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Abstract

Project Code: PDF/85/2540
Project Title: Fabrication of Glucose Sensor by Immobilizing Enzyme into Polypyrrole
and Derivative on Au Microelectrode

E-mail Address: corawon@chula.ac.th

Project period: 2 years

In this research, microelectrodes and macroelectrodes with diameters of 4
millimeters were fabricated for the preparation of glucose sensors. The
electrochemical technique was used to polymerize pyrrole on a gold microelectrode in
the presence of the enzyme glucose oxidase. Fe(CN)sﬂa' or Ru(NHg,)t-,EW2+ were used
as electron mediators instead of oxygen so that glucose can be determined at
potentials lower than +0.7 V to avoid the problem of interference. Fe(CN)G"B' was co-
immobilized into the polypyrrole films during the electrochemical polymerization
process. For Ru(NHa)smm. the electrode was modified with nafion prior Ru(NHs)sa*m
treatment, then electrochemical polymerization of pyrrole in the presence of the
enzyme glucose oxidase was carried out. The optimum conditions for the preparation
of the glucose sensor were investigated. Variation in charge passed during
polymerization, pyrrole concentration, Fe(CN)G*B'I Ru(NHs)s:”mloading and amount of
nafion were studied. Moreover, these electrodes were used to determine glucose at
potentials lower than +0.7 V. Response time and stability of these glucose sensors
also were studied using amperometry. In further work, flow injection analysis will be

attempted to reduce the experimental time and to improve detection limit.

Keywords: POLYPYRROLE, GLUCOSE SENSOR, MEDIATOR, AMPEROMETRY
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o lWidu 100 m.

© @ N OO A W®N

Faradaic cage

-
o

) qnm":aané’uaamwﬁ'u

=
Y

. ultrasonic bath

ry
N

. micropipette YU1a 20 pul UAz 5 mL

-h
w

. pH meter

-
-

. desiccator

-t
(3]

. stirrer

-2
(o))

. microsyringe YW@ 100 ul
. fintna¥ vuaa 5, 10, 25 mL

b
|

asadl

Pyrrole monomer (Fluka)
hexaamineruthenium(lll) chloride (Sigma)

nafion (BDH) .

D(+) glucose anhydrous (BDH)

Glucose Oxidase type 1l from Aspergirus (Sigma)
potassium ferricyanide(lll) (Aldrich)

di-potassium hydrogen orthophosphate anhydrous (BDH)
sodium dihydrogen phosphate dihydrate (BDH)
Al O, (particle size0.3 um) (Fluka)

10.Absolute C;HsOH (Fluka)

11. KCI (Fluka)

© o N OO R N2



12. HCI conc. (Fluka)
13. HzSO4 conc. (Fluka)
14. N; (TIG)
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Tassnmisnitlauaiin 2 Tasenisdasde

1. maasvunglemaugsilavitaiaeulminglaraandianluwadinlialasld KFe(CN)
Hudinandsriudiinatow vudidninsanasruialulas

2. muedsunglasrurailasifaiaaulminglossandiaslunefnlsalasly Ru(NH,)Cls
WWuansnsd uBidnaTon vudianlnianas

- o - P . - P g
AU IMesnIfaTnuilu 2 sausido Uil

Tasan1sfl 1: muaIsunglemowisailasifadoanlminglasaandiaalunadinlsa
Tasly K.Fe(CN), 1IIudanardetimdidnasan uudidninsanasamwialalas
-] 6

[
nise3sudiininsanasmwialulas

o AIBuRIaNaI 1Jmmﬁ’uphuquﬁnma 180 Um 817 1.5 cm MANNAZETA 1Ay UTaIanas
lumtazaanauvasnsasafinidudu iy 38% lalasiouasoanled (uan 24 $2lus
ufrdudsiindunaie gass Al

o Wwisunasauiunliland nunadudugudnaamesuen 6 mm. 817 4-5 cm. dautday
azlu fanunizeenTeaziiion euazoevaaauna fap Ultrasonic Cleaning Ww 5
w i Ml |

o wisuaUnInineeunanauia ldur nétﬁuauﬁ&mmfauga naaulmsveInsaauIdun
fisaanes Taoldaudasrasmendntranilalnsindnsanin é‘agﬂ'ﬁ 5

capillary glass rod @ 6 mm ¢ gold wire @ 180 Lim copper wire
|
o f
—_
In the flame

7Uf 5 mwilsznaudatiuismueloudidininsenassunlulas

o TefmmibrasBidnintedawiilseu lesdefmirdldninsenu srafiilon sanlad
(Aluminium Oxide , AL O3 , particle size 0.3 pm) UNRFIANTIN ﬁ'!jm’hmf'mi'i'u wIU 10 uIf
nia sunhRamhdiinInieszazene uddvienuszonafIBLA389 Ultrasonic Cleaning
wuiamn 5 wfi



a mianuazaaddn insadeismaa i '[ﬂm;iu‘i‘)Lﬁnfmﬂnaeﬁm‘iuu‘ls‘\'lu 0.1 M
H,S0, ufvnafia Cyclic Voltammetry fuLa3es Potentiostat , $u PGSTAT10 Taglw
.~ - - & - e - "
and WA -0.1 v §13 1.6 V iHinunuda Ag/AgCl ua: lanzuwanfinufwenlivafdidninie
- - -~ - ol ' ~ -
SIHIATIRUNY 0.1 V/sec. 3unIzridlanTiwAinaaasznitg nizuanudnd IWWhaan

a - [
msweIsunalasimures lnslinefinlsailluldunafwainiianalnnisdesimuyy

[

AANUIA

AnanuduinsszniodSaamiiuazananuwivasudiniidunadwad

m'mﬂaan‘ﬂﬁlﬂ‘s’uuﬁsfuwaﬁ'lw'[m'[ﬂumﬂﬁﬂ'[ﬂﬂungaamun‘% Tuevazann 43 mM
wadlnlsanansiueflu 10 mM Hamwarivuas pH 7 TaumIpuidunasd Inlsasnmslyw
YisnmIndnendna 9 (0, 2.0, 4.0, 8.0, 16.0, 24.0 uC) tRaTaLSnmnTzua WA da Ny
ATAI810 mM nglad + free GOD 25 U/mL 10 mM WamnavWined pH 7

muaisunalaazwmaoslaslsnodinlsa oulasiuazdrnarsdedrndidnasan,
Fe(CN).*™

n1TAsI9AaL wla?‘lﬁm‘luﬁﬂn?oaglﬂuﬁaﬁwaiﬂﬂfsafﬂutnaﬁa1ﬁﬁﬁnf1attnutun’:'

nmesssmuaszylunamwatined pH 7.0 tReliTisnmandonsuaniazluied
0 lasnafinloadnliaunuami lavnmmesasleslvdarnmswédndlndh 100 mvrs 15
suanInndanivunnnlssaneiloolud Wlsufsurvdiininsefinlousinlnlseehs
e

nsdAnsnSuaminidrfiidrde 9 Aldlwomsiaieasidnine

gmiummesesfl anudutuvasmatizneufily fe

o nglameanBing 25 unitsignuiafiaudiuas

o enudutuvasinlia 40 Dadluand

o anudutuned Fe(CN) 2 50 Dadluand

o wafialeedin Thaunuani gnlidmiveanesaunsranfinalWihfildidesiofidy ol
weSlverludadagie mMinasasitez S nainiudusauds ARUTanoinihensng 90,
2.0, 4.0, 8.0, 16.0, 24.0 xC)) Fanizuaualudnusnlunasanw
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[ R e 1w o &
msAnsuarasananIntasinlsanddaTyuranavanwossasanluldiininga

mnesaditly

o anuuTuedewlsd 25 units/mL

anuttuTuues iWadlounlud 50 iaflus/das
anututusadlnlia @19 9 10, 20, 30, 40, 50, 60, 70, Jaflaaly

UFununglanesndiea 25 units/mL

DO O D

WFuunging 20 Nindluanf

v - P R o &
m'sﬁnu‘maﬂmnﬂumuﬂuﬂaatﬂaﬂﬁuﬂum nimaa ty!y1mﬂauauae'uaolau1'numan

nsa

nmagaaR

o enudutusaansdloenlud 5, 10, 25, 50 dadluay
AnaTuTusedinlia 40 Hadluay

ANTNTUYEY GOD 25 units/RNUANRLTUALIAT Ua:
YIunmlWi 45 ﬁaﬁgaauﬁl ANTILTUALUAT
mInzapngles 20 Hadluand

0O 00O O

- - - [y
ﬂ"l‘iﬂﬂaﬂﬂﬂﬁﬂtﬂ‘lﬂ HaJdala ﬂtﬂ"ﬁnlﬂfﬂu‘lﬁ

aula (Sensitivity)
- Y > o - -l
dFmiunsanmsululsiruged anulimunsomlainmswisuudssvesfygruin

