TulasaianTnsanssd A nsululasmuimasnldzeaussdilasaanting

.:" f‘lz_fﬁ'
= -

'.i'...
ﬁﬁr

757

fmmuwuﬁul,;umqwmmmmmﬂmmw@ﬂmmga‘ AL

@W?J’W’Jﬂ]ﬂf)ﬁ’)ﬂﬁll,ﬂw ﬂ’]ﬁ’)?]”]']ﬁ?llmll

W’] aNITUUNNVIN ma d

a A

A1ANTVDIAINIINUNINENAE



MICROELECTRODE ARRAYS FOR HORSERADISH PEROXIDASE BASED
BIOSENSOR

fl uHINENINeNg

r the Degree of Doctor of E&glneerlng Program in Chemical Englneerln

R ANNTHARTINGA Y

Chulalongkorn University
Academic year 2009
Copyright of Chulalongkorn University



Thesis Title MICROELECRODE ARRAYS FOR HORSERADISH
PEROXIDASE BASED BIOSENSOR

By Miss Lerdluck Kaewvimol!
Field of Study 1

Advisor

| Edgipeering
, ‘gy‘%/‘oong Prichanont, Ph.D.

Co-Advisor . sor Sea jﬁﬁ"’ Ph.D.

Acceplet om University in Partial

Fulfillment of the

of the Paculty of Engineering
| ‘ ng, Dr. Ing)

THESIS COMMS '

..........

............ S — . ... Advisor

hanont, Ph.D.)

..............................

“(nciate Professor Bunjef Jongsomyjit, Ph.D.}

UL INBIINEINT

(Dr. Chénchana-Thahaéhayanont, Ph.D.}

QRIAATHERITI Y


http://www.chem.eng.chula.ac.th/people_f_bunjerd.html

@rsnent ukodun - Wilasfidntnsassd s Tamsume S naausiaulof
saniaa. (MICROELECTRODE ARRAYS FOR HORSERADISH PEROXIDASE
BASED BIOSENSOR) #.#finmimufimufudn : saeansianed as. Fafin

UUN, B, mﬁnmwm\ﬁ\ //‘! Qs] A28 W 19 Bndu, 150 wiin.

anolse maM‘umau. naR

hiﬂiaaa'lmlaaaummﬂamﬁn-n

i@/ nefRacifu Jautamiils ia’[n“ - /Ao NRgillainonfinaaynianaynedasil
fu lulasBidnnsnaaed™ Tegatiidaatinm L Aagmnia Al ninsae st ges
usAswlefaarinamagefuty/luihshningy Al B o g praanfinweymenavnedasil
fu ulasSidningfuni s W fe At laTasaeelsd gneTang

vunasiAfusuAgingg Al ¢ nlafianAing) 17.30 wf e
aflulnsddn ) . wnsolune@ngs  3.15
wefiiud Taemuzagiiung Ag A ALA A? i, il iy szt 7310 uae
17x10" srammIuRues A mnu

379U 20 39U ma Al aerRg {iﬁ
Tusasraungutusd 4ﬁu 1x10 Mj@ gD ok '\n ONETRILUYed bilaTBifininia

A saAntR 7 P00 TR A 1iuiam) i A ANIINANTRINDY anu'luﬂm'lutm
gl il . "

aSLAgheisnsUug I TATBIANTNIA (T

aai. ﬁ flunanin wunisrsuauedadu

_—

fininsm uay 'lﬁumﬂ,ué’nﬂm., inuenmanTeInI 1¥Ranoa AL wLNYT Jeunndtdnsassadlllag

o o ol ‘ﬂ -, o ' - - - '
aaninga Laamdinsm e ,J?‘l- " -*""a" 7 A Do Ul Rs§ Ui auled

1@ ApTURU QIWUdNARED

tw 1x10° Tuand nasil

. ’ - e -
BYNIANDIMIILHY 4.30, Wendud denFrudinuiy

1 b 1L ] - H N x -
nm'i'luum;mﬁkh N LBIANT AINTABLIALBINI AR IUGIAIN1E%9 d-l)jma Aoz 43.92 uAL

58.94 wleddud mru'lutnmtantmna'umnuaqm ngaunz billeymenes vesAnIzuniaiy

ﬂUEl?ﬂElﬂiWEl’]ﬂ‘i

Y ?ﬁﬂﬁ"l,,_ 2552 ﬂ"lﬂuﬁ‘liﬂﬂ mﬁnmq'nmuwuﬁﬂu r Al ?f’ .



# # 4971826721 * MAJOR CHEMICATL ENGINEERING

KEYWORDS : SONOCHEMICAL FABRICATION / MICROELECTRODE
ARRAYS / ENZYME BIOSENSOR / HORSERADISH PEROXIDASE / GOLD
PARTICLES

ICROELECTRODE ARRAYS FOR
EROX ED BIOSENSOR. ADVISOR :
ASSOCIATE-RROEESS G PRICHANONT,Ph.D, CO-

ADVISORBROFESSO }GSON, Ph.D, 150 pp.
HEW i -...._é to fabricate the poly(o-
phenylinediaitiine d; : hqpqe é/polyaniline and poly(o-

adishoperoxida
\ ‘\‘ xidase/ gold particles/

polyaniline mi ] -" 1’ ¥s. 3 \\ ore, was divided into three
different / od \\ ¥ brication, horseradish
peroxidase/poly ginilife oc lectr ’ eradish peroxidase/gold
particles/poly l Y mif part, a insulating film poly(o-
phenylinedi? dx yde on 4 eClhpdep@sited on glassy carbon
electrode for cy = F’ i* 1) - hie d and was then sonicated
for 17.30 for lectrﬂt.r fon tmn \ .\ RSD reproducibility. The
two cavity sizesfwerd four s of mlcroc]ectrode cavity
population wegffapp ximat Ny & and 7 pores cm™, respectively. In
the second part, th -re ele@irodeposited on microelectrode
cavities for 20 cy€les fofomm 1 pef@xidase/polyaniline protrusions.
The 1 x 10" 10 1x10"* Mream; getection was achieved. In the final part,
gold particles were e :;__w e : groelectrode cavities by applying a
fixed potgntiale sec gld icles were formed in
mi lectrode cavities and the resulting g CV of sigmc hape was obtained
indlcat@ lehty of these gold

phenylinediami / -’ de

incorporaté"a or % RSD. An enzyme and

aniline weH: then electrodeposited; efizyme/polyaniline thin film was found to

cover the gol lClc surfaces. The phenol detection range was determined from

1x10™" - 1 M The incorporatidiibf gold pamcles resulted in current

‘ € e current

AnESng
w

ithout gold pamcles microelectrode arrays of

q mmmmum'a@mmaﬂ

Field of Study : Chemical Engineering =~ Advisor’s Signature

Academic Year : 2009 Co-Advisor’s Signature {\ ;4,\ 07 ?«a _______



Vi

ACKNOWLEDGEMENTS
In the preparation of this thesis, the author would firstly like to express her

sincere gratitude and appreci rvisor, Associate Professor Seeroong
Prichanont for her supery % e, advice, discussion and helpful
suggestions througho of this

she would like to give the

very grateful to hmr Pr*ssor ai igson, who gave her very

kind and advice , UK, for her research.

Muenduen Phi s fhe, chairman, Associate Pre Bunjerd Jongsomijit,
Dr. Chanchana Tjfnaclf affd"DBornpimig! ‘Stitohgkham as the members of

JIe, colleaglies®poth from Chulalongkorn
University namely, Pagifai RujiSefinape Ra-oaend from Cranfield University
namely, Sarah Caygill, Maftl Partri :r3 D Derbyshire, Jo Holmes, Dr Frank

: d@iversity for many
o ————————————— Nt

helpful sugt: _r_lfver been possible.

. ghest gratitude to her

Mlts and her sisters who always pay attZEL

suggestions and adl he most success of g”atlon is devoted to my family.

ﬂUEJ’JVIEIVIﬁWEJ']ﬂi
Q\W’mﬂﬂ‘iﬁuﬂﬂ'l’mmﬂﬂ

family, her p on all the times for


http://www.chem.eng.chula.ac.th/people_f_bunjerd.html

TENT

My,

ABSTRACT (THA_\b;;.E_ ...... _._i__-., ................... v

ABSTRACT (EW ..... I.... % ................ v

ACKNOWLEDG ! F 0 AR N Vi

CONTENTS. . . , Wy Uleeens SOOI vii
LISTOF TABLMS . /4 = AWM N S .. X
LiST OF FIGUREG. . . f P\ N W MO Xi
CHAPTER I INGRO _ \\
L1 Motifhiondl s el AN N 17
12 Objectigl Al g A N 19

1.3 Researchs be.... /2o . TR 19

CHAPTER I THEORE_‘

2.1 Bitigens L T Y. 21
> 7 Etscirochemical method - ) .......... 22
27 ERote o 22
2.2.ﬁoltammetry detection method............... 00 L.............. 23
2.2.3 Caul etry detection method ................................ 25
25
ﬂﬁ&l”mﬂ‘ﬂ“ﬁ”ﬂtl’]ﬂ‘i .
2 3 Horseradish perOX|dase for phenol detection........................
0 ilization,. .
R squqwaqa&
2.4.2 Covalent bonding.............ccoiiiii e ieee e
2.4.3 Affinity immobilization...............coooiiiiiiiiiiie

244 ENtrapment. ....o.oenuieiet it 30



g~

323E_ u 01t1 ;’j‘ﬁ ; sctrod 'n. WS
o %

3.2.4 App gdtion ofmiCroelet QTaySERk . ...

43

4.4 Eﬂmental Procedure.......cvvvvnininerennnnnn.] el.........

441 @e ctrode pretreatment ................................

fl YN Ine g

Viii

Page

42
44
47
51
54
54
57
58
62

65
65
67
67
67
7

D O
oo

R asal NN gy

4.6 The microelectrode surface characterisation.............



Page
CHAPTER V RESULT AND DISCUSSION
I o 70
............ 70
81
101
101
107
.................. 112
WGoldPpa 1 ele r. .............. 114
. ] i
5.3.2 ThE PP / /HRP fﬂ*r ! ay for phenol 118
' ' G
Oetectifon §F “’f’r 2 -. .,_l
5.3.3 Migfosc@bic charg i’ of PP n AUBRP/PANI 120
micr‘ ,___j;_'_‘_‘ké; \.ﬂ
5.4 The comparisiog .r.,- 5? PPE nd .o, 122
PPD/AU/HRP PAN 1"}%;!
" o W 122
f .......... 125
5.5 Conk| A o 127
il 128

DICES

q W’] 4RI w-w-w B8 EJP



LIST OF TABLES

Pag
Table 3.1  Examples of po 48
Table 5.1 Summar Ot 97

ﬂuﬂ?ﬂ8ﬂ§W81ﬂi
RIANTUUMINGINY



LIST OF FIGURES

Page
Figure 2.1 22
Figure 2.2 24
Figure 2.3 24
Figure 2.4 ) immobilization 28
Figure 2.5 32
Figure 2.6 isticssi - shape .. tar Amogram for a 33
Figure 2.7 atle oelectrode array 34
Figure 2.8 moxide (AAO) 35

#‘ ; Jorods\obtaingd from aqueous bath
Figure 2.9 icati il tip ing meniscus etching. 36
Figure 2.10 The S ' ' Of conductive polymer, 37
le-benzopnenane tin oxide ITO
Figure 2.11 % he 1t and cc bk 40
;ﬁ__ . ;f?
Figure 2.1 41
Figure 3.1 Mgcha REModified carbon 43
pagte electrode. Moy and Meq are the oxidised dﬂy reduced forms of
the ‘eEor respectively
44

AU WEWW W?“J"”ITW

3 3 The chitosan film cross-linked with glyoxal diagram

The chemical structufe
q ﬁ )an g
electrode; the Mo znanopartlc e modified electrode; the

bare

polymer film covered electrode the RAN BDD electrode



Xii

Page

Figure 3.6 Cyclic voltammetry exparigents show the performances of three 57
Figure 3.7 59
Figure 3.8 60
Figure 3.9 61
Figure 3.10 62
Figure 4.1 \ 65
Figure 4.2 i JChelectrode were used 66
. \ ctively in this
Figure 5.1 _ \""'\1 in Iating film on 73
Figure 5.2 Cyclic v@ltammggram=t or e polymefization of 5 mM oPD 73
; ,r,.r
at apotential\éeana 6-20'm Ag/AgCI
Figure 5.3 G polymerisation mechanism 74

et (a) a bare GC 76
3 by, an electrodeposited

Figure 5.4

i of PPD or poly(0-phenylenediamine) at% rate 20 mVs™.
Figure 5.5 Cy?c oltammetry of 5 mM I—Wmmeruthemum(lll) chlorideat 77

AU ﬂﬁﬂﬁﬂ?ﬂﬁ”fﬂ?

rate 20 mVs™.
cli vo y erocenecd®®xlic acid at (a) a bar 7
Wﬁ AT A
electrodeposited film of PPD or poly(o- phenylenedlamlne)a scan

rate 20 mVs™.



xiii

Page

[}

Figure 5.7 Electron micrograph 0

Of r D insulated (a), bare GC electrpde (b)
|
edson GC electrode (c), the 5 mM

oPD oPD /in ﬁycleg at scan rate 20 mVs*
and between.| { U 4 00 %V a‘_J

Figure 5.8 Theﬁcﬁgm A a@on of 82

Figure 5.9 83
Figure 5.10 e duri 83
Figure 5.11 ente Nave pra gagation and 85
Figure 512 T fnmogram in 87
5m 1 Vs of the
odep@stied film of PPD or
poly( , \ nt p@sition.
Figure 5.13 --* gamineruthenium(lil)chloride of 90
- \ochemically ablati ele(fde at various
Figure 5. 14'L Y ie.acid of the 90
' elect:r@e at various
onication time at scan rate 20 mvs™.
92

7 o e

PPD coated electrode subsequently sonicated for 17.30 min at scan
rate 20 mVs™.

q Wﬂ ASATRIMATNEA Y

electrode subsequently sonicated for 17.30 min at scan rate 20mVs™.



