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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/AgCl 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 (r' = 0.996). The
detection limit was 0.0927 mM sulfite. The developed method provided high precision signal
with RSD of 4.12 (n=5).

A new approach is presented for sensitive and selective measurement of sulfite (5032_)
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 (r2 = 0.998) with detection limit of 0.03 mg L (36 of

blank) and an estimated precision of 1.5%. The proposed method was successfully applied to
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the determination of sulfite in fruit juices and wines with a sample throughput of 23 samples h
1

A novel amperometric biosensor for hydrogen peroxide (H,0,) 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 H,0, with a linear range from 10 to 1,000 uM and a detection limit of 1.8 uM
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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oonlus (S0,) mlflunssunadloaavdniuife rouvssgilenisdesen itelvdledaann laiui
Ao Brladfdwd dmsuinespulunsuanglevesinsougelvididamesineanlafludedlyll
WAl 10 me/kg (ppm) [4] A muaUSunagasan (ML) veeingiisduamnsiudinsgiuingieduamig
mﬂmiﬂizﬁqm (Codex General Standard for Food Additives; GSFA) muﬁﬁwﬁmmmmgmﬁuﬁﬂ
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dundslunssriumswinuaznaiuinvinde dueiieliiduazanmiduiideants  edrslsfinnm
downassiadinansznudeaunmuarenafinaliiAnoinisud msuilnaensiifansdalndievy
Tutiinasnnaziinennisuieiies e1dou mnudusn uazdmuiiusiansdalnsdodiaguuss viediae
Tsavioudia ernsenaguLssiedununal uandedin  waneUsamarilanlnsanizogsidluglsuuas
ouwindsdingunemuauuiinamesdalwiiiduadlulueimns 1wy 0915 United States Food and
Drug Administration (FDA) wesUszieansgausnilieannguunslud a.e. 1986 Avualindnsinn
gsTRUSavesdaldiAY 10 me/ke wazeSeshufiiuSinamesdaludiu 10 me/L Aoalin1sszyld
Tuaan [2]  msdwsisidsnadalndluomisuasnandusionmsidiaudAyuazigaulaidedu
oghann  wenantivinadalid (sulfide) Tuenmauazninisusngnisal “dunsm (acid rain)” ¥irlv
mMsaseimUiinaduiiegndanadouiinnud Ayt

nsessnUsagalidlusmsmeisunsgiulunisinsey ddedndafeldiialunis
Ainsgaiuy anmblunsiieszidalildan uaghivangiazlfidumaiaiinsegilunsdinduny
Usrduardiviinuiegnueey Aaiudaiiidesuaunnaulafivsituuimedalunisnsotadalusid
an1nly uasliannuanizinIvasg

2.1 lulawuiwas (biosensor)

Tulewwuiges (biosenson  1uiadesiefildinusunauvesanslag lnelddygiudldainns
WasuIudyaraumsliin audnvaziduveddulowuivesie fnnuanizianza (selectivity) uay
alla (sensitivity) gadlowfisufumeaiansnaiaviindu 4 1w g3-380a awnlnslilnmes (UV-Vis
spectrophotometry) lulowuiwasusznousme 2 @ [8-10] As

1) dIUr09d15119T900 (biomaterials)  #iviuiifiansa (recognition)  wisidenianis
(selection) asagnafiagshufAzemeduedegnesumg dawdl 1 Saggneds (immobilization) aguu
Ramiiwesdaui 2

2) MIMERITES (transducer) FansuaRwesigymnilunisdwnudyaatinarlss
druUszanana (processor) ioanseuandyaalmslénsu (signal elaboration) Fewzvimindily
mTaduaauazsUsaeanunduniesneg figeins lnesunsudiulsznovvedliulawumesuandld

ﬁqgﬂﬁ 2.1
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BIOSENSOR
O - g
O> Enzymes, nucleic acids Electrochemical transducer
AN Microorganisms Transistors
O> Immunochemicals Thermistors Amplifier Microelectronics
Chemoreceptors Optical transducers
<> O> Mammalian or plant tissue |Piezoelectric crystals
O Sample Bioreceptor Transducer Processing Data
« >4 >4 >« >« >

JUN 2.1 leezunsuvadlulowuigesdsussnaulume (1) dwvesswnmesiiuasdsluana
(Bioreceptor) wag (2) nsuamigosnviminidwinudygia Hundiuvesnisuszaiana [8]

ﬂizmumnﬁmmzLLamq”LW‘ﬂwmﬁﬁummiaa'ﬁmawﬁagﬂﬁ 1.2 Suannansfiaule @nalyte; A)
LﬂﬁauLsﬁwajﬁmﬁw%’ﬂw%iﬂﬁ%wuaqLauisziﬁ (enzyme layer) N1UNTZUIUNTITUNS Lﬁﬂuﬁﬁ%mﬁmé’fﬂ
wulesl (enzymatic  reaction) nangluiduansudnsael (Product; P) Fansratnldiinsiuaniees
UsinamesnszualiihiiintuansansiainlalnelfindosdiofamliiinaiivieSeninedednmud
Toauan (potentiostat) wagaunsailvulsualanaly

Transducer
Enzyme
A ) Diffusion
(Product)
= #_ A'E'WB_SOE“O” N Diffusion
= = T i and
A (ﬁﬂa_t\fle) - - _ Convection

5UN 2.2 lneunsuvesufiseniinuuiamtdalii Fufnainaisiauls (analyte; A) 1adou
Wgiamthalnisunssuunsunsluituveseuled (enzyme layer) inufisenenduiouled
(enzymatic reaction) nangluiluansudniae (Product; P) Fensiainlanmsuaniiwes (8]

2.2 mamdsuadalig (Sulfite measurement)

Buwsgrulunisinusunaudalndniu The Association of Analytical Chemists (AOAC) ey
91385099 Monier wag Williams [11] Faduisnsldnsnaunazmslnmse TneBuaniianseetng
113nanglu 0.5 M HCL aglanistauialulnsiauny Lﬁ@Lﬂ?}lﬂueé'fa"LWGﬂﬁagjiugﬂ%’mﬂaﬂmaanl%ﬁ f19
aumsii 2.1 Tulasiwuandu carrer gas W’]LLﬁ'ﬂ%aLW@ﬂﬂ@@ﬂl‘UﬁﬁLﬁWﬁuaaﬂMWLﬁUiu%UﬂﬁUiiﬁ!
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SO3™ +2H" =80, T +H,0

S0, + H,0, — 802~ +204° (2.2)

d13azany 3% peroxide uiadameslaoenlesaziinufisereondintuludaminiaziinnsn A
qUNNTN 2.2

Fodudsinamestalidluanssegdeausoimseilalnensinmsamusinansaiinty
Funsgiuves AOAC tiidiedfe Wumadiafline TWaselifiviie wagsiailumslinseiligedn il
Fordedo Tumaumsingndldnauiu llawnsadinseifedidusinavedalida q 16 ezl
wngfaglfiiumaindinseilunsdfifunudseduasivimaseaeey fuladifidesiuan
wnanlafiisiauinedalunisnsaiausunadalng

23 msinnlemadaliaunuuns/wauineslsiuns (direct voltammetric/  amperometric
measurement)
nsnTvinUsinanesdalndlagedensinusununndjiseeendintuvesdaliduenainag
1438nns51ue9 ACAC uda Ssanunsatnlddemedanisliiiiailiaenss Wneldtalniheiavesuds
WU Pt [12] , Au [13] , A15ueu [14, 15] uaz metal oxide [16] seghdlsnanlraunuluunsudilgain
nsldliheiananatansveulumsieseiuiinadaliduansiasuil 2.3

20

-
o

Increasing Sulphite

Current
Current / pA

+AA

S0%

Blk

0 |Iu T “.I‘J“l“.‘I.‘I.II“.I‘I .
0 20 40 60

Potential / V Time /s

sUn 23 (A leadnlawnuluunsuvesdaliduag woanasiunidrlwinaradaisueuly
ansavaretlines fitey 7 dnsuslunsawnu 50mv/s waz (B) Bnswavesweanssiuniilisedynyios
vaadalidilonsiainmemaliauemwesisuwns [14]

dalidanusaiadyaaivilihvewiana il uardnddadanlunisimssegluszauly
Tasluans winslddalwiweawdananilumsiaseidalvdtnnutayninis fouling vastaluiin vinli
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a

aryLdvaninla (sensitivity) wagAaies (reproducibility) Tunsiesizst  wenaindnisinnisiia

Y
a v (s

sondintuvesdalildlaenssinlddndlufiigs viiliiAadymiesnissuniuainarsduiiamisoiin
pondaduldfidndluliidanan nmsiludssgndldfuiedsdaidednin wu mahluldfudedi
IniFafumsndroudnedudou Tnnutlynivesmnusimziaizas (selectivity) s silesarniinnis
sumuanansidussduseneuvesansiens Wy woanesiun wie Indituea

2.4 msnaululaiueamasuazlalasauilasoanlynwuirasdmiuinszivsunudalng
ATaLIIslATIsRUIIudalidnsadaliaunuani/wouwesisiuny  Tnl
AR INELE99 (selectivity) 1nTy Dewvinlaensieulal wu dalideendina wie dalvds
lelasdiuanldmudiumstasomaialiaunusmi/oumneslauviidilifveuds  Tnsnnsi
wulasnaSaimmobilize) asuutansine 4 tewnnldidueuluiiEuennes (enzymatic reactor) e
Bhunedsasuuiamihialifidietandaudsta il ululowugesdmsuinseidalid nsese
wuledanunsarililnensnaudiuUsynousey wiihlusfnemaiaiiene wu

1) nsesslaenisdainig (adsorption)

2) MInsalaedsvinliiAniusen1eell (chemical bonding)

3) nsnsslaeadlnaleslswdu (polymerization)

4) n13939lneIsARBY (entrapment)

Fawsazmeadaiifed-doidsfiunnsiatu nsnsueulesidulngarldnaianisniauunisia
iz wsravilneulvddindlaninnnsvheniia awsadnesdussnousen fiddaldde vinisess
lasa157 wazaansavhlaluuSunasnn

Tunudded dunsnzfnunasiaunalidawumes (chemical sensor) Tun1snsiiada
Usinaudalid TasazendeieuluiEuanmes (enzymatic reactor) ildaluls (S0,°) gneendladludy
Fawln (50,~ ) uaziinanslelnsiouaseenlas (H,0,) Tudsaunisd 2.3 [17]

Sulfite oxidase

503_ + H20 + 02 > H202 + 504?_ (2.3)

Jiinallslasiauesoanled AAntuazgnamaindedalnihiiiamtu Tasasfnvinasiaun
Wlunsnsaeulwiidalndeandnaasvuianuesuiadu la beads 3o resin  wazurluussqly
cartridge iinunldifueuleiBuonnesddinudimizaizamazarunsondsudalidlududams
wazlalasiaudeseanledodiiuszaninm augiunsiaunlalasnauleieenlediaures e

' ¥
fa a =

asrataUsunalelasiaudedeenlesiiatuiewmaiauomneslswunilussuulnsziuuudnluliai
o1denslva  Tnedalwildiauntuasldfandesenoussduuu sewinensuauuiluiing (carbon
nanotube; CNT) Tnaaunlunis#itAa (Gold nanoparticles; AuNPS) waglndiuesulniy laoa1ni135
3Lmqsﬁs?j’al%lﬁim81%@141%35%@@Lm%mwjﬁ’u%ﬂﬂﬁﬂﬁﬁwmﬁuﬁ%ﬁ%ﬁ AsliignIuniuan
psAUsEnoUvesa o niosaneuluBueamesiismziazadedalidas waznsldtands
Uﬁzﬂamzé’uuﬂumé’mLsz%’jﬂWW’m3ﬁ111ﬂﬁ%31v4ﬁ11‘7iﬁamwhgq (high sensitivity) HuUszansanlu
MsMEUALBITIEITY (rapid response) uazdlmIUT NG (high selectivity) Hasnlunisie
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aglvdndgluilnen arunsavlUiddusmugeslunisnsiadausunadaludnuuteumes s lussuy
AATEkUUIRl UL RNIaNAen T ivalaogaliuseansS nw

25  msnaundgalWdlulawuigas
nsu1IsIsznUTutadalidlasldlulowuieaslvda1ud w2193 99
(selectivity) annau Tnensldieulesidaudsdalfi (enzyme-modified electrode)  lglngnisnis
wulesidalndeandinaasuuiiuinvestagdsUsenauszduuly  vesansusuuilufiayg (carbon
nanotube; CNT) Fafufagfifdnunsiisudufiauie Siufifian, aunsoussgesnon violuana
yiindulineluvielduaziianmtludinfigs (18] wazlndaunlumisiiiAa (gold nanoparticle; AuNPs)
%qﬁamwﬁﬂw%qq (high conductivity) wazlinauaInnsalunis catalyze Ujisenlan  Famindn
biocatalyst 17im%am%ulﬁ%ﬁamﬁaﬁﬁmwﬁaﬁmmwaqLauiszjﬁ (enzyme loading) kAYAIIUAIAIV
il (enzyme stability) g4 Fudunaauifves biocatalyst Mudosnsedrddululowuees Lo
Bandaudstalnihedanaradaiveulidululowuesdmivimssidalnddomaiawemnesls
wiiitalulwuee sTianTumudiussuiinnesiuuudnludffiendonisiva
nalnlumsinusuadaluddslulawues Funneulsidalidesniinaisujisenisiia
sendwduvasdald ilnAndu damauarlelasaudesoonlanfauniss 2.4 [19]

25052~ + 2H30" 4205 — 25042 4+ Hy0, (2.4)
15952970 USHdalnailalaenisnsiainusunaedlalasiauiUaseanlenniindu tnanis
nsIadnanszualinIuaINUisends aun1si 2.5

Hy0; — O+ 2H* + 2~ (2.5)
lngandnisiasvvdalrdlagldlulawugainimuivuiasiden Aeolignsuniuain

1w

peRUTENOUYRIANTMag1llen eulyidalideandinaiidunizianzasedalidgs waznisldian
WelszneusgavulusnaauUstiliihesilvladalnihndannlias dussansamlunisnevauei
53057 wazlinudmnziaizasgs asah il dusueeslunisasatnusinadalnduuuwenines

TsunslussuuImszwuusnusinodenisivalaagraiuse@nsnn
2.6 lalasiaulaseanluniwuigeas (Hydrogen peroxide sensor)

Salimi - wagany [20] iaueismasnudstaluihnanadensueulasldTandssenoutes single
walled carbon nanotubes (SWCNTs) uag @15Usgnaudes Mn (2-(-((a-(-(2
hydroxybezylidene)amino)phenanazine-1-yl)methylene)amino phenalto) %38 @15UsznoulTsgou
Mn-phenazine dadansesilalaglinszuiunmsdogui 2.4
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OH 0O - |
| -~ \“\- -~
Y T
’r/ S ‘\\;\// T ~NH > ~ ¢4/ ,Aﬁ\\; — NQ'\Q// "Q\-::?‘\//N OH
| — |
L N A [ I 2L P
~ N e
= N NH3 Methanol, Reflux - "N ~ N| OH
- : [\ i
2,3-diaminophenazine o . |/ xj
~F
OH

C|)
/J Mn(OAG)2 2H20

SN
\J Methanol
=

(3) i
5UN 2.4 lpezunsuuaninszuiunslunisdaasigyt Mn-phenazine complex [20]

o lnihnanadensusuiisauusae SWCNTs uwazansUsenauidedon Mn-phenazine 3o
GC/SWCNTs/Mn-complex 1n3asnziidnemain cyclic voltammetry wuin lelasiauileseenlodisy
Resinduidndluii -0.2 v uazdanuiiu catalytic reduction peak Aifndlyiiuszanas -0.35 V et
Hlidanaundnssiiemaiaueumeslsuvinui faensnevauswuuidudunse (Unearity
range) vadlalnsiauiedoenlesoglurag 1.0 pM- 1.5 mM uazdiadrindigauesnisitasest (imit of
detection) #AWYNfU 0.2 uM

ul AA. 2011 You uazamy [21] FauUsdaliinaradanfusulasldlngldandasznauues
multiwalled carbon nanotubes (MWCNT) wag Pd nanoparticles wdaniuld Nafion wdousiu nns
W3 MWCNT-Pd  nanoparticles 1038891011581 MWCNT — wieendladlaeldnsanan senang
HNO5:H,S0, (8n31du 1:3) Iﬁmm%fauﬁqmmﬁ 90 °C Wunan 3 HluafiefdnansIouunasiile
fufiaves MWCNT Hunsa  aanduth MWENT lwssuduansazarslu THE 91nthufia NasH asly
asazaniiielAnUfAsen thiolation @13 MWONT fildannnisindesludumeniliBen thiolated
MWCNT 1l disperse Turindu (223.8 mg/100 mL) 3oy Pd colloid Ineds sodium
tetrachloropalladate  (II) ¥miln 249.83 mg avanelutiUsunes 30 mL anduiiu 4
dimethylaminopyridine 10 mL iua15azany thiolated MWCNT (223.8 mg/ 100 mL) asld 9t
AoY 9 MeAa1Tazas NaBH, adlu wazniuansazatsUseana 30 Wil aunseiltansazaneUaeuanna
wiaesdeudus thasazarefildlunses &redaeindu vinldudsly vacuum oven axlé MWCNT-Pd
nanoparticles.  1ha1sazats MWCNT-Pd nanoparticles U31n@s 5.0 pl neavufiavtindalwiinaad
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a v

a$ueu fdliurafigumniives anuneaansazats 1% Nafion U3wns 50 pl aglddalih
GC/MWCNT-Pd/Nafion  daidierhuniasizisaemaia cyclic  voltammetry wuin lelasiaules
senlasiinssntuiidndlniihuszana -0.28 V idleialiiihdananundinszsisemeiaueuweslsam
3nud Frmsmavauewuuiludunss (linearity range) vadlalasiaudeosoanlasaglugae 1.0 uM- 10
mM wagdadinfianvesnisiaizdt (imit of detection) AWMU 0.3 UM (S/N=3)

Tud A 2007 Qiu waveme [22] TeedEIsnsiaulstalnilagldnssanyia tin-doped
indium oxide ¥3e (ITO) FauUsieTandewsznouvesinadsulunisfiaa (AuNPs) Aidaudsene
Prussian blue (PB @Au nanoparticle) nlnasunlumsidadinieulaenisiniouaisazats A lngld
2% hydrogen tetracloroaurate U31105 1 mL 41199319HUS195 80 mL Ww3uuasazany B lasna

1% trisodium citrate USu1ms 8 mL AU 1% tannic acid U3u19s 0.2 mL ATULIULI919bA%

U3ims 20 mL thansazans A wiliianufeusnlieufeudiongii 60 °C anduinaisazas B ua
mulndriudunan 35 i azldasasarslnanuilunisiiaa 1Na19aza1eNaNvod 1.0 mM
FeCls , 1.0 mM KsFe(CN)g, 0.1 M KCl wag 0.025 M HCl U3unms 10 mL wivaslugisazaralnanuily
WsAiAaN1Usung 10 mL nmuaisazansilunagl 30 undlaglaansazaie PB @Au nanoparticle 11
ansazans colloid Aw3enldly centrifuge uavdredendumans 9 ads 1 particle #iléiun disperse
Tuthndud3ums 10 mL andueseudaliliih MO @ewmedn layer-by-layer self assembly awlé
lelasiauesoonlaniguiges

Ping uavAmy [23] FauusdalwihnaadesueulaglilnglitagiBeusznaues Prussian blue
(PB) waz poly(o-phenylenediamine) (POPD) anlalunisinuSunwlalasiaudosoonlas nisdanls
Fl#1130917M13 deposit Tduves Prussian blue (PB film) §a8nsyuInns electro-deposit Tneti
Gﬂ”’aﬂfmam%ﬂﬁuaumajﬂumﬁasmawamaq 2.5 mM FeCls, 2.5 mM K5Fe(CN)g, 0.1 M KCl wag 0.1 M
HCL gl 0.4 v (Feuiu Ag/Ag/Cl) Fidalnitldany Wuan 40 Sundl maﬁ'ﬂﬁw%ﬂﬂﬁﬂﬂajﬂu
a1sazane 0.1 M KClL waz 0.1 M HCl waglidndluinansewing 0.35 69 -0.05 V Ingldensudaluns
ALAY 0.05 V/s 117w 20 s0v 9ntuiidaliiiandrededindu wasdlushliuidlummeuiionmad

100°C Wuan 1 Falue hdalwiianh electro-polymerization $uwas POPD Tnensladneluiinen
5¥WIN 09 -0.05 i 0.8 V Ipeldensudilunisaunu 0.01 V/s dwau 15 seu luansazais 0.01 M
Woaatvlas pH 55 917 50 mM w8s OPD Tulwwes Halwilh GC/PB/POPD Tiwdenldanuise
uldnnisiinisnduvedlelasaulaseenles Inglirrsnisnevaussuududunssiigns 0.1 uM -
012 mM uardnindamanueanisiiasgiiiawiiu 005 pM  wadefifaundutanmsoily
Uszgndliiiasziuiinalalasueseenledludotianiesiy 1wy vinduuzun, vide wagi
walsiau dhdulzsn, thueuidauay thedu

