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B Aol = whds gkl 5-H (single-walled carbon nanotubes, SWCNTs)= 714 Bhhgo] 1I-S 7Hko =
FE AR A (GOx)-EdlZ A B &4 (TREHY} 179318 anode®} R2] 741 41318 4~BODY} 178318 cathode™
T EEEs A5AXE AlFsk 1 A5S 7151t 53], ferrocene methanol (FeMeOH)} 2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)E Z}Z} anode®} cathodeol] &40} s 117359t
FAPAAE T oA alks] BgAS S, SWONTs, &4 4 A7) 15 1o 38 os EUESS
1kt Cyclic voltammetry 24 A= 0.2 V o4 FeMeOHS) Absbd 3371 B2+ 3lon, SWCNTs7}
E% A=(CP-SWCNT)ellA o] 75t Abshd 77t vebstet, B3l Asels] 2ol CP-SWCNT Z=l 17 she
GOx’l d =& a4 848 Rtk A7)slst dujds 37 4ol SWONT T4 whel dskdg Addo] 7
28kl ARG BAJo] dHE S E915I3ITE GOx-TREH 084 W52 EYEdas E4) A &2 28RS A
319131, BOD 7|4k cathodei= 4t X3} 23104 & 8l AFE HAAvh HTHoE AZE Efdz s AsA
9k 0.6 VO] MR AT} ol 11.7+0.9 pW/em?e] HEUTE YeRlo], SWCNTs 7189k A= /1, a4 9 7
A 173} deto] ARAA e el addds dssislt.

Abstract — In this study, a trehalose enzymatic fuel cell was fabricated and evaluated using carbon paper electrodes
modified with single-walled carbon nanotubes (SWCNTSs), consisting of a glucose oxidase (GOx)-trehalase (TREH)-
immobilized anode and a bilirubin oxidase (BOD)-immobilized cathode. In particular, ferrocene methanol (FcMeOH)
and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) were co-immobilized with the
enzymes on the anode and cathode, respectively. SEM-EDS analysis confirmed the successful introduction of SWCNTs,
enzyme, and electron transfer mediator onto the electrode surfaces. Cyclic voltammetric analysis revealed a distinct
oxidation peak of FceMeOH near 0.2 V, and the SWCNT-modified electrode (CP-SWCNT) exhibited a higher oxidation
current than the bare CP. In addition, biochemical analysis demonstrated that GOx immobilized on the CP-SWCNT
electrode showed higher enzymatic activity. EIS analysis indicated that the introduction of SWCNTSs reduced the charge
transfer resistance and improved the electron transfer properties of the electrode. The GOx-TREH bienzyme electrode
generated a high oxidation current in the presence of trehalose. In addition, the BOD-based cathode exhibited a high
reduction current under oxygen-saturated conditions. The fabricated trehalose enzymatic fuel cell exhibited an open-
circuit voltage of approximately 0.6 V and a maximum power density of 11.7+0.9 uW/cm?, demonstrating that the
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SWCNT-based electrode modification and enzyme/electron transfer mediator immobilization strategy were effective for

improving enzymatic fuel cell performance.

Key words: Trehalose fuel cell, Single-walled carbon nanotubes, Enzyme-mediator co-immobilization, Cascade enzyme

reaction, Ferrocene methanol
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SFCH4,5]. o] 2138 a4 cascade Al2~Blo| A= HES- Sk 9] Al

= Ago] AA des A¥A+=
A Q4o T U 4 1R Q| AAHE Ado] =
7k = QITH6,7].

TS o]k a4 7N AR AR oA RS Fx1E] sl
ferrocene A1 2] 81523} 2,2"-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS) 2 &4 A &4
7F @] AREETE 2 AFE2 7]E 174 ferrocene-methanol
(FcMeOH)?} ABTSE- 22} anode?} cathode A EA) 2 A8
Y dald A T EYEEA ARHA A|AES sfdskal
TS Bargh vp QIUH8]. ol A g A= A vhgollA
AYE AAE a0 R AT destosmn AR 9 deE de
A7) Ao &2 B QTHI). 22t Gkl o)&Est= A

