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ABSTRACT

Fabrication of TA-Fe"/AAO Membrane Carrier for Enzyme

Immobilization and Development of Micro-PFR

Jo, Eun Yeong
Advisor: Prof. Lee, Jung Heon, Ph.D.
Department of Chemical Engineering

Graduate School of Chosun University

Enzymatic membrane micro-PFR was developed using anodic aluminum oxide
(AAO) membrane coated with tannic acid (TA) and iron ions (Fe") complex. TA
has large number of hydroxyl (-OH) groups, which can be functionalized for enzyme
attachment to achieve a higher enzyme to carrier ratio. AAO membrane has high
surface area for the retention of enzyme, therefore it offers an attractive platform for
enzyme immobilization. Lipase (from Aspergillus niger) has been used as a model
enzyme to be immobilized on the TA-Fe"/AAO membrane. Fourier-transform infrared
(FT-IR) spectroscopy was used to characterize the chemical features of prepared
TA-Fe /AAO membranes. Scanning electron microscopy (SEM) was used to observe
the surface morphologies (i.e., pore size, thickness). When TA and FeCls
concentration ratio was 2:1, the enzyme immobilization yield of TA-Fe/AAO
membrane was the highest (72.04%). The relative activity of the immobilized lipase
with TA-Fe™ coating is much more stable than that without coating, and it is even
higher than that of free lipase without reuse. After 30 days of storage and reuse 9
times, more than 80% of the activity was retained with TA-Fe" coating, while the
relative activity was 60% without coating.

The plug flow reactor was developed using TA-Fe"/AAO membrane (V=700 uL).

_ix_
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The lipase was immobilized and used for bioconversion. With the change of flow
rate (from 1 to 5 mL/min), the largest productivity was reached 13.57 mol/h-L at 4
mL/min. After 80 days of continuous operation, the enzyme activity was remained

over 90%.

Based on the success of lipase immobilization, immobilization of tyrosinase on
TA-Fe"/AAO membrane using EAPC method was performed. After 30 days of
storage time, more than 70% of the activity was remained using TYR/TA-Fe'/AAO
membrane, while that of free tyrosinase was 36%. TYR/TA-Fe"/AAO membrane
retained 65% of its initial activity after 6 times reuse. The production of L-DOPA
was monitored while applying the TYR/TA-Fe"/AAO membrane micro-PFR. The
highest productivity of L-DOPA was reached 0.0862 mol/h-L at 0.1 mL/min. After
30 days of continuous operation, immobilized tyrosinase showed 70% of residual
activity at 20°C.

As a result, when micro-PFR was applied using LIP/TA-Fe"'/AAO and TYR/TA-Fe
T/AAO membrane, the rate of reaction was faster about 134 times and 15 times
rather than batch reactor, respectively. This research exhibits the potential application

of micro-PFR in the bio-catalytic field.

keyword: Enzyme immobilization, Micro-reactor, Enzymatic membrane, Anodic

aluminum oxide, Lipase, Tyrosinase, L-DOPA
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Abbreviations

AAO Anodic aluminum oxide

AS Ammonium sulfate

BSA Bovine serum albumin

EA Enzyme adsorption

EAC Enzyme adsorption crosslink

EAPC Enzyme adsorption precipitation crosslink
FT-IR Fourier-transform infrared spectroscopy
GA Glutaraldehyde

LIP Lipase

L-DOPA  3,4-dihydroxy-L-phenylalanine
p-NP p-Nitrophenol

p-NPB p-Nitrophenyl butyrate

PFR Plug flow reactor

RT Residence time

SEM Scanning electron microscopy
TA Tannic acid

TYR Tyrosinase

uv Ultraviolet rays
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AAO membrane TA-Fe /AAO membrane

TA-Fe™ coating

Enzyme Adsorption, Cross-linking Precipitation
Precipitation, Cross-linking (Glutaraldehyde) (Ammonium sulfate)

(EAPC)

Figure 1. Schematic illustration of procedures of enzyme immobilization onto

modified-AAO membrane.
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Cresolase activity
(oxidation of monophenols to o-diphenols)
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07
= M m
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| 3,4-Dihydroxy-L-phenylalanine

: OHHO ohe
Ho. 0 .
—t + 2H" +2e
Tyrosinase | O, : 3
o/ 0 oH o/ 0 OH
Ascorbic acid Dehydroascorbic acid

0 o\ OH Reductant agent
Melanine =-——— (minimize the oxidation of the L-DOPA
to dopaguinone)
Q NH,

Dopaquinone

(oxidation of o-diphenols to o-qdinones)

Figure 3. Conversion mechanism of the L-tyrosine into L-DOPA and from L-DOPA to

o-dopaquinone and subsequently transformation into melanin.
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2. 84173} (Enzyme immobilization)
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Figure 4. Methods of enzyme immobilization.
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Table 1. Enzymes immobilized on nanoparticles and their biotechnological applications

Enzyme Nanoparticle Application Ref.
beta-Glucosidase Iron oxide Biofuel production [35]
) Nanodiamond prerpared i
Trypsin ) Proteolysis [36]
by detonation
Horseradish Meganetite sillica
] ) Immunoassaus [37]
peroxidase nanoparticles
Cholesterol . Analysis of total cholesterol
) Fe;04 nanoparticle ) [38]
oxidase in serum
Lipase Fe;O4 nanoparticle Hydrolysis of p-NPP [39]
. Thiolated gold Estimation of glucose
Glucose oxidase ] [40]
nanoparticle levelup to 300 mg/mL
Lipase Polystyrene nanoparticle Aminolysis, esterification [41]
. ) Hydrolysis of Carboxy
Cellulase TiO2 nanoparticle [42]
methyl cellulose
) Silica coated nickel )
Diastase ] Starch hydrolysis [43]
nanoparticle
Lysozyme Chitosan nanofibers Antibacterial [44]
) Con A layered ZnO .
beta-Galactosidase Lactose hydrolysis [45]

nanoparticle
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3. Anodic aluminum oxide (AAO) membrane
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Table 2. Application of surface

modified AAO membrane

Molecule AAO modification Application Ref.
Alliinase Silan Bioreactor [47]
Trypsin Polyethyleneimine (PEI) Enzyme carrier [48]
Peroxidase Polyaniline (PANI) Enzyme carrier [48]
Glucose oxidase Chitosan Biosensor [9]
Antibodies Silica Chiral drug separation [49]

Lipase ) ) I ) )

