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ABSTRACT

Development and Application of PDMS-based Polyaniline Nanofibers

for Enzyme Immobilization

Lee, Ran-hee
Advisor : Prof. Lee, Jung-heon, Ph.D.
Department of Chemical Engineering,

Graduate School of Chosun University

Nanofibers with high surface area to volume ratio were prepared using polyaniline
(PANI) and the surface of electrospinned poly(vinylidene fluoride-co-hexafluoropropylene)
(PVAF-HFP) was coated with them for enzyme immobilization. In order to overcome the
low solubility of PANI, 2-acrylamido-2-methyl-1-propansulfonic acid (AMPSA) and
4-dodecylbenzenesulfonic acid (DBSA) with long alkyl chains were used to resolve PANI.
Since the viscosity increased rapidly with the addition of PANI, the PANI concentration
was limited to a maximum of 20 wt% for electrospinning. In order to control the size and
handle the fiber carrier easily, nanofibers were electrospun on the surface of micropatterned
polydimethylsiloxane (PDMS) and wused as an enzyme reactor for immobilization.
PVdF-HFP/PANI was incoporated into a microfluidic device consisting of a reaction
chamber with inlet and outlet flows. It has been found that polyaniline can be used as an
additive to improve the enzymatic activity and stability of nanofibers. The presence of
amine groups in PVdAF-HFP/PANI nanofibers confirmed improved enzyme activity and
stability, pH, thermal stability, good reuse and long-term storage.

The immobilized lipase and pf-galactosidase showed excellent reusability even after 10
cycles of reaction and the residual activities of them were over 90% and 60%, respectively.
The PVdAF-HFP/PANI/Lipase showed enhanced enzyme catalytic performance at a residence

time of 7.8 s using microreactor. 27.1% of p-nitrophenol conversion and 12.3 mol/h-L of

- vill -
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productivity were achieved with 0.1 mM of p-NPB. PVdF-HFP/PANI/Lipase retain over
75.2% of their initial activity after 65 days. The PVdF-HFP/PANI/S-galactosidase
microreactor showed enhanced catalytic performance at a residence time of 10.4 s. 27.4%
of o-nitrophenol conversion and 9.4 mol/h-L of productivity of were achieved with 0.1 mM
of ONPG. The enzyme reaction rates using developed microreactor increased 1081.3 times

for lipase and 248.7 times for f-galactosidase more than those with batch reactor.

Key word : Polyaniline, PVdF-HFP, PDMS, Electrospinning, Immobilization, Enzyme,

Lipase, p-Galactosidase, Microreactor
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AMPSA
DBSA
EAPC
EB

ES

GA
ONPG
PANI
PDMS
p-NPB

PVdF-HFP
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Abbreviations

2-Acrylamido-2-methyl-1-propansulfonic acid
4-Dodecylbenzenesulfonic acid

Enzyme adsorption, precipitation, and crosslinking
Emeraldine base

Emeraldine salt

Glutaraldehyde
o-Nitrophenyl-3-D-galactopyranoside

Polyaniline

Polydimethylsiloxane

p-Nitrophenyl butylate

Poly(vinylidene fluoride-co-hexafluoropropylene)
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1t wloleFujo] &S FF AIH [8]. 15 elA
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PDMSZE wio]a % 8] gk w | (meshyE A|Zx3t -‘?4, zHgor Agato] A7|A
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Ao = A7) WAL 7)o o) PVAF-HFP Z]v £o] PANIZ Blendingd}
of YrAdfE Axste] a4 143t AAARZA & 7hsAdE Glsidl o
Yo de4 W x4 54 FAF A2 dAv)A(SEM), FElol-HE Ao
FHET-IR) o8] AN Y. 1243} @4 = Lipase (from Aspergillus niger)?} S
-Galactosidase (from kluyveromyces lactis)s 4733t o @40l &4 tfofst pH 2
<%, AR, Z7IARA, A5 AHEACE AFES S, Microreactore]l 4] -§-3}o
Z1A gae] A4S HAasglely wE eSS £ AS8EE el AEs W
& A goR 95 4 Stk EFH PVAF-HFP/PANI 53 Uil fe & ARAA
i 2

1gs 71Ed gkl e, Ae AR, vole Fuj, npo] @ AlA

L
a-

e

oX,
o

Collection @ chosun



A2 4 HA

1. 52 133}

Bas ASHEA SetEe] vl @74 XstHola 7]FA 5o/ o] Hoju A=
=7 W o v @3 @0l b sk, 7hA ol WAL 3Tt
7bssto] AARgol of7] wiEel b4 ol el dAHE A Ut ol F &
o TARE S5 A& Ba st Vleol ATEa Ak sHAIRE Bt S
E3st7] S 2 7HA ofvwAat VIR A GAFSIVE destth webd aavt
H AECA Fuisgs Eds] Sl ofvl At AYV)7F WA ofewM ma
} TE7F A E e oks [19]. g3t mae FAo] HojA= Aol ARt
golA AelsHA /‘}%7}%3}‘#, RESARGo] Thsskal, AdECld aLE

Aol &4l WrkE vE S otk e {1 R uelA Y e 1 Wk, &=
o e TUAE F QoM TRt AlAE

Ea 2 G
= =84 A AXA st = st o 4A EelstE =
)

m
X

(¢

< ®H| =3 A 3l(van der Walls force), d
Qo) @A mHel Ea wARaY §PES 2
%

ke
o &2
shet2] 7ido] HQskx ool v Zkekelm, wgo] AA i1, 3154
o) .?_ Eé
=l

[22, 23].
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Atole] et Am #Ago o)HE A EAE Wl ekgH o wrEY Aol ed
871 otve7], 7hEEAY], el =H5A7], dAdY] gl omtET] Fol 3tk ¥
AEUE a4 Solda 2 F E4S FAs, 245 A ssked vgol
AA v 28y Fh A Alx o] dAs L nA4st ¥4 sk 549 &
Be e 7 UL dF AEY A°KCoupling reagent)el] Aol k= ol Qv
[24, 25].

|2 R AR i

ars g or AXAe| AFA 7= WHOFE  Glutaraldehyde (GA)SF 72

Crosslinking reagents ©|-8-3F WHolt} | XA wHe| 2879} a47f 2= 2875

GAR olul7]5 243t AlA aiet gA Atols % ddetAl 7Faste] o F #7o]
WAglsteets a4t golx v ThsAol A glol AARgAdol wA, e
o] A T g4 FAL BaAZ S Y, AAA THES mie Adas 5 9
Felz JHAA Ak Sk GRS 2Ea Tk [26, 27]. ol# g @Al E8kal AR
2 FHoA Mg T 471 B2 AT AAEAAS 2o o] wiel A
7b #kshA HaE A gloh
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TH29].

#H Lipases 1174 3}sH A= X154 <20 Poly(vinyl alcohol) (PVA)S} AFAS &
Polylactic acid (PLA) YAl ol 12783ts Ay} PLAC] 127 3}3t Lipase’} ¥ =2 &
4, e AduAd 9 AAS UEReH, 103] AAREFelE 80%c]d HESHSITH
[30]. B3 Lipase®] & &4 2 B 3 2YsE 98l oFA7] 9 A4 &
gollddl  ZA|E((PEO)  AMES et A7) WAE o# R
(P(GMA-co-MA)-g-PEO)& A|Z=3to] o FA17]1¢} Lipase® A 3Fstalct. 21 A7 150
mg/gl 2 a4 29 0.673 Umgel Hd &4 &350 [3

Y. 1733}¥ p-Galactosidase

)

B-Galactosidasex= @A, S8l1d E& 22 Ui} AFE25EH D-galactosyl &H715 7FH¢
walsk, AE AMdelA THE & dAe e 54 T ostdeolt a4 tiiEe
=, A& 2 uAEo o3 AitE T p-Galactosidaser™ A GEF, =FIA
9 oA AA o b BAlE Seidct [32] B3 AYgEAE 2t AR o
e b Well e Sejade] AR 2 2 A AHES A 8ol A7 e AlRb
H o $kt}. p-Galactosidase®] F+ 7H4] 8 €%+ 79 EuUlT FAE ot FAIF A
g AAL 24 APste] FAEe] @8 &%, T D ASAS FHAI AFE
A2ke] 3t [33].