2.7 walalunisaswaulydlueuladswannas

nsiieulesianmds (immobilize) asuuaneins o iothuldidueuluBuoames (enzymatic
reactor) wipthaeisasuuianih i lwihifiothudauustalwilndululowusesdmiviases
U nseiaoulefldldmneiseuleddanungnads  inszazyiild aruanansalunisi
U nativualy  fefunisesaeuled Samnefamssiadumdseulss feiinsmenienin vie
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Srndundaouled Wegludesinediimun TasnseiaeulediusBaneiliazats Alvainvane
¥iin Fueuluifinnuannsolumasaiiten ddfgueiniseiueuluiidesiiddie

(1) eulsddimuanimnuaunsatumsisslfisenaiinendansaseuled

(2) anssauanunsadvuFRetueuleifignats lnsusimnnsinung vesiaBainizuie
LLUTY wasnARSILNTan LAY

(3) ileadszuuioulsinieguiifinnuesia aeldannznisldauresoulesd atnismde
wulwsiazlaiAnusylowidn activity veseulsiignihans Tnsnszuaunisnds vieansdasulalanunsoidi
hufiseniuieulaile

Theisen wazany [17] taimwimelialunisiessidsinadalidluemsiagldmeiln HPLC
Augiu immobilized enzyme reactor (IMER) Insnsuneulasidaludeanginauinialy copolymer
299 methacrylamide (Eupergit®) lagladnsiaiu 50 units/40mg Ue4 Eupergit®) mﬂﬁ?uﬁ’ﬂﬂmsq
lu carbonate cartridge uazldifu IMER Tuszuuiiaszsiuuy HPLC fsgudt 2.5

Detector

Ul 2.5 szuuiesesiviinadalndluemssematia HPLC mugiu immobilized enzyme
reactor (HPLC-IMER) ER 1 lagalnsioandinaainiiv (pSO) ER2 Tddalnsoandinaaindnd (cSO) uay
757970 (detector) ToTlnunan@tu (Pt electrode) Tun1sasiaia lagladndluiin 200 mv [17]

s¥UU HPLCIMER fiimuntusielidalideandwmaaniiy (ps0) Thasnsnevausuududunse
39 0.04- 2 me/L (= 0.9996) wptnpranduduvesdaludiiuy 2 me/L auiudnauainsalunis
araTnrlidyaaendnsetalitutustne sasidlelivalieondnasnds? (c50) v
gy 0.04- 2 mg/L msmevastldfudunss ¢ = 0.8809) Wetmadafifmuniuluiase
USunaudalvidludiegamalsd wu ogu, Ay wazuzwny wuilvikad

1wl A.A. 2008 Franchini wazamg [24] lawauinadalunsiesgvlsinalalasiaudes
oonledluthidlagldinadatieseiuuusiluiAiondonisinaniugiu enzymatic reactor Taonistin
wulwioseentiaauneiduisduviia Amberlite (IRA-173) Tnedais@usn 250 mg 1y 0.1% ngan3ad
ToRU3unns 100 pL asluwanlidniulaomsniudunan 5 uift anduiueulesdedoendina 200
units NuvaraLlunaT 10 U9l mﬂﬁ?uﬁ'n,s%ulﬂmiﬁﬂmia (tygon tubing) UnUaneseluniuay
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Ul 0u enzymatic reactor Tusyuuiimsgiuuy Flow Injection Analysis (FIA) fifinnsnsiainsae
wadakauweslswnsnga i mesniinsanuUsamelnanfuu (Platinum-modified gold electrode)
Tnglddndlndin 0.60 v Tun1sdn  dyarailannnisinuansiagui 2.6

0.200 018
o _it
0.175 2012
2010
0.150 f § —om
. s
< 0.125 :
= €037 % & 10
= 0.100 d [H,0,]. pmol L
0.075
0050 p I
a
LU
0 250.0 500.0 () 750.0 1000.0 1250.0
t(s

gﬂﬁ 2.6 dyaadildnnaialunsin lelaswuleseenles 74 enzymatic reactor lu
SYUUTATIELUU FIA fifinnsasaiadomaiauoumeslsuviaian imedifinsdaudsdounan
Atu (Platinum-modified gold electrode) AMILILTUVDY H,0, 910 (@) 1pM —~(e) 10 uM JULnIN
meﬂifn/\lmmgmﬁiéf [24]

2.8 Falwdlulolwuiwos
Abass Wagauy [25] Wawkostneslsiuvinlulawuge samsuiiassiusunadalig
Taeldansnanseninueuladdalioonding wag cytochrome c¢ #aldiludisudiannseunauasiy
wiinansuey wazthlufusilu screen printed electrode iewwsasdululawuwes nalnlunis
\inUfA3819 screen printed carbon electrode (SPCE) wanna3uel 2.7 dalnsiin oxidation lag
13 catalyze medanlidoanding (SOD) way cytochrome ¢ (Cyt o) @aluluanadsdl heme &l
2 s Y& o v a g 2+ 3+
widntlussausznavunldidusmisudiannseu (Fe” /Fe )

SPCE
(+0.3V) )
2Cyt F?En SODOX E‘»O3 + Hzo
26 5 oW
[ SO +2H
Sk SODgen 4

' 1%
fa o

sUN 2.7 leezunsuwansuizermintunivinvesdaludlulowuige sinaunay
\le SOD Aedadlideanding uag Cyt c Ae cytochrom ¢ [25]
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dlefnwinaves pH vesarsazate@ildlun1sTaluyae 6.5 - 8.7 nan1svnaoduandss
SU 1.7(8) Bewudufledn pH ifisdu 990 6.5 F9 7.5 Anszuadildifinduogiann uaniuniiile
pH aglutiag 7.5 -8.0 AnszuaFuanaile pH vesansazatefidiu 8.0 nuan1smaasdlugy 2.8
(B) Wuin pH Tmunzaulunsiesziuiunadalid fe 8.0 vleswnd pH 8.7 Fyaradildazlinad
wasAnszuailadranas §9 Abass wazamzeiusieliineraiaownd pH 1Au 8.0 Fadlidesn
Fund way cytochrom ¢ Wasulassadiauilesaniianisuasa (folding) vilik specific activity anad

()] J —
pH 8.0
600 <
2 <
= 500 f : z
S £ g
g 2 e P8
Z | 3| e
2 300 F 2
@ | 2 b
= | 4
@ 200 | ' =
100 F .
0 1 1 3 1 L . .
6 65 7 75 8 85 9 Time/sec
pH
(A) (B)

sUN 2.8 (A) wanwaves pH vesarsazateweamntiosnldlunsindyanunas

(B) ANnszuafileanmsinsemaiaueuneslsumilaelddalnslulomumesfinmuay Wewy 0.1
M Na,SO; fiag 20 uL Tuansavaneveamatinines (a) pH = 8.0 uag (b) pH = 8.7 [25]

Tul ae. 2002 Angd3de [26] adwwianudaalunisimuilulewuwesiagly
ulgiidalidoondina (SOD) way cytochrom ¢ @33UU screen printed electrode (SPE) wnlaflu
AFATIEIMUSINaILAE SO, n1simseululelwuwesilalaenisyn 1.2 mg cytochrom c uag
wulgsidaludeondina azarvluaisazarsdines uaziily deposite  Uu polycarbonate
membrane lagaanuwuy SPE 2 ¥6inA s-type Way b-type biosensor EULLUU(;IJQEU?II 2.9
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= Ag/AgCl
B Carbon Electrode

l PVC Substrate

% Electrolyte Containing SOD and Cyt.c
M Carbon Layer Containing SOD and Cyt.c

Electrolyte
4 Polycarbonate membrane

Ul 2.9 lnezunsunansiiuing (side view) vadlulelwuimosiimuniu (A) s-type
biosensor wag (B) b-type biosensor [26]

Mnwantsaaesudn lulowuwesiimuniusia s-type fanmlilunisiiaszsiguas
N13MUEUDY (response time) fisaninaile b-type leann cytochrom c wag toulwidalvsiean
Sinaoguuiminvemsaineed (Bidnlnsn) Wetilulowuwesiivmurtuuinsaiausuiw
Fawleslasenludiemadauenineslsuyinanisnaasauansladsguil 2.10

1000 |

29 ppm

Anodic Current/nA

0 i i i M L "
0 400 800 1200 1600 2000 2400 2800 3200

Time/sec

' v
A o

U9l 2.10 dgrunlaannnisin SO, meumatiauestneslsuyinluloiwuge AN (s-

Tul A.A. 2010 Bahmani wazamy [19] t@uedstuniswauidalndlulomuigaslnenss
oulesidalnsoondinalufiduves polyaniline vutalwihozgfifon Tulewuwgesiivamndunion
Talagnis9in electropolymerization 98¢ @138¢a18 0.1 M aniline fift 2.5 mg/mL toulwsidalud
ponnaly Avinavaiy HCL-NaH,PO, (pH 8.5) Tidndluinlagaunuaisening 1.2 89 -0.5 V (1#igu
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futaluiiln SCE) Wuan 30 uit eulasidaldeandinassgnaialiluiiduves polyaniline sen319
N3gUIUN1T electropolymerization U# 2.11 uanslasaasneves polyaniline

A OO O

31.] 1 2.11 uansgnslasaasnaved polyaniline [19].

Dinckaya wazamy [27] s1e1uniswssudalndlulowugss Tnun1snsseulyilda
Ifeandina vudalwihsdanaradafueuiignindeudefiduuisuosusen dunaulunisinow
Tulewuwesiduannisthdalwihnanadersueuivhauazeiauiudraunguluaisazats mercury
olating solution (200 me/L Hg,Cl, Tu 2M HC) viululpsiauuialuansazats 5 undt anntiule
Fndliiundananadaisueuiidng 0.1 8¢ 1.2 Vv aesdwauadufiowmioniamidalvi arnduls
#nslniadl 0.8 v wieuniuansazanesiesnsinisniuas 1,800 seusewd el mercury 1t
deposit Aialiindunan 90 Funit vidalwihnaradensueudiiflduunwessonapiaeulal Tag
dneuleidalidenndna (0.5 U) Mwdsuluaisazateneamaimesuwaniu gelatin (1mg/50
ul) 9ntuhansazaneiesenld 50 ul iveaasuundaliiinanadafueuiiifiduursvasUseniis

Plruraluiibu @ °0) WWuan 1 Falus mﬂuuumlWﬁﬂlﬂgﬂumiazmEJ 2.5% glutaraldehyde
fwdealu 0.05 M veamadwines iWuian 5 uidt aglddaludluloweflnendnnislunisinde
oondlaufiaransluasazargargnimdidalaiiwianaradansueuiigniadouseiiduuisesusen
Tulewwuisesazinnisanasveseandiauieulsddaludoendinatilulslunsiinu e dalnd
20NTLATY ﬁ’afumia”mﬂ%‘mmaaﬂs'z?t.auﬁiisu”lﬂiuﬂﬁﬁwﬂﬁﬁ?aﬁaﬁﬂﬂaﬂ?mwawﬁ’aiWﬁ

TulawwuiwesinauTuan e iafidnslni -0.24 V waganunsaldfusiegneenmng wu auuis, EAl
LAY W&
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uni 3
ASNAADI

3.1 Jangunsaluazaisiadl
gunsaliazinIesileflylunsnnassianidanisne 3.1

AN5199 3.1 esesiienldlunisvnasy

aunsaluaziaIasilaldlunisvaaas UTEN (5U)
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)

3.1.1 lwaanliawnuLuns

msvaaedleadnlaunuuanidasuil 3.1 1n3edlmnudloaan U EA 161 war e
corder §u 210 (U3¥ eDAQ) uay Traunuiuvdniwad vunn 25 mL (Uunsn, U 1) Uszneuse
it 3 47 Wun dalvididiananadesuey (GO sssua (3 mm diameten) wie dalwiinanad
pfveuiludvhedieaeulndnvesnsvenuiluindindes daunazeunanasuludutalwildam
(AUNPs_MWCNT-COOH_PANi GC), 3l Ag/AgCl lutalnihdnsds uarldann Pt idudalnifihee



AsiaLmadawelwesswysuuulridmsuimsesiusinadalisa 23

'Da_ta processing

JUN 3.1 mneasdleadnlaunuluwnsuesesenldlunivmeaass suunsnuandliaunuumin

3
bR A

3.1.2 szuvdasziuuunemwasisunslusyuufiinisiva (Flow injection analysis with

amperometric detection)

ssuvlinssiuuuLeninesTawvfda i iimuiu wansdasuit 32 HPLC Tu u
LC-10AD (U3 Shimadzu), Injector U3u1915 loop 20 L (US#% Rheodyne), waslnmuloaay U
EA 161 WAy e-corder u 210 (U38W eDAQ) uae thin layer flow cell (Uunsn, 3UT 3.2) Usznousie
Bl 3 1 fuddhliihnanadasueuiluinesdeasuouulunesindndudaluitlda,
i Ag/AeCl Wudhluiiensds uagldvie stainless steel Wudhlwiitne  active area dwsy
P lFoudy 006 cm’ Wansavanevleamineudiudu 0.1 M Huansavanedan (carrier

solution)
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20 uL sample/standard

\. Pump [ | | ECD [_—. Waste

Q l

I I

. ] .
Carrier solution 1 mL min

JUN 3.2 wuiilvladvesssuulnaduanduerunddanasiainsmsmaiawounaslsuysngalnd

=

MUY JULNITNLAAININUBY thin layer flow cell

Ay v a Ay Y a a o a
miLlesL“U Lﬂi@lsﬂaﬂaqilﬂﬂLLa%UiUV]E:INaWa"IiLﬂNLLﬁ@ﬂ@QW']i'NVl 3.2

AN5199 3.2 @1sedntglunisnnaed

d19.03 N30 UIE

aniline (C4HsNH,) AR Sigma-Aldrich
o-Aminobenzoic acid (C;H;NO,) AR Sigma-Aldrich
Ammonium persulfate ((NHg),S,0s) AR Fluka
Chitosan, CS (C4Hq;04N),, AR Sigma-Aldrich
di-Sodium hydrogen phosphate anhydrous (Na,HPO,) AR Carlo Erba
Hydrogen peroxide (H,0,) AR Merck
Potassium di-hydrogen phosphate (KH,PO,) AR Sigma-Aldrich
Horseradish peroxidase (HRP) EC 1.11.1.7 M, - 40,000 AR Fluka

(Lit.) Unit 969.65 U/mg

Ascorbic acid (C4HgOy) AR Sigma-Aldrich
Dopamine (CgH1;NO,) AR Sigma-Aldrich
Uric acid (CsH4N4O3) AR Acros
D(+)-glucose AR Sigma-Aldrich
Multiwall carbon nanotubes, MWCNT (95%) - NanolLab

Carboxylic functionalized MWCNT - Nanolab



https://www.google.co.th/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CDMQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FHorseradish_peroxidase&ei=GXlxUaOgEYfLrQfhsYHoBw&usg=AFQjCNHWZiuvbltQmnWSk0dXm8bmNc2TpA&sig2=DWNhuzJvuc2Zo9XoqXT-NQ&bvm=bv.45373924,d.bmk
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a151991 3.2 asndifldlunsnaass (da)
d19103 N30 UIE
Amino functionalized MWCNT - Nanolab
Hydrogen tetrachloro aurate (HAUCl,) AR Sigma-Aldrich
Sodium sulfite (Na,SO5) AR Acros
Glutaraldehyde AR Sigma-Aldrich

3.2 N15LAS8UEISHAN

a1sazatverlay ANty 0.1 M eseulagUinesiduuignsun Ysues 46 L
avangmeansazaty H,50, AMULNTY 0.5 M Usumsianties USuUsumslyiasy 5 mL Tuvinde
Usung

ansazaty MWCNT Aududu 10 me/mL w3eulneds MWCNT (58 MWCNT-COOH
138 MWCNT-NH,) 11 0.01 + 0.0005 ¢ azangluansasansnsnnanszning H,50,/HNO; (3:1) Usunas
1.00 mL 1l sonicate fewedes ultrasonicate 1uran 2 Falus

asazangnan MWCNT-COOH/aniline isnlastiunansavaiseziau anuaudy 0.5
mM USues 1.00 mL @uasluansazatys MWCNT-COOH AMsudy 10 me/mL Usums 1.50 mL
walidniulaetly sonicate sewp3es ultrasonicate Wuaan 10 undi

a158%a18 NasCeHsO; Audady 388 mM  w3enlaeds NasCeHsO; - 2H,0 317
0.5 + 0.005 ¢ azanedern DI Usuu3amsliasu 50 mL

g1sarangoyn1ANaUIly ANUNTY 0.02 % W3BNNAITAEA1Y HAUCl, AILLTNTY
1.0 mM Taeds HAUCL, 31 0.01 + 0.0005 ¢ avanednein DI-USUUSINAslfASU 50 mL 21wl
Weasazate HAUCl, Aududy 1.0 mM USu1as 20 mL ivastuviaund lawvassiwmandnsu
nUENS MuaIsazatedi 1,000 soUseUT (rpm) wiouulwaudoudt 75 °C 1Huan 10 uit v
Funadiuletineiindudnaesnnuii ADY WANA1TAaZa18 NasCeHsO7;  ANULILTU 38.8 mM
USums  2.00 mL Lﬁa@msuué’uﬁmqmmﬁﬂu 125 °C wieudumuaisazaresoll 20 uil ag
1§ asazansayniavosulu (AuNPs) fifiduns Adlfasaraoduasiigamgiivies anduiaisazans
oymanealy AuNPs ildluiuliludiBuitonmgi 4 °C

a15arangounIARUUIlY (AGNPs) AiReq Wina1sazane silver nitrate AULUNTY 1.0 mM
USums 10 mL egeteasiuaisazaty sodiumborohydride AMuuTY 2.0 mM USues 30 mL
meldaneiifinisniunaenial aisasanefildazidvieanns vnsniuseludn 3 wdl v
asazangeynARuuIlY (AgNPs) Tuviauifigamgdl 4 °C

ansavanedalid Aududu 1M §9 NaySO, 11 12,604 + 0.005 ¢ avanedaein DI
UsunsiEntios wmansazansadunniausinnsuuin 100 mL USuusinasliddngaet DI v
asazanefldluranuiidivn figamgl 4°C
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ansazanslalaienlelasiauneannanududy 0.1 M wisalneds Na,HPO, 11 14.196 +
0.05 ¢ avanedietn DI Usinaudnddes wadluwanusinasauia 1,000 mL USuUsunnsaudsdngaein
Wulilumauifivans

ansavarslnuvadeulalelasiouneamn  aududu 0.1 M wSsulaeds KH,PO, u7
13.607 + 0.005 ¢ avanedei DI Usinandntdes wasluviau3umsaun 1,000 mL Usud3unnsauds
Fagnerh Wulluanudafvans

ansaransouledisedausivesoanding (HRP) wisulnedueoules HRP $1uau 4 mg
azaneluih DI Usnes 1 mL agldansavanseulmisesausiviaseanding anududy 4 me/mL

A15822N9NTNLTRN AMILTUTU 2 % LW3UlALAINENTAZaNY 99.9 % NIRDTAN UTUIRS
0.2 mlL wadluradauSuasuuia 10 mL USuUsinasaudsingae Dl

ansavans 0.4% chitosan (CS) wisenlaeds CS $1uaw 0.2 ¢ azanelu 5 mL 1.0 M HCL s
nuisl3aunseits €5 avanefumanun 9ntulsuUsiaslald 50 mL agldansavareminududu
0.4% CS

asazangumspulalasauleioantad Arududu 1 M wisulaenieansasaguInsgiu
lalasiaudoseonlan ANUNTY 30% USuad 9.99 mL wasluwinusuusuinsauin 100 mL Usu
Unnsieii DI fiuliluviauiifivans

3.3 Asnaudalwdialinaisueas wastdlninlalasaulaseanlandnsudasiziusuin
Falnea

3.3.1  n1sndianinsinawesigtuvaslndaziau
3.3.1.1 n1snAduazantalnInatadiansuau

a v Y

auazeIndiliinatadaisueu Inedaiimthdalniimiensergiuiiui
dnvain ataliihlagldneeaiivivuin 1.0, 0.3 uag 0.05 luaseu mudiu antuadliazeiame
1ndu ¥l sonicate AU DI Wuian 2 il wandlvuraveeansazatsesuauuluiad-lalaeu