Tannic acid-Fe Bioreactor This work

/Tyrosinase

_']2_
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4. Tannic acid (TA)
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2o Au FAHALALE AA 7 & Q3 ¥go] AA v FHe] 3l
TAl EA8H= 3719 galloyl 15> Fe'ol&2 nkg-3te] st 258 34
% gew, 7 Ta BAE ofd FIEAH Mol ne AFL B4
T Atk TA= =49 271, A4, e Acke] gla wlo]AE Alo] =4 E 1}
Aoz AT o] Jsae oleld TAY W AR AsHew A

FrQlst 7o) AL Theske] oEh, A, oFgldt T uheFsh At AFEE o
A F o= membrane®] X A uE&H AEEZS 9o A7t AYEH

oAtk [51-54].
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Tannic acid

Figure 5. The complexation mechanism
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5. Plug flow reactor (PFR)
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o1714 Q& FIFZF (ms) oW, W w7 W

TH (9, B 183t © 54 AR 29 TF 7 =

o

F (mg/g matrix)o|t}. Soll it AES st & o9 A
FH fojxith

%VEi: —AIn(l1—z) + Br ()]
1714
A B
S 271 7149 % (kmol/m))olH, z= thS¥ o] Feojd 7149
Agkgoltt
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A2d deAs 2 B
A dEAE 3 717

2 A A = Lipase (Sigma, from Asperillus niger)?} Tyrosinase (Sigma, from
Mushroom)s 17343} @42 AFESIQIth 143t AXAZ 7o) 13mmol™ AlF=
717} 100nm<&! Anodic aluminum oxide (AAO) membrane (Whatsman, Germany)= A}-&
3151 © ™, Tannic acid (Sigma, USA)$} Iron(Ill) chloride hexahydrate (Junsei Chemical)
S AFEste] EWsfE &Y Lipase 84 S S 3k 71Z =2+ 4-Nitrophenyl
butyrate (98%, Sigma, USA)E A}E-3}91 31, Tyrosinase &4 FHS 93t 72A 2+
L-tyrosine (Sigma, Germany)E AF&35Fth T 2 A oA = Ammonium sulfate
(Junsei Chemical), Tris-HCl (Sigma, USA), 4-Nitrophenol (Sigma, USA), Glutaraldehyde
(25%, GA, Sigma), Acetonitrile (Junsei Chemical), 3,4-dihydroxy-L-phenylalanine
(L-DOPA, Sigma, China ), Sodium hydroxide (NaOH, Junsei Chemical), Hydroxy
chloride (HCl, DAEJUNG ), L-Ascorbic acid (Sigma, China), Sodium nitrate (Sigma,
Germany), Sodium molybdate (DUKSAN)G A]9FS AFE&lit)t ol S 93|
BSA (Sigma, USA), Bradford (Sigma, USA)Z A}-8-3}%lt}.

AFESE 71712 Hbs 255 Al fFRA18H7] 18l Thermo mixer (Fine mould
precision znd.co), &S S543t7] 913l UV/Visible-spectrophotometer (Ultrospec
2100 pro, Amersham)E AFE3tAth A4 ST &S 98 LC-20AD Pump
(SHIMADZU), Filter Holder (Finetech, 13 mm)E A}&-3}Ith. SEM (HITACHI,
S-4800)¥} FT-IR (SHIMADZU)S F3 #|Z3 @A49 3}stx Ex3 wde w7 &
ATH

i
>
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A2d a4 A3} FA Ax U EA 54
1. TA-Fe"/AAO membrane & A| %

7}. TA-Fe"/AAO membrane B3 A%

Tannic acid ¢} iron(Ill) ions =3 E A|Z3}7] &4 0.02 M Tannic acid &< ]
AAO membranes Wil 10237F 2ol WA 2 001 M Iron(Ill) chloride
hexahydrate £915 1:1 FIH|EZE H7FsFe] 200 rpmollA] 3A17HsQF w kA1
TA-Fe"" 2347} AAO membrane %ol 53 wkS-o] &) FA o] At FE249
AAO membrane®] HPMo = WA Hrh o]gdA AFx¥E TA-Fe"/AAO membrane
el Foldl= A& AAsH] A&l 31 ol TRTFE AL §, Axste] Hyst

S ThH(Figure 9).

1}, TA-Fe/AAO membrane ©] &4 1A 3}

Vialel TA-Fe'/AAO membranes Y- % lipase (1 mg/mL) 1 mL9 ammonium
sulfate (AS) 0.25 g= vialel Y93l “F2eA]l 200 rpm % 30E7F W3 AIHTH 25%
30

glutaraldehyde (GA) €8S 20 uL Y2 F 4°CollAl 174359t RESAIFEE Wb &
Fed= e v Wg GAE A8

918 50 mM Tris-HCI (pH 7.5)° 21 30
=3k RE&AIZ] ¥ 50 mM potassium phosphate buffer (pH 7.5)% 53] o]} A& &}
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<

¢

m

.84 143}
}. 24 1A 3
Lipases pH 7.5 91 50 mM potassium phosphate buffer] 1 mg/mL= &3l Al A
TA-Fe''/AAO membrane®] 143} 3to] &4 S S50
Tyrosinase (25 KU):= pH 7.091 0.IM sodium phosphate buffere] &3s|AlA 1.51
mg/mL (10823.53 U/mL)2] stock solutione #|F3Fe] -20°Cell B3l ARE3FAT)
TyrosinaseE 0.2 mg/mL%E 3|4 &to] X2 Ao 1743} st a4 BAS 455k

Lo

P

s

13t & Joldl= a4 AFE Bradford Al9FS AFEste] ST
Bradford A]9F 1000 uLel sample 33 uLE <33to] 533F HESAIZL & 595 nmof| A
cl =4 stk AF=A2 01-14

i=]
UV/Visible-spectrophotometerﬁ ARgste] FH =
A)

o 524 84 53 9
Lipase®] A2 714 p-nitrophenyl butyrate (p-NPB)E AF&3}9] p-nitrophenol
(p-NP)Z} butyric acid® 7Fr-&3l & vHe& 53t SASSI T (Figure 2). 9714
p-NP2] A& UV/Visible-spectrophotometers ©]-&3F%] 410 nmolA SFHLE=E S74 s
Atk 10 mM p-NPBi= acetonitrile®] &33te] AFE3SITE WS Vialel 10 mM
free

p-NPBE 50 mM potassium phosphate buffer (pH 7.5)= 1008] 3]4] 3l ¥ &
lipaseS} 1173t 45 77 Wil Aol WEEAIA Ao WE 54 GAE 54
AT HE whe F3+= 1000 uLE HFSA]ZA T} Standard curvers EEEE A Z3H

pNPE ZH3ko] 243k (Figure 7).
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=
&3ato] 20-70CE %5 WHIAA 'L S FAHSTE a4 50 mM
potassium phosphate buffer (pH 7.5)¢ YiL 7} oA 2A]7HE<E WEGAIZ] & A9

