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Abstract

Cholesterol is the precursor of various steroid hormones, bile acid, and vitamin D with functions related to regulation of
membrane permeability and fluidity. However, the presence of excess blood cholesterol may lead to arteriosclerosis and hy-
pertension. Moreover, dietary cholesterol may affect blood cholesterol levels. Generally, cholesterol determination is performed
by spectrophotometric or chromatographic methods, but these methods are very time consuming and costly, and require com-
plicated pretreatment. Thus, the development of a rapid and simple analysis method for measuring cholesterol concentration
in food is needed. Multi-walled carbon nanotube (MWCNT) was functionalized to MWCNT-NH, via MWCNT-COOH to have
high sensitivity to H,O,. The fabricated MWCNT-NH, was attached to a glassy carbon electrode (GCE), after which Prussian
blue (PB) was coated onto MWCNT-NH,/GCE. MWCNT-NH,/PB/GCE was used as a working electrode. An Ag/AgCl elec-
trode and Pt wire were used as a reference electrode and counter electrode, respectively. The sensitivity of the modified wor-
king electrode was determined based on the amount of current according to the concentration of H,O,. The response increased
with an increase of H,O, concentration in the range of 0.5~500 M (r2=0.96) with a detection limit of 0.1 zM. Cholesterol
oxidase was immobilized to aminopropyl glass beads, CNBr-activated sepharose, Na-alginate, and toyopearl beads. The im-
mobilized enzyme reactors with aminopropyl glass beads and CNBr-activated sepharose showed linearity in the range of 1~
100 #M cholesterol. Na-alginate and toyopearl beads showed linearity in the range of 5~50 and 1~50 £M cholesterol, res-
pectively. The detection limit of all immobilized enzyme reactors was 1 M. These enzyme reactors showed high sensitivity;
especially, the enzyme reactors with CNBr-activated sepharose and Na-alginate indicated high coupling efficiency and sen-
sitivity. Therefore, both of the enzyme reactors are more suitable for a cholesterol biosensor system.
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A A Agho] waol] Fagh AR LA JTHBasu
o feivehe ddst SSER AQEe Wt 7HE o 42007, Lee KW 1993, Song ef al 1991). 3 o] 1A @ =
253 = AFY AAVE Sketa, A2 A1FY AA o] =g glolo|n], AFZWAS WA o] RHA gL =
o wEF A 5o A A HaR A% uART, T = Aoz BuEStHCho SH 1994, The L1p1d Research Cli-
B3] B EC] S7teaL slom, ol = Qs TS nic Program 1984). Lee KW(1993)°l| w2 ¥ 3}x]Hlilo]i}
A1y AA Sl gt FH4lo] 1F2E] 31 IthLee KW 1993, Steh- il g o] Wo| g9 S48 thek A 2e 75“?‘, 27 A
bens WE 1989, =175 A] 2009). S| 2~H &2 Al x22te] e grc TMAstzo 2 o8 AFABAS S5 A
TFH TR B FHI e 2, AF zwmsie) wiws) =oa sk
2| ®ole T 23 G54k HIER D] Al = Aol A Qubd o g A Eo] 2y ~EE BAL Soxhlet W S
83 g5 I W(Feeley er al 1972, Goodhart & — Eaje] 223k A2 2 B2 22 ] DS sterol L3491
Shils 1980), B¢ =H|E ol =2 4Ee H A= 85 gr1em= 418l GC(gas chromatography)t} LC(liquid
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chromatography), HPLC(high performance liquid chromatogra-
phy), LS ©]-83 LC/MS(liquid chromatography-mass
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Cholesterol
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Cholesterol+0O, >  Cholest-4-en-3-one +H,0,

HZTAEZ YAE 0= €3S A oS 4
gol HuA AAE W, od WS Fu
H,0,9] s=o vl sl A}, webd dAFe Wsls =3
o=z 714Rl FH~HES] FEE ST 4 UkShin &

