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\J'VIa'1'l1Nu1vnoa (Executive summary) 
• \1 

"' . \J'VI flfU.I il 

Abstract 

\J'VI~ 1 \J'VI'lh 
1.1 

1.2 

1.3 

1.4 

2.1 

2.2 

2.3 

0 Q.l .d: <ll::lt, Q.l 

m11JG'I1 flqj LL"' ~'V11J1"ll e:J.:I>l1'1J'l';J tl 

11'lm.l';i~G'I.:~r1 , 
th~ lt~"ll'li~mvr;h';J~ 1~~'ll 
"Ue:J'UL"ll\Jl"Ue:J.:In1~l~tl 

1'llleJLfl!'IJL'Ile:Ji (biosensor) 

n1';i1~'l1~1l1rui"' 1 'rl~ (Sulfite measurement) 

n1~1~~'lmYIRi1Rl ·;mLLYI1JLlJYI~/LLe:J1JL'Vie:JTI ~LlJYI~ 

(direct voltammetric/ amperometric measurement) 

2.4 m~~WJ'IJ11 'U le:J~LLe:JRLI'le:JiLLm: 1~1~~L';J'IJL \Je:Jie:Je:Jn 1fll~ 

Lfl!'IJLfl!e:JiriTVI~'UlLfl';i1~l1\J~1J1UJi"' 1 'rl~ 

2.5 n1';i~WJ'IJ1i"' 1 'rll'l1 'U le:JLfl!'IJLflle:Ji 

2.6 1~1~~L';J'IJL'l1e:Jie:Je:Jn1fl!~Lfl!'IJLfl!e:Ji (Hydrogen peroxide sensor) 

2. 7 L Ylfli1fl1 'Un1':i~~.::~La'U L"lllJL 'ULB'I.JLovii1mlfiL~t~1 

2.7.1 i"'1'rl1'11'U1mfll'IJLflle:Ji 

..I ...... 
\J'VI'VI 3 1tm1'1'VI"aeH 

3.1 -JG'I~e:JUn';iuJLL"'~G'I1~LRi1 •• 
"" "" n1';iL\Jl';itllJG'I1';iLfl1J 3.2 

3.3 n1';i~WJ'IJ1i"' 1 'rl~LRi1?i'"'Lfll'IJLflle:Ji LL"'~.ff11 'rlvh 1~1~';iL';J'IJL 'l.Jt~ive:Jn lfll~ 
ri1V1~'Ui LR';i1~-Hmmrui"' 1 -w~ 

3.3.1 n1';iVhaL~n 1 ·m 1 Vi~L1J'EliLfll-if'IJ"lle:J>l 1 Vi~e:J~U~'IJ 

3.3.2 m';iL\Jl~e.~1li'l1 'rlvh"llil~n"'1G'I~R1i'lle:J'IJ~~~LL \J';i 
~bm'J"'~'le:J"'~R1i'Ue:J'IJ'IJ11 'IJVhu-~~~Le:J-e:J'IJil1RYie:J.:!'IJ11 'IJ ( CNTs-PDDA-AuNPs/GC) , 

3.3.3 n1';iLI'l~ti1J.ff'l1 'rlvh 1~1~';iL';J'IJLUe:Jie:Je:Jn 1fl1~1'll 1mfll'IJLflle:Ji 

CS/HRP-p(Ani-co-o-Aba)/GCE 
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4.1 m1vi1~h~n 1 'Vl'.JL Yl~ Ll.m{L'Ili'U"Im-31 "W~a::tia'U 

4.2 .ff11 vJ.W1"11ti~ml1i.'1;Fl1~UB'U~~~ LL tJ-:i~1 ~lJ(;l~1Bml-
Fl1'~\JB'U'U1L 'U'vbu-Yi~~LeHl'U.f11Fl'VlB-3'U1L 'U • 
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..1 
'lti'Yl 2.2 
" 

..1 
'lti'Yl 2.3 
" 

..1 
'l'li'Yl 2.6 
" 

~tl~ 2.7 

'ltl~ 2.10 
" 

~tl~ 2.11 

~tl~ 3.1 

1~tJ~LLfi'l11'lltl.:J 1 U 1m"ll'UL"lltl'Hf.:Jtl'l:mtJU 1 tl~-;m ( 1) ~1'\J'lltl.:J~L"lll''H~mi~dJ'U 
a1'l;i1111Lft~ft (Bioreceptor) LLft~ (2) 'Yl'l1'Ua~1L"llvi~vh\·'11i'1~~.:J~1'U 
Glqjty1W 1 \1LLn~1'U'!JeJ.:Jn1'ltl'l~111ft~ft 

1~v~ LLm11'llv.:Jtl~ii1v1~ Lii~u'U~l1vni'1~11 vlih ~.:J Lii~ ~, na1'l~a'Uh 
(analyte; A) Ll'l~tl'UL.U1~~bl1U1~11 vHh~1'Un'l~U1'Un1'lLL vd1 tl~.ff'U'llel.:J 
Lv'U1"lll1 (enzyme layer) Lii~tl~mm~m~mv'U1"lll1 (enzymatic reaction) 

nft1e.J1t1LiJ'Ua1'l~a~JJ.t1w'ti (Product; P) ~.:J!Jl':iTirr~1~~'Yl'l1'Ua~1L"llvi 
(A) 1"lll'lan 11" LL 'Yl11111LLn'l11'lleJ.:JoUft 1 'Vl~LLfl~ LLval'lviL U'Yl~~11 'Vlvhnft1a;i 

l'l1iUtJ'U1'Ua1'lft~ft1mJ'VlL'Vlvi ViL~"ll 7 el!Jl'l1L~11'Um'laLLn'U SOmV/s LLft~ 

(B) ~'YlG'Vlft'!JeJ.:JLLeJal'lviL U'Yl~ij~m;'qjqj1W'lltl.:JoUft 1 'Vl~L~eJ!Jl'l1"\11~~-wL 'Yll'liil'l 

LLtl11L'rltJ'fi 'lL11'Yl'i 

1~tJ~LLn'l11LLa~.:Jn'l~U1'Un1'l1'Um'lGl.:JLI'l'l1~~ Mn-phenazine complex 

'l~uui Lm1~~t11mw.U" 1 'Vl~JJ1 'Uel1l11'l~1m 'Yll'liil'l HPLC mu~nu 
" 

immobilized enzyme reactor (HPLC-IMER) ER 1 liifi1'Vl~vtln~L~a"\11n 

Vi "!I (pSO) ER2 tioffft 1 'Vl~vtln~L~a"\11nGl~JJ1 (cSO) LLft~~1\Jl'l1~1~ 

(detector) 1i~11'VlvhLL'rlft'Yl~U1111 (Pt electrode) 1um':i!Jl':i1"\11~ 1~v1'1i 
~nm'Vlvh 200 mV 

G;'tyqJ1ru~1~~1nL'Yll'liil'l1'Um'l1~ 1~1~'lL"\J'ULtlvivtJn1"ll~ vTI'Ii enzymatic 

reactor 1'U'l~UUiLI'l':i1~~LLUU FIA ~ijn1'l!Jl'l1~1~~1e.JL'Yll'liil'lLLtl11L'VltJ'fi 'lL11'Yl 

~~~11 'Vl-n1'YleJ.:J~ijm'l~~LL tl'l~1e.JLL 'rlft'Yl~U11 (Platinum-modified gold 

electrode) l'l1111L.U11.U'U'lltl.:J H20 2 "\11n (a) 11-'M -(e) 10 1-1M -:itiLL'Yl'ln 
" LLa~.:Jn-:i1'rl1111Jl':i~1'UYn~ ... 

1~v ~ LLm11 LLa~.:Jtl~n~v,vi Ln~~'Uvi ~1l1U1'!Jv.:J"!i'" 1 'Vl!J11 u 1e1 L"ll'U L"lltJi"~ 
~~'U1~'U L~eJ SOD fleJoUfi!Jl1 'Vl~veJn~L~a LLft~ Cyt c fltl cytochrom c 

(A) LLa~.:J~ft'lleJ.:J pH 'lltl.:Ja1'lft~ft1e.J'Vlva L 'Vl~JJU'Vl Lvim m 'Un1-:ii'(j)GlqjqJ1W 

LLft~ (B) ~1n'l~LLaffi~"\11nn1'l1~~1e.JL'Yll'liil'lLLtl11L'rleJ'fi 'lL11'Yln~e.J 1 '!i'!i'ft 1 'Vl~ 
1u1m"ll'UL"llvi~~~'U1~'U L~m~11 0.1 M Na2S03 Vifl~ 20 IJL 1u 

a1'lft~ft1e.J'VlvaL'Vl!J1U'VlL'VleJ{ (a) pH = 8.0 LLft~ (b) pH = 8. 7 

1(jleJ~LLn'l1JLLa~.:J~1'U.U1.:J (side view) 'llv.:J1u1m"ll'UL'I!eli~~~'U1~'U (A) s

type biosensor LLft~ (B) b-type biosensor 

G;''Y'Y1ruffi~"\11nm'l1~ so2 ~1m 'Yll'liil'lLLv11L t~v-fl 'lL11'Yl~m u 1m"ll'UL"lltJi~ ... 
~~'U1;j'U {s-type) 

LLa~.:J~!Jl'l11'l'l.:Ja1'1.:J'lltl.:J polyaniline 

m':i'Yl~flv.:J 1"lll'lan b"LL 'Yl11111LLm11LI'l~mnvvtl 'til 'Un1'l'Yl~flv.:J 'ltiLL 'Yl-:imLa~.:J 
" 11fiLL'Yl11L11'Yl'im"llft~ 
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..1 
~u'VI 3.4 
" ..1 
~u'VI 3.5 

~u~ 3.6 
" 
~u~ 3.7 

..1 
~\J'VI 3.8 

~u~ 3.9 
..1 

~u'VI 4.1 

..1 
~u'VI 4.3 
" 

..1 
ltl'YI 4.5 

UJJU1 vl~~'IJEJ·:r~·::uu 1 vl~ auL ~f'liut~::u1~;i?I~IJln;~ifl~1EJ L 'VIf'lilf'lUtllJL vmi1 'iLlJ'YI~~ 
off1\vlvh ~~~u1;u 'itlU.'YI'inU?Ifl'IIn'l'i'lltl'l thin layer flow cell 

" 
~'U~el'Un1'l Ll.l~vl1EJ~~11 vlvh~1v m~\J1'Un1'l (A) electropoly-

merization el~il~'U (PANi) LL"~ (b) electro-deposit fl'4fl1FlVIel~'U1 

1 'U\J'U~1vrti1"!1e1~~11 vlvhn"1~iSrn1\Jfl'U 
~'U~ fl'U1tim~ L~~Vl.l~1'l"~ m EJel'Ufl1f"l'VIfl~'U1L 'U • 
~'U ~ fl'U1Bn1~ L\Jl ~Ell.~ ~1 ~" ~" 1 mr" ~1el" "f"l1 i\J el'U'U 1L 'Uii1u~ii 'VI~ 
~~ni'Uf"l11ufln~an 
... 
'!i''U\Jlel'Un1~L\Jl~EJl.l~1~"~"1EJ MWCNT-PDDA 

m,\Jl~~1~"~"1v Anix: Abay ~L\Jl~EJl.ILm\Jlv1'1im'l"'~l.l1'UB\Jl11~1'U~1~'1 
~'U\Jltl'UL\Jl~EJl.l~1 CS/HRP-p(Ani-co-o-Aba)/GCE 

n111 Lf"l11~~~l'JEJ L Vlf"lilf"lVI1~ Lf"lffi vlvh 

L'i!f"lan 11"u Vll.J 1l.lum1J"!!fl~~11"~"1v1J1m!1'U.a'" 1 -w!Ji"~m11JL i1Ji'U 5, 

10 u"~ 15 mM 

1'llf"lan 11"LL VJ1J 11Jum1J"'Ifl~~1~"~mv1J1~1;)1'U.a'" 1 "W!Ji"f"l111JL i1l"li''U 5, 1 o -.. 

u"~ 15 mM ~~11vlvh A) AgNPs_MWCNT_PANi_GC LL"~ B) 

AuNPs MWCNT PANi GC - - -
Uel1JLY"IelTI ~Un11J"!!el~~11"~"1EJ1J1\Jl1;)1'\JtH" 1 vl!Ji~f"l111JL oU1JoU'U 1-7 mM ... 
1 'U~11"~"1Vvltl~L vl\JlUvlLvlfli pH 7.0 

L'l!f"la n 11" LL VI1J L1J Un11J "!Jel~~11"~"1EJ1J1~1;)1'\JtH" 1 yj!Ji"~f"l111JL "li'1JoU'U ... 
5,10 LL"~ 15 mM ~~11vlvhffi1J~Yl1EJ\JlL\JlEJ1'!i1J"~1el"f"l1i\Jfl'U'U1L'U 
ii1u'!Jil\Jl~1~ '1 

mTrlbb vi~Lb~\Jl'l~fln1'ib \J~EJu b YiEJufhm~Lb~"!!tl'IG1TH1~fl1EJ1J1\Jl~;J1'UtHfl ... 
1vl!Jif"l111JLoU1JoU'U 1 mM ~\Jl11';11\JlL~-;nn~1Lvlvh~'W'~'U1~1EJ MWCNT 

'11il\Jl~1'1'1 

LLell.IL~elTI1LLn1l.l"!!el~~1'l"~mEJ1J1\Jl1;)1'UtH" 1"W!Ji"~f"l111JLoUl.loU'U 1-7 mM ... 
~1\JlL~-;]1 n~11 vlvhffi1J~vl1v~~1 EJ~11"~"1EJ MWCNT-COOH:aniline 

1 'UB\Jl11~1'U~U\Jln~1~n'U 
m1vl LL vi~ LL~\Jl~"'" n11 L u~EJ\J L Viv\Jrh m~LL~"!!fl~~1'l"~"1EJ1J1\Jl1;)1'UtH" ... 
1vl!Jif"l111JL"Ii'1JoU'U 1 mM ~\Jl~1';11\JlL~';J1n~1Lvlvh~'W'~'U1~1EJ MWCNT-

COOH:aniline 1'UB\Jl11~1'U~1~'lL\JlEJLU~EJ'ULLU"~'lfi1J1ru"!!el~fl~il~'U 
n11fl LL vi~ LL~\Jl~~" n11 L U~EJ\J L Vi EJ'Ufhm~ LL~"!..tl\1~11"~"1 EJ1J1\Jl1;J1'UtH" ... 
h.J!Jim11JLoU1JoU'U 1 mM ~\Jl11";J11JlL~";J1n~11vlvh~'W'~'U1~1EJ 
MWCNT-COOH:aniline 1'UeJ\Jl11~1'U~1~ '1 L\JlEJLU~EJ'ULLU"~U~l.l1ru 
"!..el~ MWCNT-COOH 
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ltl~ 4.9 n11~Ll.'Vi-'ILLG't~h1e.Jfln1'HU~£J\JLVi£J\JFhm~LLG't'tleJ-'Ict1'Sfl~fi1£Jl.J1~'S3!1'UcB'f! 43 

1~~F111l.JLeVl.JeV'U 1 mM ~~'S1~1~11i1-..nn~11~vhml.J~~1£J~Ii1'1£Jel~il1Fl 
'Vla-'!'U11 'U 1 'Uml.J1ru~1-'~n'U 

~tlvl4.10 LLG't~-'l~hn-s~LLG'tLu~£J'tleJ-'IG't1'Sfl~fi1£Jl.J11'l'S~1'Uifl1~~ Fl11l.JLeVl.JeV'U 1 43 v ~ 

mM mi ct1~fl~fi1£JliactL'ti~'\J~L'tieJ{ F111l.JLeVl.JoO'U 0.067 M ~iirh 
, .., !'I "'A'i 1 ~,X 

pH ~1-'ln'UL u'UG't1'Sfl~f11£JeJLf!n b~'S fi~Lnell-'I~'U 

~tlvl 4.11 LLell.JL ne:rfl ~LLml.J LLct~-'ln1~~eJ\JG't'UeJ-'ILL \J\JL U'UL~'U~~.:I'tleJ-'Iifl 1 ~~ mli1 44 v 

~1nn1'SL~l.Jct1~fl~fi1£Jl.J1~1~1'Uifl1-.i~~Fl11l.JLeVl.JeV'U 1 - 16 mM 
~ 

'Itl~ 4.12 LLG't~-'ln'S1'WLLvi-'ILm£J\JLVi£J\JFhm~LLct'tleJ'Iifi1~~~Fl11l.JLeVl.JeV'U 1 mM ~ 46 
v 

'ltlvl4.13 v 

col 
"Iti'VI 4.15 
v 

col 
1ti'V1 4.18 
v 

col 
'Iti'VI 4.19 v 

'Itl~ 4.20 v 

~~1~1~ 11i1~1n~11 'Wvh m.Ua1VI~\JPin~1'ti1-'ln1'S~eJ\Jct'UeJ-'ILL\J\JL U'U 
" .. ... 

Lct'U~'S-'1 LLfl~!iln~1m'S\Jn1'U 

1'11Fii'in 11mL 'Vl1J 11JLLn11J'tleJ-'Ict1'Sfl~f11tJ1J1~1~1'Wifl 1 ~~F1111JL eV1JeV'U 4 ... 
mM ~~11~vhLL~fl~'tlil~ (a) nfl1ct~F11i\Ja'U (GC), (b) CNTs/GC, (c) 

CNTs-PDDNGC LLfl~ (d) CNTs-PDDA-AuNPs/GC 

1'11Fii'in11fiLL'Vl1J11JLLn11J~11i1'~1nn111~~1n1~LLa1~~1a1'Sfl~fi1£J 
l.J11'l'S!1'Wifi1~~Fl111JLeV1JeV'U 2 mM ~ii~1 pH 'tleJ-'IG't11fl~fl1tJ~eJctL~~ 
oU~L~e:JiLeV1JeV'U 0.1 M ~~1-'ltl'U 
a) 1'11F1i'in11fiLL'Vll.J11JLLml.J'tle:J'Iifi1'W~ F1111JLeV1JeV'U 2mM ~el~11L~11'U 
n11G'tLLn'U~1~1-'11 (0.01- 0.15 Vs-

1
) LLfl~ b) ~el~'S1L ~11 'Un1'SctLLn'U 

0.05 Vs-1 ulaii'tla-'lifi1~~Fl111JLeV1JeV'U 2-10 mM 

Fl111Jal.J~'Uih~VIi1-'lf'l1 m~ LLG't~1n'I.Jfi n~ tJ1e:Je:J n~L~oU'U'tleJ-'Iifl 1 'ti~ tl\J 

Pin ~1 ~~1~1 \1 LLrl~1~1ifl 1 ~~ L'II'U L'llai~~ ~'U1~'U (CNTs-PODA

AuNPs/GC) lu~~\J\J L 'ti"'~'UL~Fl-a''U 
l'i'1a ~1.:~a GJ'lJ1 ruvhli1~1 n m11 LF1~1 ~'l-11i11 tJ 1~\J\J 1 ~"' a'U L ~ FloU'U a~'U 1 i'\~a~ 
ii-s~\J\J~'S1~1~ LL \J\J LLeJl.JL nai11L1J'Vl~~1ifl 1 ~~ L'11'UL'11eJi~~~'U1~'U 
( CNT s-PDDA-AuN Ps/GC) 

18 ~1e.~"' "'n-51 LF111~l1'tla-'!'I.J~1J1ruifl 1 ~~~1 LF111~VI11i1~ 1 nl'i'1a ~1-1.J 1 

e.Jfl 1~ (A-E) l'i'1a~1-'!l:n1'tl11 (F-H) LLfi~11'ULL~-'1 (1-L) ~1nn111LF111~t-1 

li1'1£J'S~\J\J 1 ~f!B'UL ~Fli'UeJ~'U1i'\~a~ii'S~\J\J~'S1~1~ LL \J\J LLell.JL nai11 Ll.J'Vl~ 
~~11 ~~1 CNTs-PDDA-AuNPs/GC LLfi~15151J1~1~1'ULL \J\J 1a 1a 1~Ll.J'Vl~ ... 
ct1'Sfl~"'1tJe.Jctl.J p(Ani-co-o-Aba) 1'WeJ~11~1'U~1-'~1 LiJmJfin~m~hLil'W 
~hu1tJ (a) 1 'U1Vi Lbfl~ (b) 10 'U1Vl 

'I.Jl)n~mnai'iL1JeJ hL'IIoU'U'tle:J-'1 aniline (Ani) LLfl~ a-aminobenzoic acid 

(o-Aba) ~1tJ15 lnterfacical copolymerization b~eJ x (0 5:. x 5:. 1) 

L tl'UeJ~11~1'U 11Jfl'tleJ-'1 o-Aba 1 'U 1F1"We:J~ Ll.JeJi"lleJ-'1 p(An i-co-o-Aba) 

47 

48 

49 

50 

51 

53 

54 

54 

vii 



. ., 

., I IV I .d 
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l 'U\11'U1-;ij~'ifliJ:::~\ill'U1'1fa 1 'V'l~LI'IiJi9a L"'l'UL"'ltli~iiG'I.n1'Vl 1 'JLLa:::l'ld1lJ"i11L Vi1:::LiiJ1:::1iJ.:JG'I\I"iJ1'U'J'U 2 ~'J 1 vlvh 
'II 

1V~r.J i) fl1'jv'h~h~ n 1 'VI'j 1 'Vl~Ll.miL"'l-ii''W"lla\11 'Vl~a:::ii~'W (ANi) 1 'WLl.J'VI~n'il"'lv.:Jl!a~'Jaaci'l'l1iuv'W'U11 'Wvbu 

(MWCNT) LLa:::BL~n1lfl'jLVJ'Vl1 Vi~'VIYlci'3J"'ltl\lti'U.f111'1'VIti\I'W11 'U (AuNPs) 'IJ'U~'J'VItJ1"llil'I~'J 1vlvhna1G'I'Iil'l1i'Ua'U • 
LLa::: ii) ~d 1 vlvhna16'1'1il'l1iua'U~~V~LL th~'J~'W11 'UI'Ial.J 1 'Vl~l'l"lla.:Jl!a~'Jaaci'l'l11ua'U'W11 'Wvbu-1 'Vl~(aa~a 1V~ 
LlJBl:ILLlJ LlJLtiEJlJ !'Ia a 1 'j~)-a'U.f111'l'VIti\I'U1L 'U vr~a (CNTs-PDDA-AuNPs/GC) LLa:::~\ill'U1~'J 1 'V'lvh 1H1VJ'jLiiJ'UL tJai • 
a an 1"1lV~1 'U 1m"'l'WL"'lt!TIVIEJtl1Pl~m'jlfl~\ILti'U 1"1ll1fl1'jlfl~\1Lti'U 1"1ll1Hai"!lLL 'j~'!fL tJaiaan~LV~G'I (HRP) l:I\1'\.J'U 1 Vi~ Ll.mi 

"!liiVI poly(aniline-co-o-aminobenzoic acid) vr~a p(Ani-co-o-Aba) LL~'JLI'I~ti'U~'J'VItJ1~'J 1vlvh~'Jr.J 11'11l'l 

"'l1'U (cs) ~d 1 vlvh~~\ill'U1~'U"'1lJ1'j(lLJ11 tJl .ffLtl'UL"'l'UL"'laiLLa~ 1 u 1m"'l'UL"'lafl 'lJfl1'jl')'j'JiiJ1V~u~mru'11a 1 vll'l LLa::: 

1H1VJ'jLiiJ'UL tJa{aan 1"1l~LL 'U'ULLtll.J L Vit!TI 'jLl.J'VITI~t1~1'1ii'\.J'j:::~'VIB.f11Vi 
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01 I 

U'VI fl ~ e.m 

i!;l1 v.Jiif;1n'l11111L~hJ!;I.:J 1 'U en'V!THL!;I~Li"l~tl\1~11 L ~a1-b'L tl'U~1~tl'UtJ~LLm~iru8\lm'H~~qJL~h.J Ll'l"lltl\1 
~ ~ 

~~'IJ'VI~~ t1~1\11 ~nm11L ~e:J\1~1n~T~"lJiJ~-di11!J!;I m~'VItJIJie:J~"lJil1V'I LLl;l~m~i11!J!;!L 'l-1Ln~mm~LL oWV11 ni1\J~1J1WL ~e:J , . 
tl"U t 'Utl1'V!1~111n tl~111rueB'l;l1 v.Jii~~.:Ji1m111~1~qJLL(;l~I!J~I'lJi'ru.,JIJi1'1 '1 -;i1 L tlw~'e:~.:Ji1m~~~'4tl~111ruia 1 v.Jtii 

~111n~'V!111~ L 'U·:n'U1~~.n~~~w.J'U1ir;'l1 v.J(ii Li"lij~m'II'UL'!Ie:J{~ij~Il1V'11 "lLLr;'l~i"l"l111-;i'1L Yn~ L ~1~~\l~\l-;i'1'U"l'U 2 

i11YHht~~ i) m~vh~h~nt 'VI~ 1 V'I~L11t~1L'IIi'U"lltl\ILV'I~e:J~iJ~'U (ANi) t 'UL11'Vl~ni"lle:J\IlJ(;l~"Je:J(;l~!"l1{tJe:J'U'U1L 'U 

vbtl (MWCNT) LL(;l~~h~n 1mL~V'IL V'I~'VlYl~11"1Je:J\Ie:J'Uil11"1'Vle:J\I'U1L 'U (AuNPs) tJ'Ue3"JVIU1"1Je:J\I.ff"l1'V'Ivhnm~~ , 
1"111ue:~'U LL(;l~ ii) .ff"J1'V'Ivhnr;'l1~~1"11~ua'U~~~LL'I.h~"JCJ'U11 "Ui"le:J11 1 V'l~~"lle:~.:Jir(;l~"Je:~r;'l~l"l11ue:~'U"U11 'UVi"ltl-1 V'l~(al;l 
~r;'l1~L11GaLUJ l11Lil~11 i"lr;'le:J 1 ~~)-e:J'Uil11"1'Vltl.:J'U1L 'U 'Vl1a (CNTs-PDDA-AuNPs/GC) LLr;'!~~w.J'U1.ff11 v.Jvh 1H1~~L~'U • 
L tle:~{mm 1'11~1 u 1m 'II'UL'IIeJTI~~m!ii'~m~~~\ILtl'U 1 'lll1m~~~\1Ltl'U 1'11l1Ht~1"1fLL ~~"IlL tlt~1t~t~n~iL~~ (HRP) !;'1\1'\..J'U 1 Vi~ 

L11tl~ "11\l~ poly(aniline-co-o-aminobenzoic acid) 'Vl1a p(Ani-co-o-Aba) LL~"JLI"l~t~'I.Je3"J'V!U1.ff"l1'V'Ivh~"lCJ11"1 
L~'II1'U (CS) 

'!1!;11 'V'IiiL'II'UL'I!tl{~w.J'U1L~~n1~vl1BL~n t~~"ffti~L11e:J1\ ~L'II"!i''Ua~\l~'U (ANi) 1 'UL11'Vl~n"ll"llt~\llJ(;l~"Jtlr;'l~ 

1"11'ltJt~'U'U11 "Uvbtl (MWCNT) LLr;'l~m~vhBL~n t~~L~V'I1 V'I~'VIYl~11t~'Uil11"1'Vlt~\I'U1L 'U (AuNPs) u"Uel"J'V!U1.ff11 v.Jvh • 
nr;'l1~~1"111tJa'U I!Jr;'ln1~'Vl~r;'ltl.:J"fftJ'-:hirr;'l~"lt~r;'l~l"lTitJt~'U'U1L'UVi"lii~i1VIlJi4-:Jn"!i''UI"11{tJt~n~~n (MWCNT-COOH) 

~ 

L tl'U L11'Vl ~ n'li~ L 'V!11 1 ~ ~11 ~1VI~tJ n1~vi1 B L~ n Ll'l ~Vi tl ~ L11 eJ n ~ L 'lli'U tJ ~ \j ~'U LL(;l ~.ff"l1 'V'I~ 1~ L Vl11 1~~11fl tJ 
AuNPs MWCNT -COOH PANi GC Lrlv't11ia 1 'V'IiiL'II'UL'IItl~~~w.J'U1~'U111L-b'L tl'U~"ll'l~"l~i'~ 1 'UL 'Vll"ltil"lLLe:J11L V'la{ - - -
hL11'VITI~~1i~1~(;1~(;11CJ'V'Ie:J~L'V'II'l'iJ'V'IL'V'Ia~m111Li11oU''U 0.067 M (pH Lvhnu 7.0) Ltl'U~1~r;'l~a1~BL~n11'1~1r;'lii 

Lfi'v'Vl'U'U1'Un1~1'1~1~1~ir;'l1 v.Jii~fii'nt~1 'V'I~1 +0.6 L "J(;l(ii (L ViCJtJtl'\.J.ff"l1 'V'I~1~r;'lb"Je:J~/~r;'!L "Je:J{!"lr;'!tl 1 ~~ LLa~i1.ff1 • 
LL "ff(;l'VI~U11 L tJ'U.ff11 'Y'I~1'1h ~) 1 'Un1~Pim~11"1 ru~ n~ru~"lle:J\1 L 'V11"1\l1"11 Li"1~1~~LLtl11 L V'le:J{L ~L1I'Vl~~.ff11 v.J~1~ • 
~w.J'U1~'U "fftJ'hihh.:~m~l'le:J'\.J~'Ue:J.:J"lle:J.:Jfhm~LL~LL tJtJL tl'UL~'U~~.:~ 1 'U"lh\11"11111L i11oU'U"lle:J\IeB'r;'l1 v.Jtii ~.:JLL~Ji 1 i:i.:~ 16 

mM (r
2 

= 0.9964) i1;~-;i'1n~1'Um~1LI"1~1~~~ 0.0927 mM i1m111L~~\I"!le:J\I~qJqJ1ru~.:~1~~l'l-11'i11"11111 
L-d~.:~LtJ'U1111'l~;j1'U~11~'Vlthvhnu 4.12 (n = 5) ... 

Lflt~'l11L 'Vli"1\ll"11 'V'Ir;'IB'UL~ l"l"!i''U a~'U1~~~1111 i~111nu m~m1~1'~ LL uu LLe:J11 L V'lt~11 ~L11'Vl~~.ff"lir;'l1 v.Jtii 

L'II'UL'IIa1~~vi1t m~L 'VII"ltii"11LI"1~1~~m 'VllJ ~Il1V'I1 1~\1 LLa:~i1tl~~~'VlGil1V'It 'Un1~~~1~-r~ir;'l1 v.Jtii <so3 2-) 1 'U 

~"lt1~1\l Ll"l~ti.:J~11 \11'Ui~~ 1 'U?i"l'Uif~~~w.J'U1ir;'l1 'V'Iii L'II"UL'IItiTI~CJ m~~~LL tl~.ff11 'V'I~1 nr;'l1~~1"11~'\.Jti'U~"l~1~~ 
• 

"!l"U1~"U1L 'Ur;'lni!J~11"!lt~'ll"111ua'U'U1L 'Uvhtl-1 V'l~ L11ai'l111 'V'I~1-t~"Uil11"1'Vlt~\l"!l'U1~"U1Lt~(;l\I'I.Jl.lel"l'Vlti1"!lt~'l (CNTs-
~ . 

PDDA-AuNPs/GC) ~1nm~Pi n~1n1~ Li1~tl~n~~1~-ff"Jir;'l1 v.Jij L'lll.IL'I!tl{~~w.Jl.l1~l.l 1u~1~a~a1~ L 'V'I~L 'V'II'l 

u'V'IL'V'Ia{ 1"11111LoU1loUl.l 0.1 M ~"lm'Vll"ltil"11'111"1~nbmL'VI11L11'VI~ "ff'I.J11.ff1~1 CNTs-PDDA-AuNPs/GC ~1111'H1d.:~ 
'I.J~n~t~1aan~L~iu"lla.:J.a'(;l1 v.Jiivl11 'l-1n1~1 Ll"1~1~~i1~Il1V'I1 "lLLr;'l~i11"11111-;i1L V'l1~ L~1~~'~~'~ 1~~~1111~(;1-r~ . .. ~ 

m111Wir;'11'V'IiiVifii'n~1'V'I~1 +0.4 br;'l(ii (LViCJ'I.Jtl'I.JoV11'V'I~1~m"Ja{/~l;lL"Jtl{l"ll;ltlh~) i1'li"l\ln1~1'lti'I.J~l.lti\ILLtJtJLUl.l 
L~l.ll'l~\lti~L"U"!i"J\1 0.1-200 mg L-

1 
(/ = 0.9997) i(;l1v.JiiL'II"UL'I!tl{~~w.Jl.l1~l.li1;~-;i1n~~1~~1um~1LI"1~1~~ 

~ . 
L vhnu 0.03 ppmi11"11111L~~'I"!lt~'l~ruru1ruLvhnu 1.5% ir;'l1 'V'IiiL'IIl.IL'IIai~~w.Jl.l1~l.l~1111~f;"l'l111 'I.J\J~~EJmili 

~ ~ , 
1LI"1~1~~'!i'r;'!L 'V'II'l1l.l~"ltl~1\lt!11!Jr;'l1JJ LLr;'l~ L 1,J L 'V11"1\li"11LI"1~1~~~~w.Jl.l1~l.l~1111~f;11Lm1~VI1~~1~ L ~"Ji:i.:J 23 

~1t~~1.:~1i1 111.:~ 



3 

f111~~'W1LLe:Jl.JL Vle:JTI1Ll.J'Vl~n 1 u 1e:~ L"iJ'WL"iie:JiLL uu 1 'Vll.i~1'Vl-ru1Lfl11~'1.hJ~l.J1ru 1~ L\111L~'WL 'lle:~{e:~e:~n 1<iil'i 

L\11Eif1111'l~.:JLB'W1<iil1~e:~{"ttLL1~"ttL'lle:Jie:Je:Jn~L\11G1 (HRP) Gl-!!U'WLV'l~Ll.Je:J{ "ttU\11 poly(aniline-co-o-aminobenzoic 

acid) 'Vl~e:J p(Ani-co-o-Aba) LLa1Lfl~e:JU~'l'Vl'U1il1vHh~-.w 1fl11'l<ii1'W (CS) m11'l~.:JLB'W1<iil1 HRP U'WLfl1.:JG1~1.:J 
"lle:J.:J LflV'le:J~ Ll.JBiLLGl~ Lfl~e:~ui'W'We:Jn~\>l"lle:J.:Ji'l1 Ylvhl'i'l vi'W~ci"l.J"!Je:J.:J cs v111-:fi11 u 1m<ii'WL"iie:~i~~~'W1~'W 
G11l.J11m ~-!!'ll~n~EJ1~~ni'W"lle:J-!l 1~ L\111 L~'WL 'lle:~ie:~e:~n 1fll\1]1~~ vh 1-:fm11 Lfl)1~~nMnV'l1 ') LLGl~nfl'l1l.J~1 L Vl1~ 

L~1~~-!!~-!! 1~Pim~ne.JGl"lle:J-!!~'lLL'll1~1-!! '1 ~ij~e:Jf1111'111~1\11 L"li'W ell'l11Gb'lJLl.JGl"lle:J-!!LflV'le:J~Ll.Je:Ji p(Ani-co-o

Aba), 'll~l.l1ru"lle:J.:JLB'W 1<iil1 HRP LLGl~ cs, pH "lle:J.:JG111Gl~G11EJ~L~n 11'11 1Gl~L~B'Vl'4'WLLGl~~nv1 Ylvh~i11 Ylvh 1-5 

-!11\JL ~e:J'Vl1G1.fl11~~L 'Vll.J1~G1l.J 1 \Jf11)'VI\11Gle:J-!l VlU',h L 'U Le:!Lfl!'lJLfl!e:J{LL 'U'U 1 'Vll-i~~~\.11~\J 1 '\Xm11'le:J'UG1\Je:J-!l~L ~'lLLGl~ 
1-:fGltyqpru~L ~l.J~.:J~'WLrle:Jfl'l1l.JL 'li'l-l'li''W"lle:J-!1 1~1\111L~'WL '\.Je:~ie:~e:~n 1flll'iL ~l.Jl.J1n~'W 1 'W"li'l-!!~.:JLL~ 10 IJM Ci.:J 1,000 

!JM 1~1\111L~'WL'lle:~ie:~e:~n1fll\111u1m<ii'WL"iie:Ji~~~'W1:fi'Wij~\11~1n\11~1~\111'Wm11Lfl1·1~~ Lvhnu 1.8 !JM (SIN =3) 

1 'Wf111Pim~ne.~Gl"lle:J.:J~'l1'Um'W~ije.~Gl~e:Jm11 Lfl11~l-1'Vl1'll~l.l1N 1~ L\111L ~'W L 'lle:~ie:~e:~n 1 <iil'i Vl'U';hi'l1 u Lm"ii'WL"iie:Ji~ 
~~'W1~'W1-:fl"11 tolerance ~e:JL\11'\.Jlij'W (dopamine: DA) n1\11LLe:JG1fle:JUn (ascorbic acid: AA) nG1LflG1 

'IJ 

(glucose: Glu) LLGl~ m\>l~~n (uric acid: UA) LU'W~'I11Yle:J h i11 'U 1mfll'WLfl!e:J{~~~'W1~'Wijfl'l1l.Jfl'l1l.JLG1(iEJ1~ 
l.J1nei.:Jae:J.:JGl'll\111~ 

Key words: ~Gl 1Yl~L"ii'WL<iie:J{ fl1iUB'W'W1L 'WVi'lU, YJ~~Le:J, ~e:Ji"llL 1~"ttL 'lle:~{e:~e:~n~L\11G1, 1~'U'U 1 'VlGl~'lJL~fli'W

e:J~'lJ1~~G1, 1111 
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Abstract 

Sulfites are commonly used as preservatives in food and beverages to inhibit 

microbiological growth. Despite these advantages, sulfite should be applied in strictly limited 

amounts due to its potential toxicity. The level of sulfite in food has been subjected to 

legislation since it was discovered that at certain concentration level sulfite causes allergic 

reactions in some individuals. This work presents development of two sensitive and selective 

sulfites sensors based on i) electropolymerization of aniline (ANi) in matrix of multiwall carbon 

nanotube (MWCNT) and electro-deposit of gold nanoparticles (AuNPs) film on the surface of the 

glassy carbon (GC) electrode and ii) a glassy carbon electrode modified with multiwall carbon 

nanotubes-poly (diallyldimethylammonium chloride)-gold nanoparticles composites (CNTs

PDDA-AuNPs/GC) and a novel hydrogen peroxide biosensor based on immobilizing horseradish 

peroxidase (HRP) on poly(aniline-co-o-aminobenzoic acid) or p(Ani-co-o-Aba) and then covered 

with chitosan (CS) film. 

Electropolymerization of aniline (ANi) in matrix of multiwall carbon nanotube (MWCNT) 

and electro-deposit of gold nanoparticles (AuNPs) film on the surface of the glassy carbon (GC) 

electrode was proposed to develop a sulfite sensor. Carboxylic functionalized multiwall carbon 

nanotube (MWCNT-COOH) was the optimum matrix for polyaniline electropolymerization and 

the optimum composites for modified the electrode was AuNPs _ MWCNT-COOH _PANi_ GC. The 

developed amperometric sensor was performed using 0.067 M phosphate buffer pH 7.0 as the 

supporting electrolyte at the potential of 0.6 V (Ag/ Agel and Pt wire as reference and counter 

electrodes). The figure of merit of this developed sensor (AuNPs_ MWCNT-COOH _PANi_ GC) was 

demonstrated. The linear dynamic range of sulfite was found 1 to 16 mM (/ = 0.996). The 

detection limit was 0.0927 mM sulfite. The developed method provided high precision signal 

with RSD of 4.12 (n=S). 

A new approach is presented for sensitive and selective measurement of sulfite (503
2
) in 

beverages based on a simple flow injection system with amperometric detection. In this work, 

the sulfite sensor was a glassy carbon electrode modified with multiwall carbon nanotubes

poly(diallyldimethylammonium chloride)-gold nanoparticles composites (CNTs-PDDA-AuNPs/GC). 

Electrochemical oxidation of sulfite with this electrode was first studied in 0.1 M phosphate 

buffer (pH 7.0) using cyclic voltammetry. The results indicated that the CNTs-PDDA-AuNPs/GC 

electrode possesses electrocatalytic activity for the oxidation of sulfite with high sensitivity and 

selectivity. Sulfite was quantified using amperometric measurement with the new sensor at +0.4 

V vs Ag/AgCl in conjunction with flow injection. The linear working range for the quantitation of 

sulfite was 2 to 200 mg L-
1 
(/ = 0.998) with detection limit of 0.03 mg L-

1 
(3cr of blank) and an 



5 

estimated preos1on of 1.5%. The proposed method was successfully applied to the 
-1 

determination of sulfite in fruit juices and wines with a sample throughput of 23 samples h . 

A novel amperometric biosensor for hydrogen peroxide (H20 2) determination was 

proposed by immobilizing horseradish peroxidase (HRP) on poly(aniline-co-o-aminobenzoic acid) 

or p(Ani-co-o-Aba) and then covered with chitosan (CS) film. The immobilized HRP displayed an 

excellent electrocatalytic activity to the reduction of hydrogen peroxide. The effects of 

experimental variables such as the o-Aba mol ratios in p(Ani-co-o-Aba) synthesis, HRP and CS 

concentrations, pHs of supporting electrolyte solution and applied potentials for the working 

electrode were investigated for the optimized conditions. This novel biosensor exhibits a fast 

response toward H20 2 with a Linear range from 10 to 1,000 IJM and a detection limit of 1.8 IJM 

based on the signal-to-noise ratio (S/N = 3). The developed biosensor shows satisfactory 

tolerance with other potential interferences such as dopamine (DA), ascorbic acid (AA), glucose 

(Glu) and uric acid (UA), and also shows a good stability for about 2 weeks. 

Key words: sulfite sensor, CNTs, PDDA, polyaniline, Horseradish peroxidase, flow injection 

analysis, wine 
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~a 1w~ (sulfite) L'IIL~ti1JL1ll'l11 u~a 1w~ (sodium meta bisulfite) LLfl~~aLWerfl~e:Je.Jn 1'11~ (sulfur 

dioxide) Ltl'UaT~annci1J~iiP~111l~1fll'n •LLa~lrnViu 1 'Uc.J~~firu;l·vn.:~ nTnn~'HLfl~c.J~~firu;lmvn~ ~a 1 vl~ {1 n • ·~ v 

U11l1L~1lft.:lm'VI1~L tl'Ua1~tl'U\J~ (preseNative) L vJe:J 1 otl'~u&.:~nTH'\l~qJL~U L~"IJ'V.:I'!~'U'Vl~~ e:J~1.:111nm11 
L ~t:l.:l'\11fla1~"11ii~diic.Jam~'V1U~e:Ja"ll.n1Vi LLa~m'\liic.Ja 1 ~Lfi~e:J1n1~LL Vi (pseudoallergic) m~u~1.n Ple:J1'V11~~ii • 
a1~~" 1vl~L~e:J'l.l'U 1 'UU~1J1tl.I1J1fl'\l~Lfi~mm~th~Yi'e:J.:! e:J1L~ti'U f01111J~'U~1 LLfi~~1'VI-ru~~LL wa1~~" 1 W~e:J~1.:1 v 

1'ULL ~.:~ vr~t:l~thtl hP~vre:Jui1~ mm~m'\l~'ULL ~.:~ii.:~off'Uvr1J~a~ ua~L~t1~1~ [1] vra1t1tJ~~L 'Vlf'l~1 1an 1~mu't'l1~ 
• v • 

e:J~1.:!~.:!L 'UtiL ~tJLLfl~e:JL1J~n1~\liinf)'VI1J1tlf011UP11JU~1l1tl.I'!Je:J\I~fl 1 W~~L~1Jfl.:!1 tJ1 'Ue:J1'VI1~ L "!i'U t:l\ll'lm~ United 
• ';,.1 • 

States Food and Drug Administration (FDA) "1Je:J\IU1~L'Vlf'I~'VI-r!'e:JL1l~n11~e:Jtlflfl!)'VI1l1ti1'Utl Pl.f'l. 19861~ii 

m~~~~1'Uua1n~1vr-ruc.J~~firu;Jmvr11LLfi~LPI~e:J\1~1l~ii'l1~1l1tl.l"lle:J\I~a1w~ d1'U 10 ppm (154 J.!M) [2] L'U 

tJ Pl.f'l. 2002 tJ-:11'1m1 Australian Food Standards Code (AFSC) "IJ'e:J\ItJ~~L'Vlf'le:Je:J~L~~L~tl1~n1'VI'U~1vr'11'11~ 
iim111ru"llt:~.:~~a 1 w~~.:~LL~ 1 o ppm ~t:l\11~~ 111 'l.lumn"lle:J\Ic.J~~firu;J [3] 

tJ~~L 'Vlf'I1'Vlt1iin11U1~1~L 'Uflci1Jia1 'Vl~1J1L m 'l.lm~U1'Un1~c.J~~e:J1'V11~'VIft1tl~tJLLUU L'li'U m~1 otl • v 

L'IJL~ti1JL1J~11u~a1w~ (Na2520s) L'Un1~We:Jfl~ L~'Urbm~m crnc.Ja111~~ L'li'U 51-:!tlfl ;).:~ "1fl"1 LLfi~L~1Ja.:!L'U 
c.J~~ifru;JLL tJ~~tJL vJmiJ'l.l~1~n'l.lu~ L'li'U c.Ja 111LL ~\I 'VlL~tl'l.lm'l.l ;1\l~e:J.:~ .,a., 'Ue:Jfl'\11nd~.:~iim1'111~a LWe:Jft~ 

v v • 

e:Je:Jn1'1l~ (S02) 1J1Lm'Un1~~1Jc.Jfl~11ti~~'VI~\ILnUL~tl1 ne:J'UU~~'\!LvJe:Jm~G1\It:le:Jfl LfJtJ1~~11tliiflru.fl1'rl~ hiL'!.h • • 
L~tl ~b hJii!J\'1vrii ~1vr-ru111~1!1'U 1 'Un11c.J~~ci'11t1"11e:J\11 'Vlti'V'4qj1~ 1 ~iiii~a LWt:lft~e:Je:Jfl 1'11~1 'UL t1e:Jci'11t~1~l.i 
Lfi'U 10 mg/kg (ppm) [4] f'hrl1'VI'U~tJ~1J1tl.l~\l~~ (ML) "lJe:J\11~~L~t:ltJ'Ue:J1'VI1~L'U1J1~~!1'U1~~L~e:JtJ'Ue:J1'VI1~ 

'\11fln1~tJ~~"'11J (Codex General Standard for Food Additives; GSFA) ~11J~~1'1!n-:~1'U1J1~1~1'U~'U~h . ... 
Ln~mLLa~mvr1~LL 'l-1.:~"111~ (1Jflt:l"'1.) [5] ii~\ld "Fhthvr'U~tJ~1l1tl.l~\1~~"11t:l\l Sulfite 1'Unci1lm'V11~ 04.1.1.2 

v • • 

(surface-treated fresh fruit) ~\l~tJ1~"q1l-rU1e:J\In1~rl1'VI'U~f'h ML ~ 30 mg/kg ua~ (for use at 50 mg/kg 

in Longan and Lichee only)" LL~L'UU'\l~U'Un1~~1Jc.Jf1~11t1~~~1tl~aLvle:Jft~e:Je:Jn1'1l~ fle:JlJfl'riUUqj'VI1 

L~tl1tlUn1~iitJ~1J1tl.l~fl LWe:Jft~e:Je:Jfl 1'11~ ~n~1.:11 'Uc.Jfl~11tl~.:!fl11Lflru;J~n1'VI'U~ 11 v'h 1 ~tJ~~L 'Vlf'lf'i~h v v 

L~tl L1l'r11~tJ~~L 'Vlf'l~1li1 ~ru-r~tJ~~"'11"11'U~'U~\I L U'U~U1 L oU1c.Jf1~11t1~~~1 tiL vrn ~~~~"IJe:J\ItJ~~ L 'Vlf'l1 'V1 tl iif01111J 
~ '\1 g~ • 

LoU1J\11~ 1'Um~'I11L~1c.Jf1~11tl~~'\11fltJ~~L'Vlf'l1 'Vlti1J1fl~'U [ 4] 

'Ue:Jfl'\11fld~.:~iim~m~1 otl~1~'11'm We:Jft~e:Je:Jfl 1'11~'\ll~e:J L'IJL~ti1JL1Jm 1 u~a 1 w~1 'Un1~c.J~~ 1 1'11 1~v1 'U 

off'U~e:J'Un1~L~~tl1ltl1c.Ja 11!'\l~iim~L~1J~1~~\I nci11 L fJe:J~1 L ~e:J'\l~'U'V1~6mlJ~tJ\In1~nt:l'UU1tl1c.Ja 1m tJvriJn L~e:J • 
m~vrirm~~'\li'ULL~1 1 'Um~u1'Ufl1~u~~'\lm~'\l~iim~L~1liaLvle:Jofi~t:~e:Jn1'1l~a\11 tJ1 'U 1 1'11anP~f\l L vJmru&\1 • 
L~e:J'\l~'U'V1~6~vh 1 ~Ln~m1vrirn ~\l,r'U~\IiiP~111l"ii'1L tl'U~'\l~~e:J\1~~1'\11~tJ~1J1ru~aL 'Vle:Jft~e:Je:Jn1'11~1 'U 1 1'!1Lfie:Ju • 
~ae:J~off'U~e:J'Ufl1~c.J~~ tJ~111ru~1~~a Lvlt:~ft~e:Je:Jn1'1l~~e:J'4qJ1~ 1 ~m 'Uc.J~~firu;Jmvr11LLa~m~Ln~mLL~n~1.:~ 
n'l.l 1 tJ L 'li'U ~11l1l1m~1'Uc.J~~.nrusfit:~~~1vrm~1l"lle:J\11 'VltiL~e:J-:~ 11'11 (1le:Jn. 2089-2544) n1vr'U~ 1 ~b'l1vic.J~~ 1 'U ... . 
'l11~L'Vlf'l u"~b'I1'111Li11i~11-a'aLvle:Jft~e:Jan1'll~ 1~l-lLn'U 300 mg/dm

3 
[6] u~~mf'!m~'V1~1\1~1u1~ru~"IJ 

• 
UU'U~ 214 Vi.f'l. 2543 rl1'VI'U~1~ii~aL'Vle:Jft~tJtJfl1'11~1'ULPI~e:J\1~1l1'U.n1"11'U~U~~~tJ~~ii'V11~l-lLn'U 70 mg/kg 
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~1'UU~111ru~1~~u~a1u (Acceptable Daily Intake; ADI) ~8-3fln1~8'U1lJtJLan (World Health 

Or~anization; WHO) 1~n1"H'U~I"hfl1111Uaa~.tltJH?1a1~Liiu 0.7 mg/fl'U!1'U [7] ~-3,!um~W~'U1L'Vlf!Ufl 
iLfl~1~~~i1R111l~~mn ~1~L ~1~'U1111 m 'Un1~U~~Lij'U"H1m111UJ'tl8-3~1~i'a1 ~LJJ1 'U~1m.l1-3t:.~G11l!~~ J1t:.~a\l! 
ua~ 11'11 L ~a 1 idJuL 'Vlf!Ufl1 um~m1';1~8'U111LJJ~~1'Ut:.~~hn.tlru.;IL ~m ~111JG1fl1 m111L ~mi'uLLa~m~tJal.l~'U 1 'U 

d ~ 

~~~'Ui:l1nG1';11nu~~L 'Vlf31flfh l~mo~1~a~1-3~-31 'U~1'U~'UI'i1 Ln~~ua~a1"H1~ ~-3i1fl111l..ij1L U'ULL!;l~thau lu 1 'U 
~ 

m~vhi~m uua ~1-3111 n m~i~ tJ ua~w~'U1 L 'Vlf!Ufli Lfl~1~~~'U1111 i L U'UL 'Vlf!Ufl L~tJ1 nu m~w~u1 flrufl1'W 
- . 