2 A9 shert

13s a4 AR A
143} lipase?} free lipasel] <%0 wWE A S FAstr] A 25C,
45°CE 274 ¥ thermo mixero] &45 H sty &4 SASALY. a4 By g
© % 50 mM potassium phosphate buffer (pH 7.5)5 AF&3F 0w 74 W2 lipase
AT SAYHY L3 o r 435

ny3 5 A 37t

17gst mae AAEAAS Brek7] ds TAF's IWE F oAk 1%

oty
ot

sample?} TA-Fe''S F®3l#] 11 &45 14313 sampleS ©

ofo
ol
o
2
o M
oo
tlo
=
o

fufr
o
o
|
o
X

3+ Th 50 mM potassium phosphate buffer (pH 7.5)°l Z} samples
10 mM p-NPB©| 100¥] A H %% Hrlste] HF W3 F3E 1000 uL= Wb
A&tk 1023 79§ A7 £ 410 nmollA S35 @S ST R
% 50 mM potassium phosphate buffer (pH 7.5)% oI&] W A& sl AE5H 02 A}
Fap

oo

&=
olo
ofN oo
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A|3d 133} GAE o] L3t micro-PFR
1. LIP/TA-Fe"/AAO membraneS ©]-£3+ micro-PFR A 7

AAO membrane %W TA-Fe'Z FH3I T lipasemAsS 143 3+ 9A

LIP/TA-Fe"/AAO membraneS AFE3lo] 700 uL F3 2] wH27|ZS A Z38FGTh Mi

719l AES cloggingit Al FHAsetr] flal 7]do] ofgelA 9 WFoR =%

= A

2. AFAIRE mE AdE3 Y 53

A4 AgAe A9 6 7149 flow rateo] WE A AL

v} 23Ak
e FA3IATE Flow rate 1-5 mL/minC. 2 WIA7|HA AHES] TEE A4
ato] HgkER @Aksielth 24 samples R3] ol HAAHE Sl 4

flow rateol| A1 A FAIZFe] whet 0.5-141%F 5<F &3 Al ZT

3. Micro-PFRO A &7|7F A A

20°CS} 45°ColA] @49 Ao A = w74 HA flow ratedlA] 1 A3IE &4

_X_'
We71E A%HoR FEAA WYY 4F YL

#7438k th 0.1 mM p-NPB
714 & LC-6AD pump® micro-reactor®] 524 0% FHsto] o4 Y2+ p-NP
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#1472 TA-Fe"/AAO membrane®]| tyrosinase 1133} U Z &

1. Tyrosinase activity <7

Mushroom tyrosinasei= 7] <l L-tyrosine®] 3,4-dihydroxy-L-phenylalanine (L-DOPA)
OF AslEE HEEE o] §3h cresolase activity= 37@3}“5} (Figure 3). oldj
L-DOPA 7} dopaquinone®. % 4Fst== Z1& =27] 918 AAE L-ascorbic acidE
2ol H7tsll FStk [23, 25, 58, 59]. HH-&2 0.1M sodium phosphate buffer (pH 7.0)
o 2.5 mM L-tyrosine¥} 2.5 mM L-ascorbic acidE =% €95 7|A=E AL 1
HES & A2 sample 200 uLe] 2 M HCI 100 uL, 15% nitrate-molybdate solution (15%
sodium molybdate, 15% sodium nitrate) 200 uL, 2 M NaOH 300 uL 18|31 THF
100 uLE =AM HZ ¥ F L-DOPAS] A4S 460 nmelA #Z383IH L-DOPA]
A Al Zbe]| o]E=Z] o) 7] djitell 1A17F $o] 57 Shlth. Standard curve® FEE

2 Az L-DOPA &S S7ste] 233ttt (Figure 8).

2. TA-Fe"/AAO®] tyrosinase 1173 3}

TyrosinaseS TA-Fe/AAO membrane®] 37}4 11783} WH(EA, EAC, EAPC)C 2
13 A3 Y EA WS TA-Fe'/AAO membrane®] 0.2 mg/mL tyrosinase -
a1 mLE Y 4CeA 18A17F WEEA| AT EAC WH-2 0.2 mg/mL tyrosinase &
A ] mLE 9l 30%37F wHE 3 25% (wiv) GAS 05%% - HEE 9 5 4'C9
A 17AZE RESAIA AZSEITE EAPC W2 EACHH M & IS
ammonium sulfate (25%, w/v) 21l 303 E4AHAS 5% & GAE 0.5% (wv)E
Fot=Ss 93l 4CollA 17A12F WA 1] vbg dujstolE 1FS Al A 4l
3l 50 mM Tris-HCl (pH 7.5)° ¥ 30%3F €] 3l 0.1 M sodium phosphate
buffer (pH 7.0)5 AF&-3ko] 53] o] A& skt

V‘

)
1%
tlo 1]

01'_L,
rlo
o
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1748 tyrosinase®] A7 AFAZ T AAIEAHASH

13} tyrosinase?} free tyrosinasel] A7 HFAAAS FHsH7] Y& 25CE HAE
thermo mixerol Xl &4 @S SHSAT &4 =4 W2 tyrosinase 4= =
W Fdetth 54 98 § g3 a4 4 0.1 M sodium phosphate buffer
(pH 7.0)= 33] o] A& $ 4'Coll 33t

&

ol

17938} tyrosinase] AAF
3 FE % 0.1 M sodium phosphate buffer (pH 7.0)°S.Z ¢
AT,

Y Ege BYSY PR FAs SPsgom, A

WoAE AN s

i}
ol
Ol

(o3

4. TYR/TA-Fe"/AAO membraneS micro-PFR & £

AAO membrane %] TA-Fe"S FH3 T tyrosinase BAS A3} 3
TYR/TA-Fe"/AAO membranes AH§-3to] 700 uL 9] wk-7]5 A Z38l3it),
719l #F3 A= lipase & wLdH whHoz ST Flow rates 0.02-0.
mL/min© 2 W 3}A7]d A A FA el whE L-DOPAS] AJiks RUEE sH3ith