Kim 1993).
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H ARHSE S5k A A5 2AEA FH car-
bon nanotube(CNT)7} 5%t §lth. CNTE graphite’} &
S T FZ2EA 27 EAo| WA single wall, multi
wall 502 FEHT A3 Ao 2]EPH multi-walled carbon
nanotube(MWCNT)= =2 7] A=A, 71414 s, dd=

g, 7HE T AR S4S VAL e Ao Hay

seokAlo} ki frik

2K Gooding JJ 2005, Guo et al 2005). wekx] 7] Zuj2
27do] =2 MWCNTE ©] &g 7]3l8Ha] w2 9] nio] o
AAEe] veFaAl ATEaL slemn, o]Eo] 484 Hie| oAl
Me w2 Ax AdA, S et BaEllt
(Guoa et al 2004, Wang et al 2003a, Wang et al 2003b, Zhao
et al 2003). F=gt oJ2] A8 AFEol|A MWCNTE 715581
21 7%, 0|59 B40] TS e Ao w Uehdrksaito
et al 2002, Santhosh et al 2006). WetA] & Atol|A= &35
Ao g PP 25 AUH, 7] A&/de] F2= MWCNT
g olgle] BesHE 34§ wloleANE Agatnst
aiTk ol2 919 MWONTS 7158417 eia=e
S, B utol QA Al xwle] A HA 43
Aeistazt o2 Fanst WS o8t aa
£ AFtetar, ZElzH Sl tig vk AF e EE
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1. A2k & 717

Ao Ag-E MWCNT(C-tube 100)= CNT Co. LTD(In-
cheon, Korea)ollX FU3sI L, 2AHFO 2 ]85 glassy car-
bon electrode(GCE, CHI 104)< CH Instruments(Austin, USA)
ZHE FUsIom, Ag/AgCl reference electrode(K0260)=
Princeton Applied Research(Oak Ridge, USA)°ll A 4314
Cholesterol oxidase(E.C.1.1.3.6)¢} cholesterol, Triton X-100,
bovine serum albumin(BSA)< Sigma(St Louis, USA)Z5-E

Atttk EAuH3E Y5ke] glutaraldehyde, CNBr-acti-
vated sepharose 4B, sodium alginate, aminopropyl glass beads
(500A, 200-400 mesh average pore size)< SigmaZH-E] 743}
%331, Toyopearl(AF-Formyl-650M)- TosohAl(Bellefonte, USA)
A FYHsIATE BE=SE W18k S5k 1A Poten-
tiostat/ galvanostat(model 273A, EG&G, USA)Z ©| &3}t

2. MWCNTQ| 7|5t

MWCNTE| EA3} 7]%5-8 3A17]7] 93] Santhosh er
al(2006)} Kim et al(2010)2] ¥H-E $783F] MWCNTE]
71%58kE AAIBIT 5, 5.0 g©] MWCNTE 60% nitric acid
100 mL}F E3HF F 259 A2jste] MWONTS #42H4170h
o] & 65CoA] 244 7F 573k T polycarbonate membrane 2
2 st FHRTE AABE 60TAlA 15A17F 5k %
A1 A} 7%H MWCNTZ thionyl chloride$} E3ato] ThA]
65TollA 24417t 573 T tetrahydrofuran(THF)Z oj2| =}
gl Al28lar A2A1Z ok THF poly(ethylene glycol)bis(3-ami-
nopropy) & &3)A17] th3 9 124171 MWCNTE 718t
o A DA} v AR SR, of 3}, dxste] HEHoR
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ol1717F =919 71%3 MWCNT(MWCNT-NH,)E L1t

3. ZAN=2| HEf

2 A =2 glassy carbon electrode(GCE)2] ™ol 7]%53}
H MWCNTE 1227 #2417 MWCNT-NHY/GCEE W=
T O & iAoz HEsk] a8l 4kt - gkl 23t wi7p
A2 Prussian blue(PB) filme X 2HA|A #2813 th(Karya-
kin et al 1994). MWCNT-NH,/GCE+= Z12%¥ MWCNT 200 mg
3} dimethylformamide(DMF) 5 mLE &33}o] -friolA] 54]
A= ZFetA Aof E4RAZ] B GCE Xl 32| A}
3to] 12413 o) Az - mAAA A ZSS T PB filme
MWCNT-NH,/GCEE 2 mM potassium ferricyanide2} 2 mM
iron chloride, 0.1 M potassium chlorideE 1 mM hydrochlo-
ric acidol] 8313k g —0.1~1.0 V, scan rate 50 mV= 303]
cyclic voltammetry 2|3t 27]12 F3HEE o] g-ate] Ao
93 24 =(MWCNT-NH,/PB/GCE) S A 2H6+3)

num wireE 7| AT o2 77t ARSIt AR
= potentiostat/galvanostat(model 273A, EG&G, USA)E °©]-&
sl 4319 11, ¥H-8- Hlo|El &= Model 270/250 research elec-
trochemistry software 4.3 program= ©]-&3}c] ATk