LL!;l~1l11Jl~~1'U~'UI'11ua~t:.~~~uiru.;! fl111JU!;l8_!0tJ"ll8-381'H1~ (food safety) LL!;l~fl'l11l~'Ufl-3~1'Ua1'H1~ (food 

security) "il~vh 1-H~ul'i1'lla-31 'VltJ L U'U~L ~a~m rlaria 1-HLn~ m~'tltJ1tJ~1'lJ8-3n1~~-3aan 1~:mn~-3~'U 
m~i~m rJan~'U1ia1 ~!'i Lf!i)R!;l L'YI'UL'1Ja{~lj~fl1l"'11LLG'l:::fl111J..ij1Ll"'1~L ';11~';1-3i:l-3 ~1111~UG1~~'UIJ18'U 1 'U 

~ 

n1~LLJJ~tJ11~18~1-31\11ifl111l~-3tJ1n i'u'lla'UU8t!G1-3 1 oHL 1m 1 'Un1~iLfl~1~~U8tJ!;l-3 !;l~fl11 oH'<ii1tJ 1 'Un1~iLfl~1~~ • 
LL!;l~a~m~ 1 i~1~Lfli1u~111ru111n a~fl111J..ij1L uu 1 um~ 1 oHLfl~a-31ia~'U~-31 um~iLfl~1~~LLG1~LLU~t:.~!;l w~u11-H 

~ 

.tQ. ~ .., ~ 1" 
i:l1111~t:l1Lfl~1~'Hfl1fl~'U11J LLG1~~t:.JG1L ~1 ~ 

1.2 1~qtl~~if,:jfl'tJtJ,:j Lfl'Hm-a1~v 

-31'Ui~tJi1LLU·:mvmuu 2 ~1'U ?1am~w~'U1L'Vlf!Ufl1Lm1~~uuue1~ 1 uWi~m~tJm~1 "Ha1um~ 
iLfl~1~~U~1J1ru'lla1 ~1'1 L~tJn1~W~'U1'll!;l1 ~l'i"Lfli)R!;l L'YI'UL'YiaiLL!;l~ 1~1~~L';l'UL uaiaan 1'Yit'i""11u~ 1 'H~~i1~fl1~ 11 

LL!;l~fl111l..ij1Ll"'1~L';l1~';1-3~-3L~t!-31'Ui~tJi1'1ii~mu~~~-3fl~.:J.Q' 
~ . 

1) n1'aWRI'L11ia1 w~ LflilAa L'iJ'LIL'iJtl~ ua~-811 wvh lu 1~-aL:U'LIL tlv~vvn L'lJt'i"thvtiui Lfl'a1~,., 
m111ruia1w~ 

1.1 ~~LL tl~~11 ~vhna1~61iFJ1iuauL Yia"H1a.:~fitl~~nau'!la.:~1a~L ~.:~u~~nau~~~'U'U1L u (nano • 
composites) ~L "HlJ1~i:l1l 1 'Un1~LJJ~1';11~u~lJ1rui'!;l1 ~1'1 61~qj1ru'lla.:J 1~1~~L';l'ULuaiaan 1'Yit'i" 

1.2 Pim~nfi.:~e.J!;l'tla.:~~1uu~~1.:~ 1 ~i1~aa111'V'I b'tla-3~11~vh~w~u1~u1 um~1Lfl~1~,.,u~lJ1ru 
1u1~~L';l'ULtla{aan 1'Yit'J L 'liu eJ,:jflU~~nv'U~L 'H1l1~i:l1l'tl8-:!i'i:I~L ~-3U~~na'U 151. 'Un1'a~~LL u~il:I~L ~.:JU~~neJ'Ui;l.:J • • 
'U'U~11~VJ1LL!;l~ pH 'tl8.:!~1~!;1~!;11tJ 

1.3 e.JeJnl.l. tJtJLLa:::oW~'U1';i:::tJu~'hfl';i1:::'1-1LL tJtJeJ~ L 'UmiYim~tJn1~1"Ha1 'U1LF1~1~~'tft1.11UJi!;l1 ~!'i 
1.4 u~~Lij'Uflru~n~ru~'lJ8-3L 'Vlf!Ufl1 'Ufl1~1Lfl~1~~'H1U~lJ1ru'lla1 ~l'i~W~'U1~'U L'li'U 'li1-:!fl1~ 

IJI8'U&1'U8-:JLL'U'ULU'ULaum.:~ (linearity ran~e), ~~..ij1fi~~1~~1um~iLfl~1~~ (limit of detection), t:.~!;l'tl8-:J~1 
~'Un'l'U (interference study) LL!;l~t]~~qn~1 m 'Ufl1~1Lfl~1~~tJ~lJ1UJi'i;l1 ~LJJ1 'U~18~1-:J 1 'U~18~1-:J~n-t:-~!;11l1 &1~ 

LLG'l~LLU~~tl 
~ 

2) m~WRI'U1~a l w~1 'U LVL'iJ'UL'iJtl~ 

2.1 Pim~mLa~w~u11 u LaL'Y!'UL'YiaiLrla"H1a.:~fitl~~nau'!la.:~1a~L~.:JU~~nau~~~'U'U1L 'U (nano • 
composites) ~L 'HlJ1~i:llJ 1 um~m~IJI~.:JLB'U 1'Yil1aan~iL~&1G1-:J'U'U~11 ~VJ1 Lria 1 i LU'U 1 u LaL'Y!'UL'Yiafl um~l'l~1"il1~ 
u~1.11rui'1;11~~ 

2.2 Pin~1fi.:Jt:.~!;l'tla.:~~1LLu~~1.:~ '1 ~i1~ai:lfl1'W b'lJa-31 u 1m'YI'UL'Yia1~w~u1~u1 um~1Lfl~1~~~!;1 
1~1'1 L'li'U pH 'll8.:!&11~!;l~mtJ, L'Vlf!Ufl1um~IJI~.:J (immobilize) Lauhl1i'!;l1~1'iaan~iL~&1!;l.:J'U'U nano 

~ composites, U~111ru'lJa.:J CNT ffimum~111~~1t!t'1, u~lJ1ru'!Ja.:JLau1'Yil1~L"H111~i:llJLrla1iLU'U biocatalyst 

1um~Ln~uljn~tJ1L~tJm~11 nano structured biocatalysts ~LI'l~tJ111~';l~ilm11l~'lJa-3La'U1'Yil1 (enzyme 

loadin~). fl111lfl.:J~1'lJ8-:JLa'U1'Yil1 (enzyme stability) LL!;l~fl1111&11111~U1 um~a.:~t:J1'U~L~nmaua.:~ vi11-H 
~ 
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1 u 1m'Yl'UL'Ylai~~~'U1;'Uih.h::~'VIG.f11'V'lL 'Un1':i~ au~'Ua.:!~L ~1;-'U LL~::ijl'l11lJ~1L 'V'l1::L"il1::"il.:l ~1lJ1':i~tJ1L Ui. -if 
LU'U 1 u 1m 'Yl'UL 'Ylafl 'Ufl1':i~':i1"ill~~~ 1 vM LL uuLLalJL 'V'lan ':iLlJ'VITI~ ,., 

2.3 a anLL UU LL~::~~'U1L 'Vll'lUI'l1 Ll'l':i1::~LL U'U LLalJ L 'V'lan ':iLll'Vl'1vHJ'11 U 1m'Yl'UL'Ylai1 'U fl1':i 

~':i1"ill~~~ 1 vll'l L ~at ~L tl'U151Lm1~l-1LL uuer~ 1 'Uir~a~1.:1':i1~L~11 'Ufl1':i\h~Lil'l.lvntl~lJ1ru~G'IL vll'l 1~fl 
L 'Vll'lUI'l~~~'U1;'U"il~L U'UL 'Vll'lUI'li Ll'l':i1::l-1LL uuer~ 1 '1..100 'U':i~'UU~iim':i 1 'VIG'l~ii~1m1"ill~ LL uu LLalJ L 'V'lan ':iLll'Vl'1~ 
i11u 1m'Yl'UL'Y!ai'lfil~ 1vrl.i ~.:~iim':i~au~'Ua.:l~':i1~L~1 (high response) LLG'l::iim1ll~1L'V'l1::L"il1~"il.:l~.:l (high 

selectivity) 

2.4 tl':i~LiJ'UI'ltlJi;ln'liru~"!la.:IL 'Vll'lUI'l L 'Un111 Ll'l':i1~~'VI1U~lJ1ru~~ L vl!'l~~~'U1;'U L <ti'U 'li1.:1n11 • 
~a'U~'Ua.:ILLUUL U'UL~'U~':i-:1, ;j~-;i'1n~~1~~ 1 'Un1':iiLI'l':i1~~. ~G'l"!Ja.:l~1':iUn1'U LL~::tl':i~fln~1 m 'Un1':iiLI'l':i1:::l-1 • • 
mll1UI~G'l1 vl~1 'U~1a~1.:1 1 'U~1a~1.:1crn-~G'!LlJ ~~LLG'l:::LLU':i':itl~ii-;i1'VIU1fl 1 'U.f111'l~::1'Uaam5f!.:!L vri!a L ~a 1 iL U'U , 
L'Vll'lUI'l 1 'Um':im1"il~aull1~':i;j1'LJ~~~J1ru'ti"L ~m ~lJlJ~rh l'l11lJL ~mY'U LLG'l:::m':it:JalJ~'U 1 'U':i:::~u~1nG'l"i11n 

Q , 

tl':i::L 'Vl!ilfOlfh 1~mO'V'l1~a~1.:1~.:1L 'U~1'U~'UA'1Ln~':iLLG'l::81'VI1':i , 

1.3 tl'i::lv'!ftl~tn~1T\l::l~i'u 
1) 1~'116'11 vl!'l LLG'l:::1~1mL"il'ULtlaiaan 1'Yll'i"L'Y!'UL'Ylai ~ii~.n1'V'lL1L 'Un1':i~':i1"ill~tl~lJ1W~G'l1 vl!'l ~.:I 

L'Yl'UL'Y!a{~~~'U1;'U.n'Uan"iJ1n"i1::~1lJ1';WtJ1lJ1l~mlJ1W~~ 1 vl~1~LL~1 EJ.:I~1lJ1':imJ1lJ1tl':i::: ~ n~1 m 'U.:I1'UI'i1-!! ~ 
1~anll1nmm~a.:~"i11n1~1~':iL\l'ULtlaiaan1'Yll'i" ~.:ILU'U~1':i Reactive Oxygen Species (ROS) ~'V'l'U1'U 
~.:ILL1~~alJLLG'l~ ~.:~ii"li1~ L<ti'U 1-ifLU'U~1':i~nvlan (bleaching agent) 1'Uh-!!.:J1'Uf1~~1'VIn':i':illm:::~1'ti LL~::EJ.:J 
LU'U~1':iB'UL~aiiiL~t:J~ ~Ln~\11ntli)ii~ml'i1.:~ ~ L<ti'U tli)ii~t:J1':i::vri1-:~n'J 11'l~nuLa'U1'Yl~n'J 11'l~aan~h~~ .,~., 
~.:~tY'U~1:U1':i~tJ1 L'Yl'UL'Ylai~~~'U1;'U,11 tltl1:::~ nl'l1-ai. 'Un1':il ~ti~:U1W~111'11.:~ 1 :u1 n:u1t:J ~.:~1 'U'Vl1.:1 

a~~1'VIn':i':ill, ~.:~Ln~~a:u LLG'l~'Vl1-:Jfl1':iLL'V'l'Vl~ L'li'U LU'U aan~LL~'UsnL'Y!'UL'Ylai vr'1a n~11'l~L'Yl'UL'Ylai 1~~1t:J . , 
2) 1~':i~UUiLI'l':i1~~LL 'UUel~ 1 'UiJ~~a1Plt:Jn111 'VI~ L~t:JL-ifL 'Vll'lUI'lLLalJL 'V'lan ':iL:U'Vl1L 'Ufl1':im1"ill~ 

1~1~-:iL\l'UL tlaiaa n 1'Yl;J~i11 vlvh~~~-'U1;'U~1t:J1~~Li!i.:~tl':i~nau':i~~u'U11 '1..1 ':i~'VIi1-:JI'l1iua'U'U11 'l.lvbtl • 
(carbon nanotube; CNT) 1mwl'U11'U'V'l11ViL~~ (Gold nanoparticles; AuNPS) LLG'l~1'V'l~L:uai'lh1vlvh 
(conducting polymer) 

3) 1m u 1m'Yl'UL'Ylai'!fu~ 1 vrl.i~ii~.f11'V'l11 LL~::I'l11lJ-;i1L 'V'l1::L\11::\l.:I~.:J ~~1lJ1':im111 Ul. m 'Ufl1':i1LI'l':i1::~ , 
'V11tl~:u1ru~G'l1 vl~1~a~1-!l':i1~L ~1LLG'l:::i:itl':i::~'Vl5.n1'V'l 1~t:J 1 'UL'Yl'UL'Ylai'lfil~ 1 vrl.i ~~~'U1~'U\11nm':i immobilize 

La'UL'Yl~G'l.:I'U'U nano composites L~LU'U biocatalyst 1'Ufl11Lii~tli)ii~t:J1'1~n-tl'U"!la-:~'1i'~1vll'l ~Pi'nmvlvh~1 1 
1~t:Jm~11 nano structured biocatalysts ~L~1t:JlJ~'UlJ1-d\l~iil'l11lJ~"!la\ILa'U1'Yl~ (enzyme loading), !'l11lJ 

l'l.:l~1"lla-!!La'U L'Yl~ (enzyme stability) LLG'l~l'l11:U~1lJ1':i~ 1 'Un1':i~.:I~1'UBL~nma'U~\I , 
4) 1~a\lrll'l11lli~~1lJ1':im111 Ul. m 'Un1':i~~'U1~·nt:J.f11'V'lL u 1m'Yl'UL'Ylai L ~atJ1lJ11 iLU'ULI'l~a.:Jila 1 'U , 

n1':i~':i1\ll~lJ1~':i;j1'LJ~~~J1ru'ti"mvr1':i crn-~G'!LlJ ~~LL~~LLU':i':itl ~~1'VIU1t:J 1 'U.f111')~~1'Uaamot:J.:IL vri!a L <ti'U L "li'U 
Q , 

~1-:Jan r;l1lt:J J1r;l11t:J J1a~'U LL~~ l1\J .,~., L ~m~lJ:u~f'l1'V11-!IL!il':iti;jii\l"llm~~~J1ru'ti"a1'VI1':i ':i1lJ~.:IL tl'U 
• , Q 

-ila~G'!Li5a.:J~'U 1 ~ilu~~'U L"il~~a.:Jm':itJ1L 'Vlf"lurrvtl~~~'U1;'U 1 ti~~'U1L u 1aL'Yl'UL'Y!afl. ~iitl':i~~'Vl5.n1'V'l LL~~;vr'1a 
~1:U1':i~tJ11tltl':i~fln~1 m 'Un1':i~a"!l'U1~ 1 ~':i:::uuiLI'l':i1::~ii"!l'U1~L~n~-!!L~ (miniaturize) LL~~tl':i~t:Jn~1 m 'Un1':i 

' ' 
iLI'l':i1~l-1tl~lJ1ru~~ 1 vll'l1 'UIJ11 a~1-!!~~~.tlru'ti"mvr11 1~t:J 1-ffL 'VII'lill'l~~~'U1;'UL U'UL 'Vll'lill'l 1 'Um':im1\l~au 
:U1m~1'U~~~.flru~ L ~tlflel 1 ~Ln~n1':iL ~:U:U"Fl1 !'l'l1:UL ~Cl~'U LL"::nT~E.Ia:U-ru1 'U':i:::~U611n""il1m.J':i~L'Vl!i!Flfh 

~ , , 
1~t:J L\l'V'l1::mh.:~~\11 'U~1'U~'U~1 Ln~':iLLG'l::: 81'V11':i"lla\IL 'Vlt:J 
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5) t.J~'I1'1J~1~.W~'IJ1~'1J'il::t1 mh£J'VleJi'l~mhJ L th'VJ~J1 £J 1i'l £J n1':iU1t.J~ n1':i'VIi'l~eJ'I~1m tJ LL~i'l'I'VJ~tl 
'II 'II , 

'U':i':im£J 1 'IJ~tl':i::'!J~ihnm':i~L~£J1-b'e.J-:~vY-:~1 'ULL~::t;l1-:~tl':i::L 'Vli31 'VJ~tl'lJ11 tl ~-w~.WLt.JmL ~':iL 'IJ11':i~1':i1'!11n1':i , 
6) ~i1'1Jim.J~ri1VJ~'U Lt.J mL ~~Fn1~~ f111~L i1 l'iJ L~£J1fl'U~11'1':i;j1'1Jt.J~I'lfiru'fl tl~~1ru~~ LvM~ffi 'IJ 

ell '\J " "' 

t.J~I'li1ru'flmVJ1':iL 'li'IJ ~ n-t.J~ 1~ ~i'l LL~:: LL tl':i':itl~ih11VJ'I11£J 1 'IJ.f11f11'1::1'1JaeJm5£J-:~ L VJiieJ'lleJ'I1 'VI £J VJ'I11 £J'I1'1J~f11i'l 
'II 

11'il::'l11t.J~m':ii~£J 1 tJ1 itJ':i:: 1£J'I1tJ 1~LLri flru::1'VI£J1!311~1'li u~::flru::Lmtmli11~1'li ~VJ11'Vlma£Je.J'U~':i1'!151i1 , 
eJI'l~1VJm':i~~LM£J1'1ia-:~n'Ut.J~I'li1ru'fiVJ~-:~I'i1'U~VJ~'It.J~I'li1ru91 (OTOP) , 

7) L~~;i'lf111~~1~1':it1LL~::f111~L'Ii~u ~'~'l.le.J-:~Vi~un1~£J 1 'V1£J 1i'lmu~1::a~1-:~~-:~Vi~un1~£J 1 'IJ';i:::~'U 
,nij.n1fl 1 '\.1Vi'i'1L Vi£J~O'U':i::~'U'IJ1'1J1'!11~ 
'II 

1.4 'tlv'UL'tll'l'tleJ.:Jn1"51~£J 

'11'1J1~£J-d~'IJ l'iJ~'il::oW~'IJ11fi1Lfl':i1::'l-1LL 'U'UeJI'l1 'Umi~~1£J ~::i'l1n LL~::':i1i'IL~1 L ~tl 1m 'Un1':i'Vli'l~eJ'UVJ1 
tfi~1ru~~ 1 vM L ~m11~11 m 'Un1':i1Lfl':i1::'l-1VJ1tfi~1W~~ 1 'WI'l1 'IJ~1eJ~1'1Lfl~eJ'I~~ L 'li'IJ J1~n-J1t.J~ 1~ LL~::: 1 1tJ 

L ~a 1 iL U'IJL 'VIfl'iifl 1 'Un1':il'l':i'J'il~eJ'U~11'l':i~1'1Jt.J~I'li1ru91L ~elL ~~~~rh~'IJ~1 1i'l£J'il:: LL U'I'I1'1JeJeJm U'IJ 2 ~1'\J 
~ 'II 

~1£Jn'IJ ~1'\JLL ':in'il::~m~1 LL~::oW~'IJ1Lflij~~ Ltij'IJLtijeJTI 'Un1':il'l':i1'ili'i'ltl~~1ru~~ 1 n!Jl f11'Urlfl'U f11':ioW~'IJ1 
'II 

1HLi'l':iL'il'IJL tlaiaa n 11ij~ Llij'IJLiijeJiL ~eJI'l':i1'ili'i'lm~1ru 1H 1i'l·n 'il'IJL tlaiaan 11ij~~ Lfli'l~'IJ ~1 £J L 'VlfliiflLLeJ~ L ~aft ':iL~'Vl 
rl. 'IJ':i::'U'U1Lm1::'l-1LL 'U'UeJI'lL 'Ull~~mP1£Jm':i 1 VJ~ 1i'l£J 1-ffi1 1 'W-rl1~oW~'IJ1~'1J~1£Ji'~i'IL ii-:~tl"5::na'U':i::~'U'IJ11 'IJ , 
':i::VJ11-:~f11i'Ua'IJ'IJ11 'Uvbu 1n~~'IJ11 'U~1iviLfi~ u~:: 1 ~~L~ai'1111 n-rl1 f11i'l11m':i 1 ii'~~ Lii-:~tl':i::na'U':i::~'U'IJ1 , 
1 'IJ~1~i'ILL U':ii1 1 'WoW1'!J'i1i'lf1~1~~f11'~'UeJ'IJ 'il:::Yh 1 m~i1 1 n.Yh~1J~.n1~ LJ~'I 1JtJ':i::~'VIfii11~1 'Un1':il'leJ'U~'UeJ\I~ 
L~1 LL~::i1f111~~1L ~1::L'il1::'il'l~'l L~eJ'I'il1n 1 'Un1':ii'i'l'il::: 1-ffP!n£J1 n-rl1~~1 1fi1Lfl':i1::'l-1~~ 1 'W~Li'l£J 1 iLa'IJ 11ij~~LLeJfl 

'II 

L~aim'Urin'Ui'J 1 ~-rl1~oW~'IJ1~'1J-d'il:::il'lia~ fia hlt1m'U m'IJ'il1na-:~l'ltl-:i::na'U'l.leJ'I~1':i~'Ja r.h-:~ L ~ eJ'I'il1 n LeJ'IJ 11ij~ 
'II 'II 

~LLeJflL~aiil~1 L ~1::L'iJ1:::'il-:J{;]eJ~~ 1 ~\Jl~\1 ~1~1':it;)tJ11 tJ1 iL U'IJL'ij'IJL'ijeJfl '1Jn1';ilil':i'J'ili'i'ltl~~1W~~ 1 n!Jl LL 'U'ULLeJ~ 
'II 

L~eJTI ':iL~'Vlri. 'IJ':i:::'U'Ui Lfl':i1:::l1LL 'U'Uel~ 1 'Umi~tl1Pl£Jn1':i 1 'VI~ 1~eJ~1-:~1JtJ':i::~'VIfii11~ '11'1J1~£J 1 'IJ~'J'IJ~~eJ\1 'il::: 

oW'~'IJ11 'U 1mlij'IJL'ijeJi~iltl':i::~'VIfi.n1~LL~:::ilf111~,j1L ~1:::L'il1:::'il-:~1 'Un1':i~':i1'ili'i'ltfi~1ru~~ 1 n~ 1i'l£J 1 'U 1mlij'IJL'ijeJi 

~oW~'IJ1~'1J'il:::L U'Ui'~"lLii\ltl':i:::neJ'U':i:::~'U'IJ11 'IJ ';i:::VJ11'1f11i'Ue.J'IJ'IJ11 'IJ~1U, tl'4.f11fl'VleJ'I LL~::Le.J'IJ 11ij~~~ 1 n!Jlaan 

~Li'll.'l Li'lr.Jf11i'll1 nano structured biocatalysts ~LIJI'ieJ:u1~'il::1lfl11:U~"!JeJ\ILeJ'Ul"'ll1, f111~f1'1~1'l.leJ'ILeJ'IJ 11ijll 

LL~:::f111~~1~1';it;) 1 'Un1':i~'I~1'1J~JL~n~':itl'IJ~'I vi11m 'U 1mlij'IJL'ije.Ji~oW'~'IJ1~'1J1l~.n1~ 1 1~'1 iltl':i:::~'Vlfi.n1~ 1 'Un1':i 
'II 'II 

~eJ'U~'Utl\I~L ~1~'\J LL~::ilm1~~1L ~1::L'il1::'il'l~'l ~1~1'lt1'1111 tJ1 iLtJ'IJ1 'ULtJLiij'IJLiije.Jfl '1Jn1';i~';i1'ili'~~~ 1 n!JlLL 'U'U 
'II 

LLeJ~L ~afl: ':iL~'VITI 'IJ':i::'U'U1Lm1::'l-1LL 'U'Uel~ 1 'Umi1~eJ~1.:JiJtl':i::~'VIfi.n1~ ':i::'U'UlLm1::'l-1~tl1Pl£Jn1':i 1 VJ~vY.:J~eJ'I 
LL 'U'U~oW~'IJ 1~'1J'il::t1 f1U1~1tl':i::: Lij'UflWa n~ru:::'l.leJ-:1 L 'Vlfliifl 1 'Un1':i1 Lfl':i1:::'l-1VJ1U~~1W~~ 1 n\Jl LL~ :::tl':i::£J n~1 m 'IJ 

'II • , 

n1':il Lfl':i1::'l-1tJ~~1W~~ 1 'W~ 1 'IJ~1tl ~1'1~ n-t.J~ 1~ ~i'ILL~:::LL U':i':itl~i1~1VJ'I11£J 1 'IJ.f11fl~::i''UeJe.JnLiJ£J.:J L VJiie.J L '!i'IJ 
'II 

51-:JeJn a11£J J1a11£J J1a~'U LL~:: 1 1tJ .,~., L ~eJ 1-ffL 'Vlfl'i1fl~oW~'IJ1;fi''IJL tl'UL 'Vlfliifl 1 'Un1':i~':i1'il~eJ'U~1m;j1'lJ , ~ 

t.J~~firu'fl L ~aria 1 ~Lfli'lf11':iL ~~~~ri1 f111~L ~mt'IJ LL~:::m':i£Je.J~~'U 1 'IJ':i:::~'U~1n~'il1ntl':i:::L 'Vlli1ri~1 Li'lmu~1:: 
'II 'II 

tl~1'1~'1 1 'IJ~1'1J~'Uf'i1Lf1~~':iLL~::tl1'VJ1':i'l.leJ.:J 1 'Vl£J 
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~ 
'U'VI'VI 2 

n1-a'VI'U'VI11J1'a'arun-a·nJ 

m1i L~11~'!.h.J~:u1rui~ 1 'rl~1lm1:U&'i1~ru:w1n~{l1 'U~1'U~ {ILL 1~~e1:u, eJ1'1G'I1'V!m1:umvr11 LL~~ 
... . 

~~l'l.t1rutt1~1nm1Ln'lil'l1 L ti eJ{J~1ni~ 1 'rl!J!L U'UG'I11annci:u~llm'fu 1 'U~~I'l.t1ru'11'Vl1{1n11Ln'limLL~~~~I'l.t1ru'11 • 
mvr11 1~EJil'l~th~a{lri"tJeJ{In11L~:u~{l1 'Uel1'V!11~~ 1 'U1\Jmvr11a~LL~~LL \.111\.J Flm ~eJ 1-iivtJ ~{I m1L ~~ru ... L~tJ Ll'l"l!eJ{J . .. .. 
~~'U'Vl~rn 'Um~tJ')'U n11t:J~I'l LL~~n11LntJ-rn'li1t:J~I'lJl ruff1L ~el 1 'l-11l~ LL~~G'I.fl1VI~ L U'U~~eJ{Jn11 el~1{11 1nm:u • 
L ~eJ{I~1nG'I11"!1U~~ijt:J~m~'VltJ~m'l"ll.fl 1VI LL~~ m~ii~~ 1 '\.1Lii~mn11LL Vi n11tl~L.fl~el1'V!11~i:JG'I11'!1~ 1 'rl~ L ~eJU'U • 
1 'Um:U1CU:U1n~~Lfl~eJ1n11U1~VleJ{I el1L~EJ'U m1:U~'U~1 LL~~a1'VI-rtJ~~LLWG'I11i~ 1 'rJ~eJ~1{1l'ULL 1{1 'V!~eJ~thEJ 
1 1~'V!eJtJl1~ mm1m~1'ULL 1{1fl{J~'Uvr:u~a~ LL~~L~EJ~il'l 'V!~1EJU1~L'VIP!vi'11~n 1~muV11~eJ~1{1~{11 'UEJL 1\.J LL~~ • • 
m:u~m~{liin!]'V!:U1EJmtJPJ:UU~:U1ru"tJeJ{Ii~ 1 'rl~~L~:U~{I h.J1'Uel1'VI11 L-d'U eJ{!Pln11 United States Food and 

Drug Administration (FDA) "l!eJ{IU1~L'VIPIG'I'V!-r~m:u~m 1~eJeJnn!J'V!:U1EJ1'Utl ~.Pl. 1986 01'V!'U~1'!.1t:.~~l'l.li'rueti 

m'VI11~1l\J~:u1ru"tJeJ{Ii~ 1'rl~Ln'U 10 mg/kg LLm~L~~eJ{J~:u~i:I\J~:w1ru"tJeJ{Ii~ 1 'rl!J!Ln'U 10 mg/L ~eJ{J1lm11~'4 H 
1 'Uu~1n [2] m1iL~11~~m:u1rui~ 1 'rl1'11 'Uel1'VI11LL~~t:.~~l'l.li' ruetim'V!11~~1l~11:wri1~~LLm:ii~a'U 1~1~m tl'U 

eJ~1{1:U1n 'UeJn~1ndu~:u1rui~1Yll'i (sulfide) 1ummPILL~~n11Ln~\J11n!Jn11ru "c.J'Um~ (acid rain)" 1-111~ 
n11i L~11~,_;'V!1U~:U1ru 1 'U~'Jel ~1{l~{ILL 1~~eJ:uiim1:w&'i1~ruL "ti'Un'U ... 

m1i L~11~,;\J~:w1rui~ 1 'rll'l1 'Um'VI11~1 EJ15:u1m;j1'U 1 um1i L~11~,; 11-iimhn~F!eJ 1-iiL 1~11 'Un11 ... 
iL~11~~u1u a.n1w1 11 um1i L~11~l1i~ 1 Yll'i~1 LL~~hiL 'V!:u1~~~~ H'L tl'UL 'Vl~-u~iL~11~'VI1 'Umru~L u'U{I1'U 

\J1~,r1LL~~ii\J~:u1ru~1m.l1{1 LEJeJ~ ~{l,r'U~.:Jiicn ~ EJ-;!1'U1'U:U1na'U h~ ~~~l'll'U1 L 'Vl~'U ~ 1 'Un111'111~1~i~ 1 vM~ii .. 

2.1 1tJLeJL'lf'UL'lfeJi (biosensor) 

1 tJ Lmfii'UL"IIeJi (biosensor) LU'UL~~eJ'lileJmoff1~\J~:w1ru'tleJ{IG'f111~ 'lL~fl 1-ffa'Yqnru~H1~1nm1 
L\J~EJ'ULU'Ua''l!t1J1ru'V11'l1 Ylvh PJru~n'liru~L~'U"lleJ'l1 tJ Lm"!I'UL'IIeJiF!eJ 1lm1:UL\lVI1~L~1~~'~ (selectivity) LL~~ 
m1:u b (sensitivity) G'f{lujmVIEJtJtl'UL'Vl~U~n111'111~i'~"IIU~~'U ., L"ii'U EJ1-i~Lij~ G'IL\JnL 'Vl1L 'rl1 'VIL:UI'l~ (UV-Vis 

" I " 

spectrophotometry) 1tJLeJL"!I'UL'IIeJi\J1~neJtJ~bfJ 2 ci1'U [8-10] FleJ 
' ' 

1) ci'J'U'tleJ.:IG'I11'Vl1.:1~1.fl1VI (biomaterials) Vl'l-11'V!U1Vl~~,)1 (recognition) vr~m~eJnL\lVI1~ 

(selection) G'l11~1mh.:J~~~'l-11\Jnn~EJ1'Vl1'l~1L~iieJ~1-:J,)1LVI1~ ci1u~ 1 .n~~~nl'l~-:1 (immobilization) eJ~tJ'U 
' .. .. 

~1vru1"tJeJ{Ici1'UVI 2 

2) 'VI11'UG'I~bL"IIeJi (transducer) ~{I'Vl11'UG'I~h LflleJid~~'l-11'VIU1m 'Un11ci~~1'U~qjt1J1ru~.:~nci11L \Jv.:~ 
ci1'UU1~:U1~~~ (processor) L~eJJ1~'V!~mLa~.:~~~t"\l1ru1'1-1L11L~'V111tJ (signal elaboration) ~.:~~~'l-11'V!UTvit 'U 

m1i'~a~~1ruLL~~LL \J1ri1eJeJn:u1L U'U'VItJ1 EJ~1.:~ 1 ~~e1.:~ m1 1~eJ:mm:wci1'UU1~ neJtJ"tJeJ{I1 tJ 1m "!I'UL flleJiLLa~.:~ HI 
~'11\.J~ 2.1 .. 



BIOSENSOR 

0 

0 
0 

Enzymes, nucleic acids 
Microorganisms 
lmmunochemicals 
Chemoreceptors 
Mammalian or plant tissue 

Sample Bioreceptor 

~ ·~ 

Electrochemical transducer 
Transistors 
Thermistors 
Optical transducers 
Piezoelectric crystals 

Transducer 

11 

Amplifier Microelectronies 

Processing Data 

·~ ·~ 
nl~ 2.1 1~a~LLf11lJ"lleJ\11 'U 1m"II'UL"IIeJ~~\IU1~m:JtJ bJ~·;w (1) Gi'J'U"lleJ\I~L"II~LI'leJi~LU'U~11:ti11lJL~f1~ , . 

(Bioreceptor) LL~~ (2) 'Vl11'U~~lL"IIa1~vhvru1~61\le.J1'U~qJqJ1ru 1l1LLn611'U"lleJ\If111U1~1JJ~t:J~ [8] 

f11~'U1'Uf111Lfi~m~LL~'Vl1\llVh~1Lfli1,!'U~1lJ11fleJ5'U1ti1~~\11U~ 1.2 L~lJ'I1f1~11~~'Uh (analyte; A) , 
Lfl~eJ'UL-ih~~hvru1~11 ~vh1 'lJ~off'U"lleJ\ILeJ'U 1"11lJ (enzyme layer) C-J1'Uf11~'U1'Uf111LL ~~ Lii~'lJfiii~tl1~eJ1~tl 
LeJ'U1"11l1 (enzymatic reaction) f1~1t11'lJLU'U~11t:J~I'lJlru.;J (Product; P) ~\11'111'11~1~~'VI11'U~~1L"IIeJi 
U~lJ1UJ"lleJ\If11~ LL~1 ~vh~Lii~~'U~11J11fll'l11'11 ~ 1~~t1L "li Lfl~eJ\11Ja1~'VI1\11 ~fh Lfli1vr~m~ t1 ni1 Lfl~eJ\11 ~ L 'VI'U;a 

1a~LLI'l'VI (potentiostat) LL~~~11J11fl'l111 ULLU1t:J~ 1~~a 1 'lJ 

-
_ _ A~lyte __:30lution -

A (Ana_Me) - _ _ 

Diffusion 

Diffusion 
and 

Convection 

ltl~ 2.2 1~a~LLmll"lla\l'llfiii~v1~Lii~u'U~hvru1-&11 ~rh ~\1Ln~'~1f1~11~~'U h (analyte; A) Lfl~a'U 
L "li1~~1V1u1.ff1 1 ~vhe.J1'Uf11~'U1'Uf111LL ~~1 'lJ~off'U"lleJ\ILeJ'U 1"11lJ (enzyme layer) Ln~'lJfin~tl1~m~ma'U 1"11lJ 

(enzymatic reaction) nmv1'lJLU'U~11t:J~I'l.!lru.;i (Product; P) ~\11'111'11~1~~'VI11'U4'f~1L"IIeJi [8] 

2.2 m'l1~m1J1Wifl1vM (Sulfite measurement) 

lBlJ11'11~1'U 1 'Uf1111~'lJ~lJ1ru'li'~ 1 ~l'il'l11J The Association of Analytical Chemists (AOAC) W~'U1 
'11f1lBf111"lleJ\I Monier LL~~ Williams [11] ~\ILU'U15m11"lim1nit~LLmm111'VIL'Vl11'11~m~lJ'I1nl11~11~1eJ~1\I 

" ll1~~an"111'W o.s M HCl .rnvh1m11"liLLn~1t~1mL'I'Uvi'U L~m'lJ~vt~'11~1~1'11'1-1av1t~1'l1'1i'm~an~aan1"11~ ~'~ 
, 'II 

~1Jf111~ 2.1 1t~11'11L'I'U'I~Ltl'U carrier gas ~1LLn~'li'~L~an~aan1"11~~Lii~~'Uaanll1Ln'U L'U"ll'l~~'U':i':i'l 
• 



so~- + 2H+ ~ so2 r +H20 

so2 + H202 ~ soi- + 2H+ 

........ (2.1) 

....... (2.2) 
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a11G'!:::m~ 3% peroxide u.naim'V'Ierf1191aan1'ZI~o;u:::Ln191tll)n~me:mn~LI91i'ULU'Uim'V'II'ILLG'I:::Ln\91m\91 ~'~ .. 
GilJfl11'VI 2.2 

~'I,!'Utl~lJ1UJ"!.IB'IiG'IL 'V'II'l1 'UG111~1Bfh'I~'IG11lJ11fli Lfil11:::VI1ml91~ fl11L 'VIb 'VI11'1VI1tl~lJ1UJn1\91~Lfl\91~'U 
15tt11'11;)1'U"!.IB'I AOAC dil-ira~Fia L U'UL 'VIfilUfil~~1~ 1 oUG111Lfilil~VI1~1~ LLG'I:::11Fl11 'Ufl111Lfil11:::VJ1l.ia-:J't!n LL!Jiil ... " 
-iJm~~fla .ff'UI'IB'Ufl11~'V'I~fl'ZI1 -ffLlG'I1'U1'U hiG11lJ11fliLF111:::,._;~1eJ~1'1~iltJ~lJ1UJ"!JB'IiG'IL 'V'I!Ji~1 1L~ LLG'I::: 1l.J 

L Vltt1:::~~::: 1 iL U'UL 'VI Fliif"li LF111:::VJ1 'Umru~L tl'U-:J1'Utl1:::~1LLG'I:::iltJ~tt1ru~la~1'~Wa::: ~'~,r'U~'Iil~:ij~~,'UTu 
" 

tt1flGi'U 1-;u~~:::W!ijj'IJ1L 'VIF1UF11 'Ufl111'111~1'191tl~lJ1UJiG'I1 'V'II'i 

2.3 n111'191~1EJL'VIfiUflbau'VIttblJ'VI~/LLe:JlJL'We:Jfi1LlJ'VI~ (direct voltammetric/ amperometric 

measurement) 

fl111'111o;u1'191tfitt1ru"!la'liG'I1 'V'II'l1~wm~~ n111' 191tl~tt1ruo;u1ntli)n~c.naa n~ L191otl'U"!la'liG'I1 'V'I!Ji'U an~1n-;u::: 

1-bi5tt11'11;>1'U"!le:J'I AOAC LL~l eJ'IG11lJ11fi1'191L~~lm'VIfilUfil'VI1'1L'V'IYhLFlil1191~m'IL\91~ 1i-ff11'V'Ivhuli191"!.1B'ILL~'I ... 
L'li'U Pt [12] , Au [13] , fil1'~'Ua'U [14, 15] LLG'I::: metal oxide [16] ~le:J~1'1L'Zifil~flL1G'IbL'VIlJLlJLLmttvfl~~1fl 
fl111-ff-fflL'V'IYh"liU\91flG'I1Gi~fil1~'UB'U1'Ufl11iLF111:::,._;tJ~lJ1UJiG'IL'V'I!JiLLG1\91'1~'11tJ~ 2.3 

l'lJ~ 2.3 

A 

... e ... 
::1 u 

2.0 
8 

1.5 

-:; 

" 

+AA 
so2• 3 

~--Bik 

-o.s o.o o.s 1.2 o 20 40 so 
Potential/ V Time/ s 

G111G'I:::G'I1m.J'V'IL 'V'Ia~ YiLv"!l 7 ell'l11L ~11 'Ufl11G1LLfl'U SOmV/s LLG'I::: (B) B'VIfi'VlG'I"!.IB'ILLBGifilB~L U'VI~il!Jia~ruunru 
"' "' 

"!.IB'IiG'IL 'V'IlPlb~eJI'l1T;u1191~1m 'VIfilUfilbbBlJ L'VlafbLtt'VI'i [14] 

iG'I1 'V'II'ia1lJ11mni91~L1JqJ1ru~.ff11 'V'I~1"!la'lbb ~'~L Vl~,ffi~ LLG'I:::~\91~1n\91~1'11911 'Um11LF111:::,..;a~i. 'U):::~u 1tt 

Lfil'lLlJGni LL~fl1'j1-ffi11 'V'I'W1"!.1B'ILL ~'IL VI~Tm 'Ufl11l Lfil11:::-HiG'I1 'V'II'iirfl'Vl'UUqJV11fl1'j fouling "!JB'I-ffl1 'V'I~1 vh 1 VI 
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G'1C\!L~VG11l1V'l b (sensitivity) LLG'l~fll11lL~tJ\I (reproducibility) 1-um~iLfl~1~~ 'U8fl~1n-dm~1~m~Ln~ 
V I I I 

88fl~L~i'U'tl8\l.a'G'l1 ~1'1L~tJI'l~\llJfl1 off~fltJ1 ~vha\1 vi'11 ~Ln~uruvn L~8\l m~~'U fll'U~1fl(;11~~'UViG'11lJ1~mn~ 
" "' 

88fl~L~ttl'U1~~~mJt ~Vh~\lfl"11 fl1~U11 th.J~~Vfll'l1oUn'U~l8~1\l~\lijoUe:Jiilln~ L "ti'U fl1~U11 'lJ1 offn'U~l8~1\l • 
1-J'\J~\Ii1L1l'VI1n'llrie.l'UeU1\I'Ii'U'lf8'U iJ flV'l'UUru'VI1'lJ8\I fll11J'<iJ1 L V'l1~ L ~1~~\1 (selectivity) ~~1 L ~8\1~ 1 mn~ fl1~ 

"' 
~'Ufll'U~1flG'11~~LlJ'U8\I!ii'tb~n8'U'lJ8\1(;11~~18~1\I L"li'U LL8G1fi8{L'U'VI 'VI~8L V'l~Yl'U8G'l 

2.4 m"a".w'~'U1L u 1a1LLafl Ll'la~u~:: lu Lfl"a"L;)'LIL tla~aan L"lltlL"ll'LIL"lla~a1'VIi'u1Lfl"a"1::~hfi:u1rui~ 1 ~vi 
n1~nWJ'U1iGiLfl~1~f1t11111UJtffG'l1 ~!Jl~1m 'VIfiUfiL1G'l LL 'VI1l L1J'VI~/LL8l.J L V'l8{1 ~L1J'VI~ 1 ~ij 

fll11l'<il1LV'l1~L~1~~\I (selectivity) 111n:fi'U UtJ1J'Vll 1~tJfl1~U1LtJ'U1'llli L "ti'U i!G'l1 ~~88fl~L~a 'VI~8 'li'G'l1YI!Pl~ 
1H1~~~L 'Ua:u11 -tlm'Urin'Um~-r~~·;mL 'VIRilR11G'l LL 'VIlJLlJ'VI~/mnJL V'la41 ~Ll.J'VI~~~11 Ylvh'lJ8\I LL ~'~ 1~tJnT~'ti1 

" 
L8'U1'llli1l11'1~\l{immobilize) G'l\I'U'U1a~l'l1\l ~ L~8U1lJ11idJ'UL8'U1'llli~LL8fiLI'l84 (enzymatic reactor) 'V1~8 
u11!11'1~\IG'l\I'U'U~1'VIU1~11 YI~1L ~8'1i1111~~LL t1~~11 ~~11 ~L U'U 1 'U 1m'll'UL'll84~1'VI-r'UiLR~1~v1i!G'l1 ~vi m~l'l~\1 
L8'U 1'lllia11J1~t~vi11m~tJf11~~a1J~1'Utl~~n8'UI'l1\l~ LL~1U11 tll'l~\1~1m 'VIfiUfi~LilV'l1~ L"li'U 

1) f11~1'1~\IL~f.lf11~V~Lf11~ (adsorption) 

2) m~l'l~\IL~tJ15vi11~Lii~n'U5~'VI1\ILfli1 (chemical bonding) 

3) fl1~1'1~\IL~tJ151 Vf~L1J8TI ~L'llttl'U (polymerization) 

4) m~l'l~\IL~tJ1GLfla8'U (entrapment) 

;'~ LLIPIG'l~L 'VIRilRi1i8~-im~tJ~ LLI'l nl1i1\ln'U m~l'l~\IL8'U 1'llli~1'U 1 'VIqj~~ 1 iL 'VIRilRm'JI'l~\1 LL 'U'Ufl11v~ 
Lm:: LVf~1~~~vh 1 ~L8'U 1'llliei\IR\Ii1G'1.n1V'lm~vi1\11'U~~ a1l.J1~m~l.l8\l!ii'tl~~n8'UI1i1\l~ ~~11"i't1J 1~~1tJ vl1m~l'l~\l 
1~~1~L ~1 LLG'l~G11l.J1~tlvi11.1i. 'Utl1lJ1W1J1fl 

1'U\11'Ui~tJ.Q ~1'ULL~n~::Pin~1LLG'l::nWJ'U1LfliJI"i'm'll'UL'll81 (chemical sensor) 1'Um1m11~l~ 
mmru'li'G'l1 ~vi 1~tJ~::81~tJL8'U 1'llli~LL8fiLI'l84 (enzymatic reactor) vi11 ~'li'G'l1 ~!Pl (503 

2
-) tlfl88n~1~a1 tiL U'U 

" 'li'G'IL~I'l (504
2
-) LLG'l~Ln~G'11~1HL~1L~'ULtl8{88fl1'll~ (H20 2) :fi''U~\1(;11101~~ 2_3 [17] 

Sulfite oxidase 
H2 02 + so~- (2_3) 

ti1111UJ1HL~~L~'ULtl8~88fl1'll~ ~Ln~:fi''U~~tlfll'l~1~l~~1tJ.ff11~~1~nWJ'U1:fi''U L~tJ~::Pin~1LLG'l::nWJ'U1 
" 

151 'Ufl1~1'1~\IL8'U 1"111i'li'G'l1 Yl~88n~L~aG'l\I'U'U1a~'ll8\ILL ~wd'U Lij~ beads 'V1~8 resin LLG'l::u11 ti'U~~~ 1 'U • • 
cartridge L ~8U11l11 offL U'UL8'U 1'llli~LL8fiL1'184;\Ii1fl111l'<il1LVf1::L~1::~\ILLG'l::G111J1~mtl~tJ'Ui!G'l1 Yll'l1 tiL tl'Ui!G'lL Yll'l 

LLG'l:: 1H1~~L~'UL tl8oS88n 1'll~8~1\li1ti~::~'VIfi.n1v. Rl'Urin'Um~nw.J'U11H1~~L~'UL tl8~88n 1'll~L'll'UL'll8i L ~8 
" 

l'l~l~l~ti1111UJ 1H LmL~'UL tl8~88fl 1'll~~Ln~:fi''U~1f.l L 'VIfiUfiLL8lJL V'l8TI ~L1l'VIrl 'U~::'U'Ui Lfl~1::f1LL 'U'Uell'lL 'U~~ 
m~tJm~ 1 'VIG'l 1~tJ.ff11 Ylvh~nw.J'U1;ff'U~~ 1-tl1G'1~L "ll\ltl~~n8'U~::~'U'U11 'U )::'VI'J1\Ifl1i'U8'U'U11 'Uvhu (carbon • 
nanotube; CNT) 1nG'l~'U1L'UV'l1'~ViL~G'l (Gold nanoparticles; AuNPS) LLG'l::1V'l~L1l8iu11Yivh 1~tJfl1~·h15 

1 Lfl~1~f1iJG'l1 ~~1~ tJ 1 otl L 8'U 1'llii~ LL8fiL1'18{fll'Uf'i n'U.ff11 ~~1~nw.J'U1;ff'U.Q'~::iji8~ fl8 hJt~ m'U fl1'U~1 fl 
" " 8\l!iltl~::fl8'U'll8\1(;11~~1 e:JEh\1 L ~8\1~1 fl L8'U 1'llli~LL8fl L1'18{ij'<iJ1 L vn::L ~1:: ~\IIJi8iJG'l1 ~via \I LLG'l:: fl1~ 1-tll'a~L "!l \1 

" . 
tl~::n8'U~::~'U'U11 'UlJ1~~LLtl~.ff11 ~~1~::v111m~.ff11~vh~i1a.n1V'l b~\1 (high sensitivity) i1tl~d1VJ5.n1V'l1 'U 

fl111'18'Ua'U8\I~L~1;ff'U (rapid response) LLG'l~i1fl111l'i11LV'l1::L~1~~\I\j\l (high selectivity) L~tl\1~1n1'Ufl1'Jl~ 
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'\]~ 1 .U~nm w.Yh~~1 ?111J1"Sm!11 'l11 eUL U'IJL'ii'IJL'ile:Jn '1Jn1'S9l'S1\11~'tl~mru~a 1 wl'i" bb 'U'U bbe:J1Jb vmfl 'Sb1J'VlTI 'IJ'S~'U'U 
1LR'S1~,.ybb uue1911 'Wlm~m~vm-s 1 vra 1~mh.:Jij'!J-s~i1'Vl5Jl1W 