Xiv
Page

hs of GC electrode coated with PPD at 96

c
y //ﬂn of sonication in water at 35

5 of curr from the amperometric 99

Figure 5.17  Scanning electron micgo
16 min, 17.3

Figure 5.18
oride at sonochemically
the potential -40 mV
Figure 5.19 perometric 99
shiOm@esat sonochemically

1% 30, the potential -40 mV
Figure 5.20 aamineruthenium 100
f's ﬁ emically ablation on
Figure 5.21 , ; errocenecarboxilic 100

eren (7:30 min of so ochélically ablation on PPD

modifiel elecirodeat 50-mVe

Figure 5.22 The schematl b Fsonochenr ablation formation of 102
g Z T
microe A '

FIgUI’GSZ& chematic representation of the aniline polymerisati n mechanism 103

PIOE
Figure 5.24 I,” ear SWEEP'© Hated electr (a) and 50 mV 105
peak current at various aniline concentration at 500 Uml™ HRP in

ey ey e

5 25 Linear sweep of HRP/PANI coated GC electrode (@) and 50 mVv 106
peak current at varloﬁ HRP concentratiggsgf 0.3 mM aniline

9 W’] ASASRIAIANETR Y



XV

Page

Figure 5.26  Electrochemical depo ( -0.2 V10 0.8 V) of 0.3 mM aniline/ 300 108

Uml™ HRP eleg '_ PPD modified GC electrode in

Figure 5.27 inguelectron i /PANI microelectrode 109

e —— 3 = -
Figure 5.28 : \ ANI microelectrode 111

cr¢ ode arrays and 50 mV 113

) Naho.7 H:P ratio, scan

Figure 5.29

\
o\o ation of 114

\

Figure 5.30

: otdle \
Figure 5.31  Cyclic valfammgtifyref5:n i/Fefi@cyanide of Au nanoparticle 116

microel€ctrode’a “ff eposttion time 30 sec, -20 mV.
Figure 5.33 Scannin ele -------------- | Ay particles on micro arrays 117
carviti

Figure 5. SL inear sweep of PPD/Au/HRP/P, sroelestlode arrays (a) and 119
50 the at 0.7 H:P
— | s
Iiﬁ 0, scan f ‘ﬂg‘

Figure 5.35 can ing electron micrographs of and PPD/HRP/PANI 121

mlcroelectrode arrays peak current at applied voltage 50 mV
Flgure 5.37 Reusability of PPD/‘RP/PANI microelgetgpde arrays(b),the phefigh

q W'] AENTUHIVINEIRY



XVi

Page

Figure 5.38  Reusability of PPD/AW/HRP/PANI microelectrode arrays(b),the 123
phenol sampl _ %r analyzed repeatedly using single
electrods\\ , /

AUINENINGINg
RINNTUUNINYAY



CHAPTER I
INTRODUCTION

1 fp
1.1 Motivation . \\“’////
i s (0 @or the last three decades in

~l¢
=
.....

the field of cellular 5|o|o ) 1 siological activity either in
vitro or in Vivo. The.preparation edures. icroelectrode arrays are not
complicated hbu i (f and I ere are several basic

approaches, suc gha conductive material in

an insulator | 1 Y chi 2l ically. Another approach
involves coverad€ offfthgf cgh _ \\ n\ ceWith a monomolecular,
nonconductive Lang# A 1o \: ‘s\a }\_ ondUctive channels in the
film by unifor ispersifh in it 1 culés of a'sui abile Sbstance. Single-molecule

electron and ion gra' i : _- -Obtaingd foFm \\ ayandom array. Barton, et al.
(2004) applied mi !ec ode arrays assisted by
ultrasonication and el E glucose r th8 detection of glucose. Other
published works also foIIo ----- is tech g _fabricate microelectrode arrays as

biosensors fQr varioustsubStances. ;2005) used alcohol
oxidase to\(Ieléct aqueous ethanol concentration; Law J(2005) as well as

Pritchard et

M |croelectrodej‘| rays o

tlon of pesticides.
0 e able t | termine substances at

very low concentrations, for example, respectlvely down to 1x107" M, 1x107**M, and

1x10.4° Para v oreover,
thﬁni I %m @ﬁn liﬁio)n-% ﬁ iAnd could
|mpqSt|r independence to sensor responses. o '

Meanwhile, the emergen‘ of nanoparticlesgigyopening new horizafig#f

RN IUANIANE i

molecules because the nanoparticle-based amplification platforms and amplification

processes have been reported (0 dramatically enhance the intensity of the
electrochemical signal and lead to ultrasensitive assays (Du, et al., 2008). Gold, silver,
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and other noble metal nanoparticles have been intensively studied for the past few
decades due to their unusual optical, electronic and catalytic properties. Gold

nanoparticles were immobilized ovide a suitable microenvironment for

biomolecules to retain theig iyity.s and to facilitate electron transfer
] ){EES (Lei, et al., 2003; Luo, et al.,
‘ nar tube (Korkut, et al., 2008;
= 08; Xu, et al., 2004) were
immobilized together wi \ aSew(H or a modified electrode.

Gold

biosensing devic | iy gktraorein

\ :\ applied for construction of

Vi ope Ttie which allow the success of

\"‘-.. garron et al., 2008, Njagi et

enhanced bioSensor cés. 0 0 \\v.\s
al., 2007, Yin efgl. e- .A \,‘ include the provision

of favourable surfagés f st F?Bn owance of direct electron

transfer betweep#fedodf e Vit » it the needs of electron

Y J ¥
OhsSh ﬂ!

mediators, provisig Of S
lessening enzyme=nangffarticlesigista nce’ garro al’, 2008). Thus, biosensors

fEXatiohfoR € gzyme immobilization, and

incorporated with AuPNPs "'f‘:“f' -1 y 0 b8 increased in their sensitivity,
stability, and selectivity (Y w i et al., 2009).
/
typg-of enzyme such as

M. pele
glucose oxifase / et al. 2005), and

acetylchoh gstera ,:2001). Nevertheless, no

=~y

-1 o
publish reportf1 horsera S mmobili; Pion in microelectrode

arrays. Horsera IS perOX|dase (HRP) have been  vastly used for phenolic compound

t i | ege hengl, oxidases,
I|z i afld 1 g}ﬂq infatuization and
autoqltlon Korkut, et al., 2008) Horseradlsh perOX|dase (HRP) based biosensors are

most sensitive for a great numberlfof phenolic compqgmgds since phenols canfacl

A WIRIZRANQ] 1A

limit. Furthermore, microelectrode can work with small material concentrations

(Zoski, G., 2007). For this project, the sonochemically Tabricated microelectrode

arrays with immobilized HRP based biosensors are proposed. Then the modified
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microelectrode arrays by electrodepositing gold nanoparticle on electrode is compared

in wish of more improving the current limitation.

o ,s\‘"////

oly-
microe ys b sens ,

polyanlllne/ HRP based

1.2.2 To s ' Tiaphenylenediamine / polyaniline/

- K-..'-. --. r . ~
1.3 Research sc@pes

Glassy cat, 'n g/ 4e 3 _ working, reference, and
counter electrodgs’ re ct ely |
, w
131 The poI phenylel 2 » - AANI \ RP"microelectrode arrays for

phenol#iose ASor, <.

|
croelectfpgle arrays

13121 Scanning electron microscopy (SEM) for surface

AU 8 NV WHANG—

surface roughness

1.3.1.3 Electrochem‘al analysis of micrgglgctrode arrays

q W’] ANRISIRAENEN A Y

1.3.2 The Au/ poly-phenylenediamine / PANI / HRP based microelectrode

arrays biosensor.
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1.3.2.1 Physical characterization of gold nanoparticle coated on poly-

phenylenediamine film.

, electron microscopy (SEM) for surface

is determined

133 Gofpagifivg g" y o thegpoly-piehy lehediamiipe / PANI / HRP and

Au,/y,I el aming /PANL "BRPiicroelectrode arrays.

ﬂuﬂ'mamwmnﬁ
QW’]Mﬂ‘itMﬂJW\’Jﬂﬂ’mﬂ



CHAPTER II
THEORET, C . BACKGROUND

Since this hemlcal fabrication of HRP

Moreover, enzy isati 7: ] : employed in this study
along with its_ip I f e \al ICUS llis chapter. Finally, the

fabrication metho ‘ VS re L‘."«-!_;. in this chapter.

Wave been described by

Turner (1987): ¢ 1"‘-.,1 sensing element

either intimat b, g .r e cd ‘wat o, a ansducer’. The main
components of a g ar \ nt, transducer, and signal
processor, as shown i .;__.,1-;.;:? _c artment is the partition which
an interaction between the ‘.--‘? ical com and the substrate such as enzymes,

. . . ,' :| S o | e . :
antibodies and nucleic ;__,‘_?_‘,_’

observes c@e

a digital SI 5

gvice is called transducer, which
cf sually converted to
' data is processed,
converted to e v igE:}or data store.

1)
C
The inm

response. These fq&ments may depend inly on bioreceptor which should

B! HEINYNINYINT

size t can be put in electrode eas , and biocompatible to achieve high activity and

RGNS VLN gL Tala]

barriers to the analyst solution.

- | l -y =
tant characteristics of a biosensor are seléﬁlve, sensitive, and fast
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Analyte
(substrate)

Signal
processor
AEgyins, 1999).
2.2 Electroc
An electro igal 1s ‘the-me d” | A dither current or potential is
measured during an gectroe . Thi§& method the gas or liquid
containing the trace ifnpu u'f”?-r be “analy. nt tAfough an electrochemical cell

ﬂ——*-

containing a liquid or s,p et which an electrochemical reaction
S

methOdS, ..,': &";iiiiiii;iiiiﬁ?iiiiﬁiiiiiii:ii ------------------------ u.l Ctlmetry detectlon

. of electrochemical

specific to,

method. Fir® }'. Atffermed.
o . .

I il

2.2.1 Potaptlometry detection method

P8 ANYNIWEAN T

centratlon (activity) of a reactant which is a component of the cell fluid. The
sig nal Is measured as the potential ‘fference (voltage)diBivveen the working eld@u®de

FRIRANIUANINEIRY

electrode is needed to provide a defined reference potential.
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2.2.2 Voltammetry detection method

The common characteristic o

the application of a potential ( n rgdegand the monitoring of the resulting
current (i) flowing thrg ii electr % e uniqueness of each rests on
subtle differences in-ihaea 2And timin 9 potential is applied and the

current measured |”§ & Can= H

oltammetric techniques is that they involve

e very diverse chemical,
electrochemical, ationy. sUeh.asshighly quantitative analyses, rate
constants for | ed ) Nl x eactions, and diffusion
constants.

& 2 "‘-WL\- and widely used

electroanalytic & £ \Bhathistryait is rarely used for
quantitative deter "It isiwidely \o _'s\ e'stt dy of redox processes, for
understanding r taBility of reaction products.

i
| I'l,\l\..
al'a

forward and reverSe digtti ' :' allsate) \ fllle Monitoring the current. For

& working electrode in both

example, the initial se@n cq f'}“' i lireClon to the switching potential.

At that point the scan wo he reverse d in the positive direction can be
p ﬂ” W p

performed. The resp imple,. as shown in Figure

2.2. Cyclicy Il‘!" ammogram shows the anodic peak | LZZZf’ff‘v;m> anodic peak current

(ipa) OF oxidlatibn g& ely, anodic current
-—i |ﬁ'_

occurs When | electrode™beee fic Y strong gldant. When the scan

becomes a sufficiently

direction is SW|tche to negative for reverse scan, the electro
ucta odic , dic peak
u uct' n%g% I | gjeéliwﬁsu y have a
S|m|q’shape to the reductlon peak. il
Furthermore, the linear S\‘ep is another vol@gmetric method whefigt

RIRNNT AT INE RS

signal at the potential that species begin to be oxidized or reduced. The potential

sweep profile of which can be seen in Figure 2.3.
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Ay ',._'

f. ¥
y (f : sl ™
'y

Figure 2.2 alifrentpotential plot for el ltamigetry (http://www-

- {0
‘,_W:’
bioI.|s¢F ac.uk ’;rj,'_:' ) /

AR o
I T h

s electrolie/chepterl/cy.gif)

1 I

RIANNIUNRANYI8Y

t for cyclic voltamm

(http://www. bath.ac.uk/- chsacf/solartron/Electro/html/dl.ht)
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2.2.3 Coulometry detection method

Coulometric method determige
' lectricity (in coulombs) consumed

fe amount of matter transformed during an

W

coulometry involve -,‘- ing the-Electric po

tric techniques. Potentiostatic
istant durlng the reaction using a

potentiostat. The other ,Iom ric t|} — . erostatic coulometry, keeps

The me asure.conde ‘0 .. o, using inert electrode,
alternating current,ghd glectfic circuitithe WAerislige no net current flow and
no electrolysis. i0R g ,-;5' s in thHe SOMtiOfk is estimated from the

conductance.

2.2.5 Mass tRNSpOatatants i« 1%

Theésnsp ' es betwee aRd sol Hon s described the
movement reacta product-formed-during an-elecirachemical reaction to

and from an ol r_&.l)y three following
or mlgr n (Wang, 2006).

significant prodﬂ? ses whic

Convection_is the physical movement in the solution this may occurred via

AT WS

and qlcomes significant at macro electrodes after approximately 10 s. Forced
convection can take the form o‘stlrrlng pumping 4B, bubbling gas throug@hJt

A RIARITIUAATIN R

Migration is known as the movement of a charged body under the influence of
an electrical Tield (Breit & DBieil, 1986). The mobility of the charged body is
dependent on its charge and size, as well as the viscosity of the solution. Migration


http://en.wikipedia.org/wiki/Electrolysis
http://en.wikipedia.org/wiki/Electricity
http://en.wikipedia.org/wiki/Coulomb
http://en.wikipedia.org/wiki/Electric_potential
http://en.wikipedia.org/wiki/Potentiostat
http://en.wikipedia.org/wiki/Current_(electricity)
http://en.wikipedia.org/wiki/Amperostat
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effects on the analyst of interest are usually lowered by adding electrolytes, the small
ions of opposing charge which have the same relative mobility.

o ement of species under the influence of a
tration distribution (Brett & Brett,

nsidered, then the movement,

through a unit distance (x)

(2.1)

fehial involved. In practice, it

P point as a function of

2.2)

where aa—f is the concen ,.JN gosition and time, and f’;[i] is the
concentratiorygradi

HoYeVEmlto-tse-these-eoUations-—the-experimental-corditions need to be
defined. The (re S t' Orrent density i, at a

planar electrocﬂel ontaining excess electrolyte at constant t rature. This is shown

in equation 2.3, waere n is the number of elecw F is the Faraday constant, D is the

AT INENINGNT

nFADl/2

=gy = e ey,

ammnmummmaﬂ
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2.3 Horseradish peroxidase for phenol detection

Horseradish peroxidase is a ngo o eric glycoproteln with a molecular mass of

44 kDa, purified from horseadish: ustlcana) It is a typical member
of the plant peroxida of a number of organic and

inorganic compoundss(ie second perOX|de or aIkyI peroxide

for the determination o ' Reelvigenmental control, protection and
health benefit fxi o -‘“:. ACYINL sAwironment (Yang et al.,
ErSy Sisyespecially for phenolic
resin synthesis, diagostig*agSayS,naeleic/ac ¢ ﬁ 'sensors, bioremediations,

and other bioteghihologicalfprgcesses-( al, 200 I\Reaglions of the enzyme can

HRP (Fe*’) + Ho@f —#><HRRIFE")EH,8) \§ | (2.4)
HRP (Fe™) + AH, i~ WRRAREH ' (2.5)

HRP (Fe'") + AH, —#=HRP(Fe>) (2.6)

g‘_f:t e heme prosthetic
== ,‘

Th _'”ﬁt =
group of th¢ Qa he formation of an
intermediate; HRP Eg, J) HRP (Fe*) loses
one oxidizing -.’ ivalent upon one-electron reduction by th{l_qlectron donor AH, and
forms HRP (Fe4+ g\tlon state *). In the w step (c), HRP (Fe*") accepts and 4

AUYINYNINY AT
0 wisTlun Ay

method used has mark influences on the properties of immobilised enzyme: for
exampie, activity, stabiiity, deactivation, and regeneration. Thus, the seiection of
enzyme immobilisation strategy should be considered carefully. Various strategies



28

have been employed including physical adsorption, covalent binding, physical

entrapment, and affinity methods (Andreescu, et al., 2008). Figure 2.4 illustrates the

general approaches of several en“.' ’
i

obilisation methods.

Polymeric matrix

\ffinity anchors
{avidin/biotin)

.....