Fol¢ Weamnududuyssmifimuladonly (As/Ac)
-.haLﬁn'[mnﬁmmim‘:'uuﬂsfuwa‘ﬁ'lw‘[mﬁﬁnwa‘%eng'[ﬂaaan-"n‘ma uas
KsFe(CN)s tToufasud aniinsareiadiinmngles fisendlWin 0.45 v Taonafiauau
walsan? lumsszanoWomwetiviwes 0.1 M pH 7 U3unas 5 mL Fedaashufalulaniau
lumsasarorswiinmesssussyinimesasneldusssimeavesiulasaw iweddaie
aandiau uasimidemIazasinaspunglasanududu 0.2 M afanz 25 uL o
background current Sifitasfl M nTzuadyAlduIY calibration curve fuaimaala
VaIBLENINTRNAMUTUVDY calibration curve
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AMNLAD YT (Stability)
gmsunwisollsinmstnsnenuadios 2 uuu fa

1. AN BTADNITIZIU (Operational Stability)
thﬁLﬁnTmﬂﬁﬁﬁmsm‘iunWﬁuwa‘a“lw'[iaﬁﬁmm?ong'[ﬂﬁaan"ﬁmﬁ KsFe(CN)g
Foudasusa avihmisensiadiinunglas AdndngWi 0.45 v Tamneiiauauwa s’
lumsazauvesiiatWines 0.1 M 15nas 5 mL Sedasrumalulasiouluamsazaiurou
Fnisnassuasviinimesasmuldusseimazedlulasnou (Raddafasondiau uasvi
nTdaasazapanasgunglaannudiuiu 0.2 M ASans 25 L 1ila background current e
nafl ﬁﬂﬂﬂiﬁﬂﬂgtﬂﬂﬂ%ﬂﬂ: 5 mMadhesiaiiias suasy 20a¥s uaztiufndmaunfafildnuua:

fMNTSUR
2. Anataf s lwszudnoiu (Storage Stability)

ﬁﬁﬁtﬁntnmﬁﬁ'lmsm'iﬂuﬂuwa'ﬁ'lw'[mﬁﬁmw‘iongTﬂaaan-‘ﬁma WAz KsFe(CN)g
Guufasud? ahmianviatiinunglas fisdndIWi 0.45 v lamnafiauaawalsun
Tumsazaowamwaiwines 0.1 M USanas s mL Sadaaduisiulasauluesazaorion
Mnmmesasuasviimmeasssmelausenniaveslulasion Rerdaaoandion uasin
mifemTazaisimIgunglaaanuduiu 0.2 M n¥inz 25 uL 1ile background current i
A mtwhBEnInse AL M mscauwamAmivines 0.1 M Bunes s mL 7

gnpll 4 °Cc  udnbundanglas laptufindwuilusmaifiv (storage) uazdinazus

@2 7UNMU (Interference)

@sunufiviinsfinen fie ascorbic acid WAz 4-acetaminophenol #3TUNIW 2 #ITt gn
ifanuIiimsfine Lﬁaamn'i‘w'fa ascorbic acid WKz 4-acetaminophenol Mo lvnIzusTw
\@eariungles Adndlnitn 0.7 Taerd

nmasaailly ascorbic acid Waz4-acetaminophenol ANUYUTU 1-40 uM YNNI INARBY
Taslfinafinuauinalnum? JanszuafidndlWiadne 9 (0-0.7 Taa) BidnInsafilss 2 wilade
BilinInsenasfldléviminadiualss uazadanglaaeandiaauas KsFe(CN)s fuBLanInIanas
fivamswedwelss uazainglanaanBianuns KyFe(CN),

12



Tasenasfl 2: msaIvanglamewizailasisadoonlminglasaandinaluwedlnlsa

'™ [ [ [ ] - - &
Tas iy Ru(NH,)Cl 1uanarsdsimdianasan undianinsanas

nsasdidninsanas
adunidelasensd 2 dldaddiEning 2 wuudbe Ui

1. 8idninsanosuvuils

o wisuuAulanznauuuNNaN PUAERETUARINAN 0.4 cm Yhanuazaialasianiues

o wisunseauia rualEuETugRdnaIMeuan 0.6 cm 812 5 em aauiadearly e
Aunszasniaziden dluidaennada 9 aandas ultrasonic bath 1HuLIE UM §
W URIFIAILLENIUDA

o wivumeWldlanz3n mesanimasautalszunm 2 em senseaolWm 2 s
3zu 1t 0.5 cm

o @euurulanznauszmoWlasldnani Wi lufiamaesiain

a uAY epoxy resin uazseamulWAFauiuwsiulanznads solunseauia Wiindates
1913z 2 cm Tefian § neean epoxy resin 891U ﬁ'o;ﬂﬁ 6

w'lﬁ'm.iu'[an:naaa;jmanmauvimﬁ": ﬁu‘éta‘n'[nmﬁ'mmﬂ'la

» [}
dndan Insabidmiassluuuafe uazdaseliula

Maeanua

Epoxy Resin

urhaug?

J = o 1
U1 6 uamanrFanAEnIngauuuieglusiu Taonmoaa epoxy resin
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2. si8ninsanasuuuans

0

1

AEnsaanilounvitnssedianInsanaduuuily wdiRanuuinuaInuNIkazUYILT

Wiruanuwa@

» - | 7 [
nMsIMIaadcaIaa l'ﬂﬂT‘n"iﬂﬂ'] Hﬁ‘ﬁ‘ﬂﬂ

D O OO D O

ldvihauszaindidninsanasuuifaussuuuiruadde Uil
faBiannsadminduuaziomuoanudieu
“ﬂﬂd‘lni‘i'uﬂouultdu'fl'ﬂ nylon disk WURz waa diamond polish slurry 2-3 wu@
dadidninIaaufirneglian 8 Tagnedianinsadarniuusiniaiaue
neMiNSUAIUULLEIK microcioth disk UATWEANIBERIWT UM 0.1 pm Uy 5-6 nom
JasianInializanm 12 wfl uddadamiindu
waEnninluveanuazaesle ultrasonic bath Lﬁ'alﬁ‘agmnmmmﬁ'mqﬂanmm‘n'fu
A7 uddaBidnInsadpdindu
SFudininTedisiamuas  uasTulRui

N8R9

o linayvienuszonadilaniniadap uitrasonic bath tIuaARINNNTY 5 WA

mrzaehnBianInsefauuazizomle

. w ool - Y - - - - o
o lLinyRudanAufimithBianinsadiuiuilaniovesdiny inmsszilnaid@ninsaiv

J88

& o = e - =
MIATIANINUNNUHIAAY omanfrlsn

fansoRuRTeeEdninsanesunduasuuuianesselUl
auszaedidniniadiugeda
Manuszoadidninsadioitmanlinilasmatinlosdnliaunaams lumsszans
H,SO, 0.1 M 5 mL laslwddndlWdien —0.2 113 +1.6 V $7m2u 3 38U
rminasslumIacsans KsFe(CN)g 0.1 — 0.5 mmolmL  lamnafialeafinliaunuaun’
TaslidandlWien 0.0 fiv +0.6 vV $man 2 1au luudszanudutu

L 24 a J [ 7 - 8
Tunindntzusi ldanloadnliaunuam? Tasviimmeaass 3 a5 udnbhandra i
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-l -
msﬁnmmun (%] ll'):ﬂlﬂ“ﬂ’l'ﬂﬂ?ﬂﬂ a l‘gﬂrﬂ AIANBITUIALTN

[ 7R 7, -Ill L% o ol
NMMTHIANNITNLIWT DS nafion LLASLIAIMN 1‘11““'1778111 nafion LHINLUNIEAN

Q
Q

Q

rhm‘ma:a'mﬁlﬁn'[mﬂﬁ"mqﬂi'ﬂ

Yauazanadidnintadsitmaei Wi lasmafialoafinlisunuiund lumsazae
H,80, 0.1 M 5 mL lasldddndInf19n —0.2 fis +1.6 V 97724 3 J01
rnneaatlumsacmeWamnaliWines 0.1 M USanes 5 mL leswmefialan@inliauny
s Wednd Wihen 0.7 i +0.7 v 97w 2 s8u Lﬁﬂﬁgﬂd‘hﬁuﬁﬂﬂﬁﬁaﬁaﬂu
M9 nafion U197 0.5, 1.0, 1.5, 2.0, 2.5, uaz 3.0 uL  UAAIWANINIUNTTELA nafion
ui? tiweam 10, 15, uss 20 Wil TuusinzyaueIFunm nafion
wdildninsalurbidnlaTauadinlulasinlumsazais Ru(NHa)Cls 10 mM 1w
10 wfi

vnimasadlumiazmoamwatWines 0.1 M 13uas 5 mL Tasnaiialaadn
Taaunauun3 Wsrdng WH9n —0.7 fia +0.7 v d1mu 2 181 luudazmmaaas