2.5 m~oWRJ'IJ1'li'a l 'W911 u lm'lf'UL'lfvi 

n1 -s~ ~ 'W 1161 L R -s1 ~ ,.Y't1~1l 1 ru~a 1 w ~n~ v 1 eU1 u 1m 'ii'W L'ila 11 ~ij R111l ,r 1 L Yl1~ L ~ 1 ~ ~-:~ 

(selectivity) 111n~'W L(;JEJm-s1eU'm'W1'i13J~~LL'tl-s~11'rlvh (enzyme-modified electrode) v'h1m~vm-s91~-:J 
Le:J'W1'i13Jia 1 wl'i"aan~L(;l?f!;l.:j'IJ'IJ~'IJ~1'Ue:J.:J1?1(;1L;j.:J'!J'S~nau-s~~'U'IJ1L 'IJ 'Ue:J.:Jt'l1{'Ue:J'IJ'IJ1L '1Jii1U (carbon , 
nanotube; CNT) fit.:JLU'Wi'?l~~ij~n'l!tru~~L~'IJLU'IJWLPI'ti?la ij~'IJ~~1111n, ?111l1'Sri'U"S-s~a~9le:J1J vr~a L1JLana , , . 
'!f'U(;J~'IJ11111EJ1 'Wvle:J1~LLa~iJ?IJl1WU11 'Wvh~?I.:J [18] bba~Lml(;l'IJ1L 'IJWT~iiL~a (gold nanoparticle; AuNPs) , 
fit.:JiJ?IJl1W'l!11'rlvh~.:J (high conductivity) LLa~ijt'l111J?I11J1"Srl1'Wm-s catalyze 'tl~n~m1~~ ~.:Jm~-J1 
biocatalyst ~L91~£.~1J~'IJ1~~~ij?l1l'l.Thi~wLfll'ti?iai1t'l111J~'Ue:J.:JLe:J'W1'ii3J (enzyme loading) LLa~t'l111Jt'l-:1~1'!le:J.:J 
Le:J'W1'ill1 (enzyme stability)~.:! fii.:JLU'W!'lUJ?I1J~'Ue:J~ biocatalyst ~LU'IJ~e:J.:Jm-smh.:J~.:J1'W1u1m'i!'WL'ile:Ji L~e:J 
U11J1~(;1LL 'tl-s.ff11 wrh'!I'U~ nm?I~R1i'Ue:J'IJ 1-H'L U'IJ 1 'U 1a L'ii'IJL'ile:JiG11'1·if~Vj Lt'l'S1~,.Y~a 1 wl'1~1 EJ L 'Vlt'liit'l Lbe:J1Jb wafl 'S 

L1J'Vl~~~11 u 1m'ii'WL'ilai~~~'W1~'1Jmuf1nu-s~uu1LR-s1~l-1LL uua911 'Wim~m~£Jm-s 1 vra , 
na 1n1'Wm-s1(;l'!J~1J1ru~a 1-wl'i"~.ff11 u1m'ii'WL'ilai L~1l~1nLe:J'W 1'ii3J~a 1-w~aan~L(;l?fL ~.:J'tl~n~mm-sLn~ 

aan~L(;li'IJ'Ue:J.:J~a 1w!'i" vh1~Ln(;JLU'IJ ~aLW91bba~ 1HL~'SL\J'IJLtle:Jiaan 1'ii~~.:J?I1Jn1'S~ 2.4 [19] 

(2.4) 

n1'S9l'S1\Ji'{;ltl~1J1UJ~a 1 wl'i"'i'l11m~EJn1'S91'S1~1(;ltJ~1J1UJ'UeN 1H LmL~'IJL '!Jaiaan 1'ii~~Lfi~~'IJ L~Eln1'S 
9l"S1~1~m~LL?I~Lii(;l~'IJ~1ntl~n~EJ1~-:J ?11lm-s~ 2.5 

~ H202--;. 02 + 2H+ + 2e- (2.5) 

L(;JEJt'l1(;111151 Lt'l'S1~l-1~a1 wi'11(;JEJ1 m 'U Le:JL'ii'IJL'ile:Ji~~~'IJ1~'1J.n\J~ii.Ua~ ?la hJr~m'Un1'1J~1 n 
' , 

e:J.:J~'tl-s~ne:J'U'Ue:J.:J?I1'S~1e:J~1-:JL Ue:J-:J\11n Le:l'IJ 1'i!l1~a 1 wl'i"aan~L(;l?fij,)1L 'Vl1~L\11~~~~a~a 1 wl'i"?I.:J LLa~m-s 1 i1?f(;l 
., ., '"' " 

L:0.:n.h:::mru"J:::~U'IJ1L 'IJ1J1~(;1LL U'SoU11 Ylvh~~vh 1 m~"li'11 w.Yh~iJ?IJl1W11?1-:J ijtJ-s~i1'Vl5Jl1W1 'IJn1'S91e:JU?I'IJe:J.:j~ , 
'j'J(;JL ~1 LLa~ijt'l111J~1L'Vl1~L~1~~.:j?f.:j ?111J1'Sr!U11 tl1 iL U'IJL'ii'IJL'ile:JTI '1Jn1'S9111~1(;l'IJ~mru~a 1 wl'i" LL 'U'ULLe:l1JL wai , 
1 'SL1l'VlTI 'W'S~'U'U1 Lt'l'S1~l-1LL 'U'Uel91L 'Wlm~m~EJm-s 1 vra 1~a~1-:JijtJ-s~a'Vl5Jl1W 

2.6 lH1fi~L,'ULtlvivvnl'lffiL'lf'UL'lfvi (Hydrogen peroxide sensor) 

Salimi LL!;l~t'lru~ [20] L?I'We:J15m-s~~ bb tl-s.ff11 wvhna1?1~t'l1{'Ue:J'IJ L(;l£.1 1 ii'?l"l L ;j.:J'!J-s:::ne:J'U'!Je:J.:j single 

walled carbon nanotubes (SWCNTs) LLa::: ?11-s'tl-s~ne:J'U'Ue:J.:J Mn (2-(-((4-(-(2 

hydroxybezylidene)amino)phenanazine-1-yl)methylene)amino phenalto) vr~v ?11-stl-s~ne:J'UL~.:Jie:J'W 

Mn-phenazine fit.:J~.:JLR'S1~vr1m~EJ 1 im~'U1'1Jn1"S~.:J-s'tl~ 2.4 , 
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-atJ~ 2.4 Ll'l'El~LLm:WLLG11'l~n·H~'U1'Un1'~lum~a~Lfl'n~~ Mn-phenazine complex [20] 
" 

Li1ml1~1LYHhnmG1;fl1~'U'El'U~~I'lLL\h~1tJ SWCNTs LL~~G11~\h~n'El'UL"8~ia'U Mn-phenazine VI~'El 
GC/SWCNTs/Mn-complex :W11Lfl~1~~~1tJL'VIflilfl cyclic voltammetry ~'U11LHLI'l~L"il'ULtla~aan1'lll'lL~:W 
Lnl'l~~ni'U~Plnt.J1-.ivh -0.2 v LL~~Gl~Ln~L~'U catalytic reduction peak ~Pi'nt.J1-.ivh\h~:w1ru -0.35 v Li1ml1 

~11 'tivh~~mh1:w1iLF1~1~~~1m 'VIflilflLLa:w L ~aft ·n:w'VI~~'U11 'li1~n1'a\JIB'UG1'UB~LL 'U'U L U'UL~'UI'I~~ (linearity 

range) "lle:J~hJLI'l'H"il'ULtJa~·e:mn1"11~e:J~j'hJ'Il1~ 1.0 !JM- 1.5 mM LL~::;il'l~1nl'l~1'l~'~"lle:J~m'l~hfl'l1::,_, (limit of 

detection) iifi1L'Vhn'U 0.2 !JM 

L'UU fl.f'l. 2011 You LL~~flru~ [21] ~l'lLLtl';i~11-.ivhn~1a;fl1~'Ua'U11'lEJLml'lt.J1i1al'lL"8~tJ~~na'U•tm~ • 
multiwalled carbon nanotubes (MWCNT) LL~~ Pd nanoparticles 'VI~~"il1ntY'W1i Nafion Lfl~a'Ul1'U m~ 
L\JI~t.J:w MWCNT-Pd nanoparticles L\JI~EJ:W"il1nm~th MWCNT :W1aan~LI'lG111'lt.JL-ffml'lCJG1:W ~~w;h~ 

HN03:H2S04 (eii'I~1~1'U 1:3) 1~m1:w~a'U~~ru'VIJJij 90 °C LU'UL1m 3 .a-11:w~L~an1~1'la1~L~atl'ULL~~v'h1~ 
~'Uel1"ll'El~ MWCNT LU'Uml'l "il1ntYuu1 MWCNT 1tlLI'I~t.J:wLtl'Ua1';i~~~1t.JL'U THF "il1ntY'WL~:w NaSH ~~1'W 
G11~~~~1tJL~a1~Lfil'ltlljn~t.J1 thiolation G11';i MWCNT ~L~"il1fln1';iL\JI~t.J:WL'U~'UI'IB'UdL~t.Jn thiolated 

MWCNT U1Ltl disperse 1'WJ1ni'U (223.8 mg/100 ml) "il1ntY'ULI'I~t.J:W Pd colloid Ll'lEJ-&'~ sodium 

tetrachloropalladate (II) J1V1irn 249.83 mg ~~~1EJL'UJ1tJ~:W11'1~ 30 ml "il1ntY'WL~:W 4-

dimethylaminopyridine 10 ml L~:WG11~~~~1EJ thiolated MWCNT (223.8 mg/ 100 mU ~~1tJ "il1ntY'U 

fiat.J ~ 'VIt.JI'lG11~~~~1tJ NaBH4 ~~Ltl LL~~n1'UG11~~~~1EJ'th~:W1N 30 'U1Vi "il'Un1~~~G11~~~~1tJLtl~EJ'U"il1n~ 
L'VIamaa'ULU'U~h U1G11~~~~1EJ~1~tlma~ ~1~~1ml1ni'U vi11~LL~~1'W vacuum oven "il~1~ MWCNT-Pd 

nanoparticles. U1G11~~~~1t.J MWCNT-Pd nanoparticles tl~:W11'1~ 5.0 IJL VIEJI'l'U'Uel1'VI'!J1~11-.i.Yhnma; 

liubu
Rectangle
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l'n1ueru ~.:~1~LL ~\l~e:JUJ'VIi1i1~v\l ~1m~\mt~~G11'H'l~l;l1EJ 1% Nafion ·tPhniW;i 5.0 J.JL ~~ 1~~11v-lih . " 
GC/MWCNT-Pd/Nafion ~.:~Ldvu1l.n1LI'111~l1~1m'VIfili1fil cyclic voltammetry W'lr:h 1o1~1L~'UL'llv1 
e:~e:~n 1'1l~Lii~~~n"!i''U~~mn w-rhu1~lJ1ru -0.28 v Lde:~u1~11w-rh~.:~nci11miLfil11~~~1m 'Vll'1i11'1LLvlJL we:~ft 1LlJ'Vl 

~'rl'lr:h 'li1\ln11~e:l'UG1'Ue:l.:!LL 'U'UL'U'UL~'lJ~'j,:j (linearity range) "lle:l-:1 LHL~1L~'UL ue:~ie:~e:~n L'll~e:J~fl 'U'li'l\1 1.0 J.JM- 10 

mM LLI;l~~~lii1n~~1&1~"lle:J.:!m11LI'111~~ (limit of detection) i1f'i1Lvhnu 0.3 J.JM (S/N=3) . " 
1'Utl 1"1.1"1. 2007 Qiu LLI;l::f"lru:: [22] 11ti-:!1'U1515m1~~LL'tJ1i11wvh1~tt1-ffn1~"iln"!li1~ tin-doped 

indium oxide 'VI~e:J (ITO) ~~LL 'll1~1tt1a~L~\IU1~ne:J'U"lle:J.:! Lnl;l~'U1L 'UW1iviLfil;l (AuNPs) ~~~LLU1~1tt • 
Prussian blue (PB @Au nanoparticle) "il1nLnl;l~'U1L'U'rl1iViLfil;l~L~~tllJL~tlm1L~~tllJG1111;l~l;l1r.J A 1~t~1-ff 
2% hydrogen tetracloroaurate ml.l1~1 1 ml lJ1L~e:l"il1.:!1~i1mlJ1~1 80 ml L~~f.JlJG1111;l~l;l1tl B L~tleJG1lJ 
1% trisodium citrate U~l.l1~1 8 ml nu 1% tannic acid 'tJ~lJ1~1 0.2 ml "'inmY'UU1lJ1L~e:l"il1\11~i1 
ml.l1~1 20 ml U1~11i;l::l;l1f.J A lJ11~fil11lJ~e:l'UlJ11~m1lJ~e:l'lJ~e:l(UJ1i3 60 °( "iJ1n,r'UL~lJG1111;l~l;l1f.J B LLa:: . " 
m'U 1 ~L i1n'UL U'UL 1a1 35 'LJTVi ~:: 1~a11a~a1EJ 1na~'U1L 'U'riT~ViLfia U1&111a::a1tteJG1l.l"lle:l.:! 1.0 mM 

FeCl3 , 1.0 mM K3Fe(CN)6, 0.1 M KCL LLa:: 0.025 M HCL 'IJ~l.l1~1 10 ml L~l.la-:~1'U&111a::a1ttLna~'U1L'U 

w1iViLfialJ1U~lJ1~1 10 ml m'UG111a~a11:JLU'UL'la1 30 'U1Vi"il::l~a11a::a1EJ PB @Au nanoparticle U1 

&111a::a1tt colloid ~L~~f.JlJLmtl centrifuge LLa::"'1.:!~1ml1n"''lJ'VII;l1f.J '1 1'1~.:1 U1 particle m~lJ1 disperse 

1'Uthn"''Utl~l.l~1 10 ml "il1n,!'UL~~tllJ~11vHh ITO ~1tlb'Vlfilill'1 layer-by-layer self assembly "il::1~ 
1o1~1L"il'UL 'IJe:~ie:~e:~ n L'll~L 'll'UL 'llvi 

Ping LLa::l'1ru:: [23] ~~LLU1~11wvhna1&1~1'11iue:~'U1~v1m~t~1i1a~L=ii.:~tl1::ne:~u"lle:J.:! Prussian blue 

(PB) LLa:: poly(o-phenylenediamine) (POPD) l.l11 i1 'Un111~'1J~l.l1ru 1o 1~1L "il'UL 'IJe:~ie:~e:~n L'll~ n11~~LL 'IJ1 

~11v-lvhL~lJ"il1nn11 deposit Yl~l.l"lle:l-:1 Prussian blue (PB film) ~'lf.lm::'U1'Un11 electro-deposit 1~r.JU1 
~Trhnma~l'11i'Uv'UlJ1~lJ 1 'UG111a::a1EJeJ~lJ"lle:l\l 2.5 mM FeCl3, 2.5 mM K3Fe(CN)6, 0.1 M KCL LLa~ 0.1 M 

HCL1~~mJI.wvh o.4 v (LVit~unu Ag/Ag!CL) ~~11wvh1-ff-:~1'U Ltl'Una1 4o 1'U1Vi "il1n,!'Uti1~11wvh1u~l.l1'U 
&111a~a1tt 0.1 M KCL LLa~ 0.1 M HCL LLa~1~~nt~1v-lvhf'i11::'VI'll.:! 0.35 fi.:~ -0.05 V L~tt1ia~11L~11'Un11 

~LLn'U 0.05 VIs lii1'U1'U 20 1e:l'U "il1n,!'Uu1~11 wvhl.l1"'1.:1~1t1tl1n"''U LLa~'L11L 'IJvh 1 ~LL ~.:~ 1 'UL~1e:l'U~vru'VIi1i1 . " 
100°C LlJ'UL'Jft1 1 i1L2-1\I '111,rr1lrh~12-1TVi'1 electro-polymerization i'U"lle:l-:1 POPD 1~EJm11~Pi'mJI.v-lvhf'i1 
1::'VI'J1.:! fi.:~ -0.05 fi.:~ 0.8 V L~EJ 1-ffe1~11L ~11 'Un11&1LLn'U 0.01 V/s lii1'U1'U 15 1e:l'U 1 'UG111a::a1EJ 0.01 M 

'rlvaLw~'lJwLwvi pH 5.5 ~ij 5.0 mM "lle:l-:1 OPD LlJL'ULl.lv{ ~1Lv-lvh GC/PB/POPD ~L~~tllJL~G11l.l11~ 
'L11m1 i1~m1Lii~~~n"li''U"lle:J.:! 1o1~1L"il'UL 'IJe:~ie:~e:~n Lf!l~ 1~t~1 ~'li1-:~m1~e:J'UG1'Ue:J.:!LL uuL U'UL~'U~1-:~~'li1.:~ 0.1 J.JM -

0.12 mM LLa::~~lii1fl~~1~~"lle:l.:!n11iLI'111::\-ii1f'i1L'Vhnu 0.05 J.JM L'Vlfili1f"l~oW\9ll'U1;'U'Qa1lJ11~U1L 'tJ 

'tJ1~~n~1mLI'111~~'1J~lJ1ru 1o1~·n"il'UL'IJe:~1e:~e:~n L'll~ 'U~1e:J~1-:!LI'1~v.:~~lJ L '!i'U "lnn~'UlJ::'U11, '!l1L~tl1 LLa::J1 

e.~aL~L'li'U J1au'IJ~1~, J1LLe:lUL~mLa:: J1v~'U • 

n11U1Le:l'U L'lllJlJ1~~\I (immobilize) a.:~u'U1a~~1.:! '1 L~e:lU1lJ11 iLU'ULe:l'U 1'11l1~LLe:lf"lL~e:J{ (enzymatic 

reactor) 'VI~v'L11l.l1~~-:~a.:~u'U~1'VIU1~11 v-lvhL ~e:JU1l.l1~~LL 'IJ1~11 vl'Vh 1 ~L U'U 1 u 1m'll'UL'IIvii.'11'VI~'U1LI'111::~ 
U~l.l1UJ&111 n11~~-:!Le:!'U L'lllJ11i1~'VIlJ1tJfi\lLeJ'U1'1111~-:~vr1Jl'!ttnl91~\l L Vfn::'il:::vh1 ~ fld12-J(;'f12-J11n 1 'Un1-:i'Vh 

" " 
'tJ~ii~ti1LI'1i1'VIlJ~ 1 'IJ ~.:!tJ'Un11~~-:!Le:l'U 1'1llJ ~.:!'VIl.J1tlfi\ln11lii1n~IJ11LL 'VI'tJ\ILe:l'U 1'11l1 ~1r.JiGn11'Vl1-:!n1tli11'rl 'VI~e:l 
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-;i1n~~1LL'VIt.i·mru1"lllJ t~m.i1'U"Iia·:rh:~~n1'VI'U~ 1~vn1'~~~~La'U1"lllJnu~1g~Lm~ma.~"~"1v ~ll'VImn'VIr:l1V 
~ . 

"lli1~ ~~Lti'U 1"lllJ~~I"1~1"111l.1~1l.11'HlL 'Utn~ L ~~tlljffim ~~~1Rty"!la~m~~~~Ltl'U 1"lll1Yi~a~thu~fi~~a 
( 1) Ltl'U 1"lllJ~~I"1~LL~~~f'l11l.1~1l.11~Cl 1 'Utn~L ~~tlliffimLf'lilmv'VI~~m~IJl~~Ltl'U 1"1111 

(2) ~1~~~~'U~1u1~m .U1vi1tllin':3mnuLa'U 1"lll1~~n~~~ 1~vtl~1fil"iJ1nm'ln~"!l'l1~ "!la~~1 g~ Lm~'VI~a 
Ll.ll.IL 'U'l'U LLr:l~~~IJlfiru.riu vdaan 1~~1£~ 

(3) L ~m1~1~~~uu Ltl'U 1"lll1~~~'ltl~llm1l.11"1~~1 snv 1~~fl11~n1'~ 1 -n-~1'\J"!ltl~ Ltl'U 1"lll1 vr~-dm'l~~~ 
~ v 

La'U1"lll1"il~ la.iLn~\h~ 1v"!l,Jlh activity "!ltl~Ltl'U 1"lll1~nvi1r:l1V 1~vm~U'l'Un1'l~~~ 'VI~tiG'11'l~~~u1a.iG'11l.11'lmoU1 
vhtllin':3v1n'ULtl'U 1"lll.IL~ 

Theisen LLr:l~f'lC'IJ~ [17] 1~~~'U1L'Vlf'li11"1 1 'Un1'llLI"1'l1~~tl':3l.11Cl.l~r:l 1 vl~1 'Utl1'V11'lL~£J 1 'liL 'Vll"1i11"1 HPLC 

1"11'\.Jfinu immobilized enzyme reactor (IMER) 1~vm'l'I11Ltl'U1"lll1~r:l1vl~aan~L~~l.11~~~1'U copolymer 
v v 

"!ltl~ methacrylamide (Euper~it®) 1~v1-ffeJ'~'l1~1'U 50 units/40m~ "!ltl~ Euper~it®) "il1flir'U'I111tlu1'l'l 

L'U carbonate cartrid~e LLr:l~toffL'\J'U IMER 1'U'l~'U'UlLI"1'l1~~LL'U'U HPLC ~~~tl~ 2.5 

-a\.1-Yt 2.5 1~'U'UlLf'l11~l1ml.l1ru~"1~1J11'Utn'VI11~1tiL'Vlf'lUf'l HPLC f'l1Ufinu immobilized enzyme 
~ v 

reactor (HPLC-IMER) ER 11'!i~r:l1vl~aan~L~G'I"il1f1Yi"11 (pSO) ER2 1'!i~r:l1vl~aan~L~~"il1fl~Vl1 (cSO) LLa~ 

~11Jl'lT'il1~ (detector) 1i~'l1vlvhu-wa'Vl~iruu (Pt electrode) 1'Wm'l~'l1"il1~ 1~v1-ffP!nv1.vlvh 200 mV [17] 

'l~'U'U HPLC -I MER ~~~'U1~'UujtlL off~a 1 vl~aan~L~~"il1f1Yi"11 (pSO) L ~"li1~fl1'~1Jltl'U~'Utl~LL 'U'ULU'ULGl'Um~~ 
"!i1~ 0.04- 2 m~/L (/ = 0.9996) LLI'ic11!"111l.IL'!il.l'!i'U"!ltl~~a1vi~Ln'U 2 mo/L "il~Ln'U~~I"111l.1~1l.11'lC'IL'Un1';i 
Vl'l'l"ili'~vi11 ~~tyty1W"il1fl~1Vl'l1"il1~ la.i~wi'utl~mru "!lW~~L~tlL off~a 1vl~aan~L~~"il1fl~Vl1 (cSO) ~"!i1~ 
1"111l.ILoUl.loU'U 0.04- 2 mo/L n1'lVltl'U~'Um1a.iLU'ULGl'UVl~~ (/ = 0.8809) L~t!'I11L'Vlf'li1f'l~~~'U1~'U1tl1Lf'l'l1~~ 
tl':3l.11Cl.l~a 1 'V'IV11 'U~1tl~1~~a 1~ L"liti tl~'U, Vl"ll LLr:l~l.I~'U11 'W'lrl1L ~~a~ • 

L'Utl 1"1. fil. 2008 Franchini LLr:l~l"1ru~ [24] 1~~~'U1L'Vll"1i11"11 t.ln1'llLI"1'l1~~ml.11C'IJ 1HL~'lL"il'UL tla~ 

a an 1"11~1 'UJ1~~ 1~v 1 oHL 'Vll"1i11"1lLI"1'l1~~LL uueW\1 'UWl~mP!vm'l1 'VIr:lf'l1Ufinu enzymatic reactor 1~vm'l'l11 
v 

Ltl'U 1"lllJLtla~aan6iiL~~l.11Vl~~ 1 'UL 'l~t.l"l!i1~ Amberlite (IRA-173) 1~vi~L 'l~'Ul.11 250 m~ L~l.l 0.1% naV11-ra~ 
v 

1H~U~l.I1Vl1 100 1-JL "~lu~H.1lJL~LoU1n'UL~t~m1m'ULU'Un(;l1 5 'U1Vi "il1mr'U~lJLtl'UL"li~Lua1aan~L~5'1 200 

units fl'l'U"!ltl~~~l.ILU'UL1r:l1 10 'U1Yi "il1nti'U'I11L'l~'U1ti'U'l'l~L'Uvia (ty~on tubin~) u~tla1£J~'lv1mui'lLLa~ 



'U1hfl'!i'L'\J'U enzymatic reactor 1t~·n~uu1Lfl'J1~-HLL'lJ'U Flow Injection Analysis (FIA) ~ijm'Jm1~1~~1fl 
L 'VlflilflUEI11L -waft 'JL1l'Vl~~~11 vJVJ1'VlEJ~~nrn'J~~LLth~1mL"W~'Vl~\J11 (Platinum-modified gold electrode) 

L~flti~nfl1vlVJ1 0.60 v 1'Ufl1'Jl~ aqJty1rum~~1nfl1'Jl~U?I~~~~~tl~ 2.6 
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ltl~ 2.6 a'(),!ty1ruvtt~"il1nL'Vlflilfl1'Ufl1'Ji'l'l1HLI'l'JL~'ULtlEJiEJEJn1'll~ m~ enzymatic reactor 1'U 

'J~'U'U1Lfl'J1~-HLL 'UU FIA ~ijfl1'J(;l'J1~ll'l~1m 'VlflilflLLE111L 'WEITI 'JL1l'Vl'i~~11 vJVJ1'VlEI~~ijn1'J~~U tl'J~1 mL 'W~'Vl 
~\111 (Platinum-modified gold electrode) fl1111LoU1loU'U'!Jel~ H20 2 ~1n (a) 11-JM -(e) 10 1-JM ~tlLL'Vl'Jn 

U?l~~m1vl1J1(;1'J~1'Uffi~ [24] .. 
2.8 sa'~ 1 vJ(;J1 'U LEIL'lf'UL'lfEJi 
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A bass LL~~flru~ [25] ~l'll'U1UEI11L 'WEITI 'JL1l'Vl~n1 'ULEIL'l!'UL'l!EJiG1TVI-ru1Lm1~-Htl~111rui~ 1 vJI'i" 

LI'IEJ1~&'11'Jt:H'I1l'J~vrh:JLv'U1'lll1i~1 vJI'i"e:mn~L~?I u~~ cytochrome c ~~1~LU'U~1-r'U~L~nmv'Ut:-.~?111~\11'U 
Vliinfl1i'Uv'U LL~~-u11 tl~11~LiJ'U screen printed electrode L ~EJL(;l~fl11L tlt~1 'U LEJL'l!'UL'l!v{ n~ ln 1 'Ufl1'J 

d11'1tl~iHm~ screen printed carbon electrode (SPCE) U?l~~~\l~tlvl 2.7 i~lvll'i"Ln~ oxidation Ll'lfl 

fl1'J catalyze ~1EJi~(;11vJI'lvvn~LI'l?l (SOD) LL~~ cytochrome c (Cyt c) ~~1'UL11L~n~~~ij heme ~\lij 
' ~ :'1 ~tJ 1" :'1 "' "' - ~ 2+ 3+ LVI~nLu'UeJ~fl 'J~f1eJU111 "11Lu'Um'J'UEIL~f1(;1'JeJ'U (Fe /Fe ) 

SPCE 
(+0.3V} 

ltl~ 2.1 1~v~um11LL?I~~tl~n~m~Ln~~'U~~1VIU1"11v~i~ 1vJ(;J1 u lm'll'UL'lla{vl~l'll'U1~'U 
Lnv SOD Fivi~(;11 vMvvn~L~G'I LL~~ Cyt c Fiv cytochrom c [25] 
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L~BPimn~"'lle:J'I pH 'tle:J'IG11':i":::mvvTI.UI:um':i1~lu"li'l'l 6.5 - 8.7 ~"n1':i'Vl~"B'~LLG1~'1~'1 
':itl~ 1. 7(A) ~'IV'Itrl1L~e:Jf"i1 pH L filJ~'U ~1n 6.5 n'l 7.5 f"i1m:::LLG1~1~L fill~'Ue:l~1'1l.l1n LL":::L~ll~'I~L~e:l , 
pH -el~L'Uotl'l-3 7.5 -8.0 f"i1m:::LLG1L~ll"~"'~L~e:J pH 'llel'IG11':i":m1CJi1f"i1Ln'U 8.0 ~1n~"n1':i'Vl~"e:J'IL'U~tl 2.8 

(B) V'1ui1 pH ~LV!lJ1:::G1lJ1'Um':i1L~':i1:::'1-1tl~lJ1rui"1vM FIB 8.o LilB'I~1n~ pH 8.7 ~t1Jt1J1rum~~:::11J~'~~ 
LL":::f"i1m:::LLG1~1~i'Jf"i1"~"'~ ~'I Abass LL":::~ru:::eJi1tl':i1CJHi1m~Ln~LileJ'IlJ1~ pH Ln'U 8.0 i"t;~1'V'l~eJ'eln 
~L~a LL"::: cytochrom c Ltl~CJ'UL~':i'IG1i1'1Lile:J'I~1mn~m':i'tl~~'l (folding) v'h1~ specific activity "~"'~ 

700 - --~ ---- ------ --- --- ----~--

600 

~500 
<400 
-E a 
~300 
-~ 
til 200 
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(B) 

ltl~ 2.8 (A) LLG1~'1~"'1Je:l'l pH '1Je:l'IG11':i":::"1CJ'V'le:JaL'V'lt;~'lJ'V'lLBivTim'Un1':ii'~~qjqJ1tuLL"::: 
(B) l"i1m:::LLa~1~~1nm':i1'~~1m 'Vl~U~LLBlJLV'IBn ':iLll'VlTI~CJ1.Ui" 1 'V'lt;~1 u 1m'il'UL'ileJi~nw.~'U1~'U L~m~ll 0.1 

M Na2S03 Vi"::: 20 !JL L'Ua1':i":::"1EJ'V'laaL'V'll'lU'V'lL'V'la1 (a) pH = 8.0 LL":: (b) pH = 8. 7 [25] 

1"Utl ~.!31. 2002 ~ru:::~1..ij'CJ [26] 1~'111LL'U'l~'l1l.l?i~1'Um':i.Ww.J'U11u1m'il'UL'ile:Jn~CJ1.U 

LB'U1'ill1i"1'V'l~e:Je:Jn~h~a (SOD) LL"::: cytochrom c t;~~'ltJ'U screen printed electrode (SPE) ll1Lm'U 

n1':i1L~':i1:::'1-1VI1tl~l.l1UJLLnG1 502 n1':iLI'l~CJll 1 u Le:JL'il'UL'ile:Jivh 1~~CJn1':ith 1.2 mg cytochrom c LL"::: 

Lel'U 1'nl1~" 1 'V'll'i"eJ e:J n~h~a ":::" 1 CJL 'UG11 ':i" :::" 1 CJ'lJ'V'l L 'V'le:J{ LL" :::'1111 tl deposite tJ'U polycarbonate 

membrane L~CJe:Je:JnLLtJtJ SPE 2 '11U~Re:J s-type LL"::: b-type biosensor ':itlLLtJtJ~'I':itl~ 2.9 , , 



: 

A B 

I PVC Substrate 

I Electrolyte Containing SOD and Cyt.c 

• Carbon Layer Containing SOD and Cyt.c 

Electrolyte 

• Polycarbonate membrane 

d 1 ... ,_. 1 1 I(.J IV 3 'aU'VI 2.9 V~a:mml.lLL?IVI'IVI1'U'll1'1 (side view) 'lieN u t!L'li'UL'lle:J':I'Vl'V'IW.J'U1'll'U (A) s-type ... 
biosensor LLG'l::: (B) b-type biosensor [26] 
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{ij1m.JG'lfl1'fV1VIG'le:J'I'V'IU';h 1 u 1m'li'UL'lle:Ji~~W.J'U1~'U'IfijV1 s-type ih'l.fl1'V'11 11 'Ufl1';i!'hPI';i1:::~~'1LLG'l::: 
fl1';i\Jle:JU?I'Ue:J'I (response time) ~L~1fll1'1fijVl b-type L~e:J.:J{ij1fl cytochrom c LLG'l::: Le:J'U1'1l~.a'G'l1vMaan 
~LVI?Ie:J~u'UiJ1'V1U1'lle:J'IYl';i1'U?I~1 L"'!e:J{ (~L~ n 1 Yl';iV!) L~m111 u1m'li'UL'l!e:Ji~frW.J'U1~'Ul.l11Jl';i'J{ij1mHl.l1ru 
.a'G'IL'Y'le:JTIVle:Je:Jfl 1'1!1'1~1C.ILY!PiijPILLe:Jl.Jb 'V'Ie:Ji1 )Ll.JYl~~(;'tfl1';iY!Vl(;le:J'ILL?IV1'11~~"';it]~ 2.10 
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~\J~ 2.10 a'qJqJ1ruffi~{ij1nm';i1V~ 502 ~'ltJLYlPI-uPILLe:Jl.JL'V'Ia-i'hLl.lYl~ffiu1m'li'UL'lle:Ji~~W.J'U1~'U (s

type) [26] 

1'LIU Pl.fl!. 2010 Bahmani LLG'l:::Piru::: [19] L?I'Ue:Jitrl'Ufl1';ifrW.J'I.n.a'G'l1'Y'IIJl1u1m'l!'UL'lle:Ji1V~t.JIJl~'l 

Le:J'U 1'1l~iG'l1 'Y'lvi'aan~LVI?IL 'UVMl.l'lle:J.:J polyaniline ut~.ff'l 1 'Y'lvha:::G'!ih i1m.J 1 u 1m'l!'UL'l!e:J{~~W.J'U1~'ULIJ'I~t.Jl.l 
" 

1mV~t.Jfl11vi1 electropolymerization 'lle:J'I ?ITH'I~G'l1eJ 0.1 M aniline ~ii 2.5 m~/ml Le:J'U1'1l~<ff"1'Y'll'l 
tlelfl~LVI?IL'U ~1vi1G'l:::G'l1t.J HCl-NaH2P04 (pH 8.5) L~~nt.J1'Y'lvh1V~t.J?ILLfl'UI"h';i:::'Vl'J1'1 1.2 ii.::~ -0.5 V (LVit.Ju 
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ntJi'l1'V'Ivh SCE) L U'UL'la1 30 'UTVi Ltl'U 1"ill1'li'a 1 'V'I~e)'PJn'liL~U'I~~~n\Jl~.:j 1 n 'UYl~:W"lJtJ.:j polyaniline 1~Vd1.:J 
m~tJ'l'Un11 electropolymerization ~'tJ~ 2.11 LLG'I~.:JLI"l'S.:JG'I~1.:J"llti.:J polyaniline 

Oinckaya LLa~fliW~ [27] 11f.I.:J1'Un11L\Jl~f.l:w.a'a 1 vliJ11 tJ LtlL"i!'UL"i!tl~ L~f.ln11\Jl~.:JLB'U1'lll1'1i'a 

1 'V'I ~ tl tl n'li L~G'I tJ'U.ff'l1 'V'Ivh"!Ju ~ mn G'l~fl\1 ~tl tl'U~~ n Lfll~ tltl ~'l vYI~:wtJ 1.:J"ll tl.:JU 1tl'Vl .rr'U\Jl tl'U 1 'U n11 L\Jl ~f) :w 
"II 

1 tJ Ltl L"i!'UL "i!ti~L ~:w~1 n m11l1.ff11 'V'Ivhna1G'I~rn~tJti'U~vhm 1:WG'I~tl1~:W1 LL~l:W1~:W 1 'UG'I11a ~a1v mercury 

plating solution (200 mg/L Hg2Cl2 1'U 2M HCL) Yi'U1'UL\J11L~'ULLtlG'I1'UG'I11a~a1f.l 5 'U1Vl ~1mY'LI1'1-1 
~nv1 'V'IvhLLn.ff'lna1G'I~m~tJB'U~~mi -0.1 ti.:J 1.2 v G'lt~.:Jti.:JG'I1:wfl~.:JL~m\Jl~v:wehvn!1.ff'l1 'V'Ivh ~1mr'U1 '1-1 

~nv1'V'Ivh~ -0.8 v Yl~ti:Wn'l'UG'I11a~a1f.l~'lmlm1m1m'UG'I11 1,800 1tltJ~ti'U1Vl L~t~1'1-1 mercury 1'tJ 

deposit ~.ff11 'V'IvhLU'UL'lm 90 1'U1Vi ,h.ff11 'V'IvhnmG'I~fll1~tJtJ'U~liYI~:wtJ1.:J"lltJ.:J'tJ1t~'Vl:w11Jl~.:JLB'U1'lll1 1~v 
'lhLt~'U1"i!l1'1i'a 1 'Vl~tle:Jn'liL~G'I (0.5 U) ~L\Jl~f.l:w1 'UG'I11a~a1f.I'V'ItJG'IL vl\JlU'V'IL 'V'Iti~:W1e..JG'I:WtltJ gelatin ( 1 mg/50 

1-1U ~1mY'U'l11G'111a~a1f.I~LIJl~f.l:w 1~ so 1-1L :W1'VIV~a.:JtJ'U1.ff'l1 'V'Ivhna1G'I~fli1~'UtJ'U~liYI~:wu1.:J"lltJ.:J'tJ1e:J'Vl~.:J 
1 n 'I-1LL'I-1.:J1 'U~L~'U (4 ° C) L U'UL'la1 1 .ff'lL:W.:J ~1n,r'U'l11i'l1 'V'Ivh 1 'tJ~:w1 'UG111a~mf.l 2.5% glutaraldehyde 

~L\Jl~Vll1'U o.os M 'V'It~G'!L'V'I\Jlu'V'IL'V'It~i LU'UL'la1 s 'U1Vl ~~1~'1i'a1'V'IIJ11u1m"ilt~ft~v'VI~nm11'Um11~~tl 
Btl n'liL ~'U~a~a 1 v1 'UG'I11m~mv~ ~~ n~~b'l!~.ff11 'V'I~1"1JU~ na1G'I~fli1~'\Jti'U~~mfl~ ti'U ~'l vfl ~:W'U1.:J"lltJ.:J'tJ 1ti'Vl 

"II "II 

1 u 1t~ L"i!'UL"ile:Ji~~-r~n11a~a.:Joue:J.:Jtle:Jn~L~'U~Lti'U 1"ill1'1i'a 1 'V'II'i' Btl n'liL~G'!'l111 'tJ1 i1. 'Un11Ln~tlfin~v1'1i'a 1 'V'I\Jl 

tl tl ntiiL~"Ii''U ~.:j ,f'U n 111 ~'tJ ~lJ 1 ru tl tl n ~ L ~ 'Uvi1 "IJL 'tJ1 'U n 11~1\J fin~ f.l1 ~ .:j 1111 'tJ ~'tJ ~:w 1 ,"lJ tl-3.a'a 1 ~ IJl 
1uLtJL"i!'UL"11tl~.yl~lijl'lJ1if'U:w1ffioU-J~vl~nEJL'VlVh -0.24 V LLGH::G11:WTH11-tinul'i1mh'lt11'VI1'J L"fi'U "!J'Ul..I'U'I, "11tl • " o II 

LLa~ 'U1G'I:W 



"' tl d "' 3.1 16'1~u n'HUbb~::6'11'Hfl:U •• 

d 
\011':i1-:I'V1 3.1 

Potentiostat eDAQ (EA 161) 

eDAQ (e-corder 210) 

Ultrasonicator Scientific promotion (CT360D) 

Glassy carbon electrode (3 mm diameter) CH Instrument 

Reference electrode : Ag/AgCl CH Instrument 

Counter electrode : (Pt wire) CH Instrument 

Vertex LMS (VTX-3000L) 

Magnetic stirrer IKA (color squid ikamag) 

22 

n1'j'Vl~~u'l1'1lf'l~nbmb'Vl:Ubb6WI'l~'l'~tJ~ 3.1 bf'l~e:J'l1'WLVI'-I;a1'ili:ll(>)VI ~'U EA 161 bbG'l~ e-
~ , 

corder ~'W 210 (u~,;'VI eDAQ) bb~~ 11mb 'VI:Ub:W'VI~nb'1l~~ 'U'W1~ 25 ml (~tl bb'VI~n. ~tl~ 1) 'IJ~~ne:J'U~1 CJ , ~ ~ 

~11~vh 3 ~11~bbn ~11~vhui1~nm~~rn1uB'W (GC) 5~~:wm (3 mm diameter) Vl~e:J ~11~~1nm~~ 
f'l11'UB'Wffi:w ~~1 CJ~~1 CJ f'lel:U 1 'W~I'l'Uel'l rn1'UB'W'W11 'WVJ1ti1 VI~ m~U~'Wbb~~e:J'Wil1f'l'VIB'l'W11 'W b tl'W~11 ~~11 off.:J1'W 

' 
(AuNPs_MWCNT-COOH_PANi_GC), ~11~~1 Ag/AgCl btl'W~11~vheJ1'lB'l bb~~1-ffm~ Pt btl'W~11~vhli1C.J 



3.1.2 ~~uu1b~~1~\·hb'UUbbe:J~bVHlfL ~UJ'VITI 'tJ'j:::'\Ju~nm'j 1 VI~ (Flow injection analysis with 

amperometric detection) 

23 

'j:::'\J'Ullml:::~bb'lJ'Ulle:Jl.llYie:Jfbll.l'VI~~~11 vJoW1~~\?ll'Ul~'U bl~(;).:J~-:mJ~ 3.2 HPLC ~~ ~'U " , 
LC-10AD ('U~~'Vl Shimadzu), Injector U~l.llm loop 20 ~L ('U~~'VI Rheodyne), l~~e:J.:J1Yib'VI'U;a1e:J~l(;)'Vl ~'U 
EA 161 ll~::: e-corder ~'U 210 ('U~~'Vl eDAQ) ll~::: thin layer flow cell (~Ull'VJ'jn, ~tJ~ 3.2) tJ'j:::ne:J'Uvl1~ 
~11 vJ.W1 3 ~1 1vl'llri~11 vJ.Wlnm~~m1ue:J'UmlJ~vh~~vl'1~m1ue:J'U'Ul1 'U~e:JlJ 1 Vi~l'lliJ'U~11 vJ.W11i.:J1'U, 

~1lvJ.W1 Ag/AgCl liJ'U~11vJoWlell.:JB.:J ll~:::1-tl'Yie:J stainless steel liJ'U~11vJ.W1•1h~ active area ~lVI-ru 
~11 vJ.W11i.:Jl'UlYllfl'\J 0.06 em 

2 1-ff~l'j~:::m~vJe:J~l vJ!'lmllll-illl-iJ'U 0.1 M liJ'U~l'j~:::~l~l'l1Vil (carrier 

solution) 
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20 JJL sample/standard 

Waste 

Carrier solution 1 ml min-1 

~uvi 3.2 LLl.ll11 Yl!;l~'lltJ-:J'j~'tJ'U 1 Yl!;lB'WL~I"li'WB~'W1~'li~~l1l'j1-;;r111lJi'1 EJ L 'Vll"lumLBl-lL vmfi 'jbl.l'Yl~~~11 Ylvh 
'U 

~~\Pll'U1~'U 'jUbb'Vl'jflbL~I'l-:J.f11'Y'I'lltl-:! thin layer flow cell 
" 

1'11~1-:!Vi 3.2 

aniline (C6H5NH2) 

a-Aminobenzoic acid (C7H7N02) 

Ammonium persulfate ((NH4hS20 8) 

Chitosan, CS (C6H110 4N)n 

di-Sodium hydrogen phosphate anhydrous (Na2HP04) 

Hydrogen peroxide (H20 2) 

Potassium di-hydrogen phosphate (KH2P04) 

Horseradish peroxidase (HRP) EC 1.11.1.7 Mr - 40,000 

(Lit.) Unit 969.65 U/mg 

Ascorbic acid (C6H80 6) 

Dopamine (C8H11N02) 

Uric acid (C5H4N403) 

0( +)-glucose 

Multiwall carbon nanotubes, MWCNT (95%) 

Carboxylic functionalized MWCNT 

Lml'l 

AR 

AR 

AR 

AR 

AR 

AR 

AR 

AR 

AR 

AR 

AR 

AR 

"".., 
'U~~'Vl 

Sigma-Aldrich 

Sigma-Aldrich 

Fluka 

Sigma-Aldrich 

Carlo Erba 

Merck 

Sigma-Aldrich 

Fluka 

Sigma-Aldrich 

Sigma-Aldrich 

Acros 

Sigma-Aldrich 

Nanolab 

Nanolab 



.... 

d 
(;}1')1,:jVJ 3.2 

Amino functionalized MWCNT 

Hydrogen tetrachloro aurate (HAuCl4) 

Sodium sulfite (Na2S03) 

Glutaraldehyde 

bn')(;l 

AR 

AR 

AR 
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...... 
'I.J')~Vl 

Nanolab 

Sigma-Aldrich 

A eros 

Sigma-Aldrich 

i.'11~~~~1tJeJ~u~u fll1llLoUlloU'U 0.1 M b(;l~tJllLI'ItJULUI'leJ~U~'U'U~l.'1V15ll1 tJ~ll1m 46 IJL , 
~~mtJ~1tJi.'11~~~~1tJ H2S04 fll1l!LoUlloU'U 0.5 M U~ll1mL~fnJe:JtJ u-ruu~mm1~fl~'U 5 ml 1u-u11'1ll'l 

tJ~ll1m 

i.'11~~~~1tJ MWCNT fll1llLoUlloU'U 10 mg/ml b(;l~CJllLI'ItJi'l MWCNT (VI~e:J MWCNT-COOH 

Vl~e:J MWCNT-NH 2) 1!1 0.01 ± 0.0005 S ~~mCJ1'Ul.'11~~~~1tJml'i(;..Ji.'1lJ~~VIl1'l H2SOJHN03 (3:1) U~ll1m 

1.00 ml 't111u sonicate ~1CJLfl~eJ'l ultrasonicate Ltl'Unm 2 i1Lll'l 

i.'11~~~mtJ(;..Ji.'1lJ MWCNT-COOH/aniline L~tJllLI'ItJULUI'li.'11~~~mCJeJ~u~'U m1l!L<U'lloU'U 0.5 

mM U~ll1m 1.00 ml L&ill~'l1'Wl.'11~~~mtJ MWCNT-COOH A11llLoUlloU'U 10 mg/ml U~ll11'1~ 1.50 ml 

(;..Ji.'1ll1~LoU1fl'ULI'ItJ't111tJ sonicate ~1CJLfl~eJ'l ultrasonicate Ltl'Unm 10 'U1Vi 

i.'11~~~mtJ Na3C6H50 7 fll1l!L<U'l!<U''U 38.8 mM L(;l~tJllLI'ItJi'l Na3C6H50 7 • 2H20 1!1 0.5 

± 0.005 g ~~~1tJ~1tJ~1 01 u-ruu~lJ1(;1~1~fl~'\J 50 ml 

i.'11~~~mtJeJ'Ufl1flVleJ'l'U1L 'U fll1l!LoUlloU'U 0.02 % Ll'l~tJll'l1nl.'11~~~~1tJ HAuCl4 fl11l!LoUlloU'U , 
1.0 mM Ll'ltJi'l HAuCl4 1!1 0.01 ± 0.0005 g ~~mtJ~1CJ~1 Ol-u-ruu~ml'l~1~m'U 50 ml '11mYutJ 

LtJI'l6'11';i~:::mCJ HAuCl4 fll1:!.JL<U':w<U''U 1.0 mM U~:W11'1~ 20 ml L~lJ~'l1'U"U11'1LLtl1 1~LLvl'lLLlJLVI~mhVI-r'U 

m'Ui.'11~ m'Wi.'11~~~mtJ~ 1,000 ~eJ'UI'ieJ'U1Vi (rpm) 'l"l~e:Jlln'U1~m1ll~e:J'U~ 75 OC Ltl'Unm 10 'U1Vi '1~ 
~'lLnl'lL~'U1eJ~1Ln1~~th~1'UoU1'l'UeJ'l'U11'1LLtl1 fle:ltl1 L&il!l.'11~~~mCJ Na3C6H50 7 fll1l!LoUlloU'U 38.8 mM 

U~ll1m 2.00 mL L~m&illfl~'ULL~'JL~lle:Jtu'VIflihtlu 125 oc 'l"l~e:Jlln'\Jm'Ui.'11~~~mtJI'it~1tJ 20 'U1Vi '1~ 
, 'IJ 

1~ i.'11~~~mCJeJ'Ufl1flVleJ'l'U1L 'U (AuNPs) ~ii~LLI'I'l ~'l1 ~i.'11~~~mm~'U~'l~e:Jru'VIniJ~eJ'l '11mT'U'tl1i.'11~~~mtJ 
' , " 

€J'Ufl1flVIeJ'l'U1L'U AuNPs ffimtJLnu11l'UI'i'L~'U~e:JruVIfliJ 4 OC 
.. '\t , "' 

i.'11~~~~1tJeJ~fl1flL~'U'U1L'U (AgNPs) Ae:JCJ1 L&il!l.'11~~~mtJ silver nitrate fl11l!LoUlloU'U 1.0 mM 

U~ll1m 10 ml eJ~1'lotl11~'l1'Ul.'11~~~mtJ sodiumborohydride fll1l!LoUlloU'U 2.0 mM U~ll1m 30 ml 

fl1t~119i'l.'1m1~~ijm1m'U(;l~e:JI'IL1m i.'11~~~~1tJ~1~'l~ii~LVI~€J'li.'1 'h~ vhm1m'UI'it~1tJ~n 3 'U1Vi Lfl'\J 

i.'11~~~mtJeJ~fl1flL~'U'U1L 'U (AgNPs) 1 'U'U11'mn1~~ruVIJJiJ 4 OC 

i.'11~~~mtJ.a'~1'111'1 fl11l!LoUlloU'U 1 M i'l Na2S03 1!1 12.604 ± 0.005 g ~~mtJ~';W~1 01 

