR AR

Y

b = A <txTmMP

Hrh, Vp A— R H GBS ER, An NBERGEIEIA (13.4x104 m?),
TMP NE L 7.
2.3.5 EHEEANE

KA Bradford VAWM E AT, B 1 mL BRVAWIEMS 1 mL
Bradford i{7l{E A& . Smin J5, 103 595 nm ARG . 1% 05 1 8 BRI R
N 20 ng/Lo ARG RV, e AR rE ] DR

My = Cr X Ve — Cg X Vg — Cyy X Viy

Hrh, Mium AFZEA N E, Cr Cr A Cw 2 HINHERL. 5B AL

WP E B PR . Ves Ve A Vw 230l A3ER 5k B A R IS W R AR
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2.3.6 [EEHERRYEMENE

MR CRFRRANY BUE D 8 HBERAR (3 g/L) MEARYIINE Inv
(s o B 40 mL ARSI N E A=W A B SE st it b o A5 FH A R I
T B ROE . O B BB ORI S SR B (HPLC) W e . H &)
BRI BE (K . (il 4y Bio-Rad Amine®HPX-87N, 300 mmx7.8 mm. #EFf
BN 20 uL, JRBEIFAREAK, WEN 0.6 mL/min. ik kIR N 60°C, RZEK
M#s (RID) #R#JEH 50°C. Z LT At HAEMER (v, pM s mg™h:

GG
t X My

Horbr, Co MR P RERE BTG FE + C1 2y S S0 45 TR ANT JRE I P 7 R VAR
t S P 15 BRI TR s Mo 9 1 58 AL BRI 2

B (T EUE D EFHEERER (3 g/L) AENEDIE Inv B35 .
Kbl 2 B A DAL IR N 40 mL YA . 7EX B 30 s, 608, 90s. 120s A
150 5}, B 2 mL VBT &P 3 min A& IE RN .. BEJ5, dlid HPLC Wl E AN ]
SRS T i REAE R BN R DR . AR TR A S R
2.3.7 £FEFIEM

A TAE BT FH R K ] GROMACS 2023.2 #44:F1 AMBER 737307
FEPA KT AT a4 BIBENLIE 7S 50 ANFT 100 N EERES T-. SR)E, HEKET
PIILTEONAT S0 AR, PR SR I AR 2 TRI R PR B 4350l 23.10 nm 1 43.43 nm. %
FHAHH SPC /KA BTV I FE, &7 B R I A 46 SR NaCl 257
TR R LA, (AR R OREF R . SRS, SR BOE N FRE R REAT
R/ MU EE, DI BRAA R E R, 25, 70 AIHE NVT M NPT REZET
i FH A7 B BR 120750 1 2 B F 4 100 ps. 505 7E NPT £4% P 20 ns I T4
a5, WK 2 s PERLALLIE AR iR B B R 73 (Leap-frog Integration) sk
fRENE ) T FE. [FIN, SRH V-rescale fHJE 23 F1 Parrinello-Rahman {8 T 2% X} &
ROVRIE . AT 6, R RIRFFTE 298 K. 1 bar (2K HE R, FAGRE A 1
ps. JFH, RH Lincs J7VEL A R KFLH 4 . BIUKH] Particle Mesh Ewald J7
VR TR Z T K AR B ELAE ) 5 S A Ay, WA S 1.6 Al AR
FEELAE F R AT 7 ka5, A28 1.0 nm. ~PTfS, 3547 20 ns FIG AR
AL, BF 10 ps PRAF— KB .
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2.3.8 EYMELIRARRE RIS
2.3.8.1 KHEAMEAREM

HRE b3 T7 vk a8 3o Wl 5 A P A R ) A P R R AR AR R T Ay FEAC St
IR E M. IRZAAF (Bed volume) & Fiid I8 S bR RABHR AR 5 2014 4k

EVEXIREARRLE, tHE AT
V.
Axd
Horr, VO SRR RN (em®) s A A RBUBEEAR (em?); d M

WIZERE (cm), il SEM s i S &5k

e DL e S A, A3 38 15 mL e —IKk . KB — MIEER 15 mL
DA B a1 2 SN 100%, 155 SRYSCER B H [ X 1A Ml PR R X i 1
2.3.82 KR et

AR 1R 7 VR A T A ) T AR R AR PR P I A AR e 1
AEVMEAIRTE 4°CHIVKFE P A7 15 Ko B = RINE—IREEMIHEASE. 724
K (50K HIBHELRCER & SN 100%, 50 (i 8 < S AR X B
2.4 SRR
2.4.1 —HEEKER
2.4.1.1 SEM g7

1DM DA SOt S5 AN [R) FLAR I B R 1D S A AT SEM &5 A ] 2-1 P, W]
DIWLSE 21 5 8 U H 3 51 5 7SR AR GIKFLBRHES, 1DM-1, 2, 3-coated 1]
SLERFLAEST BN 23.104 43.43 F161.95 nm, LPAKFLBRR 35N 28.46%. 44.67%
H1 48.20% . XA E [EA 710 2 LA T LUK KR AAO B S R i AR =74,
AP AR ORI LR TR RN 4 BRRE T DA Ity P B a0, B R T B bk xof il
(RO e A BE, RIS R 5 A IR R e b A7 e RTINS, 1DM-1 R BSi wE AL A%
AR, Ui TA-APTES ¥R%/)Z 1T DISEA (REF A 5 50

Bed volume =
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Kl 2-1SEM: 1DM-1 fl IDM-1, 2, 3 BME/aERIERH (a-d) MBI Ce-h)
Figure 2-1 SEM: surface (a-d) and cross section (e-h) of IDM-1 and 1DM-1, 2, 3 modified films

2.4.1.2 FT-IR 1 XPS &7

N BE—IGIUER 1DM B TR JZ DL R R T G R AR, KR
34T 7 FT-IR #1 XPS 7341, 45 WL 2-2, 1DM 24 TA/APTES /2% )5,
AT 1705 em™ AL R T C=0 FifhiRz), X7EH T TA 70 7R al 4
PERGERSE 51 A2 RS0, XF B XPS f Cls i H 288.86 eV Abf) C=0 & HH B 5%
1210 em™ &b C-O ZEIRB & HEHE (-CO0-) fFTEMIFFIFIE, XM XPS 1 Cls i
H1286.62 eV &b C-O VeI I 5R, thAl, HILAE 1097 cm™ F1 1506 cm ™! [y
SR Si-O-Si B FR A IR B AT N-H 25 i gz zh07 780, W] 1DM KR T
w2

(a) (b) Cis C-C/C=C(79.55% )
— 1DM 84.80eV
3: —_ C-0(11.56%)
- 286.62eV
£ = €=0(8.89% ) .
[ }} ] 288.89eV
[&] Soame
c >
] = -
'E 2 1DM-coated c-o3sss%) °3f_’3‘i,'e°v“‘7'33%'
Q 1] 286458 MY
72} - e
0 E €=0(11.60%) )
(-4 — 1DM 1T_ﬂmm.w%)zs:s:.s:e;e\w
—— 1DM-coated 291.45eV
4000 3500 3000 1500 1000 500 294 292 290 288 286 284 282 280
Wavenumber (cm™) Binding Energy (eV)

2-2 1DM 1 IDM-coated: FTIR (a) Fl XPS (b)
Figure 2-2 1DM and 1DM-coated: FTIR (a) and XPS (b)

2.4.1.3 EDX B #7

X H EDX %f 1DM Hl E@1DM Ik #ET o R BAE M. 45 RILE 2-3,
5546 1DM JBEAHLL, E@1DM Htaidli 2] N LRI E, 4 EDX FE &7
WERNJETFESELN 1.53%; 4N, E@IDM F S R TSN T 0.6%, iX
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A BRI A A R Bl B o X B S5 RAIESE Inv L RDh [ E 757 B L .