It

ool
2,

olo

[u—

5. Micro-PFRS] Z% ¢34 9 [-DOPA A& A4t

L-DOPAES &Aooz AAE7] 98 TYR/TA-Fe'/AAO membrane 7|4t
micro-reactor®] 0.1 mL/min8] F&C 2 7|d& AHKH o7 SHHUWHEA SToA
1} e+= L-DOPAS v%5 543t 74 vdes &9 200 uLE MED 3o
2 M HCI 100 uL, 15% nitrate-molybdate solution (15% sodium molybdate, 15% sodium
nitrate) 200 uL, 2 M NaOH 300 uL 12|31 FF 100 uLE A2 ¥ %
L-DOPAS] A& 460 nmol| A #Z3A )
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Table 3. Physical properties of commercially available AAO membrane

Property Range
Pore size 0.01 um; 100 nm
Thickness 56.0-60.0 um
Porosity 40%
Pore density 10'%cm?
Size 13 mm (no supporting ring)
- 24 -
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Figure 6. Standard curve for the determination of protein concentration.
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<
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Figure 7. Standard curve for the determination of p-nitrophenol.
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Figure 8. Standard curve for the determination of L-DOPA.
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'ﬁ' Tannic acid ~
\

* Crosslinking Fe®species

Figure 9. Schematic description of the preparation of the TA-Fe"/AAO composite

membranes.
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A3 A3 9 uF

A1& TA-Fe/AAO membrane
1. TAS} FeCl; &A1) &0 & §4143}

TAS} FeClLol A Hl&e] we FHF =1S 37] fst A48S 13 gl 7
vialoll TAS} FeCl,el 2 W]€o] 12 (MI), 1:1 (M2), 3:2 (M3), 2:1 (M4) 0] HE=
2 AAO membranes Y1l oA 3A17F F<F 200 rpmellA HE-SA]FTE WEE-
5 5 53] ol TR MAHE AMEE G4 buffer® 3W AFH & sdsE oF

axsE 143t etk 1Azt F Asds et Hollle wHA s
Bradford methodE ©]-83l0] 743} t}. Lipase &4 1 mg/mLE ZF FAo] 1743}
S W M1 54.48%, M2+ 58.36%, M3+= 57.55%, M4+ 72.04%% TA%} FeCl;9]
&= "ol 21 A W 7MY w2 1A §&5 BHIth ol FeChsk® EYh O =
2 FE

FTEO TAZF &4 & 7% membrane ¥WHo| ] B2 oFo] OHV|Z 3] &4

1o o rlo

A3} G80] Fold ZAOo R AR ¥t} (Table 4) [51, 60]. =3F TA 9} FeCLo =
H o] e ASES 2SS uf M1 31.80%, M2 26.62%, M3 49.76%, M4 69.24%
e}

2 2:19 & v EA T =2 A3

TAS} FeCls ‘E“o = HEE 212 nste] ddS Jsivh

rict
o
o
4
32
T
EE
uUQ
g
§
o
iy,
i
il
—E'
u}
o
U
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Table 4. Immobilization yield and recovery activity of LIP/TA-Fe"/AAO membranes prepared with the different monomers

concentration

Enzyme

Immobilization yield Recovered activity
Membrane [TA] [FeCl;] ratio concentration @) %)

(mg/mL) ° °
Ml 0.02 0.04 1:2 1 54.48 32.38
M2 0.02 0.02 1:1 1 58.36 27.11
M3 0.03 0.02 3:2 1 57.55 50.67
M4 0.02 0.01 2:1 1 72.04 55.08

- 30 -

Collection @ chosun



CHOSUN UNIVERSITY
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[TA]:] FeCI3] ratio

Figure 10. Effect of TA : FeCl; molar ratio on conversion.
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2. Scanning Electron Microscope (SEM) =3

A ZE TA-Fe"/AAO membrane®] X W7} cross sectionalS #3l7] 3] SEM

image ¥4]& s3lth Sample A W FFTE 33] o AF & T4 Hdx dhof
=43k t) Figure 11 o}¥- A% A 2)38HA 92 AAO membrane¥} TA-Fe 78 &

AAO membrane® ¥ W} cross sectional= SEM= &3l ##3sk Zolt}l Figure 11
(A)E 2 AAO membrane®] BT MFS &l & 4 glom HHL2 oF 100-130
nm ©]T}. Figure 11 (B)$} (D)= AAO membranes TAS} FeCl; 2:19 s&H]EQ1 &
Aol €al 200 rpmellA 3AIZEEQF WESAIZL & SEM image©|th 1 A3 AAO
membrane EH] TA-Fe'7} FZ®H®E Z& el 3193, 2 sampleS crack]o]
cross sectionalS S A} oF 100 nme] pore WH7FA TA-Fe'7} 78 ® Z&
SN A=

TA-Fe/AAO membrane A% % 45 1143} 3 SEM image: Figure 12 e}
Wk &4 11383 § TA-Fe"/AAO membrane®] FHL 14 3}8}7] A (Figure 11)3

W3S w EHo] smoothd)d AL FQ & F 9lom pore size’t AR Q3
3}
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Figure 11. SEM images of (A) pristine AAO membrane, (B) TA-Fe"/AAO membrane
and cross section of (C) pristine AAO membrane, (D) TA-Fe/AAO

membrane.
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Figure 12. SEM image after enzyme immobilization onto TA-Fe'/AAO membrane.
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3. Fourier-transform infrared (FT-IR) spectroscopy =73

011

A Z¥ TA-Fe'/AAO membrane®] 3}8t2 54 54 3}s7
T} Figure 133 AAO membrane XA ol TA-Fe" 48 2s7] 98 FT-IRS =
s Aotk FT-IR spectrum & 500-4000 cm'] 38 oA =4 30T (A)S}
(D) spectrum®A] 3} 3000-3500 cm™ 9] HPellA W& -OH stretching band7} A%1
NS el 8 = 9o, (A) spectrumo] A 1714 ecm'e] JE2HY 1HS C=0
stretching band”} (D) spectrum®|A] &7} 743, 1704 em™ 2 U] $2 92 ¢
|7} o] ke el sk 4=l EdF 1450-1710 cm™ 9] 32 aromatic ring®ll o] St
peak ©]™, Fe" ¢} phenolic hydorxyl groupAle]elr o] A& zg-o] C-0ZF stretching
vibration®] @S vz 7] W] (A) 1319 ecm'e] o] (D) 1326 cm!'Z ©]F 3
g gl & & k(0% (D) spectrum ¥3H= TASE Fe''o] Zglel] osk Zow
AAO membrane %ol TA-Fe" $&4o] A0S & 3tk T3 1000-750 cm™ 2]
22 peak52 A TH benzene ringol MTFECE [61]. TA-Fe" A wA
Figure 5 °f 12} Sl