U~lJ11'l~L~mJe:JtJ LVli.'11~~~mtJ~'l1 'U'U11'1li'IU~ll1m'U'U11'1 100 ml u-ruu~lJ11'1~ 1 ~tl'l~1'1~1CJ~1 01 Lfl'\J 

i.'11~~~mtJffil'it 'U"U11'1bbtl1~"U1 ~e:Jru'VIniJ 4 oc 
' 'IJ 
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?11~fl~fl1tJ 11ilL'YlL~m.J 1~Liil'Hiil'U~v?IL~\9lfl11l..IL iJl..liJ'U 0.1 M L\9\~tJl..l LliltJi'l Na2HP04 l..l1 14.196 ± 

0.05 g r1~r11tJ~-wJ1 Dl \HmruL~rruvtJ L'Vlf1'l1'U'Ullil't.l~l..l1\9l~'U'U1\il 1,000 mL LJ-ruLJ~l..l1\9l~lil'U~'l~\il~ltJJ1 
LnU 1 i1 'U'Ul\ilLLnlLnU?f1~ 

?11~fl~f11tJLYiLL'Vl?IL~tJl..l11il1~11il~Liil'U~v?IL~\91 fl11l..IL-ifl..l-iJ'U 0.1 M L\9\~tJl..IL\iltJi'l KH 2P04 m 

13.607 ± 0.005 g r1~mtJ~1tJJ1 Dl 't.l~l..l1ruL~m!vtJ L'Vlf1'l1'U'Ullil't.l~mm'U'U1\il 1,000 mL L.J-ruL.J~m\9\~lil'U~'l 
~\il~ltJJ1 Lnu1i1'U'Ul\ilLLnlLnU?f1~ 

?11~fl~mmv'U1'Yll1~vi?ILL~~'llL't.lvivvn</hlil?! (HRP) L\9l~tJl..!LiiltJi'lLtJ'U1'Yll1 HRP ~1'U1'U 4 mg 

rJ~mtJ1'UJ1 Dl 't.l~l..l1m 1 mL lil~1~?11~f1~mmB'U1'Yll1~vi?ILL~~'llLLlBieJBn~Liil?f fll1l..IL-ii'l..l-iJ'U 4 mg/mL 

?11~f1~mtJmlileJ~~~n Fn1l..!Loifl..liJ'U 2 o/o L\9l~tJl..!LiiltJm'l?f1~f1~mtJ 99 .9 o/o mlilB~~~n 't.l~l..l1m 

0.2 ml L'Vlfl'l1'U'Ul\illlil't.l~mm'U'U1\il 10 ml LJ-ru't.l~l..l1mlil'U~'l~\il~ltJJ1 Dl 

?11~fl~fl1tJ 0.4o/o chitosan (CS) L\9\~tJl..IL\iltJi'l CS ~1'Ul'U 0.2 g f1~mtJ1'U 5 ml 1.0 M HCl ~'l 
m'U~'lli'lil'Um~~'l CS rl~mmtl'UL~il(;l~l..llil lil1n,!'ULJ-ruLJ~l..l1\91~1m~ 50 mL lil~1~?11~r1~mtJm1l..!LoUl..liJ'U 
0.4o/o cs 

?11'Jfl~fl1tJl..l1m~1'U 1~1\il~Liil'UL't.lvie:mn 1'Yllii fll1l..!LoUl..loU'U 1 M L\9l~tJl..IL\iltJ\9ll'l?f1~!;1~fl1tJl..l1m~1'U 
~ ~ 

1~llil'JL~il'UL 't.lvivvn 1'Ylii fll1l..!LoUl..loU'U 30o/o 't.l~l..l1ru 9. 99 mL L'Vlf1'l1 'U'Ullil't.l-ru't.l~l..l1m'U'U1\il 100 ml LJ-ru 

LJ~mm~1tJJ1 o1 Lnu1i1'U'Ul\ilLLnlLnu?f1~ 

3.3 nTi<W'WJ'U16li'~ 1 ~~ Lflil~~ LSij'ULSijtJ{ u~::<t111 v-lvh 1e:~ blil'H~'UL't.lv{vvn l6ijiiriTv1-ru1 Lfl';i1::l-hnl..l1ru 
i~lv-l~ 

3.3.1 n1';i'Vh~h~n 1-m1-w~Ll..lv{L6ij~'U'Uv'l1 -w~v::\Hi'U 

3.3.1.1 n1';ivl1fl11l..la::v11il<t111 v-lvhn~1a~fl1{uv'U 
vl1fll1l..l?f~tl1\il~l1 ~~1nm?!~miu v'U bliltJoU\il~l~U1~11 ~.W1~1 tJ t:-~'leJ~flil'U1nu~1 

" 
~n~m\il -rr\il.fr11~.W11VJCJ1i(;.J.:Je.J!;jj'j'U1'U'W1\il 1.0, o.3 LL(;l~ o.os1l..lmv'U \911l..lc;l1ilu lil1mr'UGi'1'll~~"~mlill'i'ltJ .., 

J1n~'U 1111 'tJ sonicate nuJ1 Dl L U'ULlfl1 2 'U1Vi LLGllLt'h 1 ~LL ~'l~tJ\il?f1~fl~fl1tJfl1i'Uv'U'U1b 'UYhU-1flL\9l'YJ1'U 

flvl..ll Yi~\91U'U~l1 ~.W1nm?!~miuv'U 20 1l..l lm~m ~'l1 i1 'ULL~'l~vru~flil~v'l 
' " 

3.3.1.2 n1';iL\9l~f.ll..l<t111v-lvh MWCNT-COOH GC 

~l..l~ll~.W1nf11?f~fl1iuv'U~vl1fll1l..l?f~v1\ilUGlla.:J1'U?f1~fl~f11tJt:-~?fl..l~~~i1'l 
' 

MWCNT-COOH fl11l..IL-ifl..l-iJ'U 10 mg/ml 't.l~l..l1\9l'J 1.00 ml LLf1~?11~!;1~fl1tJ~'iJ?IL~\91U~L~eJi fll1l..IL-ifl..l-iJ'U 

0.067 M (pH 7) 't.l~l..ll\91~ 11.50 ml 1~Pi'ntJ1~oW1LL'UU1'Ylfl~m~~i1'l 0.0- 1.0 V. (RE: Ag/AgCl, AE: Pt) 

30 ~e.JU 1'WeJm1f11~LL?ff1'U 50 mV/s Yi~tll..ll~'lnl'U?f1~!;1~fl1tJ 650 ~tJUvltl'U1Vi \9lfltl\ilLlfl1 Gl1'l~ll~oW1 
~1tJJ1 Dl lil~1~~1l~.W1 MWCNT-COOH GC ~'l1~~l~U1~1l~vhLL~'l~vru~flil~v'l 

' " 
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3.3.1.3 nTHl'I~E.J:ui11vJvh AuNPs GC 

~:u~11 yJ-fhmn~"lirn1LJBiJ~Yhm1:u~:renV~ LLil1~'l1 iJ~1';i~~mE.J~~m~Vtl1'l AuNPs , 
m1:uL.U:u-iliJ 0.02 % '\J~mm 1.50 mL LL~~~l'm~mE.JyJB~LyJill'IJyJLyJeJ m1:uL-il:u-iliJ 0.067 M pH 7 

'\J~:u1m 11.00 ml 1~f'lnE.J1yJvhLL'U'U1'1lA~m~Vtl1'l -0.3 Ci.:J + 0.9 V. (RE: A~/A~Cl, AE: Pt) 10 ';im.J 

~1E.Je1'm1nl';iLL~m.J 50 mV!s 'l"l~B:U~'lmiJ~1';i~~mE.J 650 ';iB'UI'iBiJ1Vi lll~BV~nm "il~1~~11yJvh AuNPs GC 

i\1'!~11 yJw1~1ml1 01 LLil1~'l1 ~bb~'l~Bt;1JVtillJ~B'l , "' 

3.3.1.4 n1'Hl'I~V:Ui1Lvh~1 MWCNT-COOH PANi GC -
~:U~11 yJw 1 n ~ 1 ~ 6/im1'U BiJ~Yh fl11:U ~ ~ B 1 VI LLil1 ~ 'l1 iJ ~ 1 ';i ~ ~ ~ 1 E.J ~ ~l.l ';i ~Vtl1'l , 

MWCNT-COOH/aniline (1 .5:1) '\J~:u1m 1.00 ml LL~~~1';i~~~1E.JyJB~LyJill'IJyJLyJB1 fl11l.lboU:UoUiJ 0.067 

M (pH 7) '\J~:U11ll';i 11.50 ml 1~f'lnE.J1yJw1LL'U'U1'1lfl~nd~Vtl1'l 0.0 - 1.0 V. (RE: A~/A~Cl, AE: Pt) 30 

';iB'U 1iJe1'1ll';i1nl'JLL~niJ 50 mV/s 'l"l~Bl.l~'ln1iJ~1';i~~~1E.J 650 ';iB'UI'iBiJ1Vi 

L:Uv1hL'IliiJ<tJB'lB:::U~iJ LnVIL'UiJ'I"lB~B:::U~iJ (PANi) i11'l~11yJw1~1ml1 01 

COOH PANi GC ~'l1~~lVtU1~l1yJw1LL~'l~BruVtilii~B'l 
- - , "' 

l'l~BV\b1~1 "iJ:::LnV\nl';i'\"lB~ 

"il~1~~11yJw1 MWCNT-

3.3.1.5 n1';iLI'l'iv:u.ff11yJvh AuNPs MWCNT-COOH PANi GC 

~:U~11yJw1 MWCNT-COOH PANi GC ~Lill~E.Jl.l~'l~loUB~ 2.4.4 ~'l1iJ~1';i~:::mE.J ' - -

~~:U';i~Vtl1'l 0.02 % AuNPs '\J~~..nm 1.50 ml Lb~:::~1';i~~mE.JyJB~LyJill'IJyJLyJB1 fn1:ULoU:U-iJiJ 0.067 M 

pH 7 tJ1:ul1'1'5 11.00 ml 1~f'lnE.J1yJw1LL'IJ'U1'1lfl~m:::Vtl1'l -0.3 Ci.:J + 0.9 V. (RE: Ag/A~Cl, AE: Pt) 10 

';iB'\J 1"LJe1'm1nl';iLb~niJ 50 mV/s 'l"l~Bl.J~'ln1iJ~1';i~:::mE.J 650 ';iB'IJI'iBiJ1Vi lll~BVIL1~1 "il:::1~~11yJW1 
AuNPs MWCNT-COOH PANi GC il1'l~11yJYJ1~lE.Jll1 01 LLil1~'l1~LL~'l~BruVtilii~B'l 

- - - , 'U 

n1'5LI'l~E.J:U~11yJw1'1JUVI AuNPs MWCNT-COOH PANi GC 1iJ~iJillBiJnl';ibl.J~yJ1E.Jii~11yJw1~1E.J 
- -

m:::'IJ1iJn1'5 electropolymerization B~U~iJ (PANi) LL~~ electro-deposit B'4Il1fl'VlB'liJ1b iJ'I.JiJ~1VtU1'tlB'l 

~11 yJw1nm~"lirn1uaiJ LL~V~'l~.:J';i'\J~ 3.3 
"' 
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A 

~tl~ 3.3 i'UIP'lel'Un1'jblJ~YhCJI?1il1Y'lvhvi'lCJn"J~'UltJn1'~ (A) electropolymerization eJ~tJ~'U (PANi) 
'U 

LLfl~ (b) electro-deposit eJ~JllflVleJ'l'U11 'U'U'U~Tv'l1!1'1JB'lil1 'V'Jvhnm~~m1ueJ'U 

3.3.2 f11~ bli'l ~CJl-li11 Ylvht~u ~ n 6116'1 ~ fl1'~'U e.J'U~ ~ ~ bL tl ~vl'J CJ~£1 ~'Je.J £16l fl1'~'Ue.J'IJ'U1b uvhu-.W ~ ~ be.l

e.J'U.fl1fl'Vle.J.:J'U1b 'U ( CNTs-PDDA-AuN Ps/GC) • 

3.3.2.1 61Tl61~611fHl'Uil1fl'Vlel.:J'U1b'U fl11~b,j'~,j''U 0.02% (0.02% AuNPs) • 
~1'jf!~f!1CJ HAuCl4 fll1l.IL-iJl.l-iJ'U 1.0 mM b~CJi'l HAuCl4 l.l1 0.01 ± 0.0005 g fl~fllCJvllCJ 

J1 01 t1'1mmL~n1!m.J LV1~1'jf!~mCJfl'l1'U'lll~1~tl'1l-l1m'll'U1~ 50 mL t11utl'1l-l1m1~~'l~~vi'lCJJ1 01 

~1'jf!~mCJ Na 3C6H50 7 fll1l.IL-iJl.l-iJ'U 38.8 mM hwi'l Na3C6H50 7 .2H20 l-l1 0.5 ± 0.005 g 

f!~f!1CJvllCJJ1 01 tJ1miP'l'jL~n1!eJCJ LV1~1'jfl~fi1CJfl'l1 'U'lllV!lV~tl'1l-l1m'll'W1V~ 50 mL t11utl'1l-l1m 1 ~~'l~VIvllCJJ1 
01 

tlbtlli1~1'jfl~mCJ HAuCl4 fll11Jbil-li'W 1.0 mM tl1mm 20 ml b~l.lfl.:!L'U'lllVILLnlLn'U~1'j 1~ 
LbvJ'lLL:I.JLV!~mhvl1umu~1') mu~1'jfl~mCJ~ 1,000 'jeJ'U~eJ'U1Vi (rpm) ~~eJl.lnLJ1~m1l-l~eJ'U~ 75 oc b'U'U 

blfl1 10 'U1Vi ~1mf'UL~l-l~1'jfl~mCJ Na3C6H50 7 fll11Jb-iJl.l-iJtl 38.8 mM t1'1mli1'j 2.00 ml b~eJL~l.Jfl')'Ubb~l 
L~l.leJru'V!niJLUt! 125 oc ~~eJl.lnLJm'U~1'jfl~mCJ~eJ 1 tJ 20 tl1Vi ~~ 1vi'~1'jfl~mtJeJt!Jllfl'VleJ.:Jt!11 tl (AuNPs) ~iJ , " . 
~ bb~'l ~'11 ~~1 'jfl ~fl1 tJ b~'Ufl'l~eJ flJV!iliJ~eJ'l ~1 nJtltJ1~1'jfl~fl1 CJ eJtlil1flV1B'ltl1b t!~1vlt tl bfli.J 1 ll tlt}f b~tl~ 

, '\1 , '\1 

~ eJru'V!niJ 4 oc bbe..Jtlm~it!IP1B'Uf11'jLIP'l~tJl-l~1'jfl~mCJBtlmfi'VlB\I'U11 'ULL~~\1~\I'j'\.J~ 3.4 
, \J , '\J 



stirring 10 minute .... 
heat to boiling 

0.1 m~vf HAuCI4 (0.02%) 

10 mL heat at 60 ° C 

3.3.2.2 6'11~6'1::6'11f.l MWCNT-COOH 

heat at 120 ° C 

heat to continuous ... 
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deep red color 

Au:NPs 

i.:~mi'UeJ'U'l.nl'Uvh{b.n 20 m~ bb~16'1~6'11E.J1'U~1~6'1~6'11E.Jml'l~~l-l~~VrJ1.:! H2SOJHN03 (3:1) 

tJ~lJ1m 10 ml 1111tl1111tJ~1'Um~1oifr~~'Ub~E.J..:Jfl11lJ~~..:J (sonicate) ~1mfl~eJ.:J ultrasonicator biJ'Unm 5 
\J 

i1llJ.:J ':il1n~'U1.11l-11vl1n1~VIl.l'Ub'VI~E.J.:J (centrifu~e) bb~1~1..:J~1ml1 01 ':il'UlJ pH 7.0 IP1~1':il~B'Uli'IE.J1oifm~l'l1't'f 
~IP1lJ~bb~1111ll1eJ'\J~eJru'VIfllJ 11 o 

0 

c bb~'Um'V1.ff'UIP1eJ'Un1~biP11E.Jl-1~1~f!~mE.Jl1'fl~1eJfl~rni'UeJ'U'U1l 'U~1u~iim.J 
, \J \J 

tl..:Jn-tl'Umi'UBn"ll~mb~~'~.:~~..:J~tJ~ 3.5 
\J 

tJ Ultm.onic •tirring 5 lu 

20 mg of CNT in 10 mL 
of3:1 (H2S04 : HN03) 

A Centrifuge 
~---=-....._ ... 

Wash with 01 water 

up to pH 7.0 

dried at 110 ·c 
CNT-COOH 

3.3.2.3 6'11~GI::6'11f.l MWCNT-PDDA bba:: MWCNT-PDDA-AuNPs 

i.:~l1'fl~1Bfl~r~1i'UB'U'U1l 'U~1u~ii'VIl.JYl.:~n-tl'Umi'UBn"ll~ n ~61'-:~bA~1~VI1~~.:~~1-ffB 3.3.2.2 l-11 
\J 

10 m~ bb~1b~l-!~1~6'1~6'11E.J 0.25% POOA (0.5 M NaCl) tl~mm 20 ml 111hJ~1'Um~1ir~~'Ub~E.J.:Jfl11lJ~~.:~ 
\J 

(sonicate) bU'Ub16'11 30 'U1Vi ':il1n~'U1111tJVI~'Ub'VI~E.J.:J (centrifu~e) bU'Ubdm 30 'U1Vi ~1..:J~1ml1 01 3 r1f.:~ 
bb~1vl11~mX.:~l\1w-eJUeJtu'VIfllJ 70-80 OC -:u~1~ MWCNT-POOA bb~1i.:~ MWCNT-POOA m 4 mo/ml bb~'lb~l-1 

' \J ::> 

tl1 01 1 ml 1111tleJ1'Ufl~'UI"l11lJ~~.:~ (sonicate) 3 i1ll-l.:~ -:u~1~ MWCNT-POOA bbe..J'Ufl1'V1n1~b1P11E.Jl-l 
\J 

~1~6'1~6'11E.J MWCNT-POOA bb~l'l-:1~-:J~tl~ 3.6 
\J 



0.25% PDDA (0.5 M NaCl) 20 mL 

~ 
~ Son;ooto 30m;""" t~ CenM"g' 30m;""" 

10 mg MWCNT-COOH 

wash with 01 water 

(3 time) dried -
at 70-80 °C 

30 

MWCNT-PDDA 

~TH'l~G'nE.J CNT-PDDA-AuNPs bl'l~m..Jhw i'l CNT-PDDA l.ll 4 mg/ml bb~1b~h..J~1'i~~mE.J 
AuNPs fl11l.lboifl.loifu 0.02% 1 ml bb~1 sonicate 3 i11l.l'l~~1~ MWCNT-PDDA-AuNPs 

3.3.2.4 m-a~~bb'IJ-a~11 vJvhn6l1!;1~flT~um.! 
n1"ab~~E.Jl.l~11 'VJvh GC/MWCNT -PDDA 

'111.fr11 vJvh~vl1fl11l.l~~v1~bb~1l.l1VlE.J~~1"H1~(;11tJ MWCNT-PDDA fl11l.lboifl.l-ffu 4 

mo/ml U~l.lll'l'i 40 ~L ~'I'UU~1VIU1.fr11 vJvh~1mTu~'11 Vtbb Vt'l~e~H\.!Vlf1lJVtB'I~~ 1~.fr11 vJvh GC/MWCNT-
::. ' '\J 

PDDA 

nTH~~mJ-&11 'VJvh GC/MWCNT -PDDA-AuN Ps 

'111~11vJ.Yh~'Yl1m1l.l~~m~bb~1l.l1VlE.J~~1'i~~mE.J MWCNT-PDDA-AuNPs u~mm 
40 ~L ~'I'UU~1VlU1~11 vJvh~1mTu~'l1 VtbbVt'l~tlruVl.fJlJVtB'I~~ 1~.fr11 vJvh GC/MWCNT-PDDA-AuNPs 

nTH~~E.Jl.l-&11 'VJvh GC/MWCNT -PDDN AuN Ps 

'111~11 'VJvh~vl1fl11l.l~~t11~bb~1l.l1VlE.J~~1'i(;1~(;11tJ MWCNT-PDDA fl11l.lb<U'l.l-ffu 4 

mo/ml U~l.J1\>I'i 40 ~L ~'I'UU~1VltJ1~1 1 vJ.Yh~1f1,1U~'I1 Vlbb Vl'I~BruVlf1lJVlB'I bb~1VltJ~~1"a~~mE.J AuNPs ::> , '\J 

fl11l.lb<U'l.l-ffu 0.02% U~l.l11'1'i 40 ~L bb~1~'11VtbbVt'I~BruVlf1lJVtB'IBf1f'l~'l ~~1~~11vJvh GC/MWCNT-
, '\J 

PDDNAuNPs 

n1"abVl~E.Jl.l,111'VJvh GC/ AuNPs/MWCNT-PDDA 

'111~11 vJvh~'Yl1fl11l.l~~m~bb~1mm.J~~1'i~~mE.J AuNPs fl11l.lb<U'l.l<U'u 0.02% 

tJ~mm 40 ~L ~'I'UU~1VlU1~11vHh~1f1,jU~'I1VtbbVt'I~BruVlf1lJVtB'I bb~1VlE.J~~1'i~~mE.J MWCNT-PDDA 
, '\J 

fl11l.lb<U'1loifu 4 mg/ml U~l.l11'1'i 40 ~L bb~1~'11VtbbVt'I~BruVlf1lJVtB'IBf1f'l~'l ~~1~~1h'lvh GC/AuNPs 
, '\J 

/MWCNT-PDDA 
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3.3.3.1 n11Gl{lbfl11::~ Polyaniline-co-aminobenzoic acid VI~B p(Ani-co-o-Aba) 

Lfll'lB~bl.JB~"lJB'l p(Ani-ca-a-Aba) Jl1f!i6 lnterfacical copolymerization 1Jl~'lbfl 

1::~~1l.J~'U~B'U~·:Iih1f!~::b~f!Vl~'ld b~~f!l.J~11~::mf!"IJB'l aniline (Ani) bb~:: a-aminobenzoic acid (a-Aba) 

1'W 5 mL fl~Bh'V'lvil.l (CHCl3) LV1f!1ieJ'm1~1'Ull.l~ 0.8:0.2, 0.6:0.4, 0.4:0.6 bb~:: 0.2:0.8 ml.!Bm1~1'U~'l 
.,I 

~111'lYl 3.3 

AnixAbay 

An i0.2Abao.a 

Ani0.11Abao.6 

Ani0.6Aba0 .11 

Ani08Abao.2 

Aniline (ml) a-Aminobenzoic acid (g) 

0.036 0.2192 

0.073 0.1645 

0.109 0.1097 

0.140 0.0584 

"OJ1f1,f'Ub~~f!l.J~11~::mf! (NH4)2S20 8 1'W 5 ml 1.0 M HCl b~~"OJbblK1bYl~1~~~~1CJ (NH 4)2S20 8 

~'l'U'U~1~~::mf!"IJB'l Ani bb~:: a-Aba ~'l~l~~::mf!"IJB'l~~l.J H 24 -8'1Ll.J'l ~Bruvt.flD~B'l b ~B 1 ~bflVJ~::nm.J'UB'l , " 
bfll'lB~bl.JBi'UB'l p(Ani-ca-a-Aba) "OJ1f1,1'WiK1'l~~f1B'U'UB'l p(Ani-ca-a-Aba) ~bflVl~'UJl'JC.J~l~~~mf! 1.0 M 

HCl tl1\J~11'l"OJ1f1LBBB'W (01 H20) bb~~bBYll'UB~ ~1l.J~1~'U bb!K1~'l11t~bb~'l "OJ~L~fll'lB~bl.JBi'UB'l p(Ani-co

a-Aba) ~1l.J~V1~1'U~tilmm~ (1\Jvi 3. 7) 
'U 
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3.3.3.2 1eJ bf!'Wil'UbtleJ{BBn 1~fl1 'U 1m~'Ub~eJ{ CS/H RP-p(An i-co-o-Aba)/GCE 

'tl1~11 Yl.Yhmn~~Fll'~ueru (GCE) ~bb~.:Jbb~l\1lJ1bl'l~E!lJ~l CS/HRP-p(Ani-co-o

Aba)/GCE ~-:Ji1'j1tJ~:::b~tJV1~'l\1 ~~lJ 20 ).!L 'lle:J.:J p(Ani-co-o-Aba) Fll1lJboUlJoU'U 10 mg/ml LL~::: 20 ).!L 'lle:J'l 

HRP Fll1lJLilJoU'U 4 mg /mL 't11hJ~1'Um:::ul'Unl'j~~lJ (vertex) Ltl'Wnm 30 'W1Vi V1~'1~1mr'U 'tl1 10 ).!L 

'lJe:J'l~1'j~:::mtJ~~lJ'j~Vf'J1'l HRP-p(Ani-co-o-Aba) VltJVl~'lU'U~l GCE Vl~'l~1n~~TVh~~~1tJ'j:::bVItJeleJn 1t1LL~l 
LFl~eJU~1Li'lvh~ltJ 5 ).!L 'llel.:J CS Fll1lJLoUlJ.ff'U 0.4% L~el~.:J1i'~'Wi11YlvhLL~'l1~~1'l~ltJ~1'j~:::mtJYleJ~bi'l~ 
ui'lLYleJ~ (1'U~1'j~:::mtJYleJ~Li'll'lUi'lLYleJ~, pH 6.5) Fll1lJLoUlJ.ff'U 0.1 M n1'jbi'J~tJlJ~11Yl~1~'UI vh1'U~n~ru::: 
L'li'WL~mn'W LYitJ.:JLLriL tl~tJ'U•tl'Wfl'lleJ.:J p(Ani-co-o-Aba) ~1mr'W Lnui11 Yl~1~1~ l'~eJru'VIf1iJ 4 o c L~eJ 1lJ1~ off , " 

20 IJL 20 IJL 

vertex 
)> 

30 'U1Yl 
5 ~L 0.4%CS 

CS/H RP -p(An i l-x -co-o-Abax)/GC E 

~tl~ 3.8 i'UI'leJ'ULI'11CJlJil CS/HRP-p(Ani-co-o-Aba)/GCE 

vhm'jibfl'j1:::'Vivn'lLFlm i'l~1~1tJ'j~'lJU 3 i11Yl~11~LLri CS/HRP-p(Ani 1_x-co-o-Abax)IGCE 

Ltl'Uil1 Yl~11-ff.:J1'U (WE) Ag/ AgO (sat. 3.0 M KCl) Ltl'Uil1 Yl~1eJ1'18'l (RE) Lb~::: Pt b U'Ui11 Yl~1'1i1CJ (CE) 

Pin~1fjtu~lJU~Yl1.:J1Yl~11VltJn1'jLL~n'Uri1Pi'ntJ1Yl~1~1n -0.6 V and +0.4 V (vs. Ag/AgCl) 1'U~1'j":::mEJ 1'W 

~1'j~:::"1EJi'leJmi'll'1ui'lLYleJ~ (pH 6.5) F111l.lb.ffl.l.ff'U 0.1 M ~~l.l~l~lEJ N2 1 'U~m1:::.ffilJb~l.lbL":::L~l.l 1~LV1'jb~'U 
LtleJ~eJeJn L'llvl ~.:J bb~V1'11 'tJ'jtl~ 3. 9 , 

Electrolytic solution 

Magnetic stirrer 



d 
'U'Vl'Vl 4 
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\11nm~Pim~1Vl1eJ~fhh~ nm.J~ b vtln~~ll1 um~ lll~YhtJ~~11 Y'Jvhmn~~fl1~'UeJ'U 1 ~b uu'li'~ 1 vJii 
b111l'Ub111lel~ 1~vhm~'Vl~~eJ~l~mtl~tJ'UbVltJ'U~11Y'Jvhil1t!1'U 5 '1JU~ (A-E) 1~bbn A) GC, B) AuNPs_GC ,C) 

MWCNT-COOH_GC, D) MWCNT-COOH_PANI_GC bb~~ E) AuNPs_MWCNT-COOH_PANI_GC l~tJ1off 

b'VlflUflL111lfl~n bmb'Vlllb:w'VlTI um~Pim~ntli)n~meJBn"Bb~-a'u·tm~'li'~ 1 vJii~m1llb-ffll-fft! 5, 10 bb~~ 15 mM 

t.J~f11~'Vl~~eJ~Plf1'\~1Vl1eJ~r1tJ~~f1eJ'U~b VllJ1~~:wl'ieJf11~~~'U1'1i'~ 1 Y'Jiib111l'Ub111!el~bb~~~vl~ ~tl~ 4.1 bb~~ 
'\J 

Pl'nCJ'1 vJvh~tJeJ~v;mb~~~v1~~1~1~~ 4.1 

~1~1~~ 4.1 bb?I~~FhP1ntJ'1Y'Jvh~tJeJ~y;nm1u~n (Ep) bb~~rhm~bb~m1u~n (i0.6 v) •tm~'li'~hM~ 
fl11llb-ffll-ff'U 15 mM 

Electrode code Modified electrode Ep,a (V) I o.6 v (IJA) 

A GC 0.93 10.17 

8 AuNPs GC 0.80 18.66 

c MWCNT-COOH GC 0.85 26.97 

D MWCNT-COOH PANi GC - 22.07 

E AuNPs MWCNT-COOH PANi GC 0.75 60.49 

bjjeJ~\11~ru1~ ~ f11"J'Vl~~eJ~~1 n1111lfl~ n11 mb 'Vl:w h.J bbm:w ("Jtl~ 4.1) bb~~Pl'n tJ1 Y'Jvh~tJeJ~v; n~1 n 
'\J 

tJl)n~CJ1e:~e:~n<ab~-a'u<tm~'li'~1vJii\11nm'J1~~ 4.1 \l~b,:1u1~11~11vJvh (A) , (c) bb~~ (D) '1!~1vJiibn~tll)n~CJ1 
eJeJn"Bb~-a'u~Pl'nCJ"t vJvh~~n'i1 o.8o v 1 u<tJru~~~11 vJvh (B) bb~~ (E) bn~tll)n~me:~e:~n<ab~-a'u<tJeJ~'Ii'~ 1 vJii~ 
Pl'ntJ1vJvhb'vhnu~ o.8o bb~~ o.75 v ~1lJ~1vi'u ~~1um~~~1\11~tll)n~tJ1eJBn"Bb~-a'u<tJB~'Ii'~1vJii,!uti'11-ff 
Pl'ntJ1 vJvh~~~ bi1u 1 tl\l~vh 1 ~eJ~r1tJ~~neJu~u., ~iie1 ~1 ul'l1 e1~1~ bb~~~1lJ1~CJ bn~eJBn"Bb~-a'u 1~~u mum~ 

" I " 
~hm1~~ 

b~eJ~~1~ru1m~bb?t1vJvh~Pl'nCJ'1vJvh o.6 v (i o.6 v) <tJeJ~~1~~~mtJll1~~~1u'li'~1vJii~m1llb-ff:woffu 15 

mM 'V'l'Ul1~11 Y'Jvh (E) Vl~el AuNPs _ MWCNT-COOH _PANi_ GC ~~lim~ electro polymerization 

polyaniline l~tJ 1off~1~~~mtJeJ~U~'U 1 'Ub:W'Vl~f1<tJeJ~ MWCNT bb~~iim~ electro-deposit eJ~~il1fl'VleJ~'U1l 'U 
'! ~~uu~11 Y'Jvh 1 ~Fhm~bb~~~~~~~ fie1 60.49 1-1A eJ~r1tJ~~neJ'U<tJeJ~~11 Y'Jfl1'11i1~d~~bvtll1~~ll 1 um~il1:w1 

'\J , 

~~'U1bU'Ub111!'Ub·1m~b~eJ 1m um~ibfl~1~~'~~~ 1 vJii~e1 1 u 
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Potential (V) 

D) MWCNT-COOH_PANI_GC 

0.2 0.4 0.6 0.8 
Potential (V) 

E) AuNPs_MWCNT-COOH_PANi_ GC 
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1 1.2 

1 1.2 

'ltl~ 4.1 161lfl~nbmb'Vlllhmml.l'1leJ\l~1'l~~mE.Jmm\i1'UsV~1vJ~~rn1l.lb<U'l.l<U''U 5, 10 bb~~ 15 mM 
~ ~ 

1'U~1'l~~~1E.Ji'Jv~bi'JI'lui'Jbi'Jv1 pH 7.0 fn1l.lb<U'l.l<U''U 0.067 M 1Vf~nEJ1i'J.W1bb'U'U161lfl~n bb~n'U'l1n 0.0 -

1.0 V ~lE.Iell'l'l1b~l1'Um'lbb~n'U 20 mV!s (RE : Ag/AgCL , AE : Pt) '1JeJ\l~l1i'JoW1bbl'i~~'1li1~~~WJ'U1~'U 



-nT-a~n~TV11"tJ\j~<tJB'IB'U.f11f'lb6'l'VI::'U1b 'U (metal nanoparticles) Vib'VI~n::a111'ivn1'a'W~'U1i6'l • 
1w~>h~ub~v1 

1 'Wfll1Pln~1'1J\j~"IJB..:! 1~vt~'tJ1b 'U~b vt&J1~~:wl?iBfll1~~'U1i~ 1 ~~ b~'W b~BTI~tl 1 otlb 'VlfloQflb~fl~ n bl~ bb 'Vl:W 

b:W'Vl~ bb~~ bbBm ~Bfi 'H11'Vl~ ':il1 n m1Pimn hw1 otlb 'VlfloQfl1~fl~ n blmb 'Vl11b:W'Vl~1 'Wfll1Pln'\91'\Ji] fi~tJ1 

BBn68b~i'W"llB..:Ji~h.J~~fll111b-ff:w.ff'U 5 , 10 bb~~ 15 mM b~t~1-ff~11~~mtJ~11~~mtJ~B~b~~U~b~B{ 
pH 7.0 fll1:Wb.ff:w-ff'W 0.067 mM dJ'U~11~b~n1m1~~b~BVl~'U 1~mtJ~mJb'Vltl'I.Jn11bfi~tJi]fi~m~ 
~l1~vh~~~'U1~ltJB~Jl1flb~Vl~b~'Ubb~~'VlB-:J'U11 'U (~l1~vh AgNPs _ MWCNT _PANi_ GC bb~~~l1~vh 
AuNPs MWCNT PANi GC) ~~fll1'Vl~~B..:!bb~~-:J1~vi'-:J1U~ 4.2 

- - - " 

A) AgNPs 
140 

120 
··· .. Back ground 

~ 100 --·SmM 
:1 

80 ..... = lOmM .... 
c 
Q) 60 -lSmM L. 
L. 
:I 
u 40 

20 

0 

0 0.2 0.4 0.6 0.8 1 1.2 

Potential (V) 

B) AuNs 
140 

120 
· · · · · back ground 

~ 100 
--·SmM 

:1 ..... 80 .... = lOmM c 
Q) 60 -lSmM L. 
L. 
:I 
u 40 

20 

0 

0 0.3 0.6 0.9 1.2 

Potential (V) 

~tJ~ 4.2 1~fl~nbmb'Vl:Wb:Wbbm:W"llB..:J~11~~mt~:w1m\i1'Wi~1~~fll1:Wb.ff:w.ff'U 5, 10 bb~~ 15 mM ~ 
~lb'r'Jvh "A) AgNPs _ MWCNT _PANi_ GC bb~~ B) AuNPs: MWCNT _PANi_ GC (1'\.J~11~~mtJ'r'JB~b'r'J1'1 
U'r'Jb'r'Ja{ pH 7.0 fll1:Wb.ff:w.ff'U 0.067 M ~lt!eJI'111b1l1'Wm1bb~n'U 20 mV!s, RE : Ag/AgCL bb~~ AE : Pt) 
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b~By;~1';itt.n1'lll"l~n1JJbbVlJJhmmJJ ~1mtJ~ 4.2 ~~b~'W1~111'UmJ1'\X~nCJ1vJvhbb~n'U~1n o.o -
" 

1.0 V ~11 vJvh A) AgNPs _ MWCNT _PANi_ GC 'lir~1 yJ~~1JJ1<;itlbnV~tJijfi~mmJn~bV1-a''U~~nCJ1 vJvh~\lnl1 
1.0 V bb~b~v1-ff~11vJ~1 B) AuNPs_MWCNT_PANi_GC 'lir~1vJ~bnV~tJijfi~cnvvn~bV1-tl''U1~~~nCJ1vJvh 
0.85 v 1 'Un1<;iml~1V~tJl)fi~CJ1vvn~bV~-a''U-uv\l'llrt1 vJ~,r'U 

~1nm';iPin~1"'t1Jt1J1tuFhm:m~m~~1nm<;ibnV~vvn~bV~i'W 1V~CJ<uv'l'lir~1 vJV~1 -tl'b Vll"liJI"l bbvJJb Vivft <;ibJJVl~ 
(~ ~nCJ1vJvh 0.6 V) 1V~m~JJ~1<;irt~rllCJJJ1m~1'W'Iirt1vJ~I"l~\lrt~ 1 mM rt\11'W~1<;irt~mCJvJv~bvJV~uvJbvJv~ ... 
pH 7.0 m1JJb-iJJJ-iJ'U 0.067 M il1CJ1~6'1fl11~~ijm<;inl'UV!rtvV1b1rll (BI'ld1b~l 500 rpm) ~~l1vJvh 
AgNPs MWCNT PANi GC bbrt~~11vJvh AuNPs MWCNT PANi GC ~rtn1<;iV1Vlrtv\lbb6'1V1\Ivl\l<;iU~ 4.3 

- -- - -- 'U 

A) AgNPs 
10 

8 
~ 
::1. 6 .. 
c: 
Q) 
L. 4 L. 
:::l 
u 

2 

0 

0 200 400 600 800 1000 1200 

timelsl 

B) AuNPs 
10 

8 
~ 
::1. 6 .. 
c: 
Q) 

4 L. 
L. 
:::l 
u 

2 

0 

0 200 400 600 800 1000 1200 

time(s) 

<;iU~ 4.3 bbvJJbYivft <;ibbmJJ<uv\16'11<;irt~rllCJJJ1V!<;i~1'U'Iirt1 yJ~~m1JJb -iJJJ-iJ'U 1-7 mM 1 'U6'11<;irt~rt1CJ " ... 
vJv6'1bvJV~UvJbvJ8~ pH 7.0 m1JJb-iJJJ-iJ'U 0.067 M 1'\X~nCJ1vJ~1 0.6 V t?i'1CJBV~J1b~11'Um<;ibb~n'U 20 mV!s 

(RE : Ag/AgCl , AE : Pt) mCJ11'i'6'1.n11~~ijm<;in'J'U 500 <;i8'U~v'U1Yl <;iU A) -~11vJvh 
" 

AgNPs MWCNT PANi GC bbrt~ <;iU B) AuNPs MWCNT PANi GC 
- -- \J - --
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L~e.JYi"ilTHUlt:-J~"ill mLe.Jl-1 Lvwfi. ·mml-!"ill n~'\.J~ 4.3 "iJ:; L ~'U 1J11li1'qJqJl rurhm:; LL?I1 Yl.Yh~1~ 1Jl"illfl 

i11Ylrh AuNPs _ MWCNT _PANi_ GC iJ?Ifn'W b~~lfllli11 Ylrh AgNPs _ MWCNT _PANi_ GC LL~iifnll-1 
L?l~~':il-111llll1i1''1)'1jlru~1~ 1J1"i11ni11 Ylvh AgNPs _MWCNT _PANi_ GCE ~~miL Ylvh~ 0.6 V bb~~iJm':i 
m'UI'I~e.J~L1G'llvl1tJBmlL~1 i1'rurulrufilm~LL?I~1~1~'U,Y'U~ 6 -7 ('\.J':i~l-!lru 800-1,000s) -wtdli1'ruru1ru 

u v v v 

fi1m~LL?I~1Jl"illni11 Ylvh~1lJ~Yll~iiJ11 tJB'4fl1AVle.J..:J'W11 'U (AuNPs) 1 ~i1'qJqJ1ru~L~tJ'\Jil'lli1'qJqJ1ru 
A11l':i~ LL?I~I'I':i1"ill~ 1J1J11 tJi11 Ylvh~Ll-l~Yl1 tJiivll tJB'4fl1AL~'U'U1L 'U (AgNPs) i11 Ylrh 

AuNPs MWCNT PANi GC L'VIlJl~?ll-11'Ufl1':ioW~'U1LU'U~~ 1YliiL'1f'UL~fB1lJ11llll1 - - -

-nl':iAfl~1'\111~tJ~"!JB-1"!JB-1~~~hB~fl1{'Ue.J'U'U1b 'UVi'.l\J (MWCNT) ~b'VI~1~6UJ 

"ill fl t:-J ~ fll':iV\ ~G'j eJ .,:j b ~ e.Jfl fl~l'VIl B..:J ritJ ':j:; fl e.J'U bb~ :;'tJ\1 ~'lle.J..:J e.J'Ufll flLG'l '\II:;'U lb 'U ~ L '\lll-)1:;?1lJ ~ eJ Ill ':i , 
oW~'Ul~G'1LYliiL'1f'Ub'ile.J1 -wu-hi11YlYl1'lltJ~ AuNPs MWCNT PANi GC b'VIlJ1:;?1lJ~?I~fll':ioW~'U1Ltl'U - - - , 
b'il'Ub'1fe.J1 1 'Ufll':iVl~~B..:Jif"il~fln~1'lloU~'lle.J..:JiJG'1~hB~A11'UB'U'U1L 'UYi1U~L'VIlJ1:;?1lJ~e.Jfll':ioW~'U1,111 YlYll 

A11'UB'U'U1L'Uvb{J~fin~1 1J1Lbn MWCNT, MWCNT-NH2 LL~~ MWCNT-COOH 

t:-JG'l n1 ':iVl~ G'1 e.J ..:J fi n~l'V11'lloU ~'ll B..:JiJG'l ~1 e.J~ Al1u e.J'U 'UlL 'UVi1u ~ L 'VIlJ1:; ?llJ~ e.J nl 11' ~'\.J'1lJ1 ru~G'11 Ylii 

b'il'UL'1fB1vl1tJbVlfloUA1'1ffl~fl LdG'lbbVll-Jbl-!Vl~ bb?I~..:J 1J1~-.:J':i'\.J~ 4.4 
" 

L~m11t:-JG'lfll1Vl~G'le.J..:J"illn 1'1fA~nL1G'1LLVllJ LlJLLml-1 (~'\.J~ 4.4) fi1~ntJ"1. YlYl1~tJB~~mLe.J 1 'U~n (Ep) LLG'l:; 

Alm:;LL?I~~n~ 0.6 V (i06 vl "illllt:-JG'lfll1Vl~~e.J..:J"il:;L~'Ull,111YlYl1~oW~'U1vl1tJ MWCNT 5-:i':ilJm ~~1Ylii 
Ln~tJ5n'1tJ1e.Je.Jil"8L~i'U'lle.J..:J~~ntJ"1. YlYl1'\.J':i:;lJ1ru 0.85 V 1 'U'Uru~~il1 YlYl1~oW~'U1vlltJ MWCNT-NH2 LL~~ 
MWCNT-COOH ~G'11Ylii?11lJl':imn~tJ5n'1tJ1e.Je.Jn6BL~i'U~~ntJ"1.YlYl1~11ll1 AB 0.80 V L:iJe.JYi"il11ru1 

m:;LL?I1 YlYl1~~ntJ"1. YlYl1 0.6 V (i 0.6 vl 'lle.J..:J?Il1~:;mtJmm~l'U~G'11 Ylii~A11lJLoUl-loU'U 15 mM 'lle.J..:Ji11 YlYll 

,jf..:J 3 "tloU~ 'W'Ul1Alf1'.i:;LL?I~~ntJ"1.YlYl1 0.6 V ~l'l':il"ill~vlltJil1YlYl1~oW~'U1vlltJ MWCNT-NH2 1~ 
fi1m:;LL?IVi?I'IVi?l~ 1B..:JG'l..:JmAe.J MWCNT-cooH LL~:; MWCNT 1~tJ1~fi1m:;LL?ILvhnu 22.56, 12.33 LLG'l~ " , 
7.31 ~A t'lllJ~l~'U 
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1.2 

~tJ~ 4.4 1"1lfl~nb~bbVl&Jhmm&J 'llB.:J~1~~~mtJ&J1m~1'U"Ii'~1~~~m1&JboU&JoU'U 5,10 bb~~ 15 
~ ~ 

mM ~~11 ~.Yhffi&J~~1CJ(;)l(;) CJ 1 .ffl1~~1B~m~UB'U'U11 'UV\·n:hJu(;)~1.:! I (MWCNT, MWCNT-NH2 bb~~ 
MWCNT-COOH) 1'U~1~~~t;=t1tJ~B~b~\91U~b~B1 pH 7.0 fl11&Jbot'&JoU''U 0.067 M e!m1b~11'Uf11~~bbf1'U 

20 mV!s (RE : Ag/ AgCL , AE : Pt) 
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~1nfl1".iPifrt~n LliW 1-ifL VlflilflbbB:Wb ~vfi. ".ib:WV1!l.tJn1".ilil".il~llil~qjqj1rurhm:m?l~1mJ5 n~mvvn~blil-a''U 

'llv.:Ji~1vJ~ L~mJ1~1m~bb?lbQ~fJ~1~~1nfl1".ilil".il~llilllili~1vJ~ 3 ~1 Lb~~~lb~fJ\lbU'Umm~l'U (50) m 

bU~fJuLVif.J'U~lm~bb?lm~ 11ilfJ1-if~l1 vJvhm:w~vJ1fJii~1mr~~lv~~fl11uv'U'U11 'UYllU~\l 3 'llillil e-~~m1 
Vllil~B\lbb?llil\l1~~'ln".i1'YJbbvl'l".iU~ 4.5 

\J 

0.5 

0.4 

- 0.3 td: 
:1. -<j 0.2 

0.1 

0 
MWCNT MWCNT-NH2 MWCNT-COOH 

Types of MWCNT 

oatJ~ 4.5 n".i1Y1bbvl\lLb?llil\le-J~fl1".iLU1fJUbVitJUfilm~Lb?l'lJB\l?l1".i~~~1tJ:wllil".i\i1'Ui~ l Y11'ifl11:WLoU:WoU'U 1 
~ ~ 

mM ~lil".il~llilllii'~1n~1LY1Y11~.W(;ll'U1~1CJ MWCNT 'llillill'il.:J! 

b~B~~1".iru1e-J~fl1".iVllil~B'l~1nbbB:Wb ~vfl 'Hbn".i:Wbb~~~l n".i~bb?ILQ~fJ~bb?llil\l~\ln".il'YJ bb vl\l1 'U".iU~ 4.5 
\J 

~'Ull~l'lmilvirh 0.6 V .frl1virh~.W(;ll'U1~1CJ MWCNT-NH2 bL~~ MWCNT-COOH 1~rhm~bb?lbQ~fJ~ 
~B'UoU1\l1n~bACJ\ltl'UAB 0.350 bb~~ 0.323 ~A m:w~l~U bbl'ifl1b~tJ\lLU'ULQ~fJ1'Ufl1".ilil".il~llil'lJB\l~lLY1Y11~ 
1:w~Y11fJiii~lfJ MWCNT-NH2 ~fl1?1\lnl1~lLY1Y11m:w~Y11tJiii~ltJ MWCNT-COOH ~\lti'Ul!~~1B~~fl11Uv'U 

\J 

'U1L 'UYllU~ b 'Vl:Wl~?l:wl'i f) nl".i.W (;ll'Uli~ 1 yj ~ b"i!'U b"lfv1fiv fl1 iu B'U'U 1L 'UYllU ~~'Vlllrl \l ni'U fl11u f) n~~ n 
\J 

(MWCNT-COOH) ;\l'liltJ 1 ~~qjqj1rurhm~bb?l~llil1~~fl11:Wb?I~CJ".i b'Vl:Wl~?t:wl'ivrn".i.W(;ll'Uli~ 1 'YJ~b"i!'Ub"lfvi 
~nnn-;hmiuv'U'U1L VlYllU'llillil~'U 

-m-aAm~n(;l.n11~n1".iVllil6'1B\l~b'l-Un::m.J 
1'Wrn".iPimn'Vl1tl~mruv~tl~'U~b'Vl:W1~?1:w 1 'Ufl1".i 1:w~'YJ1fJii~l1 Y1Y11n~1?1~fl1iuv'U ~~ 1-if?ll".i~~mfJ 

t:-J?I:W'lJB'l MWCNT-COOH:aniline 1'WBiil".i1~l'U~bLiilnl'i1'ltl'Ubblilnl'i1'ltl'U~'ld 1.0:0.5, 1.0:1.0, 1.0:1.5 bb~~ 
1.0:2.0 t:-J~ fl1".iVllil~ v.:JPim~l'Vll'll~mru'llv\lv~tl~'U~ b 'Vlm~?l:w 191 v rn".i.W(;ll'Uli~ 1 v119i" b "l!'Ub"lfv1~l tJ b Vlflilfl bbB:W 

L~vfi. ".ib:WVl~ bb?llil\ll~~\l".itl~ 4.6 
\J 
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3.5 A) 1.0:0.5 3.5 B) 1.0: 1.0 
3.0 3.0 

~ 2.5 ~ 2.5 
ct ct 
~ 2.0 ~ 2.0 .. .. 
c c 
Ql 
:: 1.5 ~ 1.5 .. 
:I :I 

u 1.0 u 1.0 

0.5 0.5 

0.0 0.0 

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 

time(s) time (s) 

3.5 D) 1.0: 2.0 3.5 C) 1.0: 1.5 
3.0 

3.0 

~ 2.5 
2.5 

ct 
~ 2.0 ~ 2.0 .. :1. 

c ~ 1.5 ~ 1.5 .. II 
:I .. 
u 1.0 ~ 1.0 

u 

0.5 0.5 

0.0 0.0 

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 

time(s) time(s) 

~tl~ 4.6 bbe:Jl.JbYfeJ'fl 'Jbbn1lJ"UB~~1'J~~mCJlJ1(;l'Hi1'U'If~ 1vM~fll1l.JboUl.JoU'U 1-7 mM ~1~ 1Ji'\11f1 
~ ~ 

.ff11~vh~1lJ~YhCJ~tif--w~1'J~~mCJ MWCNT-COOH:aniline 1'UeJ(;l'J1~1'U~bb(;lf1\?l1~n'U (A) 1.0:0.5, (B) 

to: to, (C) 1.0:1.5 bb~~ (D) 1.0:2.0 (~~nCJ1~vh o.6 v 1tJyja~byj(;luyjb'v~a1 rn1l.JboUl.JoU'U o.o67 M pH 

7.0 , RE : Ag/AgCl , AE : Pt) 

\11fl~~f11'J'Vl~~a~1 'U'JU~ 4.6 b~v'tl1ri1m~bb~~1Ji'\11nm"J~m1\ll~ 1~CJ 1-if~11 yjvhffilJ~yj1E.JiiJi'1CJ 
~ 

~1'J~~mCJ MWCNT-COOH:aniline 1'UBm1~1'U~bb(;lfll'i1~tl'U~~ 4 M111~ lJ1bU~CJbb~~vnfi1b~CJ~b'U'U 
l.J1(;l'J\11'U (SO) lJ1bti~CJ'UbVlCJ'UA1fl'J~bb~~m1\ll~'ll~ 1 yj(;j1Ji' ~~ruJi'bb~~~l'l~m1yjbbvl~'JtJ~ 4. 7 

~ ~ 

1400 

1400 
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0.40 

0.30 -ex: 
::I. -... 