Mesoporous silica

Physical

adsorption 4 Entrapment
Figure 2.4 schl, :7_ : of vé ious enzyme (E) immobilisation
2.4.
l il iy
= -
Generallyy physic est, mﬂenswe and the least
denaturing immobilisation method. The procedure consists of simple deposition of the

itiopal reagents,
H \

en tqt p oLelectrod ri | _ i e a
seﬁiﬁp }en el dﬂ%ha ou fys agti ever, due
to tl'qlact that the binding forces involved are weak, the enzyme immobilised in this

way is susceptible to pH, tempera‘re, solvent and iogigystrengths changes angidbes
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2.4.2 Covalent bonding

The attachment of an enzyme by covalent linkage consists of two steps. The

provide useful chemical reactivity for

first step involves activation of thie t
subsequent binding of thesDiGRIGIEEUIe. &ﬂis is achieved with bifunctional

groups or spacers suclT™assgh . Mde/succinimide, self-assembled

monolayers or muliilayersa(s. i i ysilanes. The second step

consists of binW #10 a nicall i upport. The chemistry

involved in the imge#ffis )Cess|depends. o theitype of material used and its

Increasing e have been. fo the development of new and

innovative techniques which.car=ensure= alled spatial orientation/conformation,
2 N,

without loss.gf en a.procedure. A recent trend is

to create (130 _ finity bonds between an activated supp e specific group of the

protein seqiiepCe. ‘MEtive enzyme, they can

ot |
be engineered y specific'1oce gtarfect th‘. tivity or the folding of
the protein. The

method is usually reversible facilitating the reuse of support matrix
vides stablg tac provides. a basis for controlled
‘ bilis ic%t QOQO ening the way for
new“xoac es to enzyme immobilisation. . '
, ¢ o ‘ LY
FWIANNIUARTIINYIAY
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2.4.4 Entrapment

One of the most convenient methods of enzyme immobilisation is by physical

sfngethod has some advantages over the other
tep fabrication, low cost and high
M the method are diffusional

ghg in long response times,

entrapment in an inert material\§

1

dimensionssand PossHalglenzyme leaching.

\:E ted by the physical and

N
ey

-
Enprocess, however, can be

of materials used for

Ny
DTE

. o . -
2 -3";» "\ \‘.: pelypyrrole, polyaniline
J | Y .
, "‘v\ s and sol-gels. In this
oL \ a :H
: \ A

aléfle and organic salts that

igally generated polymers

ators or artificial mediators

g red@M center of the enzyme to the

important for biosensing.

2.5 Mi@ :

In ca qﬁr}flc electrode become

progressively 4 ller, the behavio electrode begin{% change from a large

electrode which @Kapproximated by an élftrode of infinite dimension. These

AU MBI WIS

as a“creased ohmic drop of potential, fast establishment of a steady-state signal, a

_current increase. dug. to _enh ‘ ss t ort at™she electrode boundary*and
al Iﬁicre%ea' r{iofolse rSi i e Ef}tiﬁke e smial ctrodes aq e% I
q in many areas of electroanalytical chemistry. The application of small-size electrodes

was further enhanced by increasing demands from analytical chemistry (e.g., the need

for electrodes in miniature cells in detection for high-performance separations or in
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electrochemical sensors) and biochemistry (in situ electroanalytical measurements on
living organisms).

These small-size electrodes sbeen called microelectrodes. The radius of

microelectrode arrayssRau P xperimental and theoretical

from specific mass v' ctfoactr’ iffusion regimes taking

place at their i v fch as ale \ e amkays do not interact with

each other. Arrg Rity, Mgher signal-to-noise ratios than

macroelectrodes. Lowfer gfirrghtyd
discussion in fap#fcatig rg ‘Ie __
2.5.1 Diffysion _c%nle
7

-, 1?;. '
| ‘.| - -r'
Diffusion atffthe f.‘_m /

electrochemical sehsorslThis is

ante a major problem with

'i urs'at a much slower rate than

convection (in the ord€r ofiammillion/time: If @solution is stirred outside of a

macroelectrode sensor, the-measHrabie= ill fluctuate due to these variable
convection rates. Th N can be ate of diffusion is larger than
the rate of ‘cOnvection—At-mi e-predominant-made.of mass transport is

also diffusien

=
the mass transﬁﬁt of electroae
that procures at arge or planar electrodes, to a three-dimensional diffusion
Eij

(hemaispherical ditfusiar* profile),.and theref fects of convectiog.tend to be
Ieﬁpa t lectiod Q%al e, uﬁSill strat@s th@ diffusion

prdfgto the surface of a hemispherical microelectrode compared to that of a planar

reryalatge. This is because

—
ed from th Ihormal linear diffusion

electrode.

QRIANTANNIINYIAY
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Figure 2.5 Diffufiof o ile’ to %o /Ma (a) and a hemispherical

!
S migioe

It can be seen 1€ diffusion g theSsurface of the macroclectrode
follows linear proflle In hisphere of diameter, using the same
boundary congitions Aearditfudit alculaged the expression for

the variation of current with time for a spherical electrode as W£qulation 2.7

V) A
— e
== AT = 11
U:nFA] nFADICIS o 172 T 7 |l

AUEINENINEIAT

ectrodes with time is greatly reduced at the longer time due to the small value

aﬁﬁmnwwﬂfmmw

(2.7)
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This is presented the smaller the radius of the hemispherical microelectrode
(r), the more rapidly the effect of time (t) decreases and steady-state current is

case of microelectrode the equation 2.7

%,

(2.9)

| ] shown in Figure 2.6. The
resulting curre : c Xidatign ive species exhibits a
sigmoidal-shaped |  Slgmol » \ ~ istic of a microelectrode
observed undl ifely, ‘ i - o tate limiting current
' f"-..! r 1 ay be directly related to
o extremely useful for

determining the coplfenty 23 idhd even gas phases.

Figure 2.6 Characteristic sigmoidal shaped cyclic voltammogram for a reversible
electron transfer reaction at a microelectrode.
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For microelectrode array, the total measured current can be increased whilst
retaining the particular properties @fysipgle microelectrodes with respect to high
concentration gradients. The,tQlg f thi array of electrodes will depend on
the spacing between the indi dual vﬁ If the elements are spaced
sufficiently far apa h,__ espcﬁse m of the responses of the

individual electrodgs et al., 1982). However, if the

spacing is sufficient yers overlap as steady-state is

approached, t lpedteted by the sum for each.
The diffusion pr : ~:~ Figure 2.7. To obtain
optimum propertie Sinet iffusior fics have to be established,
depending on thg*elecifodgfraglius, ', ( L
case where electroggS argfclg o@ eSS yste

way as it wouldaith Jlrgelf spacings: "*;

ad ‘geomBifigal arrangement. In the
1\ 1 itially behave in the same
er, a '-'"-,5 sion layers begin to move
on ‘shells, begi

distibution and in extreme cases

. |

towards equilibriung the in to overlap and cause a

reduction in the hemi eric diff the electrode surfaces. This
effect is dependent off elegradersize

may result in the sensor arfay-5e acroelectrode electrode of the same

o
area (ZoskiﬂO?) et
(A4
V]

Figure 2.7 Schemalic representation of diffusion at a microelectrode array.
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2.5.2 Fabrication of microelectrode arrays

The method for fabrication microelectrode arrays have been divided which

depending on the type of arra ki, 2007). Four different fabrication

steel plate as thg ‘ ling £leg! LBycCli » ! e Vo (ki ., 2008). Gold
nanorod arrays wgfe winsi ....r > ':. \ olye rbonate (PC) membrane
electric field according
to the electrochemif? ' sth \\ over, Foyet et al. (2007)
prepared Zn-Ni alfoy

fhorod l ' jc alumigium oxide and the hexagonal
phase of lyotropic liqufd -,{‘;5-»‘-'3-5= 5 lir d Mikel ions. The combination of
the hexagonal phase of a I| id crystal al esalumina membrane (double template

deposition), ads 0 grod. Eigure 2.8 shows the

P57ty

Z"

d

b

= oy

—’3 £ g
>4

-

e,

It![{

9 RO ASAS NI NG Y

and Zn-Ni alloy nanorods obtained from aqueous bath (b) (Foyet, et al.,
2007)
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2.5.2.2 Etching technique

removed/added to a selective, g of removing material for construction
of microelectrode array-is Hage! yhete - ive etching techniques are wet

i i ! nic drilling and mechanical
abricated using a chemical
etching technique origi shaening. tips of optical fibers in near-
field optical mi e T med meniscus etching,

utilizes surface J#fsiop” fofcé the glass-eichant “tegface. The process is

schematically illustgated #h Figty 2.9 Gles - immersed into HF-based
etchant. An orgafiic lafler Sugh a _ -- top of the etchant to
modify contact angl¢ at tife g ag“et r- "".N .\ nt wets the surface of the
probes and graduélly dug S thei ‘:& [ \ stirfe Insion force at the glass-
etchant interface red#fcesgé |ﬁ\ i , ) ‘i ‘\'. . forcing the height of the
meniscus to decrease timaitk ’i-""‘;' ag fro g eaches the center of the probe
and a sharp tip is fofmed ;;9;{!4{#& : mi ging. The balance of the two
opposing forces, the surfa ension and v-.o, ht of the etchant, determines the
final tip geametry.ak ’j" gaMposjtion can modify the

contact ang - the glass-etchant inti - and conseque inal tip geometry(

Lee, et al., 2

Q\W’]Mﬂ‘m&mﬂ’nﬂﬂ’lﬂﬂ

Figure 2.9 Fabrication of microelectrode array tips using meniscus etching. The
etchant wets of the probes the surface (a) and (b) gradually reduces their dimensions

(c) the etching front reaches the center of the probe and a sharp tip is formed.
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2.5.2.3 Lithographic method

Lithographic method has t

advantage of being highly controllable and
, pproaches Fabrication of highly

sophisticated electrode , that has been utilized only to a
limited extent so farslsithg graphy |s a tec ansfers a copy of a master

pattern onto the Vvd face of mate |al, u% asilicon wafer,
Microelectfode ich are prepared i |mple way by dispersing

sufficiently sm a very fine graphite

powder) in an i array. The well-defined

'a

BOU LET 150V X1,000 lO;.n WID 13 Senm

Figure 2.10 The SEM analysis of the array film of conductive polymer, poly(pyrrole-
benzophenone), on indium tin oxide ITO (Konry et al. 2008)
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2.5.2.4 Mechanical methods

The variety techniques have been used for fabrication microelectrode array by

igue, sandwich method, the formation of

|
l }ﬂ/n this research is focused on

ribed the sonochemical method

mechanical method. Such as,
composition and sonoghen i
sonochemical method._
, 004) described a novel

oelectrodes, which lends

itself to the mass patented procedure was
described for the s s of microelectrode array
based sensor Biosensors
formed by sono itivity and impart stir
independenc v ses. Furthe 2, the E 'f idtMelectrode was studied
by Myler et al. | .‘ 1 g th ‘ ? sipde with the insulating
polymer e re fabricated via a
sonochemical d true stir-independent
responses. The sonochgmi 0c, has Been extensively reported with
glucose oxidase (Myler, & ~al.2004), a gi~oxidase (Myler et al. 2005), and
acthylcholenesterase ;*.""‘1? iLhis research represented high

microelect@ o @ et al., 2005).

In tw : j is used for HRP
microelectrodemra ined microelectrode arrays,
|

and less repraducibility, it is easy to fabrication and \)‘Mﬂely used for enzyme

immobilisation. "

ANSINHNINGINT

qlThe properties of ultrasound offer great potential to a wide range of

applications. Most modern ultragBnic devices rely @my transducers, compoggdy

IRASOIUINTIN HINY

alternated at high enough frequencies, the vibration of the transducer will generate
sound in the ultrasonic frequency range.
2.5.3.1 Applications of ultrasound
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Cavitational phenomena created by the application of ultrasound to a liquid
mediumhave been exploited for cleaning purposes, the most widely used application

contaminants such as dig used in the food industry and
surgical equipment are —_‘ﬂay (Kuttruff, 1991). In the
food industry, ult usé’for Wzmg, ageing emulsifying,

cutting and evendil ARG, Sterflisation nitk can.be 3 ed by the action of sound

waves on micro-gkgé 3" d/in it whi em Mbases for sauces such as

other than cleaning.

For example, sougl wa d 3 dia Ranoumber of heart defects,

purposes high frg / - 1 ' o @8 to minimise damage to

tissues and organs. ‘ V€ ' \n to remove kidney stones

by cavitation (Ler ) apger cells@htqun et al, 2000) and blood

clots (Shlamovitz et j, :f“f ol _‘=7_ field Ofimedicine termed therapeutic

ultrasound. Finally, gene the y-Ca ..--.-:- @ out with the use of ultrasound since
=

under certain condition dransient permeability of cell

membraneg't_ / @999).
Sonlc ¢ gj ultrasound. These

include envir I., 2001), materials

o@ent eroﬁ;a
al., 2001; Ding et al., 2002) including®

|mproved extracl‘rﬁystalllsatlon and @ methods in polymer technology,

AUBINENINEANG

modification of enzyme and wholeiell activities (Sasakl etal., 2001).

ammnsmumqwmaﬂ

science (Xia catalytic materials,
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2.5.3.2 The principles of ultrasound

In solid materials, atoms can vibrate in any direction creating transverse
a eI \When the frequency and amplitude of
h.4the rarefaction stage causes the

a bubble. This cavity will grow

s from the medium. The

hed which matches the

€ lese bubbles generates
dNBarticle dispersion. In the

e generated. Many theories

'

collapsing bubBle itsélf,’ =fi-n €5 andapress

exist to explain th relea It -n ed if) cavits n, t the most understandable
in a qualitative senseij hot=spc .; Susligk et al., 1986) which explains
that heat is generated from thest -----‘st- Of gases and vapours.

mm ANNTINNINYA Y

Figure 2.11 The development and collapse of cavitation bubbles
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The dynamics of cavity growth and collapse is very different in the cavitation
near a solid-liquid interface. When a bubble collapses near a surface, bubble collapse

f a solid surface hinders the movement of

is no longer symmetrical. The pres
' liquid enters the bubble from the

1t f liquid is effectively targeted
ces: eighton, 1998).

AUINENINYINS
QRIAINTUNRINIAY



CHAPTER Il
LITERATURE REVIEW

: s been extensively studied due to its
.ﬂnd environmental analysis. In

@ectrochemical techniques

/ > v‘ itable for many practical
applications such#as t -dete lina wu' henol, \ is often involved in the
D03, Munteanu et al., 1998,

ity for hydrogen peroxide allowed the

elimination of phen ‘_v?;ga*_tmsﬁ (M al.,
development_of mag igsensors for the detection of
hydrogen peroxide, either using direct or mediated electron fers (Zhang et al.,
1996, Cosrlie/
. -
arrays by uswlﬁ the p

hlsed microelectrode
. Henm the phenol detection
mechanism shodld be briefly described.

The HRP( e _mechanisms for ol detection are mediator electron
tran wﬂe ec omv Fﬁloe a tud| ﬂnﬁzaﬂon of
H iICa fof phenol™detectio ound that

the enzymatic mechanism involg€d in peromdase&sed biosensor for

RTINS AN HIRY

donor which is phenol or Mg and forms HRP (Fe*"). Then HRP (Fe*") accepts one-
electron from the electron donor or Mg again and forms native HRP (Fe**). In each
step of HRP (Fe®*) changing to HRP (Fe**), Mg get one-electron each from an
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electrode. In this step, the reduction current is occurring and proportional to the
phenol concentration in the solution (Ruzgas et al., 1995). Nevertheless, peroxidase

can also do the direct electron transfer (Figure 3.2) between the enzyme itself and the

electrode. Direct electron t _ lar ¥ mediator electron transfer, but in this
case HRP (Fe5+) acce /& electrode

lectrode

-

|
‘ |
hanlsm of mediated electron transfer at HRﬂodified carbon paste

electr %and Mred are the oxi J and reduced forms of the

QW’]Nﬂ‘iﬂJﬂJﬁ’]’Jﬂﬂ’]ﬂﬂ

Figure 3.1
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Com:pound -1

N

- Electrode
E <06V

apl

vs SCE

"HRP and base

0bilizatioy ‘""17“'1; Or bioSeRsoR@pplication
”"'.#é*” ' A
The immobilizé r;:' od, has. ant Mfluence on the properties of

immobilized enzyme such as, ¢ ; 7, deactivation, and regeneration. There
are different methods.tesfii 26 HRP ent immobilization, (Jun Chen
et al. ZOOQ_’:& ot al., 20 I jsatto et al., 1999)
method. FLtt . oi Q’ of biosensors, the

|mmob|I|zat|or1 . omiéﬁ

nanoparticles ¢ d for enzyme immobilization include carbo
2007), gold (Yi ‘ 000), and silver n artlcles (Kim et al., 2004). In the
mgr | ﬁ BraNAnT-
orted

concept. Example of

anotubes (Rivas et al.,
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3.1.1.1 Physical Adsorption

This technique is very simple and minimal preparation rarely research
HRP biosensors, Ruzgas et al. (1995)

f ite electrode. The population of
' [ructure could not be treated as

HRP molecules adsorbed

describes about this method.

s'fﬂ.‘:-x Between the enzyme and the

support matrix. Jitoge !-l' ith the chemical linkers
i ﬁ' "R )
Ich-as-am 3 w.\ ORsulthydryl. Caramori et al.

