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Immobilization of Glucose Oxidase using Branched Polyethyleneimines of Various Molecular
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B oM 'L e F-H (CNT), 25772 AFFa A (Glucose oxidase, GOx) 3! U]-‘*UP Ak 7 d®l £
ol&&llo]w (Polyethyleneimine, branched, bPEI)S- &2]4 02 A3l GOx/PEI/CNT T-25 #|Z3t H, 71w A3l
| ZE}2h|510] = (Terephthalaldehyde, TPA)S} ol%ﬂ%o S %3 TPA/[GOx/bPEI/CNT] ?19] & Pl L.
v, Z}7ke] A7|sletd B4 0 7ok 58 ket GOx/PEI/CNTJ 3%, PEIS] iLAEe] 57t we}
)& 2JolS gelgk = giglont, TPA =% TPA/[GOx/bPEVCNTRE PEI ¥-419] S7lo) wlel [xpdd @ 7)qk
Xé” & GdEn] SF A0 ARG AT RIS st aAARHA] S Ful|2A]9) 4] bPEL wARES
7&4 750 k PEFZ ©|-8-8F Full(TPA/[GOx/bPEL-750k/CNT]ellA] # 31.0] A2 %(0.995 mW-em?)E Oég
S el=
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Abstract — In this study, we fabricated the catalysts for enzymatic biofuel cell anode with carbon nanotube (CNT), glucose
oxidase (GOx) and various molecular weights branched poly(ethyleneimine)(bPEI) and terephthalaldehyde (TPA) as
cross-linker. In case of GOx/bPEI/CNT using only physical entrapments for immobilization, the molecular weights of
bPEI didn’t affect to electrochemical performances and long term stability. but that of the catalysts cross linked via TPA
(TPA[GOx/bPEI/CNT]) improved and the mass transfer of glucose to FAD was interrupted as increasing of the bPEI’s
molecular weights. Furthermore, it was confirmed that the optimum molecular weight of PEI for TPA [GOx/bPEIl/
CNT)) structure is 750k that showed marvelous high performance (maximum power density of 0.995 mW-cm™)
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FE2 7MuAE ol gste] E4AF w3 A A2k A3 A
st S FEstA Hed, 7 gl AFgEE taAlE
Glutaraldehyde (GA)ZA] GOx2] 13l = d 2] AR5 Atdl7h
B3 H3 9 o GAE ol & A9, 7t aae] 403
(FAD)Z Po} §484dS A5hA)7| = W E 2kl Qlth5].

B AFoM = 243k FUsE Aste] thaket wAlgS
Zt= 7" Z-2] ol e o] W (branched Polyethyleneimine, bPEI.©. =
FHE TR ONT ol GOxE B8]89 02 &4 A1 H, GOx2J
b A 2 Ay B g (6] Bl g Z el ko] = (Terephthalaldehyde,
TPA)$}S] 3}8Mik-8-& ol G4 AaAAE Asl==u =S A sk
H, bPEIS] A GOx 29, 171384 54 4l AbslaEv =
Ao e 7k ste] A& nlwetgl o, o] & Sl bPEIS] # 4]
EARES gl

2.4 o
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2-1. Alef

BF4~ 1= 5 H (Carbon nanotube, MR99, Carbon Nano-material
Technology, CNT) 2 Z&]o[[& gllo] 7l (branched Polyethyleneimine,
bPEN?| E5H(bPEVCNT)E B A2 ARE-SISITE bPEIS] Aol
S G g W A7)58k] B4 7Rl Slsto] vheket EAkake]
bPEIE AHE-3F31 0.1, o] &= Ths-3} 2T} bPEI 25 k(Polyethyleneimine,
branched, average Mw ~25,000), bPEI 750 k(Polyethyleneimine solution,
50%(w/v) in H,0, MW 750,000), bPEI 2,000 k(Polyethyleneimine,
branched, 25% soln. in water, MW 2,000,000, Polysciences, Inc.). 7} 3
A2 ©l2l e} | 5}0] = (Terephthalaldehyde, TPAYS A-8-51-%)
T} CNT % bPEI 2000 k& A| 2] 3+ & AR Sigma-Aldrich (M,
USA)lIA it