0.20 c 
CIJ ... ... 
:I u 

0.10 

0.00 

0.013mM 0.020mM 0.024mM 0.026mM 

Aniline ( mM} 

"<itl~ 4. 7 flJl~LL vl'ILL?f~'le.J"n1'~Lt11CJ'\J LYiCJUfllflJtLL?f'Ue:J'I?fl1"tmCJl.JliW)\Jl'Ui" 1 ~lii'fllll.J L -iJlJ-iJ'U 1 
u ~ 

mM ~1'11T~1~hi'~ln~11~vh~~~'Ulvl'"JCJ MWCNT-COOH:aniline 1'UeJI'l1l~1'Uvll'll 1~m'IJ~CJ'ULLU"'~ 
tl~lllru'Ue:J'Ie:Jtti~'U 

~lnLLe:JlJL'We:JfbLLmll (1U~ 4.6) LL"tf"1lmtLL?fLO~CJ~LL?f~'l~'lml~LLvl'I1'U1U~ 4.7 'WU"Jl~ 
~ ~ 

~mJl~vh 0.6 V ~11~vh (B) ~ihJI'l1l~1'U1tVr:h.:~ MWCNT-COOH:aniline (1.0:1.0) ~.:~ijLJ~mru 
'Ue:J'Ie:Jtti~'U (aniline) e:J~ 0.02 mM 1~f"1lmtLL?fLO~CJ 0 .318 ~A ~'lljf"1l?t'lnll~11~~l (A), (C) LL"~ 

~ ~ 

(D) LL?f~'11 ~ L ~'UllU~l.Jlru'Ue:J'Ie:Jtti~'U~L'\IIlllt?fllvle:J nl1~~'Ul~1 1 ~~l n"l?f;fll~'\Je:J'U ~e:J 1 'U eJI'l1l~1'U 
1~'\llll'l MWCNT-COOH:aniline (1.0:1.0) ~'llj'IJ~l.llru'Ue:J'Ie:J~ti~'Ue:J~ 0.02 mM 'lhv1~G1'qjtylru 
f"11m~LL?f~l~ 1vi'ljf"1l?t'l LL"~ijf11ll.JL?f~CJ1~ 

~ 

bUrn~fim~nLJ~:WlOJ'lJ'El'l MWCNT-COOH ~bVI:W1:;6'1:W~BnT~~~U1~11 'V'Jvhmn6'1;rn1uBU b~CJ~:; 
~n'l'Jl nl1Ln~uB n~ CJle:Je:J n~h~i'U'Ue:J'Ii" 1 ~Iii~~~ 1 ~~l~~~'Ulvl1 CJ?fl1"t"lCJ e.J?fll1tvtll'l MWCNT

COOH:aniline 1'UeJIW)l~1'U~LLI'lnvll'lrl'U~'Ilf 0.5:1.0, 1.0:1.0, 1.5:1.0 LL"~ 2.0:1.0 ~lne.J"nl1'VI~"e:J'I 
~n'l'Jl'VIlU~l.Jlru'Ue:J'I MWCNT -COOH ~L Vllll~?fllvle:Jnl1~~'Uli" 1 ~Iii L'll'UL"ife:J~vl'JCJ L 'VIFltiFl LLe:Jll L ·rmft 1Lll'VI1 

Lrim1lf"1lm~LL?t~1vi'~lnnl1~m1~l~ 1~ CJ 1-ff~~ 1 ~~l~1ll~~lCJ~vl1CJ?fl1"~"lCJ MWCNT-COOH:aniline 

1'UeJIW)l~1'U~LLI'lnvll'lrl'U~'I 4 ?ffll1~ l.JlLO~CJLL"~VIlf"1lL~CJ'IL'\J'Ul.Jll'l1\Jl'U (SO) l.JlL'lJ1m .. JLYiCJUf"1lmtLL?f 
~ 

~m'J~l~i" 1 ~1'11vl e..~"mvlLL?f~'l~'lml~LLvl'I1U~ 4.8 
~ 
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0.70 

0.60 

- 0.50 
< :::s. 0.40 -... 
c 

0.30 Q) ... ... 
:::s 0.20 u 

0.10 

0.00 

0.26 mg/ml 0.40 mg/ml 0.48 mg/ml 0.53 mg/ml 

MWCNT-COOH (mg/ml) 

-atl~ 4.8 m1~bbvl~bb~V1~e..J~nT~b tl~cJ1JbYi~'Urhm~bb~'lle.J~~THU~m~~11'l'Hi1'Ui~ 1 ~vi"rr;m.JL-il~-ilu 1 
~ ~ 

mM ~1'1~1~1V11~~1n.rr11~vh~~(;ll'U1~1~ MWCNT-COOH:aniline 1uB'm1~1'U~1~ 1 1V1mti~~'Ubbtl~~ 
tl~~1ru'lle.J~ MWCNT-COOH 

b~e.J~~1~ru1l'l1m~Lb~ba~~~bb~V1~~~m1~Lbvi~1u~tl~ 4.8 ~·trh~~n~1~vh 0.6 v ~11~~1 (D) 
" 1~l'l1m~bb~ba~~~~~~V1 LL~iil'l1b~~~b'IJ'Uba~~~G1~n-.hl'l1m~bb~~1V11~~1n~11 ~~1 (C) ;~ 1 ~l'l1m~bb~ba~~ 

" , " 
ffin~\~~~n'U ~11~~1 (C) ~iiB'm1~1'U~~vrh~ MWCNT-COOH:aniline (1.5:1.0) ;~ii'\.J~~1ru'1Je.J~ 
MWCNT-COOH e.J~ 0.48 mg/ml '1h~1~~qjqj1rurl1m~bb~~~l'l~1~1V11~iim1~b~~W~ btl'UMl11~~ 
b 'VIl-11~6U.J~fJ n1~~(;ll'U1i~ 1 ~ l'i b '1l'Ub'1JrJfl.~~~~Vl 

' 
1 um~Pim~ntl~l-11ru'lJe.J~e.J'UmflYle.J~'U11 'U~b 'Vl~1~~~~ e.Jm~~(;ll'U1~11 ~~1nm~"lim1'1Je.J'U hwPi m~n , 

n1~bnV1t15 n~~1e.Je.Jn~hV1otl'U'!Je.J~i~ 1 ~vi~~11 ~~1~~(;ll'U1~1 ~~1~~~~1 ~~iitl~~1ru'1Je.J~eJ'4fl1flYle.J~'U11 'U 

bbl'ln~1~tl'U~~d 0.08, 0.12, 0.16, bb~~ 0.24 mM e..J~m~YlV1~e.J~Pin~1'Vl1tl~~1ru'1Je.J~e.J'U.fl1flYle.J~'U11 'U , 
(AuNPs) ~b 'Vl~1~~~~e.Jm~~(;ll'U1i~ 1 ~vi b"il'Ub"lle.J1~1 m YlflUflbbe.J~ L ~e.JTI ~ b~Yl~ L~ml1l'l1m~Lb~m~~1 nm~ 
~l'l~l~i'V11V1~ 1 i~11 ~~1ffi~~~1~il~1 ~~1~~~m~e.J'UmflYJe.J~'U11 'U (AuN Ps) m1~ b .v~.vu~ bbl'l n~1~ n'U~~ 4 

' 
~m1~ ~1ba~mb~~'Vl1rl1b~~~b'IJ'U~1m~1'U (SO) ~1b'\.J~~'UbYi~'Ul'l1m~bb~~ml~i'V1i~1~1'11~ e..J~~1~ 

~ 

Lb~V1~~~m1~bbvl~~tl~ 4 . 9 
" 
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0.80 

< 0.60 
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O.OSmM 0.12mM 0.16mM 0.24mM 

AuNPs (mM} 

~tl~ 4.9 mTvhwi~bb61(;l~e.J(lfl1'H tJ~tJ'\J b VitJufhm~bb61'1JeJ~61l'J(l~t;ntJ:J.ni?1'HiltJ"li'(11 'V'lt'irr:mwif:w.U'U 1 
~ ~ 

mM ~mT'ir1('11~'illfl~11 'V'lvhffi:w~'V'lltJii~1 tJB'U.fllfl'YleJ~'UlL 'U 1 tJ'\J1:wlru~?h~n'U 
' 

b~eJ~'ill'Jru1f"11m~bb61bu~tJ~bb61('l~~~ml'Y'lbbvi~1tJ'Jtl~ 4.9 Y~u1l~~ntJ'1'V'lvh 0.6 v ~11'Y'l~l (B) 
" ~~iit11mru AuNPs e:J~ 0.12 mM 1 ~f"11m~bb61bU~tJ61~~~('1 Ae:J 0.854 IJA ~~J'Ut11mru'lleJ~eJ'U.fllfl'UlL 'U 

\1 'U , , 

'Yle:J~fh (AuNPs) 0.12 mM b~:W1~~:w~e:JflT~i~w.J'Ul~11 'V'l~lnm61;fl1~'\Je:J'U~l~-ru1bm1~v1-B'(11 'V'lt'i:w1n~~('l 

1tJnT~~m~1'1h~ pH 'lle:J~~~'J(l~mt!'V'le:J61b'V'li?1U'V'lb'V'le:J~ flJl:WboU:WoU'U 0.067 M ~b~:w~~~:w~e:Jfll'J 
1 off dJ'U~1'J(1~ (11tJ ~ib~ n11'1'J 1(1 t'i b~B~'U'U 1 'U m'J\?1 'J1'il1 ('l<B'(11 'V'lt'iffi off<B'(11 'V'lt'i b"ll'U b"llBi~~w.J'U1~'U b utJI'l11?1'J1'iJ1('1 , 
~1tJb'YlflUflbbeJ:Wb'VleJ~bb:W'Yl~ L('ltJ1off~1'J(l~t;ntJ'V'le:J61b'V'li?1U'V'lb'V'leJ~ ~ii pH 5.0 , 6.0 , 7.0 , 8.0 bb(l~ 9.0 

m:w~1~u bU'U~1'J(l~t;ntJBb~n 1m 1(1\9ib~e:J~'U'U e.J(lfll'J'Yl(;l(le:J~bb~('l~~~'Jtl~ 4.1 o 

0.5 

- 0.4 
<( 
:1 

0.3 -... 
c:: 
Q) 0.2 1.. 
1.. 
:J u 0.1 

0 

5 

, ~ 

6 7 

pH 

8 9 

~tl~ 4.10 bb~('l~rhm~bb~bU~ tJ'lJB~611'J(l~t;ntJ:W11?1'J~l'U"li'(11 'V'lt'i fl1l:Wb .U:w.if'U 1 mM ~1 off 
~ ... 

~1'J(l~mtJ'V'le:J~b'V'li?1U'V'lb'V'le:J~ ml:wb.if:w.Uu 0.067 M ~iif"11 pH ~~~tl'UbU'U~l'J(l~t;ntJBb~n1m 1(1\9ib~B~'4'U 
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~lfWJ~fll'j'Vl~~v'~~'l'.iU~ 3.10 ~~b~'U 1~1l?\l'j~~mCJ~mm~l'lU'Ykr~v~ fnll-lb-ill-1-il'U 0.067 M ~ 
'U 

PH 7.0 ?lll.Jl'jflml~l'~rilm~bb?l'llv'l?\l'j~~~lCJl.llm\il'Ui~ 1 ~~ fnll-1 b -ill-1-il'U 1 mM 1~?1'1~61~~v 
"' 'U , 

0.463 IJA ~'ltY'U ril pH 'lJV'l?\l'j~~mCJ~v?lb~l'lU~b~v~ ~b'VIl-ll~?ll-ll'ivm'j1oU'btl'U?Il'j~~mCJBb~n1m 
1~~ b~v'VI'U'U 1 'U fll'ji'J'jl~l' ~i~ 1 ~~~1.Ui~ 1 ~~ bEll'UbEllv~~~w.J'Ul~'U b iJ'U;(ll'l'.il~l'~ f1v?~l'.i~~~lCJ~v?~b ~ 111 

' 
U~b~tl~ pH 7.0 fnll-lb-ill-1-il'W 0.067 M 

"" "' "' 1"·' d d -n1'.irl n~1 f'l w ~ n·t~HU::'UeJ.:JElj6'l nl'l bElj'U b'lle:l'.i • 
~lnfll'j'Vl~(;'ltl'lbb~~rrl'Ulru'VIlrilmll-lb -ill-1-il'U~:ti~"'illn~~l?l~ 1 'Ufll'jl bfl'jl~~ 1~CJ 1 'Ufll'j'Vl~~ v'~ 1~vh , 

m'.ilbfl'jl~~?\l'jr;=t~mCJml'l'j\il'U'tl~ 1 ~~ "'ill'Wl'U 5 ~l Al'Ulru'VIl:ti~"'illn~~l?l~ 1 'Ufll'jlbfl'jl~'VI1~b vhnu "' , 
0.0927 mM ijfilfnll-lb~CJ'Ib'U'Ul.llm\il'U~l-l~'Vll5bvhnu 4.12 (n = 5) bb?I~'11Vlb~'Ull't1~1~~bEll'UbEl!B~~ 

"' 
~w.J'Ul1~ij~~"'ill n~ 1 'U fll'jl bfl'.il~~tJ~mru'tl~ 1 ~1'11~~fldll-J b -ill-1-il'U~l?l~~'l'j~~'Ull~ ~1l-l~l~ bb6'l ~ijfllll-1 

' 
bViCJ'II'J'j'l 

~l n n l'j ~ mn fll'j l'lv'U ?I'Uv'l bb uu b U'U b~'UI'l 'j 'l'llv'l?\l'jr;=t ~ m CJl-lll'l 'j\il'U'tlr;=t1 ~ ~ ~:m fll'j'Vl ~~ v'l bb?l ~'l~'l'jU 
d 
'Vl 4.11 

9 

8 

7 

6 

3 
1 mM Sulfite 

2 

1 

0 

0 500 1000 

time(s) 

1500 

"' 'U 

16mM Sulfite A) 

2000 

y = 0.4296•. 0.1214 
R1 :0.996-1 

10 

Sulfite(mM) 

B) 

lS 

2500 

,. 

'.itJ~ 4.11 bbvl-1 b 'Y'lv~ 'jbbml-1 bb?l~'lfll'j\9\tJ'U?I'Uv'l bb uu b U'Ub~'Um'l'llv'l'tl6'l1 ~~ ~1~~lf1fll'.ib~l-l 
'U 

?\l'j~~mCJmm\il'U'tl~1~~~fllll-lb-ill-l-il'U 1 - 16 mM 'jU A) '.iU~rurulrubbvl-lb'Y'lv~'jbbml-1 'jU B) bb?l~'l 
d.! \J 'U v CI.J \1 

ml~l.ll \9\ 'j\il'Ubb~ ~?Il-l m 'j b~'U m 'I'll v'l ml~mm\il'U'lJB'Ii~ 1 ~~ 
"' "' 

~ln~u~ 4.11 bb?l~'~~~~lrum~~lnm'j 1.ffb'Vlfli1Abbvl-Jb'Y'lB~ 'jbl-J'Vl'-n 'U fll'j'Vfl'lil'l fll'j\9\v'U?I'Uv'~ bb uu 

bU'Ub~'UI'J'j'l'lJv'l?\l'j~~~lCJl-lli'J'j\il'U'tl~1~~flll:Ub-ill-l-iJ'U 1 - 16 mM b~v'Vllfll'.i?l~l'lml~l.ll\9\'.i\il'Ubb?l~'l 
"' "' 

ml:w~l-l~'Uth~'VI1l'lfllll-l b -ill-1-il'W'llv'l?\l'j~ ~m CJl-llm\il'U'tlr;=t1 ~~nurilm~ bb?l ( ~'l'j'\J B) hl'?!l-lfll'j b~'Um'l 
... 'U 

~ 2 
fltl y = 0.4296x- 0.1214 ( r = 0.9964) 
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1 'U f11"j~ n~l(:..J~'l.le:J'w11 "jtJ m'U~ii(:..J~ l'im~uu fll"jl bfl"jl~~bb uu bbe:Jll b vmft "j bll'V1~~1~~ \?ll'Ul~'U 1V~ t1 

f.'1l"j~~mtlllll'l"j~l'U'l.le:J'I~1"j'Ufl1'U~vllfll"j~mn1~Lbri ascorbic acid, sodium sulfate, sodium nitrate 
"' 

bb~~ potassium iodide ~ml:WboV:WoV'U~l'~l ':illflfll"j'VlVJ~e:J'Ibbe:JllbYmfbbbm:w L1161'qJqJltu~lm:m1.1m~ 
lill fl fll"j'VlVJ~eJ'I l')"j'J liJl Vlf.'1l"j~ ~m 8 (:..! 1.'1lJ~ b~lJ ~1 "jtJ flJ'U~ m llJ b oVlJoV'U I'll 'lllll b u~ ti'U b V1 ti'U nu~ qJ qJ l ru fl "j~ bbf.'1~ 
1~~1 n fll"jl')"j'J~l V~~l"j~:; m t~m m~1ui~ 1 vi ~ffili~~'J"jtJ mu ~1~ ru ru1 rum:; bbf.'1~m1 -:u1 V~1~~ m 1:w bb\?1 n ~ 1-:1 

"' vv 

n'U ± 5 % bb~VI'Il1iifll"j"jtJflJ'U'l.le:J'If.'1l"j~'J"jtJflJ'U~b~lJ~'I1ul'im~u'Uf11"jlbfl"j1~~ (:..J~fl1"j'V1Vi~e:J'Ibbi.'1VI'IIil'l 
... 

l')l"j1'1'V14.2 

"' \Pl1'a'Un1'U 

ascorbic acid 

sodium sulfate 

sodium nitrate 

potassium iodide 

tth'lr111:Wb,j:w,j'U~Am~n 
(mM) 

0 .01 - 0 .15 

1.00- 50.00 

0.10 - 50.00 

0 .01- 0.30 

Tolerance limit a (mM) 

0.05a 

10.00a 

20.00a 

0.20a 

liJlfli'J1"jl-:J~ 4 .2 ~'Ull~'J"j'UflJ'UVlvllfll"j~fl'\~n 1~bbri ascorbic acid , sodium sulfate , 

sodium nitrate bb~~ potassium iodide iifl1"j"jtJfl1'UI'im~uum"jlbm1~~ bV!t~:U Tolerance limit 
' ' 

fie:~ 0 .05 , 10.00 , 20.00 bb~~ 0.20 mM l'll:Wci'11ii'u ~l'V!~'U ascorbic acid V1:U Tolerance limit 1'11 

iifi1bVlt~-:~ 0.05 mM m~iJbiJ'U(:..l~b~e:J'I:Wl':illfl~1"jdbiJ'Uf.'11"j~'UYl~~~f.'11ll1'H1bnV~u5n~me:~e:~n~bVI-8'tJ1~~ 
~n t~"l vivhvflm1 bfi t~-:~ nu fll"j bnV~u5 n~ t11e:~e:~ n6li bV~iu'lJe:~-:~i~ 1 vi~ ~-:~v111 ~bi1V~ fll"j"jtJ mum"ji bf1"j1~~~ m1:w 

L<U':w-ii''W~ll 6'1Tv!-ru potassium iodide ;.:JLU'U?!l';jBL~flbl'l~1G'lvi m~~'Um'Uvie:m~uum~iLml:::~e:JT'ilLn~ 
b~e:J'I~iJ1n b~e:J~~mt~1 'U~1vll~~mt~~iJ~bbl'lfl~1bU'U he:~e:~'UU1n (K+) bb~~ 1e:~e:~e:~u~u (I .) v111 ~~ll.Jl"jtil111 vivh 

1~ ~'le:Jl~iJ:U(:..J~I'ie:J~qjqjltufllfl"j~ bbf.'1~1')"j'JiiJlV11~ 
1 'Ufl1"j~fl~lr111llb ~tl'l'l.le:J'Ifll"jvJ1~l (reproducibility) 'l.le:J'Ii~ 1 vi~b'il'Ub'ile:Ji~~\?ll'Ul~'U 1V~t~~mn 

liJ1flt:-J~fl1"jVlVJ~e:J'Im11iJlV~i~ 1 vi~~1 t1 b VlfliJALbe:Jll b ~e:~ft "j blJVl~ ~1V~~ruru1rufi1m~ bb~'lJe:~-:~i~ 1 vi~~mlll 
v v 

boVlJ.ff'U 1 mM ~1'U1'U 3 ~1 liJ1flbbe:J:Wb~e:~ibbbm:w~1~~1lJl"jti'Vflfl1m~bbi.'1bu~mb~~L11ll11.'1~1'1bU'Um1vi 
bbvi-:~b~mu~t~ubV1t~ufi1m~bbf.'1~1V~1~~1n~11viY11~'~ 3 ~1 bb~V~-:~Iil-:~ <j\J~ 4.12 

\J 



0.50 

0.40 

~ 
...:: 0.30 
~ c 
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u 
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0.00 
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#3 

~tl~ 4.12 bb?lli1·m"j1~bbvi-m.J1tJubVicrur11m~bb?l'UB'loV~1~vi"~Fn1:Wb-1i':w-1J'U 1 mM ~l'l"j11iJlli11Ji\nn 
'U 

~11 ~vh vtl ici'1vt1'u~m~1'li1'lm"jl'lEJu?l'UB'lbb uub tl'Ub~'UI'l"j'l bb~~~mnvl'1"jum'U 

lil1mtl~ 4.12 bb?lli1'lA1m~bb?lbO~tJffiJi'lil1nm"jl'l"j11ili'li1Ji'1tJ~11~vh~'l 3 ~1 ~bl'l1tJ:w~'U11i1tJ1i 
'IJ 

15m"jb~tJ1tl'U 1~r11m~bb?l~i'li11Ji'iJr111n~\~tJ'ltl'U ~B 0.453, 0.432 bb~~ 0.443 IJA 1'11:W~1vl'U b~at11 
~'11m~ bb?lbO~tJVi1Ji':w1f11'U1 ruvt1A1~1'Ub ~ tJ'l b u'U:w1m~1'U~:w~YJ5 (% RSD) Y'lu'i11'11 b ~ tJ'lb u'U:w1m~1'U ... 
~:W~Yitfl 'Un1"j~n'\~1Fn1:W b ~ tJ'l'UB'l n1"jVh~1'UB'l'll~ 1 ~vi" b'll'Ub"llB1 (reproducibility) ~~l'll'U1~'UiJA1b vi1nu 

2.37 

-m"afi mnvt1e:~.:~ rhJ "a::ne:~uVi b 'VI:W1 ~6'1:w 

n1"j~n'tf1B'lAU"j~nB'U~bVI:w1~?l:W~Bfl1"j~l'lJ'U1oV~ 1 ~vlb'1l'Ub'11B111i1tJvlli1bb th~11 ~vhnm?l~fl11'UB'U 
Ji'1tJ15m"j drop casting lil1nn1"j~n'tf1tl~fi~tJ1BBn~bli1otl'U'UB'loV~1~vi"~iJFn1:Wb-1i':w-1i''U 4 mM 11i1tJ1otlbYif1'UA 

L"IJA~n 11mbYJ:Wb:WYJ111i1tJ 1 i~11 ~vh~~l'll'U1Ji'1tJB'lAth~nBu~~1'ln'U~'l 4 'U~Ii1 (a-d) bU'U~11 ~vh1 otl'l1'U e.m 

n1"jYJ\i1~B'lbb?lli1'lvJ'l"jU~ 4.13 
'IJ 
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-atl~ 4.13 1'1lfl~fl 1-:m bb'VllJ hmmlJ'lJe:J\l6'111~~mCJlJlmlil'U"l!~ 1 Y11'lfllllJb oVlJoV'U 4 mM ~~11 v1vhbb~ 
~ ~ 

~~'lJi:JV~ (a) nmG'I~miue:J'U (GC), (b) CNTs/GC, (c) CNTs-PDDNGC bb~~ (d) CNTs-PDDA-AuNPs/GC 

1V~v1i6'111~~mvv1e:J6'1b'Y1V~trv1LY1e:Jim1lJLoVlJoV'U 0.1 M (pH 7.0) bU'U6'11'j~~mCJBL~n1V~11~vib~m'l~'U, 
eJ'mlb~11'Un116'1bbfl'U 50 mVs-

1 

b~e:J'Yilill1ttne.mm1'V1V~~e:J\llil1n 1'1lA~n t lmb'VllJLlJLLmlJ1 'U1U 4.13 lil~b~'Ull~~l1 ~vh (a) nmG'I~ 
" 

miue:Ju u~n~CJlvvn~LV~iu'lJe:J\l~~1~~LnV~~Pinv'1~vh~\l ('\.J1~mru o.ss V) 1u'lJru~~ ~l1~.Yh (b) 

CNTs/GC (c) CNTs-PDDAIGC bb~~ (d) CNTs-PDDA-AuNPs/GC 1~flltJe:J(;)Yine:n1u~n~ntJ1Y1vh 0.40, 

0.33 bb~~ 0.25 V V11lJ~l~U ~l1~.Yh CNTs-PDDAIGC bb~~ CNTs-PDDA-AuNPs/GC vhlt~'\.J~n~m 
e:Je:Jfl~bV~ii''U'lJB\li~1~1?)bnVI~~nCJ1Y1vh~~1~\l 0.45 bb~~ 0.52 V V11lJ~1~Ub~e:JbViCJUtlU~l1~vhnm6'1~ 
miUe:J'Uli11lJVI1 'Ue:Jfllil1nif~~~1ru'lJe:J\lrl1m~bb6'1bbe:J 1 u~n~1~\11fl ~11'Y1vh CNTs/GC, CNTs-PDDNGC 

bb~~ CNTs-PDDA-AuN Ps/GC ljf11lJ1flfll1b~e:Jb ViCJUtlU~l1 ~vhn~16'1~fl11Uv'Uli11lJVI1 t:.J~ n11'V1VI~e:J\lbb6'1VI\l 
1~L~'Ul1 CNTs ~\lb6'1~lJ1~m1~1C!b'V1Bb~nmv'UbnV~1~~~'U b~v\llillnflru6'1lJtJ~m1i111~vh~~ ij~'U~~lG'I\l , " 
LL~~ijfllllJ'Vl'U'V11'U~v'lJ~n~CJ1bflij ~l'U CNTs-PDDA iju'V1U1'V11 'Un11d\l'\.J~ n~CJ1e:Jvfl~bV~ii''U'lJB\l"li'~ 1 ~V11 ~ 

bnV~1~~Pinm~~1~~1~\l bb~~ CNTs-PDDA-AuNPs lj'lJ1~~'V15rnw1um1d\l'lJ~n~CJ1mnn11 CNTs-PDDA 

b ~B\l\11n AuN Ps ~\lijflru6'1lJ~~Bij6'1mY1'l111 'Y1~1~6'1\l ij~u~~llJ1nvh 1 ~LnV~ n11~1m 'VlBL~ nmvu 1~~~\l~'U , " 
\11 n (:.J ~ fll1'V1VI ~ eJ \l ~11 ~~1 CNTs-PDDA-AuNPs/GC ~ \l b U'U~l1 ~~1~ b VllJ1~ G'llJ~G'I V~1 'U fl11'l111 u1 VI , 
'\.J~lJ1ru~~1~1?1 

1um1Pim~1 pH 'lJB\l6'11'j~~~1v'Y1v6'1LY1V1tTY1b'Y1v1m1lJboV'lJoV'u 0.1 M ~LVIm~6'1lJ~vm1H\uu 
6'111~~mv~h~n LV111~1'lb~BVI11'U 1 'Ufl11V111\llV~"li'~ 1 ~1'1~1m 'Vlfli1A t 1mL'VllJLlJ'V111~r1lm~LLG'I'lJ€l-!lsif(l1 v11'1AlllJ 
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LofflloU'U 4 mM 1uG111~~mCJ'rlBG1b'rll'lDYh'rlel'~fl11lJLofflloU'U 0.1 M ~ pH 5.0, 6.0, 7.0 LL~~ 8.0 mll~1~\J em 

n11'Vl~~B~LbG1~~~~1D~ 4.14 .., 

150 .-. 

~ 100 ..... 
= ~ --= u 

50 

0 

pHS 

70 

-50 L__-..---r-----.------..--~-----.----j '--r------,,----r--.----' 60 

0.0 0.2 0.4 0.6 0.8 1.0 

Potential (V vs Ag/ AgCl) 

1.2 5.0 6.0 7.0 8.0 

pH 

cat!~ 4.14 (a) L'1lA~n bmL'Vlll LllLLmll~1~~1nrn':i1~rhm ::: LLG11vh~1?1111:1:::1:11CJmm~1'Ui1:11 ~vi .., ~ 

r111llboUlloU'U 2 mM ~i1~1 pH "UB~?I11~~mCJ'rlBG1L~I'lU'rlL~B1L-ifll-if'U 0.1 M ~~1~tl'U (b) n11'rlbb?l~~ 
A11ll~ll~'U5':i:::VI ';h~ri1~'1J'lJ1ruf'1nCJ1 ~vhnurh pH LL~::: (c) m1~LLG1~~fl1 1ll~ll~u51:::wh~~'1J'1J1ru 

ri1m~LLG1nurh pH 

(:.11:1n1':i'Vll'lt;1CJ.:J'illmt.lv1 4 . 14 Yi'\Jll b~vvhv"11'l.ICJ.:J?fl':it;1:::!;1ltJ6'1-:J:IT'-t.Jvrt.rilL~v.YhmJ'l.ICJ.:J?Il':it;1:::!;1W .., .., 

G1~~ui~ 1 ~vJG11ll11mn~aan~LV~iu 1~~f'1nCJ 1 ~~1~~1~~ ~1u~1m~LLG1~~L ~llG1~~'UL~aYl LB'1lG111~:::mCJG1~~u 
.., " " 
~'U~~YJLB'IJ 7.0 bb~:::rl1n'J~bbG1~~~~~~L~BYlbB'1J"UB~G11':i(;1~{;11CJl.J1nn11 7.0 ~lnn11'V11'1(;1eJ~bLG1~~1~\~'UB~1~ 
i~L~'Ul1YlbB"U"UB~G111(;1~mCJi1e.m~Bn11'Vh~1'U"UB~'U11 'UflBll 1 'Y'l~l'l'U'Ui(;11 ~lii'b'1l'Ub'1lB1~~\9lJ'U1~'U bb(;1~rl1Yl 
LB'IJ~b Vlll1:::G1ll~1 ,Xri1m:::LbG1G1~G1~ABYl LB'IJ 7.0 ~~J'U~1'Ul~ CJ.Q~~ b~anri1Yl bB'IJ 7.0 L'U'UYl bB'IJ"UB~ " , 
G111(;1:::mCJ~iL~n 1 'Vl':i 1(;1vi L~BVI'U'U~L Vlm:::G1ll 

' 
1 urn1Pim~1~(;1"UB~B'm1L ~11 um1G1LLnu~a 1'1lr~~n 11(;1 LL'Vlll 1 'VlLLmllL~aPimnLJ5n~CJ1~~1-ua~~11 ~~1 

1i~1'U ~(;1n11'V1~(;1B~bbG1~~~~1LJ~ 4.15a 'Y'l'Ul1b~B 1iB'I'l11b ~11 'Un11?1Lbn'U~?I~~'U ri1m~Lb?l~1~i1ri1?1~~u 
.., " " 

1~ CJ L~ml1ri1 m~ bb?l~ CJB~bbB 1 'U~ nll1'Y'l(;1 Bl'l tl'U~1?1 bbfll1'Vl"UB~Bm1 b ~11 'Un11?1 bbnU ( ~~.fl1'Y'l bb 'V11n 1 'U1D " .., 
4.15a) 'OJ~ 1~m1~~i1A11ll~ll~u5LL'UULtl'UL~um~ (/ = 0.996) LL?I~~11LJ1ln~CJ1~Ln~~ut1nmur~ll'OJ1n d.J .., , 

m~tn'Uf111bb'Y'l~ (diffusion control process) bb(;1d~Ln~m1~~iu~~1~11 ~~11etl~1'U CNTs-PDDA-
" ' " 

AuNPs/GC VioW\9lJ'U1~U 



a 

.-...coo 

!300 / ' = 200 e 
; 100 

(,) 0 ...L.,~--,---..-----,----1 
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Potential (V vs Ag/ AgCI ) 

~tl~ 4.15 a) 1"1ffl~n11mb'Vll-l1l-lbbml.l'UB\Ii~1YI~ fl11l-lbil-litl 2mM ~Bm1b~11t~nT)~bbnt~roh~1\11 
'II 

(0.01- 0.15 Vs-
1
) bb~::: b) ~B'm1b~11t~nT)~bbntl 0.05 vs·\~aii'Ua\li~1YI~m1l-lbil-litl 2-10 mM 

~1mmm'j'Vl~B\Ilt!'jtl~ 4.15b "il:::bl1u-J1b~m~l.lfl11l-lbil-litl'UB\Ii~ 1 Yl~"il::: H1rhm:::bb~~~\l~tl b~ath 
~ ~ 

~1m:::bb~m~l.J1i'j~BI'ln't.Jrhm1l-lbil-lit~'Ua\li~ 1 Yl~ (~\l'jtlbb'Vl'jn 3.15b) i'jtr-J1~1m:::bb~bbth~t~m\ln'U m1l-l 
~ 

bil-lit!'UB\Ii~ 1 Yl~ (r 2 
=0. 999) bb~~\111~11 Ylvh 1i'l1tl CNTs-PDDA-AuNPs/GC ~~I'!Jtl1~tlb V1m:::~l.J~1V1-r'U 

tJ1l.l1m1"ill~tl~l-l1rui~ 1 Yl~ 



so 

m-aflmnvnA'nv1 Ylvh~ L'Vi:U1::~:u 1 'U 

n1':itJW~'lf'i'Ufl1 vl(;IB'ULiilfl-1i\.Jm1i~1:Url'Un1':im1\ll~LL 'U'ULLB:uLYre:Jfl ':ib:u"f·'l~~.g1~(;1 1 vl~L"Il'UL'1.lB~~ 
~w.J'U1~'U (CNTs-PDDA-AuNPs/GC) lil~'Vh 1 'Vl1~\ 'VlflUfll bfl':i1~~~~~m n 11~b ~l bb(;l~i1tJ1~~'V15m~ 1 'Un11 

1'11llili'~~" 1vl~ 1 'Um1Pin~1'Vl1~ntJ1 vlvh~L'Vlm~~:u 1 'Um1m11ili'~~~ 1 vl~~i1~~ 1 vl~b"ll'UL"IIB~t:.J"m':i'Vl~~a~ 
~~1tJ~ 4.16 

'IJ 

4.5 

-~ 
::1.. 3.0 --c 
<li 

t: 1.5 
:: 
u 

0.0 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Potential (V vs. Ag/ AgCI) 

au~ 4.16 m1:u~lJ~'U5':i~w~h~r11m~bL611i11nunn~tJ1aan~L~i'U'lJB~~~ 1 vl~n'U~ntJ1 vlvhm ~Lbni1 
i1~(;1 1 vl~L"Il'Ub"I!B~~~w.J'U1~'U ( CNTs-PDDA-AuN Ps/GC) 1 'U':i~'U'U 1 vl(;IB'ULiilfli'U 

lil1nt:.J(;In11'Vl~(;IB~1'U':iU~ 4.16 ~'Ul1b~BL~:U~fW1vlvh~~LL~ +0.0 ()~ +0.4 b(;l~ f11m~Lb61~hllil~b~lJ~'U 
'U 

Lb61~~ 1 ~L '}i'U()·:Jn1':i~B'U61'Um~~~'U'1JB~i1i1<&'~ 1 vl~ b"ll'Ub"I!B-:f~(lnfll'Ufl:U 1~tJtJnn~tJ1BBn~L~-1J''U'1JeN~(;I 1 vl~~ 
'U , d.J 

Ln~~'U vh1~1"11m~Lb~~1;)L~l-lmn~'U Lb~~b~B1~~ntJ1vl~1:u1nn11 +0.4 11"~ 1"11m~LL611i1~~~"~ 1~tJ~ 
~ntJ1 vl~1~ +0.4 11~~ lil~ 1 ~~"11m~ LL6161~61~ ~~ L U'U~rw1 vl~1~L 'Vi:U1~~lJ 1 'Um':i1~m':i~B'U61'UB~'1JB~i1~" 

'IJ ' 

1vl~b"ll'UL"I!B~ 

fHU~n'\:~HU~"tJB'li(;l 1 tJ!Pi' L"l1'UL"l1B{ 
' 

1;)'Vl~~B~ L~B'Vi1flru~n~ru~'1JB~1~'\J'U 1 vl~B'UL~fl-1J''UB~'U1~~~~ij1~'\J~111ill~ bb 'U'U LLB:U b ~Bfl 1L:W'Vl~~ , 

i1~(;1 1 vl ~ L"ll'Ub"I!B~~~ w.J'U1~'U ( CNT s-PDDA-AuNPs/GC) ~1 B ch~~ ru ru1ru~1;) ~1 n n1 ':i'Vl ~(I B~ LL61 ~~~~':itl~ 
v v 'U 

4.17 
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~tl~ 4.17 ~lB ~1'~"'t1Jt1J1ru~1<Jl'OJ1nn1~i bfl~1~~<Jllt.J~~uu 1 V'l~B'Ub\lflotl'UB~'U1~68?1~i1~~uu 
m1 \11 ~ bb uu bbBll b 'W B11 ~ bllVl~~l i~ 1 Y'l lfi b"ll'U b"lle:d~oW~'U 1~'U (CNTs-PDDA-AuNPs/GC) 1<Jl.W~'U 1~'U 
Pi'nt.J1Y'Jvh1'Um~1~ : +0.4 v (bVit.Junu Ag/AgCL), ?11~~~mt.J~l'W1: Y'JB?Ibl"JV~ul"Jbl"JB4 YibB-o 7.0, B'm1m~ 

1 · 1 
VI~: 1.0 ml.min 

1 'U ni~Pl m~1flfiJ~fl'tH\J~"Ue:J~~~tJtJl bfn1~~bb tJU bbe:J:W b Y'Wn ~b:WYl~~~loU~ 1 Y'JI'i' b"1J'Ub"1le:J1~oW~'U1~'U , 
V'lu·:hm1Y'Jll1V1~~1'U"UB'I~li~ 1 Y'Jifii1m~V~BU?I'UB'I bb UU b'U'Ub61'Um'I"Ue:J'I?I1~~~mt.Jll1m~1'Ui~ 1 Y'Jifi e:J t.J1 'U'th.:~ 

~ ~ ~ 

fll11lb-il:w.U'U 0.1 Ci.:~ 200 mg.mL-
1 

fl1fll11lotl'Ubvhnu 10.054 'U1L'Ubbe:Jllbbti11'1B mg/mL f'l1"'1JtJ~~~YlB 
CV V ({ • • 2 I Q.J 

?IVI?Ill'V'l'Uu (correlation coefficient, r ) bVl1nU 0.998 

;~-;hn~~1~~1'Um~V~~l'OJ1~ (detection limit) i11'l1bvhnu 0.03 mg.mL-
1 

(3CJ) f'l1m~bb?l.ffi<Jl'OJ1n 
m~1~i1m11lb ~t.J'I (precision) ~1J1nfie1 1 ~1'11 o/oRSD b vhnu 1.5 (1~\!1n"'t1Jt1)1tu"UB'Ii~ 1 Y'JI'im11lb-illl-if'U 

mg/ml, n = 10) bb~~?I11J1~tl:'Jbfl~1~V11<Jl 23 ~le:J~1'11'ie:Ji1Lll.:J ~~UUlbm1~~bbUUbbe:Jllb'WBft ~blJVl~~~l 
~1i~ 1 Y'JI?i b61l'Ub61!B4~.W~'U1~'Ui1'1il.:~ m~V~e:JU?I'U e:J'I bb uu b iJ'U bG1''Um.:~~ b Vlll1~~1l bb~~m\1 b iJ'UtJ~~ 1t.J-o1.1~1VI-ru 
m~t111tJtJ~~t.JnV~1 m 'Un1~ml'OJ1~tJ~lJ1rui~ 1 Y'JV~1 'Ubfl~B'I~llb'li'U 1 TU J1~~ 1~ biJ'Uiii''U , 

m-afi m~nt:.~G'l"ll B.:!~1-au n1'U bbG'l:::m-atl-a:m nV~1 '!11 'U~ 1B ~ 1 '~ :iJ~ .:~ • 
1 'U n1'j"ft m11~ ~"UB.:J ~l'j"U m'U~i1~~ l'im~uu m ~i bm1~~ bb uu bbe:Jll b -we:Jft ~ bllVl ~~.W ~'U1~'U ~1 ~u m 'U 

~'Vlln1'j"ftmn1<Jlbbri fructose, glucose, sucrose, ethanol, sodium nitrate, sodium sulfate, 

potassium chloride bb~~ ascorbic acid ~fll11lb-illl-if'UI'i1'l'l b~Bt11~~n1~Vl~~B'l"Ue:J'lbBY'J1mbmbmll~1<Jl 
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\11 fl fi1~'VlVI!;l B~m1 \ll V1611~{;l~{;l1 tJf;..J61:W~ ~~:Wiii'1TIJ fl1 'U~f\1 1:W ~ oU:UoU'U 1'11~ 1:w1 ~ LJ~ tl'IJ ~Vi tl'IJ nu61 qJ qjl rum~ ~~61~ 
1~\11 n m~m1 \llV1611~!;l~m tJmm ~1'U"Il!;l1 vl 1'1~1lJii lii'1 ~u mu ti'161' rut.mru m ~ ~~61~V1 ~1\ll Vl1~iif111:W ~~VI nl'i 1~ 

~ v v 

nu ± 5 % ~~61VI~11iim~~'\Jfi1'U'llB~~1~1ii'1~'\Jm'U~~~:w!;l~1LJIPim~uum~i~m1~~ f;..J{;lfll~'VlVI!;lB~~~~VI~~~ 

"' Vl1~1~'Vl 4.3 

V11':i1.:J~ 4.3 ~~~VI~f;..J{;lfll~~fl'l'f1f;..J{;l'lJB~Iii'1~'\Jfl1'U ~~BUVI~1':i!;l~(;lltJ:w1Vl1~1'U"Ii'{;l1 vJI') fi11:W~oU:WoU'U 10 
~ 

mg/ml (n=3) 
--~-----------------------------------------------------

Foreign species/added as 

Fructose 

Glucose 

Sucrose 

Ascorbic acid/C8H80 6 

Results 
a 

Does not interfere 

·1 
(Studied up to 1,000 mg L ) 

· 1 
Interfere (at 50 mg L ) 

' ... 
Y-lU111ii'1':i'\Jfi1'UVivhm':i~mnV1~ 8 

fructose, glucose, sucrose, ethanol, sodium nitrate, sodium sulfate ~~{;l~ potassium chloride vfhj 
~~~VI~fll~~umul'ia':i~'IJ'\Jfl1':ii~m1~~ (~~if\l~iirnl:w~.U:w.Uu~~~~~ 1,000 mg/mU ~1'U ascorbic acid 

':i'\Jfi1'Ufl1~1~m1~V11VItJ1Vi'rh Tolerance limit ~vhnu 50 mg/ L 

LJ':i~ ~iJuLJ~~~'Vl5.f11Y-l'lJB~':i~'IJ'IJ 1 '\'l!;l~'U~\lflotl'UB~'U1~"B~~m1\ll Vl~1 tJ ~ 'VlflUfl ~~a:w ~ Y-lvft ':i~:U'Vl 
~~~1"11{;11 vM ~"'l'UI'lb"'lB~~~\PlJ'U1~'U (CNTs-PDDA-AuNPs/GC) 1VItJ fl1':it111 lJLJ':i~tJ nl'l1-til 'Ufll':ii bfl':i1~~ , 
LJ~:w1ru"li'!;l1vlV~1 'U~1B~1~Ll1f;..J!;l1if (A-E) ~1B~1~ bi1'lJ11 (F-H) bb!;l~ 11-JbbVI~ (1-L) 't11f;..J!;l~Y-l6i bm1~~ffi~\11fl 
':i~'IJ'IJ 1 '\'l!;l~'Ub\lflotl'UB~'U1~"B~~m1\llVI~1tJ b 'VlflUfl~beJ:Wb Y-l8~1 ~b:W'Vl~~~1"1i'!;l1 Yll'lb"'l'UI'l ~"'l8~~~\PlJ'U1~'U :Wl 

blJ~tJ'UbVitJunui5:w1V~':i~1'U 1~bbn i5i'VIbb'IJ'IJ 1a 1eJ1VI~:W'Vl~ (Iodometry) Y-l'IJ111~f;..J!;lfl1':i'VlVI!;leJ~~~':iLJ~ 4.18 
~ ~ 
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Sample code 

-au~ 4.18 fi1C-J~~~51Lfl~1~~'llv-:J'\.J~:w1ru.-B'~1~ii~1Lfl~1~\-n~i\nn~1B~1-nl1C-J~ 1~ (A-E) ~1B~1-:J 
" 

11tJ'IJ11 (F-H) bb~~ b11LL~-:J (1-U ~.nnm~1Lm1~~~1CJ~~uu 1 ~~~'tmlfloU'-!Jv~'U1~~~~ih~uum1'0Jl~bb'U'U 
bbB:Wb~vfi. ~b:WV1~~.fr11 ~vh CNTs-PDDA-AuNPs/GC bL~~1515:w1m~J1'ULL'U'U1B 1v 1~L:WV1~ (~1B~1-:J~~ 3 

"" 
replicate) 

'OJ1nn1~Vl~~B-:J~'Ul1U~1J1ru.-B'~ 1 ~ii~1 Lfl~1~vt1~'0J1n~1B~1-:Jtl1C-J~ 1~ (A-E) ~1B~1-:J 11tJ'IJ11 (F-H) 

bb~~ 11tJbb~-:J (1-U 'OJ1nm~1 Lfl~1~~~1m~uu 1 ~~~'Ub'OJfloU'UB~'U1~~~~ih~uum1'0Jl~bb'U'U LbB:Wb Y.mfi. ~b:WVl~~ 
.fr11 ~vh CNT s-PDDA-AuN Ps/GC hJbb\91 n~1-:Jv~1-:Jih!m1'11'1 ru nuc.J~~'Y'I51 bfl~1~~~1~'0J1 m Vlfliifl:W1\91~151'U 

~ "" 
(lodometric method) ~~~~'Ufl111Jb~mY'U 95% ( tobserved = 1.7276, b~B t critical = 2.2009) 

nT~rr~bfl11::~ p(Ani-co-o-Aba) 

n 1 ~ ~ -:J L fl ~ 1 ~ ~1 fl ~ B ~ b :w B 1 'lJ B -:J p(Ani-co-o-Aba) ~ 1 CJ 15 lnterfacical 

copolymerization 'OJ1n~1~~~rl1CJC-J~:W'IJB-:J aniline (Ani) bb~~ a-aminobenzoic acid (o-Aba) 1'Uihvh 

~~mCJB'UVl~cJ~1CJfl~vh~v~:w (CHCl3) L~CJ1offci'm1?h'UL:W~'IJB-:J:WB'Um:wv4 0.8:0.2, 0.6:0.4, 0.4:0.6 LL~::: 

0.2:0.8 \9111!~1~'\J Lb~~ H (NH4)2S20 8 ;'~~~mCJ 1 'U~1vh~~mCJtl1b U'U~1~b~:w (initiator) b~B 1 ~bii~1J[jn~CJ1 



54 

YreJ~ b3-JB hb'll-d'<tJbb 'U'UB'U3-J~B?I1~ (radical polymerization) b~B 1J\'11i~ne:J'U'V'iJ~ Lfl'V-lel~ b3-J'iJ~'V'iJ~ p(Ani-co-o-
' '\) 

Aba) bb~11Vt~l~\11~n'iJ'U'V'iJ~ p(Ani-co-o-Aba) ~bi1~~'UJi'1CJ?Il1~~mCJ HCl JT\.bl~lilln1BBB'U (DI H20) 

bb~~b'i)Vll'UB~ 11113-J~l~'U b~m1l~~3-J'iJ'Um3-J'iJ~bb~~~~u'Ub~'iJ'U~'U 1 'iJ'iJn 1 u bb~1~An Vi'bbVi'~ "il~ 1Ji'lA'Vl'iJ~b3-J'iJ~ 
'V'iJ~ p(Ani-ca-a-Aba) m3..1~~mm1 L~CJ~~b~3-JU~mru aminobenzoic acid (a-Aba) 1'ULfl'VlB~b3-JB~ ~~"1'11 
1 mfl'Vl'iJ~ b3-JB~ffiJ\'iJ~J1m~ b V!~€J~3..11nb vh~'U 

~u~ 4.19 ?111~~mc.Jt:-J?I3..1 p(Ani-co-a-Aba) 1 'UeJ11111~1'U(;)1~ 1 b~mJ~n~m~1bU'U~1'U 1 u (a) 1 