HZ A% p-Galactosidase WY I= s}t or WHY ©H EHEAEHA Yyx H
(PSNF)ell &4 nA3stE 9% A7 EYdst7] 918 HNO; A sto] 7h=547] 9}
S| E5A7]E A $ p-Galactosidase s 1P Skt 1 A} 1 AFAI 41% 4
gEH I FEI 8% FF AiHEo] SAHNY [9]. EE EZYviga ol

of

rl
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g Aol p-Galactosidase®] 1L stell ofst 7hwAl kS AGg A3} 0.05% GAE
AHESE A9 Hd a4 84 08 US YERAY [34].

kv
1:01:
B~
e
o
ok
UXL

AZA Yx=dFe ol &
U Afe 52 teE, Aold 719 ol g 7hsAd, A AEA, A, A
s34 W A 4PoR A ik nA A5l B
Fom, §49 3 g F2E HEST [9]
AANHA] YA FE a4 AAANZ A A5 A3 2 PVAF-HFPO| Lipases
174 3}3st7] 138l 1,4-Diaminobutane (DA)®} Epichlorohydrin (EPI) B|{F=8 WA 3%
kil

of F-zatglow, 7 Ay d MA AdelA madido] b Aol &3 vl&
T ZASESIYE [35]. & PVAFQ} ZIF-8 (zeolitic imidazolate framework)s {Fe3lAl &€
2 O & blendingdto] A8 YA fi= ZIF-8S H7tgo =z 259 FAIA &
2 FulEA V)5S 4SSt [36]. 14bell Poly(acrylic acid)/MWCNTs U334 #
S A|Z3}] Acetylcholinesterase (AChE)E 13} Y 108 AAFE $-o] 90% ©]7
FA13F5 0 [37], PVAF-HFP®] ©]&RWlS ZAFsEAL [38], Polyethersulfone Yi-Ad -l
Zetzrt AEE Sl A7 ARrRds IAFdo 2 MEEe] a-amylases 317 8hsh
A 3919 PVA°l Zn*'E H7Isle] adtdel ax1d3 AAAZ 53 th PVA
of ol Atolo] getr JEAgor Qi aio bgAdol Frbekglal, 183 A

AREFo 2 50%S] S FASEAT [40]. olAH ] dAA YieAdFE Eiﬂ?@i} A
% olgstr] 9% B2 AU AW F =
d oz oEt} (Table 1).
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Table 1. The applications of nanofibers supports in enzyme immobilization

Immobilization
Support Enzyme Functional reagent Ref.
method
Polylactic acid Lipase - Adsorption [30]
Poly(glycidyl

methacrylate-co-methylacrylate)-g- Lipase Epoxy groups, Polyethylene oxide Covalent binding [31]

polyethylene oxide

. Adsorption,
Poly(vinyl alcohol) Lipase Zn® [40]
Cross-linking
Poly(vinylidene
Lipase 1,4-Diaminobutane, Epichlorohydrin Covalent binding [35]
fluoride-co-hexafluoropropylene)
Polystyrene nanofibers [-Galactosidase HNO; Covalent binding [9]
Glutaraldehyde, hexamethylene
Polymethacrylate monolith p-Galactosidase N Cross-linking [34]
diisocyanate
Poly(vinylidene fluoride) Cellulase Zeolitic imidazolate framework (ZIF-8) Adsorption [36]
Poly(acrylic acid)/Multi-walled 3-Aminopropyltriethoxysilane
Acetylcholinesterase Cross-linking [37]
carbon nanotube (APTES), glutaraldehyde

Oxygen plasma treatment,
Polyethersulfone a-Amylase 1-Ethyl-3-(3-dimethylaminopropyl) Covalent binding [39]
carbodiimide (EDC)
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Ui 7128 9apu BAEe] A% 8 Awd wAld A= 242 gFEE /&R
ujet A SAe sl BeA, HebAe 2He FE Ao FU| o] FoH 1
Atk Ak AZWEES 08T A Aol AR A4S HE | um ol gl

71" A} (Electrospinning) ] & |3t ¢t

nmoll A 100 umAAIL ] AR S 7= AL FFA AT
G W(FE A, AVIERY, dEEhEY Jo] g4I Aste]
Ab AN ok e SHskE W aRAE W dete | e
o] &3t} (Figure 1). AP 20 ol Zgo, 34 Z
AHE 7Fsdke] 1A 89 55, Blending ¥l &, F A
Hom A{E AT & ! 2 ’
AY(TCD), FHE 3Ad $5, &5 F5E= AxHE A9 d
Q9lolt} [42]. AVHALE Azd eAdAE o

WS e w mWAS zow 33 =
olgom Zgatw WrYQl, X, 3 AFHAE, A

[43, 44].

AN
>
BN

4+ Taylor cone
_ +

St o+ Wi o
Polymer solution, === 0 i e

-

Syringe

Liquid jet Collector

\/ >

High voltage
power supply

Figure 1. Schematic view of electrospinning process.
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4. PDMS 7 £

Polydimethylsiloxane (PDMS)<> A4, ®] Al Fa = 2 EdmAel 2 theFst &
£ Holol FHYsA HELHE PDMSE Fohd Ty, Aoz e

e
A &d sEo] fsk, AYstE g o® ol ¢ vk EI A AVt AH
sta, ofe] F& Aol 9H, i BAte] Zhedtal AAuEe AA HE T U
[47]. =% PDMS+ T84 &7t AFsto] B st ko= PDMS 72+ WY 8l
o] Zoluyp &dx&d &2 &ulel 4 AT Ut siEY # PDMS ¢F> & 7]
ARESte] et RE ASeA HWE REE Y dH, #to]aE 9 Numbering-up

wahshol A9 kg B4 W YRS AT S8 F5HS A Uk 48

3 2 r’

-
rulml-m
F

5. Polyaniline 34

7 dnkg o g 4 Polyaniline WS MacDiamid $JHolth Aksl Al
kA ek Abste, T3 ARsEY, ok S E o= WE AW (Figure 2), &4 A
ZH3F EA 3t Ammonium sulfate®} 22 AFSHAI S AFE-Ete] ofdH S A A AbSIAIA
AEs Qo ket x5 7FA 3L 9= Polyaniline #WlAl gl 2 A 4of TRkt X
717 = deFA of thekst AsA| S 2 §ske] o] Fo Xtk [50]. Polyaniline (PANI)
& EE A7 AR, $e 34 <t 7hsd W AA e R Qlste] & e
Wk it} 124 PANIC] Conjugate double bond 732 Q13lo] tF-72] Erfjof] &8

o7 & Aghs W=tk [51]. webA PANIY] 7hEAdE Fol7] fd ATEER
Precursor’y] [52], 3}8H2] 7WA™ [53], 716X E=WE [54]5 Abgste ol o &
g™ FZ el Sulfonic acid, CSA, DBSAS} ¥ =RHEE LQlehs AL 1hast 4o
2 f718mset FE&A EHEE =Y F A Rl [55 Vs
Protonic acid group<= PANI®| Imine”] 2} A3} s} Q

Ay oFst =49 718 et E3Hd S 7

~

o,

3

B

o] E=E S7FAZIT [56].
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| l
N N N— =N
[~ )~ )= %]
H H
l\‘J |\|1 N— —N— Emeraldine Base
y=0.5
H H H H
rL rL ,L ,L_ Leucoemeraldine Base
y=1.0
N= —N N —n—  Perniganiline Base
y=0

Figure 2. Chemical structures of polyaniline and its most common forms.
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Table 2. List of dopants and their chemical structure

Name

Chemical formula Structure formula

AMPSA
(2-acrylamido-2-methyl-1-prop

anesulfonic acid)