5. ZHAHE EEZ3UY9| M=

FY|2HE9] $89L vlo]2Ad AHTAIAIR] Triton X-
1002} isopropanol& ©]-&3}o] |23} THCharpentier & El
Murr 1995, Kumar et a/ 2000). 100 xM2] ¥ ~HE EF
E72 ] isopropanol 1 mLE 7}ste] 60~65TollA 83
b5 Triton X-100 0.8 mLE H7lete] 83 wiAIZl £ 3
2F SHTE F90] 20 mL7t H=5 ofth o] A&H o=
BMele] EElaHlE 28N o2 ARESlslom, ARS- A7t
2] 4CAA B3Ik

op
2,

6. EATNXM5}

1) Aminopropyl Glass BeadsE 0|25t E4T1H5}

Cholesterol oxidaseE- glutaraldehydeE ©|-8-3+ 7lw A3 1t
22 E3) glass beads(500A, 200~400 mesh)ol| 1173 3}}+9]
t}. 0.1 M phosphate buffer solution(PBS, pH 7.0)E ©|-&

5% glutaraldehyde & A|Z3F Tl ©] & aminopropyl glass beads

°|

Faugst i we FHsHE HE] vl AN Y] HF A=

x 733

Mo

0.5 g2} E3ste] 2ol A 12417t Bt kel st
£ glutaraldehydeS #| A3F7] 9lste] /42 s AlH
Skal ThA] PBS®E A1A g £ 5 mL PBSell @7} 303

1ol F XA T Cholesterol oxidase 10 unitsE glass beads
o] H7Fate] 4TollA 24417t Bt wRksA] REGAIZ] ths
PBS(pH 7.0)2 Gt AlHetsich. kg7 AHEsh7]
A7A 4Tl A W7 Basiith

2) CNBr-activated BeadsE 0|23t £A 11X 5}

CNBr-activated sepharose 4B 0.2 g glass filterol] €2 &
1 mM HCI 1 LE AF-3Fe] 3083F A 43] swellingA] 7] A
AZ 33t} 1 mL coupling buffer(pH 8.5)} cholesterol oxi-
dase 10 unitsE A-20|A] 1A]17F Bt g T 4TColA s}
S wRkA AT 238 E 4 beadsE 0.1 M Tris-HCI(pH
8.0)= Al2g &, J2E|A] %2 beadsE 0.1 M Tris-HCI buffer
9} £33t T 2417 B2 HAISINTL ] 0.1 M acetate buffer
(pH 4.0)2} 0.1 M Tris-HCI buffer(pH 8.0)& d&2 07 A%
sith &47F 1338 beads® 0.1 M Tris buffer(pH 7.5)
of @71 & v AR A7EA] 4Tl Basieih

3) Na-alginateE 0|6t TATXS}

Cholesterol oxidase 10 unitsE 4% sodium alginate solution
0.5 mLell 7kete] 1083 S3et 5 10231 |5t ol
TR Sl9Ith £35S 0.2 M CaCly solution 35 mLol]
HHs] i "ojrea|n 7kt 5 A4 T beadsE CaCl,
SAo| A 307 A3AFTE AdE B4 beadsE glass filter
2 el & Z/HFE At ARAZ] TS, 0.25% poly-
L-lysine solution(pH 7.0) 20 mLe] ¥o] 1083 521711
THTE Mt dxsiAnh Alxd &4 beads= A
A7HA 4TCoM @7 Hasisith