(a) 1DM (b) E@1DM

Elements Series Atom.C[at.%] Elements  Series. = Atom.C[at.%]
(o8 K-series 24.58 Cc K-series 14.21
N K-series 0.00 N K-series 1.53
(o] K-series 73.50 [0} K-series 81.73
S K-series 1.93 S K-series 2.53

Kl 2-3 EDX 45 SEM Z5& i TR e T (a) IDM F (b) E@1DM
Figure 2-3 EDX and SEM were combined to map the elements of the membrane: (a) IDM; (b)
E@1DM

2.4.1.4 CLSM B3 )47

ZRRERIOEE (FITC) Y5, Inv SR 0706, 4RINE 2-4 fr
7N, E@1DM AE WAL IE 2R 1 A N 5 2 2B B e AR B, BN X-Z f1 Y-
Z FhYIH AT LB Inv /£ 1DM FLIE A 2 A A8 5] 3E—2BAE M Inv B Zh
[8] 5 E 4y B R L

@1DM i
Figure 2-4 E@1DM fluorescence spectrum

2.4.1.5 EFATAXT E@1DM AL IERER

AAO MRS A% ALV E KT R, AR as  RBA A LR
SRS — (CVE<8%). fLE RN EHE M (KEAFH>10 um) . HEH Y
[ BEAR o (AR <100, HEAT ALK 0808 9K (¥ m] i FLAR Y LK &k 65%
RIFLBR R0, Rk, AHFITSELL IDM i, WAL 57 2% 8] RS 0 5 2 7 5 T
PRI AT % BEAE AL M RR R 52
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O
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N
33
—_
(1)
~
-
~

=] - o
— A RY & 20 e
<09 Py e 0.9
o u B E
‘_E e st = % -
'n 0.6 d-spacing S / 9 08
5 / = —=—E@IDM-1
= 210 / £ —e—E@1DM-2
E g / = —+— E@IDM-3
203 P / > 0.3
>0 //% S s /
/ it 7
0.0 . - 0 - 0.0
E@1DM-1 E@1DM-2 E@1DM-3 E@1DM-1 E@1DM-2 E@1DM-3 0.00000 0.00006 0.00012

G (Kg mZs™)
Kl 2-5 BRNAOKIEIERSTXS (a) HAEALRCERA (b) BALRANT; (o) %I A0 i
Ry ESRAT
Figure 2-5 The effect of nanochannel size on (a) specific catalytic efficiency and (b) conversion
rate of biocatalytic membrane; (c) The effect of convective mass transfer rates on specific catalytic

efficiency

K 2-5 () NAFFLIE E@IDM 1 LL MRS L, Z5RR, FLRE/NE
Le A 22 M, E@IDM-1 [ i #6 & E@IDM-2 1) 3.5 15,
E@mM3%6%cﬁw,%é@¢,ﬁE%%%%$mm%<@25woﬁﬁ
TN T EANAT LIRS FLAREINKE, SR IE T8 P TR 2 R R T Al 11 A3
ERINE R AT E IR T, AT 75 e I b e A 3o SR N A 3R R A R A JRLER) (R
26,

A JF B SRR R IS & 2-5 (¢) Fis, E@I1DM PRI Ak 2t i &
VLT G 0 25132 S 0 o S ER T A S A SR AR R BRIN B R
(I3 N, &SR 1B, IRV S EAL G 2, MR B S
BEAl, TERNLAR ST, T St T 0 %o I 8 LA RF (Rl P 4 KR 20 1)
WP AP AT 7R SR o DRI LARIR )N, ROSIE) g 2% M 424 AU B T )
117 244 R 4R T 2 R R — M (RN TR PR R 20D B, b2 S B AS B (1
AR TP IR, S B PR m R FUE R, BT RN B (1T
PR, MR WA FIE
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(a) (b)

“» 50- 25l —— E@1DM-1
= oy —— E@1DM-2
Q
5 40 - — gl
=
S o
g 30 = 15
=3 g
g o
= 20+ S ot
c <
2 o
G 10- 5 r’_‘_‘_IJJ‘—F
)
Q 0 “ N N N
E@1DM-1 E@1DM-2 0 5 10 15 20

Time [ns]

Kl 2-6 7 7R THE QKIS TE R 7 7 S BE AL (o) SR (b) M
Figure 2-6 The (a) frequency and (b) probability of collisions between sucrose molecules and the

nanochannel by molecular simulations

242 T8, ZHEEYMERE
2.4.2.1 SEM Bl
it SEM W52 2D 1 3D A . B 2-7 (a) SR 2DM ok Ji5 A

TG R, o 2 28 2N GO FHEE /=451 2DM £
i TA Stk SE, B EERE M 285 nm 8403 328 nm. A Inv 5, JEREHENE]
766 nm. HFEH TA FIEGHIRN, G EARS LI, R Jv/hRSF#) TA #1
BEor ALY GO 4EgK Fr & ok oo AP B IX 30, 18] 2-7 (b) BoR
3D R, SRS BEEE S RIS, HE ALK, Ul B
TA-APTES ¥ )2 ] DABEACRIFIEAS B T30, REAE A SR AP RHSMILAISE AR 4 B 57
RT3 T SEBL T ReAbiE M

(a)

S

Bl 2-7 DR, ootk a . B e A0 s A SEM &: () 2DM; (b) 3DM
Figure 2-7 SEM images of the original membrane, modified membrane and immobilized
enzyme: (a) 2DM; (b) 3DM
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2.4.2.2 FT-IR 1 XPS BT

Kl 2-8 (a) 7R 1 2D F1 3D SRR, oot e FBg R E 51 FT-IR K3, 5
JERBSAREL, 2otk S AR 3300-3500 em! Ab HHEILA-OH F-NH, [ 47 i 4iz 31 i B
RIGINBY, £E 1706 cm ™t AbAH —ANIE M FHT R -C=0 RiffiRzhE, X H TA 75F
B A B S T . B 2-8 (b) AN B XPS [ Cls WP, AR 25 itk
WG, C=0 JEPIREEHEIEM, XASUEH 7 HME ORI LBt . 12
Inv [E5E IR FJE, C=0 WEIRFEFRC, X% TA-APTES IR/Z Gk BB AL T