1 98] FT-IRS =743}
]

gk

O

A
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(A)Tannic acid

3359

viLL
0l9l
zcest
5143

(B)Ferric chloride hexahydrate

(C)Pristine AAO membrane

98

~
a
[}

Transmittance

(D)TA-Felll / AAO membrane
W

Ve

ozelL

L6L1

4000 3500 3000 2500 2000 1500

Wavenumber (cm™)

Figure 13. Overlapped FT-IR spectra of (A)

hexahydrate, (C) pristine AAO membrane

membrane.
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Table 5. FT-IR peak and corresponding functional groups of tannic acid and
TA-Fe""/AAO membrane

Wavenumber Functional

spectrum . Vibration mode
(cm™) group
3359 -OH Stretching vibration
1714, 1704 C=0 Stretching vibration
1610 C-O0 Aromatic C-O symmetrical stretch
Tannic acid
and 1532
TA-Fe"/AAO Cc=C Aromatic ring C=C stretching
1453
membrane
1319,1326 C-0 Bending vibration
191 c-0 Correspond to substituted benzene
756, 761 c=C rings
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A28 TA-Fe"/AAO membrane &4 1% 3}
133 849 pHY 2= WE FYE W3
1793} ¥ lipase®] pHel w& A% WHeE 543517 f8l 2 &AE pH 5-109]
bufferell -+ AlZF &<t =F AZT M =& 24 s 100%= oFo] A 24
574 3F3th. Free lipase®] 74-F pH 8ollAl 7} 2 &S By 1743} lipase?]
7% pH 8504 7Hd =& @45 HAuth 143 lipase] A9 G713 HET Ao
Ay 2 24 AslE BT =8, ANkl HA pHrE 4 E) eglE W 2714
207 olx3d AL el T
membrane XHI} FAhAFO]O] ¥
EHIE T2 vA A Fxsta Y AW e Q7)o Ake] o] 23kt
T WAstef] ok Ao 7 AT HE T [62-64].
173} lipasel} free lipasel] <o W& AT WS FHs7] & 2 GAE
20-70°Ce] 2E=W oA 2417 <t =EFAFH S ™ 50 mM potassium phosphate buffer
(pH 7.5 AH&ste] @45 S48t Free lipase® 749 30°ColA 7Hg w2 A

o

|

o A4S B, 40Co1Ne] X E 60% olet= Al BA4o] A e g
)l & o vk 143} lipase®] A-F 50ColA 7Hd =2 Ad 24& Hilow 5
3] 40-70°CH $] ol Al free lipaseXtF O H2 #Hs 2% WHIAE 7HAe S & &
T Atk ol B4V 143 HUA E4E HYs A7 BEsk] a4 WS
HaAA 25 M35 MAAR ARE AR ET [65-67]
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Figure 14. Effect of pH on the activity of free and immobilized lipase.
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120

—O— Free lipase
—@— Immobilized lipase
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Figure 15. Effect of temperature on the activity of free and immobilized lipase.
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Eae] FA el RS Yuedee fow 4FS FH FRACE F2 T 5
Gtk B rES TARMEEAL el os) B ¢ 5 A Lokns] 99

=
Fe'53hA o] mgo] wHx| ¢k &
of 114 Erlﬂ 1ipase$]r free lipaseS WERTOZ o]&3kAtt AS 50 mM
potassium phosphate buffer (pH 7.5)°llA free®} 1483} &4E 25Ce} 45CoAlA 22+
309, 82Uzt B &St} Figure 16 (A)olA 11743} =
gol # g@A7F m"o] A ¢k AR =350 free lipase U= &

Ao 2l #39 E g QUvh 309 o] Fellle st mae F4do] oF 80% o
o] A ¥ HtA free lipase® -9 28% 74 HoAX A& 1 & 4 it i
45'Coll A LIP/TA-Fe"/AAO membraneS 8 A 49.40%% ZFeAjo] 7HAsH9om

LIP/AAO membrane< 35.61%, free lipasei= 19.40%= ZHF /o] A4S A& &l
sttt Ao w 13} lipase’t - A NS HATE A
Ast a47F ¥ w2 @48 A olfE "HAlel A EoEN |
Ho] & QMg Ado] St Fow ek

'240 AR AAEA A EeM Fest 9Ts drF [69]. wWERA AAO
membrane®] 1173} ¥ lipase?] AAMES S3st7] Hdl 93] AAFESte] RS
38ttt (Figure 17). 93] AAEE o]F TA-Fe'5¢hx] 78] @A A$ 549
Ao A 60.10%%F i FAo]
S

0
>
JE

2 JiN'

T 20l 85.7%3 e o] HA =
2%t AS &gl & 4 2l = TA-Fe"2 3 78] 2314 AAO membrane?]
FHe] FEE -OHZIE 8] &4t ¢ kAo w whAel AdEo Z7IzF A%
I AARR Ol E B4l rES Eols AloE FAEYH
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Figure 16. The activity changes of free and immobilized lipase with storage time

(storage condition: pH 7.5, (A) T=25C, (B) T=45C ).
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Figure 17. Residual activity of immobilized lipase after enzyme recycle.
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Al3ZA TA-Fe"/AAO membrane”] 3} micro-PFR

1.TA-Fe/AAO membraneS ©]£3+ micro-PFR 4 7

TA-Fe"/AAO membrane®] 1733} ¥ lipase?] ¥3F A5 914 &F micro-reactor
o 7} ¥t} LIP/TA-Fe"/AAO membrane 7 °] 13 mm¢! filter holder W+
of SIAAIA  Figure 183 o] AFetglom  whE7] FIE 700 ulo]th
Micro-reactor®] AH&-¥l HEZ= LC-6ADE AH&sto] F@dFs Alofste] AFAISE X
Aetdtt §Hs N2 10 mM p-NPBE 50 mM potassium phosphate buffer (pH 7.5)
= 1008 3] A ske] ARESESITE 71 A &N LC-6AD HEE o] &3to] U £rw
HES- 71 9] kel oAl FF % 1 LIP/TA-Fe'/AAO membrane®] X &¥ micro-reactor
= THet] AR E4E Fd WA= pNPE Tttt Igd §ds
UV/visible-spectrophotometerS  £3 410 nmelA =733tk LIP/TA-Fe/AAO

membrane”| RF micro-reactor®] diagram¥} A A| X5 Figure 19¢] YERSITE
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@ ®) Output