(2004) immobiliz&d ai':'-"‘f' Egicreph nalate —poly(aniline) composite.

The composite was syfithesl L’E:f 1:;- ethylene terephthalate (PET) plates
to hydrazinolysis treatment,foHowed-by aidine (PANI) synthesis over the PET
surface. The,ireatrae Was revealed fea i, the PET and resulting in
different reg 1 e-groups-for HRP-bonding. Hwa-Jung-et-al. (201 ox. immobilized HRP
on the surfe i._l ding Even though this
method demoms rated a hie gwstanility h'?yet to be improved.

Furthermore, the cqvalent bonding immobilization method is usually performed under
mr”ﬁ ” ng: %teﬁpjrvi gwoﬁﬁgtﬁ% .
.1.1.3 Entrapme

either natural organic polymers or synthetlc polymers such as the immobilization

the n

of HRP, into Poly3,4-ethylenedioxy thiophene (PEDT) which are a conductive

polymer films (Jun Chen et al., 2006). This immobilization process described a great
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potential to achieve high density enzyme containing polymers for the development of

stable biosensors. In addition, Li et al. (2008) experimented for fabrication of

hydrogen peroxide biosensor, whic ? een developed by entrapping HRP enzyme

glutaraldehyde al.” 09 _ /afig Neta . dimethyladipimidate
i fate (Beuvrelie et al., 1997)). For

(Besselink ets 0
iffed silica gel surface by

example, the H
adsorption tog sS-linki chyee by using modified carbon
paste electrode (RQf { al., 1999).F ". o At et al. (2002) repeated their
study in the HRP im ili; ‘,"""-"';"": ing métlibd which used SiO,/Nb,Os as
an immobilization support™® s found mobilization was possible without
glutaraldehyde addition cf’~ (S.pi em noise was lower. Wang et al.
(2009) inv@ en peroxide slcg]structed by cross-
linking betw J }:ross linking agent.
Wang et al. {2
ferrocene-chltM\

with glyoxol (Flg.'e & The fabrication pr(@.]re was systematically optimized to

mm VErINgIng

8. Ox ® M. Even though this meth d is useful for stabilizing adsorbed biomaterial, it

ammﬁ'ﬁmmﬁﬁﬁmé’ﬂ

y /gandwich configuration:
HRP: chitosan-glyoxal. The biosensor ¥ Mface was cross linked
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HH

H-C-C-H | || NH,-HRP | |
R-NH, ————» R-N=C C H—l" R-N=C-C=N-HRP

chitosan

H,O, +

The electro-polyrpe' ting monomers has been studied

extensivelﬁ the constriiction of bi galise. the ¢ repared conducting
polymers e-excellent electrocatalytic properties and rapid-cleciron transfer ability.
Also, the Seahdt offoharges to produce

—

electrochemical|signals bETW

ol
he incor 1) ted biomolecules. For

succinimi

biosensor app |cm¢'ons, the conducting polymers are often functionalized with
Yl eamin
with® lvarlo tro ediator bio-

1 S.Qf CQRjuU directly
Wjﬁ molaﬁ toll facilitate
|mrrm|hzat|on (Guimard et al., 2007). il ' '

Abundant researches propo‘d various types ofggepductive polymers fofjRP

AWIRSTAUARIANIRE

surface by electropolymerisation. In this study, the comparison between the HRP/Py-
PS electrode and HRP-incorporated polypyirol (PPy) electrodes which were prepared
under similar condition were determined. The HRP/Py-PS electrode retained 60% of
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initial response (100%), while the HRP/PPy electrode almost completely lost activity.
Moreover, the HRP was incorporated into the carbon nanotube (CNT)/ polypyrrole
(PPy) nanocomposite matrix (Kork . 2008). The eighteen phenolic compounds

were detected by CNT/PPy/H ogite film electrode in this case. The

biosensor exhibited lov.dEteptle v : se time for testing.
Not only pohya) 5 sensor, the synthesis of the

polythiophene w R car Bo', id g 0_immobilize HRP via the

copolymerization ~of

] gagetic acid in acetonitrile was
researched (Kina#®¥ al, * 1 ihis & (he \ RP on the surface of
polythiophene el ' A [ 1 low. Afterward, Kim, et
&sepoxythiophene) (poly(Th-

| .” lg as sensor electrode.
The HRP-immobilj d ooy %0 ;: 1{ ¢ linearity from 0.1 to
30 mM H.0,, gpd refoc CibilityM “" g li \ ehin a dition, the electroactive

Ne\ 10es

polymer, polyanllpl
electrons directly rom e en e e "; {o the

d@XWcycling, and can couple

e ectrode surface. The HRP was
immobilized onto the*Carhg r"' ifiediwith a layer electrodeposited
PANI (Morrin et al., 20 ?,:‘;-’w-, 004) prepared an amperometric
biosensor by.the dep of HR ldepcd plati num disk electrode.
The PANIfilin was electrochemically deposited on the @clrdde. Furhermore, the
hydrogen peraid ing between HRP and
PANI. The P {ﬁ | synthe

thyl sulfate, was an electroactive polymer at pH over 6. From

|
Ontaining, P nic liquid, 1-ethyl-3-

methyllmlda2|

AUE IV R

0 heqlconductlve polymers which used for HRP biosensor and the polymerlzatlon
methods are shown in Table 3.1. &

ammnsmumqwmaﬂ



49

Table 3.1 Examples of polymer for HRP immaobilization biosensor

Polymerization

Type of polymer method Reference

Thanachasai et al.

conductive polymer .Electropolymerisation (2002)
Mathebe et al.
“WEleetropolymerisation (2004)

Morrin et al. (2003)
igetropOlymerisation Li, G. etal. (2007)
b Korkut et al. (2008)
trop@lymerisation Kin et al. (2007)

)polymerisation

Kim et al.(2008)

Ngamna O. et
Chemical polymerization al.(2005)

Asberg P. et al.
| dispgrsion (2003)

Entrapment Lu X., et al.(2006)

# 1-butyl-3methyl- |m|dazoI|um Entrapment Lu X., et al. (2006)
Qu l IB I I 5 I I Bq ﬂ ﬁ Nakabayashi et al.
polyi 3-aminophenol Electropolymerlsatlon _(2000)
FRIaN S0 URIIRY 1R Y-
i (2005)
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Since described before that polyaniline or PANI is one of the most widely

3.1.2.2 NPn- d ctivepo v,’

1,-”

In this part, t w"ff"r which @ ) non“conductive polymers for HRP

biosensor are detialed. N eported the used of non-conductive

polymer, ?:@ r HRP immc ase, ferrocene was used as

an electro as.coated withoele merized film of 3-
amonophen.i r. self-limiting, and
0-100 nm,Ururthermore Chitosan

which is blopoly r have been used for HRP enzyme biosensor. Chitosan has been

VLIt by (gl

C|ty, biocompatibility, low cost, and easy availability. With its attractive
propertles chitosan has received mq:h attention as thedfiaerial for design of mé8ified

LRI ARRRBIINUIRE

crack. When there was no CMCS, the response time for analytic substrate became

consequently thg films tend to B

longer and no more enzyme activity was retained. Therefore, the presence of CMCS
provided friendly surroundings for the immobilization of enzymes. Additionally,



51

chitosan was used for co-immobilizing mediator and enzyme (Li et al., 2008). The
biosensor which used chitosan for enzyme immobilization exhibited high stability,

lower detection limit and better repr. ipility and stability.

‘ na Ex,ﬂ; ticles which are capable
r S of Sensitivity, selectivity,
\ nanoparticles based
i3, 200 . The nanoparticles such as

_ N\
‘ ‘ ., 2000)4 sier (Welch et al., 2005, Wu,
et al., 2006), and carh 1C 8., 2008 were used for HRP enzyme

j immobilization of
is- f Biosensors. Furthermore,
Mfs permit direct electron transfer betweenjuhox proteins and bulk
electrode materla‘ H allowing electrochewl sensing to be performed with no

BUEINUANINGINT

PerOX|dase biosensors base on self-assembled monolayer (SAM) modified

RTENIS I el (eIt

to study the direct electron transfer of immobilized HRP. This biosensor exhibited an

biomolecules

gold nanopart

excellent electrocatalytic response to the reduction of H,O, without the need of an

electron mediator (Yi et al., 2000). Recently, a disposable pseudomediatorless
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amperometric biosensor was fabricated for H,O, determination by modification of an
indium-tin oxide (ITO) electrode with (3-mercaptopropyl) trimethoxysilane. The

stable nano-Au-SH monolayer w. r pared through covalent linking of gold

nanoparticles and thiol groups'og' rfec
the electron transfer . MeidtOr /

immobilize HRP bBUt & sﬁof ficiently retai @ Lin et al., 2007). Gold
nanoparticles ha self- letgid™~agilowporous thiol-functionalized

HRP and tetramethyl benzidine, as

trapped by colloidal gold

er not only could steadily

poly(divinylb iC A : ;"-“‘ iosensor was prepared

by chemisorbin parti at® the,thidl gvdupSefmanospheres and enzyme

‘ & S \.\-\\ to Improve the character of
the biosensor, su v 3 i. L of tjes, -c an enhance the electron
conductivity and adst —enzyme-by \teractil@n between the enzymes and
silver nanoparticles. Furthé¥mgas er- articles may facilitate more efficient
Xu et al, 2004). However, there
were a few| reppris th g1lver nanoparticle.

The%e 7 ¢ %mlcal detection of
hydrogen pero" eleatrode (EPPG), a glassy
carbon (GC)

l., 2005). The Ilrjt ﬂetectlon for this mod@i nanosilver electrode was 2.0 x10°

sem.ummmmﬂ Y i o oy

2004) reported the horsera h peroxidase (HRP), mediator methylene blue

q RSN Ny

the sol—gel film can adsorb the enzyme molecules and improve the sol-gel film

FETT :
electron transfer than go _"'_-‘s:.‘;_i-»' , n

trode, and a silver nanoparticle-modified* % electrode (Welch, et

conductivity. The biosensor has a high sensitivity, quick response to H,O, and good

stability. Furthermore, the Silver—-DNA hybrid nanoparticles with controlled
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dimension were reported by Wu et al. (2006). The hybrid nanoparticles showed a

narrow size distribution and a favorable catalytic ability to reduction of hydrogen

peroxide and dissolved oxygen, whi f/ere related to the DNA concentration in

Uﬁe odified electrode obtained showed

The the electrochemical

transduction procgss. is/sghge, Gb 3 : a ‘ tant alternative for the

transduction event expellent!electronic P e flies. In fact, in recent years
we have witne pentoff Sensi U@ andigelective electrochemical
biosensors based 0 of G E_ hesi(Rivas etal, 2007).

as

velbiosenser OISk antl, catechols was obtained by

.l 1” d
incorporation of p@yphena »f,,”. ;_ YcartBpnSRenotubes paste electrodes
(CNTPE). The responsgifor dg ming fold Make sensitive than at polyphenol
oxidase (PPO) withip "'1':"7“"35:: elect o PO) (Rubianes et al., 2005).
Qian and Yang (2006) ‘é,:_'"‘f',f"“""V’:"; pekoxide biosensor obtained by cross-
linking of . HRP ' ' (MWCNT-CHIT)
composite iliii modified glassy carbon electrode (GCE). : ore, they reported

the sensm\)L

|
GCE modlfleq” _|th a MWWE GISPErsion crossglinked with horseradish

sed on the use of a

peroxidase by glut raldehyde Another strategy reported by Lin et al. (2006) was the

n o ,,h ugh jzation of
W pr eﬁ”on choline-
modqrd GCE. The |mmob|I|zed proteins present activity of peroxidase working on

the electrocatalytic reduction of &ygen hydrogen peggxide, nitric oxide, @méng

RIRMLIUARITNEIRE
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3.2  Microelectrode arrays

Microelectrode arrays (MEA haye been used for the last three decades in the

field of cellular biology as tQOIS\OK cgrophysiologic activity either in vitro

or in vivo. The availabif¥iy,andide jcroelectromechanical systems
iques-hasima B05Si s jeas@Ffthree dimensional structures

ept-control arrays of microelectrodes
- J‘hﬁ-‘ y

exhibit higher sig ' 105 thi gelestredes and lower current detection

pes of microelectrode

The indivj e i an” A WS lifferent designs such as

\ ure'a variety of methods of

fabricating array§ nanoelectrod 8elrode surfaces, such as

electrochemical or -g—fs----e;_- ' metalillanoparticles onto a suitable
- N g - ‘

electrode substrate (Xiao ¢ -_....-_ ethods produce random arrays of

nanoparticles on the elecC -f"' ﬂ, ,iv'

dlffu3|0nalg1

techniques ,R

the array rarely, if ever, is

i@ales. Lithographic

|jad metal arrays are

progressing, bsﬁoi

electrodes in the z‘aﬂe not in electrical co with the substrate, forming “dead”

“ﬂ@mrﬂmﬂmw 4 ir .

3.2.1.1 Random mlcroel?trode arrays

q RGN INUUNIINUIRY

between conducting surfaces can lead to overlapping diffusion layers. Xiao et al.,

hi nly-produce nanoelectrodes

with diameter. the order of 100 nm, whilst a S|gn|f|cant H;Ltlon of the individual

2008 reported the random array of boron doped diamond (BDD) nano-disc electrodes
(RAN BDD), formed by a simple three step method. First molybdenum (IV) dioxide
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nanoparticles are electrodeposited onto a BDD substrate. Second the electrode surface
is covered in an insulating polymer film by the electropolymerisation of a 4-

nitrophenyldiazonium salt. Third the I bdenum dioxide nanoparticles are dissolved

from the BDD surface using.dil | |d to expose nano-discs of BDD for
removing the polymer_layeg dire ' electrodes were produced by
imilar 7 size and number density,
confirming that this I 7 : 7 " 0d. The appearance of this
microelectrode arrays i A guse. '35y Futthermore,  Ordeig et al. (2006)
it ) i : N d at randomly micro-

IiOpbe consistent and it is

v _ 1 active. However this type
ic Ie to manufactul \ 2006).

’w; _.,
13

ectrog \ MWell defined geometry is preferred to

electroechemical propose

fabricated @ li

microelctrode =
microelectrod H

array was used tc‘b ﬂje a disk array for f tion of mercury microhemispheres

mﬁm HINUN TN TS

ber of microelectrodes in t? array, without any indications of overlap of the

QW"IﬁdﬁﬂiﬂJﬁJWl')ﬂﬂ’lﬂﬂ

ed arrays is their ability to be
i ﬁgr]. There are high
,,,,,,,,,,,,,,,, = ,J

91 quality ordered
¥ The example of ordered

ray is a microlithographically fabricated wl”;lﬁm ultramicroelectrode
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= 100.0 nm

50.0 nm

0.0 nm

100.0 nm

50.0 nm

0.0 nm

100.0 nm

50.0 nm

0.0 nm

100.0 nm

q Wg’l ASNSUNRIINYD. a &

BDD electrode; (b) the MoO2 nanoparticle modified electrode; (c) the
polymer film covered electrode(d) the RAN BDD electrode
(Xiao et al., 2008).
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3.2.2 Particle in microelectrode arrays

In recent years microelectrode arrays have been shown to significantly

enhance the sensitivity of electr mcelly based analytical determination method.
L8, | f
However, the use of AdnOgs ﬁ ing the properties of enzyme
microelectrode array Aswifmactetlectro j reported. Lin et al. (2008)
— a

reported cyclic voliammei -5- usingd 1-D . The ordered 1-D gold

nanorod-modifiW ibit_ .;"-.:i\\\'--- signals than that of

bie @)slMoreover,  Simm et al.

