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Abstract — The lactate electrode can be utilized either as an electrode for lactate sensor to monitor the patient's health
status, stress level, and athlete's fatigue in real time or lactate fuel cell. In this study, we fabricated a high-performance
electrode composed of lactate oxidase, catalase, and mitochondria, and investigated the surface analysis and electrochemical
properties of this electrode. Carbon paper modified with single-walled carbon nanotubes (CP-SWCNT) had significantly
improved electrical conductivity compared to before modification. The electrode to which lactate oxidase, catalase, and
mitochondria were attached (CP-SWCNT-LOx-Cat-Mito) produced a higher current than the electrode to which lactate
oxidase and catalase were attached. The amount of reduction current produced by the bilirubin oxidase (BOD)-attached
electrode (CP-SWCNT-BOD) was greatly affected by the presence or absence of oxygen in the electrolyte. The fuel cell
composed of CP-SWCNT-LOx-Cat-Mito (anode) and CP-SWCNT-BOD (cathode) produced maximum power (29 pW/
cm?) at a discharge current density of 133 pA/cm?®. From this study, we had proved that mitochondria is essential for
improving lactate sensor and fuel cell performance.
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Fig. 1. Schematic representation of lactate oxidation through coop-
eration between lactate oxidase, catalase, and mitochondria.
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2-1. 4 THZ
Aerococcus viridans T2l 24} A8} d A~ (lactate oxidase, LOX,
AFH S 1L9795), Bovin liver 2 71E2to}A] (catalase, Cat, A%
W3F C1345), Myrothecium verrucaria v+l HAFH] AF81E 4 (bilirubin
oxidase, BOD, #3511 & B0390), Poly(ethylene glycol) diglycidyl ether
(PEGDGE, 3 +-24F = 500, AR 475696), AAPHE F(sodium-
L-lactate, A1 5 1.7022) 9 71552 7]€} 9752 Sigma-Aldrich
AK(St. Louis, USA)O A 7131 . 7] B2 = 2] oF(mitochondria,
Mito) A4S §3te] Sk v A& R E=A1E](Seoul, Korea)oll Al &
Rt (Saccharomyces cerevisiae, KCCM 11351)y= w-FREQITE, vl <&
AN FFN(yeast extract), %ﬂ%, o}7}(agar) 5= Difcor} (Detroit,
USA)elA 4313} @91 =2 (Seoul, Korea)oll Al &rAF0]
(HCP-020N)E %1315 32 PVC ZE(F7, 200 um)Z} 3M AR(St.
Paul, USA)?] oFHEO]ZE 9 I AT X (Seoul, Korea)oll A %15}k
Atk T2 BAZ|Z 75 st Gl gAav e
acid-functionalized single-walled carbon nanotubes, SWCNTs)E
AHE-aI T, Al 24T 7 B (Sigma-Aldrich A}, A2 W3 652490)2)
3 {1200 =, 7 SWONTsS] 4t A5 1.4+0.1 nm
]IL HE 2 (bundle dimension)< 4-5 nm x 0.5-1.5 nm©] T},
AT H -2 anode$} cathode & AR A Z ZH2} poly(N-
vmylmdazole)—[Os(4,4'-dimeﬂlyl—2,2’-bipyﬁd1ne)2Cl] )"2* (PVI-Os-dme) S+
poly (N-vinylimidazole)-[Os(4,4"-dimethyl-2,2"-bipyridine)2CI]) "**
(PAA-PVI-Os-dCl)E A E A ol &8t ALE-3GITE. PVI-Os-
dme$} PAA-PVI-Os-dC19] 3£ Abs}- 2kl 4 915= 0.1481 036 V
(vs. Ag/AgCHE L FITH13,14].
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2-3. 227 i 2 O|EE=2|0} &4
AR A A wjekE FZ2UE WFo]|Z Fo] YM broth(yeast
extract 3.0 g/L, malt extract 3.0 g/L, peptone 5.0 g/L, dextrose 10.0 g/L)
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50 mL7} ©31 500 mL Wi AF2FE ek o AEsE 5 2]
(SI-400R/S, JeioTech, Daejeon, Korea)®ll A1 30°C, 200 rpm ©. 3 &
T SIATE HjoFd 0Dy | 0.6~0.801 =23t 5 HljoFl 2.0 mLE
YPG media (yeast extract 3.0 g/L, peptone 5.0 g/L,, glycerol 1.14 g/L.)
20 mL7} ©71 250 mL WIS AFRE R0l A5EEte] 30 C, 200 rpm
° 2 E kS AT uiYkd 0Dy, 7t 10.0~15.000 =23t
S uS TRk wFlS 4 C, 8,000 rppm O & A4EEEFch
3%l A2 F5 0 2R E v EFETolE F2] AAIsE] 218 abcam
A}(Cambridge, UK)2] Yeast Mitochondria Isolation Kit (ab178779)
5 AHEEIITE e A A P EZ =o)L storage buffere]] AT
AlZ1 F 1.5 mL E-FEol 20 plA #5311 37, o] & -70 C Y51
ol ® #5131}, Thermo FisherAHUSA)IA 7913t MitoTracker™
Deep Red FM (500 nM) 55+ Rhodamine 123 (1 pM)S Al5o) 3
7hek 3, gl efo] mEZ=g]o} Bh R Fs] FFste] ¢
AT 7 QRS Aol 20%7F A SR o] I 27 FAKA
] 7 (confocal microscopy, Nikon AX+Ni-E, Nikon, Yokohama, Japan)
= AREslo] G AR o] v EFEolE HEEISITh