Aoulndnuutilwihnatadansueu 20 lulasdns Mabiluwisignmaiivies

33.1.2 Maesendaliin MWCNT-COOH_GC
Judalifiinanadansveuiivinauazeiaudaadluaisagarsnausening
MWCNT-COOH A1slady 10 meg/mL U3u1as 1.00 mL wagansazatgwaaininines anududy
0.067 M (pH 7) U3ums 11.50 mL Tudndluiuwuulendnsening 0.0 - 1.0 V. (RE: Ag/AgCL, AE: Pt)
30 50U ludhsinisuanu 50 mv/s wieusanauansavans 650 seusewndl maeaan d1etalii
Faeth DI aglddaluily MWONT-COOH GC fslsfiamtidalwihusigungiivies
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33.1.3 maesendaliin AuNPs GC
quilwihnanadmsueuiivhenuarerauwdiadluansazanenauszwing AuNPs
AULTNTU 0.02 % UTums 1.50 mL dazarsazareweamniwing anududuy 0.067 M pH 7
Usums 11.00 mL Tdndludiuuuleadnsegning -0.3 89 + 0.9 V. (RE: Ag/AgCl, AE: Pt) 10 SoU
esasinsuany 50 mv/s wieuimuansazas 650 sousewdl aaeanan arladalndh AuNPs GC
radalihgaeir DI wiidliusrigumgiives

3.3.1.4 nsw3eutalufin MWCNT-COOH_PANi_GC
qudalifinanadansveniivinauazeinudiasluaisazaronaussving
MWCNT-COOH/aniline (1.5:1) U3u1a15 1.00 mL wazgasazateweaatvines anududu 0.067
M (pH 7) USums 11.50 mL Tidndlnwiuwuuleadnsznine 0.0 - 1.0 V. (RE: Ag/AgCl, AE: Pt) 30
sou Tudasmsuanu 50 mv/s wiewsniuaisazats 650 seusiewndl maeaan aninnisned
wedlsiwtureceriau iadunedesddu (PAND  &retaliiidaeni DI aglddalitn MWCNT-
COOH_PANi GC ﬁﬂﬁﬂ’swﬁw%’ﬂvdﬂﬂLLﬁqﬁqmmﬁﬁm

3.3.1.5 Nsw3eutalwfn AUNPs MWCNT-COOH_PANi_GC
f\jm‘ﬁg’ﬂWﬁ’] MWCNT-COOH_PANi GC fiwleudsidedl 244 adluaisazans
NEUSEING 0.02 % AuNPs USuims 1.50 mL wagansavargwesidatviines Aududy 0.067 M
pH 7 Usums 11.00 mL Twdndluiuuuleadnsening -0.3 89 + 0.9 V. (RE: Ag/AgCl, AE: Pt) 10
sou ludnsInsuany 50 mV/s n¥euvaniuansazane 650 seuseuni nasanan azlddalidi
AUNPs_MWCNT-COOH_PANi_GC &1etalulihéeti DI LngﬁﬂiﬁLLﬁﬂﬁqmﬂﬂﬁﬁm

nseseudaliiivila AuNPs MWCNT-COOH PANI GC  Tutumeunistudvieadaluiime
N32UIUNTT electropolymerization oxiiau (PANI) wag electro-deposit m‘gﬂ'mmmmiuuuﬁmﬂwaq

Tlihnanafinsueu uansisgun 3.3
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Ui 3.3 dumeumslufivhesdaluingienszuiunis (A) electropolymerization aiiau (PAN)

wag (b) electro-deposit aunAnesluvLRmTvesIlinatadasuou

3.3.2  Asmssuriniviinnatadansusuinaauusaleianisaanisuauunluind-nane-
auN1ANBIUILY (CNTs-PDDA-AUNPs/GC)

3.3.2.1 #1982a180UNIANBIUIY AUdNTU 0.02% (0.02% AUNPs)

ansazany HAUCl, Anududu 1.0 mM Taeda HAUCL, 11 0.01 + 0.0005 g avatede
1 DI Bsinesindes mansazaneadduwaninuiunsuun 50 mL Usuudanmslidedngaesh Dl

a158za8 NasCHsO, aaundudu 38.8 mM Taeda NasCoHsO; .2H,0 111 0.5 + 0.005
¢ avanude DI Usinasidnties wansazansaslurininusuiasuunn 50 mL USuusunaslvadadgne
1 DI

Ywnansarany HAUCL, ANULETY 1.0 mM USunms 20 mL wdnashuvianiiiuans 1d
wllwandmSunIuEns nuansazanedi 1,000 seusewd (rpm) wieudulianudeud 75 °C 1Ju
a1 10 U anduRNENsazas NasCoHsO, mududu 38.8 mM Usuams 2.00 mL Wiewiiuasuud
Wngamaiidu 125 °C wieufunuasazanesiely 20 unit azldansazargoynianeulu (AuNPs) i)
Auns fislfansazaneifunsiigungivies anduihaisazaiseynianesulufildluifullugibud
Qoundl 4 °C Lmumw%umaumim’%ammsazmsaumﬂwaam‘luuamé’qgﬂﬁ 3.4

U 9
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38.8 mM NayCgH:0; 1 mL

deep red color

stirring 10 minute
—— |
heat to boiling

0.1 mM HAuCl, (0.02%) heat at 120°C AuNPs
10 mL heatat 60 ° C

5UN 3.4 TupeuItnsiwSeuasaratganIANaIUnLY

3.3.2.2 s19aza18 MWCNT-COOH

Famsvouuluiodun 20 me  wdravarsluaisazarensananszning H,S0,/HNO,
(3:1) Usu1as 10 mL ﬁﬂﬂﬁwlﬂmuﬂ'rﬂ%ﬂﬁulﬁmﬂmmﬁm (sonicate) fe1A304 ultrasonicator +Ju
a7 5 Hlu mﬂuummmmwummm (centrifuge) WEaE1eFaev DI 9ufl pH 7.0 asradeulagld
ﬂﬁumwammauaammawammu 110 °C unuawiuneunsI3sLasaraelafioadasusyuily
mﬂwumﬁqmumiuaﬂ%ﬂLLammgﬂw 3.5

Ultrasonic stirring 5 hr

Centrifuee Wash with DI water
o —_—

up to pH 7.0

20 mg of CNT in 10 mL dried at 110 °C -
of 3:1 (H,S0, : HNO3) CNT-COOH

Yot

aa

Uil 3.5 TuseuismanSenasaraeiafioadan fuouuluindfiing fledduansuendan

3.3.2.3 #d13asan8 MWCNT-PDDA was MWCNT-PDDA-AuUNPs

Hafaneadmsueuunluindfismgilsdduaiuendan Mduamegildfande 3.3.2.2 an
10 mg udAuansazany 0.25% PDDA (0.5 M NaCl) U3anns 20 mL shlushunsldnauidesninigs
(sonicate) Wuan 30 writ anthuilunguies (centrifuge) Wunan 30 wifl &udaeth DI 3 ads
udwilsiuialagougamail 70-80 °C agld MWCNT-PDDA uéada MWCNT-PDDA 31 ¢ mg/mL wéii
th DI 1 mlL vlusueduanudgs (sonicate) 3 Flus awld MWCNT-PDDA usunmmmsiden
a1sazans MWCNT-PDDA uanafaguil 3.6
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0.25% PDDA (0.5 M NaCl) 20 mL

Centrifuge 30 minute wash V_V'th DI _water
> (3time)dried —= MWCNT-PDDA

at 70-80 °C

10 mg MWCNT-COOH

U 3.6 TumsunTeEENATAZANY MWCNT-PDDA

asazaty CNT-PDDA-AUNPs in3eslae €9 CNT-PDDA 11 4 me/mL udfivansazans
AUNPs AL ILTY 0.02% 1 mL a7 sonicate 3 Falugazle MWCNT-PDDA-AUNPs

3.3.2.4 msfauUstalninaradanfuay
nswSEatalni GC/MWCNT-PDDA
Bl ivinauazenaudlnnendaisazats MWCNT-PDDA asdudy 4
mg/mL U31193 40 pL asuuRavhdalwihanduiviiusiigunaivesaslddalui GC/MWONT-
PDDA

N15.938u92INHNYT GC/MWCNT-PDDA-AUNPs
197l AvinAuazeIawaILIena15aEany MWCNT-PDDA-AUNPs US11AS
40 pL asuuimthdd idhanduidviuisnonmgiviesaglataliiln GC/MWCNT-PDDA-AUNPS

n1aeSendlnih GC/MWCNT-PDDA/AUNPS

thinlihiivharuazeraudaanveaaisazats MWCNT-PDDA aandudu 4
mg/mL U311as 40 pL - asvuRavihdaluihanduitsliuisiigungiivios wdmenansazans AuNPs
Aty 0.02%  USwms 40 pL wiaisliuisilquugiiviesdnass aglédalnily GomwenT-
PDDA/AUNPs

nsiA3ENT i GC/ AUNPS/MWCNT-PDDA

thialuihiivauazenaudnnenaisazats AuNPs  aanududu 0.02%
U395 40 L asvufwiihdaliihanduisliuisiioumgiivios udameaansazats MWCNT-PDDA
Aty 4 my/mL U3uns 40 L uihidliusiiguvndiviesdnade aglédalwil GC/auNPs
/MWCNT-PDDA
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333  mswseusalndilalasioudeseenluslulawuwed CS/HRP-p(Ani-co-0-Aba)/GCE

3.3.3.1 N589LA5129 Polyaniline-co-aminobenzoic acid %38 p(Ani-co-o-Aba)
TANOAINDIUY p(Ani-co-0-Aba) MIE33 Interfacical copolymerization ladaA
syimutuneudsiisivazBunsl wssnansazaneves aniine (Ani) way o-aminobenzoic acid (0-Aba)
Tu 5 mL maslswesu (CHCL;) lngldansiarulua 0.8:0.2, 0.6:0.4, 0.4:0.6 Wag 0.2:0.8 ANUEATIEIUA
AN39T 3.3

M13197 3.3 UaARIUSHIUEY Ani, : Aba, Tudnsidiusingg

Ani,Aba, Aniline (ml) o-Aminobenzoic acid (g)
Anig,Abag 0.036 0.2192
AniO.qAbaO.é 0.073 0.1645
Anig sAbag, 0.109 0.1097
AnigsAbag 0.140 0.0584

INTUASINENTAANY (NH.),5,0: T 5 mL 1.0 M HCl 1aSaudamansazans
(NH,),5,05 89ULENSAZA8984 Ani WAz o-Aba fisansavanvosnauly 24 $alus ﬁqmmﬁﬁaq el
Aanznouvoslanediuesues plAni-co-o-Aba) 91ntud1emzneues  plAni-co-o-Aba) intugae
asazans 1.0 M HCL thusieanlossy (DI H,0) uazteniuea muaisu wiis3lvuds a¢ldlaned
19584 p(Ani-co-o-Aba) MudnaLifiosns (Uil 3.7)

Ani , Aba,, Ani, , Aba, Ani , Aba, , Ani, , Aba,,

5UN 3.7 uansansazane Ani, : Aba, fwieslalagldninanludnsdiusiieg
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3.3.3.2 lalastauaseanlanlulawuiweas CS/HRP-p(Ani-co-o-Aba)/GCE

ialnfnatadnisuou (GCE)  nfeudaiuneSeuds CS/HRP-p(Ani-co-o-
Aba)/GCE @afisnwaziBendiadl maw 20 ul vas p(Ani-co-o0-Aba) Aandudu 10 me/mL uay 20 ul ves
HRP ATt & mg /mL lUsunszuiumsnay (vertex) WWunan 30 Wil wdsantu 1 10 pL
YDIATATAUNANTENIN HRP-p(Ani-co-o-Aba) MeRBIULTY GCE ndaanniishvnazanessneaonluuda
waeutalwiigae 5 ul vee CS anudiudu 0.4% Wodialiaudalviiuis Idedheasazaneeaa
Tied Quansavanevleamlndied | pH 6.5) aududu 0.0 M nswieudaluihaug viludhwae
wuiieaty WiewAdsurinues plAni-co-o-Aba) iy Wil dldliTiaamai ¢ °C ilelailald
U %’jumaumimamuamﬁqgﬂﬁ 3.8

20 uL 20 uL

M vertex 10 pL PAni:Abay/HRP
ﬁ N
30 U
5 ul 0.4%CS

p(Ani,,~co-0-Aba,)

CS/HRP-p(Aniy-co-0-Aba,)/GCE
sUTl 3.8 TumauLp3ends CS/HRP-p(Ani-co-0-Aba)/GCE

¥nsinsgsimanilnsiidaeszuu 3 Sl leun CS/HRP-p(Ani-co-o-Aba,)/GCE
Dutaliiildan (WE) Ag/AeCl (sat. 3.0 M KCD iudhlningreds (RE) uaz Pt Hudhluiheae (CE)
Anwnaaudinalnii lnenisuanuardndlniiain -0.6 V and +0.4 V (vs. Ag/AgCl) Tuansazane u
ansazaneneamatiies  (pH 65) anududu 0.1 M fidudadie N, luanmeildifuuasiy
lelasinuasoonled dauanslugui 3.9

Electrolytic solution

Magnetic stirrer

JUN 3.9 Mslesizimewmaianiaadilai
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uni 4
NANTISNAABILAZIITAINANITNAADY

4.1  nsvidaninslnamesiwtuvadlniaziau

nnsAnvnesiuszneuiiunranlunisludviessslniinnaiadasveulfibudals
wuees dvhnsmaasdaauisudioutaliginan 5 viln (AE) 1 A) GC, B) AuNPs GC ,C)
MWCNT-COOH GC, D) MWCNT-COOH PANI GC uag E) AuNPs MWCNT-COOH PANI GC lagld
waalvadnlaunuumilunsinuufAtereentndurestalwdfianududu 5, 10 uag 15 mM

NaN1IVAABIANYIMBIAUTENBUTIMINEaNsen s Falnldlueosuanads JUR 4.1 uas
#ndlniinfisenfinuansfamnsnsd 4.1

M13197 4.1 uansdndnglniihiwendinenludn (E,,) wavAnNsEhasIludn (o ) vesdaluei
ANUNTY 15 mM

Electrode code Modified electrode Epa (V) l osv (HA)
A GC 0.93 10.17
B 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

*1 oy A anszualwindnglni 0.6 V vesasazateuinsgiudalndianududy 15 mm

idefiansannanisnaassanleadnbauwnsluunsy (Ui 4.1)  uazdndlaliifisendinain
Uifsenoondinduresdalifarnased 41 auduldindaladh () | © uar () dalndiAaufAse,
pondunduiidndlnihgandt 080 vV Tuvmedidalidih (B) way () Winujisensendindunasdalsi
Fndlufiviiud 0.80 uaz 0.75 v awdiu  Fslunisnsntaufiseneendinduresdalwddudly
gl fgaiuluagsinliesdusznaudus ffleglusiegisuazanunsaiineondinduldsuniunis
AATIEN

dlofiansannszualiihdidndlndn 0.6 V (i o) Guaqa'ﬁa3mammgm%’dw«ﬁﬁmmﬁm%’u 15
mM wuddaliih (B) e AuNPs MWCNT-COOH PANi GC @silnns electropolymerization
polyaniline Ingldasazareosiauluuminuas MWCNT wagiinis electro-deposit azyn1ANaILIlY
asuutaliih Wenszuaiigaiian fe 60.49 pA  esdusznouvesdalwihedndTamnzanlunisin
simundusueesiitelflumsiinszvidaludsoly
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A) Gc 10 - B) AUNPS_GC
140 +
120 - 5 ] 1204 . Back ground
----- Back groun
_ 4 --.5mM

T 100 4 [ooismm 7 10 "
i 2 80 -
: 80 + |— 10mM -E
§ god |—15mm g g0 .
5 3
O 40 ¢ 40 -

20 - 20 -

0 0
0 0.2 04 0.6 0.8 1 12 0 0.2 0.4 0.6 0.8 1
Potential (V) Potential (V)
C) MWCNT-COOH_GC D) MWCNT-COOH_PANI_GC

140 140

R Back ground 120
100 { ==:5mMm ~ 100
q L
2 g { —10mM 2 30
£ —15mM t
£ 60 2 60
3 5

40 Y o1

20 20

0 N 0+ T T T ]

0 0.2 0.4 0.6 0.8 1 1.2 0 02 0.4 0.6 0.8 1 12
Potential (V) Potential (V)

E) AuNPs_MW(CNT-COOH_PANi_GC

140
120 +
.&.. 100 4 - Back graund
% 30 - == 5mM
5 10mM
£ 607 ——15mM
Fl
U 40 - .
'-,.-u------.::’
20 -+ ---._,o"-.
0 — Ly
0 0.2 0.4 0.6 0.8 1 1.2

Potential (V)
Uil 4.1 leadnhaunuluunswesasazangsasgiudalildfienundudu 5, 10 waz 15 mM
Tuarsazaeveamaiwines pH 7.0 anuutu 0.067 M Tudnglndwuulesdn uanuain 0.0 -
1.0 V meonsuialunmsiany 20 mV/s (RE : Ag/AgCL, AE : Pt) westnlniusazufdafivmuniu



-nsAnwviinvaseynialanzunlu (metal nanoparticles) Mwianzausion1swALGA
Tdwuwas

TunsAnwvdisvedavglufivngaudonsimudalndwuseslnglfinadalundnliauny
LN3 wazwasinaslsuns  nnsAnwlasldmalinleadnliaunuunslunis@nwiuizen
ponnturosdalidfinnududy 5 10 waz 15 mM Ipgldansazansarsazaneneanntmines
oH 70 enududy 0067 mM  WuasBidnlnsladdevyu Taswssudieuniniaufased
%ﬂw%ﬁﬁwméfaaaumﬂiamﬁuuawmmiu (4319117 AgNPs_ MWCNT PANi GC  wazdaludi
AUNPs MWCNT PANi GC) wamsviaaesuanslisssud 4.2

A) AgNPs
140 s
120 -
----- Back ground
< 1007 [smm
3
E 80 - 10mM
60 ¢ |=15mM
5
0
0 0.2 0.4 0.6 0.8 1 1.2
Potential (V)
B) AuNs
140 -
120 -
----- bhack ground
&; 100 - —
5 807 10mM
2 601 —ismm
3 40
20 -
0 L] L]
0 03 0.6 0.9 1.2

Potential (V)

gﬂﬁ 4.2 lemanbhawnuluinsuvesasazarsuinsgiudalidaududy 5, 10 wag 15 mM i
D1 A) AgNPs MWCNT PANi_GC uag B) AuNPs MWCNT PANi GC (luansazananaaing
Ulles pH 7.0 Anududu 0.067 M mednsusalun1suanu 20 mV/s, RE : Ag/AgClL uag AE : Pt)
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definnsanlsadnluwniluunsy 910307 4.2 aziuldinlunsTidndluiuanuain 0.0 -
1.0V 4alwil A) AgNPs MWCNT PANi GC Faliidanunsaiinujisereentinduiidngdluiingsndn
10 vV usidelddalifih B) AUNPs MWCNT PANI GC  dalwiiAnuiAsenoondnduldidngluii
0.85 v lunsamainuiiseneendinduresdalisi

MnmsAnudaamnsssaiildanmsineendindulasvesdalidldmeiaweunesisuns
(@ dndlwih 0.6 V) Tneiduansazatsesgudalidasses 1 mv aduasazareveamaivives
oH 7.0 Aanududu 0067 M aneldanneiitinisniunasaan (§asnda 500 rpm)  Fivaldih
AgNPs MWCNT PANi GC wazt i AuNPs MWCNT PANi GC mamimaamamﬁqgﬂﬁ 4.3

A) AgNPs
10 -
8
<
2 6
]
g
£ 4
3
v}
2
0 L] L] L] L] L] L
0 200 400 600 800 1000 1200
time (s)
B) AuNPs
10 -
8 -
<
2 6
]
9
£ 4
3
0
7 _hl_'_’_r_,——l—
0 L] L] L] L L L]
0 200 400 600 800 1000 1200
time (s)

Ul 4.3 wonmeslsunsuvesansazaneanasgudalidianududu 1-7 mMm Tuasazane
WeawntWiwes pH 7.0 anududu 0.067 M Tadndlvidn 0.6 V megsnsuiilunisuanu 20 mv/s
RE : Ag/AgCl , AE : Pt aneldannziifinisniu 500  seuseund U A iy
AgNPs MWCNT PANi GC uaz 5U B) AUNPs_ MWCNT _PANi_GC
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definnsanuasinuommeslsunsuanguil 4.3 asiuldidyyrusinszualidihidaldan
FaluH1 AUNPs MWCNT PANi GC flanmlafisnindalalfin AgNPs MWCNT PANI GC udifinana
wfsunndyaaitinldanndaliiia AGNPs MWCNT PANI GCE #idndlutihil 0.6 v uaziinig
numaanadesnsIEl duramnssuaiialaluduil 6 7 (Uszanas 800-1,000) wudayanal

o

Anszantaanta i iluavisameoynianasuily (AuNPs)  ludmaaiseundidyyiu

Anszuannsiaialanigtalidanlufnieadieauniaiuuily (AgNPs) elstile
AuNPs_ MWCNT PANi GC wangaslunswaundudalwdwugesuinni