(2005) studied the s €pa N\ ' icro and nano-electrode

K ¢ o
- L\ N, .
arrays by me particles \";: metal colloid. These

arrays were comgj he ‘e lectf@ieleposition of silver on a

glassy carbons , ) "w\‘ lallywstrippetl off, leaving a stable
- rF . d j k| y I'n I\v .-"-. )
micro and nan Of rtEisurfacey Witholgh the arrays produced

A\

mechanically a ‘ --.'\_ own electrochemically, the

result for the redug

AT

A
, Xg

Figure 3.6 Cyclic voltammetry experiments show thedd@hformances of three wekkin

' I i O riaye nar orki r

: ‘ nian fagmencef (ogaer -§ Disor@efedl g
q anorods modified working €lectrode (*) and flat electrodes (A) exhibi

maller peak height. Lin et. al (2008)

" Potential / V

3.2.3 Polymer electrodeposition in microelectrode array
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The electrochemical polymerisation of a polymer directly onto an electrode is
widely used for both macro- and microelectrde application. This method can offer a

oviding complete coverage of the electrode

more suitable method of modificatig
surface on a molecular level (€ ano 1, #£997). Electropolymerisation has many
advantages compared \ithe epOSH ' erisation methods. By using
different electropolymagl S 3 i é&hmer concentration, solvent
conductivity, pH'_v-ane,___" ¢ ' applied scanning cycle,
different characteristic , f.the i gan_be obtained (Imisides et al.,

1991). These

pH response, ele

, surface topography,
and protection against
metal corrosion (Mageh e :

Electropg®megiSedfily _Sa e genere formed'b M idation of a monomer,
conducting or insyfeti ) el aty ectrode surface (Emr &

Yacynych, 1995 Co ot ng p e capas -'., gsducing energy arising

from certain chemig@l i : .»,.., |G ICAl SighalS Which are easily monitored.
The three most commg mo tlng m rs are pyrrole (Zuo et al.,
2008, Hui et al., 2008), an! ;.-.':rifd ON-| 4, law et al., 2005 Myler et al.,

2005) and thiophene (Klm ------- N8 disadvantages with these types of
films is that- ocess, and anions
present in solution—or-sotution—pH-can—influence-the-eanductivity of the film
(Curulli et '8l#19€
self—regulatingﬁ' s which haves gss and co the surface completely

, by contrast, form

“m’] mnsmum'mma t)
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3.2.3.1 Electrodeposition of poly-phenylenediamine (PPD)

r is an aromatic diamine which can be

The o-phenylenediamine m "
|
synthesized by nitration anQ\\\ﬁ‘;a ffs ipvolving benzene as show in Figure

Electropolyffierisaiion‘of“oPL
thin (<100 nm) (Mifl 2008)<and" Setf-ir ) il

conducting, three dimensiag ;; irface. M (1997) describe the development
- ;- "J." ‘o ‘.1.. .

eldilvantage of producing a very
that can be coated on any

of enzyme etectrod e detection ¢ 8. blogd;, based on ultra thin
o-phenyle y ‘;_ﬁ.m:mm?:i;ﬁ;ﬁm._.;.m, ' ation which My]er

etal., (199 " fse n ediamine (PPD) was
grown at the pH} 7.4 in phosphate Bufferthe extent of con]lqpation is progressively

decreased as sugg?ted by the increasing amount of free NH, groups at the surface

ANBINERIRDANT

0 tion (Figure 3.8a). Then, the monocation species immediately combines via

radical coupl%to form one of‘hree possible dindfiers (Figure 3.8b). ABLE-N
i

AR AS BB A Y

preferentially (Figure 3.8c). This structure is suitable for propagation, and the
molecule can undergo further elongation to produce longer chain and results In a

conjugated polymer structure (Figure 3.9).
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Q‘Mﬁ@ﬂ@w }M’o}@ iﬂ'ﬂﬂm V8

imerizatio e oxidation od o ( chain
propagation (c) (Mill, 2005).
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is the polymer of choice
here due to its ease ofgpoly ’__“, n, | : ighg@onductivity depending on the
film forming conditions (Ja ang et al.; , and particularly, its high chemical
durability against oxygen: 10istul ore, it is thermodynamically

possible tt{;l ] o ol € @ may behave as an

electron-traﬁ tj and attachment of

polyaniline ij-‘lfno driﬁz et al.,1987). The
initiated in acidic medium by the formatien of an aniline radical

cation, whose ch‘ localised mainly ongthe nitrogen atom (Figure 3.10). The

S IRHNTNHINT .

base“d protonised form. Strong axldatlon of Ieucoemeraldlne base leads to

q RTRITSUNRINY 1A Y

polymerisatio
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AVEN
324 A I|c oNs f mig "{f
r"" B!
L b i 1 1 .

Microelectrglies #have ‘pumereusy ddvantageo “ properties compared to

(.._ ions, wi \/E \ p their widespread adoption in

recent years. Their smaII 76 provides ir praCticaI characteristics such as a
decreased ohmic potentia _a_'ff‘_?["}: _. ~ g
supporting@t G

current incl

s are possible with much reduced
steady-state signal, a

de boundary, and

increased sig hese effects make

4
nal
sufficiently SLM

chemistry (Karelf% & Kutner, 2000) ever, one major disadvantage of

FLIIEY vmmwmm::ﬁza::

smgmmcroelectrode in a sensor becomes damaged or fouled in any way, leading to

QRS T

microelectrodes acting in parallel and forming an array of microelectrodes (Morf & de

. i .
| electrodes advantageous in many ak of electroanalytical

Rooij, 1997; Zoski et al., 2004). The arrays of microelectrodes increase the current for

electrochemical measurements without losing the special features of a single


http://upload.wikimedia.org/wikipedia/commons/thumb/f/fe/Aniline.svg/378px-Aniline.svg.png
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microelectrode such as high mass flux, steady-state current. Furthermore, the

microelectrode arrays ensure redundancy in a sensing device if one, or several, of the

individual microelectrodes falled to*z} } The use of microelectrode arrays has now

produced a major impact in e toc mlcal sensors and biosensors (Zhu
et al., 2007). o .

aI sensor strategy for the
simultaneous calculatl T oy ‘ b in solvent using propylene
carbonate (PC) a | ’ tha short voltage pulses and
gold microele lectrochemical reduction
of both oxygen 8, their concentrations in

results about

tertiary gas gn| Icant

- '-.
microelectrode andkoas sensors based on

nanostructured ma ' f'_ il H‘\' ireZLFernandez, 2006). In
F y

the case of th micre F.' a biolegical culture, the signal
recording and stirq i \ {hercharge gjeetion limit can be lowered to
less than 100 nC/€m?. igroele JeRatay bioSelsoris an ideal in vitro system

to monitor both ac "‘:, - effe irugSt and toxins and to perform

functional studies under ph g _pathophysiological conditions that

m|m|C|nV| Q dan 9Rse of

'1

arious locations on a

tissue, a SE @ Denerated, providing

1mportantc §.aD
# - 'ﬂ - -
For eniﬁwe microe y Weresearche | ave been investigated.
Burmeister et al. (2003) studied enzyme- based microelectrode array for real time

iu, et al.,

r |s I0 mig:ba: multisite
w arfays. ﬁ ﬁ g};ﬁc sef detgction was
studm by 2008). The glucose oxidase was entrapped into polypyprrole

(PPy) nanofiber. This electrode @emonstrated a g@esl, biocatalytic activitygith

ARIRSAIUANTI i85

arrays for glucose analysis by glucose oxidase. With this microelectrode array
achieved the linearising sensor response between 0 — 60 mM glucose concentration.
Moreover, the same research group (Myler et al., 2005) continuing studied the
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similarly microelectrode arrays fabrication for alcohol oxidase. In the application of
monitoring pesticides, Pritchard et al. (2004) developed the sonochemically fabricated

microelectrode arrays based acethy

plipesterese for pesticides determination. The
| §

enzyme response in this cas t entration detetermination down to
1x107"M. with similatesl éﬂe pesticides by Law et al.
(2005). Which the \ sonc __' =0f* dichrorvos, parathion and
azinphose were 1x :

associated with®the b erigall diffusi files, acieved the small signals
associated wit \ , the application of
microelectrode array® i ' ‘ ‘.: )| det been report. For phenol

detection, the sg 'o'= ic y abr 0 MBioelectrode array is the

interesting method or ingpraVe the o Tehdetermi pleihod due to this technique
Y ¥

improve the respbnse OWES Mu ; A 2ybeipproved the leakage problem

of HRP immobilizagon i fmdcr a5

ﬂNEJ’JVlEWﬁWEJ‘]ﬂi
ammnmummmaﬂ



CHAPTER IV
MATERIAL AND METHOD

4.1 Reagents

The Aniline hydwaghloige xéhgeafBoxylic acid, gold (I11) chloride
trihydrate (ACS reagen v, b I Iﬁlthenium (IIT) chloride, o-

, potassium ferricyanide
(all "Analytical Reg rser Xtedse(HRP; E.C.1.11.1.7; 167

Acetics icsacidiandisodi ‘o solution (all GPR7
A W _
a '-_\ sodium chloride, phenol, and

sodium dihydrogen sphate 1=hydrate @Il % "\,_ R®" grade) were purchased

4.2 Equipments

A Sysgpel A ogek AEW2 potentiostat
(Sycopel Stie -i-ﬁ-_uZTAT-TuTuwT-—ﬁv—-----m—--.-------- by a PC equipped
trochemical studies

with an ECPre
—
(Figure 4.1) ||

Figure 4.1 Sycopel AEW?2 potentiostat
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A Transsonic T460, 35 kHz, 30W ultrasound tank (Fisher Scientific,
Loughborough, Leicestershire, UK) was used for the sonochemical ablation of

microelectrode arrays and for cleaginggof electrode surface bubbles prior to the

electropolymerisation of carRQoRlie "'h t re a homogenous polymer layer.

For microscopy..che Zatli¢ electron microscopy (SEM,;

The workm_g electx ed in - Is glassy carbon electrode.

ﬂUEJ’J ITNENNT

9 AN IRIIRIANENA Y

Figure 4.2 GC electrode (a), Pt electrode (b), and Ag/AgCl electrode were
used as working, counter and reference electrode, respectively
in this research
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4.3 Buffer and Solutions

The phosphate buffered saline (PBS) at pH 7.4 stock solution prepared by

using 0.13 mM sodium di-hydrogenfo osphate NaH,PO,4, 0.528 mM di-sodium
L8, A | f
hydrogen orthophosphate INa; X/chium chloride NaCl.

11 M acetic acid, 0.0088 M

sodium acetate and N orid =
W ‘ ISy, research are, 5 mM
ferrocenecarboxylig, i | agxaamipineruthenium (111) chloride
solution, and 5 m érof ajde)\ 4.22 M potassium
hexacyanoferr SiUp Cyan|de Milkee redox couples were

prepared in pH 7.4

birs jently polished consecutively

using 0.3 and 0.05 um al gapolished GCE was then cleaned in
ethanol and.distilled

er respectively b at 35;Hz for 5 mins each.
An electroé € \Was-aried-unaer room-temperature | before use.

= :',\J
I i

4.4.2 An ultra thin poly-phenylenediamine film polymerization

AugIngningans:

prepaked solution was then eIectror?lymerized on GCE by potential sweep between 0

1000V Acer o 1S 'l OLaD 0 lgs, usi tas a
ARSI AR
q electrochemical workstation to a PC running ECProg3 software. Then, the

polydiaminobenzene (PDB) coated electrode was dried for 2 hours at room
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temperature and rinsed with deionised water for removal of unpolymerised molecules.
(Myler et al., 2005)

r thin film

immersed into a distilled water

contained sonicated:bath:in. i = from all dimensions, and

was clamped toW ' ut the €3 . . An effect of sonication

concentrations to m "*rk e of | | 26irode. For another redox
clic volt 1thisYesearch, the apply potential
between -1000 to & ‘ 5'mv { ero C) ide) and the potential between
erutheniumii ) chloride.

B/HRP/PANI and PPD/HRP/Au/

Mthe sonochemically
in aniline/HRP acetate

prepared mlcrqﬂl ctrodes
buffer solution (0.5 mM aniline, and 300 unit/ml HRP) (pH 5.5) for co-

er ago - ntially cyclin ing electrode petween -200 and
' %og es ' ﬁr n e%., 2004).
ately fo owmg polymerisation, the working electrode was submerged in pH

7.4 phosphate buffers to prevent er‘/me denaturation gehstored at 4 2 & prior taguse

q 1&’] AT HNTINATAY

electrodeposition of Au nanoparticle was achieved prior to HRP/PANI co-deposition.

u merq

A solution of 0.3 mM HAuUCI4.3H20 in distilled water was electrodeposited onto the
sonochemically fabricated microelectrode at -200 mV for 30 s which resulted in Au
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nanoparticles deposition onto microelectrode surfaces. HRP/PANI co-deposition was

finally followed using the method mentioned above.

4.45 The microelectrgle gt ghenol detection

The microelectrodgxdrrays ‘obtai ' section 4.4.4 were tested for
linear sweep respQ ..,_,:,_}.:' = : enol in the concentration

range of 1x10™°- at the applied voltage of

For fabricated microelectrode

AUt INeNineIng
RIAINTUNRIINYIAE



CHAPTER V
RESULT. D DISCUSSION

This  reseafCil SEOVELS t|on of microelectrode arrays
fabrication for HRP-Qased f8ors using ____gwl technique. The three major
attempts were car Firtly, th

BXPIOTED. ANI microelectrode arrays
assemblage wa [ evEioped. The ra lation conditions were

studied in the_fi edl. AN Tz yme Lmicro rrays were produced.

s fabricatic
AIIXS
ihydro e (oRE) was firstly electrodeposited

le (G “The onditions for the poly-oPD or poly

G-prenvinedamine 2 'E'ﬂ IS as investigated (Appendix A). In
this part, sEh Tt ANy

the HRP bgSeli=microeiectroe

ocus. Furthermore,
e the formation of

mlcroelectro-f_r d, aid” SEM was used to
determine surfﬂ characteristics of the ablated PPD film. M

511 EIe‘trAymersatlon of o- phewedlamlne dihydrochloride (oPD)

AUEINENINENNT

The 5 mM oPD was electrqgeposited on GC eI ode for 50 cycles at f| ed

A WIRNT TUARTINYIRY

Figure 5.2. The diversity of PPD macromolecular structures obtained was resulted

from the differing polymerization conditions. It is suggested (Losito et al., 2003) that

under acidic polymerisation conditions (pH<5), PPD possessing a phenazine-like
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structure, which amino groups of an oPD unit are condensed with the benzene ring of

the closed unit along the polymer chain, although free primary amino groups have

> 5, the extent of conjugatiop 48, RO [ Idegreased, since there is an increasing
amount of free aming _’o' »ab it A structures also show some
agreement with the 00 wihe particular pH values, for
example, the Wi ibiteg : olymer obtained at low pH
(Losito et al., : Pl us be attributed to the
peculiar mechaii ' B ’

proposed by Losijghe v

corresponding shown in (1) reaction in

) 01 2000 mV, the relevant peak
potential is pres ‘ facoldi g -te f i_ | \ \b 5.2). Furthermore, no
reduction peak is if ,  Teverse' s 3. [0] g %hat the oxidized oPD was

involved in furtht | uprocess v  led ‘"t on-reducable species in the

potential range adopd ror A atiormy radical coupling (tail-to-tail,
--------- adice leathree possible different dimers (Al,
A2 and A3,Jespegii n be fi by a two electron-two H*

process fomD lirs'ﬂ- nother-species (B) which-is-mostly-obtained _from the dimer A3
\

(head-to-tai® Tihe redNin three different and

ol
competltlve [.‘m esses

(mtramolecular omglatlon followed by cyclisation) Ieadmg to the intermediate species

I\es ly.0X ine (2,3-

w %] %ln ﬁﬁlmer B3.
The“ly reduced trlrﬁer B3, then plays a role similar to that of the A dimer, Ieadlng
to either fully (D) or partially (E) offidised trimers or togthe, fully reduced tetramg@g gF

qIRAN AR TNHIRS

intramolecular oxidation processes leading to the formation of (i) phenazine, (ii) 1,4-

- 'd - -
oxida IeSSBT™ dimer K) internal coupling

WICI‘
rft

benzoquinonediimine units or (iii) both. For instance, 2,3-DAP and D arise from
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phenazine-forming processes, whereas B and E arise from 1,4-benzoquinonediimine
forming processes.