2-4. (HE) EEAZE0| 7|8 EAO|EZ=R[0F M= A=

CP-SWCNT X9l LOx®} Cato] FAlo] F2Hel #=(CP-
SWCNTs-LOx-Cat)= #2515t 10 mM phosphate buffer saline
(PBS, pH 7.0)° €-3ll¥ LOx (125 U/mL), Cat (1 mg/mL), PEGDGE
(40 mg/mL), ¥ PVI-Os-dme (10 mg/mL)Z 2:2:4:12] H-yjn] 2 2+
E3tatar £3HN 20 uLE CP-SWCNT EHof| =233t} o] =
AF2o| X 2A1ZF AZAIZ) AL 4 CollA 12417 B3 5 ALR-3H
t}. LOx, Cat, 2 Mito7} &7 §-2+¢ 2= (CP-SWCNT-LOx-Cat-
Mito) #1246+ T} LOx (250 U/mL), Cat (1 mg/mL), PEGDGE
(40 mg/mL), ¥2]- A ¥ Mito £, PVI-Os-dme (10 mg/mL)=
2:1:1:4:18) Fou| 2 2 Z33kqivt. £3h 20 uLE CP-SWCNT
o) ZAEEkL o] & AollA 2417 AF, 4 TollA] 12417 B3t
% Akg-sksith. BOD7F 28 A=H(CP-SWCNT-BOD)S #] 43}
%ttt 10 mM PBS £ ¢f 2 4-3]¥ BOD (250 U/mL), PEGDGE
(40 mg/mL), 2 PAA-PVI-Os-dme (10 mg/mL)E 4:4:18] F-I|H] 2
2 Egkstar 39 20 LS CP-SWCNT ol =E &30t}

2-5.SWCNTs, 4, E5= N|E2CER 0|2 THRE EME0| B &M

ol A A X-4 33 7](Energy dispersive X-ray spectroscopy,
EDS)7} &2 AAMALE FAFA ] 7 (Field-emission scanning
electron microscopy (Fe-SEM), Apero 2S, Thermo Fisher Scientific,
UAS)& AHE-sto] 71 e ghasol 3-8 sl A5 s 7F
2 Hlo]Zeof| &8 E3 0.1 mbar & ¢l A] sputter coater (208HR,
Cressington Scientific Instruments, UK)E AF-8-3}0] AR5 PtE
Sk A