4) Toyopearl BeadsE 0|83t ZATH35}

Toyopearl bead 4 mLE 50 mM PBS(pH 7.0) 500 mL=Z Al
23k T3 2.5% glutaraldehyde 8-<4(50 mM PBS, pH 7.5) 10
mL e} E3Hste] 30TellA] 2413F FF mHAIFATE o] & 57/
9} 50 mM PBS 8o 2 o33 2| AlAstI ) 4 mLe] 50
mM PBS 489l (cholesterol oxidase 10 units)¥} 2Hd3}lH
toyopearl beadsE E3F F 30 CllA] 2413 Bk mRkeh Ths
4Coll A 24413t B wuksle] 50 mM PBSE Al H&H]T
378} enzyme beadst= AE-317] H7EA] 4TCAA K3}
ATt

7. E210H5}2| Coupling Efficiency £X

£.49] coupling efficiency+= Bradford assayS ©]-&3fo] =



734 A4 &3 m

7 819 th(Bradford MM 1976). Stock solution< Coomassie Blue
G(100 mg)E methanol 50 mLel £33k 3 85% phosphoric
acid 100 mLE 713t T 200 mL 752 3]43}o] A %3}
Fom 4T HEAsI T Bradford A|2Fe /559 1:4
H&2 3143 tha AM838I9ITh BSAE 9% HI&= g4t o
< 7+ 3|4 ¥ BSAE Bradford reagent® A3+ 3 spectro-
photometer(DU 800, Beckman, USA)E- ©|-&3}%] 595 nmol| 4]
% L SR e R AEaAe 4o,
Fangsh Al 42 BT A9 22 PHeR WEAA
TH=E =743+ coupling efficiencys 73+ Th

8. Z8|AHE0| CHet &2 dF £E

Cholesterol oxidaseS aminopropyl glass beads, CNBr-acti-
vated beads, Na-alginate, toyopearl beadsol] 117 3}sle] =2}
| 7} EaRkg7]E ol &ate] e 2HE 7ol e A7

TeEE SFANT 7 1Y DANLIE AT
2 T vlo] 2AlN Alzslel X3t} TR FelHE
EEgoll U ewE P

ulo] @AM =ie ¢ BEAEH Ivad AE L &
3ot rhesidta EEA dt(E3 5 2006, Yun et al
i
aL

W 715siz] A5 o5 54
7 7150l HE e AR

Santhosh et al 2006), - AFA =
7171 $18) MWCNTel NH, S =g 2% MWCNTE 7]
TEAIA ol &3t 715ste MWCNTZ A2 A
%3t & | AH|ZE3 cholesterol oxidase?] WH2-o|x] AAIE]
= 1 H,0000 ot d=e] s ERlshy] $lshd
H0, FEWstd W dF 7He=s Stk Add=
o] bOoll gt I8 =4 Alddle ddAT5= &3l 34
3 guf = 427 0.1 M PBS(pH 7.0)9F A 22| 7}-&3}ol| &
2101 AZAIA Triton X-1002 PBSell d7tete] =43}
SATHLi et al 2003, Vidal et al 2004, Parra et al 2007), A8 &+
AAZE A8 B4 7HES B2 F71= s, Shin &
Kim (1993)2 AW GA17F 48497 <45 Aslista
Adkgo]l W] 24 "tz Bl o, Xuecai et
al(2005) % ¥ FE2] Triton X-100-2 cholesterol oxidase2]
S Wl e = o] 0.8~1.2%vv)e Fx= W7} A gs)
W] 2 Ao s fleA] Had A