DBSA

(dodecylbenzenesulfonic acid)

CSA

(camphorsulfonic acid)

PTSA

(p-toluene sulfonic acid)

NSA
(f-naphthalene sulfonic acid)

o] CH,
H,C 0]
C7H13NO4S . \/k /|\|
N CH S—OH
H 3

0

CisH3003S

CH,(CH,),,CH,

CioH1¢04S ﬁz
1
HO—S

\\//

CH;C¢H,SO;H /@/
NH,
S—OH

1]
o)
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6. Microreactor

Microreactor= A2 HISES AE£EAHO0FE 527 3o 3Fshd HE-SS oA

AIZE @S, w24 W ddd, g4k A H A4S, F-9HE(Side reaction) ] FH A 3)ek=
HH o)t} Microreactor 2L 84 Alpuiut ojug ME, Aok 38 Ao g B

ofell= e Holx v [57]. FHTole MER de=dS AxsAY, ¢ &
A 2t o=, gH 9 7] 237 Alold YedAE dAsk=dE ol & [58].
drHow, a7l WbES WA AlAEClAM AR T] wie] Ut A7 ofF

5o ® qow o0 B4 Al w40l
AgAow H3 wse] HYEe 54 ¥ol neEd #AT YHES 9 5 9

t} [59,60].

_12_
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A2 AGARE U Y
AE A A=

PANI A|Z Al2FO & 99% Aniline, Ammonium persulfate (Sigma-Aldrich, USA), HCI
(Dae-jung, Korea)oll Al F¢Iste] 3PS sl on, Egof A8d Z=HEE
2-Acrylamido-2-methyl-1-propansulfonic acid (AMPSA)®}  Dodecylbenzenesulfonic — acid
(DBSA)E Sigma-Aldrichell A 7-¢] 39t}

A71HAL 1 FEAF &0 0 72 Poly(vinylidene fluoride-co-hexafluoropropylene) (PVAF-HFP,
Mw = 400,000)s A}F23}91°™, Polydimethylsiloxane (SYLGARD 184 A&B, Dow
corning, USA)C.Z YUWwAFE A 13 set a4+ Lipase (from Aspergillus
niger)?} p-Galactosidase (from kluyveromyces lactis)©]™, AF&-3t 7122 p-Nitrophenyl
butyrate®} o-Nitrophenyl-f-galactoside (ONPG)©]1l, A2 ¥ETA|¢FS 2 p-Nitrophenol 2}
o-NitrophenolS Sigma-Aldrichol| 4] ol d}o] A3 55t

_13_
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#1272 Polyaniline T4
1. Polyaniline Nanofibers #| %

1.5 M HCl &9 250 mLE #1=3te] 100 mLE H]A A 9 F 4ColA
Ammonium persulfate 6.58 g= A WHL7|Z 3] FA|Z T Folli= 1.5 M HCI
150 mLE o] AR 0365M obd A S AZsh & 4Col Btttk 0365 M otd @ &
NS 4CoAlAM A7 2 WRISFH A Ammonium persulfate 2902 A A3] 718k
t AZoM FEFE RbgAIbe]l Aojxa, JHAIA R EE e dEolE ek
o] A3l WA ¥ FAFS PANIE €= F Q7] #Eel 4CoA = A3 e
o, qhgo] MapHo wep A Wshs wghoA F2A FEA G o T 2
Mo Wt T 4 hedt FEERCH FHo] SEd B A4 (8,000
rpm, 6 min)3t®] PANI particle?} 7 St SRFTE B2 2ol Us w7t
A AR Foeg v B Lol s ARSI

b4

2. Emeraldine Base #| %

9l AZoA 42 PANI= CI'E %358l Emeraldine Salto]t} (Figure 3). WehA]
el &= wig WS EEA dRAolm® EEE Eol7] 918 PANIC] &0
NE CIeE AASE & £33 HAo] Fasdttt 3 wit% NaOHE wH|sto] $] A3 A
< PANI-ES (Emeraldine Salt)g 4 h &% AF2oA F&3] AAuHt7| 2 wrkstry,

(Emeraldine base)i= Buchner Funnel®} ZE{(Whatman No.4)% o33} FENEo] £

A WA FRE, TS, obAE #AZ AH F secelA 24 h
e PANIZ RHE A9 SR EBRHE mas: o] vietd s,

W ol
r O
Y
BN
_O‘L
38
o

_14_
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cl cl
APS I I
NH, ——> N N N N
H,0 I | | I
H H H H™n

Emeraldine salt (PANI-ES)

3 40T OO0+
Emeraldine base (PANI-EB)

Figure 3. Synthesis of polyaniline emeraldine salt and emeraldine base.

_15_
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3. Alkyl group®.= doping® PANI

PANIS] €35 =o]7] Y3dl 21 Alkyl Chaing 7FA| 1L & 764 EHEZ A%
ok HAo] FAasit. AFES =W E= 2-Acrylamido-2-methyl-1-propansulfonic aicd
(AMPSA)$} Dodecylbenzenesulfonic acid (DBSA)E AF43}%1 2™ PANI-EBE ¢33 =
g7 $8lA 1.0 g (EB) : 1.4 g (Dopant) H|&=Z 33F 71319t AMPSA 14 g&
ST 10 mLell ¢Hd3] A7 F wAAPEE H5 A 22 PANI-EB 1.0 go 97 24
h &< AW "3} sonications 3FSITh HEAo]ld PANI-EB7}F =548 %= PANI
(AMPSA)= H]-\_ & #9135} Buchner Funnel?} ZE|(Whatman No.4)%Z PANI A=
AYd & SR, g, oMHE EAZ AAS oS 50C, 24 h S Axd o
SAAPE R A ol FH| ST (Figure 4).

(A)

Figure 4. Synthesis of (A) PANI-EB and (B) PANI-AMPSA.

_16_
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4. Polyaniline &4

7}. Polyaniline FT-IR &4

Z9 otdd FF $ Dedopings &3l A% EBS}, Alkyl group = Redoping 3}
42 PANI-AMPSAE FT-IR #2422 <21&}¢ltt. ShimadzuAte] IRAffinity-1S Fourier
Transform Infrared Spectrophotometer JH| S Alg3}o] =743} 2w, 4,000-500 cm™ 3}
B W slelN skl

. SEM £4
A ZE PANIS} AMPSAZE %38 %¥ PANIE A} A& &Aw|7(SEM, Hitachi Co., Japan)
= o]&sto] olmA %H?‘s}oﬂt‘r. PANI®] =} &Ejel A7] Aol& EAlsh7] 9lsko]
Z7ke] MEE PtE IW 8k § 150 kv 7FES HStellA x50,000 ghriste] ZAFsESATH

—

t}. Polyaniline®] 234 H7}

PANIS] &35 FQlstr] fste] =43 PANI} @33 PANI-EB, Alkyl group®
2 3% PANI-AMPSAE ZH2}F 20 wt%7} ¥ =% N,N'-DMF/Acetone (7:3, v/v)ell &3l
SHGITE PANI 918 &etolE Fepie] dHojmdd & AW FARE Yo §95 1
2A FANAE s, FEdv|F o2 PANI A EA19 5 EIsklth

_‘|7_
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A3Ed YxAH FA Ax
1. PDMS "lo]a 23l A X

PDMSE wlolA 23 9] gk wlFl(mesh)E APt 7HE 1tk Ve AZE
Sy yoltt. =43t PDMS Sylgard 1845 AF&3t dEYd AW vio]a = WY
o] FAE 2= meshs 971 9lal AFE-ESIth SYLGARD 184 At BE A H| 10:1
2 FH8k] 10 min &t LEA AolEth AWM 7|7 Sol7t ZEVF AVER
1 min &+ YAV E gt 7IEE A7 v 1x1 mm A2 AR} FERE
Zbe BE(AA A 24x24 mmyell A AS] FojErh wid wds whE
Vacuum chamber®l] @il 5 min 53t @7|AZT AFES AsiAle 45 7MEFS 25

ddo] o] 60°CelA 120 min©]’d T3] 7 38ttt

_‘|8_
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2. A7|HA} 1 EA} LB AZE
7}. PVDF-HFP Solution #| =