'U1Vl bb~~ (b) 10 'UlVl 

' " 
~ l n n 1 ~ 'U1 'U n1 1Vl bn ~ :fi'U fl ru~ ~1~ CJ ~ ~ 'V BU1 b?l 'U €J ?13..1 n1 1U ~ n~ CJ 1'Vl €J ~ b3..1 €J 11 b 'lli'U 'V €)~ 

aniline (Ani) bb~~ a-aminobenzoic acid (a-Aba) ~bn~~'U1Ji'~~.Q 

~u~ 4.20 tl~n~C.ll'Vle:J~b:!..mhb'lli'U'VB~ aniline (Ani) bb~~ a-aminobenzoic acid (a-Aba) Ji'1CJ15 

lnterfacical copolymerization b~B x (0 .s; x .s; 1) bti'Uei'm1~1'UL3-J~'VB~ o-Aba 1'ULfl'VlB~b3-JB~'VB~ p(Ani

co-o-Aba) 

Ct. ~ cv ~ 

n111 bf111 ~'Vi bel n~ n~ru 

b~B~~11 ru1~1 n Lfl 1~?1~1~'VB~ Lfl'Vle:J~ b3-JB~'V e:J~ p(Ani-ca-a-Aba) ~i1vt~f11~'Ue:Jn~~ n (carboxylic 

acid ~roup) b ti'Ue:J~Atl1~ ne:J'U flru~ ~1~ CJ?I13..111fl~ m~1f1ru?l:!.nJ~'V e:J~n11~~n~'Ubb?l~ 1~CJfl~m CJ h.~!?l-:rvh 
'\) ' '\) 

~~mCJB'UVl~EJ'U1~1>i'11Ji' b~'U 1~L3..1Vi~'VJB~m13-Jii (dimethylformamid: DMF) V!~e:J 1~L3..1Vi~i~'VJe:Jn1'1lii 
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(dimethyl sulfoxide: DMSO) lumc.iVl~"e:J'~11 Aru~~l~tJ 1~\111rrV'Ie:J~bl.le:J~'lle:J'l p(Ani-co-o-Aba) 1 'Ubb(;)"~ 
eYm1~1'U~i1'lbflc.i1~VI1~l.l1"~mtJ~-m DMSO (dimethyl sulfoxide) ~1m!u 'l11hJ~m~1mc.i~~fl~'Ubb?h'1~1tJ 
bfl~e:J'l Perkin Elmer Lambda25 UV-Visible spectrophotometer ~1tJ quartz cuvette (10 x 10 mm, 

Hellma Analytics) ~1mY'Ubb~fl'U 1 u"ti1'lfl11l.ltJ11fl~'U~'lbb(;) 300 ~'l 800 nm 

1.00 
-(a) 
-(b) - -(c) 

::l 0.75 -{d) 

ns -Q) 
(.) 0.50 
s:::: 
ns .c ... 
0 0.25 
(/) 
.c 
<( 

0.00 
300 400 500 600 700 800 

Wavelenght (nm) 

atJ~ 4.21 UV-visible spectra 'lle:J'l p(Ani-co-o-Aba) 1ubb(;)"~eJm1~1'U~i1'lbflc.i1~VI1~ (a) 0.2, (b) 

0.4, (c) 0.6 and (d) 0.8 mol 'lJe:J'l o-Aba (;)e:J Ani 

b~eJYi~1c.itu1 UV-visible spactra ffi~~1fl p(Ani-co-o-Aba) 1'Ubb(;)"~Bm1~1'U 'VfU"ti1'lfl1c.i~~fl~'U 
bb~'l1'U"ti1'lfl11l.ltl11fl~'Utff'lbb(;) 400 ~'~ 700 nm ;'lb uu~m~ru~mc.i~l'lfl~'Ubb~'l'lJeJ'l'Y-leJ~bl.le:JTI 'Ufl~l.ll~e:J~e:J'U'U 

" ' 
~'U bb"~~e:JI'lfl~e:J'ltl'lN1'Ul~tJ(;)1'l1 ~cJ1'Ul.l1 b~m~l.ltl~l.l1ru aminobenzoic acid (o-Aba) 1u1AY-le:J~bl.le:J~ 
Aru~~l~tJY-l'Unlc.i~l'lfl~'Ubb~'l1'U~fl11l.ltJ11fl~'Utlc.i~l.l1ru 390 nm ~'lbU'Um~'U1'Ufl1c.i n:-n:* '1Je:J'lc.i~'U'U1'l 

" " 
b'U'U~'U (benzenoid ring) 'Ue:Jfl~1n11~'l'Y-l'Ufl1c.i~l'lfl~'Ubb~'l1'U~fl11l.ltJ11fl~'Utlc.i~lJ1ru 620 nm 'lJe:J'l 

m~'U1'Ufl1c.i n-n:* 'lle:J'lB b~fll?lc.ie:J'UAb\111'1 b~tl1'U'Ue:J~I?le:Jl.l 1 'U 1mb~'U;'l b U'Uc.i~~'Ue:Je:J~\h~'"~'~~l'l~ijBb~fll?lc.ie:J'U 
" " ' 

me:J'Uflc.ie:J'l€1~ (HOMO) 1tl~'l n:* ;'lb'UUc.i~~'Ue:JeJ~'iJVI"~1~~ffi~ijBb~fll?lc.ie:J'Ume:Juflc.ie:J'leJ~ (LOMO) [28] 
" ' " 

b~e:Ju1.fr11 'VJvh p(Ani-co-o-Aba)/GCE, HRP-p(Ani-co-o-Aba)/GCE bb"~ CS/HRP-p(Ani-co-o-

Aba)/GCE 1tJ~fl'l~1~fl~ru~'1Je:J'l~'U~1~1mfl~e:J'l Atomic force microscope (AFM, Park Systems 

Corp., Korea) ~fl1'Ufll.lfl1c.ibb~fl'U~1tJ XEI software ~1mYuv11mc.ibb~fl'U~1VI1Jl.fr11vJ.Yh~1tJfl1c.i~lJ1'U-«'U~ 
' ' 

bb~nu 5x5 1-Jm ~1m!u 'l1l~"ffi~m1bml~~~n~ru~'1Je:J'l~'U~11~tJYi~lc.irul~lmbt~uue:Jm~~umll.l~'~ 
" 
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~tl~ 4.22 .fl1'Y'l AFM "UeN (A) p(Ani-co-o-Aba)/GCE, (B) HRP-p(Ani-co-o-Aba)/GCE bb~~ (C) 

CS/HRP-p(Ani-co-o-Aba)/GCE 

':i11n.fl1'Y'l AFM -:u~b~'t.rJ1 ~lhHh~~~bbD'j~-w p(Ani-co-o-Aba), HRP-p(Ani-co-o-Aba) bb~~ 
CS/HRP-p(Ani-co-o-Aba) -:u~i1~n'ljru~m1lJ~'UVl~1bb(;ln~h.:Jn\.mrh.:Ji'Ub :a.:1 ~11 ~vh~~~bb'\.J'j~1£J p(Ani

co-o-Aba) '\.J'j~nen.J 1 '\.J~1£JB'U.fl1Anciwl'v'U (cluster) "UB.:JB'U.fl1fl'j~~'U'U1L 'U~i1-u'U1~ 1lJbn'U 100 nm ~.:Ji1 
' ' ' 

'\.J'j~ L£J'llUB~1.:J~Bn1'ji'J~.:JbB'U 1Elll1~.:J'U'U~11 ~vh b~B~':iJ1'jru1~11 ~YI1~~~bb '\.J'j~l £J HRP-p(Ani-co-o-Aba) 

bb~~ CS/HRP-p(Ani-co-o-Aba) ~ n'ljru~"UB.:J~'U~~l t.:JiJfn1lJb~ £J'UlJ1 n~'U ~b-lJ'Ub -ci'Udb 'Y'l'j1~ bn~-:u1nm'j 
~n'ljru~vn.:Jn1£J.fl1'Y'l"UB.:J?I1'j<li1LlJb~n~ (CS bb~~ HRP) ,j''UbB.:J ~.:J?IB~fl~B.:Jrl'U.:J1'Ul~£J~~1'UlJ1VImm:ruu 28 

' 
ffi~'j1£J.:J1'U1lb~£J1n'\Jm'j1-ff CS bb~~ HRP lJ1~~bb'\.J'j~11~YI1 

nTH(;l~tllJ le1 1wat:il'Ub'IJB{m:m 1El1~1 u 1m~'UbEllB{ 

i5l'Un1'jb(;l~£JlJ~1 CS/HRP-p(Ani-co-o-Aba)/GCE ':i11nn1'j~~bbD'j~1£J"UB.:Jt:-.J?IlJ'j~Vfl1.:J p(Ani-co

o-Aba) bb~~ HRP VI~.:J':i11nif'U U1?11'j~~m£Jt:-.J?IlJ'j~Vfl1.:J HRP-p(Ani-co-o-Aba) VI£J~~.:J'U'U~1 GCE VI~.:J':i11n 
~~''hvhmm1tJ';i~bVItJBBnhJbb~1 1 ~bA~B'U~11 ~vh~ltJ?I1';i~~mv cs b~B~.:J H-:u'U~l1 ~YI1bb~.:J 1 ~~1.:J~ltJ 
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~1'H1~m~Ylv~bvl~Dvlbvlv{ (PBS, pH 6.5) '1~1~~l1Ylvh CS/HRP-p(Ani-co-o-Aba)/GCE \?11~~1'i'v.:~n1'l 
1'Un1'j\?1~'1bv'U1'1f~ HRP ~'1'\.J'U HRP-p(Ani-co-o-Aba) flru~~1~~B1~~n~1nm'j\?1~'1~l~l5bb'j.:J~'I\?1\?1Y11-l ., ., 
1Ylvh~~\?1 (electrostic attraction) 'j~VrJ1'1'Vll-l -coo· tJ'ULfl'j.:JLfl'Y-lB~b~v{ntJ -NH/ tJ'ULm'1~~1-l'1JB'I HRP ., 
bb~lbfl~BtJ~l~.ff'UYJ~~'UB'I CS ~'l~'jlJbU'U~'U\?1B'U~-:J'jlJ 4.23 , " 

(A) r() HRP 

p(Ani l-x·CO-o-Abax) 

(B) 
(!). HRP-p(Ani-co-o-Aba) 

L_~_~ (2). CS film coating 

GCE 

~ ~loctrostat;, ~ attraot;o, 

HRP-p(Ani l-x·co-o-Abax) 

CS/HRP-p(Ani-co-o-Aba)/GCE 

'atl~ 4.23 n1'j~\?1bbtl'j~l1Ylvh CS/HRP-p(Ani-co-o-Aba)/GCE LV~~v11"1~ (A) nl'j\?1~'1 HRP ~'1'\.J'U 
" 

p(Ani-co-o-Aba) LV~~B11"1~n~1nm'j\?1~'1~l~l5bb'j.:J~'I~V~Y11'11Ylvh~~\?1 (electrostic attraction) (B) bfl~BtJ 

~1~-ff'UYJ~~'UB'I CS 

b~vv11m'j"YJVJ~v.:~b~vPin~1flru(l&.n:r~.,.,1-:~bfliTI Ylvh'Uv'ILfl'Y-lv~ b~v{'U e:J'I'Y-lv~v~11~'Ubb~~e:J~m 'Ub u'U 1'1! , 
8n bbB~V~ ~lmYlfl11fl1'1ffl~n1lmbYl:Wb~Yl~ (cyclic voltammetry: CV) ~.:~mu~:w~n~1Ylvh~ .. Wbfl~e:J'IL'Y-lbYl'U 
~1v~b\?1Yl LV~tJ1off~l1Ylvh~~V~bblJ'j~l~ p(Ani-co-o-Aba) bU'U~l1Yl.Yh1-&'.:~1'U (A-D) 1-ff Ag/AgCl bU'U~l1YlY11 
el'1.:~8.:~ 1 i~lV~bbY-l~Vi'IJ~ (Pt) btl'U~l1 vlY11-ci1~ \?11:W~1~tJ ~1'j~~~1~8b~n L\?1'j 1~iib~e:J'Vl'U'Um o&'b tl'U~1'j~~m~ , 
Ylv~bvl\?1Dvlbvlv{ pH 6.5 m1:wb-1i'~-1i''U 0.1 M LV~~vl1fl1'j"YJVJ~e:J'IL'U~ml~.n1~11'i'uJJmfl1Pln1'1! N2 '11ml'U 

't11~l1YlY11~'1 4 '1l11V~ (A-D) mPin~1~ru~~D~LV~~1-&'bYlfl11fl cyclic voltammetry vl1fl1J~bbn'UI"i'n~1YlY11 
~'lbbl'i +1.0 ~'I -1.0 V1'U~1J~~m~ 1'U~1J~~m~Ylv~bvl\?1Dvlbvle:J{ (pH 6.5) m1~b-1J:w-1J'U 0.1 M ~~:wl'11 
~ltJ N2 1~~~fl1'j"YlVJ~B'I~'II'ivhJd 
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Potential (V, vs. Agl Agel) 

~'\.J~ 4 . 241"1lr~~nL';H;mVJ&..Jh.mm&..J 'lJB.:J p(Ani 1_x-CO-o-Abax) b~B x (0 ~ x ~ 1) bD'WeJ(;ldl~'J'ULl.l 
'U 

"'lJB.:J o-Aba 1 'W 1r~~B~ bl.IB~'lJB.:J p(An i-co-o-Aba) 

b~B~'l1dru1t:·mn1dVll'mB.:J'l1n cyclic voltamogram ~'l.Jl1fh~nE.J1vlvh~E.JBVIV1r~m1'W~n (Ep,c) ~ 
bil(;l'l1ntJ5 n~E.J1BBn~b(;li'Wbb"~fh~nE.J1 vlvh~mJ~V1r~m1 'W~n (Ep) '11nn1dbn~tJ5n~E.J1~~ni'W ~1tJ1~~.:J 

.,J 
(;11d1.:lVl 4.4 

1911~1..:~~ 4.4 ~nE.J1vlvh~mJ~V1r~r~11'W~n (Ep,c) bb"~fh~nE.J1vlvh~E.JB~V1r~m1'W~n (Ep) '11nmd 

bn~tJ5n~m'lJB.:J 1~ 1mb'l'Wb 'I.JB~BBn 1"1l~~.fr11 vlvh~~Vlbb'I.Jd~JE.J1 ~~ b&..JB~ 

Electrode code Ep,c (V) Ep,a (V) i -o.3ov* C1-1A) 

A (Ani0.2Aba08) > 1.0 >-1.0 -1.51 

8 (Ani04Abao.6) 0.53 -0.51 -58.30 

C (Ani0.6AbaoA) 0.21 -0.28 -174.00 

D (Ani0.8Aba02) 0.19 -0.56 -42.40 

i -o.3ov * ~€) ~1m~bb~~f'lmnvJvh -o.3o v 

b~B~'l1dru1rhm~ bb~ ~tri1 .fr11 vlvh A (Ani0.2Aba0_8) 1 ~r11m~bb~1vlvhwhnu -1.51 IJA ~11 vlvh 

B (Ani0.t~Aba0 .6 ) 1~r11m~bb~1vl~1bVhnu -58.30 IJA ~1lvl~1 C (Ani0_6Aba0_4) 1~r11m~bb~1vl~wthnu -

174.00 IJA ~11vl~1 D (Ani0.8Aba0.2) 1~r11m~bb~bvhnu -42.40 IJA t:-mmdVlV"l"eJ.:Jdbb~~.:J1~b~'W11 ~11vl~1 
c (Ani0 6Aba0 4) b D'W~11 vl~1ffi ~r11n1d(;leJU~'WB.:J'lJB.:Jm~bb~1 vl~l~.:J~~~ ~.:J~'W~.:Jb~Bn~11 vl~1 c ~.:Ji1 . . ~ , 
Ani0.6Aba04 bD'W~B~bl.leJ~611'VI~Un1d(;J~.:JbeJ'W 1"1lii HRP U'W~11vl~1611'VI~UVlln1dVl~"B.:J1 'W~'W(;leJ'W~B 1 tJ 

b~m11 p(Ani0.6-co-o-Aba04) l.l1bD'W~B~bl.JB~b~eJ(;l~.:JbeJ'W1"1Jii HRP bb~1bfl~BU~1E.l~'WYh'i&..J 
'lJB.:J CS 1~~11vl~1 CS/HPR-p(Ani06-co-o-Aba04)/GCE bD'W~11vl~11otl.:J1'U bb~1btJ~EJUbVlEJunu~11vl~1 
~'UI 5n 3 ~1l~bbrl GCE, p(Ani0.6-co-o-Aba0A)/GCE bb"~ HPR-p(Ani0.6-co-o-Aba0A)/GCE 1-tl Ag/AgCl 
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Ltl'U~lhHheh:JB'I 1-tl~l~LL'Yi~Vi'!JlJ (Pt) Ltl'U~l1vH~1~lCJ ml.lt;\'1~'U ~n;i~~mCJBL~n1m1~iiL~eJVI~'Uvflotl 
Ltl'U~1';i~~mvvJm1LvJI'\DvJLvJeJ~ pH 6.5 fll1lJL-iJ'lJ-iJ'U 0.1 M 1~CJ'Vlln11'Vl~~eJ'I1'U~.f11l~.f11CJ1~'U';i1CJ1n1~ 
rh'IJ N2 ~1n,1'U~1~l1vJvh~'l 4 "11U~ lJ1Pin'l'f1fJru~lJ~'V11'1bvJYhLflffi~v1iL'VlflUfl cyclic voltammetry vl1 

n1';i~LLn'U~nv1vJvh~'ILL~ +0.40 ~'~ -0.60 v 1'U~1';i~~mv 1'U~11~~mvvJm1bvJI'ID'vJbvJeJ~ (pH 6.5) fll1lJ 

L-iJ'lJ-iJ'U 0.1 M ~~lJvllvllCJ N2 1vi'~~n1';i'Vl~~B'I~'I~U~ 4.25 
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E/V (vs. Ag/AgCI) 

-0.6 

~tJ~ 4.25b'llfl~nbmL'VllJ1lJLbmlJ'UeJ'I (a) GCE (black dot line), (b) p(Ani0_6-co-o-Aba0_4)/GCE 

(red dash line), (c) HPR-p(Ani06-co-o-Aba04)/GCE (sreen short dash line) LL~~ (d) CS/HPR-p(Ani0_6-

co-o-Aba04)/GCE (blue solid line) 

~~n1';i'Vl~~B.:J.ffivi'Yiu11 .ff1lvJvh GCE (black dot line) bJLL~~'I~n't'fru~-ueJ.:JVifl1~'l1'U~1';i~~mvB 
L~n1m1"'iiL~€J'WlfU .fr11Ylvh p(Ani0_6-co-o-Aba04)/GCE (red dash line) 1VftJ€J~y;flf111'U~n (Ep,c) ~tJB~ 
v;flm 1 'U~n (Ep,a) ~-a'~L~'U (~'l~mhl:~.n-i!1-:J~'U) LL~~ Ltl'U.fflvfl Vff11m:m~t vJV111'leJ'U~'UeJ'I~~'~~~~ ~'liiLtl'U 
~"':w1~1n~:w\J~1~e:Jn'li-ue:J'IVHJ~L:weJ1n~lJYie:J~e:J~u~'U [29-31] Vl~'l~1fl~l'l~'lbe:J'U1'1ll1 HRP ~'I'U'U p(Ani0_6-

co-o-Aba04) .ff11 vJV11 HPR-p(Ani0_6-co-o-Aba04)/GCE (sreen short dash line) V'l1 VlCJeJ~Viflm1 'U~n 
(Ep,c) ~CJB~Viflm 1 'U~n (Ep,a) bb~A1m~Lb~b vJof111'leJ'U~'UB'IiiA1~~~'1 bb~~VI~'I~1nbfl~eJ'U.ffl1 vJof11.ff'U'UeJn~~ 
vll v cs f11m~bb~1 vJV111'leJ'U~'UB'Iiir11~1~~~ ~1b Vll'l~A1m~bb~1 vJV111'leJ'U~'UB'Iiir11~1~'1L tl'U~~lJ1~1n , , 
~lJ\J~hJ~11vJV11'UeJ'I~1';i~l1lJL~n~ (CS Lb~~ HRP) ~'l~eJ~flAB'Itl'U';i1CJ'I1'Ul~CJ'UeJ'I Gao et al [32] ~1vi' , 
11CJ'I1'Uti'l1 ~lJ~n11~11YlvJ1'UeJ'I.ffl1vJof11~~~~~'1b~eJ~~bbU';ivllCJ CS bb~~ HRP 

Vl~'l~1n~~1.ffl CS/HRP-p(Ani0_6-co-o-Aba04)/GCE 1 tJPin't'f1n1';il'leJ'U~'UeJ'I~eJ 1fi1m b~'Ub tJeJ~ 
eJBn1'1lii ~fll1lJL-il:w-i!'U 0.2 LL~~ 0.4 mM 1~vnTm~n'UA1~nv1vJV11~1fl -0.6 V and +0.4 V (vs. Ao/AsCl) 

1'U~11~~~1CJ 1'U~1';i~~mvvJB~bvJI'ID'vJbvleJ~ (pH 6.5) ~~lJiillvllCJ N2 1'UMl1l~~hJb~lJbb~~L~lJ 1fi1mb~'U 
btJB1e:Je:Jn 1'1lii c..mm';i'Vl~~B'ILL~~'I1 'U';iU~e:J 1 uii 

" 
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E/V (vs. Ag/AgCI) 

~tJ~ 4.26 L'ilf1~fl11mb'Vll.lhmml.l'lle:J'l CS/HRP-p(Ani0.6-co-o-Aba04)/GCE rh~mJl~vh~1n -0.6 

V and +0.4 V (vs. Ag/AgCL) 1'U~1'jr1~mtJ 1'U~1'jr1~mtJ~eJ~b~\9lU~b~eJ1 (pH 6.5) ~~l-ll'i'1~1tJ N2 1'U 

~m1~ffilJb~l.l (curve a, black dot line) bbrl~b~l.l 1®"1~'jb~'UbUeJ1e:Je:JflL'ilvl ~f111l.lb-tll.l-tl'U 0.2 mM 

(curve b, red dash line) bbrl~ 0.4 mM (curve c, blue solid line) 1-tl scan rate 50 mV!s ~ 
muvt.nilVfe:~'l 
' " 

e.Jrl fl1'j'Vl~r1eJ'lY-rt.J11 m~LL~e:~e:~n"BL~i'UihL 'U'l 1 11l-lr11'1rl'l 1 'U'llru~~ m~ bb~~l'i'ni'UL ~l.l~'U~r11~ntJ1 ~vh 
'IJ<j~mru -0.25 v 1tJ~'Ufi'l -0.6 v ;S'le.Jrlfl1'j'Vl~rle:J'lvl'lfl~11D'lUe:Jfll1 m~bb~~bii~~'U-d'biil'l~1flfl1'jd'l 
tJ5n~tJ1'Vl1'lL~Yhbf1iJ~1tJ~1 CS/HRP-p(Ani0.6-co-o-Aba04)/GCE li11flm~U1'Ufl1'j~bn~~'U Aru~~i~tJ~'l 
b~'Ue:J~l.Jfl1'j~bfl~~'Uffi~v1'l-d 

HRP ox + p(Ani-co-o-Aba)red ~ HRPred + poly(Ani-co-o-Aba)0 x 

poly(Ani-co-o-Aba)0 x + e- ~ p(Ani-co-o-Aba)red 

(4.1) 

(4.2) 

(4.3) 

(4.4) 

~1m1tJ'l1'Ul~tJ'lle:J'l Berglund et al. [33] Aru~eJl~tl~'l'lle:JL11b~'Umbe.J'Uf\TYm~~'lflr11n'lle:J'l'IJ5n~m 

~bn~~'U 1~vi''l~e:J 1 'IJ-d 



CS film coating 

-i--p~~~~=~~(=:;~-~---! 
p(Ani-co-o-Aba)(red) • • 1 

Fe1v-OH 
Compound II 

p(Ani-co-o-Abal(o•)-\ ,H:+ 

. )~Ferv=o 
p(Ant-co-o-Aba)cred) Compound I 

Supporting electrolyte solution 
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HOOH 

ltl~ 4.27 bbt:.J'Uil1YibbG1V1·:Jn"' 1nnTH ~'ltll) n~cn~~ floV'U'lJB'l 1~1V1~b~'Ub tlv1e:mn1'1f~ 'Vl1'll ~vhbfli11i1-w 
olf1 CS/H RP-p(Ani0 6-co-o-Aba0.4)/GCE 

~fl~1~1~il11~b'Ufl1~'VlV1~B~~b~~1~~~ 
b ~B ~WJ'U'"h p(Ani0_6-co-o-Aba0.4) b U'U'll\jV1'1JB'lbfl't"lB~h~ B1~~~~V1 1 'U n 1~1'1 'i 'l bB'U 1'1111 HRP 

flru~~i~ EJ 1\ilvi1f11'l'Vl\11"' B'l1 \11 fl1~ b ~'ltllj n~ ~.11 fl1~G1"' 1 EJ (;]l'IJB'l l~ b\11~ b ~'U b tJ B1B B fll'lf~ b\11 E.Jvi1 fl1'lV1\11"' B'l 

bU~EJ't.JbVim..Jn'U1flYiB~h~B1 p(Ani 1_x-co-o-AbaJ ~'l~'ll\j\11 11i1'bbn p(Ani0.2-co-o-Aba0.8), p(Ani0.4-co-o

Aba06), p(Anio6-co-o-Aba0 .4) bb"'~ p(Ani0.8-co-o-Aba0.2) vfl-tll'l'i'lLB'Ul'lllJ HRP LL~lbfl~v'UJi'1t.J.ff'Uw~11 CS 

bb"'~Pimn~ruG1~0~V11'l bfli11 ~.Yh b111EJ 1 otlb VJfl\jfl cyclic voltammetry ( CV) vi1rn~Gibbfl'UPi'nEJ1 ~.Yh~'lbb~ 
+0.40 i:i.:J -0.60 V 1'UG1il1l~~b~~ 0.2 mM l~b111'lb~'UbUB1BBfll'1f~ 'U'Uolfl1~vh CS/HRP-p(Ani 1_x-co-o

Abax)IGCE b~B x (0 s x s 1) bU'UBm1~l'Ub~"''IJB'l o-Aba 1'UG11~"'~"'1E.J 1'WG11~"'~mE.J~BG1b~l'l0~b~B1 
(pH 6.5) fll1~b-ii'~.U'U 0.1 M 1-tl scan rate 50 mV/s vi1fl1~'Vl\11"'B'l~~ru~JJii~B'l 11i1t:.J"'fl1~V1111"'B'l~'l~U~ 
4.28 
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~tl~ 4.28 A1n'J~bb~~l'leJ'\J~'UeJ\l~eJ 0.2 mM l~b\1l~L~'ULUBieJBnl'1:1il ~~nEJ1~vh -0.3 v '\J'U 
" 

.fr11~vh CS/HRP-p(Ani 1.x-co-o-Abax)IGCE L~B x (0 ~ x ~ 1) LD'UBI'l'J1~1'Ubl.l~'lJeJ\l o-Aba 1'U~1'J~~~1tJ 
1'W~1'J~~mEJ~eJm~I'ID~L~Bi (pH 6.5) f'l11:UL.U:ui'U 0.1 M 1.U scan rate 50 mV!s 

c.J~fl1'JVl\1lr;'le:l\l'l'fU'i1 b~Bli p(Ani08-co-o-Aba0_2) bU'Uil1'11'1~\lLB'Ul'1:1~ HRP A1n'J~LL~~I'leJ'\J~'UeJ\l~eJ 
l~b\1l'JL~'ULUeJieJBnl'1:1iJm1l.JLoUl.JoU'U 0.2 mM iJA1U'J~lnru -0.2 IJA LL~~iJA1L~l.J~'UL~B1-ff p(Ani0_6-co-o

Aba0.4) LLfi~Ltl'UA1m~Lb~~~\l~~\1l~ri1'U 1Jl ...,~\l~1mr'U A1m~LL~~~'~B'IJ~'UB'li11"11r;'l\1lr;'l\lL~B 1 off p(Ani0.4-co-o

Aba0_6) LLfl~ p(Ani0_rco-o-Aba0_8) m:u~h~u c.J(;lfl1'JVl\1lr;'leJ\ld'li1EJ~'UV'Ul1 p(Ani0_6-co-o-Aba04) LU'U'1JU\1l 

'lJe:l\lbfl~e:l~Ll.JeJi~~~~\111 'Ufn'JI'l~\lLeJ'U l'l:l~ HRP L~eJYi~1'Jru15'lnr;'llnffi -lfl. 'Ufn'JI'l~\lLeJ'U l'1:1~ ~~L i1'U \Ji'--J1 fn'J 
' 

1'1~\lLB'U l6{1~ HRP Ji'1mL 'J\ll ~vh~~~'~ (electrostatic attraction) l'i'eJ'leJ1~EJ...,lJ -coo· 'IJ'U 1m'l~~1\l'lJB\lbfl~B 
'IJ 

~L:ue:ri flru~m~tJBB'\J1tJ \Ji'--J1 ()1lfl~eJ~b:UeJiiJ...,l] -COO. eJV1 'Utl~:u1ru~:u1n tl~:U1WLB'U 1'1:1~ HRP ~1'1~\l 
'IJ 'IJ 'IJ 

u'U.fr11 ~vhJ'U ~~i"itl~:u1 rumn L 'li'W n'U ~ mrru~~'ln~11i1c.J ~vh 1 .. ~\n\1lrn'J-lr\11'1J11\l rn'J111~\lm~ LL~l ~~1 
'J~...,11\l.fr11 ~~1'1JeJ\l~1'J;z11l:UL~nG'l'lJel\llel'\J L6{11i 1 '\JVl1\l\Pl'j\lfl'\JoU1l.J n1Lfl'V'lel~ll.JeJii1m.J -coo· mtl. 'Utl~:U1ru 

' 'IJ 'IJ 

~\Je:~vn--J1tln~ tl~:u1ruLB'U 1'1:1~ HRP ~~'~~\lu'U.fr11 ~~1J'U~~nu~mru\Je:~v~'lm:u 1 tJJi'1EJ ~\lJ'U flru~~i~v~'l 
'IJ 

b~e:Jn 1-ii p(Anio.6·CO-o-Abao.4) LU'U'1JU\11'1Je:l\lbfl~e:l~Ll.JB1ffi m'Ufn'J\Pl~\lLeJ'U l'l:l~ HRP ~l'l~\l'\J'U.fr11 ~~1 
lurn'J~mntl~:U1\Pl'J o/oCS ~L...,l.l1~~:u b\11V1-ii o/oCS ~bLI'ln~1\ltl'U~\l...,l.l\1l 5 '1JU\1l Fie:~ 0.2, 0.4, 0.6, 

0.8 LL~~ l.Oo/oCS m:u~1~u vhrn'J~mnb\1lEJ1offLVlflUfl cyclic voltammetry (CV) vhrn'J~Lbn'U~nv1~~1 

~\lbb~ +0.40 5-:J -0.60 V 1'W~.fl11~~b~l.l l~b\1l'JL~'UbUBieJBnl'1:1~f'l11l.lboUl.loU'U 0.2 mM '\J'U.fr11~~1 CS/HRP

p(Ani0_6-co-o-Aba04)/GCE 1'U~1'J~~mv 1'W~1'J~~~1tJ~eJ~b~\PlD~L~Bi (pH 6.5) fi11:WLoU:WoU'U 0.1 M 1-ff 

scan rate 50 mV!s vhrn'JVl\1lr;'leJ\l~eJru...,nii~eJ\llJi'c.J~fl1'JVl\1l~eJ\l~\l'JU 4.29 
' 'IJ 'IJ 
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-:itl~ 4.29 fi1m~Ll~~VleJ'U~'UB-:JI'iB 0.2 mM 1~1~·;a~uLtiB1BBn1"1l~ ~~nEJ1Ylvh -0.3 V L~mu~EJ'U 
~ v 

fl11l.lloUl.loU'U'lleJ-:J cs ~1n 1.0-0.2 %wt. 'U'UoU11Ylvh CS/HRP-p(Ani06-co-o-Aba0.~~)/GCE 1u~1':i~~mEJ 1u 

~1':i~~mE.JvleJ~LvlVluvlLYlB1 (pH 6.5) fl11l.lloUl.loU'U 0.1 M H scan rate 50 mV!s 

m':iVl~-:JLB'U1"1ll1 HRP J11mL':i-:~1Ylvh~~Vl (electrostatic attraction) 1~EJB1~m.nJ -coo· 'U'U 
" 1m-:~~~1-:J'UeJ'ILI"l'WB~Ll.lB1 m~vh1 ~~11 Yl~1~H1hJiirn1l.ll~~EJ':il.l1n'WB L'W':i1~LB'U 1"1ll1 HRP ~tlnVl~-:~J'U~-:1 

" 
BEJ1 uci1'U~'U'UB n~~ m~~ ~ Li'\~m':iVI~~ BBn~1 n~11 Yl~11J1 ~-:~Jur1ru~~1..J EJ ~-:Jl~B n~~~ Ll"l~B'U~'U'UB n~~ 

\J , , \J , 

'UB-:~~11 Yl~1J11EJ~uvMl.l'UB'~ cs L 'W':i1~u B n~1n~~ l'U'U~1':i~·rh EJVl~'~LB'U 1"1ll1'Uu~11 vJ~11J1B ~1'~~LLGl1 v-:~L tlu 

~1':i~lJI"l11l.l~1l.l1':imoU1tl'U 1Jl (compatibility) l U'UB~1'1~ (;.J~ m':i'Vl~~B-:~ffiJl'W'U'll L~m ~l.lfl11l.lloUl.loU'U'lleJ'I 
cs ~1n 0.2% LU'U 0.4% fi1m~LL~~\?leJ'U~'UeJ-:Jiifi1L~l.l~'U Ll~~iiLL'U1LoUl.l~~~-:~L~BEJ1 B~1-:Jl~'U1Jli~ 
~um~~'l~1~~~1"111l.lloUl.loU'U 1.0%CS (;.J~n1':i'Vl~~B-:~~-:~n~11~B~I"lGleJ-:Jn'U Li et al [34] ~-:~1Jl':i1EJ'I1'U11-;h 

' 
fl11l.lloUl.loU'U'UeJ'I CS ffi m 'Un1':iVl~'lleJ'U 1"1ll1~~iirhl Vll.l1~~l.l~A1VI~'Il'VhJu ~-:~iinT~l ~l.JU~l.l1ru CS ~-:~1 U 

mmvh h·~~ ~wh 1 ~.fr11 Yl~1~1Jihi b61~tJ'anm vhJ'U ;~ii611b 'VII'l b~€1-U.JT'\11 nmoa'VIii'll'lii'l€ln-uv~~'U~~l.l CS 
' ' 

~'ULB-:1 ~-:~Ju l"lru~~1..J'EJ~-:JL~Bn1.U fl11l.lloUl.loU'U'UB-:J cs ~ 0.4% 1um':iVl~'ILB'U1"1ll1 HRP ~Vl~-:J'U'U~11Yl~1 
" 

CS/HRP-p(Ani0 6-co-o-Aba0_4)/GCE 6'11VI~'Un1':illl"l':i1~~1'11m.h5ul'ieJ 1 tl 

1um':iPimnVI1U~l.l1ru HRP ~lVIl.l1~~l.l L~EJ1oU HRP ~lLVlnl'i1-:Jtl'U~'IVIl.ll'l 5 'llil~ ~fl 2, 4, 6, 8 ll~~ 
10 mg/ml HRP 1~EJ1oVL'Vll"lill"l cyclic voltammetry (CV) Vlln1';i~Lln'U~mJtvl~1~'1lll'i +0.40 (;-:~ -0.60 V 

1u~1':i~~~1CJ 1u~1':i~~mCJYleJ~LvlVluvlLYlB1 (pH 6.5) fl11l.lloUl.loU'U 0.1 M 1u~.n11~~l~l.l 0.2 mM 

1~1mL~'UlUB1BBn1"1l~ 1-ii' scan rate 50 mV!s vhm':i'Vl~~eJ'I~BruVI.niJ~m (;.J~n1':i'Vl~~eJ'Ill~~'l~'l':iU 4.30 
' ~ " 



64 

-0.20· 

-0.15 

~ -0.10 -
-0.05 

0.00 ~...,..-........ -.,.-........ -,.-....... """'T'-......--r---4 
2 4 6 8 10 

CHRP (mg/mL) 

~tl~ 4.30 rhm:m~~(?ltJ'IJ~'WtJ'l~tJ 0.2 mM 1~hrmJ'WL'tJBitJBn1"1lv1 ~P1nEJ1~vh -0.3 v L~mti~EJ'W 
~ v 

fl11llL"lill"li'W'lltl'l HRP ~1n 2-10 mg/ml '\J'WoUl1 ~vh CS/HRP-p(Ani0. 6-co-o-Aba0.~~)/GCE 1 'W~1~fl~fl18 1 'W 

~1~fl~ft18~tl~b~(?)U~L~tli (pH 6.5) fll1l.JL.rrl.J.rr'W 0.1 M 1-rr scan rate 50 mV/s 

L U'W~'Vl''j1'1Jn'W~l1fl1 m~ bb~~(?lt)'IJ ~'Wtl'l~~~'Wtl cJ nmJ1l.J1~ru'Utl'l btl'W 1"1ll1'1J'W~l1 ~vh flru~en~ EJ~'l 
~ ~ 

vhm~e.Jfl~'ln~1l1V1t.Jn1'Htl~m..!fll1llL"lill"li'W'lltl'lbtJ'W1"1ll1 HRP 'OJ1n 2-10 mg/ml '\J'W~l1~vh CS/HRP-

p(Ani0.6-co-o-Aba0.~~)/GCE e.Jfln1~'V1Vlfltl'I~1~~'\Jl1 L~m~l.lfll1llL"lill"li'W'lltl'lbtJ'W1"1ll1 HRP 'OJ1n 2 mg/ml 

LU'W 4 mg/ml fi1m~LL~~L~l.l~'W Vl~'l'OJ1nJ'W ~'lL~l.lfll1llL-illl.rr'W'Utl'lLB'W1"1ll1 HRP mn~'WLvh1Vl~ 
fi1m~ LL~~1~~-:Ji:lfi1~1fl'll.l1n L vhJ'W ~.:~dL U'We.Jfll.l1~1n~l.lu&i~L U'W~1~hh111 ~Y11'UB'ILB'W1"1ll1 ~.:~J'W 
flru~eJ1~8~'lL~Bn 1-ti'm1l.lboVl.J.rr'W'Utl'ILtl'W 1"1ll1 HRP ~ 4 mg/ml 1 'Wn1"j~~1'l~l1 ~Y11 CS/HRP-p(Ani0.6-co-o

Aba0.4)/GCE G11Vl~'Um~i Lm1~~vll LL LJ~~'W~B1 tl 
1'Wm~~mne.Jfi'UB'l pH 'UB'I~1"jfl~mEJ€iL~n1m1f!~L~BVl11'W phosphate buffer fl11l.JLoUll"li'W 0.1 

c:Ja • v ~ ~ o ~ f"t.l c::a. 

M 'Vll.l pH LL(?lnm.:~n'W flB pH 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0 ~1n'W'W 'W1l.l11Lfl~1~VlV1lm'Vlfl'Wfl cyclic 

voltammetry (CV) vhm~1~P1n~LLtl~l1~Y111.rr'l1'W~'lLL~ +0.40 ~'l -0.60 V 1'W~fl1l~~L~l.J 0.2 mM 

1~1V1~L~'WLtltJiBBn1"1lv11i scan rate 50 mV/s 'Vlln1"j'VlVJf!B'l~tlruVl.fli1~B'l e.Jfln1~'V1Vlf!B'ILL~Vl'l~'l"jtl 4.31 ' ~ ~ 
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<;iU~ 4.31 fi1m~bb?I~I'\8'-J?ItJ8~1'i8 0.2 mM 1~1~'WJtJb'IJ8188f1L"ilii ~~ntJ1Yh~h -0.3 V '-JtJ 
" ~1Lvlvh CS/HRP-p(Ani0_6-co-o-Aba04 )/GCE b~m'\.J~tJtJ pH '1J8~?11'H~~~~tJ~h~n1mhwh~mlf~tJ 

... ... ...1 1" phosphate buffer Fn1l.lb'1Jl.J'1JtJ 0.1 M 'V1 5.0, 5.5, 6.0, 6.5, 7.0, 7.5 , 8.0 '11 scan rate 50 mV!s 

pH '1JeJ~?IT~~~~~tJBb~n11'l';i 1~~1L~mlf~tJbtltJ\J~~mll~~~i1t:-~~8~1~~~1'ieJm';ivh~1tJ'1JeJ~b8tJ 1"1ll1 HRP 

b~8~~~';i~1J1fl1fl';i~bb?l~l'l8'-J?ItJm~~ntJ1vlvh -0.3 V DtJ~1Lvlvh CS/HRP-p(Ani0_6-co-o-Aba04)/GCE t:-1~ 
f11';j'Vl~~eJ~ffi~YiDl1 L~m~l-ll"i1 pH '1l8~?11';i~~~~tJBb~n11'l';iL~iiL~mlf~tJ~1n s.o ~~ 6.0 l"i1m~LL?Iffi~i11"11 
~ ~ Q ~ 1/ d I d d I OJ I QJ d .c::. I .X d I 

b'Vil.l'1ltJb'YitJ~b~f1tJ8tJ bb~~~~l.lm?I~'Vl?I~'Vl pH b'V11f1D 6.5 bbl'l'VI~~~~n'Vlb'Yil.lfl1 pH ?1~'1JtJ~tJm 8.0 mm~bb?l 
" , " 

~1~i1LL tJ11 1Jl.l~~~~l'l1l.l~11ii'D t:-~~f11';i'Vl~~eJ~ffi~?l8~fl~8~nD Tangkuaram et al. [35] ~~ L~';i1tJ~1tJ H-J1 

m~u1tJf11-;id~m-;i?lmtJ~1'1J8~ 1~1~-;ib~tJb'IJB1BBf1L"ilii 1 '\.JbtltJ H20 ~~bn~~tJ 1~~ tJ?I.f111~~i1fl11l.lbDtJ 
m~b~n'IJeJtJ bYi';i1~b8tJL"ill1 HPR ~1LtJw;'JeJ~1-ff H+ 1tJLJ5n~tJ1f11-;i~lii'nitJ'1l8~ 1~1vm~tJb'\.JeJi88f1L"ilii lii'~JtJ 
f'lru~0~EJ~.:jL~Bn1-tl pH '1JtJ.:j?l1~"'~mEJBL~n1m 1"'~L~€lVI1i'Uv\ pH LVhnu 6.5 1 'Um~d.:jtJl)n1cnm~1~ni'U 
'1J8~ 1~1~-;ib~tJb'\.J8188f1L"ilii utJ~1L vlvh CS/HRP-p(Ani0_6-co-o-Aba0.li)/ GCE ~1'VI1Uf11-;i'Vl~~m~tJI'i8L '\.J 

f11';i'V1~~8~db tltJ f11';iPimnl"i1~ ntJ1 vl.Yh~ b 'VIl.JI~?Il.J vl1 f11';iPlf1'\~n 1~ tJ tib 'VlflUfl cyclic voltammetry 

(CV) 1~m~l.l?l1-;i~~~~tJl.l11'l'Hi1tJ 1~1~';ib~tJb'IJeJ188f1L"ilii ~~1 tJ?II';i~~~~tJ 1 tJ?I1';i~~mtJ'Vl8?1 b vli'IU'Vlb vleJ{ 
"' ., 

(pH 6.5) Fnll.lb.Vl.loVtJ 0.1 M ~1n'l!tJ 'l11l.l1lbfl';i1~'1-1~1m'VlflUfl cyclic voltammetry (CV) vl1f11';i?lbbf1tJ 

~ntJ1vlvh~~bbl'i +0.40 ~~ -0.60 V 1tJ?I.f111~jb~l.l 0.2 mM 1~1~';ib~tJb'\.JeJ188f1L"ilii 1-ff scan rate 50 mV!s 

vl1f11';i'V1~~8~~Bru'VI.niJ~eJ~ t:-~~f11';i'Vl~"'eJ~Iii'~';i'Ll 4.32 
, " " 
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~U~ 4.32 ~1m~bb~~I'IB'U~'UeN~B 0.2 mM 1~L(;)~b\l'UbDBiBBn1'1tiJ 'U'U~11~vh CS/HRP-p(Ani06-

co-o-Aba0.4)/GCE 1'U~1~"~mtl 1'U~1~"~mti~B~b~I'IU~b~Bi (pH 6.5) fn1l.JboUlloU'U 0.1 M 1-ff scan rate 

50 mV/s 

f11l'lnt~1 ~vhm im~~'UmTvh.:J1'U"lJB.:JbB'U 1'1l~u'U~11 ~.Yhrib ut~u\l~tlvt~.:J~iie.J"~Bm~b ~.:JLJ5n~m 
n11~mtllii'1"1JB.:J 1~L(;)~b\l'UbUBiBBn1'1!iJ flOJ~~l~ti~.:J~\l1~ru1~1m~bb~~\JlB'U~'UB.:J~B 0.2 mM 1~L(;)~b\l'U 

" 
bUBieJBn 1'1liJ 'U'U~11 ~vh CS/HRP-p(Ani0 6-co-o-Aba0.4)/GCE C.J"n1~'Vl(;)"eJ.:J~1~~'Ul1 ~.:Jb~ll~1Plnt~1 ~vh 
m-ffm~~'U'U'U~11~vh CS/HRP-p(Ani0 _ 6-co-o-Aba0.~~)/GCE mmvh1vt~ ~1m:m~~1~~-:JlJ~1b~ll~'Ull1n 
bvhJ'U ~'lbblJl1 ~1Plnt~1 ~vh~1im~~'U~.:J\l~'Vh1 '1-1\n(;)m~d.:J\J nn~tJ1n1~~1iln-a''U"lJB.:J 1~1(;)~b\l'Ub UBi 

' " ::..J 

Bel n 1'1liJ1~~ bb~ fllJfl11l.Jtl1\l~ b {J'U~~.:J b 'ti'Url'U~Bl\l\1~(1 mu nJ'U~1 t~lii'1 ~'U nJ'U~~1lJ11(1 bn mJ n n~ t11 n1~ 
" " ::..J 

~liln-tlt~~Fhf'lnt~1~.Yh1n~\f1t~.:J lil.:JJ'U flru~~1~t~~.:Jb~Bn1rffrhf'lnt~1~vhmim~~'U~ -0 .3 v 1t~m~d.:J 
" ' LJ5n~t11n11~1iln-tl'U"1JB.:J 1~L(;)~b\l'UbDBiBBn 1'1f(/j 'U'U.fr11~vh CS/HRP-p(Ani06-co-o-Aba0 4)/GCE ~1vt-ru 

m~1 bm1~v;~1 t1 b 'VlflUfl~'U~B 1 LJ 

-n 1'a1 (;) 61' ru ru 1 ru bb 'U'U bbeJ ll b YHl {11 bll'V1~~1t~ 1(;1 'H:U'L! b u eJ{eJ tJ n 1'11 (;11 'U 1 t1 b'II'U b'lltl { (CS/HRP-
"' "' 

p(Ani0.6-co-o-Aba0.4)/GCE) 

1t~m~'Vl(;)"eJ.:Jd Pimnm~bn(;)LJ5n~t~1~1iln-tl'U"lJB.:J1~1mL\l'UblJB~t!Bn1'1!il ~f'lnt~1~.Yh -0.3 v L(;)t~1-b' 
b'VlflUflbbBllb~eJib ~bll'Vl~L(;)tJ1-ff~11 ~vh CS/HRP-p(Ani 1.x·co-o-Abax)IGCE b{J'U~11 ~vh1-ff.:J1'U (WE) 1-ff 

Ag/AgClL1J'U~11~.Yhti'1-:JB.:J (RE) 1-ff"1(;)bb~"Vi1Tll (Pt) b{J'U~11~~1'li1t1 (CE) 1t~~1~"~mti 1t~~1~"~mti 
~eJ~b~I'IU~b~eJi (pH 6.5) m1llboUlloU'U 0.1 M vhm~'Vl(;)~eJumt~1~u~~t~1ml"frh'l! N2 1t~~1~"~mt~~ii 
m~m'U 1~C.J"m~'Vl(;)"eJ.:Jbb~(;).:J\il.:J~LJ~ 4.33 

\J 
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~tl~ 4.33 (A) m1~LL~~-:~m1~"'~~'U5 m~LL~-L1"1 (i-t) u'U.ff11~vh CS/HRP-p(Ani06-co-o-

Aba0.4)/GCE fi1~nE.J'1~vh~ -0.3 v (vs. Ag/AgCl) ~l'leJU~'UeJ'I~v1ft1~~L'l'ULtlv1vvn1'1lvi 1'U~1~"~mE.J 
~8~L~I'lU~L~v1 (pH 6.5) ~~~~1vl1E.J N2 LL"~n1'UI'l"8~L1"1 (B) n11~~11'1~~1'ULL~~'If111~"'~~'U5~~VrJ1'1 
m~LL~tlUf111~LoV~oV'U'lJ8'1 1ft1~'H'l'ULtlv1vvn 1'1lvl ~L~~"-:~1 tJ 

'11m·mn1WI~"v'~1 'U~tl~ 4.33 ~u--J1.ff11 ~vh CS/HRP-p(Ani0_6-co-o-Aba0.4)/GCE ~~.m~ b~-:~ 1 ~ 
m~l'leJU~'U v-:J~L ~1~v1ft 1~ ~L 'l'U L tlv1vv n 1'1lvi 1~E.J 1 ~"'runnru~ L ~~~-:~;ff'ULi1v L ~~fl11~ L .rr~i'U'llv-:~1ft 1m L'l'U "... " 
L tlv1vvn 1'1lvl~L~~"'~1 tJ1 'U~1~"~mE.J 1 'U'li1'1~'1LL~ 10 ~M ~'I 4 mM m1~~1m~1'ULL~~'If111~"'~~'UlS ... 
~~'Vll1'1n1~LL~tlUf111~ L oV~oV'U'lJ8'11ft 1~~L'l'UL tlv1vvn 1'1lvl LL~~'I~'I~tJ~ 4.338 

" 
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fl1fl\l~ Michaelis-Menten ( Jt;,PP) ~U\ltJBfl~\l~~UI"l1&1\9l1'tlmbBiJ L'IJ~-eB'u&1bVl~\9l A1iJ1ruvn 11ii'~1n 
G11Jfl1~'t!B\l Lineweaver-Burk ~\l'G11Jfl1~ 

1 1 Kapp 
-=--+-M
f,, !max lmax.C 

(4.5) 

b~B Iss ~Bfl1m~bb~~~.f111~ steady-state b~Bi1fl1~b~:WeB'tJ~bVl~\9l, 1max ~vfhm~bb~~\l~~ffi~\~v 
b~:wiu~bVl~\9l~iJ~:w~1 bb~~ c ~vm1:wb.U:w.UiJ'tlv\leB'u~bVl~\9l ~1nn1~Vl~~e:J\l'\'iu-J1 K!'P"'P 'tle:J\l~11Ylvh 
CS/HRP-p(Ani0.6-co-o-Aba0.4)/GCE ~11ii'~1nfl1~flliJ1rui1fi1bYhn'U 5.14 bb~~\11 ~b'~iJrJ1 fl'l~~tJ'tle:J\1 
be:JiJ 1'1ll1 HRP-1~1~·H~iJbLJe:J1e:Je:Jn1'1l~i1m1:wbb ~\l'l'ie:Jvh 1 ~be:JiJ l'1Jl1a1:w1~m ~'~LJ5n~cnm~bn~~~n-8'iJ'tle:J\l 

1~1~~b~iJbLJe:J1e:Je:Jn1'1l~lii'~ 
1 iJ n1~Pi n~1fl111.1 b'G1~ ~ ~'tl e:J\!L~ 1~ ~ b~iJb LJ e:J1 e:JB n 1'11~1 u 1-e:J b'IJiJ b'IJB 1~11i11~ ~l111.11Pl n~1 n1~ 

bn~LJnn~~1~~n-8'iJ'tlB\l 1~1~~b~iJblJv1e:Je:JflL'IJ~ fll11JboU:WoUiJ 0.2 mM ~~n~1Yl~1 -0.3 V vl1fl1~Plfl~1 
~\l'\t1:w~~1:wbtliJ~~~~n~1 2 ~LJ~1~ e.J~m~Vl~~mbba~'~~'~~LJ~ 4.34 

'U 

100 *-•-· - --· ~ ""*-·-· ~ 80 
Q,) 
(/) 
c: 

60 0 a. 
(/) 
Q,) 

40 ... 
Q,) 

> 
-:;::::; 20· 
nl 
Q,) 

c:::: 0 
0 2 4 6 8 10 12 14 

Time (day) 

':ilJ~ 4.34 fl1~Plfl~1fl111Jb~~m'tle:J\l1~1~~b~iJbDB1BBfl 1'11~1 tJ 1m'lliJb'IJB1 ~1flfl1m~bb~~~n-diJ'tlB\l 
" 

1~1~~b~iJbLJv1mJn1'1l~fll11.1boU:WoUiJ 0.2 mM ~~n~1Yl~1 -0.3 v mM 1iJa1~~~~1~1iJ~1~~~m~Yle:J~bYl\9l 
uvlbvle:J4 (pH 6.5). 