In summary, the insulating fi ay be formed via the polymerisation of the

oPD di-cation formed on dispr@gt ' )e monocation radical oxidising at a
conducting film surface fatigihan’ ] Icfgce, yielding an insulating film
which results in decreasing:tiesoxidati ' iagepotential cycling (Figure 5.2).

The following signifi _deereasi o ccessive scans (Figure 5.2),

indicated a low efficie ) ' xida . RRD film as compared to the bare
electrode. This et | "'", 7" hus hindering further
monomer oxidati ubse - r, o _ Stior Hence, the electrode
became progressive by f mer fi niqufifig, the polymerisation. In this

research, the ang#ifc irgéVey b pe etreasedito neghly the background level

on the 50" cycle, ighlica s ly insulated and therefore

could not be cogi€d wigh ¢ er poly ayyah'etial.20009).

ﬂUEJ’JYIEIVI’B'WMﬂ‘i
QW’]MﬂﬁﬂJﬂJWYJWFJ'mEI
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Insulating polymer

rm an insulating film on GC

current (nA)
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Figure 5.3 Schematic representation of the oPD polymerisation mechanism
proposed by Losito et al. (2003).
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5.1.1.2 The electrochemical characterisation of PPD film

Electroactivity of the electrochemically deposited PPD films grown on GC

I | gcouples. Figure 5.4, 5.5 and 5.6
display cyclic voltamriie gt of " ianide [Fe(CN)s *™*1 , 5 mM

hexaamminerutheniume(k i F mM ferrocenecarboxylic
acid [Fc(CO. HW, de(a) and PPD coated

electrode(b). The.r )X 00U g Thdigated in following equations
(5.1)

(5.2)

(5.3)

Im obtained which the initial
sweep is in the cathodic d|r . S "8°"t0 Fe**. The cyclic voltammogram
yields the r_nagnltud
are 66.47@ 5
ferricyanid&t i oilanide) experiences

a diffusion grzﬁl‘jnt a to lije out of the diffusion

L]
layer and restMing in a charge bias in favour of reducti

esed to 1, which the ipa and ipc

O, sgnsisted mainly  of

Furthermore, a peak
separation of app‘x.ﬂel 220 mV WhICh |Mch hlgher than the value of 59 mV

ntraStingly,“a Irttle' vo etfic*feSpons sefVed for the

PPD coated electrode confirming ‘ht the electrode sﬂ:e was mostly msul

q Wlﬁ im TUNNIINY TS

experimented under similar pH values for PPD grown on gold electrode (Barton et al.,
2004) and screen printed electrode (Myler et al., 2004).
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20

current (LA)

_ip: = 15.75 A
= 21.82 LA

Figure 5.5 Cycli€ volg@mnie _' 5/ mM-he \J,‘ h m(lIl) chloride at (a) a
bare GQ@F eléctrode)<and X MilarYelectrode coated by an
electrogdeposite ,Of PPDa/Scan rate 20 mVs™,

)

Epc 6 mv

ia = 13.77 pA
Ipc =-10.72 pA

fue qwaw'wﬂnng

-4 2 ‘ 0.0 2

aw:mmmm:lgmmaﬂ

electrode and (b) a S|m|Iar electrode coated by an electrodeposited film of
PPD at scan rate 20 mVs™.

1

current (A
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In the case of [Ru(NHz)s>"?"! and [Fc(CO,H)*"?"] redox couples were, the
reversible electron transfers similar to the [Fe(CN)s *™*] redox couple were observed.

The [Ru(NH3)s*"**! system exhibited sslightly greater reversibility in terms of peak

peak separation of 64 and 68 mV).

edox couples did exhibit clear
ples should be attributed

[Fe(CN)s ']

couple confirmed g€ i ' haviour of PP \fi ~'-.._;o on GC electrode.

B film

on GC electrode (Figure

5.7a) compared |gur 5 b) onfirms that the GC was

fully coated by an in ) ima e also confirms that the PPD

film was very rough (Flgur >.7¢). Furthe ethe AFM image would suggest that
JE‘W - o . .

the PPD film. thicka ROsItiops of section analysis

which wasiIEprese: n-the-three vertcai O @in agreement with

Barton et aL 'k working electrode,

-

the 30-40 nm { Jkness und. F 1I he gold spotter-coated
glass slide electrode presented by Myler et al.(1997), the film thickness obtained was

“ﬁﬁﬁﬁwﬂwﬁwuwns
wqmnmummmaﬂ
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e

| Section Analysis

PPD film surface

J -4
'T' wert distance 27. i
Flgure 5.7 Electron micrographs @ PPD insulated (@pbare GC electrode (I8

9 mmm mm*n ﬂ*]”@ %

1000 mV.
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5.1.2 Sonochemically for microelectrode arrays fabrication and

Characterisation

rays has been discussed before that the
' -photolithography because of its
mass production of disposable

icroelectrode arrays that

fdue to the simplicity and

"';: _ \\ be electropolymerised on
sse 'II in ot : polymer films of less than
7 _thickne: | | \ , the film thickness obtained
was determined around 273i-nm the aetectrode. The film was found to be

perfectly insulated since ;"Z'--’ he electrodeposition of the film
presented (@1
For(

7 Jlm ultrasonic have
been utilised iR<g n

ickeelectrodes by means of
Mn of thin polymer films. As describe d,u’ore in Chapter 2, an
ultrasound (in a U—Iﬂnge) passes througrwolvent such as water and induces

BUEINITINL AT

WhICh is of ambient tempﬁature very rapidly cools the vapour bubbles and

q R I AL TiaSY ]

majority of the liquid enters the bubble from the opposite side (Figure 2.11). This

ultrasonic abl

resulted in an asymmetric bubble collapse, which produces a high velocity jet of

liquid targeted towards the solid surface. The velocity of these microjets (hundreds of



q

82

metres per second) may cause the shattering of hard, brittle solids, and for more
ductile materials receive surface ablation from the impact of such jets (Suslick, 1990).

In the case of soft, ultrathin pplymer films, such as poly(o-phenylenediamine),
' .

the extent of this surface ak

harder underlying conguciivisst

— ‘ ————

ST ate‘yth Itrasounc

?iw. . \ \\ Insulating polymer

GGeele .’,ﬁ'\

[ ,

-
L u 0
!

"

\ \ L\
‘ ‘I."'. 'I"., '
g r L - - W X
i N RN TAE \ ) .
Figure 5.8 The schegflatigytiagram:o , micalablati@n forming microelectrode
arrays » 2N \

.
For rtils '_"'—""'"—"—"'""‘_""v -8 J:h as the Camlab

Transsonic T2 —used for microelectrode

60,0 W3
arrays formati_w with the fixed position of electrode ﬂhown in Figure 5.9.
Consequently, th%d(ﬁ% of acoustic cavitat'a?’experienced when multiple sensors
ar igated sifmultarfegu riés considerabiy 1 )OS ithin the tank

singﬂ'ransducer, this is a simple task since the electrode should be located vertically

oye the transducer, The gffecive electrode position ainye igated using t e
tr)aqw t ur g ;ﬁnwenﬁroe Ma abiat' %J

tested as demonstrated in Figure 5.10.
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7 .» V' .eftrode

Ultrasonic Ba .~ m ——

Water level

Figure 5.9 Lahg#atory (;' F ia ultrasonic ablation

|

AUEINENINEINT..

“Flgure trode during ultrasonication

ARIAN TN INLAE
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In a fixed transducer ultrasonic tank (such as the prototype above) an
ultrasonic standing wave field is generated inside the liquid (Hepher ei al, 2000),

(Yasui et al, 2005 m). As the wave agates through the medium, some regions

(M) of the ultrasoniesu ipodal itions” relate to multiples of half
wavelength (A /2),_51:;: - ' ¥ : ses of cavitation exist by the
liquid tear apar deys stablegand transient cavitation (Mills,
2005). Stable ' .

higher frequenci

acoustic pressures (or

s The stable cavitation

[ \ 5 e area of the oscillating
stable cavitation bF ; et thar | \ WPhase and the dissolved gas
tends to diffuse info th : aste an d \‘ se Out during compression. At

some point, for exa eigMbouring bubble, results in the

collapse of the bubble T presence of gendensable gas which has diffused

across  theinterfs m ‘the sur @ cushions the collapse.

COHSEQUEF@ the —energy-—released—is—greathy—re od—prever ting a Significant

contributiort gt Py:the microjets of water
|

(Chapter 2). EB ~|' _

For tran5|e cavitation, refers to those cavmes which exist at the much shorter

tim es of its_equilibrium
cycl there is no tlme for heat exchange or the dlffu5|on of dissolved gases into the

caV|ty The cavity contains some‘vapour from the g@gounding medium,

AIRSLIUH RIS

permanent gas when the cavity collapses. The collapse of transient cavities is
extremely energelic, generaling temperatures of several thousand degrees Kelvin,
pressures of around 1000 atm, and generating the powerful microjets of fluid
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associated with asymmetrical bubble collapse near a solid surface (Tuziuti et al,
2005). These microjet fluids are responsible for the mechanical effects of ultrasonic

cavitation and are required for_tf

pekforation PPD films in the fabrication of

microelectrode array constr 17 -
The formation \ r&ramsducer ultrasound tanks,

jielde termed nodes and antinodes

bubbles will form clusters

o

taling DWBbles (Figure 5.11). The

bubbles are mov; S s o Ballith bubble oscillations to

4 % + i, -))cul

¢ssure
L wntinode |

Figure 5.11 Schematic rep’resntation of ultrasonic wave propagation and acoustic
cavitation (Mills, 2005)
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The position of electrode in the fix transducer ultrasonic bath should be

located vertically above the transduggr Mason, 1999) which may achieve the enough

ion of reproducible microelectrode

energy for perforation. FurtheghgQred the p!
arrays is only immersing, theyetectrode i Aﬁﬂ'ﬂl‘pplying an ultrasonic pulse.

The construction of thestag ."':1-_-,;, e distrib esiiftrasonic intensity within this
vessel must be firstl ed in ofder t e |!ions of the electrode Thus,

e Individual electrodes at
different positi '
In order togeflicidafte ] ectrode in the tank, the

cyclic voltammogragh o v Sydetermined, and the peak

current at 100 ¥ at giffeger ition.al plotted in Figure 5.12.
It is thought that thefma t infende re ;-4 : s to be found directly
above a transdt (Méson ‘ .""'."'; berefd - Blld expect that the most
ablation on the polygfier g | d-beobserved Bn theselectrode that is located in

the middle of the tan directiyis -an:?f‘f ansducely sinte the most create power
localised at the transdéicer. However, the- igure 5.12 exhibit the effect,
with the most ablation be‘iﬁn ‘esent from piddle of the tank with the high current
at 100 mV.'-5 M fat thelflectrode was placed
over the tragsducerwhich-was-in-the-middie - ,J_j)

ni

AUEANENINEINT
AR TN INGIAE



current (LA)

0_min sonication

ollaghmogram for 5 mM
f the sonochemically

ﬂumwamwmnﬁ

QW’]Nﬂ‘iﬂJﬂJﬁ’]’Jﬂﬂ’]ﬂﬂ

on of electrodep05|ted film of PPD at diffe

87



88

5.1.2.3 The electrochemical characterisation of microelectrode arrays

properties, suitable diffusion

To obtain optimum
characteristics have to be establis] rgeteristics depend on radius, spacing,
and geometrical arrangemag ¢ in the arrays. The beneficial
microelectrode array«ekil Se jeatly fabricated microelectrode

us should be smaller than the

‘9// \\ ~..~| c rode arrays (Wang, 2006).
pe e
paramne I

arrays are their pore S|zes 00 Lo trlbu on. T _
distance between DQ

Thus, to achie microelectrode array

formation is a sig@ificag t the s aflhing electron microscopy
was used to image thé*sogiCa

Cyclic vgitamme€tryfis & v C Stic t '*;‘ t Gallybe used to determine if

microelectrode are gUffigiendly+tistributet <67t *- \ r \ ectrode arrays are formed.
¥y .
Since microelecifodesgére Wn \ \o cyclic voltammograms
for reversible solut 1 blind" e '-“ Q ' e dk, 2009) so that it exhibits
mﬁgl :
microelectrode bel aviodf. Co r cter fig pez ak shaped voltammograms
are expected at a plan@r of ‘?E"}: o F ct aceSor indeed arrays in which the

microelectrodes are too clo

Accorging tegthie" séction” 5. 14 " minerutpenium (I11) chloride
[RU(NHg)e&_ N0 forrocenecarboXyNC aeIdTrelCOI 5] Jscemed o obtain
greater eleckeg l Iple GC electrode was
Ic volta_' ograms recorded in 5
mM [Ru(NH3)6 21 and 5mM [Fc(CO,H)**?*] solutions were applled at the different

AHERTNEARS

mlcmectrode behaV|our was achieved at the 17.30 min of sonication time due to the

used as Workl lectrode

\/

sigmoidal shaped is clearly demon@irated. Since the dififsion layer thickness isgi#l

ARIARINFUAN]D WHINY

The sigmoidal shaped has been reported for the microelectrode arrays fabrication
using a similar insulating Tilm on screen printed suiface at 20 sec of sonication
(Barton et al., 2004). The increasing sonication time gave the slightly increasing in
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signal current in both of redox couples. However, at longer sonication times (18 and
19 min) complete sigmoidal response currents indicating that electrode sizes are

igngcharacteristics. At the short sonication time

bigger which caused the planar diff
(16 min), arrays behaved li ectrodes and no interference from

overlapping diffusion. planar diffusion. Cyclic

voltammograms obtaifgdsDy dsit [ lic acid as a redox couple
showed similar results as.o @de
It is clearly see ¢’sigmoidal "'-.._-\-.m. Figure 5.15 shows the

voltarnmetry | _ ochemically produced
microelectrode a ared'y he bare G '-,_V_OT.H“--__‘O PPD coated electrode

at the same cOnditi 5. The 5 ,-ﬁ:‘ hg to the bare GC electrodes

(Figure 5.15a) j#dicateS 3 _‘ ian..p ‘ adbroximately 64 mV, as
would be expectegfforga j 1 - single electron transfer
process. In conj#est, °ry, |ttIe fi "':" B SEki "\,' hsémled for the PPD coated

) \
electrode, confirming’ the preé -ﬁ ) i atinggpolymneric layer (Figure 5.15b).

Interrogation of the ulfifasonig 1,"‘ -.
sigmoidal response, séigges ”Eff"m

i roel ode" array sensors revealed a
uston profile typically associated

with microelectrode constr ----------- v Theory predicts that for an ideal

ﬂ‘J .r ﬂ 5-
microelectrogg, the dg E gverlayperfectly, however it

can be seeRJRatA=FH gure 5.15¢, there i e separation-of the forward and reverse

sweeps. Thié i£.a'C 2\ _&I n process, whereby
. — |

mlcroelectrodeH;P res are positione across a sensoﬂﬂlrface.