5 Inv VSR AE S SONITARFAETT, I O D SC AR I 52 4L -
(a) 7 1F

—
—_
3 3
8 [ 3
S’
: T g
8 V}M % C'é‘
17} OH c=0 Ks) ROLRED -
e} $i-0 -
[ —\_/-’-'— Q
5 M o v
B ——Nylon substrate g DM
L | oated — 3DM-coated
—E@2DM X — E@3DM ,
4000 3500 3000 1500 1000 500 4000 3500 3000 1500 1000 500
1 R
Wavenumber (cm™) Wavenumber (cm™)
(b)
Cis €-C/C=C43.68% ) Cis C-CIC=C{4057%)

©-0(50.74%)
28688V

284.80eV

% 284.80eV
3DMm } ¢

—
= - C-0(10.07%)
5 c=0{5.58%) = 286.42¢V £
-— 288.T0e¥ 3 o
z z
w C-CIC=C(50.17% I
g C-0RT.71%) Sooecwotm) | 4 :JDM-cuatedC R
g 288 B9eY Q 2&6(24.V “i #, 284 80eV
c E .24¢€’ o
- i £ C=0(5.30%) f
c=0(12.12%) 2DM-coated 288 4TeV

2BB35eV

292 290 288 286 284 282 280 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)

<l 2-8 2DM #1 3DM: FTIR (a) FI XPS (b)
Figure 2-8 2DM and 3DM: FTIR (a) and XPS (b)

2.4.2.3 XRD B4

2-9 fi7r A 2DM. 2DM-coated f1 E@2DM fJ XRD K3 . 7 2DM ] XRD
B, WEEE] 12.09° AL EOAT UG, ARYE AT hi kg 2 it ih 545 tHZ AIEE N 7.31 A,
X5 CRIER GO MM Z 1A EEAH I, 2DM-coated HIT TA 4 FHIMAIRE T
R EIA R, MRIER) 7.31 A BBt 58 7.71 A. {2 E@2DM Kaetaill H
2, M RTRE R BT AR T AR R, AT AN T AINATE L B N AR A
SENMIRAEAAS, TS Hi, 456K 2-7 19 SEM 451115 E@2DM
¥ R JZIRIEE R 30.20 A
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/ \ d=7.31Ajk
—2DM

ot

—— 2DM-coate d=7.71A

tE@ZDM “‘A{

6 8 10 12 14 16 18 20
20 (degree)

Kl 2-9 2DM ) XRD Kl
Figure 2-9 XRD pattern of 2DM

Intensity (a.u.)

2.4.2.4 CLSM B#EH7

2-10 A7~ N E@2DM 1 E@3DM [ CLSM Ei%. Inv H FITC Jeta kb
J&, TERNGEAE 2R A5 B7E E@2DM Ml E@3DM Wi, 1iF
ARG D B 5E . E@2DM P ias 58615 5 3 A5RE, /2T 2DM B
DR L 2R THI AR RN U (1 J2 bR 2 ) s A B 22 W B 7 s R T g 1 A, AL L€ O i
JES R AN .

K 2-10 E@2DM H1 E@3DM (15 % 1 ¢ 't & i
Figure 2-10 Cross-sectional fluorescence spectra of E@2DM and E@3DM

2.43 E@1DM. E@2DM # E@3DM BEI1BEXTEE
2.4.3.1 EafikeE
SRS E AR A R 2-11 (a) Fin, 1DM A 3DM i 5 ot A [

SEATERRHEAT, TR A g g, fR/KE EHAT/MiE TR, 2DM Hi T
TA FIEGHIIR AR = 1 ERZ AR, Bl s £ IE 2 BT eEs. K 2-11 (b)
RNEMER R EX T, HET R, E@2DM M EHRE, 7k 480 mg/em?,
E@1DM 1 E@3DM i il 52 E#0H >, X2 F Dy 2DM w2 16 1 bE &

TR TE K AR, GO 44K J5 72 (R id i yo il 4 g sl v g mT DK Bl A o PRk
FEESUE N, 0 BRI, R AT R E AR ) S 2 B
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(a) (b)
Ea = — #1000

= 10001 g
T 2 100
£ E

£ 100 E’
= S 104------—-—-—-—--% W----------—----
8 1 -y I ]

£ 10 I L

8 I l1pm @ 14--plg------1 |-
E [ jzom|| E 1

o I 13om &
o 1 . . 1 1 1 iy c o1l

icting® ting e w - T T
Pristin®  pgter cO%pger enaV™ E@IDM E@2DM  E@3DM

& 2-11 IDM. 2DM #13DM: @&EZH (a) FEFEHE (b)
Figure 2-11 1DM, 2DM, and 3DM: Flux variation (a) and enzyme load (b)

2.4.3.2 fEfLIERE

ERIET, =R B S M B BNRAK O 3D>1D>2D (K 2-12
a), X RARIIR )R EE LY B v 3%, BRI AL R TR R
A O AN JE P 5 ] e B AL ER. TTT E@2DM JZ (8] [EBEE 3 nm oA,
7% T E@1DM 1 E@3DM. [A] it E@3DM HIFLB A L £ A = T E@1DM,
FHF TP 8, Fibl E@3DM MR 5.

FE GRS, =P A0 B8 B B Xl 2D>1D>3D (K 2-12b),
AR . G FERAEE JIKEN T, R L iAE i+ S,
1 LA 1 T~ E@2DM 2R [ EEAN,  HUOSE-A5 R 4E BERUIR,  RIESR = TR 5
(AT R i, R AL o i T E@1DM M E@3DM. X T E@3DM Kiit, JEY
IR T A, SR SRR, [N, 305318 A R ALE T RERE 58 &, TR
A3t R IR S A ) T i B RS PR SR A B I, 1 R R AR, TS
BUL LG8 3 R I - E@1DM AL S5 % 45 51—, ZEAHRIFLAZ S T, Lk E@3DM
JRYIAT v T, BT AL ACR T E@3DM. AT LUR I, I B R B (R 1
AR B e TR, U0 A TR 1 e R R R A A A P R S TR AR K
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Q
S
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(b)

1000

00— |

=
=y

T —

v(mMs' mg™)

v(mMs'mg")
o
=2
P
]
B ——

0.001 -

II 2l s

E@1DM E@2DM E@3DM E@3DM E@1DM E@2DM E@3DM E@3DM
(23.1nm) (3.02nm) (20nm) (30nm) (23.1hm) (3.02nm) (20nm) {30nm)

Kl 2-12 E@IDM. E@2DM Fl E@3DM {ERVMEA (a) FRZFEREN (b Tt
Figure 2-12 E@1DM, E@2DM, and E@3DM for their catalytic activity in immersion mode (a)
and penetration mode (b)