1 iJfl1~Pl n~1e.J~'tl B\1~1~'\.J miJ~i1 t:-J ~~e:J m~i bfld1 ~~'V11LJ~:w1 ru 1~ 1mb ~iJ b LJ-e:J1B e:JflL'IJ~ 1~ ~ b~:w 
&11~~~mti:W1\9l~\i1iJ 1~1~~b~iJblJe:J4e:Jvn1"1!~ fl111.1boU:WoUiJ 0.2 mM bb~1b~:WG11~~~~1tl1.11\9l~\i1iJ~1~'\JmiJ 

~ ~ 

11ii'bbri 1~LJ1i1iJ (dopamine: DA) m~be:J~fle:JiJn (ascorbic acid: AA) n~ 1fla (glucose: Glu) bb~~ m~v~n 
'U 'U 

(uric acid: UA) ~fl111JboU:WoUiJfl111JboU:WoUiJ 1.0 mM 'V1~\l~1ntTiJbD~tltJbVltltJ~q,Jt1J1rum~bb'G1ffili1~1flfl1~ 
\9l~1~1~~1~~~mv:w1m\i1iJ 1~1mb~iJblJB4Bvn1"1f~ bb~~~ruunruffili1~1nfl1~b~:W~1~tJmiJ t:-J~m~Vl~~B\1 

~ v v 

bb~~\1~\l~LJ~ 4.35 
'U 
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-a'\J~ 4.35 m-aPim~1(;J~"1Jv.:lvl11UnJ'U"UB'I1t~1~Wil'ULtJB1Bvn 1'1l~LU 1m'll'UL'Ilv1 ~1nrl1n1~LL~~vl'n'ir'U 
" "Uv~ 1t~1~-aL~'ULt!v1vvn1'1!~rn1:wLi:wi-u 0.2 mM ~P!nt~'1Yl.Yh -0.3 v mM 1-u~11~~~1tJ1'U~11~~mtJ 

Ylv~LYlVJUYlLYlv1 (pH 6.5) L~BlJn11L~:W (a) 0.2 mM H20 2, (b) 1 mM OA, (c) 1 mM AA, (d) 1 mM Glu 

and (e) 1 mM UA 

d I d d <Cio. Q.J I 

~1mmn11Yl~~B'I~~LVf'U11 L:WB:Wn11LVJ:WV111'\Jn1'U OA, AA, Glu LL~~ UA fn1:Wb'1J:W'1J'U~'In11 
" 

1t~1~-aL~'ULtJBivvnh(i~ 5 Lvh (1 mM) f11m:m~ffivi"'bJiJm-aLtJ~tJ'ULLtJ~-:~ LL~~-:~1~Li1-u111'l1-a'\Jm-u~Pimn 
vl'-:~mh1~-:~ 4 "11'i1~hhum-um-a1Lfl11~~ 



nwm. 

t~t-Gfl.~t:I~~G~ 1 n, t G~~~Ltl.l1t)l.n.~J:.Lr\~~~l:m Lgu~J:.LU~t-B~t-~t}LL'I.ib r:uL~ ;-t~LJ:.L.I1 (;;J:.LUL.\A.r\B~UBB 
' n 

ntun.J:.t~LB1UfmtLUr\ ttLUntn.~J:.U~t-G~r\f; 1 L~~LB n,tt.~~IA.It1J:. 1J.BM.11tB11 L.IQ.L.IIA. 1~ l'..~t-&_~t-LrBt~n l.,~tvt t 
n 

~~;-t:::Ltl.l1 (;;tLUr\ Uo Ln. t r1Q:Lr1~~!1}BlMr\lM ~tvt t ~~Lrt:::~!1!.LU ~IA.It1t 1J.BM.11tG11 L.IQ.L.IIA. m t~~tvt t ~~;-t:::LJ:.L.11~ 
n ' ' 1\ 

tLUr\ ~ tn.kL'LL~ N~t-t~t-~ !1 HtLl'..L.I~~~11 t-~:::L~1:::LM. 1L~IlLtl.l t tM.Ll!~~!1}Bll»1nl7»1~tv1-t~~Ln~~ 
' ' 

lj!,LilL~Qnt~nt~~~nLt-n.~L~IlL~ v.JW Ol'"O :::~, oo·oz ' 00"01 ' 5;0"0 n.,VL!A-1 ~!W!) aJueJa)O~ 
n 

L~[! ap!PO! Wn!SSe~od :::m1 a~eJ~!U Wn!pOS ' a~ej)nS Wn!pOS ' ppe J!qJOJSe L~UtrJIA.ntun.t ~ ~F' 

t~L~n.M. r\~Ln~~~~IA.Il1J:. 1J.BM.11tGTIL.It}L.IIA. 1~t~ntun.tt~t-GR.~t:IL~U~1LUn l t-~t-~~ 11tLtt.1~:::~11 }L~ 
• ll1~~t!n.~~J:.t-~~~L~r\~ll~ 11tLtl.l~~t_.~tvt t ~~mLrt&.n,~:::Ltl.I1~J:.LUr\ l ~,VL~~~~~t Lr\~~!1}Bll»1nl7»1~tv1-t ~~L~ 

. ' ' 

r\~1»tt-~~11 (5; = U) l1"17 n.,VL!A1~1A.~rt~nL!\t~Lilr\n.1t-~!}11lLtl.IL~~ lAJW Ll60"0 n.,VL!A1~t_.L1.~LJ:.L.11~ 
• ' 1\ 

tLUnt~~L~~~~n~Ln~~~}Bl7»1nll»1~tvtt~~ (17966"0 = zJ) ww 91-1 t-tp.nl,.~Bt-t~n~mr;mm1t-Bn~n.B~ 

J:.LUt-tp.~~~1 ~tvt t ~~t-Gil.r\~ll~ 11lLtl.ln.,Vt-J:.~r\,t:ltn, 11 ~,t-~tJ:.~J:.LUUL~~t!1~11 :::J:.UL~L~n.M. r\LC-~ l Ltftvt t t~ 
' " 

~11 A 9"0 L~tvtt_.~U~~l r\ftL1.B~1~~tt~1U~1~~L~:::~tL~r\f;1 W L90"0 r1fi-Il~11lLl'..L.I O"L Hd }Gtv1-1tv1-,(l. 
" 

~tvt 1~Btvt~L~:::~J:.L~~ l ~~11 ~tp.Ltftvt t t]or\f; 1 nd) ll,ti-!,1-~M. 11~l'..~ t-~t-L~Ltftvt t t]or\f; 1 1)8\f fo't LJ.l ~1-~l'..J:.~t~ 
" ~ 

• r\f; 1~t Lr\IT!l~~}Bll»1nll»1~tv1-t ~~Ho l ~~1 ~IA.Il1t ]J.GM. 11lGTI~:::Ltl.I1~L.It}L.IIA. 1t-Gfl.:::m~u~ml.IL~U~tLUr\ l 

O"L n.,VL!A-1 Hd ~tvtt~~~,t-~l'..J:.~1LUntnhL1.B~1 
~~tt~1 U~1~~L~:::~tL~r\f; 1~ ttLUB~Il~~LilL1. 1~}Btv1-1tv1-,(l.~tv1-1~Btvt~L~:::~J:.L~t-Gil. Hd L~n.M. (A 9"0+ 

Ltftvt 1J3U~) ~IA.Il1t ]J.BM. 11lG11L.It}L.IIA.1~ t~~]J.Gll»1nl7»1~tvt t ~~t-Bfl.r\Lt-L.\A.l:.LUB~rt~:::LrtL1.1~ lAJ L90"0 n~rt~1 

llLl'..L.I}Btvt1tv1-.Q.~tvtmBtvt~L~~~J:.L~t-Bil. Hd LL'LL~U~J:.LUnt v.JW ll"O n~rt~11lLl'..L.I 5dNnV' :::~11 lW/8W 

817"0 n~rt~11lLtl.l HQQ)-.l.NJMW 'WW lO"O n~rt~11lLl'..L.Ir\~Q.:::B B~ ~tvtt~~mLrt&_n,~,t-J:.LUB~Il~~LilL1.1 

~nBn.}LL.I~~L~ULtftvt t l'..~tn, 11 ~~J:.LUr\ Uo ~~L~:::~J:.L~n l l. t-L~n.GU:::tn,J!t-Bt-Gil.r\~ll~ 11lLtl.lmLrt&.n,L~n.M. 
}Bll»1nll»1~tvtt~~Ln!T!l~J:.LUB~rt~:::LrtL1.1~ SdNnV' t-GU.mLrt&.n.:::~,, HOOJ-..LNJMV'J '(aU!)!Ue) n~t}:::Bt-Bfl. 

n~rt~ mLtl.lmLrt&.n.L~u~tLUL.\A.n~uL~ HOOJ-..LNJMW B~}Bll»mll»1~tvt t ~~Ln~~tLuB~rt~:::LrtL1. 1~f:t!,1. 

n 1 Lr\r\Gn.}LL.I~~Gt~~_ttt-Gil.~Q.U.:::~11 (SdNnV') n 1 Lnt-BIA.L.ILl!nB B~}Bll»1nll»1~tv1-t ~~Ln~~J:.LUB~rt~:::LrtL1.1 

~n 1 Lr\:::L1.~1 L.ILlfhBL~n.M. ~IA.Il1J:. ]J.BM. HtB11 L.IQ.L.IIA. 1:::~11 ~IA.IlHtiA. 11 ~t 1 U ~L.Ill»t L.IQ.L.IIA. 1~ l~ ~1 }Bll»1nll»1 

• ~tvt t ~~Lr\IT!l~J:.LUB~rt~:::LrtL1. 1~f:t!,1-r1 1 LnnGn.}LL.I~~Gt~~_ttt-Bfl.~t}U.:::~11n 1 Lr\~L1.~1 L.!Ll!r\Bt-Gfl.~t}U.L~U~J:.LU 

UL~ ~tvtt~~t-BU.n,e.~1~UBBL~&_~~n,UL~~11:::J:.UL~IlL~~~~~1 n~t-~qM.Ll!~~:::~11t-~~11lLtl.l~ Ut~:::~ 
~L~r\Lt-Ho ~~IA.Il1J:. ]J.BM. 11lGTIL.It}L.IIA. m l ~,t-~tJ:.~t~r\f; 1Ho l B~ 1 nGn.}LL.I~~L~ULtftvt t t~nn. (Sap!~edoueu 

le~aw) n 1 Ln:::L1.~1 L.!Ll!ftBIA.~M.1 M.~1J:.~1 U~1~L~J:.LU~~11 (S.l.N)MV'J) [:t~n 1 Lr\r\Gn.}LL.I~~Gt~~_ttt-Bfl. 

~U&.IA.Il1n tn~t}:::G~GM.~~1~ l r\~Q.:::(m,e.ll»1J:. t}Bit1~GM.J:.~1 U~1~L.\A.J:.LU~~]J.Bll»1nll»1~tv1-t ~~Lr\IT!l~J:.LU 
r\~t}:::G~M.1t-Bfl.n,e.ll»1}Bil1~M.1l:.IA.1 U~1~L~J:.LU (1 

t}t-~nt~ £ r1f;1UGBt-fl.TI~tvtt~~mLrt&.n. II 

~:::Ltl.l1~n.kL1.L~~ll»t UBB}Bf"\ 1n~1t~lijt L~tvt t t]o:::~11}Gll»1nll»1 ~~t!L.11 ~tvt t ~~Ln~~.t.LUn~~~nLt-n l 
II " 

• N!~YIA.tl..U~~ru.Y 

S" IA.IA.n. 
F' 

OL Lo~~l,~~IUL.rt~~::L.!.1.11~fl.kKL.~[tKlfl.fl.11~1A.rt1!.~BIJ.1rtB111.1(:WIA.1L.ftlt6k\!.L.U 
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2) ~11 vlVl1"!1il~nm£1~f11~'Uti'U~~~u. 'IJ1~h EJ:W"~bt~"~fl1~'Uti'U'U1L 'UVbu-~~~Lt1-t1"!1.fl1flVIti'I'U1L 'U 

n11oW\ili'U1i" 1 vliJi"L'ii'UL'iltiTI~EJm115m1Lflaau (drop casting) ~1EJl£1~"!l'U1~'U1L 'U~n~£11l"!ltl'l 

fl11ut~'U'U1l 'UVi1ii-l 'rl~ L1Jt~iu11 vlYl1-t~'U.fl1flLmlf~"!l'U1~'U1L 'U".:I'U'U~TVIU1"!la.:~i11 Ylvhnm£1~fl1~ua'U'l1n , 
m1Pin~1t1'1r'i'IJ1~nau~1'1 1 ~L 'V!1l1~£11l~e:Jn11~\ili'U1i" 1 l"'IJi"L'ii'UL'iltl~ l~EJ 1<tlL Vlflilfl1'llfl~n l1"u. VI1JL1JVI~ 
'rl'Ui1l£1~"!l'U1~'U1L 'U" n~all~L 'V!1l1~£11lfltl fl1'~'Uti'U'U1L 'UVi1u~ij'V!l.i~'lneU'Ufl1~'Utln~~n ( CNT s-COOH)-1 'rl~ 

, " " 
1~ Ll.tl"~" 1~L1liii" (PDDA) LL"~ti'U.fl1flVIti'I'U1L 'U (AuNPs) lil~ 1~i11l"'Yl1~L 'V!1J1~£11lfltl CNTs-PDDA-, 
AuN Ps/GC lil1 n,!'U vi1 n11 Pi n~1'1J~111 ru fl111l L aU1l'li''U"!Jtl'lfl1~'U ti'U'U1L 'UViTu~ij'V!l.i~.:~ ni'U fl1~'Ue:Jn~~ n LL" ~ 

" 
'IJ~1l1filfl111JL 'li'1l'li''U"lltl'lti'U.fl1flVIti'I'U1L 'U~L 'V!1l1~£11l~e:Jm1~\ili'U1i" 1li!Jl L'ii'UL'ile:JTI~EJ 1 iL Vlflilfl1'ilfl~ n l1 , 
"LL VI1JL1JVI~LLm::L Vlflilfl LLtlll L 'rle:JTI 1 L1JVI~ 'rl'Ui1'1J~1J1UJfl111JL 'li'1l'li''U"lltl'ltl.:lrl'IJ1~nau~1.:~ 11 'U£111"~mEJvtl -&1 '1..1 

n11~~LL u1i11 vlYl1n"1£1~fl1~'Uti'U~L 'V!1l1~£11l~tln11l~U~1l1UJi" 1 vl!Jl fltl CNTs-PDDA fl111JL 'li'llaU'U 4 

mg/ml LL"~ AuNPs fl11llL'li'll'li''U 0.02 % lil1n,!'Uu1i11vlYl1~oW\ili'U1~1EJtl'lrlU1~nti'U~L'V!ll1~£1lJLU'U 
i11 vlVl11 <tl-:!1'U 1 'Un11Pimn'V!1 pH "1Jtl'l£111"~"1m vlaL vli'IUliL via{ fl11l.JL aUll'li''U 0.1 M ~L 'V!ll1~£1ll~tln11 
vi1'11'U"!le:J.:!i" 1 vliJi"L'l!'UL'lle:JTI~EJ 1iLVIflilfl1'11fl~n l1" LL VllJLlJVI~ ~"m1Pin~1'rlui1 pH ~L'V!ll1~£1ll1 'Un11 

1'1111ill~'li'" 1 vl!Jlfia 7 .o 
L~tiU1LVIfli1flL vl"B'ULiilfloH'Uti~'U1~~£1ll11 i~1lltl'Un111'!111ill~LL 'U'ULI.tll.JL 'rlt!TI 1Ll.JVI~~~1i" 1 vl!Jl 

L'li'U L'ile:J{~~\ili'U 1~'U (CNTs-PDOA-AuNPs/GC) lil~vi1L m~ LVI fli1fl1 Lfl11~\.1~a ~~1 n 11~ L ~1 LL"~ij 
U1~~VI5.fl1'rl1 'Un111'1111ill~i" 1li!Jl 1 'Un11Pin~1flru~n~ru~"!lti'IL Vlfli1fl1Lfl11~'l-1LLtllJL 'rle:JTI 1L1JVI~ l~EJ 1 <tli" , 
1 vliJi"L'ii'UL'iltli~~\ili'U1~'U1~L U'U~11'1111ill~ 1 i Ag! AgeL LU'U~11l"'Yl1eJ1'1B'I 1 <tl"1~LL 'rlVIViirll (Pt) L U'U~11 vlYl1 

"li1EJ LL"~1i£111"~"1EJvle:J£1Lvli'IUvlLvlai m1llL'li'll'li''U 1 M (pH 7.0) LU'U£111"~"1EJ~1'rl11'Um1Pin~1'V!1 

PlnEJ1 vlVl1~ L 'V!ll1~£11JL '1..1 n111'1111ill~'li'" 1 vl!Jl~~1i" 1 vl!Jl L'li'UL'lle:Ji'rl'Ui1Pln~1 vlYl1~ L 'V!1l1~?11Jfltl 0.4 V 

f'i1m~ LLavfl~lil1nn111'1111ill ~LL 'IJ1~'Utl'Ufl11ll L 'li'll'li''U"!Je:J'Ii" 1 vl!Jl l~EJij"li1'1n111'lti'U£1'Utl'l LL uu L U'UL~'UI'l'l'ltl ~ 
" 1'U'li1'~ 1-2oo ppm Cr

2 = 0.9997) 'li'"1l"'IJ!L'ii'UL'ilai~~\ili'U1~'Uii;~'oil1n~~1'1~1'Um11Lfl11~'l-1 Lvhnu o.o3 
ppm i" 1l"'IJi"L'ii'UL'iltli~~\ili'U1~'U£11lJ11ClU1L 'IJ'IJ1~~nm mLfl11~'l-1i" 1vll'l1 'U~1tl~1'1tl1~" bJ LL"~ 1 TU 

3) n11LI'l~EJll~11 vlYl11~1~1Liil'UL'IJaiaan 1'11~1 'U Le:JL'ii'UL'lltl~ CS/HRP-p(Ani-co-o-Aba)/GCE 

'11'U1-;ij'EJ 1 'U~1'Uffi~i\ili'U1LLt~lJL'rlt~-fl 1Ll.JVI~n 1 u lt~L'ii'UL'ilt~iLL uu 1 'V!l.ia1'V!~u1Lfl11~'l-1'1J~l.J1ru 1~1~1Liil'U 
L 'IJaiaan 1'11~1~EJn111'l'i'ILtl'U 1'1111~ai"!ILL ';i~"!IL uaiaan~L~£1 (HRP) "'~'U'U t 'rl~Llle:Ji "llil~ poly(aniline-co-o

aminobenzoic acid) V!'ie:J p(Ani-co-o-Aba) L~EJn11Gl'ILfl11~'V!1fl'rlti~L1le:Ji"lltl'l p(Ani-co-o-Aba) ~1EJ15 

lnterfacical copolymerization lil1n£111"~"1EJ~£1ll"!Jtl'l aniline (Ani) LL"~ a-aminobenzoic acid (o

Aba) 1 'U~1vi1"~"1EJB'UVI~~~1EJfl"tl L1l"'t~ill (CHCL3) ~"n11VI~"tl.:l'rl'Ui1 p(Ani0.6-co-o-Aba0.4) LU'U"!Ii1~ 
"!lti'ILfl'rlti~Llltli~~~?l~ 1 'Un111'l'i.:!Lti'U 1'1111 HRP n111'l'i'1Lti'U 1'1111 HRP ~1mL 1-:!LvHha~l'! (electrostatic • 
attraction) L~EJmPlEJ'V!~ -coo· 'U'U Lfl1'1£1~1'1"!lti'ILfl'rlti~Llle:Ji mlilvi11 ~i11 vlYlTvi1~1iijm1llL£1~EJ11l1n 
'rle:J L'rl11~ Le:J'U 1'1111 HRP ~CJnl'l'i.:~,!'U~'ItiEJL 'U~1'U.ff'U'Ut~na~ t111illil~Lii~m1'V!"~t1tlnlil1n.ff11 vlVl1l~ ~.:~,!'U 

\J \J • " 

flru~en..ij'EJ~'I Lae:J n~lil~ Lflat~'U.ff'U'Utl na~"!Je:J'I.ff11l"'Yl1~1 EJ.ff'UVI~ll"!Jtl'l cs L 'rl11~'Utl nlil1 filij~ L U'U?I11~'li1EJ l'l'i'l " . 
Lti'U 1'111i'U'U~11 vlYl11~a~1'1~LL~1 cJ'IL U'U£111~iim1ll£11ll11m 'li'1n'U 1~ (compatibility) L U'Utl~1'1~ ~"n11 
Vl~"a.:~~1~'rl'Ui1m1llL 'li'll'li''U"lltl'l cs ~ 0.4% L'V!ll1~£1l.l~£1~ 1 'Un111'l'i.:~Lt~'U 1'1111 HRP ~l'l'i.:~u'U.ff11 vlVl1 , 
CS/HRP-p(Ani0.6-co-o-Aba0.4)/GCE 
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1'UnT:i~mnnTnn~tJl)n~m~l'i'ni'U"lm'I1H1~·n~'UL\JeJ~emn 1'1fii ~~mnvlvh -0.3 v 1~v 1-ffL 'VII'lUI'l 

LLeJ~LYlflTI 'H~'VITI~EJ 1-ff.ff11 Ylvh CS/HRP-p(Ani1_x-co-o-Abax)/GCE L tl'U.ff11 Ylvh 1 -ff'I1'U (WE) 1 off Ag/ AgCl 

Ltl'U.ff11Ylvhel'1\IB\I (RE) 1i~'l~LL~~Vi-u~ (Pt) Ltl'U.ff11'V'lvh"li1v (CE) 1'U,nm~mv 1'UG11'i~~~1v'V'lt~G1L'V'll'l 
UvlLvle:J~ (pH 6.5) 1'111~L-ff~oU'U 0.1 M t:-J~nT:i'VI~~ti\I~U-J1.ff11Ylvh CS/HRP-p(Ani0.6-co-o-Aba0.4)/GCE ii 

G1.f11~ 11~\1 1 ~n1'il'ltl'I..IG1'Utl\I~L ~'lt;lt~1H 1~'iL~'UL\Je:J~e:Je:Jn 1'1fii 1~EJ 1 ~~qjqj1W~Lfi~~\I~'ULrlm fi~l'l11~L off~off'U 
'tlt~\11H1~·H~'UL\Jt~~t~t~n1'1fii~L~h.J~\11tJ1'UG11'i~~~1EJ L'U"li'l\1~\ILL(;] 10 !JM ii'l 1,000 !JM 1H1~'iL~'UL\Jt~~ 
t~t~n 1'1f~1 u 1m'lf'UL'Ift~~~~lJll'U1~'Uii~~-;i1n~~1~~ 1 'l.lrn'iiLI'l'i1~~ Lvhnu 1.8 !JM 1'Urn'i~n'ti1t:-J~'tleJ\1~1 
'i'l..l m'U~iit:-J~t;lt~rn'ii Ll'l11~~vntJ~~1ru 1H 1~1 L ~'UL tJ t~~t~t~n 1'1fii ~u11.ff11 u 1t~ L'il'UL'ilt~~~~lJll'U1~'U 1 ~rh 
tolerance (;]-eJ1~'l.hii'U (dopamine: DA) m~LLeJG11'lt~Un (ascorbic acid: AA) n~11'lG1 (glucose: Glu) LL~~ 

m~v~n (uric acid: UA) Ltl'U~1.h~e1 h .ff11u 1m'lf'UL'ileJ~~~lJll'U1~'Uiim1~1'l11~LG1iiEJ'i~~1nii'IG1eJ\I~tJ~1v1 
" 
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In this work, a novel amperometric biosensor for hydrogen peroxide (H20 2) determination was 
successfully prepared by immobilizing horseradish peroxidase (HRP) on poly(ani1ine-co-o
aminobenzoic acid) or p(Ani-co-o-Aba) and then covered with chitosan (CS) film . The immobilized 
HRP displayed an excellent e1ectrocatalytic activity to the reduction of hydrogen peroxide. The effects 
of experimental variables such as the o-Aba mol ratios in p(Ani-co-o-Aba) synthesis, HRP and CS 
concentrations, pHs of supporting electrolyte solution and applied potentials for the working electrode 
were investigated for the optimized conditions. This novel biosensor exhibits a fast response toward 
H202 with a linear range from 10 to 1,000 J..!M and a detection limit of 1.8 J..!M based on the signal-to
noise ratio (S!N = 3). The developed biosensor shows satisfactory tolerance with other potential 
interferences such as dopamine (DA), ascorbic acid (AA), glucose (Glu) and uric acid (UA), and also 
shows a good stability for -2 weeks. 

Keywords: Hydrogen peroxide biosensor, Horseradish peroxidase, Poly(aniline-co-o-aminobenzoic 
acid), Glassy carbon electrode, Chitosan 

1. INTRODUCTION 

Hydrogen peroxide (H20 2) is extremely reactive species which is an enzymatic intermediate 

substance obtained from many enzyme-substrate reactions [ 1]. The determination of H20 2 is very 

important in food, industrial , clinical and environmental assays [2-3]. Many scientific methodologies 

have been widely employed for determination of H20 2, such as titrimetry, spectrophotometry, 
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fluorimetry, chemiluminescene and electroanalytical method [4-7]. Among these techniques, the 

electroanalytical method is advantageous over other methods because of their robustness, possible 

miniaturization, low-cost and ease of operation. Due to their high selectivity and sensitivity, the 

development of biosensors based on peroxidase-modified electrodes has been widely studied in the 

field of electroanalytical chemistry [8]. 

The horseradish peroxidase (HRP), a heme-containing oxidoreductase, is a commercially 

important enzyme, which catalyzes the reductive cleavage ofH20 2 by an electron donor [9]. However, 

the sensitivity of these biosensors based on the direct electron exchange between HRP and electrode 

surface is often relatively low. To increase the current response, HRP is widely fixed onto the 

electrode surface with the metal nanoparticles, carbon nanomaterials, and conducting polymers [10-

12]. 

Polyaniline and its derivatives have been of the most attractive conducting polymers due to 

their easy synthesis, low cost and high environmental stability, and variable electrical conductivity, 

excellent redox recyclability and optical activity [13-16]. They easily facilitates not only the electron 

transfer between the enzyme and electrode surface, but also make a more convenient environment for 

localizing the enzyme onto micro-size electrode surfaces in the electrochemical biosensors. 

Chitosan (CS) is obtained from the partial deacetylation of chitin as one of the most abundant 

polysaccharides in the world [ 17] . CS is a biocompatible biopolymer possessing diverse properties for 

numerous applications, such as film-forming ability, hydrophilicity, high mechanical strength, good 

adhesion and chemical inertness [ 18]. Because of this unique combination of properties, there have 

been several reports using CS as ionically immobilizing and physically coating materials for preparing 

enzyme biosensors [ 19-21 ]. 

The design of a novel enzyme biosensor based on conducting-functionalized polymers and 

polymer-coated supports remain a significant focus of the study to consider in the enzyme 

immobilization strategy. In this study, the poly(aniline-co-o-aminobenzoic acid) or p(Ani-co-o-Aba) 

having different carboxylic (-COOH) groups were prepared by copolymerization of aniline (Ani) and 

a-aminobenzoic acid (o-Aba). Then, the HRP immobilized on p(Ani-co-o-Aba) was casted onto the 

glassy carbon electrode (GCE) by a simple drop-coating method. The outer layer CS film as a binder 

was further coated on the electrode surface. We found that the CS/HRP-p(Ani-co-o-Aba)/GCE shows 

an excellent activity for the electrocatalysis of H202 reduction. To explore its analytical performances, 

the proposed biosensor was used for the determination ofH20 2 over other interfering substances. 

2. MATERIALS AND METHODS 

2.1 Reagents 

Horseradish peroxidase (HRP, EC 1.11.1.7, Mr . 40,000 cLit.>, 969.65 U mg- 1
), ammonium 

persulphate ((NH4hS20s) and hydrogen peroxide (H20 2, 30%) were purchased from Fluka. Aniline 

(Ani), a-aminobenzoic acid (o-Aba) and chitosan (CS) were purchased from Sigma-Aldrich. All other 

chemicals used in this study were of analytical grade and used as received, except for the aniline which 
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was purified by double distillation under reduced pressure prior to use and stored at 4 oc in the fridge 

when not in use. All aqueous solutions were freshly prepared using de-ionized (DI) water (R;?: 18.2 

Mn em) purified with a Nano-pore™ ultrapure water system. A stock standard solution was prepared 

freshly each day. The concentration of H20 2 solution was determined by titration with KMn04 [4]. 

All measurements were carried out in 0.1 M phosphate buffer solution (PBS) used as supporting

electrolyte solution. The PBS with various pH values was prepared by mixing stock standard solutions 

ofNaH2P04 and Na2HP04 and then adjusted the pH with NaOH or H3P04. 

2. 2 Instruments and apparatus 

All electrochemical measurements were carried out with an eDAQ potentiostat (EA161) 

equipped wit and e-corder (20 I) controlled by E-Chem software. A conventional three-electrode 

system was used with the modified electrode as working electrode, the Ag/AgCI (sat. 3.0 M KCI) as 

reference electrode, and a platinum (Pt) wire as counter electrode. A 713 pH meter (Metrohm, 

Switzerland) was used to monitor the pH of PBS. UV-Visible absorption spectra of solutions were 

recorded by using a Perkin Elmer Lambda25 UV-Visible spectrophotometer with the path length of a 

standard rectangular quartz cuvette (1 0 x I 0 mm, He lima Analytics) over the wavelength ranging from 

300 to 800 nm. Atomic force microscope (AFM) images were obtained with scanning microscope 

probe (Park Systems Corp., Korea.) controlled by the XEI software. 

2.3 Preparation ofp(Ani-co-o-Aba) 

A typical method of the copolymers synthesis described by Huang et al. [22-23] was adopted. 

Briefly, two monomers including Ani and o-Aba were dissolved in 5 mL of chloroform (CHCIJ). 

(NH4)2S20s used as the oxidant was dissolved in 5 mL of 1.0 M hydrochloric acid solution. After the 

reaction was left at room temperature for 24 h, the solid copolymer was collected from the reaction by 

filtration. To remove excess acid and unreacted monomers, the filtered solid product was then washed 

with several portions of diluted HCl, DI water and ethanol, respectively, and finally dried under 

vacuum. The structure of conducting p(Ani-co-o-Aba) from interfacial copolymerization is 

summarized in Figure!. When a carboxyl group is deprotonated, its conjugate base forms a 

carboxylate anion (-COO} 

COOH COOH 

I·Xo-NH2• x6-NH2 io-N=O=N-o-~·-o-~·\ ( d ~~ 
. (NH4hS2o8 c1 cvv-c1 x 

Ant Aba . (A · Ab ) inCHCI InHCI p m,_,-co-o - a, 
3 at mterface 

Figure 1. The structure of conducting p(Ani-co-o-Aba) prepared from Ani and o-Aba, where x (0:::; x 
:S I) relates to the substitution stoichiometry of o-Aba unit in p(Ani-co-o-Aba). 
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2. 4 Preparation of modified electrodes 

The GCE (CH Instrument Co., USA) with a diameter of 3 mm was polished with 0.3-, 0.1-, and 

0.05-j .. tm alumina (A)z03) slurry using a soft micro cloth polishing pad, and then thoroughly rinsed 

with DI water. After that, the GCE was ultrasonically treated sequentially in DI water for 10 min to 

remove residual polishing materials physically adsorbed on the electrode surface and then dried in air. 

The GCE was cleaned by potential cycling between -1.0 V and +1.0 V (vs. Ag/AgCl) at 50 mY s-1 in 

0.1 M H2S04 solution until the stable cyclic voltammograms (CVs) were obtained. 

The preparation of H202 biosensor based on the CS/HRP-p(Ani-co-o-Aba)/GCE can be 

schematically illustrated in Figure 2. For the preparation of CS/HRP-p(Ani-co-o-Aba)/GCE, the HRP 

enzyme was mixed to the mixture before casting. Briefly, a 20 J..LL of 10 mg mL- 1 homogeneous p(Ani

co-o-Aba) solution was mixed with an equivalent volume of 4 mg mL- 1 HRP solution (Figure 2A). The 

positively charged HRP was immobilized on negatively charged p(Ani-co-o-Aba) by electrostatic 

attraction. After vortexing for 15 min, a 10 J..LL of the resulting homogeneous solution was pi petted 

onto the well-polished GCE surface, which was kept at room temperature for 3 h. According to the 

previous reports by Chico et al. [24] and Chen et al. [25], stable biocatalysts could be efficiently 

immobilized electrostatically in polysaccharide-coated supports . Then in our work, 5 J..LL of CS 

solution was dropped onto the surface of the HRP-p(Ani-co-o-Aba)/GCE to fabricate the H20 2 
biosensor (Figure 2B). Finally, the CS/HRP-p(Ani-co-o-Aba)/GCE was air-dried for overnight at 

room temperature and kept at 4 oc in the fridge when not in use. 

(A) >-0 HRP 

(B) 

GCE 

Figure 2. Preparation of H202 biosensor based on the CSIHRP-p(Ani-co-o-Aba)/GCE: (A) 
Immobilization of HRP using p(Ani-co-o-Aba). (B) Drop-coating method of HRP-p(Ani-co-o
Aba) onto GCE coated with an outer layer CS film . 
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2.5 Electrochemical measurements 

All electrochemical measurements were carried out with eDAQ potentiostat ( e-corder 401) 

controlled by EChem software. A conventional three-electrode system consisting of CSIHRP-p(Ani

co-o-Aba)/GCE working electrode, the Ag/AgCI (sat. 3.0 M KCI) reference electrode, and a platinum 

(Pt) wire counter electrode, was used throughout. The cyclic voltammetric and amperometric 

experiments were performed in a thermostatic electrochemical cell at 25 oc. The supporting 

electrolyte solutions were purged vigorously for at least 10 min to remove 0 2 and kept under N2 

atmosphere during the measurements. The CSIHRP-p(Ani-co-o-Aba)/GCE was electrochemically 

performed by cycling the potential between -0.6 V and +0.4 V (vs. Ag/AgCl) in the absence or presence 

of H202. Amperometric experiments were carried out in a stirred batch system of 10 mL glass cell by 

applying a potential of -0.3 V to the working electrode and adding successively freshly prepared 

aliquot of H20 2 standard solution to the electrolyte solution. Current-time data were recorded after the 

steady state current to be achieved. The CSIHRP-p(Ani-co-o-Aba)/GCE was kept at 4 oc in a dry 

condition in the fridge when not in use. 

3. RESULTS AND DISCUSSIONS 

3.1 UV- Vis absorption spectra of p(Ani-co-o-Aba) 

1.00 
-(d) 
-(c) - -(b) 

::l 0.75 -a 
0 

cv -Cl) 
() 0.50 
t::: 
cv .c ... 
0 0.25 
V) 
.c 
< 

0.00 
300 400 500 600 700 800 

Wavelength (nm) 

Figure 3. UV-Vis absorption spectra of p(Ani-co-o-Aba) for (a) 0.2, (b) 0.4, (c) 0.6 and (d) 0.8 mol 
ratio of o-Aba to Ani. 

Considering the nature of carboxylic acid groups, the as-prepared p(Ani-co-o-Aba) could be 

soluble in an aqueous alkaline solution or in polar organic solvents such as DMF, DMSO, etc. In this 

study, a p(Ani-co-o-Aba) solution was prepared by dissolving each copolymer in DMSO. The 
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solubility increases with the increasing of o-Aba content in the copolymers. As shown in Figure 3, the 

UV-Vis absorption spectra showed two absorption bands over the wavelength of 400 - 700 nm, which 

is similar to the characteristics of polyaniline (see, [ 14,23 ,26]). With increasing the ratio of o-Aba in 

the copolymer composition, the spectra of the copolymers showed the strong absorption peak around 

390 nm with varying intensities. The peak around 390 nm is ascribed to the 11:-11:* transition of the 

benzenoid rings as reported for the absorption spectra of amino benzoic acid, while the other band 

around 620 nm is attributed to the n-11:* transition from the nonbonding nitrogen lone pair of a 

localized benzenoid highest occupied molecular orbital (HOMO) to the n* of a quinoid lowest 

unoccupied molecular orbital (LUMO) [27]. 

3.2 AFM ofp(Ani-co-o-Aba)IGCE, HRP-p(Ani-co-o-Aba)IGCE and CSIHRP-p(Ani-co-o-Aba)IGCE 

The AFM technique was widely employed to investigate the surface topography of modified 

electrodes . 

"' 

· >00 

.,. 

:00 •-J 

.,., 

Figure 4. Representative AFM images of (A) p(Ani-ca-o-Aba)/GCE, (B) HRP-p(Ani-co-o-Aba)/GCE 
and (C) CSIHRP-p(Ani-co-o-Aba)/GCE. 
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Figure 4A-C show the representative AFM image (S J..lm x S J..lm scan size) of the p(Ani-ca-o

Aba)/GCE, HRP-p(Ani-co-o-Aba)/GCE and CSIHRP-p(Ani-co-o-Aba)/GCE, respectively. As shown 

in Figure 4A, the p(Ani-co-a-Aba) particles deposited on GCE were in a range of a few hundred 

nanometers, which give rise to higher surface and easier immobilization of HRP molecules than the 

bare electrodes [23]. As shown in Figure 4B and 4C, the topographical images of the HRP-p(Ani-co

o-Aba)/GCE and CSIHRP-p(Ani-co-o-Aba)/GCE quite different from the p(Ani-co-o-Aba)/GCE were 

observed. This is attributed to the fact that immobilized HRP and CS film coating mainly changed the 

surface characteristic of the p(Ani-co-o-Aba)/GCE. These results obtained here were similar to several 

enzyme electrodes [28-29]. 

3.3 Electrochemical behavior ofCSIHRP-p(Ani-co-o-Aba)IGCE 

All electrochemical measurements were performed in a PBS (pH 6.S) to investigate the 

changes ofthe electrochemical behavior after each modification step. Figure SA shows the CVs of the 

bare GCE, p(Anio6-co-o-Abao4)/GCE, HPR-p(Anio6-co-o-Abao4)/GCE and CSIHPR-p(Ani06-co-o

Abao4)/GCE, respectively. Concerning the bare GCE (curve a, black dot line), no peak was observed 

as a result from the lack of redox-active material. After modified with the p(Ani06-co-o-Abao4) (curve 

b, red dash line), the redox peaks were observed due to the electrochemical behavior of an electrically 

conducting polymer [30-32]. According to Gao et al. [33], the current peaks decreased gradually after 

immobilization of HRP, and CS coating on the electrode surface, respectively. These results were 

attributed to the insulating property of HRP (curve c, green short dash line) and CS (curve d, blue solid 

line) (see Figure SA). 
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Figure 5. (A) CVs of (a) bare GCE (black dot line), (b) p(Ani06-co-o-Abao4)/GCE (red dash line), (c) 
HPR-p(Anio6-co-o-Abao4)/GCE (green short dash line) and (d) CSIHPR-p(Ani06-co-o
Abao4)/GCE (blue solid line). (B) Typical CVs ofthe CS/HPR-p(Ani06-co-o-Abao4 )/GCE in a 
Nz-saturated PBS (pH 6.S) in the absence (curve a, black dot line) and presence of 0.2 mM 
(curve b, red dash line) and 0.4 mM (curve c, blue solid line) ofH20 2 using scan rate 50 mV/s 
at room temperature. 
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The typical cyclic voltammograms (CVs) of the CSIHPR-p(Anio6-co-o-Ab<l{)4)/GCE were 

investigated to determine the working potential for the electrochemical measurement of H20 2. The 

electrocatalysis of H20 2 reduction was studied by cycling the potential between +0.4 and -0.6 V (vs. 

Ag/AgCI) at the CS/HPR-p(Ani06-co-o-Ab<l{)4)/GCE to a Pt electrode in a PBS (pH 6.5) using scan 

rate of 50 mY s·1 at room temperature. As shown in Figure SB, when 0.2 mM (curve b, red dash line) 

and 0.4 mM (curve c, blue solid line) of H20 2 were introduced into electrochemical system, the 

CSIHPR-p(Anio6-co-o-Ab<l{)4)/GCE showed an obviously electrocatalytic response to H202 (the 

reduction currents increased noticeably while the decrease of oxidation currents decreased). This 

feature implies that an enhanced enzymatic reduction of H20 2 was generated from the bioactivity of 

the immobilized HRP. 

3.4 Electrocatalytic reaction mechanisms ofCSIHRP-p(Ani-co-o-Aba)/GCE 

The general features of the catalytic pathway for H20 2 reduction by HRP are currently well 

understood [16,34-36]. According to Berglund eta!. [37], the electrocatalytic reaction mechanisms of 

the H202 biosensor based on the CS/HRP-p(Ani-co-o-Aba)/GCE could be schematically illustrated in 

Figure 6: 

CS film coating 
I H20 
~--------------~--------, 
" · Fell I 

. ~ I p(Ani-c.o...., -Aba}(0 x) • HRP 1 

' . H+ I • • . - • . . • J p(Ail~<•-o-Aba'Xrtd) ) .•.. · · . "' ' I 
. . Ferv.~oH I 

. I 
Compound II 1 

p(Ani-co..., ~ba)(~ )~- H+ I 
·+ I 

·· . . Pel"=O I 
p(Ant-co...., -Aba)(J.d) I 
. . Colll>ound I 1 

---------~---------------~ 

HOOH 

Supporting electrolyte solution 

Figure 6. Electrocatalytic reaction mechanisms of the CS/HRP-p(Ani-co-o-Aba)/GCE in the presence 
ofH202. 

There are two different intermediates of horseradish peroxidase compounds that form during 

the reactions. They were created with either a reaction with hydrogen peroxide or an addition of an 

electron. Initially, the H202 in PBS diffused to the enzyme electrode, where it was enzymatically 

reduced by HRP (Fem) to give H20 and to form the first intermediate (compound I). This intermediate 

is a two-equivalent oxidized form that contains an oxyferryl centre with the iron in the ferry! state 
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("Fe1v=O) and a porphyrin II cation radical. Then, the compound I shows the catalytic activity while 

its porphyrin radical undergoes the reduction to form the second intermediate (compound II, ""Fe
1
v

OH), which is subsequently regenerated to the native HRP by accepting one electron from the 

reduction state of copolymer, p(Ani-co-o-Aba)cred), on the electrode surface while copolymer itself 

changes into the oxidation state, poly(Ani-co-o-Aba)cox)· The poly(Ani-co-o-Aba)cox) could be recycled 

to p(Ani-co-o-Aba)(red) at the electrode surface. When electrons were transferred from the electrode 

surface, the ampere currents were generated. Thus, the content of H202 could be determined by the 

measurement of currents. This approach was widely researched since it could be used to detect H202 

with high sensitivity at a low quantitatively detectable concentration. 

3.5 Optimization conditions for detection of H202 at CS/HRP-p(Ani-co-o-Aba)/GCE 

The optimization conditions for the detection of H20 2 were examined by the CV method. In 

this work, the voltammetric currents of the novel biosensor could be controlled by changing the o-Aba 

mol ratio in p(Ani-co-o-Aba) synthesis, HRP concentration, CS concentration, pH and applied 

potential. The CSIHRP-p(Ani-co-o-Aba)/GCE was investigated by evaluating the reduction current to 

0.2 mM H20 2 in a N2-saturated PBS (pH 6.5). 

The effect of o-Aba mol ratio in p(Ani-co-o-Aba) was varied from 0.2, 0.4, 0.6 and 0.8, 

respectively. The CS/HRP-p(Ani-co-o-Aba)/GCE prepared with the different o-Aba mol ratios was 

investigated by evaluating the reduction current to H202 at the applied potential of -0.3 V. As shown 

in Figure 7 A, the current responses increased with increasing o-Aba mol ratio from 0.2 to 0.4 in the 

p(Ani-co-o-Aba), but decreased from 0.4 to 0.8 . Therefore, a 0.4 mol ratio of the p(Ani-co-o-Aba) was 

selected for casting the modified electrode and for further experiments. 

The effect of HRP concentration on the CS/HRP-p(Ani0 6-co-o-Abao.4)/GCE was studied in the 

presence of H202 at the potential of -0.3 V. As shown in Figure 7B, the current responses increased 

with increasing the HRP concentration to maximum value at 4 mg mL-1
, and then tended to decrease 

with further increase in the HRP concentration. This behavior is typical of the enzyme-based 

biosensors [35,38]. Thus, 4 mg mL- 1 HRP was chosen for subsequent experiments. 

The effect of CS concentration on the CSIHRP-p(Ani06-co-o-Abao.4)/GCE was studied in the 

presence of H202 at the potential of -0.3 V. The concentrations of CS solution were decreased from 

1.0 to 0.2%wt. Li et al. [39] suggested that although high %CS solutions result in a high stability of 

modified electrode, high thickness of film coating also result in a large noise and slow response of 

biosensor. As seen in Figure 7C, the current responses increased with the decrease of %CS solution 

from 1.0 to 0.4%wt and then decreased from 0.4 to 0.2% wt. These results indicated that 0.2% wt of 

CS solution was not sufficient and would result in thin and unstable film on the modified electrode. 

Thus, to make a stable biosensor, a 0.4%wt ofCS solution was selected for further investigations. 

As known, the effect of pH on the H202 electrocatalytic biosensor is mainly due to the catalytic 

activity of the enzyme. In this work, the effect of pHs of a PBS on the current responses of H20 2 at the 

potential of -0.3 V was investigated from pH 5.0 to 8.0. According to Tangkuaram et al. [20], the 

acidic solution greatly enhanced the electrocatalysis of H20 2 by the HRP enzyme, because W is 
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needed for HRP enzyme in the reduction of the H20 2 to H20. As shown in Figure 7D, the current 

responses increased rapidly from pH 5.0 to 6.5, and then slightly decreased from pH 6.5 to 8.0. Thus, 

to obtain the maximum sensitivity and bioactivity, the pH 6.5 of PBS was selected as the suitable pH 

of the supporting electrolyte solution for amperometric determination ofH20 2 . 
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Figure 7. Dependence of current response to 0.2 mM H20 2 in a PBS at CSIHRP-p(Ani-co-o
Aba)/GCE: (A) o-Aba mol ratio, (B) HRP concentration, (C) CS concentration, (D) pH of PBS 
and (E) Applied potential. 

The effect of applied potential on the current responses of H20 2 in a PBS (pH 6.5) using the 

CSIHRP-p(Anio6·co-o-Abao4)/GCE is investigated by evaluating the reduction current of H20 2 from 

-0.2 to -0.5 V. As shown in Figure 7E, the current responses increased when increasing the potential 
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from -0.2 to -0.5 V. Low current signal was observed below the potential of -0.3 V, but highly 

increased from -0.3 to -0.5 V. Although the CS/HRP-p(Ani0.6-co-o-Ab<l{)4 )/GCE could have an 

excellent response at higher voltages, the high operating potential could result in interference from 

matrix species. Thus, a suitable applied potential of -0.3 V was selected for the determination ofH202. 