2-6. M=2| HI|sket™ S &M

A A G4 A3 A=), Prowire(tl A=), 283 714
=<1 Ag/AgCl (LF-2, Innovative Instruments Inc., Tampa, USA)%=
TAAE NG =8 AEFH (cyclic voltammetry, CV)S ©]-8-5}¢7
=9 A71sket4 542 H7keelth 20 mM b ERo] 347}
¥ 10 mM PBS (pH 7.0) 10 mLoll ASES © 13 04~06V
2t Mool A 20 mV/se] AN S (scan rate)® anode 415 4=
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A3IACE whd A4 T AR 3057 H X3 10 mM PBS (pH
7.0) 10 mLoll A5 9237 0.0 ~ 0.6 VAL W olA 20 mVis]
A (scan rate)® cathode &A1& AAISFSITE F+ H o] HEEA
3 FFHE T8k ¢V TS A8 T CP-SWCNT-LOx-
Cat-Mito (anode), cathode, 72131 A& 10 mLE 7% 54
A5 3R A A2 A2 231 50 mM AANEFO|
Z7Fd 10 mM PBS (pH 7.0)0]t}. BE 371318t 232 -2l A
2 £ 2| (potentiostat, CH Instruments, model 660D, Houston, USA)E
ARE3to] = ).

3. 2y 3 nE

3-1. O|E2=2[0} O|O]X| &M

Fig. 23 MitoTracker™ Deep Red((a)&(b)) =+ Rhodamine
123((c) & (d))°& A4 5= 5 7FA] HllE(x600, x1000)°l14 ¥z
nEFZEejote] g2 FARENA oju|x|ojt), fAE A5 e ¥
Z7 FAFAWA oA 2 FE] AR el v EFZEelobrt EA g
s S 4 5 ok J/A4, ol 9 591 MitoTracker™
Deep Red= M| EZEg]o} &uhE F3)ato] et w2l 9] thiol 7|
(-SH)9} T s FAgt @9 nEZ= ool A whge =
g e mEEZEeke] VR A5 A8 sl #9-HeH17).
MitoTracker™ Deep Red & <713t 1] &= 2] ol(live mitochondria)S-
QAsto] 2 = ole R, 1 A9 &4 mEZE ok 44
T A] oo} TztE] %] 9F=t}. Rhodamine 123% 7| EZE=g|o} Thoj
zZ AgtsbE A7 dsolth ST S E A > &4 st
nlo| ESE=2]ok= Rhodamine 1238 & FA5to] 304 =
B} 18]. MitoTracker™ 5= Rhodamine® & ¥ A& o]u]x]
FHE A g ol 2438 nEE=glopt A 8ke o 4= St

32. M3 JHE 2 BEH 2M

—_ |
FE-SEM/EDS #2498 &3l §AFo]e] S /dshr] -39

o

x600

Fig. 2. Confocal microscopic images of stained mitochondria using
(a) & (b) MitoTracker Deep Red and (c) & (d) Rhodamine 123
at different magnification (x600 and %x1,000).
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Fig. 3. (a) Surface-view and (b) cross-sectional view of SEM images and (c) corresponding EDS elemental mapping of bare and modified car-

bon papers.

Fejstz] gl 518ha] 24 Wsks AleISIh ©AFo] 9 SWCNTs
2 AA Y &4aE0)(CP-SWCNT)] % 4 @ o]u] %] = Fig,
3(a)&(b)ell 27+ eI SITE. SEM A1 A o] whE | BhaEo] =
4 EYo] A s} ’AAR7F T2 A 02 A E gl o, v
3 9719] Algo] EAsh= Ao w AAHQT) 3 SWCNTsE
o] T AAol A A= S Bk ol et AlE B
Aol = sty 2 H-2kel Zlo] gRlE| et EDSE o] &% 318t
A zA] B o w2 W (Fig. 3(c)), CP-SWCNT= CP thH] &9
Na, Al, Cl, K7} 712 HE&5 %12, o]i= SWCNTsel| A5k
Eawel] 7I1g Ao w el Flrh19]. 53], SWCNTs -2 §- &
2 A2 HAEE 98.04% 14 89.28%% 743t v, Ak A=}
HAEE 1.92%°1A 10.44%= 57 sHTE 5, O/C ¥]&©] 0.02
oA 0.12& 7=, o)= 7128472 75318 SWCNTs
o] EAa}= 7FEEA 7] (-CO0-) W 7HE K Y7 (-CO-)$} ollH| =7
(-C-0-C-) WE91 A °. 7 34 ¥ r}20-24]. ©] 213+ A= SWCNTs7}
EaFolol] 34 07 FAEQITh= Z1s AARRI)