2-2. EAE HXIEH M3 ME

bPEIE Tl 591 2.5 mgmL 5 52| bPEI §9-& 3t
o] & 1 mLY 2mg2 CNTE ¥-2 &, 10837 255 ]
AlZF TRES Al bPEI/CNT 53415 Alxshct. A4t e] 7] 2 of
1-9] bPEIZ #-2]A17] bPEI/CNTO GOx £(5 mgmL )& 1 mLE
718 3 A7 WHIAIA GOx/bPEVCNT SH)|E 2| %351t} TPA 7}
wA2] &= #RIsl7] 98l 0.5 wivd% TPA 4S5 718k 5 147
Fet oA WHIAZITHTPA/[GOX/bPEI/CNTY)). Z+ Zvlli= A%
gl A4we] o F, Eoll Yar FAkste] Fulje) 3 Al x5t ARE-s)

1 4°C olatollA] YR AT

2-3. HEMRX| 2 2FHX]|

=324 F(Cyclic voltammogram, CV)E S7317] $J5ke] 4F
A= AS APl ovoln) Ad=e MaA, 71E85 Ag/
AgCl (3.0 M NaCly& ARSI FIA =S whe7] s Frj)

= A=A E 5.0 mm, B3 0.196 cm?) Yol 7L SHF 3
308 o)A AZF Y} 1 ¥ Nafion 212 (0.5 wt%) &% 4 L= A%
| vl Yol &2 T st Az ARSI, F) A2 A
Al 374 1,000 rppm o= 3] A A Z T A 3]2 2 1.0 M Phosphate
AZ-FNPBS, pH 74y AME-3LoH, 217|31854-8 el A7 1E
(CHI 720D, CH Instrument, USA) AH-&133t}.

ARHARZA ] 5L H7817] 918k SP-240(Bio-Logic, USA)
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< AR AR, = Fvlle P-CE o] &3ch Mg
Q1.0 Z Nafion 2125, Aks}= Frlli= oA THE Fuljo) 2.5 7R w|o]+
GDL 10BC (SGL Carbon, Germany)°ll &9 8t & 733} MEA
(membrane-electrode-assembly) S 43 S T} =2+ 0.1 M PBS
(pH 7.4l E3ll3l TH= 02 M2 SF32~ §4S F2EE 7hsato]

FRob SEAZATE AR S B ARE

AFAZ 100ce min' 2.
Tt

[

ol of

2-4. Yu[HA =X
CVe} riz7 A 2 = S
A8A FY A2 E WHFATHE

308 o) 12 &, )

&0, 2 A=5 e7)
12 mm) 9]l 120 uLE 22|32

, W2)8}7] $1381e] Nafion 212
| 84 uLE &8 fxy ok pH 7.42] 0.01 M PBSE
AL 31 8715 potentiostat L E I FIFF S GHEA] 7]
(frequency response analyzer, FRA)E 7}%1 SP-240 (Bio-Logic, USA)&
AF2-8199 T, modulating potential->- 70 mV, =37+ 10 Hzol| 4]
3 MHz=Z 7}3fl decade PFH0 415 S7d3HeS A 3ict.

H=2 —1 0 -
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2-5. ZEEM

GOx2| 2t AQl 1 slekS nlwahy] el 7hA Ak A 2
471(V-560, JASCO, USAYE AH8-81] 59 9] 534 Jtl=
B2 5 mgmL!9] GOx §-43} 6714 FHriE Pl Ealsio]
A2 IS A B ER o887

a

3. lejl_l.