HAAS 2 A STl et AAE 58] 7t
, ARG A o] wap gaks W] S8l el
7} QFE R 48 AgdR] e g7} Qi
AE A3 | flsto, Bk AxpAEAlE 249 3
Sloh= A77F FEAL QlTh10,11]. AR A <)
3 ARG A= 7] ARG 725 HAas)she
AEA ARG AZE F4T 5 A gt
7|9kl A 2k 7Fsst AlAE) o] Zhset e E,
|25 kel] 28k e Al ei[12,13]. 19
Sk AR EA S 1S A ko, A
2 BT} Ferrocene LAV ABTSS}F 22
A= g A 242, A5 1he e &
AANHAZ A FEH A7) 75 Al AR Ao}
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2 ATtof| A= T B BB (single-walled carbon nanotubes,
SWCNTs)Z /A E 'hAFo] =5 7|HHe. 2, GOx-TREHS} ¥
2] 1] AF3} & A (bilirubin oxidase, BOD)7} 212} H-2H# anodes}
cathode® T AZAAE A&etal Aes F7Fskith 53],
FAary AAAZA Q] FeMeOHSH ABTSS 247F &4 91 37
anode®} cathode el 1438 4= 1= WS 7dskgiv) A
A A oF aae] Y A1 173 $13) poly(ethylene glycol)
diglycidyl ether (PEGDGE)S 7} Al Z AFg-3t1, At g £
sto] A8 Ql 3319 WE- XS FAst o] & Fa8l KAt
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2-1. 4 M=

Megazyme (Wicklow, Ireland) S ZH-E] A3 EFEZ A 13
FA(E-TREH, 4,200 U/mL, 303 U/mg)E 43T} E-TREHE
LEES] FAARFEGE2 M) A JHE FHE R, olE 24
S| A1 AFE-31SITE A, MWCO (molecular weight cut-off)7} 12~14
kDa¢l %4 2(Spectra/Por®, Spectrum Labs, USA)ll TREH &4
< go] 4513 o] AAR TAE9S Amicon Ultra® 941
o I E](MWCO 10 kDa, Millipore, Ireland)S AFg-3lo] 533}
AT}, Aspergillus niger 3 XX A8} A 2 (glucose oxidase,
GOx;100,000 units/g), Myrothecium verrucaria 2 8] FR1 A
3} 8 4 (bilirubin oxidase, BOD), potassium dihydrogen phosphate
(KH,POy), sodium chloride (NaCl), potassium chloride (KCl), disodium
hydrogen phosphate (Na,HPO,), citric acid monohydrate, ABTS,
FcMeOH, sodium citrate tribasic dihydrate, A&} (2 735 300 g,
Bloom), poly(ethylene glycol) diglycidyl ether (PEGDGE, Mn,y:
~500), carboxylic acid® 7153} SWCNTs 5+ Sigma-Aldrich
AHMO, USA)elIA] ]1atoiTt. AlzAL 41 9l o) A{16]el u}
21 SWCNTs+= electric arc discharge W .2 A 2% 107 &2
SHEL- 80~90%, =5 BENI)S 5~10% 50|t} o]F Ak
A2 GAH AL carboxylic acid 715715 ZH= FEHIZ A2
ATk SWCNTs®] 2 F 2173 1.4+0.1 nm®]™] bundle =L7]3= 4~5 nm
% 0.5~1.5 nme| ot = AFo] gl ¢ BE &2 ol
(182 MQ-cm)Z A Z38F31 T} §FA 0](carbon paper, CP; HCP-
020N)+= WizMAC (Seoul, Korea)oll 4 <138} .2 ™, polyvinyl
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chloride (PVC) & -5(F7 200 um)-> Office Depot (Seoul, Korea)®l|
A T daksict.

2-2. SWCNTsZ CP M= 7

Frag|e]>e] % el pVC FE-S F-2stal thE Hefl= 4
Gt 272 AE CPE FASIGITE. o] g Al ARt ©hAFo) 7}
AA F-21AA] ¢ FA4 ol o] ik cp A= Al
07 FREEY), ol (0.5 cm x 0.3 cm)S &4 1AHIE 9
& w=EHAYL, 57 FEG em x 0.3 cm)S PVC HE 02 1A
CP7} &7 HFshe A WA AT AT A A
(potentiostat)®] AAF-9| &2 AME-E| ST} CP XS SWCNTsE 7}
Aepltt. 75 6 mLE 23eh= f2] AldTel SWCNTs 6 mger
@31, 239 A% 7](160HT, Sonicclean Pty Ltd., Seoul, Korea)ol|
A 3AI7F Bt 251 28l SWONTsS 2 #AMAF ) o] &
25°Cof|A] 1,106xg= 1037 D42 5, 358 AH5dS CP 7
Aol A-g-s1eltt. UV/Vis 33 EAE o835t Fs Az )
5o 9] SWONT %4 650 pg/mLAt. 2359 30 uLE =&
¥ CP EH(0.15 em?)oll Hojmtdd 5 A 2 of| A 2417+ 74 F38} 0]
CP-SWCNT =& A Z=313]t).