S, CP-SWCNTE} ] 13} CP-SWCNT-LOx-Cat®] 37 o]l
A TR BE Fo] BAF G on, wh ofn|xof|Al= Alg Alel 7k
o2t Qe Ao w Belek 818hA 24 41 A3, CP-SWCNT o
H] CP-SWCNT-LOx-Cat®] B2 A} H] &2 80.16%%2 4315
I, Ak QA) B8 17.86% 2 S718F3AtE. o] CP-SWCNT %
Aol 24k Absha Ao} Fhe oAl 7} -2 o] 0/C BlEo] 0225
7S vERdT, 2 Ak g 49 1Rl R wald
I s E A aaolnh Whilzs AR JEE A3

FHd 71(-CO-)2} A AJEQ o) ipAtel] EAShH Ak, 18]
izl =0 T ARl ©rskEel EAISkE ikt ks -
A wol] F FAol o3k Aba A} n|go] TR A o7 4
o} 3 HEE(0.72%)3 23 91} $3(1.2%)°] 1wl =
7Vek =], ol A4S 2-3A17] PBS W3 ZoH o] AJRofA 7]
Q13 A o7 FZHEUH25]. ol ZAL A3} F 49 FhekatolA 7}
CP-SWCNT o] H-2%] 0] CP-SWCNT-LOx-Cato] 2 | 2+ %]
Ae= AAFeith,

CP-SWCNT-LOx-Cat-Mito Y704 %= CP-SWCNT-LOx-Cat Y37}
frAbet Fejsra] SA4Jo] TSIt Z18)v CP-SWCNT-LOx-Cat®l]
H51o] BhaR) RK(84.27%) 32 HhA AR} $1a(14.51%)

=], o] O/C B]&o] 0.17% AR5 Jehdith v ex
o= Al Ao g YEEE0] AME A Alxde)] &
eisto] Qlar whilzl So] Al aEute)] AgtEof Qlrk26]. A& ] 44
-2 4918, CP-SWCNT-LOx-Cat-Mito ¥ g-43HaFo] CP-
SWCNT-LOx-Cat2 T} 52 31 n|EEEgofe] Ao g =2
ghaghegof 7]Q1st o R FEE L o] CP-SWCNT-LOx-Cat-
Mito7} 2 212 Q3-8 AAFSHEL, vlo] @ Al Azl de|Ahg-E=
PEGDGEE ©]§3}%] CP ol a9} v|EZ=g]ols 1738t
SAth. PEGDGE®] 3E3HE ol ZA17]7} f.4:8] ofn] 7] 9} RE-g-atof
a4t 1gsteh27,28]. 8, ATl Q= AlTEC] H4-
v EZEgo} B3k E xEEsto] 1 g7t v ALsHA| o] Fo
A= Ao e

e e
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Fig. 4. Cyclic voltammograms for CP and CP-SWCNT in PBS (10 mM,
pH 7.0) recorded at the scan rate of 20 mV/s.