=84 YxAdf GAE Azt fe 2474 1R ¢4e1xl PVAF-HFPE 47
AR 712 gdlow AdEste] vxAfel wdE Ak dlola &=
PVAF-HFP 20 wt%”7} ¥ 55 N,N’-DMFell &33t31.0m 70°Coll4] 1 h o]/ awksqitt.
¥t § DMFg} ofAlE ] Tﬂl HI7F 7:30] H25 obAlES H7ESHIT PVAF-HFPS
HEFE TEE 14 wt%= A ZEHSTH

. PVAF-HFP/PANI Blending £ A%

PVAF-HFP 1A} £ PANI-EB$} Alkyl group® @ =3 %F PANIE A4 9
0, 5, 10, 15 wt%7} H =% H7}st & (Figure 5), 1 h &< Sonicator® &2 UAE
Zov wykek F bS] Fol7] flste] 12 h ERF AA w2 wRkeit

Fiber Diameter

0 5 10 20
Polyaniline concentration (wt%)

Figure 5. Nanofiber morphology with increasing polyaniline concentration.

_19_
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3. AZ|AF =2
AN ARESE AVHA AA = dYgS HolE: g Qe #AAAHigh
voltage power supply), LA} 3w A ™ X|(Syringe driver), =T (Needle)9} 172+ A

e Bo= IHE=YH FF7](Collector)E T H AU S (Figure 6), A 7]¥AL] A}
a0, FdstE A¥ FAF vhE ) S8 AY JE5AR 0k A e
(Tip-to-collector distance, TCD)= 12 cm® X &3 T} (Table 3). A7|WAF 72 &
= B2 TFAVIE #EE Alxd 20 mL FAIE ARESERlew, 0.61 mm S e
FARES ARSI A S ¥ S A & 02 mLE 3SR, S
% S5 200 rppmO® ARG A7|WANSE F3 AlZ¥ PVAF-HFP/PANI
‘CAA 24 hgt AZ3AT

%

‘IT =
L5 A 20 kVO]

Table 3. Electrospinning conditions for developing nanofibers

PVdF-HFP/PANI
Flow rate 0.2 mL/h
Applied voltage 20 kV
TCD 12 cm
Temperature Room temperature
Collector Aluminum foil
Collector rpm 200 rpm

_20_
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Charged jet
Syringe pump

N

High Voltage Power Supply

Figure 6. The equipment of electrospinning experiments.
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4. Polyaniline U= A 4

7}. PVAF-HFP/Polyaniline Y}=4] - FT-IR %4
al7] $lal PVAF-HFP }iAl-fr9)

PVAF-HFPS} PANIZFS] 3}8h# A5 za84-S
-5 FT-IR £A43}o] 8] w3t Tl ShimadzuAt

PVAF-HFP/PANI (AMPSA) 20 wi% ‘}ic
°] IRAffinity-1S Fourier Transform Infrared Spectrophotometer JH|E A}-&-3lo] =743}

©1, 4,000-500 cm™ T WY oA ST

. SEM ¥4
A7NA A3 AlzE e 2d B e B AA3S 248 98 F
AF A2F @1 (SEM, Hitachi Co., Japan)= ©]&3Fo] #2433 th A2 Morphology S
oty Yste] zbzbel AMES ptE FE 3 F 150 kv 7FE AgelA 5,000,
x10,000, x50,000 <rrhato] FAbsATh Ui A 2 Image j T2 1%
(National Institute of Health, USA)& AF&3t5low, o= 1} 7+ 27 100715 A4

shol W AA% Af BEES Uehgle

_22_
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A= PDMSe HEH Y AF HAIE 1x1 cm AFo]=E FH]SY] Lipase
N1 mgmL) 1 mLE FH7Fe v, 249 $3S 93l Ammonium sulfate 0.5 g=
30 mins<t 200 rpm = Shaking3dtth. A9 G40 FHATS s8] 7taA
lutaraldehyde (GA)E HA| F39] 0.5 % TS 73 T 17 h &<t 4CollA

stk Tris-HCl (pH 7.5)% 30 mins <t v ¥WES GAE A1A 3 F 50 mM
Potassium phosphate buffer (pH 7.5)% =2tdl M &t H AFE3t7] 744 Buffere] .3
stk 1A E @40 o2 vAgssty] d a4N 1 mgmLet 13 & o] a4
I AH A oz kS Bradfordd] © %  UV-Vis spectrum photometer (UV-1800,
Shimadzu)E ©] €38k 595 nmelA FH=E FHsIch WA k2 BSAZ Y&
ErEaAel digiste] HH AR AAbegi e, st &S A (1), 2)°f ok Bk

3]_ oJ

%%
C —
BE(%) = ———2x100 (1)
¢
. V
Bound protein (mg/mL) = (G, — C) < 8% 2)
Gst o= 77 7] @Al w5, HE dWAL s (ug/mi)oliL, Vi &9
H(mL), W Al 42 A (mg)olth.
- 23 -
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1.0

0.8 -

0.6

y=0.746x+0.0008
R2=0.9973

0.2 -

Absorbance (595nm)
o
AN

0.0 0.2 0.4 0.6 0.8 1.0 1.2
BSA Concentration (mg/mL)

Figure 7. Standard curve for the determination of protein concentration.
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e

2. 34 A =74

Ui @Alel]l 1283 @ Lipase®l €4S 574371 918l p-Nitrophenyl butyrate
(p-NPB)E 7122 AFE3}e] UV-Vis spectrum photometer (UV-1800, Shimadzu)® 2] 3}
%t} Free Lipase %i= Lipase’} A3t ywAd @Al 1702F 990 uLe 50 mM
Potassium phosphate buffer (pH 7.5)°] 10 mM p-NPBE 10 uLE #7}sto] HEg-S Al
sttt 7148 0S 10 mM p-NPB Stock solutions OFA|ELfo]EZof #|x&to] ALE-&}
AT} (Figure 8). W& AlZF $ 2, 5,10, 15, 20 min W] §3 =5 F4ste] &A1t O
p-Nitrophenol A3/d =2 7| 2715 35t 7] 52 JERAY Lipase’} p-NPBE 7}
Fdlste] A/ 5= p-Nitrophenol?] F7FHE 410 nmeollAl FFEE 543t Adl &4

oz Axrstel rksren.

A
Relative activity (%) = A—1>< 100
0

Ay : Lipase®] 7] €4

A, 47 Ak ARE o] % 2]

o [0}
\: 0 K
~NA- ~ -
o] o Lipase /\)_L + (o)
/\)'L HsC oH
H,;C o H,0 HO
p-nitrophenyl butyrate butric acid p-nitrophenol

Figure 8. Reaction scheme of p-nitrophenyl butyrate (p-NPB) hydrolysis in the presence

of Lipase.
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25

2.0

RN
()}
1

y=10.19x + 0.0158
R? = 0.9995

Absorbance (410 nm)
& o

0.0 4

0.00 0.05 0.10 0.15 0.20 0.25

p-nitrophenol Concentration (mM)

Figure 9. Standard curve for the determination of p-nitrophenol concentration.
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A5 ZA AAZA H7}
1. pHS} Eof 3t &4 AtAA

1793} ¥ Lipase?] A3} pHell theh HAS =7 WHsl A @43 Wst 5 o}
= 8to] Alabakadtt pH 28792 20Col A pH 4-10 Wl elA 54 skole
W, pH 4-5%= Sodium acetate buffer, pH 6-8 Potassium phosphate buffer, pH 8.5+
Tris-HCI buffer, pH 9-102 Glycine hydroxide bufferS AFE3lom Ado] ALgd
Buffer= ®5 50 mMO 2 A %3S th pH Y42 0.1 mg/mL Free Lipase$} Lipase”}
wskE YA "5A 10E 238 pHellA 2 hieelh B § Holsle 84S 5
sto] Al G EE AAkste]l el