Tunnminssuaineuausd 9 n'lendn haunuTuunsun'ld

MIANEIAMNTNTUB DI Ru(NH,),Cl, uaznmﬂ'h's‘lun'nijutﬁnfn‘m’lumsaza'm

Ru(NH,),Cl,

Q
Q
Q

ﬂ'm'mla:maﬁuﬁn'[maﬁwqaﬁ‘ﬂ

Manuazandianiniansitmaail Wi lapmaiialoain

Taaunanam3 lumiazans H,80, 0.1 M 5 mL laaliddndlWfin 0.2 6 +1.6V
97U 3 38U

mimasaslumiazarsnemwalwies 0.1 M 31e3 5 mLInomnefialaninliauny
M3 DisrdndWfliein 0.7 s +0.7 vV d1mau 2 sau Lﬁﬂﬁgﬂi’i'lﬁuﬁ':'lzjﬁﬁ'oﬁaﬂu
WA nafion UTnaT 1.0 ul. uazAmUfuLIalun1IIe W nafion uis (iuaa10 wifi
wdiEnlnialuiididnlatauadinlude Tasduluaaszans RuNHy)Cly 5, 10, 15, 20,uss
25 mM Lilwam 5, 10, 15, 20,uaz 25 wifi luudrzgavasnnuduiurasmIszais Ru
(NH3)eCls

mmarasluaniszaisamaiWined 0.1 M USinas 5§ mLlaunaiialandnliauny
wn3 WdadndlWfin 0.7 fa +0.7 v duau 2 sau luudaznimeasag
Tufindnszuafineusmes snloednlisunuluunsule
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‘ m'iﬁn'tnn‘nuti'ui’uﬂa\ﬂwfsaua:ﬂs:q‘lﬂﬂwﬂﬂumsmuqumsm?uuﬂa’u

nadlnlsa \

(@]
Q

arwezaadiininsadiuyada
vanurzaedldnnsadgitmaniiinflasimafialoafnbhawnuund  lusmsazane
H,S0, 0.1 M 5mL lasldddndIWiiain —0.2 fila +1.6 V $7m7u 3 70U
itmmaaadluasazarswamnetiines 0.1 M 5 mL laomeaiialoafnliaunuand W
ffned IWWIRIN —0.7 fla +0.7 V.  $7uwu 2 Jau Lﬁaﬁgmf'i']ﬁuﬁﬂxiﬁﬁaﬁauu
dn1azfinasadldunld Teuwwe nafion 500a3 1.0 uL kazALANIIANIUNTIAIN nafion
udd uat 10 wifl usnhdidninsaludidnlassuadinludslasiulumszais Ru
(NH3)sCly 10 mM 1iluiaa1 10 w

vmmwedweTlnetu luamsssawenlsannututu 0.1 uaz 0.3 M laomnaiia
gaauiiuni Adndlni 0.7 v

mimaaadlumiazmaamnatiWinas 0.1 M5 mL lagmafialoadnlaunuun 4

] & o

fi1eng RN —0.7 iy +0.7 V. $1mIu 2 Tou

»
ar o8 ) =l

Juindintzuaficauauay sin'loainlasunuluunsufle

nmsassaddanasinlsa

ioldaanBaniuainardorimdidnason

manuszeebilaniniadiogaia

eanuazaradiannsefsitmaslinilasmafinlosdn

Taaunuam? lumsazas H,80, 0.1 M UTanas 5§ mL lasldddndiWiien —0.2 s
+1.6 V ¥747u 3 70U

Minmsasilumsazmoremaivives 0.1 M US1as s mL TaumniinlendnTiaunuam

3 WerdndIlf0n 078 +07V §wau 2 3o iefgalinuium hifidadorlu
vimsnedweslswdulumsazaiwInlin 0.1 M #3 GOD 50 unitymL  Taumniin
anaulmi fAendlnin 0.7 v

rmmesaslumiazaonamwaivines 0.1 M UTines 5 mL Taomefialaainliauny
3 WdengWfien 0.7 fis +0.7 v dmau 2 1eu udaToufisunylondnliaunu
Tounsauftldroummmesiwelnwiu
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ilald Ru(NH,)Cl, iinanadedimdiinason

anurzneiildnInsadiugada
Manuszaiadidninsaswitmaeliwi laomesialondn
T2aunaan3 luasazens H,50, 0.1 M U3unas 5 mL laplwddndlWien —0.2 s

0O O O

+1.6 V 97%2% 3 58U

o Yhnmimesadlumsazamoemwatiwines 0.1 M U5unas 5 mL laomeiialoadnliauny
tun3 Weandlwdan 0.7 6y +0.7 v duu 2 3au Lﬁaﬁgmf'i'luuﬁ'uﬁ'z'hiﬁﬁaﬁa
Uu

o Wanuazendianinsasedinaaiiinfalesmafialoafnliaunuam’ lumsazane
H,SO, 0.1 M 5 mL laslddrdndlwiien 0.2 fis +1.6 V $7u2u 1 301

a wmazfinaandléunly Tauwea nafion U331@3 1.0 uL unzAUANLIATIUMTTalA nafion
uds 1luaar 10 wifi usnhdilninseluvinBidnlasauadin -luds lasdulumTazas Ru
(NH;)eCls 10 mM iiluiaen 10 waft nel3Tiusks

o Yminediwedlnadu ssazauinlse 0.1 M A GOD 50 units/mL Tamnadia
graudms AndlWi 0.7 v

o mmasaslumiacaoamnaliwives 0.1 M Y3unat 5 mL laomafialoadnliauna
Taunsa WendndlW®9n —0.7 §9 +0.7 v $man 2 3oy WauSsudfisuriuTaunaly
unsufildrisumnefwalnaiu

mMsasvialIanmnglaa
-l o
o nandivHr07V
- J [ 7 [ » 1 - o J - r_] [ 3 'y J-
drdianintanldeondiauiudinsisiusidnaseu A naeTradsuwe’ Iwlsanit
-~ L 3 o J » L 3
miafinglasaandiasus’ mﬁ'm'nm'ammﬁu'\mng'[ﬂa Adendlnmi 0.7 v Tasly
matianaualsumIlumazaowamnatiwined 0.1 M Buas s mL  lapvnmidiams
& ' ol
a:'lummg'mngTﬂamoaz 2 mM Lile background current fifinnafl

e fAdndlvi 0.4, 03,02 uaz 0.0V
1115tﬁn'[mw‘r‘lﬁ'\m':m‘iuuﬂﬁuwaﬁ'lw'[mﬁﬁmmhng'[naaanima uae

Ru(NH3)eCl; U2 avhmsaraviafananglas fisndndWdadanda

0.7V Tamnafiauamwaliuns lumsasanavomwatwinasf 0.1 M WSmas 5 mL  Seeae

dumfrlulansulumsszarodowinmmessiuszsoiimmasas laidaoeandion

ua:ﬁ'm'm‘iﬂm'izmummg'mng'[ﬂm%az 2 mM 1ila background current Hisinafl
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N1IATIVADUATLNIN sasdiEninsafiaduald
\

NMTATIVABULIANIRNITABUARDIVBINTEUNN] yuItk (response time)

1115La‘n'[mnﬁﬁ'm'mﬂ‘i'uuﬂé'uwaﬁ‘lwhaﬁﬁmm‘%mngaaan"ﬁma WRE Ru(NH3)eCls
FouTasud avimianvialiinmnglas AddnTIWRY 0.4 v Taomafiauainwalsani
Tumiazaonamuainines 0.1 M 1Bt 5 mL Sedpssiufaiulenonlumsacaorien
Fmmesaduazamznassisashmeldurssmiavasiulasiau iRemdamoeandian uas
ﬁ'zm':ﬁﬂmmzmnmmﬂ‘\ungfﬂﬂﬂ%a: 2 mM {8 background current HfAdfl  uazYims
'i’anm'lummaumawaam:uaﬁrytyﬂmmaqng'[ﬂmi’jaﬁuﬁ'lnﬁﬁﬂ unTzmIdnIzusasu

- o '
auaammuamaaug‘mf

Al (sensitivity)
s o g -i ™ -l - § - Jd r i -
mamnTmﬂnn‘m’mmuuwﬂuwaa'lw'[mnun'nmanQTﬂaaanmﬂa ua: Ru

(NHa)Cly Foufasuda smvimisasnialiinmngles fisndn Wit 0.4 v Tasnaiinuay
wolsam? luamsassowomnatvines 0.1 M Ysunas s mL Sadasruialulansulu
mIazaunauinmImesaussnImesasmoldusssimeavadlulasion Rerdafe
oandiaw ua:ﬁ'lmsﬁamm:mummg'mng'[ﬂﬂn?aa: 2 mM iiia background current fifinng
#i dnszuadygruiildunvih calibration curve fwrnmnaulmadidninsaninanudu

189 calibration curve

AMALADNYT (stability)

ddiEnnafiiimaeiouidunedInlsafiinsedsnglnseandion ua: Ru
(NH3)Cls (Fpufasud ynihmsameiafiinmunglaa fiseindlw®n 0.4 v Tapinafinuey
wmalaam? lumazaoWamnatWiey 0.1 M 1Banas 5 mL Sadasrimiolulasiautu
mIasawniawinMmasaduazinmesssnmeldusssmeveslulanen tlafdaie
aandian ua:ﬁﬁmiﬁﬂmiazmummpunghaﬂ%a: 12 mM 1ila background current fi¢in
Al ntwhaEnnse iy Tin esszsonemwaiWwine 0.1 M Banas 5 mL 1

gongdl 4 °c  udnhandanglaa lastiufindwansalasnmfiy (storage) uszdnszue
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HAaNIINA[BILREIITOL
FpnuamImasaduazdsoiutailn 2 susadalul

-t o
Tasen1sf 1: mswaIsanglasnuiseilasitasueunluinglesoandiaaln
voiInlsalasls K Fe(CN), iTIunarnarvdarindidnasen undidninsanas
malalas

& o a =
NI¥RITIIRALUNUNTBIDLA nTﬂTﬂ

- oS - - - = [y
1. mMIFUIMARNIMTINeaeIdiRninTanas mmsnmmm'lﬂmngm

s = (2.69%10°)n*?AD, "~ V' Cy

e n = number of electron transfer
A = Area of electrode [cmﬁ
D, = Diffusion coefficient = 0.763X10" [cm/sec]
V = Scan rate

Co = Concentration [Mlcmal

N i/ Co = (2.69X107)n ADg - V" suntnsuanldnnmiliinafia Cyclic
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Optilhal Condition for Preparation of Polypyrrole Film with
Immobilization of Glucose Oxidase and Ru(NH,):Cl;
Passapol Ngamukot' Sutthida Watcharaphalakorn® Atinut Ketithum!’