3-3. SWCNTS2 JNEE EAZF0| M3 My|slab

B e {FE7F A0 A/l v)R= FEks
A 8] B-A%F0|(CP)9} ©ALP- S B (SWCNTs)E /A9 BAa%
O](CP-SWCNTs)2] #1718}8H4] SA& v 2AFskGIT 11 Ak
YR €V 21410] Fig, 40l 4] 5]0] QlT}. o] 2Adof4 0.1-02 V
)0l ALelA gt o] Frhed atsl- gk u37) A glon,
ol 7A9 Absh-3 9 Htgke] CPellA= 71 mV, CP-
SWCNTO A& 80 mVE =4 H T} o] 43k ARGl
PVI-Os-dme2] % $H1712](140 mV) [13,14]5 7Hetshd, Bz
¥ 3]=17} PVI-Os-dme®] AFs}-3hel )79} x| Shtar & 4= St

53], CP-SWCNToI|A Ats}-8hel R =] =7t el cpel
H]3) B} E9k=d], o] SWONTs7F A=) A7 AL S a4 &
AR E& MAFEEE SWONTs7F A =+9] 7 8131 24 S (charge
trasnfer resistance, R )& €538] 72A171 A7} B SITH29].
o]3= SWCNTsS] &2 AEAo] A5 Aes /MAE 5 dok= 7]
& AT AIE[301 LAI8c). weEtA] SWONTSZ 7fdE ghAhg

yuLiE DArcY

ol 1E AZ AREA 7F5H S MAFETh o3 Ak
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z 4
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-300

-400

-0.4 -0.2 0.0 0.2 0.4

E (V v Ag/AgCl)

0.6

Current (pA)

A7) - ohRiR Tl R - AR AAE

SWCNTsE ©] &3 15 A% LokellM o] 17353k Albsh= vl

71018 = gk,

34. M3 R E BMH 2N

Fig. 5(a)= CP-SWCNT-LOx-Cat®] CV A4S ®Bojs=t} ZAak
o] HA7tEA] k& A FHA HTo] A AR/ Ak
3 A9 2F 0.05-0.15 V (vs. Ag/AgCHOIA 2™, 0.12 V (vs.
Ag/AgChellA 37 AksE 457273 nAyF ¥2E Sl glike] 37}
=2 ok Aol vl ZArks H7Es v 4kl 9274 9 anodic
peak potential)2] H3R= ) o}, vl AbsAF] Al71= 436 pAR
FA3] T7FITh. oli= Zito] 7R b2 AsfdelM 2 3]
Hh Levll =& A=, M50l Ziks 71d R ARgeh A
A o7 sttt AS on|gitt, o] A= Mol 1y
ZAL Absl g A s} FheketolAl 7L ANt Alsikg-& S8k A
bl ano] oS Haslele] a&XoRF ]

il

)

N

il
e 7 A o

A= A

4

5 ARSI
CP-SWCNT-LOx-Cat-Mito2] CV =+41-% Fig. 5(b)oll LER A )

CP-SWCNT-LOx-Cat-Mito= CP-SWCNT-LOx-Cat¥} f-AF5}A] 2
2k 7k Hhgsto] Fato] 7k R] ok il o w2
Akl 75 A skeln. ate] 7k sl Aol CP-SWCNT-
LOx-Cat®} CP-SWCNT-LOx-Cat-Mito7} JAkel= A7 v wsf
At F A2 FA3 QoA ats)- sk I A [ F[E LERSIAL
CP-SWCNT-LOx-Cat-Mito7} A1 81 AF3A 72] A171(463 pA)=
CP-SWCNT-LOx-Cat¢] A4 3h= 4ksh /R =& 3h& B3l
£ A= CP-SWCNT-LOx-Cat-Mito 1=2] 4-5°] CP-SWCNT-
LOx-Cat =R} o 588 A|ALSHL), o] 3k 93t 52
CP-SWCNT-LOx-Cat £ 0| n|EE=g|o}r} Frle o] =] A
sjekd] AJgo] FE] WEoE siAE 4 Qi)
CP-SWCNT-LOx-Cat®] it Aksl g At AAkS AbsiaA v+
Bk Ihkslra g Adsh, A BRkslrae FhaEtoAlel
o&] B3} Aka g Akt 3, CP-SWCNT-LOx-Cat-Mito:= 2
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Fig. 5. Cyclic voltammograms for (a) CP-SWCNT-LOx-Cat and (b) CP-SWCNT-LOx-Cat-Mito in PBS (10 mM, pH 7.0) with or without

sodium-L-lactate (20 mM) recorded at the scan rate of 20 mV/s.
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