-MSANNTLAYDVBINaRaAs UL TUTial (MWCNT) Atangau

mﬂmamimaaqLﬁaﬁﬂmmaﬁﬂﬁzﬂauLLawﬁmmaumﬂiamquﬁmmsawiams
faundalifiouees wuirdaluieda  AUNPs MWCNT PANi GC wangaufiannsiaundu
wuwes  lumeassiezAnwvinvesiaiieansueuunluindfimunzaudeniswaunda i
AsusuwIuifRnw T6uA MWCNT, MWCNT-NH, wag MWCNT-COOH

nan1snaaesinwmudavesiaiieanisuouuiludiod MunzausenisinuSunadalig
wuwesfeomaiialenanhaunuiuyd uandldfeguil 4.4

Fothwanisnaassanlandnlraunsluunsy (Uil 4.4) mdndluihiiseniinueludin ,,)
LasAINIELETIAng 0.6 V (ipsy) INNaNITAABIIEiiuINdA I ATRuf e MWONT 555091 Fa
AR 0ondinduresiidnglnfiuszuin 0.85 v luragiidalifhdiwande MWCNT-NH,
LAz MWCNT-COOH dalwdannsaiinufizeneendinduidnsluliivnnit fe 0.80 v iilofiansan
szl AEnSIni 0.6 V (i g4y) Guaqa']iazmammgm%’aw&ﬁmwm%’mﬁu 15 mM 392l
w13 wile wuinAnssuaRdndliih 06 vV finsiaiadaedaliiindiiamngie MWCNT-NH, 19
mﬂizLLaﬁqaﬁq@ 599891178 MWCNT-COOH kag MWCNT tagliminsehawinniu 22.56, 12.33 way
7.31 A MUY
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120 5

Current{pA)
= =) o )
=) o o S

[
o

38

AuNPs_MWCNT _PANi_GC

----- back ground

==:5mM
10mM

=—15mM

o

120
100
80

60

Current{pA)

120

100

80

Current(pA)

0.2

0.4

==:5mM
10mM
=15 mM

----- Back ground

0.6 0.8 1 1.2
Potential (V)
AuNPs_MWCNT-NH,_PANi_GC
0.6 0.8 1 1.2
Potential (V)

AuNPs_MWCNT-COOH_PANi_GC

----- Back ground

o |==:5mM
10mM
=—15mM

0.2

0.4

0.6
Potential (V)

1.2

sUN 4.4 leadnbiaunuluunsy vesansazaneuasgiudaludianududu 510 uag 15

mM - Al diludvhedlaeldtaiteansvouunlufindudingia 9 (MWCNT, MWCNT-NH,

bbE e

MWCNT-COOH) luansazaneeantiives pH 7.0 Aadudu 0.067 M sasudilunisawnu

20 mV/s (RE : Ag/AgCL, AE :

Pt)
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o |

nnsanwlagldinatianenneslsumslun1snsvindyyinmnssuaanuiizetoandndu

o
1%

voudalid WethAnszuandenlannnisnsinaindalid 3 91 wasandeauuninsgiu (SD) 1
Wisuiguanszuails Tegldtaluihnludvhedaindafiieadaisueuuiluiiodne 3 wlln wanis
VARDIAAILARINTINUNITUN 4.5

0.5 7
0.4 -

0.3

Ai (pA)

0.2

0.1

MWCNT MWCNT-NH, MWCNT-COOH
Types of MWCNT

JUN 4.5 nsvluvisuansianmsiUSeuiieuanssuavesansazateinsgudaludanududy 1
mM insaadalaaintaluiiimundie MWCNT 4iamnge

dlefinnsananisnaassanuemmeslsunsuLazAnsruARdsTian st ans MuvislugUR 4.5
wuindiendluih 0.6 v Salwiiiaunge MWCNT-NH, uag MWCNT-COOH  T#Annseuaiaded
AoudnslndiAsaiufe 0.350 waz 0.323 pA mudidu uaddosuuadslunsnsiatnuesdaluiing
Tufvhedéne MWCNT-NH, fidngenirdalaindlufviesidag MWCNT-COOH ffusfafoademsvau
ulufindfimnzausemsiaundalidivugesie arfueuuluindffingilsiduarsuendan
(MWCNT-COOH) Fsthelidnyaamnszuaitinldfinnuaios wanzaudonisiamndalndivuees
innndpsvenunindviindu

MsAn¥En1zNTAaB AN zaY

TunsAnsmysunaesdauimnzaslunsiudnesdalnfiinaradnsuou azldasazans
HENYDS MWCNT-COOH:aniline ludnsndufiumnansiunananetudss 1.0:0.5, 1.0:1.0, 1.0:1.5 wag
1.0:2.0 nanIsNAaRsFnwImUsInameses Baufinzaudon svaudalndisuresiewmaiauen
weslsum3 uandlddesui 4.6
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357 A)1.0:0.5 357 B)1.0:1.0
3.0 3.0
_ 25+ 25+
< <
220 220+
- o]
c C
£ 15 1 215
3 3
© 1.0 = u 1.0 *
0.5 4 05 -
0.0 0.0
0 200 400 600 800 1000 1200 0 200 400 600 80 1000 1200 1400
time (s) time (s)
35 .
3.5 = c) 1'0 : 1'5 D) 10 N 20
3.0 - 3.0
_ 2.5 o ch "
<L
=3 - 2.[] "
-E 2.0 = 3
g 1.5 - dsl 1.5 o ’,*r_’__/—’_‘_’—
=] = |
CETE 3 1.0
0.5 - 05 -
0.0 : : : : : : 0.0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 1400
time (s) time (s)

Uil 4.6 ueuwmeslsunsuvesansazasanasgudalilienadudu 17 mm Afaldann
Sl AluRnesdsasazats MWCNT-COOH:aniline  ludnsndufiumnsnadu (A) 1.0:0.5, (B)
1.0:1.0, (Q) 1.0:1.5 waz (D) 1.020 @dndlui 0.6 v Tuneantnies arnandudu 0.067 M pH
7.0, RE : Ag/ACL, AE : PY)

nNaNINAaedtugun 4.6 WeiAinssuanldannisinnialaglddsluihiludvhediiy
d15aza1g MWCNT-COOH:aniline  Tudwsiaduiuansaius 4 an1e uadsuazmandeuy
A3z (SD) wlSuiiguanszuannsiaindalidld wanlouandansvluvisgun 4.7
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0.40 -
0.30 -

0.20 -

Current (pA)

0.10

0.00

0.013 mM 0.020mM 0.024 mM 0.026 mM

Aniline (mM)

SUN 4.7 nsluvisuanssansiseuiisuAnsekavatansazateiinsgIudalniaududu 1
mM a5 ialaantl Wi iwmuIfe MWCNT-COOH:aniline  Tusnsndiurise Iasiudasuuyas
USuauvesostiau

Nnueumeslsungy  (3UA 4.6)  uazAnszuARATLansiansuisluzUR 4.7 wuddl
dndluih 0.6 v daluih (B) Aifnsndausewing. MWCNT-COOH:aniline  (1.0:1.0)  S9iiuTaney
vo0rdidu (aniline) g 0.02 mM Wdnszuaialis 0318 pA  Fedidrgandidalafih (4), () wae
D) wandliiiuiiuSunamesesdduilimusaudenisiauidalifinaradnisuoude ludnsdiu
5%%I9 MWCNT-COOH:aniline  (1.0:1.0) %qﬁﬂ%mmaqazﬁﬁuag 0.02 mM FrelAdeyo
Anseuafiinléiirngs uasfimnuadosd

TunsAnwU3anames MWCNT-COOH fitmnzausemsiaundaliiinaiadaniven Tnoas
Anwnsinuffsereendinduresdaliditaliiiivaundisaisazarenansening  MWCNT-
COOH:aniline lugnsduiuananefudsi 0.5:1.0, 1.0:1.0, 1.5:1.0 waz 2.0:1.0 ANANITNAFDY
AnwUTUIawes MWCNT-COOH fiuunzauseniswawdalndsugesiemeiaweunesisuns
dlethdnszuaiildannisiinsaaialagldd i iluavhedaeaisazats MWCNT-COOH:aniline
Tudasdniuandnefiui 4 anme wiedsweemandonuumasg (D) wuUisudfisusnseua
finsraindalndls wafilduansansmiuisguil 4.8
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0.70
0.60
0.50
= 0.40
0.30
0.20
0.10
0.00

pA)

Current

0.26mg/ml  0.40mg/ml 0.48 mg/ml 0.53mg/ml
MWCNT-COOH (mg/ml)

UM 4.8 nsmlwisianananisiSeuliisuainseuavetansazansiinsgiudalniaiududu 1
MM Ansiaialaannda i ivmuisie MWCNT-COOH:aniline Tugwnstdiusie o Insiudsuiias
U3Hauves MWCNT-COOH

Sofnsandnssuandeiuansdansinuiduud 4.8 wuididndlai 06 v dalwil (0)
Tiinssuaindogeian wilindoauuedsfigamindnssuadinldandaluih © ddvnszuaeds
flndiAestu i (O Afdndrusening MWCNT-COOH:aniline  (1.5:1.0) @fiuianaus
MWCNT-COOH 8¢ 0.48 mg/mL Freliduanainseuainnsataldienuates Wuanied
mnzauson iR dalwdluesleTign

lunsfinuiiinameseymenesulufnzaudensimuialiinatadesueu Tnefnu
nsAaufiseneendinduresdaludiidalwi divaundearsazate idusumveseynianesuly
uanenafudsdl 0.08, 0.12, 0.16, uaz 0.24 mM HanFVARENENWIIUTIIMTateYn AUy
(AUNPs) Tnzausiensiaundalidieuresieomaiaueumeslsums Wevhdnszuaildainnis
fnsatalaelddaluihillufvhedsemsavanseynianeslu (AuNPs) arududufiuandratuste 4
anny wiedouaznandeauumasgiu (D) wlsuiisuinszuaiingaatadaludls wadild
namafansmluviaguil 4.9
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1.00

e o
o ®
© o

Current (pA)
o
Y
o

0.20

0.00
0.08 mM 0.12mM 0.16 mM 0.24 mM
AuNPs (mM)

JUN 4.9 nsmlwisanaan1siIeuiisuansekavesasavatsinasudalidainududy 1
mM Pa51a3alaantaliihiludvhedsiseynianasunlululunasiaiu

WeRasanAnsekaafanadansuidugun 4.9 wuiwdndlndh 0.6 v 3lnilh (8)
FedlUTunad AuNPs g 0.12 mM Tienseuaafvganian Ae 0.854 pA AsulIunaeseuniauily
V991 (AUNPs) 0.12 mM wnzausiansiwud lnihnatadiansusudmsvinsisvdalnduinian

Tun13@nw1tae pH vesansazatenoaadWines AuuTY 0.067 M MIiuNzaumanis
THhduansazaredidniasladinenyulunisasiaiadalidilddalndsugesanaundududingaia
aomadaweumneslsuns Iagltarsavansneaintviiwes 98 pH 5.0, 6.0, 7.0 , 8.0 uag 9.0
audiv uansasanedidninsladinonyy nan1snaaeduanInaguil 4.10
0.5 -
0.4 -
0.3 -

0.2 -

Current (nA)

0.1 -

pH

JUN 4.10  waneAINselalfgvesaIsaza1eu1nssudalng anudnty 1 mM - #ilg
ansazaneveawninives anududu 0.067 M il pH ssduduansazanedidnlnsladinenyu
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'
=

MNHANTARBIRITUT 3.10 azuiiuldiansazaeeamatives aandudu 0.067 M 7
pH 7.0  awnsansraiaAinszuavesansazatsanasgudalid andudu 1 mm  Idgefigade
0.463 pA faty A1 pH  vesdsavaerleamintiles vansausonsldiduasazaiedidnlng
ladiAonyulunisnsniadalidilidalidougesiitmutuiufnmata foarsazarewoaa
UWies pH 7.0 AUULTY 0.067 M

-nMsAnwAManwuzvasdalidsuYes

NnMIvRaBLarANUMAAITLITUTas A amanlunT e Taslunismaaedliii
nsieTeiansazaeunsgiutalid $au 5 41 dwmumdaiiadiaslunisiesesdldiiniy
0.0927 mM fiAanudssuumasguduivduindy 4.12 (0 = 5) wandiifuidalndisugesi
fiaunlefidadrialunisiinsgiuiinadalidldianudududiianissfuiiadluand uagiay
NSREY

nsfinwnsnevaussuuiliudunsivatasaratsunsgudalidnansunaewan iy
#4.11

16 mM Sulfite A)

y=0.4296x- 0.1214 s
6 4 R*=0.9964

Current (pA)

Current(pA)
=

1 mM Sulfite

Sulfite (mM)

0 T T T T !
0 500 1000 1500 2000 2500

time (s)

JUM 411 wamweslsunsy wanenisnovauatuududunsvaadalud Aildainnisidx
asazanginsgutalidnanududy 1 - 16 mMm 3U A) sUdygaumemnesisingy U B) uans
NIMLINTIIULALAUN TLEUNTIVOINT NN TFINVO TR LY

mﬂgﬂﬁ a.11 wansduanadildnnnnslémeiasenmesisunilunsmyiinisnevaussuuy
Dudunsiesansagarsainasgiudalidaududuy 1 - 16 mM dlevhnisa¥ieansmannsgiuuans
ANUENTUSTEnI ANt UYesasazangRnsgIudalndiuAnsEla (lagu B) laaunisiduns
Ao v = 0.4296x — 0.1214 (r = 0.9964)
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Tun1sfnvnavesiisumuiiiinasessuunmsimssiuuusemneslsauvaildimuiy Ine
a’l'iaza’lﬁlmmg’m%aﬁ’;iumuﬁﬁﬂm'ﬁﬁﬂmiﬁm ascorbic acid, sodium sulfate, sodium nitrate
WAy potassium iodide firnundudusiag arnnsneaemenmeslswnsy  tdyaiaeinssuadls
PNNINAERINTIvIRasaraneRaNTiRnfIsUNIUTiaudRduse S sudisusuduganseuai
Ifnnmsnsninansaraneunassudaliwdnlififasuniu. Sdyaunssuainnaialdiauunnsig
fu+5 % waneindin1ssunIuvesasHIsUNILTLALATlURESTUUNTIATIEN HANSVIARBILAAIN
5197 4.2

A197197 4.2 LEAINANISANYINATBIFITUAIY

f5UNUY Frsnnudutudidner | Tolerance lmit® (mMm)
(mM)
ascorbic acid 0.01 - 0.15 0.05°
sodium  sulfate 1.00 - 50.00 10.00°
sodium nitrate 0.10 - 50.00 20.00°
potassium iodide 0.01 - 0.30 0.20°

Tolerance limit © 91501 ndyganisidsundasainssue = 5 %

NANTT 4.2 wudndasunauiivhnis@inen 1dun ascorbic  acid , sodium  sulfate |
sodium nitrate wag potassium iodide TN1SIUNIUABIEUUAITIATIENR asdl Tolerance limit
fa 0.05,10.00, 20.00 uag 0.20 mM fd U d1wdu ascorbic acid il Tolerance limit ¢
finuiigs 0.05 mM a'mLflumaLﬁaammﬂmsﬂiﬂumﬁ%uw%éﬁmmiaLﬁ@ﬂﬁﬁ%maaﬂ%m%’ﬂﬁﬁ
dndlatiiilndidssfunmaiinufiteneondiatuvestalnsd JuiliiAnnssuniunsiinssifianm
dudushe dwdu potassium iodide Bufuansdidniaslad nissuniuseszuunTiATIZioIaLAn
dewnn leazanglusvharaneazuandudulossuuin K) uaglossuau (1) vilfamnsatilaih
1§ Feonafinadedyaumnszuaiingaiald

Tun1sAneauitesweennsinen (reproducibility) vestalwieuwosinauniy Tnednu
nNan1saaesnTadalidiemadaueumessums ATaduauainssuavesdalidinaiy
Fudu 1 mM Shwau 3 6 annwenmeslsunsudildanusamnanszuanasuarianadaduns
windeiFeufieudnssuaitinldandalaiiie 3 47 wansde suil 4.12
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0.50 1
0.40 -
0.30 +

0.20 -

Current (pA)

0.10 -

0.00 -

Electrode

SUN 4.12 LaAInIINLRUS UL UAINT S WAV NATIANUTNTY 1 MM Ans13nlaain

U

i AlddnsuRnwivrnisaevauauulduldunss was@nwidisuniu

MU 412 wansAnssuaadeiildainnisasatadaetalaiinne 3 4 Aedeudulagld
Bmsweatu Wanszuaiialadalndifosiu Ao 0.453, 0.432 uas 0.443 pA auddu ieth
Anszuandsildudunmadudeivunesguduing % RSD)  wuiandsauunnsgu
Suimslunisanvanuiiswenisydwesdalndisumes (reproducibility) Miwamuaduiimwiai
2.37

4.2 Tlihvlianaiadnisueundaulsimesiafileadaiveuuiluind-fiaaie-sun1aAnesuly

sAneesAUsEnauiunza

nMsAnwesrUseneuiiunzausemsiaundaludsued Tnofaulsialwiinaiadasuou
#e38n13 drop casting MNMIAnUFATE0onTnFuresdalidffinuduiu 4 mm lngldinaia
TypanTaunuium? Tnglddnlniniinaundisesdussneufisneiusis ¢ i (a-d) Wudalwildeu wa
mwmamuamﬁagﬂﬁ 4.13
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Current (pA)
S

00 02 04 06 08 10 12

Potential (V vs Ag/AgCil)

U 4.13 lemdnTaaunuluunsuvesansazasunsgrudaludarududu 4 mm Adalwilu
azylia (a) nanadasuau (GO), (b) CNTs/GC, () CNTs-PDDA/GC wag (d) CNTs-PDDA-AUNPs/GC
Tneldarsazanvneamadviiwasanudutu 0.1 M (pH  7.0) LﬁuaﬁazmEJSLé;ﬂImIaﬁLﬁamu,
Sns57lun1sauny 50 mvs-

Sofmsumansnaassnlsadnlawnaluwnsalugy 4.13 asdfuiddaliih @) nanad
afuey  UfiseneendiatuvestaluiiAnfidndlniligs Wssina 085 V) Tuvasdl 9alwi (o)
CNTs/GC (c) CNTs-PDDA/GC uag (d) CNTs-PDDA-AUNPs/GC lvidngeniineludndndluilh 0.40,
033 uay 025 V guddu $3lwil1 CNTs-PDDA/GC uaw CNTs-PDDA-AUNPS/GC vilsiuAATen
pondinduresdalwdiindidndluihidias 0.45 uay 0.52 v sudduidladteutudalwinanad
ANSUDUGTIUA UBNINHEAeIinssuaLeluRnilEan 4alifn CNTs/GC, CNTs-PDDA/GC
Uy CNTs-PDDA-AUNPS/GC fidnunnnindaifisufudalifinaradansueusssun nansvaaesuans
Tiudn ONTs duasalinsdrewdiinasewdinldfitu Wosnauautfinisiilaihiia fiudifage
wazdiaununuie)isenadl dau CNTs-PDDA Hunuinlunisisaufiseteendinduvedalualy
Aaldfidndlifiniidnas uay CNTs-PDDA-AUNPs fUszansamlunsissufjisenmnnniy CNTs-PDDA
floaan AuNPs defignuasiiRredianminliiiiigs fiuiRanvlfAnnsdewbiineseuldfgadu
INHANTITNAGEY 2111 CNTs-PDDA-AUNPS/GC Fuifutalnfindnunzaniiaalunisurlusa
Uunaudalug

Tun13@ner pH  vesansavangweaiatiiwesauidudy 0.1 M Awsngausonisiagidu
arsazaredaniasladinevyulunisnmaiadalndmewmaialawummiiaainszuavesdalndaiy
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Wty 4 mM Tuansazaneneaaduiiesnadudy 0.1 M 9 pH 5.0, 6.0, 7.0 kag 8.0 AUARU KA
NNINARDIANIRIFUN 4.14

200
105 &
o
150 + {04 3
<§_ 103 =
= 100 + 2
% 0.2
t 50 L T 100
S 190 =
© 0t 180 E
170
-50 ' ' ' ' ' ' —r——— 60

00 02 04 06 08 10 12°0 6070 80
Potential (V vs Ag/AgCl) PH

Ui 4.14 () lwednlraunuluunsuiildainnsinainszualniiansazarsunsgudalals
ardudu 2 mM Aifld pH eesansavateveawlntniesidudu 0.0 M Fisneiu (b) nsvuans
AUFURUSSENINAF I UANG WA AUAT pH  waz (0) T WuanIAILFURUE Y nINd gy
ANIZLANUAT pH