Filter holder (D:13mm) 11

> o

support

LIP/TA-Fe™AAO
membrane

Figure 18. (A) Components of TA-Fe"/AAO membrane micro-reactor (B)
Expanded-view schematic of a TA-Fe"/AAO membrane micro-reactor

assembly.
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A)

Enzyme
immobilized
membrane

(B)

Figure 19. (A) Schematic diagram of the continuous flow micro- reactor system to

assay the activity of the immobilized lipase. (B) Actual setup of the

continuous flow enzymatic membrane micro-reactor system.
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2. HA AFAI AA

Figure 20> LIP/TA-Fe"/AAO membrane”] R} micro-reactor®ll Al p-NPB2] k& 3} A4l
Ao st AFAIZEY] FES HolFth Al F Al 7H(Residence time, RT)-> Hb-§-7]2] F-3]

(V)E F5(flow rate) 0% Y70o] & FtolH, flow rate 1, 2, 3, 4, 5 mL/min®] A 7FA]3t
< ZY7F 42, 21, 14, 10.5, 8.4x°|t}. p-NPBS d¥&2 flow rate 1 mL/mino|A 5
mL/min© 2 F7}ghel wet 217t 65.38%, 47.79%, 41.58%, 37.82%, 22.77%= A},
o] flow rate©] Z7Fgrell we} 7] o] whg-7] el WFE= Alfto] @] wo]
o} a8y AA S flow rate 1| mL/min®lA 4 mL/min7FA] <7}8F07F 4 mL/min®l] A
13.57 mol/h-L & 7F¢ =9kal 1 o]F 2 A4S Y AL F%, w7 Fy 1
2]l flow rates ALEsto] AlAbstglon a&4Q AY S5 1EH S o HE flow
=

rates 4 mL/min®. 2 A Este] HE3-7]
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Figure 20. The effect of residence time on the conversion of p-nitrophenyl butyrate.
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3. Reactor=°] W& #3829 Hg

Reactorol] & A 7FA] 7kl A] ‘ﬂ%%ﬂ AgkE Aqstr] e Ade 13
ok wES 7] QlFtellA 71H g FEE 0.1 mM pNPBE ARSI o, 17]%-E
72 LIP/TA-Fe"/AAO membrane= ?ié?;ﬁlﬁi Adste] dHsE F-502 HgS
ASFATE 5L 4 mL/min®E TASFA O, reactorFol WE A FATHS 22 |
70 (RT: 10.5 sec), 270 (RT: 21 sec), 370 (RT: 31.5 sec), 47l (RT: 42 sec), 57 (RT:
52.5 sec), 67 (RT: 63 sec) ©|t}. Figure 21 X W reactors 17] AFE31SS o HH-&
= e oF 3848%°1H, 271Y W 63.03%, 371Y W 77.89%, 4L o
86.74%, S/ Wl 92.94%, 670 W 96.33%°]tt. &7 AMGE FIHAIH Ol et
Elacs S T ‘/}i A BhgEe oF 40% ﬂé}% e gl & 5 vk et
A 4 mL/min2] F%°% reactors 671 AFE3S
o] A& g & Q.

mlo
—(o
)
W
1o
i
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Figure 21. Effect of residence time on the conversion of LIP/TA-Fe"/AAO membrane

micro-reactor.

_50_

Collection @ chosun



e AE w79 deS Aw ARE w24 G4 fAlel A 299
toE=g 143 aae AV AE5 AREskes AU BEold, a4l 4 kA
= AF A o] & Frtell Fadttt [16, 69]. wEkA 1gs © a4 vES71Y] FE <k
A2 4 mL/min (RT=10.5 sec)®] F5 22 20C2 45CollA 0.1 mM p-NPBS] <1<
Al bl E EUEE e mMA F7F Hlth 20ColA w371 E 80Y sk &
Fols w 60d Bt A& A Folm 97%oldel Ad E4S fA shsleH
804 & F =71 249 oF 90% Aol FA =T (Figure 22(A)). H3E, 45Ce]
A 20247F LIP/TA-Fe""/AAO membrane micro-reactorS <% 22893 ] 9UdA %

7] B4 41.09%7F A E AT (Figure 22(B)). ©]= &A7F HAlo] 1178 3tE A
QEZHE Howol §40 A ot do] FUE7] wFEolgta & 4 Qlth
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Figure 22. Operational stability of LIP/TA-Fe"/AAO membrane micro-reactor
(operational condition: flow rate 4 mL/min, pH 7.5, (A) T=20'C (B)
T=45'C).
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#1472 TA-Fe"/AAO membrane®]| tyrosinase 1133} U Z &

1. EA, EAC, EAPC Y °| W& Tyrosinase &4

Tyrosinasex= Enzyme Adsorption (EA), Enzyme Adsorption Crosslinking (EAC) L
2]3 Enzyme Adsorption Precipitation Crosslinking (EAPC)2] 37}A] W] © 2 TA-Fe
/AAO membrane®ll 1173} H vt EAE @S2 WHolw, EACE GAE AHES
aA7Fn7F F7HE %13, EAPCE 3k s HA3 GAY 7haef olaiA a4vF 1
43t WAk Figure 23 37FA4 13t WRlel] wE &4 WStE KHoEUh EA,
EAC 7123 EAPCH /42 TA-Fe'"/AAO membrane®] ©9 % T AAs/minC =
Z+7} 0.432, 0.378, 0.691 “12]3l 0.572 (without coating) ©. % EAPCY©] EA®} EACH
Bup o 1Lsufel M 2ui g e S71e Z1S 2Rl = qluh 3, EA, EAC, EAPCH 9
A= S flall 4CoM BytstdA FASAS SklTE (Figure 24). EA,
EACO Al tyrosinase®] &/do] 343 #FAast Hbde], EAPCH-S 309 o] FolA 70%
of Adl #de FATCREA mAdAY e S KA EAPCO ¥ %

s
= @ 52 HA F gdHel 54 7FE Q18 TA-Fe'/AAO membrane®] 9]
TH T H ¥ sardoR 49 2 5 Atk =, Ammonium sulfate H7FE o]
A Frkeel B4 BAECl AR $3 Ei Ao Hol glof ENHoR st
g9tk 2 A% EAPCHOl o ¥ BARYS Zd 9w, aavdsed 2%
4 ke s mae) rEE 22AA AFY Skl sl (o). me
EAPCHI S Abg3kol 1931 A8 sl
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TYR Activity
(AA,(,/min per mg of TA-Fe /AAO)
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0.2 1
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Figure 23. The enzyme activities after EA, EAC and EAPC immobilization methods.
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Figure 24. The storage stabilities of EA, EAC and EAPC immobilization (storage

condition: pH 7.0, T=4"C).
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2. Free tyrosinase$} 117 3} tyrosinase®] L-DOPA A4k