WERLK(Saito ef al 2002,
Ao o2 FTA

o 1=

B

2
vk

seokAlo} ki frik

718k gujE o]&3lt) 0.1 M PBSel 1% Triton X-100<
A7k S E o] 82 AFHF2 H000 g &
e H0, §99 s27t S71ErsE S7kE BoFeltt
(Fig. 1). H,0.ol "Itk A&3HAl= 0.1 pMZE SH=JQoH,
0.5~500 M sxolA AEBA(7=0.9656)S VFERAUTE &=
gk 1% Triton X-1009] 77} 245l nX] & F&Fe Lot
H7] #1s8te] 0.1 M PBSe| ti$t MWCNT-NH,/PB/GCE<]
H0,0 theat 7825 =43 23} 0.1~-500 pM2] FXolA
Ago] vlg A (°=0.9936)5 YEMIA L HETHAIE 0.1 M
2 Ut 9 TR H0, =8 A3 [Ate] & 44
A4S Jeh A th(Fig. 2). Yabuki e al (2000)< 2Hd A =9]
H,0,0 tigt 2828 =0|7] 913 GCE®ll peroxidaseE 1
7 3}A17] polyion complex membrane= =13 23} H,0,%
Aol gk HEA7}F 0.5 pMOE YEltem, 10 pM7EA] €]
A PAAZS HTh Chandra e al(2009)2] A4 E GCE
ol] dendrimer-rhodium nanoparticles =3+ 23}, H,0,° ol
al 8~30xM2] HelolA APFAAE BHoH, AEIAE S
eM=Z JERgTE -, MWCNTE ©]-8-319] horseradish per-
oxide(HRP)E 113 3A%1 GCEE 0.208 ~7600 «M2] H <]l
A AGBIAS BHIa, AEIAE 0.102 M2 ERLTH
(Yang et al 2009). ©]5 A3 A =4 H modified GCE
2] H,0,00 thet -8 == Triton X-1007} H7F=)A] 22 pho-
sphate bufferE o]-83l0] A& A=A B Aol AojA<l
H| 1= o @AeE AAA o= B uf 2 Aol|A] A2k MWCNT-

=
K

NHy/PB/GCE= U2 A3gATFEolA EuE H0,° thisgh
oot vl S v B HEIAY} =& AYIAAE
Ueho] H,0.00 tl3t 73 =7F 9231 2oz golg i}

2. E28t37(0l| W Coupling Efficiency

Fanigst e AX e ed J¥FS nAle 72

R? = 0.9656

Current (nA)

0 100 200 300 400 500

Concentration of H.Q. (M)

Fig. 1. Response current according to the concentration
of hydrogen peroxide with carrier of 0.1 M phosphate buffer
(pH 7.0) containing 1% Triton X-100.
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Fig. 2. Response current according to the concentration
of hydrogen peroxide with carrier of 0.1 M phosphate buffer
(pH 7.0).

gRloz B AFddAE AR cholesterol oxidaseE ami-
nopropyl glass beads, CNBr-activated sepharose, Na-alginate,
toyopearl beadsZ ©]-831] A5 13| T Bradford assay
(1976)% ©|83] coupling efficiencyS T-5}9ITh BSAS X%
TEAZ ko] 7t FAo] Yt coupling efficiency & 2FE3H
Z3}, CNBr-activated sepharose$} Na-alginate2] coupling effi-
ciency”} 84.9%%} 84.2%2 &4 LJEFTHTable 1). CNBr-acti-
vated sepharose= |7t=9] &34 A3t 1) g7 AYE35}
A B FAIAA Bl a3t AR A=A AF e 2o
2 B 2% 3(David et al 1974), Na-alginate®] 73-$-of|= Na-
alginate Aol E45 ¥ZAY|= WWHORA 4043t ¥
ol rekstar gho]l AHasiH, WA=, Hvkedol 2 44
= 73 slo] EAamg st Hol o] -85 31 JAthBang er al
1989, Won et al 2005). Aminopropyl glass beads<} toyopearl
beadsE ©]-83 FAuslo] g coupling efficiency=
49.5%k 47.3%= 747 AHEE o] thE fAll vlsl S vet
%t} Aminopropyl glass beads= glutaraldehyde S ©]-8-3}<]
FAao] oz o FHARS B3l Bavt AR A 1%
el B R geket Aol fAlE e S Zhe=Th(Weetal HH
1969). =3+ toyopearl beadsi= W = aldehyde”| <} H
s

L FHAo] A3k G2 A T Yo Jang et

Table 1. Coupling efficiency of immobilized cholesterol
oxidase on supporting materials

Supporting material Coupling efficiency(%)

Aminopropyl glass beads 49.5
CNBr-activated beads 84.9
Na-alginate 84.2
Toyopearl beads 473