Orawon Chailapakul' and Morakot Tanticharoen®
'Department of Chemistry, Faculty of Science, Chulalongkorn University,
Payathai, Bangkok 10330, Thailand

?National Center for Genetic Engineering and Biotechnology, Thailand

Abstract

Preliminary studies of a new preparation procedure for an amperometric glucose sensor
were investigated. The enzyme glucose oxidase was immobilized on the surface of a nafion
coated gold electrode by entrapment in an electropolymerized film of pyrrole. Glucose responses
were measured amperometrically via a Ru(NH3)Cl; mediator. The optimal conditions for
preparation of the sensor, the effects of applied potential, and the capability of the sensor were
investigated. With the optimized glucose sensor, the detection limit was 1.5 mM and sensitivity
was 9.0 x 107 A/mM. The response time was 80 seconds and the linearity of the sensor
response ranged from 2 to 12 mM glucose solutions. The long-term stability of the sensor was
- improved by the electrostatic interaction between [Ru(NH;)s]** and immobilized sulfonate

groups of nafion. The storage and operational stability of the optimized glucose sensor exceeded

16 days and 9 times, respectively.

Introduction
Today electrochemical detection has clearly proved the favored method for use in bio-

sensors. Electrochemical sensors may be divided into two categories: potentiometric devices that



monitor the potential changes and amperometric devices that record the current flows when the
potential is held at a constant value [1]. The first category includes pH meters, ion-selective
electrodes and ion-selective field effect transistors. These instruments suffer from the inherent
'characteristics of potentiometry, i.e., rather slow response to solutions at low concentrations of
analyte and high detection limits. Amperometric determination offers better sensitivity, lower
detection limits and relatively low cost.

A further classification of amperometric biosensors may be made into direct and indirect
electron transfer systems (as shown in Fig 1) [2]. For a direct amperometric biosensor, electron
transfer occurs freely between the redox center of a catalytic protein and the electrode [3]. A
cyanometalate-modified electrode based on direct electron transfer has been reported [4]. A more
practical way is the use of electron mediators that shuttle electrons between the protein and the
electrode. A mediator becomes important in attempts to eliminate oxygen depletion effects on

signals of oxidoreductase sensors. Consider the following problem in the case of amperometric

glucose sensors.
Glucose + GOx GOXa + Gluconolactone
GOXea + Oz —_— GOx + H:0
Glucose + O, _oox H,O, + Gluconolactone overall

Glucose oxidase is a flavoprotein, which catalyzes the oxidation of glucose to
gluconolactone. The natural electron mediator is oxygen, which is reduced to hydrogen peroxide.
The operating potential for this sensor is +0.7 V (vs Ag/AgCl). At this potential, ascorbic acid
. and uric acid are very important interferences. The linearity of the calibration curve is affected
. by the depletion of oxygen in the sample. This mediated approach is used to remove oxygen
| dependence from the sensor’s function and avoid the interferences. Several mediators have been

reported. Compounds such as ferrocene have been shown to be well suited to this purpose [5,6].



Systems with the application of conducting polymer-modified electrodes have been developed.
“The optimal conditions for the preparations of polypyrrole films on platinum electrodes have
been reported [7,8]. The electropolymenization of polypyrrole, polythiophene and polyaniline on
'thc nafion-modified electrode have been investigated [9).

This paper reports a preliminary investigation of a new preparation procedure for an
amperometric glucose sensor. Glucose oxidase and Ru(NH;)cCl; were immobilized on a gold

disk electrode, pre-coated with nafion, by entrapment in an electropolymerized film of pyrrole.

Experimental Section
Materials and Equipmenru.

The enzyme glucose oxidase (GOx) from Aspergilius niger was purchased from Sigma.
Anhydrous dipotassium hydrogen orthophosphate was purchased from BDH. Potassium
chloride, potassium ferricyanide and pyrrole were all from Merck. Nafion 117 solution was
purchased from Fluka. Hexaammine ruthenium (III) chloride was purchased from Aldrich and
glucose anhydrous from CARLO-ERBA. All clectrochemical experiments were conducted with
the PGSTAT10 potentiostat with the operating software (GPES version 4.4). The electrode
polishing kit and Ag/AgCl reference electrode were purchased from BAS (Bioanalytical
Systems, Inc.). The homemade gold disk clectrode (6 mm diameter) and platinum gouge
electrode were used as working and counter electrode, respectively. The three-electrode system

was used in all experiments.

Surface Preparation of Gold Disk Electrode.
In order to prepare the gold disk electrode for determination of the electrode area or

enzyme modification, the electrode surface must be rinsed with distilled water followed by
methanol to flush away any encrusted material on the surface. Then, a few drops of the 1 um



diamond slurry were applied on the white nylon-polishing pad. The electrode was placed face
.down on the pad and polished using a smooth figure-eight motion with even pressure. After 1-2
minutes, the electrode was removed and all remaining polishing grit was rinsed away with
'distilled water. Next, the microcloth-polishing pad was wetted with distilled water and several
drops of polishing alumina were added. The electrode was polished in the same manner as in the
previous step. Then, the clectrode surface was immersed in shallow distilled water in a small
. beaker and placed in an ultrasonic cleaner for no more than 5 minutes. It was rinsed again with

distilled water and the remaining water was shaken off. The electrode was then ready for the

experiments.

Electrochemical Cleaning of Gold Disk Electrode.
Electrochemical cleaning was performed using cyclic voltammetry. The gold disk elec-

trode was immerged in 0.1 M sulfuric acid and the potential was swept between -0.2 to 1.6 V
(vs. Ag/AgCI reference electrode) with a scan rate 0.1 V/s (about 10 cycles). Then all the elec-
trodes were removed, rinsed well with distilled water and wiped dry.

Determination of Electrode Area.
The electrochemical area of the bare electrode was determined using cyclic voltammetry

and the Randles — Sevcik equation [10] for a reversible redox couple, which is

Ip= (2.69 x 10°) n*?AD'2Cov'?

When /- is a peak current (Ampere), n is the number of electrons transferred, 4 is the
electrode area (cm®), D is the diffusion coefficient of the electroactive species (cm® 5'), C is the

bulk concentration of the same species (mol cm™), and v is the scan rate (V 8"). The peaks



t

currents obtained from each known concentration of electroactive species are plotted versus the
.concentration. If a reversible electroactive species which has a known diffusion coefficient is
used, the electrode area can be calculated from the slope. In this research, the determination of
'the electrode area were performed in potassium ferricyanide, concentration range from 0.1 — 0.5

mmol cm™ (Potassium ferricyanide has a diffusion coefficient 7.6 x 10 cm’s™* at 25°C).

‘ Swurface Pre-coating with Nafion.
The nafion solution was applied onto the cleaned gold disk electrode and left to air-dry.
The applied volume of nafion ranged from 0.5 — 3.0 pl. and the duration times waiting for air-
drying were 10, 15 and 20 minutes. The dried nafion electrode was immersed in 10 mM
hexaammine ruthenium (III) chloride solution for 10 minutes and left to air-dry. The peak
current from each batch was obtained from a cyclic voltammogram in 0.1 M phosphate buffer

solution (pH 7.0). Potentials were swept between —0.7 to 0.7 V (vs. Ag/AgCl reference

electrode) with a scan rate 0.1 V/s (2 cycles).

Surface Pre-coating with Ru(NH ¢sCls.

First, 0.1 pL of nafion solution was applied onto the cleaned gold disk electrode and left
to air-dry for 10 minutes. Next, the dried nafion electrode was immersed in hexaammine
ruthenium (II1) chloride solution (concentration range from 5 —25 mM) and dipping period range
from 5 — 25 minutes. The electrode was left to air-dry. The peak current from each batch was
obtained from a cyclic voltammogram in 0.1 M phosphate buffer solution (pH 7.0). Potentials
were swept between 0.7 to 0.7 V (vs. Ag/AgCl reference electrode) with a scan rate of 0.1 V/s

(2 cycles).