2.44 E@1DM. E@2DM # E@3DM BYFE E MM

SRR R T R BRAK O 2D>1D>3D (] 2-13). KA A&
SETERIZE R AT AN, =P AR R B AR LU BMR T 5% (B 2-132), UBEHIFTR
FH (e v 2 B A e AR e PT AR (] e T 0k o I v B il V% T
stk . o, E@2DM BH T4 e ) PR 30 P A5 ) 144 Il v RER R 1R 7 5 7E
RN, AT ARG 2 T A7 IR GO A AR Ao At [ e A0 R3S PR A AT LA
WAARARMRY, X A B T4 = il A7 e M),

o ®
[ [
o 100-——/__0-0—0—0—0-00.‘%—— =
[74) 4]
| |
g g
E 95ty c
S S
(8] (8]
[«}) @
R N Egiom 2> 601 EgioM T
5 S oo B | —e—rawm
I @ T a0l E@OM
1’ g5 [1'd
100 1000 10000 100000 0 3 6 9 12 15
Bed volume Storage day

2-13 E@1DM. E@2DM # E@3DM WKIE e (@) AR E M (B
Figure 2-13 Long-term use stability (a) and long-term storage stability (b) of E@1DM, E@2DM
and E@3DM

2.5 IhNGS

W AEEARLERE (1D 99K%E . 2D Sl =44, 3D ZLREY) MAEY
HEALIEL, TR AR T 1 IRA% AT o AL EAL Rk BE R RE M LR o BT FU 45 SRR BT,
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sttt A i fite . PRI T ROST IO 8/ AR A% B R R4 T, 5 3 m 1R S
By Kk, Mg ss 7 AL R ECR . Hd, E@2DM R AL
fEACTERE, JLJR BB/ HL S - A% g 4R A, AR KR iy 1R 5 B 1 B A R
(RIS, D] FL A5 v P R 38 A ) 0 1 v R R ) ] S AE RS T o 25 SR SR R
S8 TAF B8 5E SL iR kA .
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%35 BIER GO T4 ML MAEE R EL I SR 5

3.1 5|8

ARk, [ P AbE B S8 G N 4R R R T T KB L. 42
MEHN AN A =S (GO). L BIRIY) (Mxene). ALK (TiO) K i
WA (MoS2) FE & Fm b R MIAR . RSF ] 42 P DL R wT 4% I 4R oK od 1 S AR 5
CHCNEE . MPRLRL AR dr B2 8 2 A RO BE R RTTR . BRI R, —
YERPRLI) J2 ()38 3 AT SEIURA S5 - PR R A% 5T, L3R 5 1B Re [ e i [
EAIRME T ZREMAE G AL, A RERTHEER R SR . RNy, R T
REALIEME, 4 IR RE o me RIA AR AL (40 pHL R, B TIRIED, B
PRI EYE, R “ BOER AR

SR, H B SURA A7 LT 2k — AN R 4EADRLx B 1 (4 52 iR AL )
ARG, R AL & T2 0 E T S A s R A PR T, R AL T S
AR AE T Bl TR FE R 1 A BT o 2T 38 R A R, BATR DA T — 4
AN =LA DA, GO - ZEAE W) A J5E P 3 1o 2= ] PR sk R0 AT A T 422 4% o A2
[ IRy HARRR 6 1y R G AN DO BRI 1 8 E IOIMOAEE, )il n-n HERR ., S8
SEAHEAE OB R A TR A B, AT ROHE 22 Bl ) R T T R

PRlk, AREATIRLELL GO “HEGK A N EAMTRE, iR 7 ) B B
R B RT B —H) GO K )a, K LAELEE (Inv. GOx A1 HRP) 737)) 55
GO HiEid I ytie ik kg B Je o0 4% )2 F3 5] GO AMEIE (E@GO), R4k
UEZAH & L& M. [FIF, 5B XRD. SEM Al TEM 2R AEEAREN b
RV, 456 B AR S 3 2004, 487 P BR A% 5 5 AL R 1
[FI/E AL
3.2 KRS

R 3-1 L5 uGH)
Table 3-1 Experimental reagents

SR ali g AL R
Gk AR ISETAN
Py AR ISETAN
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8:3% 3-1 LB

Table 3-1 Experimental reagents

A FR aifg BN

2,2'- R - XU -3- £ FE A - DRIk -

6-f#PR (ABTS) AR i
FEAE (H02) AR 7 % 3
4-ZHE B AR (4-AAP) AR RN
Ay AR [SEvAN

A PEELEE (GOx) 100U/mg (CEVAE
BRI F AL YIEE (HRP) =250U/mg (CEVAE

HAR AR 2-1
R 32 LR

Table 3-2 Experimental instruments

e afi g I
L IR SCRLARAX Nano ZS YL[E Malevrn
BT HHE S BT BB (TEMD JEM-F200(cyro) H A ik tt
HoA A} A3 2-2

3.3 KWHE
3.3.1 AREIR~ GO RE S BURAIHI&

WS S0 mL ) EP &, HU 60 mL . EAMNA S A 20 B (2 mg/mL) 7
HELEFI S EP B rf, B 30 min, AR 40, 35 H DI /KK 9 52 B0 LT, 14000
rpm, 10 min, 25°C. ¥ bj&, MIANIER DI /K, J8%), FEF, 14000 rpm, 10 min,
25°C. C([FAFEHRME, FH DI ZKBES =X EIAT)

XA Ky H. /N GO i 2: BsCELE T IINIE R DIK, RS, B, 4000
rpm, 10 min, 25°C, JLiE RN R RST 72 BIBETRECF, 8000 rppm, 10 min, 25 °C,
VOERATH RS 2 BIEWETCAANRGE i E e BOE B R, Ay ARSF
) GO Jr 33/ DI /K% 60 mL, Tiflith =& W JZIRE, THCE 4°CUKAE#H -
3.3.2 GO [ E@GO 441t a$l =

BC il 2R 2N 20 mg/L 1 GO F % 60 mL, 7 25°CAHT 120 rpm FRA
BJo, KRS (60 mL) JEIERE R b, #5521 GO K.

e B 2GR EEN 20 mg/L B GO s 7 il 5 24K 58 10mg/L 1) Inv. GOx
A HRP BEA WL 60 mL. KHRAYITE 25°CH 120 rpm FiRA 1he PG, KRS
B (60 mL) AIERE R L, #5585 GO AWML, i Invv@GO.
GOx@GO 1 HRP@GO-
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3.3.3 FAEAMR

i/ SEM 7E 5 kV #RAFE o TR A AT RS FUEE; JERRE fh e i
JE AT XRD EUE A4, MR ST 8° /min, AT A 5~60° , JIE GO —
YENE R E R R @i S /R SORAR G & = PP B A 2 I IR RLAR 40 A s 8 TEM
MEE GO 4 Jy ZGR 4 LA K BB ATE GO )2 I 4 Ui
3.3.4 GO FREAT gei
3.3.4.1 BEEEERNE

¥ 50 mL BERHARIN AL JEIB , FFAE 2 bary 120 rppm I (25°C)
KN iE GO It E, H RS 40 mL BERORIE . A RET L AR
T

Cp
R = (1 - —> X 100%
Cy

Horr, Cp M Cy 73 5l 15 3 AN HERHA W 8 oA 2
3.3.4.2 BLEERNE
MR T VE 58 — % 2.3.4.
3.3.4.3 RBEFEKNE
WK T VE S8 — % 2.3.5.
3.3.5 GO fEfE L1 sEmi
3.3.5.1 Inv 3 /720K