AETYS Pl ThE B AEE GEE vl oM AR FEE

<] 735

Me

al 2006, Mendes et al 2011), o}&7}A] Hlo] @ AlA o] A L%
de =&t} £ 7oA CNBr-activated sepharose®} Na-
alginate?] coupling efficiency”} &o} HA 2 AL&-3l7]d] F
2gh 212 73 e AS Ve oL, AA] vle] @ Al
AME Eag sl 3t coupling efficiency® it ole}l &
2WRE71E Hlo] QAIA Al Elo] A 8akele w] 7]l o

@ AT SRR eldtelol ST 7} BANETIe 24

2t Eaut37|9| EAHE 720 ofEt 48

—

gl td 72t Eank-gr]e] S E 71 E
-85 v w3l th Aminopropyl glass beads, CNBr-
activated sepharose, Na-alginate, toyopearl beads®l| cholesterol
oxidase s I SAIA A2FeE AAaNRST|E o] 8alo] I H|
= 280 i Ae=E 343 2= Fig 33 2tk
Aminopropyl glass beadsZ} CNBr-activated sepharose= 1~
100 M oA AP AAE Blom, AHATE 0992
YUERITE Na-alginate:= 5~50 1M BelolA AFAAE B
A 3(*=0.99), Toyopearl beadst 1~50 £M Hol|A A&
BA(P=099)5 HERARITE wheb] A2k 45Fo]
717t B we AFEAE UshiS g1 Utk
G o] AT E &S Wl SH=HEY AET
Ae BF 1 pME Yt HE8% 553 A2 Yebs
. ZE|4HE vlo] QAA 9] ATl A Parra et al(2007)
= gold A= ¥ Hol cholesterol oxidase® F2AAH A 2Hgk
S AHE-3k] chronoamperometry ¥ 0 2 Zo| AH &S
& A3, Fe| 2~ElE AlA7E 2,100 pM7EA] 3Ll A
AE Yl o, AEdHAlE 60 1Mz Eot &3]
Hojx e Aoz Yehgth B3 Li er al(2003)2] A+
A& PBE U3l GCEQ FEWo] sol-gel T2 HAAIN
)2 cholesterol oxidaseS 1P sle] £33k 23} 1~80 1M
o] WelelA Fu|zHEe] A&, HE= 012 M
2hal BuEict o] APAT Ao} vwsiE v, & A
ToA AZe 45/ EANETE EYT vlo] A=
2 AP 4 92 HEIAE 72 2
e 2SS BAeEd A% Ao wolHd,
4559 Bankgy| B SHHE s 14 A RATl
=2 AIAAAZS Hgl o, o] So)lA CNBr-activated sepha-
rose2} Na-alginate & ©]-8-¢+ & 48H8-7]= coupling efficiency
T Egon, e s Vel FHsEHE AEE 9
gk no] QA A|2Elof] Agg g4 HA 2 A= AT A
AHoz & uf B Aoa A=et AT ugs g4

SPRD /N | [
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Fig. 3. The response currents according to the cholesterol concentrations with different enzyme reactors.
Carriers: (a) aminopropyl glass beads, (b) CNBr-activated sepharose, (c) Na-alginate, and (d) Toyopear] beads
Experimental conditions: applied potential, —0.1 V; background electrolyte, 0.1 M phosphate buffer (pH 7.0) containing 0.1% Triton X-100;

injection volume, 200 L.
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H
23513131, MWCNT-NH,/GCE®]| PBE 7%
Azt Az AAHFS 05~500 1 =
AellM =7t S7Fel et dF7t vlEE ez Skl a,
AZIAE 0.1 pME YERY A=) 52
Felatoich. Tk | 2HE Skl
715 A7) $18] A1 aminopropyl glass beads, CNBr-
activated sepharose, Na-alginate, toyopearl beads®l cholesterol

oxidaseS 13 3}A1F ufo] AIM 9] ZY AHE 80

=

= O
A&

(oo o
o do

(o
o

= S =5 =73t 23} aminopropyl glass beads®} CNBr-
activated sepharoset= 1~100 ¢M A AFAAE HA
©1m, Na-alginate= 5~50 p¢M<e] W] A, toyopearl beads
= 1~50 #M ¥l dFHAE Heth HAESHA=
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