Preparation of Polypyrrole Film.

First, 0.1 pL of nafion solution was applied onto the cleaned gold disk electrode. The
electrode was left to air-dry for 10 minutes. Next, the dried nafion electrode was immersed in 10
'mM hexaammine ruthenium (III) chloride solution for 10 minutes and left to air-dry again. The
electropolymerization of the polypyrrole film was carried out by chronocoulometry at 0.7 V (vs.
Ag/AgCl reference electrode) and the concentration of pyrrole solution ranged from 0.1 — 0.3 M.
The peak current from each batch was obtained from a cyclic voltammogram in 0.1 M phosphate

| buffer solution (pH 7.0). Potentials were swept between 0.7 to 0.7 V (vs. Ag/AgCl reference

electrode) with a scan rate 0.1 V/s (2 cycles).

Immobilization of Glucose Oxidase.

The optimal conditions obtained from the three previous experiments were used in this
step. After the electrostatic binding process between nafion and [Ru(NH;)G]”, the electrode was
placed in pyrrole solution containing 50 units/mL of glucose oxidase. The electropolymerization

of polypyrrole film was camried out by chronocoulometry at 0.7 V (vs.Ag/AgCl reference

electrode) to immobilized the enzyme on the electrode surface.

Results and Discussion

Optimal Condition for Preparation of Glucose Sensor.

The optimal volume and duration time for air-drying of nafion at a fixed concentration of
Ru(NHj;)sCls were studied. The results are shown in table 1. The highest current response was
found for 2.5 uL of nafion with 20 minutes duration time. But, when this condition was used to
prepare the sensor, we found that it did not respond to standard glucose solution. Peeling of the

polypyrrole film on the electrode surface was found. This was because the film too thick. Thus



another set of conditions was used. It was found that 1.0 pL of nafion with a 10 minutes duration
time was optimal.

The concentration and duration time for Ru(NH;)sCl; at the optimal conditions for nafion

\

were studied by varying the concentration of Ru(NH;)sCl; solution from 5-25 mM with different
dipping periods. The highest current response was found for 10 mM Ru(NH;)sCl; solution and a
dipping period of 10 minutes (as shown in table 2.).

The effect of the variation of pyrrole concentration with the optimal conditions for nafion
and Ru(NH;)sCl; was investigated. The electropolymerization of polypyrrole film was carried
out by chronocoulometry at 0.7 V (vs. Ag/AgCl reference electrode). The film thickness was
estimated by assuming that 45 mC/cm? corresponds to a film thickness of 0.1 um [11]. Because
the electrode area calculated by Randles — Sevcik equation was 0.2827 cm’, thus the charge
passed to grow the film (0.1 um) for this electrode was 17.4 mC. The highest current response
was found for 0.3 M pyrrole solution (as shown in table 3.). However a rugged film was found
at this concentration, while 0.1 M pymole solution that gives a uniform film was the better
choice.

Using to the optimal conditions described above, the surface of gold disk electrode was
coated with nafion and Ru(NH;)Cl;. In the presence of nafion, which is a cation exchanger,
the immobilized sulfonate groups serve as a charge compensator to [Ru(NH;)]**. In this case,
[Ru(NH;)s]** was used as an electron mediator instead of oxygen. The enzyme, glucose oxidase,
was immobilized by electropolymerization of a polypyrrole film. The schematic profile of the
optimized sensor is shown in figure2. The electropolymerization using chronocoulometry was a
repreducible method to produce the polymer film. The film thickness can be controlled by the

charge passed into the solution.



imperometric Detection of Glucose.

The capability of the sensor was demonstrated by the injection of a standard glucose
solution into the electrochemical cell containing 5 mL of 0.1 M phosphate buffer. The current
zwponse of glucose was obtained using chronoamperometry at different operating potentials
aunder N> atmosphere). Operating potentials of 0.0, 0.2, 0.3, 0.4 and 0.7 V (vs. Ag/AgCl
reference electrode) were investigated. For comparison, the sensor without an electron mediator
was studied at the same potential. It was found that the sensor without an electron mediator

gives a current response only at 0.7 V, but the sensor with electron mediator, Ru(NHj3)Cl;, can
_' give the current response at a potential range from 0.0 - 0.7 V. The results show that the sensor
can be operated at the potential below 0.7 V to avoid the interference. The optimal potential for
the detection of glucose was 0.4 V (vs. Ag/AgCl reference electrode) because a linear calibration
curve could be obtained at this potential. Figure3. shows the amperometric response of the

sensor to standard glucose solution.

Analytical Performance of Glucose Sensor.

The response time of the sensor for glucose analysis was studied using
chronoamperometry at 0.4 V (vs. Ag/AgCl reference clectrode). A 50 ul. of 0.2 M standard
glucose solution was injected into the electrochemical cell containing 5 mL of 0.1 M phosphate
buffer (the final concentration of glucose was 2 mM). In the studied solution, it took about 80
second for the current response to reach its maximum.

The dynamic range of the sensor was investigated by monitoring the standard glucose
solution in the concentration range from 2 — 14 mM. Figure4. shows a plot of the current
response of standard glucose solutions. Good linearity was found in the low concentration range
of the calibration curve. When the glucose concentration was larger than 10 mM, a curvature on

the calibration curve appeared. The sensitivity of the sensor, obtained from the slope of the



calibration curve, was 9.0 x 10" A/mM. The detection limit of the sensor was estimated to be

"sbout 1.5 mM.

| The long-term stability of the sensor was investigated by monitoring its current response

'to standard glucose solutions at different times. In this research, Ru(NH;)sCl; was used as the

clectron mediator. The sensor’s life time depended on the remaining amount of [Ru(NH:)s]** on
- the electrode surface that can be monitored by cyclic voltammetry. The long-term stability was
» divided in two categories, operational and storage stability. For the operational stability, the

sensor was operated continuously to investigate the change of current response. The storage

stability was studied by storing the sensor for a few days and recording the current response

repeatedly. Operational stability for more than 9 times and more than 16 days of storage stability

of the optimized sensor were found.

Conclusion

This paper illustrates a preliminary investigation into the preparation of an amperometric
glucose sensor with Ru(NH3)sCl; as electron mediator. The optimized sensor can be operated at
the potential of 0.4 V (vs. Ag/AgCl reference electrode). Interfering species having an oxidation
potential close to 0.7 V can be eliminated effectively. The electrostatic interaction between
nafion and Ru(NH;)sCl; offers good storage stability of the sensor. The clectropolymerization
using chronocoulometry improved the reproducibility for the preparation of polypyrrole film in
the enzyme immobilization process. The detection limit was estimated to be about 1.5 mM with
sensitivity of 9.0 x 10" A/mM.

However, further work is required, with regard to understanding the parameters that
influence the reproducibility of the immobilization method, how to control the amount of
enzyme and Ru(INH;)sCl; that are immobilized, to develop a reproducible method to control the
film thickness of nafion in the surface pre-coating step, for example. Moreover, the application



of the amperometric glucose sensor as the detector in flow injection analysis (FIA) system is
very interesting [12]. This further work is the subject of current study in our laboratory.
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Table \

Table 1. Current response of the gold disk electrode prepared by applying different amounts
of nafion with different duration times for air-drying in surface pre-coating process (with
fixed conditions for Ru(NH;)sCl3)

Amount of nafion Current response ([tA) at the various
applied (uL) duration time waiting for air-dried
10 min. 15 min. 20 min.
0.5 151 229 237
1.0 167 0.05 157
1.5 209 217 215
20 210 202 201

2.5 142 248 253
3.0 202 237 148




Table 2. Current response of the gold disk electrode prepared by varying concentration of
Ru(NH;3)sCl; solution with different dipping periods in surface pre-coating process (with
fixed conditions for nafion)

Concentration of Current response (LLA) at the various
Ru(NH,),C!, dipping period
dipping solution S min. 10 min. 15 min, 20 min. 25 min.
SmM 03 60 297 209 102
10 mM 187 298 254 231 263
15 mM 253 209 208 155 168
20 mM 265 236 182 164 168

25 mM 281 238 279 294 262




Table 3. Current response of the gold disk electrode prepared by varying concentrations of
pyrrole solution in the electropolymerization process (with fixed conditions for nafion and

Ru(NH,),Cl,)

Conentration of pyrrole solution Current response (mA)
0.1 M 25.00
o3M 2787
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) Abstract

The purpose of this research is to prepare a glucose sensor using electrochemical
polymerization of pyrrole onto a gold microelectrode in the presence of the enzyme glucose
oxidase and ferricyanide at a potential of 0.70 V versus Ag/AgCl. The enzyme glucose
oxidase and ferricyanide are co-immobilized into the polypyrrole films during the
electrochemical polymerization process. The two species compete for incorporation into the
films so that on increasing the concentration of enzyme in the growth solution less
ferricyanide is incorporated into the film. The ferricyanide entrapped within the film acts as a
redox mediator for the oxidation of the enzyme at 0.45 V versus Ag/AgCl. The effects of
variation in charge passed during polymerization, pyrrole concentration and ferricyanide
loading are studied. Moreover, the determination of standard glucose and the stability of

glucose sensor were investigated.