Free Lipase®} 1173} ¥ Lipase?] & <HAdS H71sk7] #1381 pH 7.5¢14 20-70°C H
HellA Z43FtE WA, 990 uL 50 mM Potassium phosphate buffer (pH 7.5)¢l Lipase
7F 143t ® 24 UlE Wi 24 &% HE 2 h 9 BEd & 71" g90] 0.1 mM
o] == p-NPB" 7(-17]-0]-01 7HE3) :9:]—)\-1 =X
Azxzste] 7147 45 10 mins <t & A

UV-Vis spectrum photometer (UV-1800, Shimadzu)

L IAS =X
i = 0 =2

o,

i

oL
Oll

=73} 31, Free Lipase:= 0.1 mg/mL=
7 &3l ¥ p-Nitrophenol= 410 nmol| A
=

39
BB,

s WO
a

2. A7) AT AAHSA

133 © Lipasel] &7 A dAAHS A} s U AHH
Potassium phosphate (pH 7.5)° #1743t o™, 4Ct 25°CollA 654 st At =+
o] #4<& 0.1 mM p-NPBE ZX‘]O]— It} ) A ] SR 252 3] A
WE BAEel BoEgeH, 271 B 100%w T AT,

A 5 S Hlets] 9] 98 A Lipased WEHOR B4 S5
of ANEYE BrISAT A%G0E AHESOIE Lipased] BAO] HAHEA Fe15]

Qe 103] REEste] S ow, 7d3 e GAE T
Potassium phosphate buffer (pH 7.5)% 23] A& & Fdst WHozw a4 S4& 54
3Fod Relative activity= Al4Fsko] LrERU QAT
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A62 Microreactor 374 & &3}
1. Microreactor 2 7|

174 3kE Lipaset Atgel {83 A5 vb&
staAk kA A& 3k batch mode2} HHS 5
%% PVAF-HFP/PANI (20 wt%) Y=Af HAIE AFEsIQIth o —8— B H](1.0%1.3x0.4
cm’)ol|l Lipase7} 183} © @AE 73 o
AA3 & Watson-Marlow PumpZ 712 £NS I35tk wES AW Hi= 520

o
N
N

olf
_C;
kY
als
o
121
£
i
0

Input¥} Outputell Z}Z} Silicon tubingS

uL oW, & Fx2E o]&sle] x5 AT AASSY (Figure 10). 11783t &
29 AHTE Wbl A ZATIbEA S Hotskr] Y8 7 %44 0.1 mM p-NPBE 4

)

j

[e]
[}
mL/min £5%2 FeF0] 7hEEs ¥ p—Nltrophenol.J Y2 =450 §49 @o] &

e A tAl SA87] A7MA] ZF &%= )4 50 mM Potassium phosphate buffer

ot

=3
(pH 7.5)% A% EdFUth

Syringe pump Water Bath UV-Vis spectrum

Figure 10. Schematic diagram of microreactor system.
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AT
— -

}

2. 9k =271 HZA 3
Microreactor®] & 5H5 L5 Ast7] fste] A4 1, 2, 3, 4, 5, 6 mL/min
714e =HRWE o 7F5Es8l ¥® p-Nitrophenol®] 533 %5 57319 Productivity s
At 2t 35555 54T u vt 50 mM Potassium phosphate buffer (pH 7.5)
2 WS Eo] g w7k AlFH ¥ vy SEHEE 524714 vhee A3t
3. 4% 3F "k
)Mo g A dANS H@rsty] gl AL 60C, 70ColH HA
Productivity 52! 4 mL/min® %2 A& 07 25dto] &7 55 Z Relative activitys
AT 7] -dell o3 HgA S Brke] 98 VIEAEEE 0.1 mME St
FS 4 mL/min® 2 143t 659 Tt AH5THE AASHS AL, o]e st M-S

o
F7}et e,
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A7 p-Galactosidase 1.7 3}
1. 24 143t By 2 84 54
7}. p-Galactosidase 117 3} =H

F2 egAdo]l 714 %9% PVAF-HFP/PANI (20 wit%) 1x1 cm Abo] =& FH]3lo] g
-Galactosidase (from kluyveromyces lactis) &A% 0.5 mL2} 100 mM Potassium phosphate
buffer (pH 7.0) 0.7 mLE ¥ ¥ @49 53 93l Ammonium sulfate 0.5 g& ¥ 1L
30 minE<F 200 rpmoE  wWHESIITE HAlel mAo FHAFTS 8 StuwAR
Glutaraldehyde (GA)E AA H32] 0.5% 3t H71e 5 17 h E<F 4CollA B
#3k3lth. Tris-HCI (pH 7.5)Z 30 mins<t ¥ ¥H-§ GAE A|A & F, 50 mM 100 mM
Potassium phosphate buffer (pH 7.0)= 2t& M2 & AF&317] A7kA] W3 &Aoo B
kit

. p-Galactosidase &4 =7

p-Galactosidase 2] &2 o-Nitrophenyl-f-galactoside (ONPG)E 7]& 2 AFE3lo] @4
Hb-g-of oJs] A/ ¥ o-nitrophenol®] WS UV-Vis spectrum photometer (UV-1800,
Shimadzu)= =73t YEFT} (Figure 11). Free p-Galactosidase$} p-Galactosidase”} 31
J s}l PVAF-HFP/PANI (20 wt%) 17§} 980 uL®] 100 mM Potassium phosphate buffer
(pH 7.00¢1 5 mM ONPGE 20 uLE F7lste] Whg& Al&eigith 74§92 5 mM
ONPG Stock solutione DMFel| A|F3sto] AFE3FGTH WS A|ZF & 2.5 7. 10 min ™)
FHEE S48t RESAIZE Wl o-Nitrophenol =S 71L715 3t 7] &%

Eb ST,

CH,OH
CH,OH
@ ﬂ—GaIactosudase Q /@

ONPG Galactose ONP

Figure 11. Reaction scheme of o-nitrophenyl-f-D-galactopyranoside (ONPG) hydrolysis in

the presence of p-Galactosidase.
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2. pHS} Fol dist a4 AN

1743} ¥ p-Galactosidase®] A7} pHell ok PP =1 Wst A &7 st &
B4 Skl AASAT pH A S 25ColA pH 59 WA =7
, pH 5% Sodium acetate buffer, pH 6-8=> Potassium phosphate buffer, pH 9+
Glycine hydroxide buffers AF23}l 0w Ao AFEH bufferes =5 100 mMO 2 A
29Itk pH SPAAES T8 pHOA 1 hESE W 3 ol B4E SHaiel

o
%?,

lo
2 0

Efi Tt

o FgAAE 7] Al pH 7.09014 20-60C HE A =7 3FSI ). p-Galactosidase
b s B 24 UlE 93 72 25 HE 1 h w9 2 F 71" §90] 0.1 mM
o] {E% ONPGE FH7teto] 7hital &4 S SAskalth

3. &7 AT AAHEAS

p-Galactosidase 2] A7 S FAE 4CF 25CollA 304 &<F 100 mM Potassium

phosphate buffer (pH 7.0)¢ll #7&sto] o @AS St 7149 7 wsll= =

HELEE Toto] Al SRR SAtste] Hrtelow, 7] FAE 100%E 7L A4

ST 13t p-Galactosidase HHEA 07 EAS FH4 5t AAFEAA S FH7EEI T

AHo 2 AFESFo] L B-Galactosidase®] Aol A H =] Flstr] flal 103] A5 A
],

Abgete] @A s SAeglon, 71dH wgd SAle SRTE 23] AlFH, 100 mM
Potassium phosphate buffer (pH 7.0)% 23] A& & sdst oz a4 A4S =4
3Fo] Relative activity® AlAFste] YERY AT
4. Microreactor®]] &
PVdF-HFP/PANI (20 wt%) YiAdf-ol 1273} ¥ p-GalactosidaseE Microreactorol] 7