2-3. MAMEH7T 08slE £ M3 HE

CP 2 CP-SWCNT 7|4t anodeE AIZ3IA T GOx A8 A1t
3}7] 9)3}o], FeMeOH £9(1~4 mM), GOx & <¥(20 mg/mL),
PEGDGE £ (10 mg/mL)S 4:4:12] F-3]u| 2 Z3slo] 2= #)|
Z4 gAS Fnlsigit). £t 10 uLE CP = CP-SWCNT &
el T3 &, 204 2417t Bt 7AZ3I9 T 0] %, TREH £
o (420 U/mL)¥} Aekel £8(20 mg/mL)S 1:19] Fuju) 2 &3
skt g 239 10 uLE GOx A =H(CP-SWCNT-FcMeOH-
GOx) ¥Hof| T¥3&}kar, Ao 2417 AZ31e] GOxe} TREHZ
TA9 o] & (bi-enzyme) A =HCP-SWCNT-FcMeOH-GOx-TREH) S
A28t

FYsH o 2 CP-SWCNT 7]4t cathodeZ A#|2F512it}. BOD
|- M(250 U/mL), ABTS & 920 mM), PEGDGE -& (10 mg/mL)>
4:4:19) Fou| 2 3t &, &35t 10 uLE CP-SWCNT ™
L3I oloi Aekel §-N(10 mg/mL) 10 uLE F712 =%
3t & A Loj|A] 7A%3}0] cathodes $HI3FITE.

24, BEARTO| My|8i5t SN U HEHK| A5
Q7158 24E gako] AR, A, 0 Az AFow 7
R 305 A2 MRSt A AT O R BANTS A

AR =&

sl om, A= 7FE=AT0 7= 747} Pt wire®t Ag/AgCl A=
(saturated KCI, LF-2, Innovative Instruments Inc., Tampa, FL,
USA)= A3t 58 1 - 79 (cyclic voltammetry, CV)
8 mLe] a7 F-Mo 25 mV/se] AN E (scan rate)® 533}
ATF Anode 574 H7FE 919 Al d2 30 mM £ B 30
mM Ef @& A7} Z3% 10 mM PBS (pH 6.0)2 A}&331om,
cathode {41 oll&= 10 mM PBSE AE-al3ich Ashdd AdS =
A3l7] 93te] 5 mM K;[Fe(CN)gl/K4[Fe(CN)g[= E3+3t PBS (10
mM, pH 7.0) o4 7]3}8 e A 733 (Electrochemical
Impedance Spectroscopy, EIS)S 4=t} EIS 5742 0.1 Hzell
A1 100 kHz®] 315 HEl oA, 5 mVe] 27 A5 & Q7lste] 4
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At e d7|3ke A A2 o)A 2 (potentiostat,
CH Instruments, model 660D, Houston, USA)S A-g-3}o] 4=3 5}
ATt

AT WA E GOxe TREHZF 17 3tE anode (CP-SWCNT-
FcMeOH-GOx-TREH)$} BOD7} 1178 3+9 cathode (CP-SWCNT-
ABTS-BOD), 18] 5 H=Fo] &)= whe-z2 A E It} vk
Zol= 30 mM EdZEZ A7} 23hE A4 238} A4 E 9] 10 mM
PBS (pH 7.0) €4 8 mLE A} 9lct A8 #x
WA Z270A A AYgS SAste] 1V IS S0 =N FUt
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Fig. 1°] CP, CP-SWCNT, CP-SWCNT-FcMeOH 2 CP-SWCNT-
FcMeOH-GOx =9 29 9 =de] oist FAPAAA ] A
(scanning electron microscopy, SEM) ©]u]%| 2} 2} A= T 9] Y4
EE WA R4 XA 23 (EDS)OE At A EY A
= A A8 CP-SWCNT-FcMeOH= CP-SWCNT 9o A
A2 AQ1 FeMeOH7}F -2+ 74 =-& Yl T, Table 19 EDS
A0 ZHE Ao 72} A=) YA 2AS IR ¥E-S-(atomic %)
2 Aeet Jeia] Avs eI