KEYWORD: POLYPYRROLE, GLUCOSE SENSOR, FERRICYANIDE,

AMPEROMETRY

* Author for correspondence



.1. Introduction ‘'

Electropolymerization is an adaptable and easily controlled method for the
immobilization of enzymes at an electrode surface. This makes electropolymerization an
interesting method for the immobilization of enzymes on microelectrodes, for applications
such as glucose sensors.

An amperometric sensor is a device for measuring the current that is generated by an
electrochemical reaction at a fixed potential. There are some advantages of the
amperometrical sensors that make them very useful in bioprocess control. Amperometric
sensors are inexpensive, simple to make and operate, and adaptable to process control
instrumentation. The sensors can be often operated in a wide concentration range. However,
they can sometimes lack selectivity' and can suffer from fouling when used in complex
matrices’. For an amperometric glucose sensor, the reaction of glucose and oxygen in the

presence of enzyme glucose oxidase (GOD) will generate hydrogen peroxide as shown below:

B-D-Glucose + O, GOD - gluconic acid + H,0, w..-(1)

This is an electroactive species, which is oxidizable at an electrode surface as described by an

electrochemical half reaction as follows.

H,0, 0.7 V vursus SCEy 2H' + O+ 2 ... -(2)

The response to hydrogen peroxide will be proportional to the concentration of glucose. This
reaction is monitored amperometrically by measuring the current generated by the increase of

hydrogen peroxide.



0, +2H" + 2¢ —_— H;0, ORI ( )
ias oxygen is consumed by the enzyme.

The limited solubility of oxygen in solution creates a problem at high substrate
concentrations often encountered in bioprocessees, because it limits the linear range of the
. sensor. Oxygen can be generated from hydrogen peroxide at the electrode surface, when it is
at a positive potential. However, this regenerated oxygen is sometimes not enough to meet
. the demands of the enzymatic reaction at high substrate concentrations due to loss of oxygen
from diffusion.

In this study, preparation of a glucose sensor by immobilization of glucose oxidase and
ferricyanide (Ferri) into polypyrrole (PPy) by electrochemical polymerization on gold (Au)
microelectrode was investigated. The glucose sensor is expected tc determine glucose
concentration at low potentials (lower than 0.7 V vursus SCE) in order to avoid interference.

Electron transfer mediators, such as ferri/ferrocyanide (E® = 0.34 V vursus SCE),
ferrocene and benzoquinone can sometimes take the place of oxygen. This can sometimes
overcome the problem of limited availability of oxygen'. Also, the focus of recent research is
the coupling of an electron mediator with a species that electrochemically polymerizes to
form a film over the electrode. The film can mediate electron transfer, serve to screen out
interference and prevent electrode fouling®. Polypyrrole has been a particular choice for
entrapment of protein molecules because films can be grown from aqueous solutions

compatible with most biological elements®.



-2, Experimental
l 2.1 Chemicals
Glucose oxidase type II derived from Aspergillus Niger 10,000 unit from Sigma
Chemical Company. 96% Pyrrole was received from Fluka Co. Ltd., and freshly distilled
- before use. B—D-Glucose purchased from BDH Ltd. was used to prepare the standard
solutions of glucose. These solutions was prepared 24 hr before use to ensure mutarotation

between the o and B forms was complete. Other reagents were analytical grade.

2.2 Equipment

A Potentiostat/gavanostat (Autolab, model PGSTAT10) was used for the
electrochemical polymerization, and current measurement. Output from the scanning
potentiostat/galvanostat was connected to a personal computer and HP Laser jet 4L printer,
supported by GPES 4.4 operating software. The conventional three-electrode system
consisted of gold microelectrode of diameter 180 zan ( this number is obtained from
electrochemical experiments as explained in topic 2.3.1), silver/silver chloride reference

clectrode, and platinum wire counter electrode. Electrochemical measurements were made

using a Faraday cage for noise prevention and under N, gas.

2.3 Procedures
2.3.1. Preparation Gold Microelectrodes
The gold microelectrodes were prepared by sealing fine gold wire into capillary glass

rods of diameter of 0.6 mm. (Figure 1). The gold microelectrodes were cleaned in H.O; :



H,SO4, 3:1 solution, then they were polished with emery paper and then with aluminium
oxide (0.3 tm particle size). Before use, the microelectrodes were pretreated by
electrochemical cleaning in 0.1 M H; SO, by cyclic voltammetry from 0.2 to —1.6 V versus
silver/silver chloride, at scan rate of 0.1 V/sec. The radii were determined from the equation
(4)* by measuring the diffusion controlled current for the oxidation of K3;Fe (CN)g in 0.1 M

KCL

ip = (2.69x 10%50*2 AD* v Co e 4)

Where i, = peak current, n = number of electron transfer, A = area of electrode [cm],
Dy = diffusion coefficient of ferricyanide in 0.1 M KCI (0.673 x 107 [cm?/sec])®, v = scan

rate [V/sec], and Co’ = concentration of ferricyanide [mol/cm’].

2.3.2. Electrochemical Polymerization of Pyrrole and Immobilization of Glucose Oxidase
and Ferricyanide
Electrochemical polymerization of pyrrole onto a gold microelectrode in the presence of
the enzyme glucose oxidase and ferricyanide solution was performed at a potential of 0.70 V

versus silver/silver chloride. Ferricyanide was also used as an electrolyte during

polymerizing process.

2.3.3 Determination of Glucose

The amperometric response to glucose was evaluated using the three electrode system
in 5 ml of 10 mM phosphate buffer pH 7.0. After applying an overpotential, the current
background was left to stabilize and then glucose solution was added into the measuring cell.



The current-time response was recorded as the difference between the stable current (i) after

substrate addition and the background current (i)

3. Results and Discussion

3.1 Cyclic Voltammetry of Ferricyanide Incorporated in the Polypyrrole Films

Experiments were performed to determine the optimal conditions of the PPy/Ferri/GOD
film preparation. Cyclic voltammetry of ferricyanide and the response to glucose from
AwPPy/Ferri/GOD electrode were evaluated as a function of charge passed, pyrrole
concentration and ferricyanide concentration.

Cyclic voltammetry of ferricyanide at PPy and PPy/Ferri modified electrodes at
100mV/s was performed in phosphate buffer solutions having pH 7.0. (pH 7.0 is used
because it is similar to physiological conditions.) There was a significant difference between
the two electrodes, as shown in Fig. 2. Characteristic voltammograms for the redox of
ferricyanide in phosphate buffer solution solution were observed at the PPy/Ferricyanide

electrode. At PPy modified electrodes, no evidence of electron transfer was observed.

3.2 Effect of Charge Passed during Polymerization on the Enzyme Electrodes

For these experiments, the concentration of the following compounds was kept
constant: glucose oxidase at 25 unit/cm’, pyrrole concentration was 40 mM and K3Fe(CN),
concentration was 50 mM. Cyclic voltammetry was used to investigate the effect of charge
passed during film growth on the amount of ferricyanide incorporated. In Fig 3, the charge
passed is plotied as a function of anodic peak current (ig.) measured from ferricyanide

oxidation. It is found that the amount of ferricyanide incorporated increases linearly with the

7
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Ltotal charge passed during film growth. This suggests that film thickness increases linearly
with charge passed over this range. Based on this information, the film thickness would be
' estimated by assuming a charge density of 1 mC cm™. This gives an apparent film thickness
' 0f0.22 x 10 cm’.
The quantity of charge passed should presumably be related to the quantity of enzyme

entrapped in the same manner. The effect of charge passed on the amperometric response of

an Aw/ PPy/Ferri/GOD electrode is studied and the results is shown in Fig.4. The response to

glucose at 0.45 V decreases on increasing the charge passed beyond 8 uC. These results can
be explained as follows: The average distance, X; travelled by a glucose molecule through the

film before reacting is given by ®

X =VD: K/ Kew€T = e, (5)

Where D; is the diffusion coefficient, K, is the Michaelis for the enzyme, K., is rate constant
for the breakdown of the enz-substrate complex and er is the total enzyme concentration.
When the length X, is gfeater than the film thickness, much of the glucose will be lost to the
bulk solution before it can react. Hence increasing the film thickness will increase the
response, as this enables more glucose to be retained. However, if the film thickness becomes
much longer than X;, most of the glucose will react only at the outer edge of the film. This
means the mediators have a long way to travel before reaching the electrode, and so some
mediators are lost to the bulk solution. Hence now increasing the thickness causes the
response to go down. The optimum response will occur when the film thickness and X, are

equal. Thus Fig 4, X, can be estimated as approximately 0.1 micron .



Thus, for allisubsequent experiments charge passed the electrodes during

polymerization was 8 uC.