NAN1INARB3AIN3UT 4.14 nudndlefilevunsansazatgalunuindefiovvesaisazans
avdudalifanunsaifnoendinduldfidne lnihiisdnas daudnssuaandugeiudofiovarsaraisgeiy
wieey 7.0 uazAnszuaazanaiiiefitovvosansaratsuinnii 7.0 anmmeasstansliiuogs
Faruiflorwesansazaeinasionisvinuresuluresindnuudalwfioume sidmundy uazad
uinzanfilidnszuaguandofior 7.0  Fafusuidediadendfios 7.0 Wufievves
asazanedidninsladifeovuiivanzay

TunmsnuinavesdasiilunsaunusioleadnlraumilnunsudiieAnwufAserfifvesdali
4910 nan1svnaesuansiasuil 4.15a wuddeldsnsidlunmsaunuiigedu Anssuailddiangedu
Tneiilethanszuafivoauslufnumasafuaiaunisnvesdnsnislunmsauny (Fanmunsnlugy
4.153) agldnsmiisianuduiusuuududunss (© = 0.996) uansiUFAZo T ARTUgNAIUANAIN
nIUIUMIUNT  (diffusion control process) wazliifinnisgadufiiadaluilldeu CNTs-PDDA-
AUNPs/GC iy
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a b

= A = 400

-~

éjw— gsm_

= 200 4 = 200 4

£ g

= 100 1 = 100 -

© ol T T T v 0 —
0l 02 03 04 05 0 2 4 6 & W 12
(Scan r:te)m Concentration (mM)

ISﬂuA 10 mM

00 02 04 06 08 10 1.2 00 02 04 06 08 10 12

Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)

JUN 4.15 a) leadnbiaunsluunsuvesdalid anuidudy 2mm Adasusilunisaunuaisiieg
-1 gy la a o s Y v
(0.01- 0.15 Vs™) uag b) Nmsusslunmsawnu 0.05 Vs Welvesdalrldaududy 2-10 mm

RnEan1sAedtugUN 4.15b ssiiuindefiunnududuvesdalndaglininssuanadu e
Anszuanliundendumanududuvestalild (Fsguunsn 3.15b) nudrAnseuawdsiunsaiu Ay

¥ v o 6 2 1 5 ¥ d' o dy o %
WUTUUDITALNG (r'=0.999) wanaINUINHNTH919 CNTs-PDDA-AUNPS/GC NWAUNTULALNEAUAINSU
Y1959 AUS U ls
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50

" Y ]
[ [

SaunwaslsiunInvavalnd iU gasAwMuIdu (CNTs-PDDA-AUNPs/GC) Tuszuufisinig
va

AsanwAng WA Mmunzauluy
A5UINARATNADULAATULLTIIUAUNITATIVIALUULDULNDS LS UNS NTITA LN ALY UL D ST
Walu1TU (CNTs-PDDA-AUNPs/GC) asvinlilamaliaiiasizinazain saasnazduszansninlunis

As3ndalus TunsdnwdndlninwunzaulunisnsiaindalidNvida lndisuigasnan1snaasd
AU 4.16

Current (LA)

I I L I
00 02 04 06 08 1.0 1.2
Potential (V vs. Ag/AgCl)

UM 4.16 AuduiussenInenssuaanuiseteendinduvesdaliddudngliinnliungy
TdalndiguigesiimuTu (CNTs-PDDA-AUNPS/GO) Tussuulnladuianduy

Mnuaneaadlugui 4.16 wudndlediudndlniinsus +0.0 fis +0.4 1iad Anszuanliaziiugy

v & Ao S O o ¢ & a aaa A o o ¢
wansliiufsnsnevauesnfivuvestitidalwdiwuiwesignaiuaulagufisereandinduvesdalnai
et vinliAnsswanlainuntu wazlald@ndlnidnuinnin +0.4 Thad Ansswaazanal taeh

Andliii +0.4 Taad aglianszuaasan Jadudndluihnmunsanlunisinnisnevausswesiada
Ilfwuwes

AENwzvaIdaldiwuges

lannasaiiomananuuzvesszuulnaduaatuezuaganissunmiainiuuneuneslsuvsi

gl AU iNTMUITL (CNTs-PDDA-AUNPS/GC) Aot 19d ey auiiliannn1snaaeuandfagud
4.17
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12
z
10+ £
30
:g 6+ "0 50 100 150 200 250 200 mg L
o “oncentraion (mg ;1 150 mg L A
: ‘ t (el iﬂﬂmgl—" f =
5 4 I 10 mg L™ gL ==
[ [lﬁm[_{lf'lmgl"-1 A f_/l_\
2 Form :j'l —
£
=
: NNNNNN
-2 ' ' 1
0 2000 4000 6000 8000
Time (s)

=

sUM 4.17  degidyaruntaainnisiessimessuuliaduanduesunfganissuy

oo
(% ' 1%

M52 TALUULDULNDSLSLUNSTITA WALy UL DS AN AUITY (CNTs-PDDA-AUNPs/GC) TaWmu1 U
dngluinlunisin: +0.4 v (Wleuiu Ag/AgCl), ansazaramini: Weaaduives fitev 7.0, 9n51A1S
1@ 1.0 mL.min"

Tunsfnwinudnvurresssuuiiamssiuvuiemmeslsumiididalidisueesinaundu
wuhnTmiesuTestadaliiinsnevaueuuudunsiesmsazaneunsgudalig oglutag
AUty 0.1 53 200 meml” Apuduviiy 10.056 wilukeuwdsie me/mL AduUszans
andsiug (correlation coefficient, r) Wi 0.998

Fadrinrngalunisngsiadn (detection limit) SAWsinAy 0.03 meml (36) Anszuailfain
M3¥aimnadies (precision) Aunndaliien %RSD Windu 1.5 (nandgaavesdalndannududy
me/mL, n = 10) wazawnsaiaszaily 23 fegrsetailus stuvinswinuusenmedlsumIney
Sdalndiureifinauiuiidinisnevavewuuludunsimunsaunarerafulsslovidmsu
nsihluvszgndlilunmsematauinadalifluedosiugu Tnd dhuals Dus

n15AnEINAYRIRITUNIULAZNTUSEENA LY TUAIDE19239
Tun15ANEINAVDIRITUNIUNTNARDTEUUNITILATIZ MU UDLLNDS LSLUNS ANAIUITY FasUNIU
ninsAnenlaun fructose, glucose, sucrose, ethanol, sodium nitrate, sodium sulfate,

potassium chloride wag ascorbic acid Aimaduduang Wouwanisnaasswesenlonounsuinle
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PNNINRaRInTIvinasaranerauiinfsunuinududuins s uieuiudyaanseuad
Ifnnmsnsainansaraneunassudalwdnliisnsuniy Sdygrunssuainnaialdiauuandi
M+ 5 % wanInfinssuNIUTEIENIRISUNIUTIRLATlURBSTUUNITIATIEE  HANISVINAILERIFS
5197 4.3

A139% 4.3 LARINANISANINATDIRITUNIY LiladnansavasunsgIudalid Aududuy 10
mg/mL (n=3)
Foreign species/added as Results’

Fructose A
Glucose

Sucrose

Ethanol/C,HsO > Does not interfere

NO, /NaNOs (Studied up to 1,000 me L)

SO, /Na,504

Cl/NaCl

Ascorbic acid/CgHgOg Interfere (at 50 mg L)

NsanndyaunsUasuLUasdygiaaInszud = 5 %

PMNASNT 4.4 wuIdasUMILAiNNsAnETe 8 wile  SiFasuniu 5 vieldun
fructose, glucose, sucrose, ethanol, sodium nitrate, sodium sulfate Wag potassium chloride ﬁlﬁ
LAAINITTUNIUABTLUUMTIATIEY  (uifawilnnuiduduiigeiis 1,000 me/mL) dau ascorbic acid
SUNMIUNIUATIEALAelYAT Tolerance limit Wiy 50 me/ L

Ussifiulszansnmussssuulnadunatussunadaiinsiniasmemaiaweumeslsum
Ffddalidisudiosiinmundu (CNTs-PDDA-AUNPS/GC) Tnanistinlussgndldlunisiiasie
sinadalidlushegnaiwalsl (A-E) shegrdlaiun (F-H) wazlduns (-) dwadndiiasievidildann
svuuTnaduantuszuasaiinsaiadomedawouneslsunaadalidioudiwe sivauiiy u
Wivuitsuiuisunnsgulsua 3Biauuulelelaum (lodometry) wuinldnansnaassdisguil .18

Y
Y
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|I |I |
0 7 T T
B C D

A

Y
=
|

m iodometric method

I
n
1

0 developed Fl-sulfite sensor

(5]
=

—
=
1

Sulfite content (mg L")
N N

E FcnuﬂlﬂJ[KIln

— L. = e —
o T

Sample code

JUN 4.18 Amadnsinszvivesdsunadalndninseiilaaindiegraiinaldl (A-E) fegna
Tl (F-H) waglindues (L) 9nnsiasizisessuulnaduiaatussunddanissuunsiainuuy
LOULNESLSVSTTILWAY CNTs-PDDA-AUNPS/GC  Laz353sunsgiuwuulelalauvs (fhegisas 3

replicate)

MnnsaaesnuIUsnadalidiieseildaindegnaimalsl (AE) dedrslandvn (F-H)
warliniung (D) 91nmsiesziseszuulnaduantuesunddaiifssuunsaiauuusesineslsuvsd
42l CNTs-PDDA-AUNPS/GC  lalumneinsaehsdidoddnfunadnsiinmesiiildainmeiaunsgu
(lodometric method) fiszdiuaaLdesiu 95% ( tobserved = 1.7276, e taitical = 2.2009)

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

4.1.3.1 15895129 p(Ani-co-o-Aba)
n15datAs1zRlanediluesvee plAni-co-o-Aba) A1877 Interfacical
copolymerization 91n@158za8NaNvad aniline (Ani) kA o-aminobenzoic acid (o-Aba) Tufan
araudunsgmenanlsnesy (CHCL) Tneldonsidiuluavestausiuas 0.8:0.2, 0.6:0.4, 0.4:0.6 uay
0.2:0.8 MudIRy wazld (NH.),5,0s dsazarsludvinazarstniusisisy (nitiator)  iiele
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\AnufAzemediuelsedunuueyyadasy (radical polymerization) iloldnzneuveslanediueives
o(Ani-co-0-Aba) uda liEnemznauves plAni-co-o-Aba) Antudeaisavans HCl tusiaanless
(DI H,0) waztevuea amudu tieminueusweiuardwuilewiug senly wdafalilvuis aslala
WeALaseY plAni-co-o-Aba) Mufisiainis TneBufinyusuna aminobenzoic acid (o-Aba) Tulawed
wio$ Buililanedwesildifinamdewnniniy

sUfl 4.19 ansazanenan plAni-co-o-Aba) lusasndusineg eufAserdudusiuly () 1
Wi uag (b) 10 Wi

INNTFUIUNTIAATY anlzgITeTaveinaueaunsuiisenediuelsiedures

1 (%

aniline (Ani) wag o-aminobenzoic acid (o-Aba) AAaTulAAIT

COOH COOH
§ H H
O G e L0 O-F OO
Ani (NH)2S,08 _ Cl Cl Cl7,
" Aba in HCI p(Aniq_y-co-0-Abay)

in CHCl; at interface

JUT 4.20 Ui mediuelsiadurad aniline (Ani) kaz o-aminobenzoic acid (0-Aba) #e33
Interfacical copolymerization e x (0 < x < 1) \usnduluaves o-Aba lulanediwesaas p(Ani-

co-o0-Aba)

N153ATIZAENEN YAl
definnsanainlassairsvedlanediuosves p(Ani-co-o-Aba) Aiivsmsuendan (carboxylic
acid  group) WuesdUszneu AusITeansaAnwauantiveanisgandunadlagasanegludii
avanedunIdu1eiale wu lawiianesulug (dimethylformamid: DMF) #3e lawdiadananlen
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(dimethyl sulfoxide: DMSO) Tunsnaassil Anzdideldinlanediesuas plAni-co-o-Aba) luusias
Snsrduiiduaseildunazaisde DMSO (dimethyl sulfoxide) 1nifu shlufnwinmspandunaie
\A384 Perkin Elmer Lambda25 UV-Visible spectrophotometer $18 quartz cuvette (10 x 10 mm,
Hellma Analytics) 9ntuuanulugaseiuenadudas 300 81 800 nm

1.00
@)
] — ()
- ©
@©
~— L
(]
O 0.50=
c
m -
o]
-
o -
brd 0.25
Q -
<
0.00 S p————————————
300 400 500 600 700 800

Wavelenght (nm)

311‘17; 4.21 UV-visible spectra 984 p(Ani-co-o-Aba) Tuusadnsauiidnnszils (a) 0.2, (b)
0.4, (c) 0.6 and (d) 0.8 mol Y83 0-Aba #® Ani

dlefinsan UV-visible spactra #iléiann plAni-co-o-Aba) luusazsnsndy WUYINIQANEY
waslutsnueAduRaA 400 F9 700 nm Faududnuuznisganduuamomediueslundunedeiy
A uardennAdeafunuiterieg friuun Wewfinu3una aminobenzoic acid (0-Aba) Tulanedwes
Anzfidenunsganduuastuiininuenaduuszsana 390 nm dadunszuiums T-m* vesszUUIs
\wudu (benzenoid  ring) wenanidamumagandunaduiinimeniaduussainm 620 nm ves
n3zUIUMS N YesBidnnseuglaniisrvusznoululnsauiaussivesidiageaniifiaidnnseu
AseuAsaIRg (HOMO) lds T* Faudusziuessiianmagaiilsififidnnseunsounsesey (LOMO) [28)

et p(Ani-co-o-Aba)/GCE, HRP-p(Ani-co-o-Aba)/GCE wag  CS/HRP-p(Ani-co-o-
Aba)/GCE lUfnundnuazassitufinfewnios Atomic  force microscope  (AFM, Park Systems
Corp., Korea) finuaunsuanusae XEl software antuvinisuanufiandrdalwihdenisaulufiui
WANY 5x5 pm 21Nty ﬁwaﬁlﬁmﬁLfmzﬁé’ﬂwmzﬁuaqﬁuﬁﬂmﬁmimmﬂLmuuamzﬁummqﬂ
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nm

400 -

UM 4.22 A AFM 989 (A) p(Ani-co-0-Aba)/GCE, (B) HRP-p(Ani-co-0-Aba)/GCE uag (C)
CS/HRP-p(Ani-co-o-Aba)/GCE

PNaN AFM azifiudn Saliiididaudsdae p(Ani-co-o-Aba), HRP-p(Ani-co-o-Aba) ua
CS/HRP-p(Ani-co-0-Aba) sedidnuararuiiuiiiouwanssuednduds Sl didaudsie p(Ani-
co-0-Aba) Uszneulusheeynianguieu (cluster) vasoynaszfuulufislualiiu 100 nm Jail
Ustlendadeanisassouledasuudalni defansandalaiihdidaudsee HRP-p(Ani-co-o-Aba)
WAz CS/HRP-p(Ani-co-o-Aba) dnvaizaesitufiiadedmuidsvunty Aduduiinsziinennis
dnwagmnanieamuesansalaana (CS wag HRP) Hules Jsaenadesiunuidefiinuumaiatu™
flesenulifeatunsld ¢s uas HRP indauUsaluih

mswnseulalasiaueseanlunlulawwuiges
F8lunsiwdenda CS/HRP-p(Ani-co-0-Aba)/GCE 91nMIRALUSA T8 INELTENI p(Ani-co-
0-Aba) war HRP nasanniiu thansavanenedszwing HRP-p(Ani-co-o-Aba) Menasuuta GCE n&aann
fidvinazaressmeaanliuds Tadeudaluiindroansazane Cs iefaldaudnlniinuis 1éneae
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asazanevieatatiines (PBS, pH 6.5) axlddalaliin CS/HRP-p(Ani-co-0-Aba)/GCE mufifiosns
lunsesaeulesd HRP asuu HRP-p(Ani-co-o-Aba) A8 1duNAlNN1TATIMETTUTIRINANIY
Iwifhhadio (electrostic attraction) s¥winany -COO vulasalanediuasiu -NH,  vulassadieves
HRP udiedaudeduiiduves Cs Fwaguidutunoudsgy 4.23

(A) >O HRP. \
[T
m electrostatic
attraction

HRP-p(Anll_X—coL 0-Aba,)

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

w
— (2). CS film coating

GCE CS/HRP-p(Ani-co-0-Aba)/GCE

SUT 4.23 msdauusialaiih CS/HRP-p(Ani-co-o-Aba)/GCE Tngande (A) n15w3a HRP asuu
p(Ani-co-o-Aba) Tnganfenalnnisnsenigisusraganielningdin (electrostic attraction) (B) ndeu
meduilduves CS

A15ASIEENIA LT

Fevhmveasaiiednwgaantimaniilnihvedanedesvemedesdaunazeriiluuuly
an wodn mawmadalepdnliauwnuuns (cyclic voltammetry: CV) ?qummﬁﬂﬁlw%ﬂé’ast'%'lmT,wmu
Foawm lnglddalnihfidauusie plAni-co-o-Aba) udaliinldau (A-D) 19 Ag/agCl Hudaludi
198 Wanauwadity (Pt) Wudalwihahe augdu asavanedidniasladifonyuildifuansazans
Woalndwines pH 6.5 Aty 0.1 M Tasvnisvaaedluannizagldussenniafing N, 9101y
el 4 wla (A-D) wdnwinaudRlagldinatia cyclic voltammetry vinisawnudndlii
Faus +1.0 89 -1.0 V luansavane luansazaneveamlndes (oH 6.5) amnududy 0.1 M fiaush
e N, lauanisneassdssioll
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200 +
150 4
100 4

50 o

P(ani-aba) 0.2-0.8

e P(ani-aba) 0.4-0.6

Current (pA)

_50 -
P(ani-aba) 0.6-0.4
-100 A
e P((ani-aba) 0.5-0.2
-150 A

-200

-1.5 -1 -0.5 ] 0.5 1 1.5
Potential (V, vs, Ag/Agel)
3U1‘7i 4.24 lynAnlraunaluwnsy 189 p(Aniy,-co-o-Aba,) ke x (0 < x < 1) lusasdly
au83 o-Aba Tulanediuesves p(Ani-co-o-Aba)

WaNINTUINANITNARBIAN cyclic voltamogram wudimdndluihneenfinaludn (E,.) 9
Anndisereendndukavadndluihfsaniinenludn (E,,) :nnsiiauiisensandu asulans
M99 4.4

M15199 4.4 dndludiwenfinniludn (E,.) uazArdndlniiieeniinonludn (E,,) 21nn13
Aauisevedlalasiaudeseanladntalnihndauusmelndwes

Electrode code Epc (V) Epa (V) i _030v® (MA)
A (Anig,Abagg) > 1.0 >-1.0 -1.51

B (AniocAbag,) 0.53 0.51 158.30

C (AnigsAbay,) 0.21 0.28 -174.00

D (AniysAbayg,) 0.19 0.56 42.40

i osv * AD AINszUaRAnglil -0.30 V

dlefionsanAinszua wun 92l A (Anig ,Abag ) THAnsyRalifiuiAy -1.51 uA 2l

B (Anig4Abao o) Tfennszualiiningu -58.30 uA 441w C (Anig Abags) TAnszualniininfu -
174.00 uA 9219#1 D (AnipgAbay,) IANNsEuaWinfy  -42.40 UA HaNsNAADIHLARST ALY
F2lwH C (AnigAbag,s) Lﬂu%’jﬂw%mﬁmmma‘uauawaqﬂﬁzl,l,alw%gjqﬁqm Fausadendaluia
a3l Anig Abay (Wumediwesdmiumsesaoules] HRP vuihliihdmsunsmaaesluduneuseoly
ot plAniys-co-0-Abags) Undunediuesiiiessuevles HRP WA LAReUdETuTSy

999 CS @ty CS/HPR-p(Aniq ¢-co-0-Abag 4)/GCE Dudalnii g udadseuieusuda i
3uq 3n 3 4 1duA GCE, P(Anig s-co-0-Abag4)/GCE ay HPR-p(Anig¢-co-0-Abag4)/GCE 1% Ag/AgCl
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Hudalwildreds Wanaunaiidu (P ludalulihehe auddu arsazanedidnlnsladifemuiily
Wuansazaneneamntulines pH 6.5 aAnududu 0.1 M Iagviinsmaassluanznneldusseinie
Ane N, 91ntuthaalniinge 4 vile wAnwnuaudinislniiailagldmaia cyclic voltammetry
ymsaunudndliiindoud 1040 F9-0.60 V luaisazane Tuansavanevoawates (pH 6.5)
diudiu 0.1 M fdusene N, lenanisveaesdsgud 4.25

-100

-50=

I/nA

100 T T T T
0.4 0.2 0.0 -0.2 -0.4 -0.6

E/V (vs. Ag/AgCl)