& E

3-1. 0 A=

pH 7.0 F-<Loll A (-) 73S W= GOx8}F (+) =49 u]i= bPEI
Ato]€] 714 Q& o]8-3l0] GOx/bPEICNT T35 23131
ol ZH714 ARk 2 Alz=H Fvlli= GOxS} bPEI Afe] 2] At
go] ofsto] Fujj o] e} 7hsAo] o}, olof 7k A E TPAE 7}
st GOxo] a4 ds W GOxe} PEIRES] 318hAghs: 1=
331 © 1 (TPA/[GOx/bPEI/CNT]),[8] Zl 34 ¥4 Fig, 10] &2
sieict. 7k &2ks g1817] 918) PEI (CNT 2 mg 3 PEI 2.5 mg)
4l GOx (CNT 2 mg & GOx 5 mg)= 5.5 FY 3 &S ALg-gic),
B =504 1= bPEI 25 k, 750 k, 2000 k= AF8-3F GOx/bPEVCNT
25R, 750R ¥ 2000RE F3}5l oH, Z47te] TPAE #

T2% 7247

+ 4+t

A
L Multi-walled Carbon nanotube L Poly(ethyleneimine)

(Mw = 25K, 750K, 2000K)

) -
L Terephthalaldehyde

T\ Glucose oxidase

Fig. 1. Schematic illustrations showing the fabrication of the cata-
lysts.
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Fig. 2. UV-vis spectrum peaks representing GOx activities of three
different GOx/PEI/CNT (25R, 750R and 2000R) and TPA/
|GOx/PEI/CNT] (25T, 750T and 2000T) enzyme catalysts.

78+ TPA/[GOX/bPEI/CNT] 25 Z+2} 25T, 750T 2 2000TE %
SISt
7h vl o) ARl Ea g shds vlasky] 918 GOx/bPEl
CNT 7% Fu)|9] 7FA| -2k A 324715 o] &3 T34 & A
AI§E A3}, PEI EAFo] S7 ol E}E} A 0k A= 4
TS Btk &, TPAE AHESHA] 92 739, 0381 (25R), 0366 (750R),
0.342 (2000R)%1 37, TPAS AF&-3F 7:'%011 0.409 (25T), 0.411 (750T),
0365 (2000T)E S 3 bPEIS 2= TPAS A8-814] 9k Zmfjo]] H]sjjA]
=2 GOx 170] o]Fzl Z1& glgh 5= QIth(Fig. 2).

32, M7|Se™ EM THT}

A Suloll FA19 GOx2| Alslekents- H g 15| 24
CV A& 13t} GOx W 3521 AH(cofactor)?! Flavin Adenine
Dinucleotide (FAD)2] 4Fs} 4 ghluk-S-of w2} vV Aol A Aks}
9 S A FL T A, 9T F7E F71ETS Goxs}
GAA 7F A o] Eigks yERdT) FADS] Abskskenk
S22 v Ak

GOx (FAD) + 2H" + 2¢ <> GOx (FADH,) )

Aag I3 1.0 M PBSOIA FAKEEZ) 100 mv-s'dn] 2 &=
uj52] CV 57 A= Fig 300 YERASITE Fig. 3bell mh=w AJ7714]
o1glo) oJa) Al Z8 Zm(GOx/bPEI/CNT) o] ¥l AFE= A=
£ 2}o]Z Bo|X| ¢kgkou) TPAR 7}l st 7 -$-(TPA/[GOx/bPEV
CNT]), GOX/bPEI/CNTR.T} 3] 5 A F7} 3ro]| vl A Zrlels 2AS
Fle 4= Ut ojul] FAAF 3] A 3E2 2000T7F —0.099:+0.0027
mA-em?Z 71 231, LR AZE5-2 -0.096+0.007(750T), —0.087+
0.0094(25T), —0.052+0.0024(2000R), —0.0510+0.0083(750R) 12| 1L
—0.046£0.0042 (25R) =41 2 2 kg 7HR . ol 7HA-AFe] Al
A9l vl A, TPAN &Jste] a7d slko] ©F 5~10% Hi<]