3.6 Amperometric measurement of H202 signa/from CSIHRP-p(Anio.6-co-o-Abao.4)/GCE 

The amperometric measurement using the CS/HRP-p(Anio6-co-o-Ab<l{)4 )/GCE was 

investigated by successively adding H20 2 to a continuous stirring 10 mL PBS solution under the 

optimized condition. Figure 8 shows the amperometric signals corresponding to its calibration plot 

under the optimal conditions. As shown in Figure 8A, the current increases with increasing the 

concentration of H202 ranging from 10 J.lM to 4 mM. The response time was very fast, indicating that 

the CS/HRP-p(Ani06-co-o-Ab<l{)4 )/GCE had a higher sensitivity to H20 2. The calibration plot was 

constructed by plotting between the H20 2 concentration and the corresponding current. As shown in 

Figure 8B, the linear response range of the biosensor for H202 concentration was from 10 to 1,000 J.lM 

with a correlation coefficient (r2) of 0.9905, and the detection limit of 1.8 )..lM was estimated based on 

the signal-to-noise ratio (SIN = 3). 
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Figure 8. (A) Typical amperometic response of the CS/HRP-p(Ani06-co-o-Ab<l{)4 )/GCE at the applied 
potential of -0.3 V (vs. Ag/AgCl) to the successive additions of H20 2 in a stirring PBS (pH 
6.5). (B) The linear calibration plot ofH20 2 concentrations vs. the corresponding current. 

The apparent Michaelis-Menten constant (K:JP), which gave an indication of enzyme-substrate 

kinetics, could be obtained from the electrochemical version of the Lineweaver-Burk equation: 

where Iss is the steady-state current after the addition of substrate, Imax is the maximum current 

under the saturated substrate condition, and C is the bulk concentration of the substrate. It was found 
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that the K_::Pvalue for the CS/HRP-p(Ani06-co-o-Abao.4)/GCE was calculated to be 5.14 mM, 

indicating that the CSIHRP-p(Anio 6-co-o-Abao.4)/GCE was a high affinity of the enzyme 
immobilization for H20 2 electroanalytical determination. The K_::P found here was smaller than such 

K_::P value of 8.0 l mM for the system of HRP-Zr02/ Au electrode [ 40). 

Table 1. Comparison of analytical performance of the proposed H202 biosensor towards H202 
detection with previously reported modified electrodes. 

Electrode Applied potential Linear range Detection limit References 
(V) (~M) (~lM) 

Au s- . 
l - -

' 
NP HRP/CS 03 1222430 63 41] 

HPR/ AuNPs/Thi/P(ABSA)0 -0.45d 2.6-8,800 0.64 [33] 
HRP-ZrOzc -0.3d 20-9,450 2 [40] 
HRP/PAni/CSb -0.13e 10-1,500 0.5 [35] 
SAIHRP-AuNPsc -0.4e 20-13,700 3 [24] 
HRP/PAni/MWCNTCOOHc -0.35e 86-10,000 86 [42] 
HRP/ AuNPs-Thi/CSb -0.38e 0.1-100 0.05 [ 43] 
CSIHRP-p(Anio 6-co-o-
Abao.4)b 

-0.3e 10- 1,000 1.8 This work 

AuNPs = gold nanoparticles; Thi = Thiophene; P(ABSA) = p-aminobenzene sulfonic acid; 

PAni = Polyaniline; MWCNTCOOH = Carboxy-functionalized multiwalled carbon nanotube; SA = 
Sodium alginate 

a Carbon paste electrode (CPE) 

b Glassy carbon electrode (GCE) 

c Gold (Au) electrode 

d Saturated calomel electrode (SCE) 

e Silver/silver chloride (Ag/AgCI) 

Table 1 shows the analytical performance of the proposed H20 2 biosensor towards H20 2 
detection compared with various modified electrodes. This suggests that the linearity range, detection 

limit and response time of the proposed H202 biosensor mentioned above appeared to be beneficial to 

improve upon those of other previously reported modified electrodes. 

3. 7 Stability and selectivity ofCSIHRP-p(Anio6-co-o-Abao.4)/GCE 

Stability is important in practical use of the biosensors. In this study, the stability of the 

successive tests was investigated using the same biosensor and monitoring the current response of 

HzOz at the applied potential -0.3 V (vs. Ag/AgCl). As shown in Figure 9A, it was found that the 

current responses of the biosensors gave the relatively closed results for the first 7 days, and the 
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electrochemical activity loss about 27% was observed after 13 days. These results suggested that the 

novel biosensor was a good satisfactory stability. 

One of the most important challenges in the amperometric detection of H20 2 is the problem 

from other potential interferences. In the experiment, five interfering substances such as dopamine 

(DA), ascorbic acid (AA), glucose (Glu) and uric acid (UA) were used to evaluate the selectivity of the 

biosensor. Figure 9B shows a typical amperometic responses of the CSIHRP-p(Anio6-co-o

Abao4)/GCE at the applied potential -0.3 V (vs. Ag/ AgCl) to the successive addition of the identical 

concentration of H20 2, DA, AA, Glu and UA in a continuously stirring PBS (pH 6.5). It was seen 

obviously that there was no significant change of the current responses generated from DA, AA, Glu 

and UA compared to the response of H20 2• Thus, these results strongly demonstrate that this modified 

electrode could be applied as the novel biosensor for a practical determination of H20 2 in the presence 

of AA, Glu, DA and UA. 
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Figure 9. (A) Stability study of the CS/HRP-p(Ani06-co-o-Abao4)/GCE. (B) Amperometic responses 
of the CSIHRP-p(Anio 6-co-o-Abao4)/GCE at the applied potential of -0.3 V (vs. Ag/AgCl) to 
the successive addition of (a) 0.2 mM H20 2, (b) 1 mM DA, (c) 1 mM AA, (d) 1 mM Glu and 
(e) I mM UA in a stirring PBS (pH 6.5). 

4. CONCLUSION 

In conclusion, a novel method for fabrication of amperometric hydrogen peroxide biosensor 

was achieved by immobilizing horseradish peroxidase (HRP) on poly(aniline-co-o-aminobenzoic acid) 

(p(Ani-co-o-Aba)) through electrostatic attraction and then covered by chitosan (CS) film. A series of 

the p(Ani-co-o-Aba) having different compositions were prepared by the copolymerization of aniline 

(Ani) and a-aminobenzoic acid (o-Aba). The enzyme electrode exhibited a fast response toward H20 2, 

good linear range of response, as well as low detection limit. Based on these results, immobilizing 

HRP on p(Ani-co-o-Aba) through electrostatic attraction and then covered by CS film is useful 

strategy for preparing the amperometric enzyme biosensors. 
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A new approach is presented for sensitive and selective measurement of sulfite {So~-) in beverages 
based on a simple flow injection system with amperometric detection. In this work, the sulfite sensor 
was a glassy carbon electrode modified with multiwall carbon nanotubes-poly(diallyldimethylammo
nium chloride)-gold nanoparticles composites {CNTs-PDDA-AuNPs/GC). Electrochemical oxidation of 
sulfite with this electrode was first studied in 0.1 M phosphate buffer {pH 7.0) using cyclic voltammetry. 
The results indicated that the CNTs-PDDA-AuNPs/GC electrode possesses electrocatalytic activity for the 
oxidation of sulfite with high sensitivity and selectivity. Sulfite was quantified using amperometric 
measurement with the new sensor at +0.4 V vs Ag/AgCI in conjunction with now injection. The linear 
working range for the quantitation of sulfite was 2-200 mg L _, {r =0.998 ) with a detection limit of 
0.03 mg L- 1 {3" of blank) and an estimated precision of 1.5%.The proposed method was successfully 
applied to the determination of sulfite in fruit juices and wines with a sample throughput of 23 samples 
per hour. 

L Introduction 

Sulfites in various forms (sulfur dioxide, metabisulfite, bisulfite 
and sulfite) are commonly used as preservatives and antioxidants in 
food and beverages to inhibit microbiological growth, to control 
enzymatic and non-enzymatic browning reactions and to assist in 
preserving vitamin C [ 1-4 ]. Despite these advantages, sulfite should 
be applied in strictly limited amounts due to its potential toxicity. 
This level of sulfite in food has been subjected to legislation since it 
was discovered that at a certain concentration level sulfite causes 
allergic reactions in some individuals [5]. The United States Food 
and Drug Administration (FDA) has required labeling of products 
containing more than 10 llg ml -t of sulfite [6-8]. Therefore, it is 
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essential to have accurate and precise methods available for deter
mination of the sulfite content in these products. 

The Association of Analytical Chemist (AOAC) recommended a 
standard reference method for sulfite measurement that involves a 
combination of distillation and titration. The method required an 
acid distillation to extract the sulfur dioxide gas from sample 
matrices prior to analysis and the conventional titrimetric method 
suffers from poor precision and long analysis time. Many analytical 
methods for the sulfite assays such as spectrophotometry [9.10]. 
chemiluminescence [4,11 ]. capillary electrophoresis [12] and elec
trochemical detections [ 13-18] have been reported. Among these 
methods, electrochemical detection is most attractive because 
of its high sensitivity, simplicity, rapid response and inexpensive 
equipment. 

In previous reports, the determination of sulfite using ampero
metric detections has been proposed using conventional electro
des, such as platinum [19], glassy carbon [20] and gold electrode 
[21 ], as the working electrode. However, all these electrodes have 
certain drawbacks, such as problems associated with the electrode 
fouling and high positive potential for oxidation of sulfite (0.8-

1.2 V vs Ag/AgCI). As a result. many substances can interfere with 



95 

M. Amatacongchai et al./ Talanta /33 (2015) 134-141 135 

the measurement Therefore, modification of electrode is required 
to achieve high sensitivity and selectivity. 

The use of functional hybrid materials composed of carbon 
nanotubes (CNTs) and conducting polymers for the construction of 
chemical sensors and biosensors has attracted great attention [22-
24]. CNTs are increasingly recognized as a promising material for 
surface functionalization in electtochemistry and are widely used 
in research. The lamellar planes of sp2 carbon in graphite sheets 
are organized in hexagons with tremendously high degree of 
delocalization of n-electrons. Thus. CNTs can display metallic, 
semiconducting and superconducting electron transport proper
ties [25,26] that are able to promote proton or electron transfer 
reaction. They also have high thermal capacity and are environ
mental friendly [25]. Recent studies have demonstrated that CNTs 
can impart high electrocatalytic activity and decrease surface 
fouling of electrode [27 ,28 ]. Poly( diallyldimethylammonium chlor
ide), PDDA. is a conducting polymer used widely in fabrication of 
chemical [29] or biological sensors [23,24,30] and in various 
industrial applications ]31]. For sensor application, it has been 
extensively used to immobilize biomolecules and to disperse 
nanomaterials in the development of electrochemical transducers 
[23,24,30]. 

Gold nanoparticles (AuNPs) feature excellent conductivity, high 
surface area and catalytic properties that make them promising 
materials for the electrochemical detection of various analytes 
[32]. AuNPs can be prepared and conjugated with many functio
nalizing agents such as ligands, surfactants, polymers and CNTs. 
They have been found to play an important role in augmenting the 
quality of chemical and biosensors. The synergistic combination of 
electroactive AuNPs and conducting compounds such as CNTs 
provides electro-sensitive and selective system for detection of 
cholesterols [23], hydrogen peroxide ]24] and glucose ]33]. How
ever, to our knowledge, the use of glassy carbon modified with 
hybrid nanocomposites of CNTs-PDDA-AuNPs nanocomposite for 
amperometric detection of sulfite has not yet been reported. 

TI1is work describes a simple and effective method for constructing 
a sulfite sensor using carboxylated functionalized multiwall carbon 
nanotubes-poly( diallyldimethylammonium ch Iori de )-gold nanoparti
cles ( CNTs-PDDA-AuNPs) composites. The formation of this composite 
is through electrostatic interaction. The CNTs-PDDA-AuNPs nanocom
posite is formed by drop coating on the surface of the glassy carbon 
(GC) electrode. CNT-PDDA-AuNPs composite film exhibits high activ
ity, sensitivity and selectivity in the detection of sulfite. 

2. Experimental 

2.1. Chemicals and reagents 

All solutions were prepared in deionized-distilled water (Water 
Pro PS, USA). Sodium sulfite (Na2S03 ) and poly (diallyldimethy
lammonium chloride) (PDDA, MW: 100,000-200,000, 20% w/w) 
were purchased from Sigma-Aldrich (St. Louis, USA). Carboxylated 
functionalized multiwall carbon nanotubes (CNTs-COOH, dia
meter: 15 ± 5 nm, length: 1-5 ~m. purity: > 95%) were purchased 
from Nanolab Inc. (MA, USA). Hydrogen tetrachloro aurate (Ill) 
trihydrate (HAuCI4 · 3H20, Au> 48%) was purchased from Acros 
Organic (Gee I, Belgium) 

2.2. Apparatus 

2.2.1. Cyclic voltammetry 
Cyclic voltammetric measurements were carried out using an 

eDAQ potentiostat (model EA 161, Australia) equipped with an 
e-corder 210 and e-Chem v2.0.13 software. The active surface area 
of glassy carbon electrode, (diameter 3 mm, CH Instrument, USA) 

was approximately 0.07 cm2
• An in-house three-electrode cell. 

comprising a working electrode (CNTs-PDDA-AuNPs/GC elec
trode), a reference electrode (Ag/AgCI) and a counter electrode 
(platinum wire) was employed. Measurements were performed 
using a phosphate buffer (0.1 M, pH 7.0) as supporting-electrolyte 
solution and pure nitrogen was used for deaeration of the solution. 

2.2.2. Simple flow injection system with sulfite sensor 
The flow injection ( Fl) system for amperometric detection of 

sulfite with the new sulfite sensor consisted of a Shimadzu pump 
(model LC-10AD. japan), a Rheodyne injector (model 7725, USA) 
fitted with 20 pL sample loop and an electrochemical detector. An 
eDAQ potentiostat (EA161 ). equipped with an e-corder 210, Chart 
v5.5.11 software and a thin layer flow cell with three electrodes 
system (CH Instruments, USA), was used for amperometric mea
surements. The glassy carbon modified with CNTs-PDDA-AuNPs 
was used as the working electrode, Ag/AgCI as the reference 
electrode and a stainless steel tube as the counter electrode. 
Silicone rubber gasket (flow channel, 0.1 x 0.6 em) was used as a 
spacer in the thin layer flow cell between the base of the cell and 
the working electrode. The analyte solution was passed through an 
inlet passage in the base and along a channel in the gasket 
contacting the electrode, then to the outlet. The area of working 
electrode was ca.0.06 cm2

• 

2.3. Preparation of sulfite sensor 

2.3.1. Preparation of AuNPS 
Gold nanoparticles (AuNPs) were synthesized according to the 

method previously described by Mcfarland et al. [ 34]. In brief, 
20 mL of 1.0 mM HAuCI4 was heated to boiling on a stirring hot 
plate. Then 2.0 mL of 38.8 mM sodium citrate was added to the 
solution. The solution was further heated and stirred for about 
10 min to obtain a wine-red solution. The solution was then cooled 
to room temperature while stirring continuously and stored in a 
dark bottle at 4 "C. 

2.3.2. Preparation of CNTs-PDDA 
A general method for functionalization of multiwall carbon 

nanotube with PDDA (CNTs-PDDA) as described by Cui et al. ]24] 
was adopted. Briefly, carboxylated carbon nanotubes (CNTs-COOH) 
were functionalized with PDDA by dispersing of 10 mg CNTs
COOH into 20 mL of a 0.25% PDDA aqueous solution containing 
0.5 M NaCI and ultrasonicated, with stirring, for 30 min. The 
resulting dispersion was centrifuged and washed with water three 
times to remove residual PDDA. Finally, 2 mg of the collected 
product was dispersed in I mL water and the resulting solution 
sonicated for 5 min before use. 

2.3.3. Preparation of CNTs-PDDA-AuNPs 
The preparation of CNTs-PDDA-AuNPs dispersion is schemati

cally shown in Scheme I a. The CNTs-PDDA was functionalized 
with AuNPs by the following procedure: 0.5 mL of CNTs-PDDA 
dispersion ( 4 mg mL- 1) was mixed with an equivalent volume of 
0.25% AuNPs solution. The resulting solution was then sonicated 
for 15 min. The negatively charged AuNPs was adsorbed on the 
positively charged CNTs-PDDA by electrostatic attraction. 

2.3.4. CNTs-PDDA/GC eleco·ode 
Prior to the electrochemical experiments, glassy carbon (GC) 

electrode (diameter 3 mm) was polished using 1.0 and 0.05 ~m 
alumina slurry, successively. The electrode was rinsed with distilled 
water and then sonicated in de-ionized water for 5 min to remove 
residual abrasive particles. GC/CNTs-PDDA electrode was prepared by 
casting 40 ~1L of the CNTs-PDDA dispersion (2 mg ml- 1 ), mentioned 
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Scheme 1. Preparation of the suHite sensor based on the CNTs-PDDA-AuNPs/GC electrode: (a) preparation of CNTs-PDDA-AuNPs dispersion and (b) drop-coating method of 
CNTs-PDDA-AuNPs dispersion on to glassy carbon (GC) electrode. 

above, on the surface ofthe polished glassy carbon (GC) electrode, and 
then left to dry at ambient temperature. 

2.3.5. CNTs-PDDA-AuNPsfGC electrode 
The preparation of sulfite sensor based on the CNTs-PDDA

AuNPs/GC electrode is schematically shown in Scheme 1 b. The 
electrode was prepared by casting 40 ~·L of the CNTs-PDDA-AuNPs 
dispersion on the surface of the polished glassy carbon (GC) 
electrode, and dried at ambient tempeiature. 

2.3.6. Characterization 
The TEM image of AuNPs was collected under vacuum at an 

operating voltage of 200 kV UEOL 2100 TEM. japan). A drop of 
colloidal AuNPs solution was placed on a formvar-coated TEM grid. 
The hydrodynamic diameter of AuNPs was determined by using 
dynamic light scattering (DLS. MAL 500261 Particle Size Analyzer) 
equipped with 35 mW solid-state laser detector at an operating 
wavelength of 658 nm. Measurements were carried out at 25 .,C 

with 90"detection angle in a PS cuvette. The sample was dispersed 
in 0.01 M KN03 solution. 

The SEM images were collected with a field emission scanning 
electron microscope (FESEM. JEOL JSM 5410 LV, Japan) under 
vacuum at accelerating voltage of 20 kV. The sample was mounted 
on a double-sided carbon tape, and then gold sputter coated to 
minimize charging prior to SEM imaging. Atomic force microscopy 
(AFM) images were obtained using a scanning microscope probe 
(Park Systems Corp .. Korea.) controlled by the XEl software. 

2.4. Standard method for sulfite determinacion 

The iodometric method 135] was employed in order to compare 
the results obtained using the proposed Fl-sulfite sensor method. 
An accurate sample volume (5.00 mL) was transferred into a 
125 mL conical flask and 5 mL of standard iodine solution added. 
The excess of iodine was titrated with standard sodium thiosulfate 
solution using starch as indicator. These titrations were carried 
out as quickly as possible with the end point indicated by the 
formation of a light blue color. 
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2.5. Method validation 

Various brands of fruit juice and wine were purchased from 
supermarkets in Ubon Ratchathani Province, Thailand. Five fruit 
juice samples of(A-E), three white wines (F-H) and four red wines 
(1-L) were analyzed using the developed amperometric sensor in 
flow injection system. Dilution of samples (5 or 10 fold) with 
phosphate buffer was carried out prior to analysis. The ampero
metric results were compared with those from the iodometric 
method [35]. 

3. Results and discussion 

3.1. Characterization of nanomaterials 

The morphology and size of as-prepared gold nanoparticles 
were examined by TEM measurement. From the TEM image as 
shown in Fig. l(a), the nanoparticles mainly consisted of spherical 
gold nanostructures having uniform size. In order to investigate 
the particle size distribution, the as-prepared nanoparticles were 
characterized by DLS measurement. As shown in Fig. !(b), the as
prepared nanoparticles exhibit a broad particle size distribution 
with a mean particle diameter of about 13.23 nm. 

Surface morphologies of glassy carbon electrode modified with 
CNTs-PDDA and CNTs-PDDA-AuNPs were investigated by SEM 
[Fig. 2(a. b)] and AFM [Fig. 2(c, d)]. As shown in Fig. 2(a), the 
surface of CNT-PDDA modified electrode displays the character
istic feature of a smooth film. However with the augmented 
AuNPs. Fig. 2(b) clearly shows that the electrode surface became 
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Fig. 1. (a) TEM image and (b) particle size distribution of as-prepared AuNPs. 

rougher after modification (CNTs-PDDA-AuNPs), while the feature 
of CNTs-PDDA is still evident. This indicated that AuNPs play an 
important role to a modified electrode surface, resulting in a larger 
surface area. The atomic force microscopy (AFM) is one of the most 
widely used techniques for topological study. As shown in Fig. 2(c), 
long and typical tube-like CNTs form a homogeneous hybrid 
material, with some coexisting from the wrapped structure. Here, 
PDDA plays the roles of dispersing agent, inhibiting the strong It-!< 

stacking interaction between CNTs [23]. In contrast, the AFM 
image of CNTs-PDDA-AuNPs displays obviously different surface 
morphology from CNTs-PDDA. As shown in Fig. 2(d) the CNTs 
supports are decorated by nanosized AuNPs with some aggrega
tions. These results might be attributed to the interaction between 
the negatively charged CNTs and the positively charged PDDA
capped AuNPs [33]. 

3.2. Cyclic voltammetry of sulfite 

The electrochemical behavior of sulfite at the GC, CNTs/GC, 
CNTs-PDDA/GC and CNTs-PDDA-AuNPs/GC electrodes were stu
died using cyclic voltammetry. Fig. 3 shows the comparison of the 
response of the bare GC, CNTs/GC, CNTs-PDDA/GC and CNTs
PDDA-AuNPs/GC electrodes toward electro-oxidation of sulfite at 
pH 7.0. Sulfite oxidation is an electrochemically irreversible 
process. Bare GC electrode (curve a) results in a peak shape signal 
at about 0.85 V versus Ag/AgCI, whereas the CNTs/GC (curve b), 
CNTs-PDDA/GC (cu1ve c) and CNTs-PDDA-AuNPs/GC (curve d) 
shows oxidation peaks at 0.40, 0.33 V and 0.25 V, respectively. A 
shift of - 0.45, -0.52 V and -0.60 V was obtained with the CNTs/ 
GC, CNTs-PDDA/GC and CNTs-PDDA-AuNPs/GC electrodes, 
respectively, compared to the peak observed at GC electrode. The 
sulfite signals from CNTs/GC, CNTs-PDDA/GC and CNTs-PDDA
AuNPs/GC are also much larger than that for GC. These results 
indicate that CNTs can be used to promote electron transfer 
reactions due to their significant high electrical conductivity, high 
surface area as well as good chemical stability. These results also 
show that CNTs-PDDA reduces the overpotential of sulfite oxida
tion and in fact imparts electrocatalytic activity. There is an 
enhancement of the anodic peak potential and peak current at 
CNTs-PDDA-AuNPs/GC relative to that obtained at CNTs-PDDA/ 
GC. This result further shows that the electrocatalytic activity of 
CNTs-PDDA-AuNPs/GC was higher than the CNTs-PDDA/GC elec
trode due to the high conductivity and high surface-to-volume 
ratio of AuNPs, which facilitates electron transfer. This improve
ment in sensor sensitivity and selectivity using AuNPs is similar to 
that reported for hydrogen peroxide sensor studied by Xiao et al. 
[36]. From these results, it can be concluded that the highest 
electrocatalytic effect for sulfite oxidation is observed at CNTs
PDDA-AuNPs/GC (curve d). 

The effect of buffer pH on oxidation peak current and peak 
potential was investigated for pH 5 to pH 8 using the 0.1 M 
phosphate buffer as supporting electrolyte (Fig. 4a). It was 
observed that the values of peak potential shifted slightly towards 
less positive values (Fig. 4b) when the pH increased. Fig. 4 
(c) shows that the maximum peak current was obtained for pH 
7.0. Therefore, pH 7.0 was selected as the optimum pH for 
amperometric detection of sulfite. 

Fig. 5(a) shows the cyclic voltammograms of a sulfite solution 
at the CNTs-PDDA-AuNPs/GC in 0.1 M phosphate buffer (pH7) for 
various scan rates. As shown in the inset of Fig. 5(a), the oxidation 
peak current (~) increased linearly with the square root of scan 
rate (V1

'
2 s-''2 ) within the scan range of 0.01-0.15 V s- 1• Linear 

regression analysis provided r2 value of 0.996. These results 
indicated that the current is limited by diffusion of sulfite to the 
CNTs-PDDA-AuNPs/GC electrode. It can also be seen in Fig. Sa 
that with increasing scan rate, the peak potential for the 
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Fig. 2. SEM (a. b) and AFM (c. d) images of CNTs-PDDA (a. c) and CNTs-PDOA-AuNPs (b. d). 
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Fig. 3. Cyclic voltammograms of 4 mM sulfite ( SO~-) in 0.1 M phosphate buffer 
pH 7.0 on (a) bare glassy C<~rbon (GC). (b) CNTs/GC. (c) CNTs-PDDA/GC and 
(d) CNTs-PDDA-AuNPs/GC electrodes: scan rate: 0.05 V s- '. 

electro-oxidation of sulfite is shifted to more positive values. This 
result suggests that the reaction between the oxidation sites of 
CNTs-PDDA-AuNPs/GC with sulfite is rate limiting. 

Fig. S(b) shows the relationship between peak current (f!A) and 
sulfite concentration at 2 to 10 mM. Linear calibration (r=0.999) 
was obtained with a slope of 38.1 1-1A mM - 1 (inset of Fig. 5(b)). 
These data confirm that the CNTs-PDDA-AuNPs/GC electrode is 
suitable for quantitation of sulfite. 

The repeatability of the measurements and the reproducibility 
between electrodes were also studied. The relative standard 
deviation (RSD) of the sensor response with 10 mg L- 1 sulfite 
was 1.6% for 10 successive measurements. The amperometric 
responses remained within 90% of the initial response for 4 days 
without any sutface treatment. The sensor exhibited 70% of the 
initial response on the 7th day of use. Repeat of the set of 
experiments as described in Section 2.3.4 showed satisfactorily 
results between electrodes. 

3.3. Amperometric detection in FIA system 

3.3.1. Optimal potential 
The proposed amperometric method for detection of sulfite is 

based on the electrochemical monitoring of the oxidation signal from 
sulfite at the CNTs- PDDA-AuNPs/GC electrode. Detection potential 
strongly affects the size of the current signal from sulfite. To find 
the optimal detection potential, hydrodynamic voltammogram was 
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Fig. 5. Cyclic voltammograms for sulfite in 0.1 M phosphate buffer (pH 7.0 ) at sulfite electrode (a) with variation of the scan rate from O.Dl to 0.15 V s - •; sulfite : 2 mM and 
(b) variation of the sulfite conce ntration from 2 to 10 mM ; scan ra te: 0.05 V s - •. Optimal conditions; modifying solution: 2 mg l - 1 of CNTs-PDDA containing 0.125% of 
AuNPs dispersion ; modifying volume: 40 ~ L 

measured. Hydrodynamic voltammetry was obtained from injection of 
20 Ill of 2 mg l - t standard sulfite solution into the flow injection 
system with varying detection potential from 0.0 to 1.0 V as shown in 
Fig. 6. The oxidation current increased with the increase of detection 
potential between 0 and 0.4 V. Beyond that a sharp decrease in the 
peak current response was noted. Therefore, detection potential of 
0.4 V was selected for the AA experiments. 

3.3.2. Analytical features 
Using the optimum condition, representative signal profiles for 

multiple injections and calibration plot are depicted in Fig. 7. 
Calibration curve is linear in the range of 0.1 - 200 mg l - t _ 

The regression equation is given by Y= 10.054x+42304 (r= 
0.998), where y and x are the height of peak current (nA) and sulfite 
concentration (mg l - '). respectively, with the slope of the straight 
line corresponding to linear sensitivity of 10.054 nA mg- 1 L The 
detection limit (3o-) is ~ 0.03mgl- 1 . The system provides good 
precision (%RS.D= 1.5) for 20 11l injections (n= 10) of 2 mg l -' sul
fite . Throughput of analysis is 23 samples per hour. 

A comparison of the analytical characteristics of the present 
amperometric sulfite sensor with other modified electrodes for sulfite 
detection is summarized in Table 1. The applied potential of the 
proposed method is lower [1 5.17,18.37 ] or comparable to those of 
previous reports [ 14.16.38]. This has the advantage of redudng the 
risk of interference from sample mat1ices. Moreover, the use of 
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Fig. 6. Influence of the applied potential on the detection of sulfite at CNTs-PDDA
AuNPs/GC. Conditions: sulfite: 2 mg L -•. carrier solution: phosphate buffer pH 7.0. 
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. 

CNTs-PDDA-AuNPs/GC electrode gives an improved analytical perfor
mance for sulfite determination in terms of lower detection limit and 
wider linearity range than those of other previously reported modified 
electrodes. It was observed that our method was easier (i.e. more 
rapid) for modifying the electrode than the previous methods 
[17,18.3738]. Although the previous electrodes of NiPCNF [37] and 
FDA-CNf [38] could provide as high sensitivity as our method, the 
fabrication or methods for modifying electrodes were relatively more 
complicated. For example, in Ref. 137]. a two-step sol-gel technique 
was required to construct nickel pentacyanonitrosylferate (NiPCNF) 
modified composite ceramic carbon electrodes. Whereas. in Ref. [38], 
grinding for 40 min using mortar and pestle was required to obtain a 
uniformly-wetted paste to construct the ferrocene dicarboxylic acid 
modified carbon nanotubes paste (FDA-CNf) electrode. On the other 
hand, our electrode was easily prepared by drop casting of the CNfs
PDDA-AuNPs dispersion on the surface of glassy carbon electrode. The 
applicability of electrode surfaces formed with hybrid materials of 
CNTs-PDDA-AuNPs for simple construction of chemical sensor was 
demonstrated. This novel way to fabricate amperometric sulfite sensor 
by CNfs-PDDA-AuNPs composites-covered GC electrode showed 
obvious synergistic augmentation of the sensor performance. The 
advantages of this developed method are the ease of preparation and 
the high stability of the electrode. 

Table 1 
Comparison of analytical performance of the proposed sulfite sensor towards 
sulfite detennination with previously reported modified electrodes. 

Electrode 

Ph' 
FeHCF'' 
CHIT-Fc{CN'J" 
CuHCF-CNl' 
OLE 
Nii'CNF" 
FDA-CNl' 
CNT -PDDA-AuNPs" 

£, •• (V) Unear range 
(mg l- 1) 

+0.40 0.6-200 
+0.85 20-190 
+0.35 0.4-120 
+0.55 0.5-50 
+0.55 0.48-80 
+0.60 0.25-252 
+0.35 0.75-12.6 
+0.40 0.1-200 

Detection limit 
(mgl - 1) 

0.28 
6.4 
0.22 
0.40 
0.32 
0.06 
0.04 
O.D3 

References 

1141: FIA 
liS}, batch 
llGI. batch 
1171. FIA 
1181; batch 
1371. batch 
{381. batch 
This work 

Ph= phenothiazine. FeHCF =iron hexacyanoferrate, CHIT-Fc=ferrocene-branched 
chitosan. CNT =carbon nanotube, CuHCF=copper hexacyanoferrate, CILE =Carbon 
ionic liquid electrode, CNT-COOH =carboxylic-functionalized carbon nanotube; 
PDDA = poly(diallyldimethyl ammoniumchloride), NiPCNF=nickel pentacyanoni
trosylferrate. FDA=ferrocenedicarboxylic acid, E,pp=applied potential. 

" Screen-printed carbon electrode. 
• Glassy carbon electrode (GCE). 
,. Carbon paste electrode. 
d Ceramic carbon electrode. 

Table 2 
Effect of foreign ions on the alteration of Fl signal obtained from replicate injections 
( 11 = 3) of sulfite 10 mg L- 1 standard. 

Foreign specieS/added as 

fructose 
Glucose 
Sucrose 
Ethanoi{C,H60 
NO)/NaN03 

so~ - /Na,so. 
CI-/NaCI 
Ascorbic add/C8H80 6 

Results' 

Do not interfere (studied up to 1000 mg L- 1) 

Interfere (at SO mg L- 1
) 

" Greater than ± 5% signal alteration is classified as interfering condition. 

3.4. Interference study and application to real samples 

Interference study was conducted to identify species that may 
affect the analysis. Compounds were selected for the three types of 
ingredients which are always found in fruit juices and wines. 
These include electroactive species (ascorbic acid, nitrate, sulfate 
and chloride). sugars (fructose. glucose and sucrose) and ethanol. 
The effect of these substances on the Fl signals of a standard 
10 mg L- 1 sulfite using the proposed method was examined. The 
tolerance limit was defined as the amount which caused signal 
changes greater than ± 5%. The results are summarized in Table 2. 
The results show that sugars (fructose, glucose and sucrose), 
inorganic acids (NO]. so~-. and Cl-) and ethanol. at 100-fold 
excess. did not exceed the tolerance limit. However, ascorbic acid 
produced considerable interference. As it can be seen, ascorbic 
acid at any five-fold excess caused erratic response. In this 
method. it is particularly important that ascorbic acid which is a 
serious interference for sulfite determination in many analytical 
methods including electrochemical methods [ 17,181 do not inter
fere at concentration up to five-fold excess of sulfite. Nevertheless. 
the determination of sulfite in juices and wines with the CNfs
PDDA-AuNPs/GC electrode includes sample dilution and therefore, 
at the usual concentration ratios in these samples. the interference 
from ascorbic acid negligible. Thus, the selectivity of the developed 
method is satisfied. 

The possibility for the use of the developed system in real 
sample analysis was investigated. Samples of juices and wines 
were analyzed using our developed system. The results were 
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Fig. 8. Comparison of the sulfite content found in fruit juices (A-E). white (F-H) 
and red (1-L) wines obtained by the developed Fl-sulfite sensor (CI'ffs-PDDA
AuNPs/GC) and the iodometric method 1331. Determination for each method was 
carried out in triplicate. 

compared with the values obtained from the iodometric method 
and are shown in Fig. 8. It can be seen that the results from our 
developed system are in good agreement to those obtained from 
standard iodometric method. The results determined by both 
methods are considered not significantly different at 95% con
fidence by paired t-test Ctobserved = 1. 7276, tcrit;cal = 2.2009) [39). The 
results confirm that the present amperometric sulfite sensor is 
suitable for the determination of sulfite in juices and wines. 

4. Conclusion 

In this work. a flow injection system with amperometric 
detection using a novel sulfite sensor is proposed. The sensor 
was a CNTs-PDDA-AuNPs composites-modified glassy carbon 
electrode. The nanocomposite materials were formed by coating 
negatively charged carboxylated CNTs with positively charged 
PDDA, followed by capping with negatively charged AuNPs via 
electrostatic interaction. The presence of CNTs-PDDA-AuNPs on 
the modified GC surface produced an electrocatalytic effect for the 
detection of sulfite. Enhancement of the anodic peak potential 
and peak current at CNTs-PDDA-AuNPs/GC with respect to bare 
glassy carbon electrode was obtained. Sulfite was quantified using 
amperometric measurement in simple flow injection at the CNTs
PDDA-AuNPs/GC electrode at +0.4 V vs Ag/AgCI. The proposed 
sensor exhibited wide linearity range (0.1-200 mg L - 1 ), low 
detection limit (0.03 mg L - 1

), acceptable reproducibility (%R.S. 
D= 1.5). and rapid sample throughput (23 samples per hour). 
The application of the developed method to sulfite determination 
in fruit juices and wines gave results which are in good agreement 
with those obtained by the standard iodometric method. The 
method was also applicable for colored sample, including red 
wines, which is usually a serious interference for sulfite determi
nation in many analytical methods. 
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Abstract: A simple flow injection system with 
arnperometric detection on a sulfite biosensor was 
developed for sensitive and rapid measurement of sulfite. 
The biosensor was developed based on the hybrid 
materials , composed of carboxylic functionalized carbon 
nanotubes, poly(diallyldimethylarnmoniumchloride) and 
gold nanoparticle (CNTs-PDDA-AuNPs) coated on a 
glassy carbon (GC) electrode, which constructed an 
effective immobilization matrix and made the immobilized 
components hold high stability and bioactivity. Sulfite 
oxidase (SOx) was immobilized to CNTs-PDDA-AuNPs 
and cytochrome C composites film by using glutaraldehyde 
(Giu). Electrochemical oxidation of sulfite was studied at 
the developed biosensor (GC/CNTs-PDDA-AuNPs/SOx) in 
0.1 M phosphate buffer pH 7.0 using cyclic voltarnmetry. 
The biosensor displayed good electrocatalytic activity 
towards the oxidation of sulfite. The estimated apparent 
Michaelis-Menten constant was 0.49 mM. The developed 
biosensor was applied in the flow injection system for 
amperometric detection of sulfite using solution of 0.1 M 
phosphate buffer (pH 8.0) as a carrier and applying a 
potential of +0.3 V at the working electrode. The proposed 
sulfite biosensor exhibits linear calibration over the range 
of 2-200 mg L"1of sulfite with slope of 204.66 nA mg·'-L 
and correlation coefficient of0.9991. The detection limit (3 
SIN of blank) was 1.3 mg L"1 and the estimated precision of 
3.8%. 

I. Introduction 

Sulfiting agent in various forms (sulfite, 
sulfur dioxide, hydrogen sulfite, metabisulfite) are 
commonly used as preservatives in food, beverages 
and several product such as dried fruits and vegetable 
to prevent microbiological growth, to control 
browning reaction and to assist in preserving vitamin 
C [1-3]. However, the level of sulfite in food has 
been the subject of legislation since it was discovered 
that certain concentration level causes allergic 
reactions in some individuals [4, 5] . The United 
States Food and Drug Administration (FDA) have 
required labeling of products containing more than 10 
1-1g mL·' of sulfite in food or beverages (6] . 
Therefore, it is essential to have accurate and precise 
methods available to determine the sulfite content in 
these products. Many analytical methods for the 
sulfite assays such as high-performance liquid 
chromatography [7], spectrophotometry (8] and 
electrochemical methods (9] have been reported. 
Among these methods, electrochemical detection is 
more attractive because of its simplicity, high 
sensitivity, fast response and cheap equipment. 

In this work, a simple flow InJection system, 
which employs an amperometric detection on a novel 
sulfite biosensor, was proposed. The biosensor was 
fabricated using CNTs-PDDA-AuNPs composites as 
an effective matrix to immobilized sulfite oxidase 
(SOx). The nanocomposite materials were formed by 
coating negatively charged carboxylated CNTs with 
positively charged PDDA followed by capping with 
negatively charged AuNPs via electrostatic 
interaction. The CNTs-PDDA-AuNPs nano-
composite is used to construct a sulfite biosensor by 
drop coating on the surface of the glassy carbon (GC) 
electrode. The developed biosensor {GC/CNTs
PDDA-AuNPs/SOx) exhibits many good 
characteristics including high activity, excellent 
sensitivity and selectivity in detection of sulfite. 

2. Materials and Methods 

2.1 Apparatus 
Voltammetric and amperometric 

measurements were performed with an e-DAQ 
potentiostat (model EA 161, Australia) equipped with 
e-corder. Three electrode systems were employed in 
this study. The active surface area of the GC 
electrode in voltarnmetry was approximately 0.07 
cm

2
. The FI system for amperometric detection at the 

developed sulfite biosensor comprised of a Shimadzu 
pump (model LC-1 0 AD, Japan), Rheodyne injector 
(model 7725, USA) fitted with 20 J..!L sample loop 
and detection system. The electrode area of thin 
layer flow cell was utilized at 0.06 cm2 

2.2 Chemical 
Multiwall carbon nanotubes (CNTs, 

diameter: 30± 15 run, length: 1-5 micron, purity : > 
95%) were purchased from Nanolab inc. (MA, USA). 
Sodium sulfite (Na2S03) and poly 
(dially1dimethylammonium chloride) (PDDA, MW: 
100,000-200,000, 20% w/w) were purchased from 
Sigma-Aldrich (St. Louis, USA) . Hydrogen 
tetrachloroaurate (III) trihydrate (HAuC14.3H20 , Au 
> 48%) and cytochrome C (Cyt C, 90% from horse 
heart) were purchased from Acros Organic (Gee!, 
Belgium). Sulfite oxidase (SOx, 30-70 U mg-1) was 
purchased from ProNique Scientific, Inc. (Castle 
Rock, USA). All solutions were prepared in 
deionized-distilled water (Water ProPS, USA). 

2.3 Procedures 
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2.3.1 Preparation ofCNTs-PDDA 
CNTs was chemically shorten and 

carboxylated by acid treatment mixture of HN03 and 
H2S04 (3: I, v/v) under ultra sonic stirring for 5 h. 
After that, the suspension was centrifuged at 10,000 
rpm and washed repeatedly with deionized water 
until the pH of washing was 7. The resulting product 
was then dried at ll0°C. The CNTs-COOH was then 
functionalized with PDDA (CNTs-PDDA) using the 
method adopted from Cui et a/. [I 0, II). Briefly, I 0 
mg of CNTs-COOH were dispersed in 20 mL of a 
0.25% PDDA aqueous solution containing 0.5 M 
NaCI and ultrasonic stirring for 30 min. The 
resulting dispersion was centrifuged and washed with 
water for three times to remove residual PDDA. 
Finally, 4 mg of the collected product was dispersed 
in I mL water and the resulting solution was 
sonicated for 30 min before use. 

2.3.2 Preparation of sulfite biosensor 
(GC/CNTs-PDDA-AuNPs/SOx) 

The sulfite biosensor was prepared by 
casting 40 11L of the CNTs-PDDA dispersion on the 
surface of the well-polished glassy carbon (GC) 
electrode, and then dried at ambient temperature. 
The surface of the electrode was further coated with 
40 11L of 0.02% AuNPs solution. After that, 
immobilization of SOx was carried out by dropping 
15 1-1L of solution containing of SOx (0.1 U mg.1) and 
Cyt C (4 mg mL.1

) onto the modified electrode. 
Finally, 15 11L of 0.0 I % glutaraldehyde was dropped 
on the modified electrode and dried at room 
temperature. 

3. Results and Discussion 

3.1 Cyclic voltammetry of sulfite 
The electrochemical behavior of sulfite at 

sulfite biosensor (GC/CNTs-PDDA-AuNPs/SOx) 
was studied using cyclic voltammetry. Figure I 
compared the response of the bare GC and sulfite 
biosensor toward the electro-oxidation of sulfite at 
pH 8. Sulfite oxidation is an electrochemically 
irreversible process. Bare GC electrode results in a 
peak shape signal at about 0.85 V versus Ag!AgCI, 
whereas the sulfite biosensor provides the oxidation 
peak at 0.30 V. These results show that sulfite 
oxidase (SOx) immobilized on the CNTs-PDDA
AuNPs composite reduces the overpotential of sulfite 
oxidation and in fact imparts electrocatalytic activity 
for sulfite oxidation. Enzyme SOx was effectively 
immobilized on the biocompatibility matrix of CNTs
PDDA-AuNPs and cytochrome C (Cyt C). Then 
SOx catalyzes a 2e· oxidation of sulfite to sulfate as 
described in Eq . l . 

( l) 
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Figure I. Cyclic voltammograms of 4 mM sulfite 
(solid line) at bare GC and sulfite biosensor 
(GC/CNTs-PDDA/SOx) in 0.1 M phosphate buffer 
(pH 7). Background voltmmograms (0.1 M phosphate 
buffer) is also shown at dotted line for the sulfite 
biosensor. The scan rate was fixed at 50 mV s·' . 

It was observed that the values of peak 
potential shifted slightly towards less positive values 
(Figure 2b) when the pH increased. Figure 2 c shows 
that the maximum peak current was observed at pH 8. 
Therefore, pH 8 was selected as the optimum pH for 
amperometric detection of sulfite. This result was 
consistants with the previous report [ 12) that enzyme 
SOx provides the best catalytic activity at pH 8. 

1:..---a) --~~'~ [ 
~ 100 

~ z: 
.zoo.L.-o.~o -.~.:-~ •. ~, -.~.6-~o.~s -~,.o_J "' 

Polenlial (V, Vs.AcfA&CI) ----" 
0 

s • l • ' 

pH 

Figure 2. (a) Cyclic voltammetric responses of 2 mM 
sulfite at various buffer pHs and the dependence of 
buffer pH on the (b) peak potential (c) peak current 
obtained from the biosensor, scan rate 50 mvs·' . 

3.2 Michaelis-Menten constant 
The apparent Michaelis-Menten constant 

(Km•PP ), which gave an indication of enzyme
substrate kinetics, could be estimated from the 
electrochemical version of the Lineweaver-Burk 
equation (2) [12). 

1 1 Kapp 
-=-+-m- (2) 
Iss lmax lmaxC 

Where c is a substrate concentration in a bulk 
solution, Iss the steady-state current after the addition 
of substrate and lmax is the maximum current 
measured under saturated substrate conditions. 
Figure 3 shows the Lineweaver-Burk plot of SOx 
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immobilized on the modified electrode in the 
presence of different concentration of sulfite and the 
calculated Km•PP of 0.49 mM. A low Km•PP value 
obtained represents a strong substrate binding and 
demonstrates a high affinity of sulfite for the 
modified electrode. 

0.7 

i 0.6 

i o.s 
! 0.4 ... ... 
~ 0.3 

- 0.2 

0 

~.014JX«J.0288 

r1..0.999t 

10 20 30 
II(SOJ2-J (mMf' 

40 

Figure 3. Linerweaver-Bulk plot 
immobilized on the sulfite biosensor. 

3.3 Parameters affecting the sulfite 

of sulfite 

biosensor 
response . . 

Parameters affecting amperometnc detectiOn 
of sulfite at GC/CNTs-PDDA-AuNPs/SOx electrode 
was examined using the potential of 0.3 V. The 
effect of CNTs-PDDA concentration on the current 
signal was studied from 0 to 8 mg mL·1. As shown in 
Figure 4a the current response increased with 
increasing CNTs-PDDA loading from 0 to 4 but 
decreased from 4 to 8 mg mL·1. Therefore, 4 mg mL· 
1 CNTs-PDDA was chosen for modified electrode 
and for further experiments. 

Figure 4b shows the effect of AuNPs 
loading on the oxidation current of sulfite. The 
current increased with increasing amount of AuNPs 
from 0 to 0.02 and reached the maximum when 0. 02 
% AuNPs was casted. Therefore, this condition was 
selected for the biosensor fabrication. 

As seen in Figure 4c, the current responses 
increased with the increase of Cyt c concentration 
from 0 to 4 and then decreased from 4 to 16 mg mL-1. 
Thus to make a sensitive biosensor, 4 mg mL-1 of 
Cyt 'c concentration was selected for further 
investigations. 

The effect of SOx concentration on the 
biosensor response was studied and the results 
illustrated in Figure 4d. It was found that the current 
responses increased with increasing the SOx 
concentration to maximum value at 0.1 UmL-1, and 
then tended to decrease with further increase in the 
SOx concentration. This behavior is typical of the 
enzyme-based biosensors [13] . Thus, 0.1 UmL-1 SOx 
was chosen for subsequent experiments. 

3.4 Effect the potential 
In order to obtain the optimal potential for 

amperometric detection in FIA, hydrodynamic 
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voltammetric behavior of sulfite was investigated at 
various potential from 0.0 to 1.0 V. As shown in 
Figure 5, the peak area reached a maximum value at 
0.3 V. Thus, this potential was selected for for 
amperometric detection in FIA system. 

0.6 

ao o~ a4 a6 as 1~ 

Potential (V, vs.Ag/AgCI) 

Figure 5. Influence of the applied potential on the 
biosensor response for 10 mg L-1 sulfite. 

3.5 Analytical feature 
Representative signal profiles for multiple 

injections and calibration plot are depicted in Figure 
6. Calibration curve is linear in the range of 2 to 200 
mg L-1. The detection limit (3 SIN) is -1.3 m~ ~- 1 . 
The system provides an impressively good prec1s10n 
(%R.S.D = 3.8) for 20 ~L injections (n = 20) of 5 mg 
L-1 sulfite. Throughput of sample is 57 samples h·1. 

4. Conclusions 

A simple flow injection system with 
amperometric detection on a novel sulfite biosensor 
was developed. The biosensor was fabricated using 
CNTs-PDDA-AuNPs composites as an effective 
matrix to immobilized sulfite oxidase (SOx). The 
developed biosensor (GC/CNTs-PDDA-AuNPs/SOx) 
exhibits good electrocatalytic activity, high 
sensitivity and selectivity in detection of sulfite. 
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SIMPLE FLOW INJECfiON FOR DETERMINATION OF SULFITE 

BY AMPEROMETRIC DETECTION ON SULFITE SENSOR USING 

GLASSY CARBON ELECTRODE MODIFIED WITH AuNPS/CARBON 

NANOTUBES-PDDA 

Maliwan AMATATONGCHAI', Wongduan Sroysee1, Duangjai Nacapricha2 
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E-mail: scnaliam@Ubu.ac.th or amaliwan@gmail.com 

A new approach is presented for sensitive measurement of sulfite (SO/) 
in beverages based on simple flow injection system with amperometric 
detection on sulfite sensor. In this work, sulfite sensor was fabricated using 

a glassy carbon electrode modified with gold nanoparticles (AuNPs)/ 

poly( diallyldimethylammonium chloride )-multiwall carbon nanotubes 
(MWCNTs) nanocomposites. Electrochemical oxidation of sulfite was studied 

in 0.1 M phosphate buffer pH 7.0 using cyclic voltammetry. The sensor 

displayed good electrocatytic activity towards the oxidation of sulfite with 

relatively high sensitivity. In the flow injection analysis, sulfite was quantified 

using amperometric measurement at the sensor at +0.4 V vs Ag/ AgCl. The 
linear working range for the quantitative of sulfite was 2 to 140 ppm (r2 = 
0.9976) with detection limit of0.25 ppm (SIN =3). This method provides high 

stability. selectivity and precision. Potential use of this method for sulfite 
determination in fruit juices and wines and the agreement with the standard 
method will be discussed. 
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