CP A=9] A9, &4 Af7H A= o8 o MES A
Bh= A& A9l ehadro] 727t PEE ) 3 EDS #4
o A= BHA(C) AEte] HEH ], sl Aol 'k 7Rk
o] Fo1 A Q)5S FRl5I Tt CP-SWCNT el A=
XEHoll SWCNTs7} @l wpe} o] Hrh ARy &
FHE HEeE Zlo] RIEGIrt. whd o]u] Ao 4= SWCN
A7) 'hA AR BEE wet FAE 720 HEE QI ol s
=] v S S7MA7] 3 AA; Al felst
O 2 bkt EDS w4 AiollA = g o] €]

MU

r;ll_ll">'m.1n_[_umlm
S 12 ok om Y ot
Moo Jo HI & ox
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FcMeOH®] 810l w2} CP-SWCNT Y| E9] . Alo]of] 714 <]
o] BEElon, e} 2Ue ¥ 127} eIt EDS 4
Ao A= Fe AJE-2]¢] Na, P, CL, K7} 371402 HAEE =0,
o]z FcMeOH7} £-31El M Aol 71913+ A o2 et} Fe
AJE-2 FecMeOH2] ferrocene T30l A -F-a3t 02 AA-AEA|
¢l FeMeOH7} A= ol 34 0 2 TS AAFSH v
ek o 2 CP-SWCNT-FcMeOH-GOx A ol A= &4 1174 3o
o3l Ero] 4L BxtdsliA| 1l TR o] AH Flo] #EF<
T}, o]i= GOx7} A= 3ol 454 0 2 31731 9l Hofrt.

32. FeMeOH EX[Zl SWCNTs =200f| e GOx T=2| ‘dsist
9 MyIBEE Sy wis)

Fig. 25 FcMeOHS] HA| 37} SWCNTs =8l ol WE ©-4F0]
AFe) A71818H4 543 A5 = 143 Goxe E4 d4 W
3hE vEhdAT, A=0] eV ARellA 0.2 v o] F3ig Atst 9
A7b #EE A =|(Fig. 2(a)), ©13 710 BIL¥ FeMeOH/
FcMeOH™ redox couple®] 573 9]¢} YX|$H}10,11]. FeMeOH
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Fig. 1. SEM images of the surface and cross sections of (a) CP, (b) CP-SWCNT, (¢) CP-SWCNT-FcMeOH, and (d) CP-SWCNT-FcMeOH-
GOx. Corresponding EDS mappings of the electrode surfaces are also shown.

Table 1. Surface elemental composition (atomic %) of the electrodes determined by EDS analysis
Atomic %

Element CpP CP-SWCNT CP-SWCNT-FcMeOH CP-SWCNT-FeMeOH-GOx
C 100 87.13 63.96 67.83
0 1225 1827 17.62
Na 8.12 6.65
P 2.10 173
S 0.07 0.07 0.07
cl 5.89 488
K 1.03 081
Fe 0.15 0.11
Ni 0.55 0.41 031

Total 100 100 100 100
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Fig. 2. (a) Cyclic voltammograms of CP or CP-SWCNT electrodes
immobilized with GOx and different amounts of FcMeOH.
(b) Relative activities of free GOx and GOx immobilized on
CP and CP-SWCNT with FcMeOH (17.8 nmol). (¢) EIS
spectra of CP and CP-SWCNT electrodes immobilized with
GOx and FcMeOH (17.8 nmol).

0.2 V §-29] A3} 9)71.9) 9717} Zokeke
=), o)== 13 FeMeOHY} 54 whS-oll A A=
A

B B =
A =07 dgshs AARdEA| = 2 AHsskal Sla= 9l

St} 523k £ 9K(17.8 nmol)2] FeMeOH7|F 52k 1 =ojl 4] CP-
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SWCNT-FcMeOH-GOx =& CP-FcMeOH-GOx =k vl T
W2 Ak} A5 AT o] SWONTsS] 352 H7)d =ws}
5 B3R 0] S G4 Abo]e] ARAE el 7]ofstkar 9l
o< oJulgtt17].

FAE 24 Ar(Fig 2(b)), AH- SEHIS GO 7 =& &
yebd o Ao 13l 54 B 1A o=
S} @47k AHF @l vis] A Alske] g3 o A
o|tH18]. 3HH, SWCNTs7} =3 Mol Az o
gkxdo] Fx 53T, o] SWCNTs7} &4 11733}
o] 725 MIA 0% FAA = A, 2 vk
P ez 50 3| 714 Hdo] =7
Ao 7 FAETH19,20].