2 Z7H S % A= Goxe] AR 50%7 1 2355k,
TPA E£4]o] WAl A 71 RS-& AT = STt bPEIS]
FAke] Qlof, REAEFS] bPEIE AR A AthA] 02 22 Gox7}
2] F 2ol =, 2000 k2] bPEIE AFE-3F TPA %] Z1)(2000T)
ol 7P =& JIAAFE Wb 212, bPEL 2] tFe] amine
group®] TPAS} 71 H A o & AARE53S Uehd Zlo =z
£ 7 Sl
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Fig. 3. (a) Cyclic Voltammograms of three different GOx/PEI/CNT
(25R, 750R and 2000R) and TPA/[GOX/PEI/CNT] (25T, 750T
and 2000T) enzyme catalysts and (b) their cathodic peak cur-
rent densities. For the tests, 0.01 M phosphate buffer solution
(PBS, pH 7.4) was used as electrolyte and scan rate was 100
mV-sT,

750T 2000T

97714 07 BA3bE GOx EH H &5, molem?)= T

o] Az} cv 3+ 1] 7.9] s} 2 (charge integration) S &
4 = ATHI).

Q =nFAI' 2)

ol Q= CVATE F3ll AR 4= Q= At jhelw Fi= Hle
tlo] 2=, n Ak AR, Ax 7R WA (em?) S Sk
Axpo] A= o] Fo Rt 7P @=2)8HH QF AN &sh A=
B Aotk A=, Ak Ajolo) 7= sk, ¢V gkl 1A gho]
7 ZAE 200017} 7HE 5 & GOx S EE %Hiﬁ =T
th Z12vh TPAS ARS-3HA] GhShel Al Sll] 7o, 3 I =3k
oAl & xfo] 7k glo, PEIS] F2FF Biskrt GOXA TAB}o] 2
PEE WA A = AR BRItk 3hd TPAE A7 A-9-oll=
GOx®| T T7tel| val| 25t 5ol 2A VeRt TPAZF GOxt
GAA 2F] AR EE DBV GOxS] sl B8
AOFE & 4 it

PEI 241 4 7k A =)ol mhe o HskE 54317 ¢
3| EIS (Electrochemical impedance spectra)d 5 | w s}At} 57}
27132 F vpo] @ AT AR 2 174 B4 Aol A8 A7k
=2 Randles 228 44319101, 57F8] 2 7432 Fig. 4(a) <tell
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Fig. 4. Nyquist plots of (a) three different GOX/PEI/CNT (25R, 7S0R
and 2000R) and (b) TPA/[GOx/PEI/CNT] (25T, 750T and 2000T)
enzyme catalysts. For the tests, amplitude was 70 mV and
frequency was ranged from 10 Hz to 3 MHz (Inset in (a):
Randles equivalent circuit of EIS).

E718k3AEH10]. e o] WhgA gt o] 5% H718%F (C el M4
A} A AR AE AAE A o] Qlom, o
o] Wk dabde AR )2 e 1 J9d Az, )7
Fig. 49} 72 L}0]7] A~ E A % (Nyquist plot)2] #H-2 R} C,2
T RE QrlRitt. e

W 2G0T A olu) Bele] A1F
A R = 0 23,0 QF 67 5 Sl BF 2 ke vieh
#Aglel WA 54l 71918 oz

), ol Fle T
A Ao AR A3 & 1S gho s s E 4 Qi
R, A5 Aapdg Ago = MR Fue] Aspdd B/3el 719!
sto] MizE =, =82 Adel oJsf A9 25R, 750R, 2000R->
Z¥7} 223 Q, 2230, 21.9 Q= A 27k & Aol & gl & = 313l
t}. 28 TPAC] &8l 7t o] GOxe} @AA 7] AAAGA =
7} 32 25T, 750T, 2000T+ 242} 23.9 Q) 22.3 Q, 19.3 QS YHE}
Ul bPEI 412 Sl ulef dapdg Ago] Hashs A 3
Q18 5= 9l=t, o= GOx/PEI/CNT -%°f| H]3}] t}] Gox7} &
A5 o] QlZo) & A}k bPEIY] A 8= tFE9) free amine
group?} GOx7} TPA®|| ©J&l] 74w n A% A=} njAA|ske A
AL ZE A1, GOxollM 257348} FADS] 318HEg-ollA
A23¥l A7) bPEI/CNT EA A W A=o g W) 417 o5&