Free tyrosinase®} 1173} tyrosinase®] A|7Fe]l whE L-DOPAS] AJAikS #z357]
3l 50213FEt ¥ = L-DOPAS] & RUEIY 8H3ith Figure 25 0.02 mg/mL
E5 9 free tyrosinaseE AF§-3lo] Al7te] wE L-DOPAS] A4S UEFWATH L-DOPA
o) Hdl A FEv 2247 Foll 0.046 mMo|H, 27A17F o] F-e] L-DOPAS] F=7}
OFIF ZHASElth wlelA ®aid wpsel 3Fo] whE EhEol HAI?] L-ascorbic
acidE 7187 =™ L-DOPA”} dopaquinone® % AFste = A& HAaA71A = =H,
AlZkol Aol whet yhg-gole A Fujatd Foll L-ascorbic acid7} AKEH 7] ufjEof
L-DOPAS] 2tstE 93 4 glo] sX7F Zast Aoty & 4 oy ®Ed
L-ascorbic acid®] 5% T7}7} cresolase activitys A8l|er #uk ofye}, FAlo] ai
= v A R 2843 Al7|7] wiEoletal e [2, 25, 71]. Figure 26+
TA-Fe"/AAO membrane®] 0.2 mg/mL 559 tyrosinaseS 117 3}3lo] AJ7be] uwj
L-DOPA A/3& ##3t Ayjo|ty. TYR/TA-Fe"/AAO membranes AHE-3Fe] 50A] %k
HES- 5131S Wl A E L-DOPA 55%+% 0.035 mMIE free tyrosinase®} H] W3}

g w2 A8ES Btk ole a4v e 13t HuM 2EAgAgoeR <l
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Figure 25. Production of L-DOPA with free tyrosinase (operational condition: 0.02 mg

of enzyme, V=3 mL, T=25C).
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Figure 26. Production of L-DOPA using immobilized tyrosinase on TA-Fe"/AAO

membrane (operational condition: 0.2 mg of enzyme, V=3 mL, T=25C).
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W
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3} tyrosinase®] A7 AT AAEA

AMA O 2 free B AFshs &QF EQFEstal, Algto] Ade] wel a0 &
E7Fs3st7] wWitell free A0 4 8o] AstE) o]y
& = nAsgo s S5 = Qv 28, 72]. AEEA

A4 143} ¥ tyrosinase?] AT FH7Ist=dl £33 Q4olt) Figure 272 free
tyrosinase®} TA-Fe"/AAO membraneo] 1274 3}¥ tyrosinaseS 4'ColA 0.1 M sodium
phosphate buffer (pH 7.0)°ll 3041t Hatsls we] A4 A S Holerh 1 4
I Jgal A A Sk @ FAasklh 12y free tyrosinase®] 73 -f-
143} tyrosinase RHTF Aol AA AASTE Figure 2794 B 4 Q%]
TYR/TA-Fe/AAO membrane®] 7% 304 o]Fo] %7] A9 70%S A8+
TYR/AAO membranei= 48%, free tyrosinase®] “d-F% 36%%E F+A5F3th o] Ay
TA-Fe''/AAO membrane©l| tyrosinaseS A3} o zH &io e Walrl avzo
2 ASE7] witel Al A e TR Aer AZEY (73] 3 AAO
membrane®] FWol| TA-Fe9] 7|53tz <& ©Ale a4 23 Ao ax
o] ¥&o| Ao TAF"S FHI GA7 ZYEHA ¢
s FAS Aoz ddg,

143t # tyrosinase?] AMAMEAS Feldty] s TA-Fe'7F ZRE gAlel 28
w2 kS FA Ol tyrosinaseE 17 3okl AP S AT Aw &4 #E 100%
7 sto] I @S AAtste] Figure 280 WERHTE @Al Y3t ¥ tyrosinase®]
g = v AARE Slgo] wel A AN, TYR/TA-Fe/AAO membrane”7}
TYR/AAO membrane.TF U] &2 AAMEAS Btk 6] AAS $ TA-Fe'7} &
Y% TYR/TA-Fe"/AAO membrane®] 79 °F 65%2 o] #4S Wi, IR A
2 TYR/AAO membrane®] % <F 40%2] ro] &48 H AT o]= TA-F'7l =
A 2ae o 7c}3}7ﬂ Adsto] a4 FES 9| wiolgta Ak
up2bA TA-Fe''7} ¥ ¥ AAO membrane©] tyrosinase 1173} ©A|Z gkttt A
7} gl

tlo

ol §% oM
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Figure 27. Storage stability of free and immobilized tyrosinase with time (storage

condition: pH 7.0, T=4'C).
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Figure 28. Residual activity of immobilized tyrosinase after enzyme recycle.
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4. TYR/TA-Fe™/AAO membrane 7]} Micro-PFR
7F H3F AFAIE XA

Tyrosinase”} 1143} ¥ TYR/TA-Fe"/AAO membraneS ©]-23}o] lipase?} & 3a}
A F37F 700 uL?] micro-reactors Al 2F3}S) 13]-. TYR/TA-Fe"/AAO membrane 7]%4}
micro-reactori= LC-6AD pumpS ©| &3} #-% Jojslke] A FAIZES 2SI
714 gdHE 25 mM L—tyrosinei} 2.5 mM L-ascorbic acid’} <% &NE AFE3}o]
JTol dHHeZ ZHFHA TYR/TA-Fe'/AAO membranes F¥3tH o=
L-DOPASY] <& =74 3]'04 240 GAE SAs

Figure 29> TYR/TA-Fe"/AAO membrane 7|4+ micro-reactorl Al L-tyrosine] %%+
3 el thie AFAIZEY] dFE BolET Flow rate 0.02, 0.04, 0.06, 0.08,
0.1 mL/min®] AFAZF ZbzF 35, 17.5, 11.67, 875, 7 minlH, A& 717}
0.57%, 0.50%, 0.46%, 0.42%, 0.38%°]t}. <ol weba] Adkgo] Fadhs ol f+e
Sroll Al A3t A3 o] {&o] wepxle] wet Rbg-gNo] ¥h3-7] o A
= AlRFo] Frol @At 71- 3 REgske AlRbo] FrobA7] wiolth A&
oF F&e adsiles W AN FFHo] Sl Wt F7hskel 0.1 mL/mind
w  0.0862 molh-L = 7F& =94tk wEkA TYR/TA-Fe"/AAO membrane 7)1k