L Linweaver-Burk XU EE EIEBT R 5 1) 285 %L
1 K, 1

V™ Va1 Vinar
HHELL EEARARK, ZELHAEIE=1/ Vi, BHEIE=-1/Kn.
(1) MR 2k Inv Anv@GO) 1 Kin AT Vi 18
7E GO B [E 5 0.0014 mg Y Inv 1] Inv@GO AEREE, 398 10, 20.
40, 80 1 160 mg/L [RENEAR, FFHTE 0.3, 0.5, 1. 1.5 2 bar FIE S FIisE
BIEW, 8 HPLC AW 1 AN [R5 B I 8] 3 SO (94 5 o 7 J R FH XUf3 4
FEAFEASRE 2L Inv 7 K 1 Vinax {8 -
(2) MR Inv 1K K Al Vinax 8
FERERE & & 0.14mg, 03T 0.75. 1.5 3. 9. 12 fil 15 g/L HIREMIA (40
mD HN, FEM 10s. 20s. 30s. 40s. 60s B NGEIRZ LN, itk AE
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J R ERF E] R I JEAE (R B (DNS ) o T J SR FH BB B0 543 2105 29 Inv 1) K
AT Vinax 1B o
3.3.5.2 GOx 3 J15 MR
(1) IR E 4 GOX ) K A1 Vinax {8
£ GOx AFLE T, G S B BT A HoOoo [RIRY, 7E HRP f74E
T, Ha02 5KMF 4-AAP R PE M 4L 62 7 k), 1% JRE 505 nm b B A
PN

glucose oxidase
glucose + H,0 + O,

gluconic acid + H,0,

peroxidase

H,0, + 4-AAP + phenol

) AN [0 B35 P 0 2 B VA, R 20 S N TR R 7 M IR GOx@GO “E i
WRERZIERAE 505 nm T 1) OD {H, iy N\ HaOo b G 7 5 AE B HaOn P2 H9K
JE o T e SR FHORUBI 202 55459 31 ] 78 1K GOX 1) Ko A1 Vi 186

(2) MARIFE GOx 1) Kin Al Vimax {H

55 %) S AL (40 pug) NN 20 mL ] A HHA R, 1% WS 300 ug HRP.
4-AAP (0.4mM) FZEM (40 mMD. SONVAEZTR FHFEE 5 min, £ 1 min iK% —
URIERE . AR LA R HaOo MR«

0D
C=%x1000
€X7XL

Horr e /2 4-AAP 7£ 505 nm &R EE/RIEOGRE, 25T 12.88 mM 'em™', L
SEFTH B EAR R 2R, IRF 1/2 %R T2 1 mol 4-AAP T ) 2 mol
H202. 171 & SR A BN B0EAT ZF 25 GOX 1 Kun FT Vinax 8 -
3.3.5.3 HRP 3 /723U

(1) I %€ 46 HRP 3R ABTS B Vinax £ Kin {H

¥ HRP W5 GO FideR FLyiiE i R IEH] % HRP@GO AMfiEfbE, K
40 mL JEYIEW (%€ Ha02: 1.225 mM, ABTS: 200 pM. 300 uM. 400 pM.
500 uMOLEAS [F] 8 e 70 o i AL B 258 WA 420 nm A BYWROG AR IFE 5%
B A 1 ABTS HIF LR

quinonemine + H,O

A
Py %100

Conversion (%) = (
Amax
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Forft Ap A Amax 73 1 SEBR S REROAN 58 A2 5805 (ABTS ) 1E 420 nm 4t
IOGRE . ABTS'7E 420 nm AL BE /RIS € 420=36 « (mM = cm) 1o /G
FFI XA 50345 3 [ 5€ 4k HRP SHEEY) ABTS ) Vinax A1 Koo

(2) PR[E 52 A HRP X EA) HaO2 I Vinax F1 K 18

¥ HRP W5 GO F sk FLpTiE i R IE ] % HRP@GO AP, ¥
40 mL JEVIEW ([ ABTS: 150 uM; H,02: 61.25uM. 36.75 uM. 24.5 pM.
16.33 uMD FEANFIHY R ) F i U8 B AR KZIERAE 420 nm AL HROE AR I
Fo B TATTIER b TS SR A OB 0245 2 [E A HRP AR Ha02 1
Vinax A1 Ko

(3) P72 HRP XA ABTS 1 Vinax Al Kin B
7£ 25°C. pH 6.0, ¥ 20 pL 0.0264 mg/L %47 1) HRP I 2 mL JEM)VE TR
(H02: 12mM; ABTS: 165.02 uM. 123.76 uM. 99.01 uM. 74.26 uM. 49.50
uMD N, B ERIIE 420 nm AL FIROGEAEIFIC S . BRE DI VER] B TS
K FH XU B3 237 B HRP XY ABTS I Vinax Al Koo
(4) M7 HRP XA HaO2 H Vimax A1 Ko {8
7£ 25°C. pH 6.0, 20 uL 0.0264 mg/L /47 HRP N 2 mL YA
(ABTS: 99.01 uM; H>0»: 1212.87 uM. 808.58 uM. 539.05 uM. 359.37 uM)
N, B ERINE 420 nm ALRBOG B IR IC S . BEVE T IANER . AR
SUBIHFAF 2107 25 HRP XY H202 1 Vinax Al Koo
3.4 LRFMTL
3.4.1 FAE

SEANMIIE RN SR TR RIT R R K, PR T GO 9K = [ ) St &5
EMEAEH, BATR R T ARG BERNK GO —4EAMHEIE, A GO 9K
ARETE R DA 3-1 For, BIEGEE AR BT RE GO REN.
DL RIS SEM. XRD. RLARMIAA TEM X S6 78 45 2= RAE T3 1 GO 9Kii
PARIE T PY G AR (135 51 AR S IR
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d-enzyme

K 3-1 HAHERN K GO AEYIHEAL IR JZ 8] 45 #47m =

Figure 3-1 Diagram of GO biocatalytic membrane interlayer structure with adaptive

3.4.1.1 SEM B 7

& 3-2 &R GO FEEAT Inv@GO AE VAL I REETI A, Hor 3R 2
MBI Z JE S, BEE RN A BN GO K Z AP HES S5 . 45
Fild Image) WEATHL, GO GAKFIIA—E &K Inv J5, 70 & E 1) H 327.8
nm (F3-2 a) BNE 411.6 nm (& 3-2 b). IEBAEEE A S HRINIRA GO H )2
8] 6

K 3-2 ﬁ%ﬁﬂﬁ SEM K: GO (a) # Inv@GO (b)
Figure 3-2 SEM images of cross sections: GO (a) and Inv@GO (b)

3.4.1.2 XRD FRLAZ ST

GO FRTJERI AT HE. HERE. HEHME 1000 J5 GO MY XRD £5 Rl 3-3 (a)
fin, GO ®Igs 2]y 8.04 A, HEEE LIRS FIIAFREIEK, GO F)ZMH
FEEWAE N, U BT 4 GO e T 2 1R BE AT B T DI RE . (H=Fl E@GO
AL LR 2R B B AR 2 A0 EE (B 3-3b). A Inv@GO A, 2250 GO I F
JRIEEE KL 8 A, 1 B2 A A S0 B IR B 0.8~1.2nm, 454 EIR ¥ SEM
RAELE R, @ THE AT DS H — Tk GO M EEORLAH 183 J2. ek
GO K 2JG, Inv@GO I/ 2R FEH GO ¥IUA 2 R EE 4380 7 4.36 A. 1A,
A& 3-3 (o) Kiaiatat e 40, Inv. GOx Al HRP 7K & R 540514 11.53 nm.
9.37 nm I 4.16 nm. GO )7 )2 BT IR G £ (1 AR R iz i K T Bl 43 1
E@GO I /2RI EE, BRI AT CAHEDIFRATT T A4 22 (1) E@GO BN BEHE IR
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HI& RS GO gKisE 451 .