Esto] d&A el AAS Feldtgdtt. H A Flow rates 27| 93l 0.5-5 mL/min £%
714 & F3ste] 79 o-Nitrophenol ] Productivitys Al AHSFSI T}
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A3 A3 4 1F
#1172 Polyaniline Nanofibers

1. Polyaniline®] FT-IR 2

2 AFellAE I Alkyl AFE F2E 7HAD e FeE 4EX] AMPSAE &g e)
o] PANI-AMPSAE #| %3} T} Figure 12+ A7]WAF Ao PANIO] Ag 39 W3}
5 #FE7] 99 FT-IRS 54 % A7o|d, Table 3o 2 I3 E Alste] Yerddl
t}. PANI-EBS] AFHEHL ojde] HuE xzeo o] 1588 cm'I 1500 cm'
Stretching | wo]= 18] C=C 54 ¥ A} C=N #lAdlwo|= 12le] 54 A3te] 3
et WS (Aromatic ring) ©FWlS WERATH [62]. 1307 em! (C-N 2EHAHZ 5)9}
1163 cm! (C=N 2~E#H WF)olx PANI®| 54 A<l a5 YeR)Sl o, 840 cm’
oA Yehd 14-01%5 XgE wgod C-H AEH AL PANLEBIE &} FA& %ot
[63]. AMPSA®} PANI-AMPSAS] FT-IR AFE A 1670-1583 cm'o] X3t 9] F+=
C=0 ~E#A Zl-&(secondary amid), Z-Alo]AE C-N 2EHA XF 1831 N-HY
H & W% (amidIl)o] o} [64]. 1311 ecm™' 9} 1307 em'9] ¥ A= FAIAF3} = C-N-C AE
g% Ass 3 vl ¥ oA vdAste] ddd & o, 43 9as
Bl 1236em™ 2} 1241em™ 2] ¥ A= Alkyl aryl ether (C-O ~E@ X F)o 23] 2l
t} [65, 66]. PANI-AMPSA®} AMPSA2 1078 cm'9} 1081 cm'old Yepd 33+=
PANIS} AMPSAS] S0;719] & 2F&-of 7]Q13lH [67], 948 cm'9} 943 ecm'> C-S& ~
EHH %S vebdth AMPSASH PANI-AMPSA®] t3dh FT-IR A E oA 1078,
1081, 948 @ 943 cm'o A Q] &4 ¥ A= PANI WS 1o ¥2E 50,719 EA4E
el e, o] Al x¥ PANI-AMPSA7} £33 Aeje] 9SS vrebdth [63].
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Figure 12. Fourier transform infrared (FTIR) spectra of PANI-EB, PANI-AMPSA
and AMPSA.
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Table 4. Lists of IR absorption peaks of PANI, PANI-AMPSA and AMPSA

Wavenumber (cm™)

Assignments
PANI-EB PANI-AMPSA AMPSA
C-H stretching (alkene) 2980 2980
O=C=0 stretching (carbon dioxide) 2350 2350
C=0 stretching (secondary amid) 1653 1670
N-H bending (amine) 1588-1500 1568-1504 1600-1550
C-N stretching (aromatic amine) 1307-1160 1318
C-O stretching (alkyl aryl ether) 1236 1241
Sulfonic group 1078, 943 1081, 948
- 34 -
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2. SEM 4

=3t PANI®F AMPSAZE =3 % PANIS] ¥WS BA3TE Figure 13 (A)E 120
nm Bt 2715 Zte v FE e vdxdolHE FASIASS Elekdth Figure 13
(B)= AMPSAE =3 # PANI} g5 Sl= dei7p 2Eglon, Fiits &t
AEFY 7S PANI A A7F A& 23 Globular =

o
-
BN
|

S
rr
[\®)
N
o
A
mtm
0%
oX,
Ol
ol
rlr
pH)

& Felstqrk

Figure 13. SEM images of pure PANI and AMPSA-doped PANI. (A) PANI,
(B) PANI-AMPSA.
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3. Polyaniline®] £3]4

PANIE 113#A} 7182 F-27F vl Was sta=A S40] & &vdes A
SAHEA &= Zow duA Uvk [68]. T & APelM = AMPSAE VlsA =¥
ER AFE3lo] AZ3E PANI-AMPSAE NN'-DMF/Acetone (7:3, v/v)ell 20 wt% =<l
¢ FednEe Fo FAs Ay 4] gElE AS FlEdh = HA ¢
PANI9} &3 ¥ PANI-EB:= 719 &3l 5] ¢ko} PANI iA7} 2 = Q1 th(Figure 14).
mebA &34do] /A E PANI-AMPSAE A 7|WALE PVAF-HFP €< ¢] Blendingd}o]
B3 fE Axselch

o oN i lo

Figure 14. PANI-EB, PANI-ES and PANI-AMPSA in solvent.
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A28 PVAF-HFP/PANI YA A%

1. Y/ Morphology &4

A7) A @ AR Fe, B A "W AR FEE AR A ST
PVAF-HFP?} PANIE blendingdlo] 53 UwdF5 A Z3HA T A71WAF Eufo] PANI
o] FLUt EolASE Huvt EolAw, Fde] wEd 20 wt% ©]7d2] PANIE &35t
= YA &AL =2 AERE Qleto] WAl FAZSiTr T S AT [69]. wEFA PANI
9] FEE 0, 5, 10, 20 wt% = F2AEA T}

Figure 15% <% PVAF-HFPYIO® o]Fojx YAl PANI sxe wE
PVdJF-HFP/PANI 53 Ui-/dH2] SEM ©|ulx] oy {9 A7 BEZEE Figure 16
of YeR ST PVAF-HFP YAl W FEl= U3t Bead?t SASHA S i
e ATE BEEAT. PANIE F7F Afo WS Bead’t #HEEHGIOH, %
7V 7SS Bead?] &= F7FsETE PANIS] &alAde s=ol7] S8 HUhsh ERE
% lgte] PANIS] Hi/do] AFsiqlth. weps olsAEe] & vty = & At
=g 771, S7F ¥+ ddks YAl felA PANI E& JActs AEC] 7
12 += 312 F71A7 BeadES A 3T [70

PANI7} #H71=#] 952 PVAF-HFPO -@ﬁ < 263.7 nm°] 1 ©. ™, Polyaniline &%
£ 77} 5,10, 20 wt%=ZE S7Fe<FSE 179.6 nm, 1564 nm 18] 1149 nm & H A4S
= FRISHAT (Figure 17). dWtA o ®  HA7|WALE ] 1ufa 57t 7k

©
= R
= Al Aol F7keksl, PANIS] Complex ion 727} A2 A4S oA 7=

-

of,
N

—_

12 )
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Figure 15. SEM images and size distribution of electrospun fibers prepared with an 14 wt%
PVdF-HFP solution and PANI-AMPSA at (A) 0 wt%, (B) 5 wt%, (C) 10 wt%
and (D) 20 wt%.
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Figure 16. Fiber diameter distribution for the different PANI concentration : (A) 0 wt%,

and (D) 20 wt%.