=7 min)¥ FHC 2 A% S

¢

ol 4029 o X

ki

micro-reactorE 0.1 mL/min (RT
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Figure 29. The effect of residence time on the conversion using TYR/TA-Fe'/AAO

membrane micro-reactor.
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. TYR/TA-Fe/AAO membrane 7|5+ Micro-PFR Z% <QHAA

TYR/TA-Fe''/AAO membraneE micro-reactore]] 2 §3}o] %5407 nk-&g NS
WAl micro-PFR] Z5et8AS H71skgith HE-g-7]19 a2 20°CollA]l 2.5 mM
L-tyrosine?} 2.5 mM L-ascorbic acid &<°] hf¥ whg& NS AFE31o] 0.1 mL/min
(RT=7 min)®] FFC%2 SeHUAA 37| Z7A = L-DOPAS] o4& FU
IZh! ’c‘ﬂ-oﬂr/}. Figure 30 TYR/TA-Fe"/AAO membrane”] %}t micro-reactorS 30 7+
LA ¢ AnE veblth 304 A% FAEolE TA-Fe/AAO membranee] il
st¥l  tyrosinase= 70%2] Al &S frAlske] 30€%He] AL AFolE ¢S
T S B ol dAA sty o r A EH = L-DOPAE tyrosinase’} 11793
¥ TYR/TA-Fe"/AAO membrane”] %t micro-reactors ©]-&3lo] Aitels= AE FH
7FedE Hojeth

ot

b

EXO,L_IZio}ir&
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Figure 30. Operational
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stability of TYR/TA-Fe"/AAO membrane

micro-reactor

(operational condition: flow rate 0.1 mL/min, pH 7.0, T=20"C).
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Table 6. Effect of reactor types on substrate conversion and product concentration

Enzyme . . . Product
Substrate Reaction time Conversion
Reactor Enzyme concentration concentration
(mM) (min) (%)
(mg/mL) (mM)
) Lipase RT: 0.175
Micro-PFR 1 0.1 ) 55.13 0.056
(from Asp) (flow rate: 4 mL/min)
Lipase
Batch 1 0.1 15 50.14 0.051
(from Asp)
) Tyrosinase RT: 7
Micro-PFR 0.2 2.5 . 0.4 0.010
(from Mushroom) (flow rate: 0.1 mL/min)
Tyrosinase
Batch 0.2 2.5 30 0.48 0.012
(from Mushroom)
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A4 A&

Anodic aluminum oxide (AAO) membrane®] &4 1173} XX A ZA 9 7HsAdS &
o1&8t7] 9lel 1 3tE WA o] AAO membrane EHol| ZE7|E £95}H7)
23 tannic acid®} FeCLE AFE3}o] AAO membrane® FHo] TA-Fel! EahAz 3
WA $ F lipase®} tyrosinase &AE ©]&3sto] 1 IE HYSSITE HA Oﬂ a
she JmAeE o] 7HA Wk el SAWSE freeg A9l WlwE] HSGk

] 0]23}od micro 719 Plug flow reactor (PFR)ol A}-83}¢] i/‘é

ol R ot

ftlo

1. AAO membrane?] X Zg7]E =Y w tannic acid?} FeClL2 FHE=H]&
B DATEC] 72.04%% 7HF & 217 Atk Aud srE dAe 4

S MAS & SEM¥ FT-IRE Fall &9 EW 7 cross section®] TA-Fe' 534 =
go] 2 &S AR, 183 F SEM imageE S 13 Ay wwstel
< W EHo] 9 smoothal| Xl A& g2l 3 4 I3t

2. Lipase’} 1183} ¥ LIP/TA-Fe'/AAO membrane®] 73-%- free hpaseﬂ H] ‘3]- s

o = pH7]_ A7|A] Zo 7 o]lE3 AL g]—o]o}%\ouq’

oA free lipase BT} K> #E % WS 7HAE Ae SIStk 30412 A

FA S 25°Coll A LIP/TA-Fe/AAO membrane®] 7% 80% TS G,
free?] A% 28%9 AL GA YT EI 45°CollAE 1A G40 A9 49.4%
free®] 74-% 19.4%° A4S BT AL SHoAM = | &

g o] A9 omle] AALEolE 85.7%2] FHAdA S Hlal, FHO
o] B 60.10%°] AL BT

3. Lipase 11793} A &S 7|HFC R tyrosinase®] 1 3tE X8 3FSI T} Tyrosinase”}
174 8kE TYR/TA-Fe"/AAO membrane®] 7% EAPCH o= 173 33lS
TYR/TA-Fe"/AAO membrane®] 9] THT AAy/mingke] 06912 7Hg =3kow,
4ColM 30478 A P free®] 3¢ 36%, EAPCH o2 1143t € ©Ae
B 70%2 FAgAE Horh Ee 6o AAFElA TYR/TA-Fe'/AAO
membrane®] 739~ °F 65%0°]/ 9] ]S B3, TYR/AAO membrane®] 73-¢- oF
40% FE2 oSS BT

1o
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4. Az Al AhE 143 3+ Micro-PFRZE A3 ow, w379 Huj=
700 uL®]Tt}. LIP/TA-Fe"/AAO membrane”]¥t micro-PFRS] 749 #4°] 4 mL/min
(RT=10.5 sec)d w #AAFAlo] 13.57 mol/h-LE 7H& 9kow, 20°CollA 80d7te] <
L2 Eo| T 90%0] FojdAdo] A Atk Tyrosinase’} 1178 3t¥ TYR/TA-Fe'
/AAO membraneE micro-PFRe] #83}%S w, #%°] 0.1 mL/min (RT=7 min) &
w Aatdel 0.0862 mol/hL 2 7HE ko, 30U A% FEelM 70%2] &
A= A skt

AA 07 lipase2] -9 LIP/TA-Fe'/AAO membrane®] Batch®-2-7]o] # &% &
W 2T} micro-PFRe A4 =S w HkSo] oF 134u) u wWE AL gl 391,

s

M
tyrosmase-/] d-% Batch{b-&-7]X.t}F micro-PFRO| 28 = QlS o oF 159] wE A&
gl &3ty o] AHE lipase’t?t otz thE TR0 A 1450 ThsAs B
C}}Et’il, P EEe AH55F we7]e A8 de &l shalvh &Sk oelst o
qE3-719] wkgg ol e AR S & 5 Utk w}a}/\i oje]gh wu} ‘?}%7]":— 7E
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