Fig. 2(c)= FcMeOH(17.8 nmol) 2} GOx7} 1274 3} CP$} CP-
SWCNT A =2] EIS +41& §3] ¥+ Nyquist plot®]tt. CP-
FcMeOH-GOx Aol x= 7 7119 Higlo] #awqln), Atz o2
AR A 719F G4~ HA=H2] Nyquist plotell A= 27]3}8H4] o]%
= = 4 A8 # & (charge transfer resistance, Re)oll 2] 3l
AN A glofdt vkl Fe7) vepdet, vkl o] = A= o A
71384 g o] EAZ ousiti21]. ¥ AFolM AR BAE
AR 71N 33k b F2E VIR EE, A de] W
ek opuEt Uit Ale /A JE3E = qlok o]y s vhad
= A/Aad A ez "=l
(interfacial layer)s B =, 52Q
310H22-24]. WEFA CP-FeMeOH-GOx Aol A 29 F 719
HEl2 5 el et e 2ol 7|dshs o STk 1
T3} J 1] A WA jES A= AT} FeMeOH Aol 2] A3t A
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25]. o= CP A5 AT o vk A7) e g} Al gt Wl
202 Q3] FeMeOH ¥ E4-3 Ato]] Hal ddo] H|a&4 0
2 o]FoiA], 7} Al wkgo] E)E duda 540 Uely] u
o7 gt wh CP-SWCNT-FeMeOH-GOx Aol A= 3]
Lho] gkluto] #HEE] Qe o] SWCNTs =)ol weh d=-2) A
ZIAE TS} vl A o] Frtste] A=, FeMeOH, Z18]1L GOx 3
Apol] AR} A A2t By 82 07 FAE IS ou]Fich
2 A7}, CP AFollA #ElE o] vebtd F ©Ale] dak A 7
7go] shte] ek 2713848} Whg- v o & ERA] e, oo
upe} el kel o) Qlad A SA4Jo] FhEe o= ghahet Bt
CP-SWCNT-FcMeOH-GOx X =r¢l| 41 €] RE 272~ CP-FeMeOH-
GOx A=HT} A ek on, o= = AlHelA 2] dat g
Aol 7143125 2 v|dtt}26]. o] et A= SWCNTS &
2 AZIAE TS 52 H|EHZ o] FeMeOH ¥ GOx &3 A= A
ole] AR} S AA o7 FX1FHS Al

3-3. GOx-TREH O[&4 7[HI M3o| My|5l5H EX
Fig. 3(a)= CP-SWCNT-FcMeOH A= o] GOxE -2+
&, 22450 Aty TREH £35S IR te] A2 ol
(bienzyme) % =( CP-SWCNT-FcMeOH-GOx-TREH) 2] CV Z 35
Uelidh, Eglaz A7) gl 204 2k 0.2 V (vs. Ag/AgCl)
ol A Bl ke aksl A5 (eF 0.7 mA/em?)7E FHEE QL O
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Fig. 3. Cyclic voltammograms of (a) CP-SWCNT-FcMeOH (17.8 nmol)-GOx-TREH with and without trehalose and (b) CP-SWCNT-ABTS

(88.9 nmol)-BOD in 10 mM PBS (pH=6.0).

30 mM EFEEA H7F Al T dLelA abkst A/R7E 1.6 mA/
em?7kA] @A 3] F71e el 2 A 3ke CP-SWCNT-FcMeOH-
GOx-TREH %=+l TREHS} GOx7} ¢ 2 02 11g3te o] o
2ol g4 whgo] gyA o7 HEHES HojFr) &, TREH
ol&l] EYEE AT} 7Rl E o] XETo] AL, A X5

&= GOxell 2J3l] Atsbe ). o] g elja] WAYSE ARl e 1
X@}fﬂ FcMeOHE 38 12¥ 1, SWCNT HEY IS S A=
O 7 A&3) o) T3}, 1 A EEEA M) Al ATl Ak}

AF7F A F7Fhk= Aoltt.

B4 ABAKAE anode¥RF 0P} cathode® 2 2310} 0] 5 23]
cathode & &9} A2 A2 717} BODS} ABTSE AHE-51GITE
BOD: U] A8l & 4 (multi-copper oxidase)Z. anode]| 4]
cathodeZ A& 27} ABTSe 9]3] BODZ H€==tl, BOD:=
RS RIS ARESto] AAaE EE SHA1Z1Y27]. GOx/FcMeOH
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Fig. 4. (a) Time profiles of cell voltage under discharge currents for the EFC consisting of CP-SWCNT-FcMeOH-GOx-TREH (anode) and
CP-SWCNT-ABTS-BOD (cathode) and (b) cell voltage and cell power density curves under different discharge currents.
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