(B) 5 wt%, (C) 10 wt%
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CHOSUN UNIVERSITY
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263.74

250 ~
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PVdF-HFP  PANI5wt% PANI 10 wt% PANI20 wt%

Figure 17. The changes of average diameters for the different polyaniline concentration.
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2. L]_I__}\-:I_n_ FT-IR E}\':l

PANI ¥ 7}2 <%t 3182 W3l+= Figure 18¥} o] =53t PVAF-HFP =42} 1]
Wake] FT-IR 393 7259} W3E BAste] xAlelal, &8 33 Table 50 UG
t}. PVAF-HFP YxA9 SA4 a7t #2EA0 1408 cm'olA 33+ —CH, (
Wagging mode)E YEF™, 1189 em'¢] I A+ -CF2 A 2EHH MFe 540
), -CF;2 2E#%A ZF2 1073 ecm' oA YEFSTE [71]. 885 cm™ 9 844 cm'ol|A] ]
= Zgw o vg A A C-F AE# A (Vinylidene)oll 333ttt [72]. PVAF-HFP
PANIS] &£3to 2 &8k PVAF-HFP YA 19 54 9= BEHJAT 2D 7HA] A
2 937 YEFSTE 1608 cm'S AFAOlA H 4] =C 2EHA HES HE
e, 1507 em'9} 1463 cm'elA I A= 7z N-H (Amin group)¥} ®lxl 1]l A
C-N ~EdH AFeol sigddct 181 1049 em'e A= =0 ~AEHH Fo=
Sulfonic acidS YERAT} [55, 73]. PVDF-HFP2] &7 FZxof &= e Ax &
£71(-CFE 2l o, PANIS H7t2 Uehd ZE7|(-NH)E a4e o/ 48
BN & g AUk
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PVdF-HFP/PANI (20 wt%)
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Figure 18. Fourier transform infrared (FTIR) spectra of PVdF-HFP and PVdF-HFP/PANI

(20 Wt%).
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Table 5. Comparision of absorption peaks in PVAF-HFP and PVdF-HFP/PANI (20 wt%)

Wavenumber (cm™)

Assignments PVdF-HFP PVAF-HFP/PANI (20wt%)
C=C stretching (conjugated alkene) 1608
N-H bending (amine) 1507
C-N stretching (quinoid ring) 1463
-CH, wagging mode 1408 1408
-CF;,- (Fluoro compound) 1189 1182
S=0 stretching (sulfonic acid) 1049
C-F, stretching (vinylidene) 885 885
C-F (halo compound) 844 841
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A3E 1Y3} as 54
1. Polyaniline &

PANI %] W& YxeAFE Axste] U3 49 LipaseE: 143 & Holsle
Lipase®] ©uld ks F74sto] 14 i &
o] Ammonium sulfate® %718l @405 SHAIZ o
Az 4zl GAE FH7Fete] PANI] ofRl7| o} G40 ofyl7|7ke] 7hul wha-& f+ist
ATt [74]. GAE 7hwAl & # ofyel PANIS] olwl7|E gdHsto| Br|= &/ 514
71e EAE AU [75]

2 A= GAE ¥ oAE Gty oful7|te] JtuE Fek 1A s)
715 gdlstelEr|= &3 AlA v7F ARl oWl Ajrs FA s A sy
sttt FUS %o GAll aas uHs A F, FAlet 43S Lipased 4 =
et A3 PANIE #H7bshAl o PVAF-HFPE 234%=E 7Hg Sighom, PANI-AMPSA
2 5 wt% e GAlE 29.08%, 10 wt%= 33.95% ©]91om, 20 wt% oH-dte B
A7V 40.5%=2 71 =2 ZE FRASHSITE Figure 199141 PANIS] §Hego] %O}Q#%
TFEE FokAE A& Hol LipaseE: WimAlfroll 2 AIZ el Slo] PANIS] o}fwl7]
7b 4 9ds 3 Aolgt AZd ¢ vk EF, AMPSAE =33 PANI®} DBSA®

T3 PANIE 20 wt%= U3 shietes Axd gAE vawst 43 40.5%9%
38.4%=Z = z}o|7F UA| ket o] A¥E Sulfonic acid o-rETlC— a4 IAZ = A
TS T4 g A Q"Jé}‘}i‘:}. GAE %— TAE 3} 0} ]@ﬂ 7ME F

&8 A & sdE F
o a4 S FFs Ay o2 YeRdnh ddd @42 1g3stEol
7H Wekd PVAF-HFPOl A =7 Yelgth ol a4r A 2del tgdgo=z 14
gt =A] ol #odd mAEo] WolHUIA Ha 71A & Yol A Free enzyme®.
2 2 Hol e FAS UEd Z0E AR T
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Table 6. Immobilized lipase activity and yield for the different PANI concentration

Immobilized lipase

PANI Content Add lipase

Carrier %) (ng) Immobilization yield Activity yield
(%) (%)
PVdF-HFP - 1 23.35 31.09
PANI 3 1 24.02 28.83
PANI-AMPSA 5 1 29.08 29.61
10 1 33.95 31.85
20 1 40.48 38.17
PANI(DBSA) 20 1 38.37 35.15
Treatment 20 1 46.94 41.10
- 45 -
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Z= MO Sl

CHOSUN UNIVERSITY

50 A

N w N
o o o
1 1 1

Immobilization rate (%)

-
o
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PVdF-HFP  PANI AMPSA5%  10% 20%  DBSA20% Treatment

Figure 19. The effect of various nanofiber on immobilization yields
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Figure 20:i= Free Lipase®} 12743} ¥ Lipase®] pH (5.0-10.0) W3} w& AHA A3}
ojm, At FAdo7 Fakste] Hlw FFSITE Free Lipasel] 42 pH 5.0°14 pH 8.0
HeA Aol A F7FetthE pH 8.0014 Hl €4S Hola thA] fHaskglom,
1173k Lipase®] 739 pH 85914 Hdl &4 & WERWlth PVAF-HFP/PANI U= 1ol
173} ¥ Lipase®t Free Lipase® pH 8-S Hl5=sh B3-S HAANE HAld &
7b 13t HEA a4l v o] wigkstr] wite] Ho Aol thEA LrERR
t}. 124 3}¥ Lipase®} Free Lipaset™ @714 A & &4 AstE B oH, o
PVAF-HFP/PANI Wi fi7F el gk aae] Fxushs A 4 Qloloy o] 23
Wstol = SAE b 202 Bty

Flf T

==
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Figure 20. Effect of pH on the activity of free (@) and immobilized lipase (m).
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oA Y 53

H3}ol| wE Free Lipase$t 174 3}%¥ Lipasel] PHAS vlwstr] $ste] 200CH
E 70C7HA %55 WIIAA F5H4 8T Figure 210 YERE vEel 20] Free Lipase?
A9 30CoNA Aol 24 Bom, %7F mopgel wel &4do] R FHAste]
70CollA = Hehh &2 oF 50%%F vER It Wbl 114 3kE Lipases= %7t Eof
ol wet Aol Frtastthrl 30-70°CE el AR 2 S S FASE A
ST o]+ Lipase’} WA ol 18 3tE o 2H 1294 Lipasel] 7372 #9442
Ao] AgEGlen, gae] s Folstly] wEoltt [76]. I ¥HEATCE 1
st a4+ Free enzyme©] HlE] el &gt WAl 7ttt <A low [77], w
2}4] PVAF-HFP/PANI Y39} Lipasete
H3slo] &2 A S Kol Ao= i

[.4

o
Jet
0,
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Figure 21. Effect of temperature on the activity of free (®) and immobilized lipase (m).
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3. B2V AT AAEA B7L
7t AL P8 S5F
aAh0  AAMES FFe AAAJ SHAA FQsk] wEd  Axst
PVAF-HFP/PANI (20 wt%)°ll 12743} 3t Lipase2] AAFEAIel ois] H7betdct &4-7)
2 RbE & 143t @ g@AE Buffer® oJef¥ AlF ko] wbEshA] &S 7Y A=
< AA AE Ax ¥ p-NPBel| WHg= AlZlth A&
A7 RESAIZ S % Lipase®] &4 7rart w9 dd3] ¢
(Figure 22). 103] Mg AFE o 27

iedfel 240 22 s Ae (v ApeE gl 3xd 7= =

PVAF-HFP/PANI 53 YA {7F vHEs = 34

-H
AME HEE= AU v= s #BE ¢ o

ot

o
=]

_5"_

Collection @ chosun



a1t S ul

CHOSUN UNIVERSITY

100 -

80 -

60

40 |

Relative activity (%)

20 H

0 1 2 3 4 5 6 7 8 9 10
Number of reuse

Figure 22. Effect of enzyme recycle on the activity of immobilized lipase.
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e ¥ o] ottt Free Lipase®t 1173} ¥ Lipase®)
T FA@Ce 250)94 659 Tt phosphate buffere] X33}
F71H o2 HAES Y] A S Hrkei o A= Figure
220 YERY ST} 4Col A Free Lipase®] -9, 654 o 7] &4 41.1%% Folsl
231, PVAF-HFPS] PANIZ 0, 5, 10, 20 wt%7} H X3 H713 A= oF 69.5%, 83.6%,
95.1% 2 952%% =2 Zto] FAS HQITE (Figure 23 (A)). Lipases 25'CollA .3t
9 659 T Free Lipase:= 21.2%%F Xt whdo] UrAdF FA9 A-$ 40.2%,
53.5%, 67.6%, 76.3%2] & do] ol Tt (Figure 23 (B)). A3 =9} #HAIGlO] Free
Lipase B.UF Uil ol 17 313 Lipase”} A7 H874d0] o &%om, PANIS| %7}
S/ E a4l YT STHE QAT (Figure 24).