3.3 Effect of Pyrrole Concentration on the Response of the Enzyme Electrodes

We have also investigated the effect of variation of the pyrrole concentration at fixed
concentrations of ferricyanide (50 mM) and enzyme (25 unit/cm?), on the response to glucose
at 0.45 V, Fig. 5. We find that, at a constant enzyme concentration, the amount of ferricyanide
incorporated into the film, as determined by cyclic voltammetry, increases with increasing the
pyrrole concentration in the growth solution, upto 40mM. Beyond this, the amount of
entrapped ferricyanide decreases.

The effect of the pyrrole used to prepare the Au/PPy/Ferri/GOD electrodes is presented
in Fig. 6. The total charge passed in modifying the electrodes is 42.5 mC/cm? and
corresponds to a film thickness of about 0.095 pm, assuming 45 mC/cm? is equivalent to a
thickness of 0.1 m ’. The steady state current response to 20 mM glucose was recorded at
0.45 V. The optimal concentration of pyrrole was 40 mM as indicated by the maximum
current response observed. Thus, for all subsequent experiments a concentration of 40 mM

pyrrole was used.

3.4 Effect of Ferricyaide Concentration on the Response of the Enzyme Electrodes

Fig 7 shows the correlation between the ferricyanide concentration as a function of
anodic peak current (i,,) measured from ferricyanide oxidation. We find that the amount of
ferricyanide incorporated increases linearly when the ferricyanide concentration increases.

We don’t obtain a maxima ferricyanide oxidation from Fig.7.



Glucose oxidase is negatively charged at a pH higher than 4.2 °. During
electropolymerization at 0.7 V, therefore glucose oxidase can be incorporated into films as a
counter ion of polypyrrole ° When comparing glucose oxidase to ferricyanide, which also
has a negative charge, ferricyanide can diffuse easier and faster than glucose oxidase
according to the size of ferricyanide which is smaller than glucose oxidase.

The effect of the ferricyanide concentration on the response of the modified electrode to
20 mM glucose was studied as depicted in Fig 8. We find that with increasing ferricyanide
incorporation into the film, the current response of glucose increases until reaching an
optimum at 25 mM ferricyanide. Beyond this concentration, the current response of glucose
starts to decreases. Thus there appears to be a competition between the enzyme and the
ferricyanide for incorporation into the film. This is because both are negative charged and are
entrapped into the positively charged polymer by electrostatic attraction. Beyond 25 mM
ferricyanide, the quantity of entrapped glucose oxidase decreases so the response to glucose
starts to decrease. We can conclude that the polymerization solution should contain 25 mM

ferricyanide.

Stability

Preliminary studies of the stability of the immobilized enzyme films were performed.
We found that there was change in the response with repeated use, and that the responses
decreased by more than 50% of the initial value after storage for 24 h at room temperature in
glucose-free buffer solution. The stability information suggested that the decrease in the

response, in part, due to the diffusion away of ferricyanide into the solution and in part due to

loss of enzyme activity.
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_ Sensitivity \
The glucose sensitivity of this sensor which was optimized in this experiment was found

to be ca 0.05 nA/mM with a linear response up to ca 5 mM as shown in Fig 9.

4. Conclusions

Both GOD and ferri/ferrocyanide can be entrapped within polypyrrole films. Using
cyclic voltammetry we can recognize ferricyanide incorporated during film growth.
Amperometric experiments to measure glucose suggest that the two species compete with
each other for sites within the film. This is to be expected since they are both incorporated as
counter ions during the deposition of the cationic polymer.

The optimum condition to prepare the glucose is use of electrochemical polymerization
of 40 mM pyrrole onto a gold microelectrode in the presence of the 45 unit/cm® enzyme
glucose oxidase and 25 mM ferricyanide at a potential of 0.70 V versus Ag/AgCl. The
ferricyanide entrapped within the film is able to mediate the re-oxidation of the enzyme so
that glucose can be detected amperometrically using these films at 0.45 V vursus Ag/Ag CI.

The optimized sensitivity was found t6 be ca 0.05 nA/mM.

Acknowledgments
We thank The Thailand Research Fund for financial support (PDF/85/2540).

1



. References

1.

9.

Work, J.V.; Yacynych, A.M. Sensors in Bioprocess control, Work, J.V.; Yacynych,
A.M.Ed., 1990 ; Vol. 6.

Lowery, L.P.; Macateer, K.; Elatrash, S.S.;Duff, A.; O’Neill, R.D. 4nal Chem. 1994, 66,
1754

Cho. J.-H.; Shin, M-C.; Kim, H.-S. Sensors and Actuators B 1996, 30, 137.
Asavapiriyanout, S. J Electroanal. Chem. 1984, 177, 229,

Bard, A.J.: Faulkner, L.R. Electrochemical Methods; John Wiley & Sons: Newyork, 1981
Adams, R. N. Electrochemistry of Solid Electrodes.; Marcel Dekker: New York, 1969.
Holdcroft, S.; Funt, B.L. J. Electroanal Chem. 1988, 240, 89

Bartlett, P.N.; Whitaker, R.G. .J. Electroanal . Chem . 1987, 224, 27

Swoboda, B.E.P.; Massey, V./J. Biol. Chem . 1961, 241, 3409

10. Diaz, AF.;J.I1.Castillo; Logan, A.;Lee, W.-Y. J Electroanal. Chem. 1981, 129, 115

12



capillary glass rod

¢ gold wire copper wire
' v
H
I—

In the flame

Fig. 1 preparation of gold microelectrode

0.75u -

- "-..,‘ _"_,1.
0500 .- - iy
025u] - S

ira ) i
-0.25u 7 .
050y ---==""" " Tt
.0_75'_‘ L] T T T LI | T | 1 1 ] | D 1 L] |
.0.40 -0.30 0.20 -010 O 0.10 0.20 0.30 0.40
E/V
Fig. 2 shows cyclic voltammograms for the Au/PPy/GOD

electrode and -——-—---- for Au/PPy/Ferri/GOD electrode obtained in

phosphate buffer pH 7 after the electropolymerization. Scan rate
100 mV/s



I o

E

ic

£

QO Q3+

o

g .
= Q2

L

v

(@]

5

(5) Q1 -

RS

©

g Qo ; T T T T v T T T

8.4

0 5 10 15 2 25 20

Charges passed during polymerization (uC)

Fig. 3 shows the relationship between charge passed Au/PPy/Ferri/GOD
electrode and iy, of ferricyanide incorporated into the polypyrrole films.




Q080-
Qws-
z a0 -
© QoI5
2 1
8
2 o0+
e i
T  ams-
g ]
o
O oo =
] ' ¥ ¥ ] v ] v 1 v ] v | A |
0 5 10 15 20 2 30 %

Charge passed during polymerization (uC)

Fig. 4 shows the relationship between the current response to 100
mM glucose solution and charge passed into the 40 mM pyrrole,
25 unit/cm’ GOD and 50 mM ferricyanide solution.




—a— Electrode1

---o---- Flectrode2
026 A  FElectrode3
- o,
024- ST
| T 02- ST
= - o ®
—_ om_ "'- . ‘
| £ 018 o ..
i = 1 oA A
1 c 016 - -
- ‘@
= \. -.‘
012-
g. \l
o (008
&8 ]
006+
004 ] T T y T v ]
40 50 70
Pyrrole concentration (mM)

Fig.5 shows the effect of pyrrole concentration function with i, of
ferricyanide incorporated in films.



—=— Hectrodel

06 - - Eledrode2
i - |[-4-- Bedrode3

0.5

%?(14“

g

%; 0.3

8

S

[ 4]

E;(IZ'

EE(11“

3

00

10 20 30 40 80 60 70
Fyrrde concentraion (mM)

Fig. 6 shows the relationship between pyrrole concentration and
current response to 20 mM Glucose. The films were grown at 0.7 V
from aqueous buffered solutions containing 50 mM ferricyanide and
25 unit/cm3 GOD in the variation of pyrrole concentration.



—8— datrode1
- ®- datrode? - ®

o
5y
1
\

o
N
1
\
\
\
|

Adic CuratofFerricyerideineledrade( pA
]
'l I 1
I.\

\

Ferticyanice Caxertrai an (miVl)

Fig. 7 shows the effect of ferricyanide concentration function
with iy, of ferricyanide incorporated films.




000

—a— glectrode1
—e — electrode?

-&_.

current response of 20 mMglucose (nA)

20 60
ferricyanide concentration (mM)

80

0

Fig. 8 shows the relationship between ferricyanide

concentration and current response to 20 mM Glucose. The films
were grown at 0.7 V from aqueous buffered solutions containing

50 mM pyrrole and 25 unit/cm® GOD in the variation of

ferricyanide concentration.




4~
] n«'"”“. b
3 a .oo’....
© 2- o
g ;' z / R = 0.995
E 14 ‘c'. ‘g‘“ = SD=0.1
% o 1 // slope = 0.047
0 - ‘.. ‘ : wn:u mnu:vhlm;nw )
v 1 v | v 1 v L) 1
0 2 4 6 8 10

glucose concentration (mM)

Fig. 9 Calibration curve of glucose sensor at 0.45 V using

ferricyanide as mediator




Abstract Book

Pre-satellite Symposium of the 49t [SE Meeting on the
New Trends in Electroanalytical Chemistry

September 10 — 12, 1998
Hoam Convention Center, Seoul National University

International Society of Electrochemistry
Korean Electrochemical Society
Center for Molecular Catalysis, S.N.U.