30
dyrp=4.155nm

(@) Go d=8.04A (b) © R 0,=9.3670m
? .a:-.-. 60 A24 1 ) vertase=11.530m
(U' GO-glucose d=8.33A ._1_5_ §
~ wirrarabirmprstart it w 184
2 é‘ Invertase@GO o
‘0 GO-sucrose d=8.41A g . * 4
c -—MM @ GOX@GO / E 12
¢ A £ e 2
- GO-glucan1000 d=8.56A HRP@GO J 6+

6 8 10 12 14 6 8 10 12 14 16 18 20 1 10 100

26 (degree) 20(degree) Size (d.nm)

Kl 3-3GO (a) 1 E@GO (b) () XRD i, =FEGHIRAZDE (o)
Figure 3-3 XRD patterns of GO (a) and E@GO (b); Particle size distribution of three enzymes (c)

3.4.1.3 TEM BEig&5#Hr

W E S T B EE (TEMD SHRERR AT 7 RAE, 48K 3-4 Fox. MK
3-4 () HA[LAIMEEE], GO RIBLHZ/HUN 4 B9REM . HE—5 R H
Getn H AN Inv R EFAT IS, 5 RERHFAEZ N 10 nm (B 3-4b), X—45
RERTRRAL T I & . o, MWK 3-4 (¢, d AILLEH, GO hES
Inv & REG G, BFEAWAMAARE GO R, BT RIEF KBRS,

(a) (b)

Bl 3-4 GO 9K )i (). Inv (b) F1GO/Inv (¢, d) [ TEM
Figure 3-4 TEM images of GO nanosheets (a), Inv (b)and GO/Inv (c, d)

3.4.2 GO fREERLi1tRE
3.4.2.1 BEX

3-5 7 1 T £ () GO TR AN 7 431 B W o ) A8 BE e o et SRR
XS 47 BAKT 1000 Da BN > T JLFA R &8 e 7). (R IERIH, #RE %
FERTAC T, XA e R T 5 T PR P 5 8 B R R S [/ P . B o O
(RIEAT , 5 BB IE MR ER 6 B35 A1, 3 T e 2 R T R T R B 7 s s 3 v A,
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[Ny GO JZ 18], SEUZRIEEY K, 4540 R R ~F 177 BE 0 IR 8 i
X—IRFUE T AT ) GO —4EghkKidiE A 8RR, 6808 UV E
JaE (<1000 Da) 14T E B .

60
—a— glucose
—e— sucrose
i I —a—mPA
é —¥— glucan 1000
S 304 - mmmmmmmm e
=
O
-g’—J. T
x
04

5 10 15 20 25 30
Filtration volume (mL)

3-5 GO JEEXT AN A 701 ik B %
Figure 3-5 The retention rate of GO membrane for different molecules

3.4.2.2 BLEE

X GO-JFE AT Inv@GO AW AL R )i ik il 2 AT MR LG, 255
& 3-6 Fitun - BigEE I 7E GO Jv 24544 P A U5 G AR AU B2 1k e i 5 3T
T FUE GO M B IEIRIA L) 40%, FUBE R e M 5508, TR 2%
Ko X — IR AT IH T8 73 11E GO GUK BRI 4SS 4 rh 51 53 73 B A % B i A7
Bk, MH KT AT BRI, BN TR EER

=35
"
©
K]
=
a
€
2
[0}
(3}
c
©
o
E —a— GO
[
o ol r T T T
0 10 20 30 40

Filttation volume (mL)
3-6 GO Al E@GO iyl & 451k,
Figure 3-6 Filter flux changes of GO and E@GO

3.4.2.3 HEEFE

GO JEX T =F AL (Inv. GOx F1 HRP) UK 45 Rk 3-7. = Fhiif
IR IITE 95 % A L, BH] GO 94K ) v] LR DK B EL B AE K Jr b e GO K
KB AIRZ N TIREIERER], QR EY) . RIFIREEESD, GO fr B 8 w]
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LB Vs Ty SRR 70, m- o /R S SC LM I A e U, T AN 7 BN 22
R AT BN R I e . eAh, BEER A TR B R S, TR
HI A AR 7 ORI s () A B AN B o, AfELUETE GO oK IitiE (K 3k 7 1)
Bits [FR, JLREBEOCHZE 54 GO 1 E BT, AT o6/ Bl ) e o

604--

404--

]
[=]
L

Enzyme loading efficiency (%)

0- T T
Invertase@GO GOx@GO HRP@GO

&l 3-7 GO R HE R

Figure 3-7 Enzyme loading efficiency of GO membrane

3.4.3 GO Rk RE
3.4.3.1 Inv@GO B3R

15 mg/L HIFEFHIARAE Inv@GO AR N 3 45 SR an 8] 3-8 s, IRE
GO MEALIE NI <0.2s, HALZR(ER]IE 100 %. Y5 SEM FRALLE R AT 1 (&
3-2b), Inv@GO MM 7 B Z AU R JLE 9K, BRI g AR 1 e T b
B 41 76 S FOpe A= R AR AR P TR B s ik FE o b4, TEGRK BRI 52 T, 4
DK BRI A A L e 06 30 o e S S (R A% o DA B it Fb, A AR S 3 4R A
RIVEALPERREVERE, STOLR N 2 H BB RARETALTY, [, BT GO 4k
BREGE, 13 Bk /M 3D #4 2D, il 1M BRI RE AR, i
LRI EYON/T-R

100 -
go4 -8  __—

604 - A

—m— Removal efficiency
204 4/ —®— Generation efficiency

Percentage (%)

000 003 006 009 012
Time (s)

K 3-8 15mg/L [ EEREIERAE Invv@GO M LR

Figure 3-8 Conversion of 15mg/L sucrose solution in Inv@GO
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3.4.3.2 Inv. GOx f1 HRP 3 /7 2R