Wan et al. [78] T & A4 A#7 AFdel 14 stE LipaseE 309 &<F 4'CellA
A A9 oy dAgo] 80%o] el AR, 25°CollA B AH9d 50%E HES
S WAsIG Y 9 Salehi et al. [79]1% ZLE¥ SAO] E/Fe;0401 117 3H3F Lipase=
4'Ce}F 25°CollA Bae A9 30 o] 5ol 247} 745%9 70.7% FASHE FoE Wik
At

A=k

AT 4 Ao o)de] wdel s | A vwEkal
S A A ZAt}h. PVAF-HFP/PANI 9412 A% obgdAd e

ol 71q & 4=} o] I AT 549 F2FH HIE WA G A3F
i e BEeke d ol Hdoh olHd ddE a4 vt 9

=~
98l PVAF-HFP/PANI Y= +5 AHEE 4 Sl & FAEs B3l

3
s 4

ol

o
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Figure 23. Stability of free lipase and immobilized lipase while storing at (A) 4°C and
(B) 25°C. Polyaniline concentration : 0, 5, 10 and 20 wt%.
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Figure 24. Residual activity of immobilized lipase after 2 months of storage at 4°C

and 25°C.
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A|47Z Microreactor
1. AFA| 7] w2 A3E

Microreactorol| Al ] =& &S A& T e 7P o3t Hy & shue A7
roltl, AFE-3F Microreactor?] H-3+= 520 ulo|n TE&To| wE AA Aol A
i=]

shg o] WHelE #Azer] 3l Lipase microreactor®] 14 WSS AAISIA T HE-S-7] e

ot

A 13t ¥ Lipase 49 AFAITE oJ&4 2 0.25-6 mL/minZ Flow rates 2 & 0
ZH 52-1248 s W19 AFAIZH ()N AR AT

Figure 25°A4 E5&5%7F 7185 2449 AgS a7l ad7b AR
1A% 54 24 F9le Bixel HEFAIe] Zolg1 A=Y FE7F HolAA ¥

T} 7]& o] Microreactorol] M= AlFko] AoJA4E g49t 7]A o] HFA|Zo] oLt
7] wie] &9 AWAMHE TEE A ST oH, AFA

mL/min)¥ ™ 95.20%°] Hol d&&S Hth

R
~
\]
~
s
—_
[\
oy
0
7]
~
(=)
[\
W
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Figure 25. Effect of residence time on conversion using immobilized lipase microreactor.
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2. Microreactor =7 H A3}

173t ¥ Lipases AA ¥l HEAZIZ] Qo] &Aool M =%™ PANIQ20
wt%) B A2 Microreactors A Z3te] {53 AE5H o072 433513 1, Flow rate®] W
32 7 AYE sx vA= JTFS Figure 260 YERISITH

7140.1 mM)S 25ColA F438t9 2™, Flow rate’} 1, 2, 3, 4, 5, 6 mL/minC. 2 =
7habE A FAITH)S 31.2, 15.6, 104, 7.8, 624, 52 s ©]1l, Lipaseol &3 7F+53)

ool W 7149 f&ol mB5E Gag /149 AEeE Agte] PR &
e

[}

o

=
p-Nitrophenol 2]

gk ¢ Q= AZRo]l F71FS8ke] Hydrolysis HE-g-©] 5 7Fskal, wakAd 59

FE7F S7F8FAATE. Microreactor®] Flow rateol] thet A3-&S AAksho]
A& YERA SIS ® p-Nitrophenol©] Productivity:= Flow rate’} ebdqE Hxp &
7vetth7t ghaskes B &S BAY Flow rate’t S7kgbel whel, whg-7]olA yie A fo]
AFAIZro] @553 Eo A p-Nitrophenol 8] 5 %7t ZHAstqith AT &8 =4
AEEE7E F5e0 wel 2ashy] dite] #F45°] 4 mL/min (7=7.8 5)°. %2 S7tghe] w}
g Agakdel o7

Hd 12.32 mol/h-Lol] &35ttt webd A Flow ratesS 4 mL/min
& PArS 98 AA T ZFEA T A3 PVAF-HFP/PANI 9| S 22
[e]
o

2] J
olo
fz
o
<

icroreactor®] &3t - 1081.38] =7}t A& s S0k

h
Batch ¥-g-¢l Hla] S7Fd AAHIE BT} (Figure 27). ©l+ At

=

Awg 3
£A717] % e f 9A F7h 8 ERA viA B3] bsE 4 wuo
% =]
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Figure 26. Effects of flow rate on the conversion and productivity.

Reaction conditions : temperature 25°C, substrate concentration 0.1 mM.
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Figure 27. Conversion of p-NPB in a batch (o) and in a miniaturized continuous flow
reactor (®). Reaction conditions : substrate concentration 0.1 mM p-NPB,

temperature 25°C, 200 rpm (for the batch reaction).
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3. 84 45 v 3 kA

Microreactorol| 4] 7121 p-NPBE &= 3lHA] Lipasel] 7I-&dl &4S dAH540=
S35t} (Figure 28). Water baths ©]&3lo] &% F71-5 25, 60, 70CE
Lipase®] €4S S74sto] Ad Aoz Yehql
Free Lipasei= 60°ColA 90 min ol &S dojHd wtdo] 117 3te Lipase= 60°C
oA 90 minZd# F ZHJEAJo] 78.8%, 70CNAME 69.5%F FABHATE A THE<t
a4 &4 WItE 54 A3 9 h A F 25CollA o8]

7] @4E& AT RESE7F wobd s a4 EAS wEA Ao 60°Cel
A Zho] A2 55.0%, 70°Ce] A9 36.1% ol A& &35St Free Lipase©l W]
af st mae A M St dreAlwe Hae 7320t 49 A3 AT
Al Abole] A ARor gl =2
a1 Abz vk wEka] PVAF-HFP/PANIO] 117
a5 = o= A&5H oz Pak
o

}-m i

ETE 0.1 mMZ 3t

(@)
(9,
e,
offl
r o
o
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2
|o
fu
1
>,
<
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S
rq
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Figure 28. Effects of operation time and temperature on conversion.

Reaction conditions: temperature 25, 60 and 70°C, flow rate 4 mL/min,

substrate concentration 0.1 mM.
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Figure 29. Effects of operation time on conversion. Reaction conditions: temperature 25°C

flow rate 4 mL/min, substrate concentration 0.1 mM.
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Figure 30. Effect (A) pH and (B) temperature on the activity of free S-Galactosidase (®)

and immobilized f-Galactosidase (m).
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Figure 31. (A) Effect of enzyme recycle on the activity of immobilized f-Galactosidase.
(B) Stability of free (A) and immobilized (®) S-Galactosidase while storing
at 4°C and 25°C.
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Figure 32. Effects of flow rate on the conversion and productivity.

Reaction conditions : temperature 25°C, substrate concentration 0.1 mM.
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Figure 33. Effects of operation time on conversion. Reaction conditions: temperature 25°C,

flow rate 3 mL/min, substrate concentration 0.1 mM.
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