ﬂUEJ’JVIEJVI?WEJ']ﬂ’i
QxW’]MﬂiﬂJﬂJWnﬂﬂ’]ﬂﬂ
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2
51
<
=
5
3
N %9 min sonication
in sonication
Min sonication
6 min sonication
0.0 2
' | e A W _
Figure 5.13 Cyclic voltmme A 5 mivthiexad enium(IMchloride of the
sonochemically gblationiF "h.ﬁf? / DBe atWarious sonication time at
scan rate 20 My 147 4 \

i !',_':‘ ‘: %
8 J ,:’i"‘f.— :.Eﬁ& '

EJ’JVIEWI?'WH.ZM

e 16 min sonication
-6 ———— _ 17.30 min sonication

= —“ m|n sonication

Figure 5.14 Cyclic voltammetry of 5 mM ferrocenecarboxylic acid of the
sonochemically ablation PPD coated GC electrode at various sonication
time at scan rate 20 mVs™,

em current (p)

potential (V)



91

Particularly for [Fc(CO,H)*""#*] species, the shape of the voltammograms
achieved at 17.30 min could be described as near to a sigmoidal shape since there
appears to be only one plateaus ' ig region (Figure 5.16). However, this does
not necessarily directly ‘ 5//} ay exhibits true microelectrode
behaviour or not. Th | ack of / | u is a function of the rate of

pect-te=itsseonsmid@ption. This is dependent on

thesgleairoc ics, the thickness (and

regeneration of the-mp{eﬁwithQS
e

geometry) of the g

the balance b
andgpossibly other influences
including localisedg ha\ B ted SM@exidised species within the
sonochemica il ) Wee a plateau (in either
' : AbLicS\aLing as the rate limiting

step in either lighor 8 jentiswe amde cofsidered an appropriate

AUINENINYINS
RIAINTUNRINYIAY
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20

current (LA)

2
Figure 5.15 Cyc ¢ volip m, ..:;' Xaamii thenium (11) chloride at (a)
fire Gf eJ trode( ‘ v pd € Ciélectrade and (c) a PPD coated
electr ubsequently sonicated fe "\,"-, at scan rate 20 mVs™,

A wanwmm

1.0

potential (V)

q er mmmm nead

subsequently sonicated for 17.30 min at scan rate 20 mVs™.
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5.1.2.4 Microscopic characterization of microelectrode arrays

The scanning electron microgr

F was also applied for microelectrode arrays

hgmical ablation times (Figure 5.17).

n
f& Figure 5.7a), the micro-sized
er film in all ranges of the

pores may clearly besseemawithin the %rfa '
sonication time. The ien of peres i ce ultrasonic cavitation is a

chaotic process. ¢ anger.apdhigher In density of pores at longer
and 5.14, which the
higher responses | i Jongerisor ""f-‘_;:."*e.\_, time

o ' . .
\ bimodal sizes, possessing

. W ,
either micron di TOUR f'“r , "_*\ \\:\ agdund 0.5 pm) structures
found at 16 and 17480 1 i atior Limes. khere vas little evidence of cavities

with diameters J#f€llingfin #etweeh "ﬁ hoe. \‘

"\
o\

cly™that the smallest of the

& micro-jets of fluid which

were expelled followi collapse - ':j- L b e ithin the water (Suslick,
1990). These initial caVitie ﬁ‘r"':‘ g ucléation sites for the formation of
further bubbles (Suslick,.{l jl.then grow as new bubbles implode
within the -egnfinesof thé original cavi fo ap=enlargement in the

diameter o‘ : ....v..;amirr:mmi}ﬁ:i ' m) is presented at

higher sonia#iah 3
= | e

the nucleationlﬁ e for further-cavitation: ontrast to ottjﬂ reports (Myler et al.,

2000, Barton et a!‘,2004), round-edged pores were not achieved in our case. Instead,

sh d trigafOr, C siblygingicatgeth re brittle

Pﬁm;g} | ‘ gﬂﬁiﬂdﬁ 7 ansmtﬂus f others.

Hovqer, further investigation is needed before any solid conclusion could be drawn.
The pore density was estim‘ed from the SEM ifffage to be about 5 x 108dres

I ASRANIRNEGR

population density 7 x 10* , 6 x 10* , and 21 x 10* pore cm™. For the sub-micron size

can continue being

at different sonication times 16, 17, 18, and 19 min were presented in 14 x 10°, 17 x

10*, 15 x 10*, and 37 x 10* pores cm , respectively. Furthermore, appraised 10 um
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pore sizes are acquired at 18 and 19 min of sonication. This is in good agreement to

the population density of 8 x 10* pores cm™ calculated by Myler (2000) and 7 x 10*

pores cm™ by Barton (2004) for a PP coated gold electrode and screen printed

Je B.1, Eventhough a defined geometric

ﬂﬂﬂ?ﬂ&l“ﬂﬁﬂﬂ’mi
RIAINTUURITINYIA Y
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(d) 19 min _

Gy @mw%?wmw .

qmmmmum'mmaﬂ



97

Table 5.1 Summary of the effect of sonication time

Sonica ". ? 18 _ Pore size Dendity
J _(um) (pore cm™)
This work (GC) v ‘P’ 14 x 10*
5x 10"
17 x 10
7 x 10°
15x 10
6 x 10
NA
37x10°
21x10°
NA
Myler et al., 20007 7% 10°
(Gold coated glass sligie
Barton et al., 2004 ~3-4 7 x 10°
(Gold coated glass
Prichard e G ‘} 2 £" 2 x 10*
(Screen printed). :
P M

ﬂuﬂ'mamwmnﬁ
QW’]Mﬂ‘itMﬂJW\’Jﬂﬂ’mﬂ



98

5.1.2.5 Characterizationa ? eproducibility
|

%ays by using GC electrode

bout 30 nm thickness were

phenylenediamine. de a Veke=then Tormed by sonochemical
ablation of theRP : nderlying conductive

avestigation. Calibration

curves for hexaam nfl11) chioride ' ' peenecarboxylic acid plotted
using final currg#ft is présented. elondetriGyespdse in Figures 5.19 and
5.20, respectively, gffor § 1s6'sh Wi t hese plbts. These calibration curve

represented go i ‘ 2+ e ’ 50INa 5 l;' ). For example, for a
Y 3 UMW chl@ride (the concentration at
which maximum €error gécurs) ARese.mi rode ‘afilays Showed the reproducibility

of 3.15% relative stafCarcidéviation (RSE e 5.24). For the same concentration

of ferrocenecarboxylic aC| the-reproduc s determined at 7.87% RSD. The
similar resultyvas obtained from the Bart eport, which achieved 6.8%
RSD by using.the same ue. This showed ¢ égty can be obtained

by using soRaeh: ctrode arrays.

ot

Il

b
[y

1
L

ﬂUEJ’JVIEIVIﬁWEJ']ﬂi
Q\W’mﬂﬂ‘iﬁuﬂﬂ'l’mmﬂﬂ
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current (uA)

Figure 5.18 Cafibratj
of hexa

microel ctf e arrays .y it the pot@ptiall-40 mV

[

=1

~
1

"

ﬂ current (pA

/€S O]

of current fesulting§from, the amperometric reduction
ert -,_,ﬂp: Lhorid®, atYsonochemically fabricated

NTNEAN

9

ammnmumwmaﬂ

Figure 5.19 Calibration curves of current resulting from the amperometric reduction
of ferrocenecarboxylic acid at sonochemically fabricated microelectrode
arrays 17.30 min at the potential 35 mV



100

14 1 Mean = -10.574 pA
RSD =3.15%
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ii 10
e
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Figure 5.20 Co apari N M Aekaammineruthenium (UD)

chlafide f@r differentd = S0t all% ablation on PPD
modifiedielectfode at-40 mV/- | .

* Mean =1.69 A
RSD =7.87 %
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From these result, the excellent reproducibility can be obtained for
microelectrode arrays producuction by the sonochemical fabrication approach.

iqgue for improve the reproducibility of

Furthermore, there is the variousyte
microelectrode arrays. no abrication method to produced
microelectrode array, ogeneity of ultrasonic power

intensity is also entirelysal ;-. . ' (1999) has reported that the

"'
.ﬂ"f

v a8
The electr Dly! ri:h ca 1S andk SORpchemical technique for
/e alrg «: , ized. WBing‘the optimal conditions for

the previous sections would. ;*-;; ------ 3 “ icroelectrode arrays for enzyme
2T .

AN

microelectrode arrays

PPD coated and micr@elea e 4ar @nochemically technique from

microelectrogg arrg ‘

A4 as-been widehy studied.fdr'the construction of

hydrogen p8 i8sshsors (Ruzgas et al.,

1995, Mello em I 2003, ere are a'a reports available on

preparatlon of modified electrode attending with the immobilization of HRP and

ly-aqilj s h romising

ﬁﬂ@ W W EjNI aﬂ ?tensively

app for mlcroelectrode arrays for pesticides biosensors (Pritchard et al., 2004) and
glucose oxidase biosensors (Myleﬁat al., 2004). Thegaistom built PANI andjigR

IR RATREIRS

the nature of horseradish peroxidase (pl = 7.2) and aniline radical which would

present the positive charge in the solution (acetate buffer pH 5.5), HRP and aniline
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radical may electrodeposited together during scanning potential sweep, the HRP

possibly scatter in the polymer film.

Insulating polymer

Figure 5.22 T#€ schgfatj 0fs) oc o m t| of microelectrode
arrays

5.2.1.1 ffEleftrape tf‘.':'l 'r;
[, ! ) #

In this work, p@ly-anilim ~solution : ng RP enzyme pH 5.5 was firstly
electrodeposited onto GC efegl ...,.,.F 20 cycles between -0.2 V and +0.8 V
(Barton et al., 2004). Perygrsey/op:

2008), the apyog g P glectropolymersation in
55 b b

— o= ,J
jns for poly-aniline

RP activity is 5.5 (Panwittayakool,

deposition wit ne-la finest electrodeposited

L
ﬂ pH 1 (Barton et al.,

2004). Previous ﬂc& have indicated th timal conditions for poly-aniline

sﬂnu HANHNINGIAT

elec onductive if prepared at neWaI or basic pH (Pritchard et al., 2004). Garifallou

QRIA AW IR Y

Deng and Berkel (1999) have proposted the electropolymersation mechanism

when the pro is obtained under strongly acidic condi

of aniline (Figure 5.24). The aniline oligomers are formed via a series of

oxidation/addition reactions starting with the oxidation of aniline to the radical cation
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followed by monomer radical coupling to form the head-to-tail (C), tail-to-tail (D),

and/or the head-to-head (E) which are the same mechanism in the polymerization of

aromatic amine. The dimers in tusp OX|d|zed (to form (C1), (D1), and (E1),

respectively) and grow to | igion of aniline to form the trimer (F
and F1) or addition @ her, dimer rm the tetramer (G and G1)
However, it has bee \ & ofti ) Ot ih ree dimers formed depends
on a number of'ex_'__i‘ , i Iline concentration and, in
particular, pH. W g Ath | ‘ most often reported as the

major dimeri 26 ‘ at10RRiR acCteie.agueous solution.

— Hz C‘er'ﬁ‘"‘!ﬁ"-‘

-
[ e B

D, W DI (MW=

2B

182)

A él’mﬁ
. ol Lo

'ammmmum'mmw

Figure5.23 Schematic representation of the aniline polymerisation
mechanism proposed by Deng and Berkel (1999)



104

5.2.1.2 The effect of aniline concentration for the HRP/PANI

elecropolymerizaion

Since none of previq tantiated an electrodeposition of

J/
I I I
HRP/PANI, the opti }ﬁ&.ﬂ of HRP/PANI compound

were firstly studied @ on-bare. CE -: ectrade b 800 mV of potential sweep

concentrations (0 etermined by fixing HRP
concentration N\ : pe concentration in the
present of H,O, ape ft AP ré \R\ S e € 7.' » 2000) is shown in Figure
5.24a. Furthérmre s fudbdloadibkic \ ‘.6‘“-._‘: esented in Figures 5.24b
suggest the 0.3 apiling isfachieved-the h ) h\~» mV 0.033 pA. At the
low monomer concg jong) {_ no \ - f‘xi polymer formation and

HRP entrapme ace |10 "V esponse in the phenol
concentration stud.i : COMCENtrs \ Mey affect the mass transfer
due to the lower flexibiliit ponomelcart be precipitated which not

sufficient to polymeri | Joncahtration.

___V§

tMicroelectrode arrays
|

optimization. F[ the 0 er sens']i ity might be attributed

to the high blocorponent loading in the electropolymerized solution, since severe

Wit erization
ﬁ‘u ﬁn%@% Qﬂuh nn et al.,
199'qlThe chosen concentration range (100-1000 U mI ) was carefully studied on
bare GC electrode with 0.3 mM afiline. Figure 5.25agdisplayed the linear swieg

RSN IRAATNHN a3

concentration is appearance.
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12

.10 A

.08 %

current pA

AULINYNINY]

\
’ aniline conc. (mM

q mmmmmﬂnwma 4

current at various aniline concentration at 500 Uml™ HRP in Hydrogen
peroxide: Phenol concentratlon ration (H:P) 0.35 (Rosatto et al., 1999) at

scan rate 20 mvs™*
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.18

.16

14 4

12

i
o
i

urrent (LA)

FHJB NHENINEINS.

HRP conc. (Uml” )

qmmmmmmmmaﬂ

current at various HRP concentration at 0.3 mM aniline concentration in
Hydrogen peroxide: Phenol concentration ration (H:P) 0.35(Rosatto et al.,
1999) at scan rate 20 mVs™
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From the Figure 5.25 the increasing in HRP concentration seems
insignificantly effect the enzyme activity with phenol concentration which in

)-4Moreover, the increasing concentration of

it Ville /o) ilig side chains at the enzyme interfere
with the polymer growt mmte radical cations. Hence,

s or the deposition time is

was investigate : the maSsitgansfer limit may occurred.