IMMOBILIZATION OF GLUCOSE OXIDASE AND K;Fe(CN)s INTO
POLYPYRROLE ON Au MICROELECTRODE

Chailapakul. O, and Promnil. J*, Somasundrum. M** Tanticharoen. M***

Department of Chemistry, Faculty of Science, Chulalongkom University
*Department of Chemistry, Faculty of Science, KMITL
**School of Bioresources, KMITT
***National Center for Genetic Engineering and Biotechnology

The co-immobilization of enzymes with mediator into conducting polymers has gained
interest recently(1,2,3). We have fabricated glucose sensors by immobilization of glucose
oxidase into polypyrrole films on 155 pm diameter Au electrodes. Fe(CN)s> was co-
immobilized as electron mediator between the enzymes and the electrode. After
polymerization from the pyrrole/glucose oxidase/ Fe(CN)g -3 solution, investigation of
Fe(CN)s > embedded in conducting polymer films was carried on in 0.1 M phosphate buffer
pH 7, as shown in Figure. 1.

At a fixed potential, steady-state responses to glucose were records in the absence of
stirring, due to radial diffusion of the analyte. In Figure.2, it was found that the optimal
polymerization charge for creating the GOD/ferricyanide films should be approximately 42.5
mC.cm™, based on the steady-state response to 100 mM glucose

Fig. 1.Cyclic voltammogram of the
Avu/polypyrrole/GOD/Ferricyanide
electrode obtained in 0.1 M phosphate
buffer pH 7 at the potential between —
0.750 V to +0.750 V vs Ag/AgCl. The
scan rate was 100 mV/s.

Fig. 2.The relationship between
polymerization charge at 0.7 V vs
Ag/AgCl used to prepare
polypyrrole/GOD/Ferricyanide-films and
current response obtained from
determining 100 mM glucose at polymer-
modified electrodes at 0.45 V vs
Ag/AgCl.

10 20
Charges passed [uC)

In addition, the response time and stability of the sensors are studied, and the detection limit
and sensitivity are determined. The kinetic parameters of the sensor are discussed
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Optimal Condition for Preparation of Polypyrrole Film with Immeobilization of Glucose
Oxidas_e and Ru(NH,),Cl,

Bassapol Ngamukot' Sutthida Watcharaphalakorn' Atinut Ketithum'

Orawon ChailapakulI and Morakot Tanticharoen®

|Dc:parlmcm of Chemistry, Faculty of Science, Chulalongkom University

*Nationa! Center for Genetic Enginecring and Biotechnology

In this research, the specific glucose detection device, glucose sensor, was developed.
Enzyme-modified gold disc electrode with Ru(NH,),Cl, , as an electron madiator instead of oxygen,
were able to determine glucose at potential lower than +0.7 V to avoid the interference. The
conducting polymer, polypyrrole, were used to entrap glucose oxidase at the surface of the electrode.
It was found that the sensor can detect glucose at the potential of +0.4 .V, ﬁe response time is 80
seconds with a sensitivity of 9.0 x 10"° A/mM. The storage stability of the sensor exceeded 16 days
and the operational stability is more than 9 times. In addition, it was found that the detection limit was

1.5 mM.
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P-165
COMPARATIVE DETERMINATION OF ALUMINIUM (ill) IN TAP WATER BY FLOW INJECTION
SPECTROPHOTOMETRY USING PYRIDOXAL SALICYLOYLHYDRAZONE AND CHROME AZURQL §
Sakchai Savenperakut ' and Saisunee Liawruangrath *

'Department of Chemistry. Faculty of Science, Maejo University. Chiang Mai THAILAND 50280.

\

*Department of Chemistry. Faculty of Science, Chiang Mai University. Chiang Mai THAILAND 50200.

Twe different spectrophotometric flow injection (FI) systems were developed for trace aluminium determination,
based on the reachons between alumumum (lll) with two aiflerent seleclve the reagents, Pyridoxgl
Salicyloylhydrazone (PSH) and Chrome Azurol S. PSH reacts with aluminium (1) in an acid solution resulting in
a yellow compiex with a suitable absorption at 415 nm. The optimum conditions for trace aluminium (il
determination were investigated. A linear calibration graph over the concentration range 0.0 - 0.8 ppm of Al
{1 was established. Another Fl-colonmetric method was based on the reaction between aluminium (lil) and
Chvome Azurol S in an acetale buffer pH 4.6 solution. forming a water-soluble purple complex, giving a ..
maximum absorption at 567.5 nm. The optimum conditions for this method were determined and a linear -'-'
calibration graph over the concentration 0 - 0.4 ppm of Al {lil) was obtained. Both recommended methods
were found 10 be reproducible, accurate and sensitive which have been applied to the determination of
aluminium (Ill} in tap water samples collected from Chiang Mai University campus. the aluminium contents in
the sampies were found to be in the range 0.08-0.30 ppm.

P-166

AMPEROMETRIC GLUCOSE SENSOR USING Ru(INH;)¢Cl; - NAFION 3123
COATED GOLD ELECTRODE FOR FLOW - INJECTION ANALYSIS ¥
Passapol Ngamukot' Morakot Tanticharoen® and Qrawon Chailapakul'
'Department of Chemistry, Faculty of Science, Chulalongkorn University
2National Center for Genetic Engineering and Biotechnology

Enzyme-modified amperometric glucose sensor was adapted to flow-injection
analysis (FIA) for the determination of glucose. The conducting polymer, polypyrrole,
was used to entrap glucose oxidase at the surface of a gold disc electrode. Nafion-
precoating was applied to improve the long-term stability of the sensor.!!! The
problem of interference signals can be overcome by taking advantage of Ru(INH;3)sCls, :
as an electron mediator instead of oxygen. It was found that the sensor can operate al  ajud
a potential lower than + 0.7 V (vs. Ag/AgCl) to avoid interference. Glucose solution i
was injected into the carrier stream of phosphate buffer before passing through a |
homemade flow-cell connected with the amperometric glucose sensor. The #5e
combination of the amperometric method and flow-injection analysis’” provides a %8
high performance glucose determination method in term of specificity, reproducibility 3
and good accuracy.
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Immobilized K,Fe(CN), and Glucose Oxidase in Polypyrrole Film on Au Microslectrode and its Application as
Glucose Sensors

Dr. Orawon Chailapekul, Jitrudee Promnil, Dr. Mithran Somasundrum and Associate Prof. Dr. Morakot Tanticharoen

The purpose of this research is to prepare a glucose sansor using electrochemicat polymerization of
pyrrole onto a gold microelectrode in the presence of the enzyme glucose oxidase and ferricyanide at a potential of
0.70 V vs. Ag/iAgCl. The enzyme glucose oxidase and ferricyanide are co-immobilized into the polypyrrole films
during the electrochemical polymerization process. The two species compete for incorporation into the films so

that on increasing the concentration of enzyme in the growth solution leas ferricyanide is Incorporated into the
fiim. Dwing the measurement of glucose, ferricyanide entrapped within the film will be used as a redox mediator
for the oxidation of the enzyme at 0.45V vs. Ag/AgCl, so that it avoids the oxidation of interferences at the higher
potential . The effects of variation in charge passed during polymerization, pyirole concentration and fewricyanide
loading also are studied. Moreover, the stability of glucose sensor was Investigated. The PPy/GOD/Ferrl enzyme
electrode was found more stable by storing in 100 nM ferricyanide and 0.1 M phosphate buffer pH 7 at 4 °C.
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immobilized K,Fe(CN), and Glucose Oxidase in Poiypyrroie on Au Microelectrode and Its

Application as Glucose Sensoars

PROCEDURES

Preparation of Gold Microslectrodes

capillary glass rod
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Preparation of Glucose sonsors: Electrochemical Polymerization of

Pyrrole and Immobilization Glucose Oxidase and Farricyanide

¥

Study the Effects of Charge Passed during Polymerization,

Pyrrole Concentration and Ferricyanide Concentration

v

Determination of Glucose, Study of Stability and Sensitivity
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Immobilized K,Fe(CN), and Glucose Oxidase in Polypyrrole on Au Microelectrode and Its

Application as Glucose Sensors

Glucose Gluconic acid

|

Glucose oxidase Glucose oxidase
ox red

|

Mediator Mediator

e-

Fig. 1 Scheme reaction pathway utilizing a redox enzyme linked amperometric measurement via a radox
mediator.
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Fig. 2 A typical cyclic vottammograms for axidation-reduction of ferricyanide in films (a)
compared with that of the background (b)
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* immobllized K,Fe(CN), and Glucose Oxidase in Polypyrrole on Au Microelactrode and Its

Application as Glucose Sensors
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Fig. 3 Calibration curve of glucose sensor at 0.45 V using ferricyanide as mediator
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