;stl‘ﬁ 4.25 lgadnlaunuluunsuees (a) GCE (black dot line), (b) p(Aniys-co-0-Abag 4 )/GCE
(red dash line), (c) HPR-p(Anig¢-co-0-Abag4)/GCE (green short dash line) wag (d) CS/HPR-
p(Anig ¢-co-0-Abag 4)/GCE (blue solid line)

NansnAaadildwuI 92l GCE (black dot line) liiuansdnuazvasiialag luansavane?
Lﬁﬂimﬂaﬁtﬁamu 2l p(Anige-co-0-Abag,)/GCE (red dash line) Wigaaiiaalusin (E, ) fivon
fineTufin (£,,) Mdnau (Fefindmudreiu) uasidudadlidnssualiihnevauesiigeiian i
HauInaudRsnondvesnadiesngunedesiau [29-31] w&aninsseulesd HRP aaun p(Aniqs-
co-0-Abag ) s HPR-p(Anig s-co-0-Abags)/GCE (green short dash line) giluigoniianilugn
(E,.) fiwonfinelufin (E,.,) wirnszualifineuauesiisnanas uazudsaniadevdalifduuenas
fhe €S Anszudliimeuaussiidiiian avgiidinssualiiimevaussiididaadunamiain
autilaithlyiiheesansdluiana (CS wag HRP) Tsaemndosrius1eauideves Gao et al [32) fild
el audimsilivesalniiezanandesauusde Cs uwaz HRP

w&sanditia CS/HRP-p(Aniq ¢-co-0-Abag 4)/GCE lUAnwIn1snavaussde lalasiauiles
onlyd Ainnududu 0.2 uwaz 0.4 mM Tasnisuanue@nglniinein -0.6 V and +0.4 V (vs. Ag/AgCl)
Tuansarane luansazaneveamatiines (pH 6.5) fdudide N, luanizfliduuani lelasau
Wosoonled namsnasowuansdlugUsolud
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-1.5+
-1.0+
-0.5+
0.0+ -1,
< 051
3 .
~~
= 1.0
1.54
. - 0mM
2.0 y - —02mM
: N —04mM
2.5 L] b L] b L] b 1 b T b 1
0.4 0.2 0.0 02 -04 -06

E/V (vs. Ag/AgCl)

;stlﬁ 4.26 lwpanliaunuluwnsnyes CS/HRP-p(Aniy g-co-0-Abag . )/GCE Adndlninain -0.6
Vand +0.4 V (vs. Ag/AgC) Tuansarane Tuansavanevleawlntvlines (pH 6.5) fidusadae N, Tu
anneiiliifiy (curve a, black dot line) wazidu lelasiwuesoanles fimnududu 0.2 mm
(curve b, red dash line) waz 0.4 mM (curve ¢, blue solid line) 14 scan rate 50 mV/s 17i
EANRRVGN

1% '

! a o v = N o a &£ a1 o
NAN1TNAABDINUIN ﬂi%LLa@@ﬂ‘ﬁLﬂ%u@JLLu’ﬂu@Ja@aﬂ Iuﬂmg‘mﬂigLLaiﬂﬂ%ULWNGUUV]ﬂ']ﬂﬂEnWﬁ']

v
= a !

Uszunad -0.25 V. LUauds -0.6 V. FINANISNAADIRINAIIUIUDNIT NSEWaNATUTLANINNTSES

¥
a =

Uiz melniinadidneds CS/HRP-p(Aniqs-co-o-Abag)/GCE A1NNTEUIUNSTAATY AMgHRIET
LEURANNSTARTUT AR

be

HRP.y + H,0, + 2H  —> HRP. + 2H,0 (a.1)
HRP., + p(Ani-co-o-Aba)y —> HRP.g + poly(Ani-co-o-Aba),, (4.2)
poly(Ani-co-o0-Aba),, + e —> plAni-co-0-Aba),eq (4.3)
AUNITIIY

H,0, + 2H +2e —> + 2H,0 (4.4)

N51891U398989 Berglund et al. [33] AnigdRdoTsvaiauawnunInLanIna lnvesUjizen
MAnulddssialull
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-0.30

0.25 P

0204 *

-0.15+

-0.10+

I/pA

-0.05+ "
0.00- N %

0.05 T r T T T T
0.2 0.4 0.6 0.8
o-Aba mol ratio

Ul 4.28 Anszuaiinevausie 0.2 mM lelasiauesoonled fidndlida 03V uu
N CS/HRP-p(Ani 1 ,-co-0-Aba,)/GCE le x (0 < x < 1) 1udnsidiuluaves o-Aba luansazane
Tuansazaneneaaduines (pH 6.5) Anutadu 0.1 M 19 scan rate 50 mV/s

NaN15NAADINUTY Ll plAniys-co-o-Abag,) WusinTueulul HRP Ainszuafineuaues
so lalnsauaseonladanududu 0.2 mM faUssann 0.2 pA wasiidnudugudiold p(Anig ¢-co-
0-Abag ) LLazﬁJumﬂssLLaﬁqdﬁq@ﬁémﬁ w&ant Anseuaiinevaussddanaiiold P(Anigq-
co-0-Abag ) kA p(Anig,-co-0-Abagg) ANNEIGU NAN1SNAADILTE TN p(Aniy ¢-co-0-Abag 4)
Huriaveslanedmesfiniigalunisesaeulesd HRP efinrsandsnalafililunisedaeuled aziiu
1p91 m3nSaeuled HRP mMeusalviihaiin (electrostatic attraction) figsendevy -COO vulaseaiie
voslanedies Auzfiduesuieliin flanedwesiing -COO oglutFmnaiinn Usinaeulesl
HRP  fingevudalnfifussiivsunamnnuiy dnwazdinaninarlfiinnisinvinamsiids
nszualatiiszninetaliihmesansiluanaveseulssl Tumensafudnu dlawodwosing -COO
oflutinaditesninnd Usnaneulsst HRP finssuudalwihduasiviinadesamulde fuy
AnNEEIT8FAFNLY p(Aniys-co-0-Abag ) Jursinvastaneawesildlunisasaeules HRP fingeuy
Lt

Tunsinui3unms %Cs funzan Tnegld %Cs Auansrstusiomn 5 4in fo 0.2, 0.4, 0.6,
0.8 uag 1.0%CS mua1nu vinnsanwlagldimaiia cyclic voltammetry (CV) sirn1saunudngluin
Fausl +0.40 &9 -0.60 V luannziiiu lelasiouoseonlaiaiududu 0.2 mM vudaludh cs/HRP-
P(Anig ¢-co-0-Abag 4)/GCE Tuansazae Tuansazaraneaadvines (pH 6.5) anududu 0.1 M 14
scan rate 50 mV/s hmsviaassiigamiivies ldnanismaasssagy .29
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0.22
0.211
-0.20-
< *
s ] #
-0.19- */
0.184 /
*
T ¥ T v T v T v T
10 08 06 04 02

C.c (%0 wt.)

U 4.29 Fnszuadinevaussie 0.2 mM lelasiaueseenlad Adndlih -0.3 v ilelasy
AULTNTUYDY CS 217 1.0-0.2 %wt. Ul CS/HRP-p(Aniq ¢-co-0-Abag 4 )/GCE Tuasazany Tu
ansazaneneaadines (pH 6.5) AUty 0.1 M 1% scan rate 50 mV/s

nsnsaeuleyd HRP Aaguselifinadin (electrostatic  attraction) lage1deny -COO v
Tnssadrsvodlanediues enavhliialiidldlidanuafossinwe inszoules HRP fgneeud
ogfludiutuuenan o19asAansngaoonandalwilily Sdunuzdideiadeniivsedeudunonan
vestalilihdetuiidures €S msruennnanduasiivioniuouladuutalnilldodeiugs Sudu
ansifauansnsanfuld (compatibility) 1uegnad wan1snaaesiildnuin Weiinarududuves
Cs a1 0.2% Ju 0.4% Mnszuafinovauesdaniiuty wariuunlduananion egradiuldda
qunsEIaingafimandiiy 1.0%CS nan1svaassfananaonadesiu Liet al [34] Felfsoanmlin
anududures cs Aldlunmsniuevledisismnzaufidmidaidy Sainsdinusinu cs asd
wnilns Bevinliialwihildliadessnviiiu Salamedosnannimaeaonvasduiidy Cs
tues dadu adideiadentd anududures s 7 0.49% lunseiaoulssd HRP Angeundaluit
CS/HRP-p(Aniq ¢-co-0-Abag 4)/GCE dvsumslasesidudsauselu

TumsAnemuSina HRP funzay Tagld HRP fwansetuionun 5 o fie 2, 4, 6, 8 uay
10 me/mL HRP Tngldmaila cyclic voltammetry (CV) vhntsaunudnglutfindous +0.40 e 0.60 v
Tuansaras luansazaneneamasvines  (H 6.5 Annududu 0.1 M Tuannizfidiu 0.2 mM
lelastaueseanlen 14 scan rate 50 mV/s simsvaassilgamgiivies nansnaassuanssiagy 4.30
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-0.20- *\
*
-0.15+
*
< -0.10-
3. *\
E L
*
-0.05-
00—
2 4 6 8 10
C,np (Mg/mL)

5Ufl 4.30 Fnszuadinevausssie 0.2 mM lelasiauesesnlud Adndlii -0.3 v iilewdey
AULUNTUYDS HRP 910 2-10 mg/mL UuTlWAn CS/HRP-p(Aniq ¢-co-0-Abag 4)/GCE Tuansazane
Tuansazaneneaadwines (pH 6.5) AUty 0.1 M 1% scan rate 50 mV/s

Juiimsusuiianssuafinevaussasiuegiuiiinsuensulatduuialuih augfifeds
ynsuadenaalaenisivasumnunduduresouled HRP 910 2-10 me/mlL uwudalwiin CS/HRP-
0(Anio o-co-0-Abag 4 )/GCE nannaaesfildnuin wWeiuanududureseulsl HRP 990 2 me/mL
Wua  mg/mL Arnsvuaimfindu ndenntdu Sufinaududureseuled HRP unduvinlng
Anszuaiiladediamannmiadu vaililuraunanaudatifuanslddlnfiesoules et
AnzEIdEINFenldmududuraoulel HRP 7 4 mo/mL Tunsadrstalalii CS/HRP-p(Ani, 4-co-o-
Abayl)/GCE dmsunmsiaszisaulssusely

Tun13@nuInaves pH SuaamsaumamaﬂimﬂamLﬂa‘wuu phosphate buffer AULTNTU 0.1
M 715 pH wansnefu Ao pH 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0 99Nt Tudessiemadna cyclic
voltammetry (CV) ¥msldndundalninldaudaus +0.40 89-060 V luanneiiiis 0.2 mM
lelasiaueseanled 14 scan rate 50 mV/s shmsvaassiigamgiivies nanisvaassuansisgy 4.31
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*

0.0'5 = e ey
5.0 5.5 6.0 6.5 7.0 7.5 8.0

pH

Ul 4.31 Anszuaiinouauassdo 0.2 mM lelasiauedeenled Aidndliin 03V uu
U CS/HRP-p(Aniy g-co-0-Abag 4 )/GCE  1WlawUdsu  pH vesasazatudianiasladiienyuy
phosphate buffer mutdutu 0.1 M % 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0 1%/ scan rate 50 mV/s

pH vasansavanedinlaslamievyudutiofovisiinaesnadaansvhnureseulsl HRP
ilafinnsanAnszuafinouauosidndlaiin -0.3 v uudaluii CS/HRP-p(Ani ¢-co-0-Abag 4 )/GCE Wa
mnasesitldnudn Weifiuen pH vesansararedidnlnsladiionyuain 5.0 f 6.0 Anszuaildian
diutudfisadntos uaragiiengaiiandl pH iy 6.5 uivdaaniidiiud pH gatuauia 8.0 Anseua
Flefiuuiltuanasnudisu nanismeaesiildaonndasiu Tangkuaram et al. [35] 3sldsnaarulian
NsEUILASISeNsaanesves lelasiaueseanled Ty H,0 anfntuldiluanizfitmnudy
nsaidnties mseieules HPR Sududedd H' TuufAsensidnduves lelasueseenles Fadu
ruzfifedadenld pH vesansazanedidnlnsladifonyuil pH Wiy 6.5 TunsissuFAsennisisndy
994 lalastauodoonles Uudalui CS/HRP-p(Anis-co-0-Abag)/GCE dmsunsvaaesdusoly

msnnaesidumsanwrdndluindusnsan vmsanwlagldinaia cyclic voltammetry
(CV) Wngidnansazaneninsgiu balasudeiaantes asluaisazate luansasareoawlndnines
(pH 6.5) Aududu 0.1 M 9ty thandeszsidhemaiia cyclic voltammetry (CV) ¥nnsaunu
dndluhdaud +0.40 81 -0.60 V luanmieiiia 0.2 mm lelasiaudesoonlud 19 scan rate 50 mv/s
yhmmnaesfigamgiivies nan1smaaedasy 4.32
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-0.4
*
-0.34 */
*—
"
-0.2=
<
3
=
_O.l-
/*
0.04 *

L] . L] . L] . L] . L] . L] . L] . L]
-0.20 -0.25 -0.30 -0.35 -0.40 -0.45 -0.50 -0.55

E/V (vs. Ag/AgCl)

gﬂﬁ 4.32 Anszuafinouaussse 0.2 mM lelasiauadoanlas uudalndi CS/HRP-p(Ani -
co-0-Abag )/GCE Tuansazane Tuansavanseantviines (pH 6.5) anududu 0.1 M 14 scan
rate 50 mV/s

endndlihildnszdunisinureseulsivudiluihAdutadondeiitnadonisissufase
nsaaneiives lelastauneseenles Auzdidedsinnsandnszuaiinevausssie 0.2 mM lelasiou
Weseonles  vudaluiiin CS/HRP-p(ANiy ¢-co-0-Abag ¢)/GCE wan1snAaesiilanuin Batfiuen
ﬁ’ﬂélw%ﬁi%’ﬂizﬁuuu%ﬂw% CS/HRP-p(Ani ¢-co-0-Abag o )/GCE wnuinlns Anszuadilédadien
dutusnnwintiy S ddndluihildnsedugeasinlviRanissefisenmsidndunes lelasiau
Wesoonled 197 wiffinrmniazduiigaduiuiienaasgnsumumesisuniuiiannsafnufjizen
mssdnduiindnglailndifes fedu ausdidoladenldmndlnihiflinsedui 0.3 v lumaiss
UfAsensiantduves lalasiaulesaanled vu L CS/HRP-p(Aniq ¢-co-0-Abag 4)/GCE @930
msnesishemaindusioly

sTadyyrauuukamneilsiuniilalasiauaseanledlulaiwuieas (CS/HRP-
p(Ani0.6-co-o-Aba0.4)/GCE)

lunsmeaesil AnwimaiAnufisenidnsureslelnsiauesoonlas Adndluil -0.3 v Tngld
wedaueumaslsumalaglddn i CS/HRP-p(Ani_-co-o-Aba,)/GCE udnluildenw (we) 14
Ag/AeCuiudalinge8e (RE) Wanmumadivi (Y \Judalnihgae (CE) luansazans luansazans
Weawlntvaes (pH 6.5) avududu 0.1 M vinisnageuneldussennieafing N, luasazateiidl
nsmu ldkansvaassuansfsgui 4.33
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0] &)

i/nA

-0.2+

0.0+

2000 2500 3000 3500
Timel/s

-1.2

-1.04 (B) x * * *

-0.6+ "

-0.44

i/pA
%

-0.2+

O'Ol L] L] L] L] L) L] L)
00 05 10 15 20 25 30 35 40

[H,0,]/mM

g‘dﬁ 4.33 () nswluanspuduiug nszua-nan (-0 vudalaiin CS/HRP-p(Aniy ¢-co-o-
Abaga)/GCE Adnglnliindl 03 V (s Ag/AcC) Tinevauawiolalasiaueseanlus luansazans
Woantiiies (pH 6.5) MBudde N, wazniumaeaial (8) N TWaNATEIUMARIALENTLSTEnIng
nszuatuaudufuves lelasimuesoonled Mduatly

mﬂwamiwmaaﬂuiﬂm 4.33 W‘U?W’Jl%lﬁ? CS/HRP-p(Anig-co-0-Abag 4)/GCE mam‘vﬂ,’saq
Tinsnovaussitiadelslasiauiasoanles IﬂaiwawmmwquawumamummLéumusuan
lelasiouesoonlediiiuadiuluarsazas Turasdaus 10 uM 54 mM nsRIATEILLARS
AwdussErinanszuatumududureslalasiauesoonled wansisgud 4.338
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A1AIN Michaelis-Menten (Kx ) Ausuandsaataansvousulas-duamse eunumildain
AUNT5VD9 Lineweaver-Burk A9aun1s

app
i = L + Ky (4.5)
SS Imax I maXC

dlo 1., Aernszuafianing steady-state Wiafinsiuduanse, 1, ﬁaﬁmwuaqaqmﬁlélﬁa
Fuduamsnauduia  war C Aepnnududurestuanse 9nnsaaemuin Kt vosia i
CS/HRP-p(Ani0.6-co-0-Aba0.4)/GCE fildarnnisAruaadianvafu 5.14 wansliifiudn n1sduves
wulesl  HRP-lglasiaudaseanlendanuusnevinbieuladaunsassjiseinisiinsdnduves
lalasiauasoonlunlen

TunsAnwinnuaissveslalasiaudeseanloslulowuaasiild Tnodiuadnewinis
Lﬂmﬂgﬂimwmmm lelasiaulasoanlas Anududu 0.2 mM Adndli -0.3 v vhnnsanen
mwmamﬂuivavnm 2 dUaii mamimaamammiﬂm 4.34

1004
80+ N
60+
404

20+

Relative response (%)

0 i :1 6 8 10 12 14

Time (day)

JUN 4.34 nsfnwianuiadesvedlalasiaueseanlenlulewuiges 3nANTeaTAntuves
lelasiaueseanledariuidutu 0.2 mMm Adndluin -0.3 V mM Tuansazaneluansazarenoains
Unlwlas (pH 6.5).