=
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Fig. 5. Polarization curves of EBCs adopting three different GOx/PEl/
CNT (25R, 750R and 2000R) and TPA/[GOx/PEI/CNT] (25T,
750T and 2000T) enzyme catalysts. In the tests, 0.2 M glucosesolu-
tion was fed and circulated as a fuel from an external bottle to
the anode chamberof the EBC at a rate of 0.1 rpm, while 100
ce-min’! of O, gas was fed to the cathode.

e & o glom, Aepde SwellM= 20007} 71 93k
)= gl

3-3. K| M5 "I & by Hot
GOX/PEI/CNT % TPA/[GOx/PEI/CNT]S] Atal= & A=A Q] F3}
e FRlsl] $18l TPAS ARE3HA] 92 371<] Fvlje) TPAS
AR 37019) Fu|E o] g8l bR AFS WeEth Ao A
FAE Y8l ZF aaFrlE o8-8t PR HIAEE 3R [Esia
1 A= Fig, 590 VeI ¢4 Bl AE A3}, bPEI 750 kS
A A= ARSlaL TPAS 718l $/d 3 Sl (750T)E o] 43¢
72 9] # o 3 & (Maximum power density, MPD)=0.995 mW-cm
O 7 7P e gk Blom, o= 7712 Aftel] o) Az €
ol n]af o 1.5u) ZNAE AE A& 5 UG ol 2lell TPAE
ARSSE S E ARS-e AR XS] MPDE 0.926(2000T), 0.850(25T)
mW-cm?0]%1 0.1, TPAE ARS-3HA] o2 FHrllE 448t Am 4] <]
MPD= 0.614(750R), 0.606(2000R), 0.592(25R)mW-cm™5=© & TPAZ
ARESE Ao B]E)] Add o R vk A eS BT Aol ukE
BYE ek CV ¥ EIS A= ke =), o= e v}
320] Cross linker’} GOx2| &AL vhom, EAAG-S Walshe
BYE E 5 ok &, IRAES] PEIE ARSe B, vl xxf
A Az g met, A5 Goxe MAHES FRE Y
Glucose?] B0 Wal|7} EHA F+ G372 Z35to]
o] 7 & el o 4 9] PRI FAFFS 750 k1S Elsh
T STt o]l vl AEA) AR polyaniline}7 ARl GAS
A3 4 $FGA/[GOX/PANI/CNT] Sl = 0]&-3F A 2 71 %] 9]
MPDE 029 mW-em™[11]0] 32, A4 53} GOxE 7HAlS] GAZ
A7 FZ2AE wi7RAR] ferrocene¥} CNTZF AEE -39 M=
A3t AFs= Z ) (SF-GOx/Fe-CNT)E ©]-8-3+ A 2714 2] MPD
e 50.70 uW-em[12) 2, = Aol A] st Zulj o] MPD7} A
3] T2 Ak Ads 1 5 ik

abgl=r Full a5 717 M-S Hs) f1El, 473 7t
52 FujEdS S5t M e Wl th(Fig. 6).
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Fig. 6. Stability test results of three different GOx/PEI/CNT (25R,
750R and 2000R) and TPA/[GOx/PEI/CNT] (25T, 750T and
2000T) enzyme catalysts performed for 4 weeks.
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4.4 E
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o7 ZF QRS AEAA P8R AL, UV-Vise} CV, EIS, ¢
1;]_0 3}k 2‘1715}51—7@ Zxﬁlﬁ g Esﬂ 7} Z.HHJ /H‘* ° :Xﬁ ]_
Ak Ex1EFe) S71o) w2l TPAC] &3t 7hnao] Asabaa] e
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