N T IRIT GO JELIE & B o of B i A S S R , AT T 5 i B I 1 g
sl %S5 E, Seiss RunkE 3-9 f1k 3-3 fiz. KA Lineweaver-Burk XU
A ENEAR R B A GO JE[E EALEE K (B3 7008 4173 1.99 mM (Inv);
14.17 3.09 mM (GOx); 0.661+ 0.93 mM (HRP, ABTS); 0.067 0.023 mM (HRP,
H202)s Vimax 437108 0.222, 3.37 mM s (Inv); 0.0016+ 2.11 mM s (GOx);
9.9, 1.05x10* yM min™! (HRP, ABTS); 1.2, 7.6X10° (HRP, H,0,). 45 R IR,
GO 5 K R Askd 8 [ 7 1 8l 38 40 8 IR BE AR Ko (LA BE S5 1 Vinax {H, 3X
MBEZS) 775 fi1 FEAIE 52 T 12 8] 58 A6 AR R B 0T W A G s mh iy WL 1 4 I R 1) 22
JS7 o 9K BRAEA [R A E I ) B 20 SR AR FH A RF T B 0 TR PR 5, B30 TR
Yoy TAEKIIE A (€ [ A e 90, AT S 4R T 1 BE AL S B (1 3l 7 27
VERE. NGRS E 2 BRI AE YIRS T BL Al
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Figure 3-9 Lineweaver-Burk double reciprocal diagram of immobilized and free enzymes
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*£ 3-3 [EELEEAT SR 8) )12 S5

Table 3-3 Kinetic parameters of immobilized and free enzymes

samples free Invertase immobilized Invertase free GOx  immobilized GOx
K, [mM] 41.73 1.99 14.17 3.09
V nax[MmM-s-1] 0.222 3.37 0.0016 211
free HRP immobilized HRP free HRP  immobilized HRP
samples
(ABTS) (ABTS) (1,0,) (H,0,)
K, [mM] 0.661 0.93 0.067 0.023
Vax[MMmin-] 9.90 1.05 X104 1.2 7.6x103
3.5 Mg

ZH s TAELL GO y#lfhk, il 5 /0 B- B Okl 1 RS —1 GO 44
Kh, FK Inv. GOx 1 HRP 5 GO Jv E il SLyie izt g — 4k GO Wit
£ (E@GO). it XRD. SEM. TEM FURi4% 53 #7125 T BOH IR il 45 /33047 T 3%
fit, Z5RERHME A EAE GO K2, H GO EEA | R K4 KiiiE
1, BEREARYE 7 TR KNSR Z I . SRR, [ (B A R B 2
T R, RIS R R A A M, X R T GO 4ERR IR IE
RE A R RN, P S R IR, T 5 PR AL R .
FRATFR R FaE R AR RS 18 i) B BRI TT V%
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48 GO ZHERELE ML E NI TR A 5T

4.1 5|18

FIMEAL (Cascade Catalysis) 1ER—FhE 800 2 5 [ B R C M, £ 24N
o Jee Tt S AR, 490 40 T 2 L AR RS 1 DA R T G R A A
HAZ O RATE TR 2 A N B S SRR, I A oy B0 B8, 1
TG Bk, ZRZEE TERRER, RBEYMRENBRL 5T
REAERL, IERCAAEMIHNG . FRSIR B U S R R . & O E T SE M %
AT/ A E F] L A 5 R B2 B A DU AC DA R K IE AT A e MR P . H
Al BIF 5 23 A1 SR FH 1) R ] 5 A 77 v 08 ) FH 4 JR A HUNE 40 2 i A7
ALEOS, BTH DNA HE%E 32 BP0 2 B AT 1 PR 2 2 A1 HEA , (HEAT 132 AE
AR, BIBGEE KDL T2 R 4 RS R . T GO 4K FEfE 3L
H R JZIRIE BRI, RIE I ] S 1 IR 4 S 2 B 43 DX L, 4 e S B AT
J M 1 [ B S A EL s [ I 40K BRI (R 1 IR 40 A, AR A
il 2 1 JER A 38 T A

BT, ARF TAELER 2 4 R B 5L ah b, K = A AYEY (Inv. GOx
HRP) i 3L Ak 505 [ & b (LbL 3% /2 A 415 Pikhemsid GO £ i
BRAEDEA IR, B TERID AR AT P i ] 52 A6 SRS X GO LR AR HE AL I s e A
il A A AT i PR B B ) JEL R 5423, HEBIIAE D AR AE B 2 4y )
2N
4.2 LR SLEE

BT FH ) s 5 a0 5 A R A 3R 21, 2-20 3-1 #1 3-2,
4.3 LW E

4.3.1 WEELRE GO F ML iEFI%
4.3.1.1 FL[E E g

BT FR ] 1) GO Fr I S5 E N 10 mg/L 1) Inv. GOx AR A FE 60 mL.
BHRAYITE 25°CHI 120 rpm FIRA 1 he B/, KRSV (60 mL) EiEFE
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el b, ISR KB E GO ML, it A Inv/IGOXx@GO.
4.3.1.2 JiFZ EE € K

BT BCH] ) GO s 73 9] 5 10 mg/L i Inv. GOx IR & & 30
mL. WIREYIAE 25°CH1 120 rpm FIRA 1 he FEJS, S8 GOx 5 GO MR AW

(30mL) FATEIE. R RIESS 52— BN IE], FRFF Inv 5 GO KRG (30

mL)BEAT EIE, il %13 BRI 2 2 B € GO AEMMEALIE, 124 Inv-GOx@GO.
4.3.2 =ZEEREYMELERENHIE
4.3.2.1 JL[E 5

BUUEBEHI Y GO Fridili Sk 10 mg/L 1) Inv. GOx. HRP ¥R A It
60 mL. REVESVRAE 25°CHT 120 rpm MLV 1 he BEJG, #RSEH (60 mL)
JEIERI R b, A5 B RIS [ 2 GO AEMMEALEE, 12
Inv/GOx/HRP@GO -
4.3.2.2 P2 = E SR

EUPZEEEH B GO R il SN 10 mg/L 1 Inv. GOx. HRP &R
A% 20mL. KHRAYIE 25°CH 120 rpm NIRES 1he Ffif5, 26 HRP 5 GO (1)
RAEW (20mL) BEATENE, frEIEsii)a s s —Bita), 8 GOx 5 GO Mk
W (20 mL) FEATIEDE, FrEIBS WS 2k — BN E], S5 Inv 5 GO 1R
HIR (20 mL) BT I8 #8453 BRI 2 E [ € GO RN, iy Inv-
GOx-HRP@GO.
4.3.3 FiE

B 0.5 emX0.5 em MR BCE TN & 0 S ke b, #H7mie ikt
W, HEMA ISM-6700F & A% 7 B AEAE SkV 354 iR TR A U
R T R3S
4.3.4 REREIECIREMERENR
4.3.4.1 XUBEFHBAEA