TunisAinuvinaresfisuniuiiinasenisiasizimusunalalnsauesennled lneiy
a1sazaneunsgu Llelasnueseanled ANty 0.2 MM WAIRNAITAZAIEUIANTIIUAITUNIY
oA Tauniiu (dopamine: DA) nsaeanadn (ascorbic acid: AA) nglad (glucose: Glu) waz N3Ag3n
(uric acid: UA) fiannududuanundady 1.0 mM ndenduiouiisudyaanseuaiildainns
nrainansazareinsgiu lelasiauefeanled wardygaildannsifusisuniy nan1svnaes
meﬁqgﬂﬁ 4.35
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-0.30

a b
-0.25+ \l/ \ll/

¢ d
0.20 4 \v ¢
o \lII/ 1 L_

-0.154

ilLA

-0.10 4
-0.054

0.004 —— (B)

0.05

350 400 450 500 550 600 650 700 750
Time/s

sUil 4.35 msfnwinavessnsunmuveslelasiaueseenludlulewuwes andnszuadinty
909 lelaswueseanledaududu 0.2 mm fAdndladh 0.3 v mM luansazangluansavane
Woawlntvaes (oH 6.5) 1lefinsifia () 0.2 MM H,0,, (B) 1 mM DA, () 1 mM AA, (d) 1 mM Glu
and (e) 1 mM UA

NNANITVAGDIALLIANTY WalnITANITUNIL DA, AA, Glu uay UA adududugendi
lalasauaseanteda 5 1w (1 mM) Anserantalidfinisidsuwlas wandliiulIrfisuniun@ne
faNaIne 4 vialusuniunisIesIzu
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unil 5
dyunan1Inaasg

TuuAseinisiaudaludiaisatsueswasttndrlalasiauilaseanlandmsuinsizu
USunaudaluduaeandy 3 diusil

1) mehdianinsindwesiuduvesndesiau

nsnaugalidiwumesinenisvindianlnsnediueslswiuer TauliAnnedesdaulummindg
yoafafeaaarsuauulufiad (MWCNTs)  waznisviddniasianlndneynialanzuily (metal
nanoparticles) vutalinatadansuen  iieldidusasiatalumaiauenmeslsumidldnude
d¥aan ﬁmﬁmﬁmuazﬁamwbqﬁu lngfnnuAnszuaanuisereendinduvesdalid a1n
nsAnwuiaveseynalavyuluazsiavesiafieadaiveuunluidfuangausonsimudalls
wulwes lnelfimadalondnliaunuun’ wazmadauouweslsiuns wuiteynialanzuilud
wigauson s dalndwuweshie aun1Anaily (AuNPs) uazyinvesdaiieanaisuauuly
fndfmnzausensanndalifiousesie MWCNT-COOH anturhnisdneusunaninududu
y030sfAU (aniline) , MWCNT-COOH  wagU3unauwas AuNPs Tumsngausensiaundalidisuses
wuUSinamuiduresesiussnousneg Tuansazareildlunisaaudsialifinaradnisuoud
winzaumeMInUsuiasalid Ae aRAUAMUINTY 0.02 MM, MWCNT-COOH A1ty 0.48
meg/mL  tay AUNPs  A1uNTu 0.12 mM  Tun1s@ne1wi pH vesasazaivnaanininasaaim
dudu 0067 M fmungausenisvhawedalidisueelnsldmadaweumesTswmd (@ndlui
106 V) WU pH vesarsazareveawlntnwlesTimunzausenisidiluasararedidnlaslad
Aevgulumsnsra¥adalnd pH Wiy 7.0

Tunsfnwaadnuuzvenadeiinssitonmeslsum’ lnglidalidaumesiimulindy
fansaate 1 Ag/AeCl Wudhluihgeds aaaunaiivy (PH) Wudaliihge wazldasazaneveain
Swwles pH 7.0 arundudu 0.067 M Buansazanedidnlaslafiiewyu Tidndluih 0.6 v uA
Flilden wuirdnszuadlaannnsasataudstunsetuanududuvesdalus Tnefeaenns
novaussuuuludunsteglutae 1-16 mM (= 0.9964) Falwieumesiauduidnmanluns
Arsesildvingu 00927 mM Tdanmidenvuinessudinsivindu 412 (0 = 5) uandiiiu
Idalwdeue st lifidndfalunmseseivinudalidldianududuianisesuiasl
a1$ wagdanandisage Tunsfnwmavesiasuniuismeadaueumeslsuvininmuty i
iumuﬂ'ﬁﬂw’] ascorbic acid , sodium sulfate , sodium nitrate WLa¥ potassium iodide A
tolerance limit whiu 0.05 , 10.00 , 20.00 waz 020 mM mudwy uAdeludnilanunse
fimudalndimuesidaninly anudunizanzes uazfinnufissnssge dwmduldlunis
Answidalidsomaiawemneslsuvi msiezidalifisumesinmutululdlunsinseida
Tnslushegreaseiomaiasenmedlsumnilédy oednduseinszuiumslunisuenionssunmuy
genfowriinsTInTzd ndgmilseiesdimsdnvuasiamnssuuissieluiieannavoss
FUAIU
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2) Hlwidananadmsveuiiaulsiedafeadaiveuuluiind-idfio-oymanosuilu

mafawdalidiwureslansisnisadeu (drop casting) Medanuuinuilugnuauyes
prfveuuluiind-Indwe i lifh-eunalaneruiauiluasuuimivestalifinaradaisueuann
ns@nwesAUsEnauAeY Tmuzausen siaudalidiouees Tneldinadalendnliaunumi
wuirfaguuinunlugnuasivsnzanfe miusuunluiintiingilsituasuendan (CNTs-COOH)-Ind
louoadalaiudia (PDDA) waveyniavesuily (AuNPs)  aglddalufirilmaneaufie CNTs-PDDA-
AUNPs/GC nniuvinns@nsdiunmnnududuresensveuunlufindfiing fledduasvendanuas
USinamnudutureseynianesunluiminzausemsiwundalndisugeslaglfinadaloadnls
aunirsuasmedakeumaslsun’ nuiviannududuvesesdusenousnanluasavanefildly
nssaudstalniinaradnveniivanausenisiausuadalud #e CNTs-PDDA aanandudy 4
me/mL way AuNPs aanandiudu 0.02 % antuhtalnihiinaundessiussnouitmnzeauu
Sl u TunsAnwam pH vesansazanewlamatvliled anududu 0.1 M Fuuizausions
Feuvestalndmugelagldmadalendnlawnuuns nan1sfnwinudt pH - fwunzaulunis
anvindalnsiae 7.0

dedmaielnaduaatueruiadauildsuiunsnsiatauuusenmeslsumifidadalng
UL DSTIRAUIT Y (CNTs-PDDA-AUNPS/GC) 2z silildinainiinsivaifiazain saadanasd
Uszdnsnnlunisasiadndald lunisfinwaudnvusresnaiiaiinngiweunesiswns lngldda
Infwumediiannauldiduingate 14 Ag/accl Hudhliihgrese Waraunmiity Pt Wudaludh
e wagldarsavareeamntios mududu 1M (pH 7.0) WJuaisavaredang lunis@nwim
Fndludifomnganlunisasiafadalndidadalidisuresnuirdnslnfindimuzaude 0.4 v
Ansuafildannnsnsratauusiuiuanaududuesdald Tnefitisnsnevaussuvuidudunsiog
Tuga3 1-200 ppm (= 0.9997) %’aiﬂs‘?muwa%ﬁﬁwm%uﬁ%ﬁqﬁ’mﬁwqmiumﬁmeﬁ Wiy 0.03
ppmM G?j’alwﬁL%uL%aﬁﬁﬁwuﬁuamWiaﬂﬂﬂﬂszqﬂﬁlﬁﬁ%Lmﬂsﬁ%’alw&uﬁ’aasmifwwal:fj wazla

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

miAeludniliiansenmeslsuminlulowuwefuuulnldmiviaszsivsnalelasiau
wWeseanlaalasnisnsaeuluisesvusivilosoondina (HRP) asuulndiues vila poly(aniline-co-o-
aminobenzoic acid) %30 p(Ani-co-o-Aba) lagn1sdLATIZRlANDANOIVEY p(Ani-co-0-Aba) A2E7d
Interfacical copolymerization 31n@15aga8NaNvas  aniline (Ani) lLag o-aminobenzoic acid (o-
Aba) Tusvhavaredunidmeaaslsnasy (CHCl,) wan1smnaesnuin p(Aniy g-co-o-Abag o) Lusin
voslawodiesfiafigalunisnssoules HRP msmseulest HRP  sheusslninadn (electrostatic
attraction) Tngendevy) ~CO0 vulassadrwvedlanediues enavilidaluidlldlifamatosinn
we inszoulesl HRP fignaSeiiudeglududuuenan envasinnanaaoonandaluiiily fay
nuzfitoiadenilagindeutuuengavosialnindeduiiduves €S mmruanananduasiivaonss
uleduntaliiildognsiugr Saduasfidanuannsaafuld (compatibility) WWuegnei nanis
yoaesiildmuiteandudures ¢S A 0.4% munzanfiaalunisniaoules HRP  findsuudaluid
CS/HRP-p(Anig ¢-co-o-Abay 4)/GCE
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Tumsfnwinisifaufasenidnduvedlslnsaueseenlas Adndlnih -03 v lngldinaia
oo dlsumslagldnludin CS/HRP-p(Ani-co-0-Aba,)/GCE Wudalalildanu (We) 14 Ag/AeCt
Hutaliihgres RE) Wareuwadit (PY) Wudalafingae (CE) luansazane luasazanevean
UWies (pH 6.5) Anutdudu 0.1 M NANSNPABINUINT L CS/HRP-p(Aniq ¢-co-0-Abag 4)/GCE
fanligs Wnsmevauesiidweolelanauesoenlud Tnelidyanifivgatwiodiuanududy
yaslelasaulaseanlosfiivadiuluansazars Tuthedaus 10 uM 89 1,000 uM lelasiaudes
sonleflulowuesiimutuiidnsifadanlunsiesest wihiu 1.8 M lunsAnwinavesi
sumuiiinasensiassimusunalalasaudedoanles nuindalulewuesiinmuntulie
tolerance sialauilu (dopamine: DA) nsauaanaln (ascorbic acid: AA) nalaa (glucose: Glu) Uag

nIng3n (uric acid: UA) iWuidmels Milulawuwesiimunduiinnuanuediesfunisaesduam
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In this work, a novel amperometric biosensor for hydrogen peroxide (H,O;) determination was
successfully prepared 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
H,O, with a linear range from 10 to 1,000 uM and a detection limit of 1.8 uM 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;) is extremely reactive species which is an enzymatic intermediate
substance obtained from many enzyme-substrate reactions [1]. The determination of H;O; 1s very
important in food, industrial. clinical and environmental assays [2-3]. Many scientific methodologies
have been widely employed for determination of H,O,, such as ftifrimetry, 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 of H;O; 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 1onically 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
o-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-0-Aba)/GCE shows
an excellent activity for the electrocatalysis of H,O; reduction. To explore its analytical performances,

the proposed biosensor was used for the determination of H,O; over other interfering substances.

2. MATERIALS AND METHODS
2.1 Reagents

Horseradish peroxidase (HRP, EC 1.11.1.7, M, . 40,000 Lit.,), 969.65 U mg'l), ammonium
persulphate ((NH4)>S20s) and hydrogen peroxide (H,O,, 30%) were purchased from Fluka. Aniline
(Ani), o-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 °C 1in the fridge
when not in use. All aqueous solutions were freshly prepared using de-ionized (DI) water (R = 18.2
MQ cm) purified with a Nano-pore™ ultrapure water system. A stock standard solution was prepared
freshly each day. The concentration of H>O; solution was determined by titration with KMnOy [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
of NaH,PO, and Na,HPO, and then adjusted the pH with NaOH or H3PO,.

2.2 Instruments and apparatus

All electrochemical measurements were carried out with an eDAQ potentiostat (EA161)
equipped wit and e-corder (201) controlled by E-Chem software. A conventional three-electrode
system was used with the modified electrode as working electrode, the Ag/AgCl (sat. 3.0 M KCl) 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 (10 x 10 mm, Hellma 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 of p(Ani-co-o0-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 (CHCl;).
(NH4),2S,05 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 HCI, 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 Figurel. When a carboxyl group is deprotonated, its conjugate base forms a
carboxylate anion (-COO").

COOH COOH
H H H
L-X@.\'Hfh'@m[z — @x@x@x*@x+ Ngf
, (NHy),S,05 cr Chx Cly
Ani Aba in H(‘:l D(}\ni]_x-fri -0 -,"\I‘_‘Jﬂx)

in CHCl3 at interface

Figure 1. The structure of conducting p(Ani-co-o-Aba) prepared from Ani and o-Aba , where x (0 <x
< 1) 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-pm alumina (AL,O3) 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/AgCI) at 50 mV s'in
0.1 M H,SOy4 solution until the stable cyclic voltammograms (CVs) were obtained.

The preparation of H,O, 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-0-Aba)/GCE, the HRP
enzyme was mixed to the mixture before casting. Briefly, a 20 puL of 10 mg mL™" homogeneous p(Ani-
co-0-Aba) solution was mixed with an equivalent volume of 4 mg mIL." HRP solution (Figure 2A). The
positively charged HRP was mmmobilized on negatively charged p(Ani-co-o-Aba) by electrostatic
attraction. After vortexing for 15 min, a 10 pL of the resulting homogeneous solution was pipetted
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 uL of CS
solution was dropped onto the surface of the HRP-p(Ani-co-o-Aba)/GCE to fabricate the H,O,
Finally, the CS/HRP-p(Ani-co-0-Aba)/GCE was air-dried for overnight at
room temperature and kept at 4 °C in the fridge when not in use.

—~ O
m O HRP RN
T3 electrostatic

biosensor (Figure 2B).
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Figure 2. Preparation of H,O, biosensor based on the CS/HRP-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 CS/HRP-p(Ani-
co-0-Aba)/GCE working electrode, the Ag/AgCl (sat. 3.0 M KClI) 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 °C. The supporting
electrolyte solutions were purged vigorously for at least 10 min to remove O, and kept under N,
atmosphere during the measurements. The CS/HRP-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 HO,. 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 H,O; standard solution to the electrolyte solution. Current—time data were recorded after the
steady state current to be achieved. The CS/HRP-p(Ani-co-0-Aba)/GCE was kept at 4 °C in a dry
condition in the fridge when not in use.

3. RESULTS AND DISCUSSIONS

3.1 UV-Vis absorption spectra of p(4ni-co-o-Aba)
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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 m-n* 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-m™* transition from the nonbonding nitrogen lone pair of a
localized benzenoid highest occupied molecular orbital (HOMO) to the ©* of a quinoid lowest
unoccupied molecular orbital (LUMO) [27].

3.2 AFM of p(Ani-co-0-4ba)/GCE, HRP-p(Ani-co-0-4ba)/GCE and CS/HRP-p(Ani-co-0-4ba)/GCE

The AFM technique was widely emploved to investigate the surface topography of modified

electrodes.

200 4

Figure 4. Representative AFM images of (A) p(Ani-co-o-Aba)/GCE, (B) HRP-p(Ani-co-0-Aba)/GCE
and (C) CS/HRP-p(Ani-co-0-Aba)/GCE.
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Figure 4A-C show the representative AFM image (5 pm X 5 pm scan size) of the p(Ani-co-o-
Aba)/GCE, HRP-p(Ani-co-0-Aba)/GCE and CS/HRP-p(Ani-co-0-Aba)/GCE, respectively. As shown
i Figure 4A, the p(Ani-co-o-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-
0-Aba)/GCE and CS/HRP-p(Ani-co-0-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-0-Aba)/GCE. These results obtained here were similar to several
enzyme electrodes [28-29].

3.3 Electrochemical behavior of CS/HRP-p(Ani-co-0-Aba)/GCE

All electrochemical measurements were performed in a PBS (pH 6.5) to investigate the
changes of the electrochemical behavior after each modification step. Figure SA shows the CVs of the
bare GCE, p(Aniyg¢-co-o-Abag4)/GCE, HPR-p(Anig¢-co-0-Abaj4)/GCE and CS/HPR-p(Anije-co-o-
Abag 4)/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(Anig s-co-o-Abag4) (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 5A).
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Figure 5. (A) CVs of (a) bare GCE (black dot line), (b) p(Anigs-co-o-Abag4)/GCE (red dash line), (c)
HPR-p(Anig ¢-co-0-Abag4)/GCE (green short dash line) and (d) CS/HPR-p(Anigs-co-o-
Abag 4)/GCE (blue solid line). (B) Typical CVs of the CS/HPR-p(Anig -co-0-Abag 4)/GCE in a
Ns-saturated PBS (pH 6.5) in the absence (curve a, black dot line) and presence of 0.2 mM
(curve b, red dash line) and 0.4 mM (curve ¢, blue solid line) of H,O; using scan rate 50 mV/s
at room temperature.
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The typical cyclic voltammograms (CVs) of the CS/HPR-p(Anijgs-co-o-Abag4)/GCE were
investigated to determine the working potential for the electrochemical measurement of H,O;. The
electrocatalysis of H;0; reduction was studied by cycling the potential between +0.4 and -0.6 V (vs.
Ag/AgCl) at the CS/HPR-p(Anigg-co-0-Abag4)/GCE to a Pt electrode in a PBS (pH 6.5) using scan
rate of 50 mV s™ at room temperature. As shown in Figure 5B, when 0.2 mM (curve b, red dash line)
and 0.4 mM (curve c, blue solid line) of H,O, were introduced into electrochemical system, the
CS/HPR-p(Anigg-co-0-Abap 4)/GCE showed an obviously electrocatalytic response to H;O; (the
reduction currents increased noticeably while the decrease of oxidation currents decreased). This
feature implies that an enhanced enzymatic reduction of H,O, was generated from the bioactivity of
the immobilized HRP.

3.4 Electrocatalytic reaction mechanisms of CS/HRP-p(Ani-co-0-Aba)/GCE

The general features of the catalytic pathway for H,O; reduction by HRP are currently well
understood [16,34-36]. According to Berglund et al. [37], the electrocatalytic reaction mechanisms of
the H>O; biosensor based on the CS/HRP-p(Ani-co-0-Aba)/GCE could be schematically illustrated in
Figure 6:

———————————————————— f
i Fe | HOOCH

P(Ani-ce = -Aba)gr) HRP |

I

TGN

plAfice-o-Aba)easy <1 '

Fel'-OH }

Compound II |

. I

plAm-co - 'Aha)(oz} H* I

C -+I‘: :
o Fe''=0 H0

DA -co = -Aba) e Compound I I

Supporting electrolyte solution /
Figure 6. Electrocatalytic reaction mechanisms of the CS/HRP-p(Ani-co-0-Aba)/GCE in the presence
of HgOz.

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 H,O, in PBS diffused to the enzyme electrode, where 1t was enzymatically
reduced by HRP (Fem) to give H>O 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 ferryl state
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("Fe™=0) 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'"-
OH), which is subsequently regenerated to the native HRP by accepting one electron from the
reduction state of copolymer, p(Ani-co-o-Aba)g.q), on the electrode surface while copolymer itself
changes into the oxidation state, poly(Ani-co-o-Aba)eyx). The poly(Ani-co-o-Aba)(x) could be recycled
to p(Ani-co-o-Aba)gq) at the electrode surface. When electrons were transferred from the electrode
surface, the ampere currents were generated. Thus, the content of HyO; could be determined by the
measurement of currents. This approach was widely researched since it could be used to detect H;O;
with high sensitivity at a low quantitatively detectable concentration.

3.5 Optimization conditions for detection of H>O; at CS/HRP-p(A4ni-co-0-Aba)/GCE

The optimization conditions for the detection of H,O, 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 CS/HRP-p(Ani-co-0-Aba)/GCE was investigated by evaluating the reduction current to
0.2 mM H,0; in a Na-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-0-Aba)/GCE prepared with the different o-Aba mol ratios was
investigated by evaluating the reduction current to H,O, at the applied potential of -0.3 V. As shown
in Figure 7A, the current responses increased with increasing o-Aba mol ratio from 0.2 to 0.4 m 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(Anips-co-0-Abags)/GCE was studied in the
presence of H;O; 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™", 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" HRP was chosen for subsequent experiments.

The effect of CS concentration on the CS/HRP-p(Anigs-co-0-Abag4)/GCE was studied in the
presence of H,O; 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 of CS solution was selected for further investigations.

As known, the effect of pH on the H,O; 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 H,O,; 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 H,O, by the HRP enzyme, because H' is
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needed for HRP enzyme in the reduction of the H,0, to H,O. 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 of H>O».
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Figure 7. Dependence of current response to 0.2 mM H;0; in a PBS at CS/HRP-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 H,O, in a PBS (pH 6.5) using the
CS/HRP-p(Anigs-co-0-Abag 4)/GCE 1s investigated by evaluating the reduction current of H,O; from

-0.2 to -0.5 V. As shown m 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(Anigs-co-0-Abag4)/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 of H>O».

3.6 Amperometric measurement of H>O; signal from CS/HRP-p(A4niy-co-0-Abagy4)/GCE

The amperometric measurement using the CS/HRP-p(Anips-co-0-Abagy)/GCE was
investigated by successively adding H,O; 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 H,O; ranging from 10 uM to 4 mM. The response time was very fast, indicating that
the CS/HRP-p(Anigs-co-0-Abag 4)/GCE had a higher sensitivity to H,O,. The calibration plot was
constructed by plotting between the HO; concentration and the corresponding current. As shown in
Figure 8B, the linear response range of the biosensor for H,O; concentration was from 10 to 1,000 pM
with a correlation coefficient (:*2) of 0.9905. and the detection limit of 1.8 uM was estimated based on
the signal-to-noise ratio (S/N = 3).
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Figure 8. (A) Typical amperometic response of the CS/HRP-p(Anip s-co-0-Abap 4)/GCE at the applied
potential of -0.3 V (vs. Ag/AgCl) to the successive additions of HxO; in a stirring PBS (pH
6.5). (B) The linear calibration plot of H,O; concentrations vs. the corresponding current.

The apparent Michaelis-Menten constant ( K;;*), which gave an indication of enzyme-substrate

kinetics, could be obtained from the electrochemical version of the Lineweaver-Burk equation:

11 K

7 I I C

35 max max

where I;; is the steady-state current after the addition of substrate, 7, 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 Kif;”p value for the CS/HRP-p(Anips-co-0-Abags)/GCE was calculated to be 5.14 mM,
indicating that the CS/HRP-p(Anigs-co-o-Abap4)/GCE was a high affinity of the enzyme
immobilization for H,O; electroanalytical determination. The K,;” found here was smaller than such
K77 value of 8.01 mM for the system of HRP-ZrO,/Au electrode [40].

Table 1. Comparison of analytical performance of the proposed H;O; biosensor towards HO;
detection with previously reported modified electrodes.