(1) JEELH E AL -

¥ 20 mL 20 mg/L [ EEFRE IR LAA R )R ) T id 382 Inv/GOx@GO 1 Inv-
GOx@GO ZIRMEAIEL, W AR R I b s = A2 1Y) HaOn MR B2 RN B P i
IR ) AL R
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(2D Vg
FRE 55 ] 5 AL ) 25 & 1 Inv/GOx, T 20 mg/L [ EERA R (20 mL)
R, BB — i S TE 505 nm b AR SR IR B R R R PR A Ho0,
WP, WU 5 A 2R Hh U A A R
4.3.4.2 =FEZEBAEL
(1) JE[H & LB
BECHI 20 mL JERYIE EERE: 20 mg/L A1 ABTS: 100 uMD  PUARTEI &
71 F L JE#) Inv/GOx/HRP@GO 1 Inv-GOx-HRP@GO 2% AL JIE , U EE TRAE 420
nm AE IR SR ISR AE ) ABTS R, IR L 7 o 0 B06 M AR (i Ak S8R
(2) TG
TR E 5 165 8] 5 Ak i () 2558 1) Inv/GOx/HRP, T~ 20 mg/L ) RERE AW (20 mL)
RN, BB 20 s 18I TE 420 nm ARG FE SR TT B B 1A R AR ABTSY
W, INIHE B4 2R Hh = A A AR
4.4 ER511i8
4.4.1 SEM
[ 4-1 o 1 PP I A SR AL P XU AN =86 GO 2RI A= ) M AL B 1 o
BWIES, Hrs 2 R0l & EA P E SN, HRmE 75 5
BEPMENEETES EEA KK ZER . #3518 1T Image] WE AT K1, Inv/GOx@GO
A1 Inv-GOXx@GO 143 B )2 B FE 4373 4 485.5 nm Al 525.8 nm; Inv/GOx/HRP@GO
Al Inv-GOx-HRP@GO 143 B )2 JE &4 3108 567.7 nm A1 609.7 nm. EAAA[F][E]
ST M I T BEAEAE L 8.3%~9.2% 11 72 5, AHL 2 [R] (8] #E 43 A (138 S REOHIL T
5%, BRI 2 A0 7 2AE SRR 2R 45 MR P O T R A SR . T IR 2
[#] 7 W S BRI T R S A AR T IRMER ) B - HERLL A
SR AR AR R [ RFARN A K
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U Invertase/GOXx@GO

Invertase-GOx@GO _

- o i N ?
K 4-1 BE#IIR SEM K: Inv/GOx@GO Al Inv-GOx@GO (a); Inv/GOx/HRP@GO Al Inv-
GOx-HRP@ (b)
Figure 4-1 SEM diagram of cross section: Inv/GOx@GO and Inv-GOx@GO (a);
Inv/GOx/HRP@GO and Inv-GOx-HRP@ (b)

4.4.2 WEGREXELL

WG RIZ5 R 4-2 Bz, IRy (BERE) SEL e ity (&
4-2 ), PHPRAELIE 2 ARG A R AL SR B A T AR &R, RS FR A
BARZRSRIRTE T 1467 £ (GEREE) 11364 1 (UBFZEZERE). R, K
4-2 (o> WTHI, ] T XU PR 7 Vo0 T SRR A I 58 A SR BAT B
BHMEIER . EFEAEART, Inv/GOx FKEMELEENE T Z 10 min 4774 5 uM
(¥] HaOo, T PP XU I B0 ] 5 e SHE WS R A JRE M A S5 8 Ha O T 75 14 S SR I )
RIE4ARL, $4<<0.5so H L[] g MNP = [ 1 FE0s i) AL RCR AR, E
W BT R 1) GO 4k FRARE A IR AL S f 1k 1 Rp g I ER AR AN 1), Re g
BEJRADEE )43, AT AR A L[] 5 Z kA TSR3 OB E 7] RONE T
HEHE I SR AE
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(a) . 60 4 —a— Invertase/GOX@GO
1004 —eo— Invertase-GOX@GO
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45 4
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04
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Time (s)
(b) ©
—a—Bulk solution 10 1 —=—nvertase/GOx@G0O
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Bl 42 Ca) It B UM 9 o L] A0 DB TR A CRERED B AL 2R AR XS B ()
i T X il A 4 A I 2] 5 A0 X RSB HE AL 77 2E Ho O IR IR EE
Figure 4-2 (a) Comparison of catalytic rates and effects of free double enzymes and two
membrane immobilized double enzymes on the substrate (sucrose); (b) Comparison of H>O,
concentration produced by cascade catalysis of free double enzymes and two membrane

immobilized double enzymes

4.4.3 =ERREEL

=R 25 RN I 4-3 () Faw, PRI 52 fb = BRI SR R Ak
FORMKIAZEEN T W B BHA R, 2R 2 uM [ ABTS", 7EJFEIAR THE 90 s,
{ETEIRE AR R T <<0.8 so JEI b, FL[H 2 A 2 AT DL Rk 78 st
PRy i TRACEE JE A ARGV #E R P Bl SR, =gy 2 2 [ A L
] A PR A B T v, A3 AT B TR 2 X326 2 ] ) SR T LUk 4
(] P20 FARBE T4 . FEWF B 1R R P HHMTIRAE, 45 R 4-3 (b) fim, MK
PITERINA HoO2 A1 HRP Ji5 Ho S MR B TR, Hox T GOx R E 0
B B, Y4 =F3 e JL ALy, BT HRP {46 Ho02 724 « OH 2 Gl
Inv A1 GOx i i & I A0 303 T I, 1 4 DX o [ 7 A0 e A A iR IS /E e A1
F E DX IR P, DT SE BT 2501 JEC A7) 30808 5 R PR R b/ A EL A4, AT AR
BEIR R = RO2AT . HAT, 18I SCRRIETEARC I, 23 R13) ) 23 AN TE SRR AL,
SR P Lz A G VAR A T 1) B 5 4% o AR SRR I AT v
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WHERERT GO YUK AWM R mT BE A7 A7 L 1) 2 [R) D [RI B LR

(3)3_5 (b)30

2] merasecocarraco _as]  menss g GOx
% }20 EZ
;21 %1& ;%
ELL 4 %m-%§§% %% %%
A B el
" times B o LY

4-3 Ca) lfe 1 = RN 9 Ao ] 72 10 =BG R B4 7™ 22 ABTS IR EERIXT L (b) ¥l B 44
Z T, HRP f#4k HyO2 )R BXT Inv AT GOx AL IERZE 1520 (Inv A5 5 4:  sucroses
sucrose/H,Oo/HRP F£y 37 B Jx N AT sucrose/H>Oo/HRP 34 1h J5 v ; GOx HIJEY 537
N: glucose, glucose/HRP)

Figure 4-3 (a) Comparison of ABTS+ concentration produced by cascade catalysis of free
trienzymes and two membrane immobilized trienzymes; (b) The effect of H,O» reaction catalyzed
by HRP on the catalytic rates of Inv and GOx in the free system (the substrates of Inv are sucrose,

immediate reaction of sucrose/H>O»/HRP blend and reaction of sucrose/H>O>/HRP blend for 1h;
The substrates of GOx were glucose, glucose/HRP.

4.5 ING

KR TAERGME T HT GO 4EYK R ISR IE ¥ 2 BE A WAL,
A 3ok 2 [ R 32 2 ] S 1 o SR S B T U (Inv GOx) AT = (Inv GOX-
HRP) [ 22H%% . SEM RAE SR, PP SRug i 2 i) (i AL I35 AT & BE A P I )=
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