Electrode Applied potential Linear range Detection limit References
(uM) (uM)

AuNPs-HRP/CS? -0.3° 12.2-2,430 6.3 [41]
HPR/AuNPs/Thi/P(ABSA)’  -0.45° 2.6-8,800 0.64 [33]
HRP-Z1O,° 037 20-9.450 2 [40]
HRP/PAni/CS" -0.13° 10-1,500 0.5 [35]
SA/HRP-AuNPs* -0.4° 20-13,700 3 [24]
HRP/PANi/MWCNTCOOH® -0.35° 86-10,000 86 [42]
HRP/AuNPs-Thi/CS" -0.38° 0.1-100 0.05 [43]
CS/HRP-p(Anig s-co-o- -0.3° 10—-1,000 1.8 This work
Abag )"

AuNPs = gold nanoparticles; Thi = Thiophene; P(ABSA) = p-aminobenzene sulfonic acid;
PAni = Polyaniline; MWCNTCOOH = Carboxy-functionalized multiwalled carbon nanotube; SA =
Sodium alginate

* Carbon paste electrode (CPE)

b Glassy carbon electrode (GCE)

€ Gold (Au) electrode

4 Saturated calomel electrode (SCE)

¢ Silver/silver chloride (Ag/AgCl)

Table 1 shows the analytical performance of the proposed H>O: biosensor towards H>O;
detection compared with various modified electrodes. This suggests that the linearity range, detection
limit and response time of the proposed H,O, biosensor mentioned above appeared to be beneficial to

improve upon those of other previously reported modified electrodes.

3.7 Stability and selectivity of CS/HRP-p(A4nig.s-co-0-4bag.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
H,0,; 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 H,O, 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 CS/HRP-p(Anijg-co-o-
Abag4)/GCE at the applied potential -0.3 V (vs. Ag/AgCl) to the successive addition of the identical
concentration of H,O;, 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 HxOy. Thus, these results strongly demonstrate that this modified
electrode could be applied as the novel biosensor for a practical determination of H,O, in the presence
of AA, Glu, DA and UA.
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Figure 9. (A) Stability study of the CS/HRP-p(Anigs-co-0-Abag4)/GCE. (B) Amperometic responses
of the CS/HRP-p(Ani¢-co-0-Abag 4)/GCE at the applied potential of -0.3 V (vs. Ag/AgCl]) to
the successive addition of (a) 0.2 mM H;0;, (b) 1 mM DA, (c) 1 mM AA, (d) 1 mM Glu and
(e) 1 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 o-aminobenzoic acid (o-Aba). The enzyme electrode exhibited a fast response toward H,O»,
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/AgCl in conjunction with flow injection. The linear
working range for the quantitation of sulfite was 2-200mg L™ ! (r*=0.998) with a detection limit of
0.03mgL~" (35 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.

© 2014 Elsevier B.V. All rights reserved.

1. 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 uyg mL~"! 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~
1.2V vs Ag/AgCl). As a result, many substances can interfere with
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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 electrochemistry and are widely used
in research. The lamellar planes of sp? carbon in graphite sheets
are organized in hexagons with tremendously high degree of
delocalization of m-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
[23,2430].

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.

This work describes a simple and effective method for constructing
a sulfite sensor using carboxylated functionalized multiwall carbon
nanotubes—poly(diallyldimethylammonium chloride)-gold nanoparti-
cles (CNTs-PDDA-AUNPs) composites. The formation of this composite
is through electrostatic interaction. The CNTs-PDDA-AuUNPs 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 (Na;S01) and poly (diallyldimethy-
lammonium chloride) (PDDA, MW: 100,000-200,000, 20% w/w)
were purchased from Sigma-Aldrich (5t. Louis, USA). Carboxylated
functionalized multiwall carbon nanotubes (CNTs-COOH, dia-
meter: 15+ 5 nm, length: 1-5 pm, purity: > 95%) were purchased
from Nanolab Inc. (MA, USA). Hydrogen tetrachloro aurate (1)
trihydrate (HAuCl,-3H,0, Au=48%) was purchased from Acros
Organic (Geel, Belgium)

2.2, Apparatus

2.21. Cyclic voltammetry

Cyclic voltammetric measurements were carried out using an
eDAQ potentiostat (model EA161, 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 cm®. An in-house three-electrode cell,
comprising a working electrode (CNTs-PDDA-AuNPs/GC elec-
trode), a reference electrode (Ag/AgCl) 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.

222. Simple flow injection system with sulfite sensor

The flow injection (FI) 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/AgCl as the reference
electrode and a stainless steel tube as the counter electrode.
Silicone rubber gasket (flow channel, 0.1 x 0.6 cm) 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 cm®,

2.3. Preparation of sulfite sensor

23.1. 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 HAuCly 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.

23.2. Preparation of C(NTs-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
0.5M NaCl 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 in1 mL water and the resulting solution
sonicated for 5 min before use.

23.3. Preparation of (NTs-PDDA-AuNPs

The preparation of CNTs-PDDA-AuNPs dispersion is schemati-
cally shown in Scheme la. The CNTs-PDDA was functionalized
with AuNPs by the following procedure: 0.5 mL of CNTs-PDDA
dispersion (4 mg mL~') 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.

23.4. CNTs-PDDA/GC electrode

Prior to the electrochemical experiments, glassy carbon (GC)
electrode (diameter 3 mm) was polished using 1.0 and 0.05pm
alumina slurry, successively. The electrode was rinsed with distilled
water and then sonicated in de-ionized water for 5 min to remove
residual abrasive partides. GC/CNTs-PDDA electrode was prepared by
casting 40 L of the CNTs-PDDA dispersion (2 mg mL~"'), mentioned



AsiaLmadawelwesswysuuulridmsuimsesiusinadalisa

136 M. Amatatongchai et al / Talanta 133 (2015) 134-141

PDDA it
or
cl”

"
N

£
HE  CH,

CNT- COOH

AuNPs

Scheme 1. Preparation of the sulfite 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 of the polished glassy carbon (GC) electrode, and
then left to dry at ambient temperature.

2.3.5. CNTs-PDDA-AuNPs/GC electrode

The preparation of sulfite sensor based on the CNTs-PDDA-
AuNPs/GC electrode is schematically shown in Scheme 1b. The
electrode was prepared by casting 40 pL of the CNTs-PDDA-AUNPs
dispersion on the surface of the polished glassy carbon (GC)
electrode, and dried at ambient temperature.

2.3.6. Characterization

The TEM image of AuNPs was collected under vacuum at an
operating voltage of 200kV (JEOL 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 KNO; 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 XEI software.

24. Standard method for sulfite determination

The iodometric method [35]| 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
(I-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. 1(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. 1(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) partide 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 z-=
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. Cydic 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 0.85V versus Ag/AgCl, whereas the CNTs/GC (curve b),
CNTs-PDDA/GC (curve c) and CNTs-PDDA-AuNPs/GC (curve d)
shows oxidation peaks at 0.40, 033 V and 0.25 V, respectively. A
shift of —0.45, —0.52 Vand —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 70 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 (pA) increased linearly with the square root of scan
rate (V'™ s~"2) within the scan range of 0.01-0.15V s~ ", Linear
regression analysis provided r° 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. 5a
that with increasing scan rate, the peak potential for the



AsiaLmadawelwesswysuuulridmsuimsesiusinadalisa

98

138 M. Amatatongchai et al [ Talaneta 133 (2015) 134-141

z
Zin ouowow

250

um

-250

Fig. 2. SEM (a, b) and AFM (¢, d) images of CNTs-PDDA (a, ¢) and CNTs-PDDA-AuNPs (b, d).

C m
500 - -
B 4
250
3
o §
2
-250
;
-500 o
um
500
400
300 |
=
2 200 |
£ 100
-
=
) 04
J " b
100 J ’.....-..-.--—--
-200 . :

00 02 04 06 08 10 1.2
Potential (V vs Ag/AgCl)

Fig. 3. Cyclic voltammograms of 4 mM sulfite (SO5 ™) in 0.1 M phosphate buffer
pH 70 on (a) bare glassy carbon (GC), (b) CNTs/GC, () CNTs-PDDAGC and
(d) CNTs-PDDA-AuNPs|{GC electrodes; scan rate: 0.05 Vs %

electro-oxidation of sulfite is shifted to more positive values. This
result suggests that the reaction between the oxidation sites of
CNTs-PDDA-AuUNPs/GC with sulfite is rate limiting.

Fig. 5(b) shows the relationship between peak current (pA) and
sulfite concentration at 2 to 10 mM. Linear calibration (r#=0.999)
was obtained with a slope of 381 pAmM~"' (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 mgL "' sulfite
was 1.6% for 10 successive measurements. The amperometric
responses remained within 90% of the initial response for 4 days
without any surface 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.

33. Amperometric detection in FIA system

33.1. 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 cument 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 0,01 to 015V s~ '; sulfite: 2 mM and
(b) variation of the sulfite concentration from 2 to 10 mM; scan rate: 0.05 Vs~ ', Optimal conditions; modifying solution: 2 mg L' of CNTs-PDDA containing 0.125% of

AuNPs dispersion; modifying volume: 40 plL.

measured. Hydrodynamic voltammetry was obtained from injection of
20 uL of 2mgL~" 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 FIA experiments.

3.32. 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 0.1-200mgL~"

The regression equation is given by y=10.054x+42304 (=
0998), 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~'L The
detection limit (3#) is ~0.03 mgL~'. The system provides good
precision (%¥R.S.D=1.5) for 20 uL injections (n=10) of 2mg 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 [15,17,18,37| or comparable to those of
previous reports [14,16,38]. This has the advantage of reducing the
risk of interference from sample matrices. Moreover, the use of
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Table 1
Comparison of analytical performance of the proposed sulfite sensor towards
4.5 1 sulfite determination with previously reported modified electrodes.
? Hlectrode E,pp (V] Linear range  Detection limit  References
= 3.0 (mgL™") (mgL™")
—
E Ph* +0.40 0.6-200 028 [14]; FIA
=54 FeHCF" +0.85 20-190 64 [15], batch
= CHIT-Fe/CNT" +0.35 0.4-120 022 [16], batch
~ CuHCF-CNT +0.55 0.5-50 040 [17], FIA
CILE +0.55 048-80 032 [18]; batch
0.0+ NiPCNF? +060  0.25-252 006 [37), batch
FDA-CNT* +0.35 0.75-12.6 004 [38], batch
CNT-PDDA-AuNPs" +0.40 0.1-200 003 This work

00 02 04 06 08 10 12
Potential (V vs. Ag/AgCl)

Fig. 6. Influence of the applied potential on the detection of sulfite at CNTs-PDDA-
AuNPs/GC. Conditions: sulfite: 2 mgL~ ", carrier solution: phosphate buffer pH 7.0,
flow rate: 1.0 mL min "
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Fig. 7. Typical FIA response obtained for injections of sulfite standards. The inset
shows the linear relationship between the signal of sulfite and concentration
Conditions: operating potential: +0.4V vs AgfAgCl, carrier solution: phosphate
buffer pH 70, flow rate: 1.0 mL min '

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 (ie. more
rapid) for modifying the electrode than the previous methods
[17,18,37,38]. Although the previous electrodes of NiPCNF [37] and
FDA-CNT [38] could provide as high sensitivity as our method, the
fabrication or methods for modifying electrodes were relatively more
complicated. For example, in Ref. [37], 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-CNT) electrode. On the other
hand, our electrode was easily prepared by drop casting of the CNTs-
PDDA-AUNPs dispersion on the surface of glassy carbon electrode. The
applicability of electrode surfaces formed with hybrid materals of
CNTs-PDDA-AuNPs for simple construction of chemical sensor was
demonstrated. This novel way to fabricate amperometric sulfite sensor
by CNTs-PDDA-AuUNPs 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.

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(diallldimethyl ammoniumchloride), NiPCNF=nickel pentacyanoni-
trosylferrate, FDA =ferrocenedicarboxylic add, E,p,=applied potential,

* Screen-printed carbon electrode

" Glassy carbon electrode (GCE).

¢ Carbon paste electrode.

4 Ceramic carbon electrode.

Table 2
Effect of foreign ions on the alteration of Fl signal obtained from replicate injections
(n=3) of sulfite 10 mg L~ ' standard

Foreign spedes/added as Results®

Fructose

Clucose

Sucrose
Erhanol/CoH:0

NO5 [NaNO5

SOF [Nax504

- {NaCl

Ascorbic acid|CgHgOg

Do not interfere (studied up to 1000 mg L")

Interfere (at 50 mgL ")

* Greater than + 5% signal alteration is classified as interfering condition.

34. 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 FI signals of a standard
10 mg L~ ! 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 (NO5, SOi_, and C17) 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 [17,18] do not inter-
fere at concentration up to five-fold excess of sulfite. Nevertheless,
the determination of sulfite in juices and wines with the CNTs-
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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20 4

Sulfite content (mg L")
b

0
A B C D E F G H I J K L
— e
Juices White wines Red wines

Sample code

Fig. 8. Comparison of the sulfite content found in fruit juices (A-E), white (F-H)
and red (I-L) wines obtained by the developed Fl-sulfite sensor (CNI's-PDDA-
AuNPs/GC) and the iodometric method [33]. 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 (tonservea= 1.7276, teriticai=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 +0.4V vs Ag/AgCl. The proposed
sensor exhibited wide linearity range (01-200mgL~"), low
detection limit (0.03mgL~"), acceptable reproducibility (%RS.
D=15), 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
amperomefric detection on a sulfite biosensor was
developed for sensitive and rapid measurement of sulfite.
The biosensor was developed based on the hybnd
maferials, composed of carboxylic functionalized carbon
nanotubes, poly(diallyldimethylammoniumchloride) 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-AulNPs
and cytochrome C composites film by using glutaraldehyde
(Glu). Electrochemical oxidation of sulfite was studied at
the developed biosensor (GC/CINTs-PDDA-AuNPs/S0x) in
0.1 M phosphate buffer pH 7.0 using cyclic voltammetry.
The biosensor displayed good electrocatalytic activity
towards the oxidation of sulfite. The estimated apparent
Michaelis—Menten constant was 049 mM. The developed
biosensor was applied in the flow injection system for
amperomefric detection of sulfite using solution of 0.1 M
phosphate buffer (pH 8.0) as a carmmer 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 of sulfite with slope of 204.66 nA mg' L
and correlation coefficient of 0.9991. The detection limit (3
S/N of blank) was 1.3 mg L and the estimated precision of
3.8%.

1. 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 nucrobiological growth. to control
browning reaction and to assist m preserving vitamin
C [1-3]. However, the level of sulfite 1n food has
been the subject of legislation since it was discovered
that certain concentration level causes allergic
reactions in some individuals [4. 5] The Umited
States Food and Drug Admunistration (FDA) have
required labeling of products containing more than 10
pg 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 1s
more attractive because of 1its smmplicity, high
sensitivity. fast response and cheap equipment.

In this work., asimple flow mjection system,
which employs an amperometrnic 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
(S0x). The nanocomposite materials were formed by
coating negatively charged carboxylated CNTs with
posttively charged PDDA followed by capping with
negatively charged AuNPs wvia electrostatic
mnteraction. The CNTs-PDDA-AuNPs nano-
compostte 15 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
sensttivity 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 mn voltammetry was approximately 0.07
cm’. The FI system for amperometric detection at the
developed sulfite biosensor comprised of a Shimadzu
pump (model LC-10 AD. Japan), Rheodyne myector
(model 7725, USA) fitted with 20 pL sample loop
and detection system. The electrode area of thin
layer flow cell was utilized at 0.06 cm”.

2.2 Chemical

Multrwall carbon  nanotubes  (CNTs,
diameter: 30=15 nm  length: 1-5 nucron. punty: =
95%) were purchased from Nanolab inc. (MA, USA).
Sodmm sulfite (Na,50;) and poly
(diallyldimethylammonium chlonide) (PDDA. MW:
100,000-200,000, 20% w/w) were purchased from
Sigma-Aldrich  (St.  Lowis, USA). Hydrogen
tetrachloroaurate (III) tnbydrate (HAuCL, 3H,0. Au
= 48%) and cytochrome C (Cyt C, 90% from horse
heart) were purchased from Acros Organic (Geel
Belgium). Sulfite oxidase (SOx, 30-70 U mg’) was
purchased from ProNique Scientific. Inc. (Castle
Rock, USA)  All solutions were prepared in
deiomzed-distilled water (Water Pro PS5, USA).

2.3 Procedures

Pure and Applied Chemistry International Conference 2014 (PACCON2014)



Msiumadawauwessmswuulrtdmsuinseiusinadalnga

2.3.1 Preparation of CNTs-PDDA

CNTs was chemically shorten and
carboxylated by acid treatment mixture of HNO; and
H.S0, (3:1, 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 110°C. The CNTs-COOH was then
functionalized with PDDA (CNTs-PDDA) using the
method adopted from Cui ef al. [10, 11]. Briefly, 10
mg of CNTs-COOH were dispersed in 20 mL of a
0.25% PDDA aqueous solution containing 0.5 M
NaCl 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 1 mlL water and the resulting solution was
sonicated for 30 min before use.

232 Preparation of sulfite biosensor
(GC/CNTs-PDDA-AuNPs/SOx)

The sulfite biosensor was prepared by
casting 40 pL of the CNTs-PDDA dispersion on the
surface of the well-polished glassy carbon (GC)
clectrode, and then dried at ambient temperature.
The surface of the electrode was further coated with
40 uL of 0.02% AuNPs solution.  After that,
immobilization of SOx was carried out by dropping
15 pL of solution containing of SOx (0.1 U mg™) and
Cyt C (4 mg mL") onto the modified electrode.
Finally, 15 pL of 0.01 % 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 1
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/AgCl,
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.1.

S03> + H,0 89X 0 50,2 1 21" + 2¢°

1)

91

104

Current (pA)

02 04 06 08 1.0

Potential (V, vs Ag/AgCl)

0.0

Figure 1. 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 ¢ shows
that the maximum peak current was observed at pH 8.
Therefore, pIl 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.

500 b)
6004
< 4004 v
= v
E - -
£ 2004
S o "~
o4
=200 T T T T T T
0.0 0.z (X} 0.6 0.5 Lo
Potential (V, Vs.Ag/AgCl) a—"a
£ & 7 & 9

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 (¢) peak current
obtained from the biosensor, scan rate 50 mVs™.

3.2 Michaelis-Menten constant

The apparent Michaelis-Menten constant
(K™ ), which gave an indication of enzyme-
substrate kinetics, could be estimated from the
electrochemical version of the Lineweaver-Burk
equation (2) [12].

1 1 KoPP
=t 2)
ISS Inmx Imaxc

Where ¢ is a substrate concentration in a bulk
solution, I, the steady-state current after the addition
of substrate and I,. 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 K™ of 0.49 mM. A low K, value
obtained represents a strong substrate binding and
demonstrates a high affinity of sulfite for the
modified electrode.

0.7
. 06 v=0.0143X+0.0288
3 0.5 r'=0.9991
£ 04
-
-
= 0.3
&
~ 0.24
k201
"0 1020 30 40
1/[5032] (md)*
Figure 3. Linerweaver-Bulk plot  of sulfite
immobilized on the sulfite biosensor.
3.3 Parameters affecting the sulfite biosensor

response

Parameters affecting amperometric detection
of sulfite at GC/CNTs-PDDA-AuUNPs/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™". As shown in
Figure 4a the current response ncreased with
increasing CNTs-PDDA loading from 0 to 4 but
decreased from 4 to 8 mg mL™". Therefore, 4 mg mL”
! 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 ¢ concentration
from 0 to 4 and then decreased from 4 to 16 mg mL™.

Thus, to make a sensitive biosensor, 4 mg mL" of

Cyt ¢ 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™, 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™" SOx

was chosen for subsequent experiments.

3.4 Effect the potential
In order to obtain the optimal potential for
amperometric  detection in  FIA, hydrodynamic

105

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 *\
%
= 0.44
o
=
=
'-.'.': 0.2 ¥
P
0.0 %#—% KKK

00 02 04 06 08 1.0
Potential (V, vs.Ag/AgCl)

Figure 5. Influence of the applied potential on the
biosensor response for 10 mg L™ 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. The detection limit (3 S/N) is ~1.3 mg L™
The system provides an impressively good precision
%R.S.D = 3.8) for 20 uL injections (n = 20) of 5 mg
L sulfite. Throughput of sample is 57 samples h™.

4. Conclusions

Asimple  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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Figure 4. Dependence of current response to 0.5 mM sulfite in 0.1 M phosphate buffer at GC/CNT-PDDA-
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concentration of SOx.
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Figure 6. FIA grams obtain for injections of sulfite standards. The inset shows the linear relationship between the
signal of sulfite and the concentration.
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06

SIMPLE FLOW INJECTION FOR DETERMINATION OF SULFITE

BY AMPEROMETRIC DETECTION ON SULFITE SENSOR USING
GLASSY CARBON ELECTRODE MODIFIED WITH AuNPS/CARBON
NANOTUBES-PDDA

|

o

|

Maliwan AMATATONGCHAL', Wongduan Sroysee', Duangjai Nacapricha’
" Department of Chemistry and center of Excellent for Innovation in Chemistry,
Faculty of Science, Ubon Ratchathani University, Ubon Ratchathani , 34190,
Thailand.

* Department of Chemistry and center of Excellent for Innovation in Chemistry,
Faculty of Science, Mahidol University, Bangkok, 10400, Thailand,

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 (r* =
0.9976) with detection limit of 0.25 ppm (S/N =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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