Howe @cesult since the higher

current and sm ' =8rthermore, ‘this make, certain of the enough

rays fabrication

For the PPDJ f 4" microel arrays ablation, 0.3 mM aniline

containing 300U ml™ HR :#.in e.bu 5.5 was deposited onto 17.30 min

..--*’

sonochemically g atinugtls potential sweeps

betWeen . 2 N and 08"\ Fiaures 526 shows thevoltamn np‘ ams obtalned from

electrocheniteilider eleetrodes. It is obviously
ot |

seen that with thd deposition Cycle, thespeakeeurrent observeil%creases. This is due to

the increase of th onductive surface area from accumulation of poly-aniline layers

AN TSI

erstood that a high number of consecutive potential sweeps will become a
I|m|t|ng factor and the cumulat’e conductivity thiBligh the polymer willlistart

RIFINAUARIINA IR

peak current seems no increasing at eventual of deposition. The complimentary result
was exhibit at non conductive condition for aniiine electrodeposition on goid
electrode by Tsekenis et al., (2008).
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current (LA)

8 1.0

Figure 5.26 El&q )Bf 0.3 mM aniline/ 300
111
L HRP electrodeposition on a PPD modifi C electrode in acetate
buffg’p 5 at scan rate 20 mVgi g 3

ﬂuEJ’J?/lEIVI’B'WMﬂ‘i

Conflrmlng the HRP/PAN I‘Iectrodeposned orgmchemlcally modlfle

A RIRNTII AT YT

sizes ¢0.5 pum) which suggest the longer in polymerization time may require

completing the recessed microelectrode arrays (Figure 5.27a).
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arrays.
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5.2.2.2 HRP for phenol detection mechanism

NativeHW (5.4)
' (5.5)

(5.6)

| f A 0" (equation (5.4))
which can then be ed ; 1 ol ( f‘-~,_-;. and phenol radical
(equation (5.5)) Ve | i "ﬁ % \ relluction of Compound-II
with another molecyi€ _ g 5‘-.‘. phenol acts as an electron
| : educe ac to its initial state at the
electrode surface. Th ,,V‘I-': A urrent,. , 1S pected to be proportional to

(he-selution ect electron transfer is insignificant.

nt to @ a good sensitivity of
biosensors for T enol detection (Rosatto et al., 1999). Thus, the proper value of H,0,

should be perceivé ﬂIRP/PANI microelecifede arrays for phenol detection. Figure
urr% vtﬁﬂ\/ﬁ\\;ﬂg}ac t tlo; atl uM
00"u nili oelectfode arrays

productlon The high current respoﬁe was achieved fr at 0.5 uM H,0,. Ag

q W"1 ﬁﬁﬂﬂfﬁﬁmﬂ Mt
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Figure 5.28 Current response=a ) BYHRP/PANI microelectrode arrays for
various Hydro g_‘} gn at 1 uM phenol concentration

ny
5‘;.' A4 earl*r for phenol detection
ff i e

This resea‘hmlied phenol for bein@lti® model chemical to investigate the

ARUINUATNENT

potential sweep from the linear swgep voltammogram E gure 5.29a). At 50

ARTANTLI TS WA NELY §Y

determination of phenol is that a consistent potential inclusively used. It should be
noted that the current increases as the phenol concentration increase, with maximum

current value is obtained at 1 x 10° M phenol. The insignificant differentiation is


http://dict.longdo.com/search/inclusively
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displayed in higher phenol concentration than 1 x 10° M may due to the saturated
enzyme with substrate at high phenol concentration. Since the phenol concentration

sgnot show the linear relation with the current

response, the Kinetic propgl Micr fs epten constant) may impracticable
determined. o )

range which applied in this research

”‘ hosites is interesting for
several reasons: Firs ,I e and,shape der Efden properties. Second, the
high surface to valfmegfatio of j |_'. e compos fe should result in a large
. 2z | | sefsing or catalysis. Third, the
combination of conductlng alymers with particles yields materials with new
properties (e.g. optical, : ith et al., 2005).

' )n biosens r[c;ljs has been devoted
. }IC|€S such as good
conductivity, usefu tibility, several researchers
have been devﬁd to fabricate electrochemical sensors and-l“bsensors (Granot et al.,

2005, Pingarron, Q’a 008).

ofEm 219 NEMINGINT

abla on PPD coated GC lectrode, the 05 mM HAuUCI;.3H,O was

q EESREE VT iU IEEAY]

Figure 5.30. Au particle may formed the array protrusion in the cavity of the modified
electrode
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Figure 5.29 Linear sweep of PPD/HRP/PANI microelectrode arrays (a) and 50 mV

peak current for various phenol concentration at 0.7 H:P ratio, scan rate 20
mVs™t.
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Insulating polymer

_ / (]
Figure 5.30 The scifemalic @f sonochemi

PPDIAU/HRP/RANI micfoslect
. =y

! 1 = "'-
. bl d L

Ly

' (ayei
5.3.1 Gold phrticle:slectrodepo

In recent years, re of gold particles deposited for the

earch; eTTorts o

biosensors haye fle i6al cpmpatibility, excellent

conductingLe e ratioLhe=ahility of providing a
,ﬁb. S a major advantage

gveral reports .ﬂtbsented the Au particle

stable immdbifiz
e

for the prepardﬂ n of biosense

composited with ?Iy-aniline by forming the Au particle follow by immersed an

AUBIRENINGIAT

t aq|2009). The deposition of particle separately the polymer matrix achieved the
rincipal advantage resides in the(ynthetic control p@&&ible over both the pules

surface by following overall mechanism.
AuCly +3e™ - Au+4Cl™ (5.7)
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According to this mechanism two charge transfer steps coupled are involved

with a preceding chemical reaction

(5.8)
(5.9)

(5.10)

on to the modified
Wrevent in particle sizes and
| played in Figure 5.31
0hin' signal response for the
acid (data not show).
ateau, as described before

that this does not direg "f'}:;':';;: 1ibitsia@ne microelectrode behaviour.
; it ¥ A
N A

Moreover, in the 5 smple ------ e arrys which were investigated in

the cyclic voltammetry hav _1“;:';_ oW th standard deviation 8.17% which

slightly hightg t roelect * o@e sonochemically
B — ¥

ablation (Flg - J

rl - .
Furthermere particles on the microarrays

modified electﬁe is displayed In Figure 5.33. The spherei'k model of Au particles

were furnished in‘e ﬁnochemical pore arraywe distribution of the particle is 0.5 —

AUTINYNINGMNT "
AR TN INGIAE
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10

current respores (U

Figure 5.31Cyefic Jlte metr) u{,& 1 efii/felo “eyanide of Au particle
microeléctrode ara ',m ‘electrogeposit o time 30 sec, -20 mV.
' i ‘.I j ? 4
J i .- lg_-:_"’

_'-F_,__-l' -'1Ir g

S o

g oy

i‘ r
A W

10

RSD =8.17%
Mean = 6.43

AUl "'J"Vlzl
QW'] aﬂﬂﬁmlm'mwwm ¢

Figure 5.32 Comparison of the current response in 5 mM ferri/ferro cyanide of Au

particle microelectrode arrays at the electrodeposition time 30 sec, -20
mV.
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5.3.2 The PPD/Au/HRP/PANI microelectrode arrays for phenol detection

The investigations were carnie: t to determine the phenol in solution. In

order to compare the respoRses '_ ' fle ricated within this work (with and
without gold partl ~madiiiec ) ﬁ sonochemically fabricated

microelectrode array-seHsQ nditions. For their response

x 10 M were determined
akiration graph is shown in Figure
5.34b,

Good res phraftefigtics=afe o ) “With ~ in the concentration
of phenol solution g _ 0, eXibit Mearity over the investigation
concentrations. e gurgnt ¥ respansesss do "1‘l-~l desline§Significantly at higher

concentrations of p fenolfes ame @ ANI/HI P i ectrode arrays, indicating
v Y. dt \ KhesSWGF the modifying layer do

that both the quaMtity re Dent depe

o ‘ 1 %-rf{ﬂ ,. \ ] .
not limit the responge o . OréoVvVerAu particles may improve
the mass transfer Detwelh ele 'h’: urfa ' Q.‘ entre in protein since higher

surface area were W#btai ,," o, Grat "“': epofed the chronoamperometric

experiments reveal that the harge transp Be poly-aniline /Au-NPs system is ca.
b} -,w N .

25-fold enhagged g /polzflylene system which

confirmed the.current im 0 1N this researc =

W)

-l
ot

L

ﬂUEJ’JVlEWIﬁWMﬂ‘i
axmmnmummmaﬂ
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rate 20 mVs™.
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5.3.3 Microscopic characterization of PPD/Au/HRP/PANI microelectrode

arrays

The SEM images areli re 5.35 further approved the Au

particles deposition 0Rll DA the HRP/PANI thin film is
presented. The HRP/RANILTe esented consists of the Au

particle originated N the e suggest that aniline/HRP
icleseThy kguite similar in the particle size

between bare A ARO/PAL icioet®etkade arrays is suggested

the very thin HRE i is electrodeposi 1 thédmodified microelectrode

ﬂuﬂ'mamwmnﬁ
QW’]Mﬂ‘itMﬂJW\’Jﬂﬂ’mﬂ



121

FJI
AR

Figure 5.35 Scanning electron micrographs of and PPD/HRP/PANI microelectrode
arrays.
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5.4 The comparison between PPD/HRP/PANI and PPD/Au/HRP/PANI

microelectrode arrays

1l
Throughout this rgsea 7[2// fabricated microelectrode arrays
using sonochemical ablatign: U ﬁbed. The parallel development
'—‘I-._‘ o

of a PPD/HRP/RANk=mOCIGelectrod , ith PPD/AU/HRP/PANI

the comparis ical-analysig \ T' angyreproducibility. These
are significantly paf ght'to o) ai tages of this fabrication

method and t

pflolta dplieddor both PPD/HRP/PANI and

PPD/AUHRP/PANI microbia ac™ shown in previous sections. The

measurements of phenoljt _',,"-*.- Us it ested for their response to a range

of phenol gonGer ealf current for both types

of microe% > %Sly, the PPD/Au/
,.l

HRP/PANI m ghe® measurements for the

M presented in the sample than the PPD/I—M/PANI microelectrode

arrays, approxm@l&%% in average. Thwlanatlon for the enhanced precision

AU TNEINLNIT

elec e and immobilized enz e as act as the catalyst to increase the

RTHITII Ty

the Au particles are help improving the electrochemical response. Since an increasing

amount of ph

in surface area of the microelectrode by depositing the particles, the surface

concentration of an electroactive species may increase which meaning to increasing
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the peak current explanation by using Faraday’s law from an equation 5.1 (Yin et al.,
2009).

(5.8)

Where, Ip %

rate, n is the nw 7

urface area, v is the scan

onstant, T is the Kelvin

particles can f HRP, resulting an

increasing redox glrre; was used for modified
.

glucose biosensors cg : _ , reported by Ozdemir

(2010). The enha : gfi‘ he m ""'"" ; (as ob -\ eddl the Au particles modified
. s

biosensors. j ':"?;——.,

LT

ﬂNU’JVIEIVI’B'WU’]ﬂ‘i
QW’]Mﬂ?ﬂJNWYJVI?J’mEJ
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5.4.2 Microelectrode arrays reusability

Both  the  microelectrgge arrays  with  PPD/HRP/PANI  and
PPD/AU/HRP/PANI are tested i

arrays are tested by

The reusability of the microelectrode
asurements and observing the
ests are conducted under the

same conditions as G ments by fixing the phenol

decline in current re

concentration at 1°X 105Mf. Belviee ‘eagh hegglectrode is rinsed with distilled
- v ' henol are 58.94% and
PPD/AuU/HRP/PANI
.38, respectively). The

water. After
43.92% of the

. - f
microelectrode arrays; regbegtively, (Fit

Au modified mi€foelg€trogle Arra er turned over rate of

enzyme, the 10" yfes ur' N’ ‘E ouveh ol Afhcompared with none Au
particles. For HRP big r_1 " fromir e Nt ttaiakool (2008) found none
Ve YA

current response o RP Jiosenst e first using electrode. The

enzyme leaking ha s be expl ﬁ - s resUlt B Contrastingly in this research,

the current responses Were SHgj ghtly , J! = 1

,.:«:W *

ﬂNEJ’JVlEWﬁWEJ‘]ﬂi
ammnmummmaﬂ
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Figure 5.37 ReusaR t}l .-‘--}n :.". etrode arrays(b),the phenol

sampli 91 [0° M) U an; drep d sing single electrode.
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Figure 5.38 Reusability of PPD/AU/HRP/PANI microeiectrode arrays(b),the phenoi
samples (1x10° M) were analyzed repeatedly using single electrode.
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5.5 Conclusion

The development of horseradish peroxidase (HRP) microelectrode arrays for

The | /[HRP/PANI and PPD/Au/HRP/PANI
ted ! | "allytechnique.

nitially deposited at a glassy

bly until it became fully

ograms relating to the

100 3 Itrasonic ablation time was

\

élfon usingjthe CYElic voltammetry. At 17.30

Farthe - rever 0

olgal shape , which expresses the

microelectrode behaviour . A&ELh f the micron size 6 pm) and sub-

micron size (< 1 um) ofamis

density 6 &E an

proximately with the population
oducibility by using this
5

method for 7 f’und at 5.51%RSD.
To achidue | @dd HRP/AUPANI were
later electrodemned on microelectrode surfaces. SphericaldAu particles of around 1

um were obtainegd’ byselectrodeposition of Wions onto microelectrode surfaces.

Uy InUnIndInNg -

the raJox HRP and electrode surfaae. The significant improvement of microelectrode

Q rT S ﬂle rqeleetr qqaaqn Wq ;qire dge g
q particles. Satisfactory linear ranges were also determined from 1x10™° to 1x10°®, and

1 x 10™ to 1 x 10" M phenol concentration (on a semi-log scale) for PPD/HRP/PANI
and PPD/HRP/AuU/PANI microelectrode arrays, respectively. In the term of
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reusability, after 10 measurements, the current responses were 58.94% and 43.92% of
the original current for those PPD/HRP/PANI and PPD/Au/HRP/PANI

microelectrode arrays, respectively.gS@n@chemically fabricated enzyme/Au particles

microelectrode arrays show % r.piosensor applications.
5.6 Suggestion f é

This research has.begn-eevelopment of

P microelectrode arrays for

biosensor by usm__e sonetherhi al,ablati Chgave an approximately 5 % RSD.

s

To achieve this«#BTodugifilit the fixing J délwas found significantly
important, sinceg#® litthe” gfafgf insbositiorhntay, eFegits, Moreover, the using

homogeneous ultrasgic

Furthermgfe, the enZynile eahan hpachanism Tehthe low detection limit
and nonlinear relatigfshi i |

For further i 0F oling of the microelectrode
performance wou d be benefigialédh “eith meWBlpsensor or other sensor field.

This research may bethe praf ,""2'5 no! oeleBtrode arrays study.

LT

ﬂUEJ’JYIEIVI’B'WMﬂ‘i
QW’]MﬂﬁﬂJﬂJWYJWFJ'mEI
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The 1 / af oPD) Iectropolymerised on
GC electrode by g tentidl s 16 \f"‘.; us Ag/AgCl (Reference
electrode) and el ' 10, 20, 30, 40, and 50 mVs
1. Then, the PPD} ateg 1 !‘ vas d 4 nd rinsed with demonized
water for remove unp@lymerized=molect g cyGlie voltammogram was applied
by the PPD coated ...:'.'ﬁ......i 5" mM ferri/ferro cyanide which was

prepared in phosphate buff _f,"'.-;"' g the current between -1000 and

1000 mV \t}S e ”

A -

PPD on GC el raﬂj
1
The voltammagpam from various scan rates is quite simil I

Meanwhile, the vﬁ ogram at scan rate 5W\/s was different from others. This

AU INANINGINT

curral at about 0.35 V in dlfferentican rate is shown in the Figure A.2. At scan rate

RGN THURIINEI G

is taken very long time, the scan rate 20 mVs™ is applied for the polymerization in all

shown in Figure A.1.

the most conditions.

case.
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10

current (uA)

Figure A.1 Cyclir‘ A mogram o PPD £oated rode for 50 cycles at scan

rate 10 (a), 20 ::‘:_: e) In 5 mM ferri/ferro
cyanide. s ” =y
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1200

peak current at 350 mV (nA)

60

W ‘ J : j \ .I"“ .
Figure A.2 TheAtlatigh befveen,the-peal al0'88,\/ Ofthe forward scan in 5
mM ferri/fghto gfanic : 2

g

g.u.'r -'1Ir G4 1t
In electropolyfmeri it fion p .'gx' 0 , the number of electrodeposition
cycle is important for filr ,,ﬂ rma W r 0, and 70 cycle were studied for

PPD coated-at sc e AB8is shown the cyclic

voltammogra =0l ieSEmPrOCESSE DIt GLELGEEO=CY . Even though the

voltammog - -- &nt (Figure A.4). The
lower polymei&tion cycle (10 sy presented the hi r peak current. This

possibly because ﬂ‘ the polymerization was ?erfect at low polymerization cycle.

AN

polymerlzatlon Because at higher polymerization cycle the polymerlzatlon
time is much longer but obtained t same peak currentii
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Figure A.4 The relalfon @et neak e ['al’0.358V ‘@fforward scan and the
s J § |
number of cyclg in 5 mMferri/fe anidelaliscan rate 20 mVs™,

The oPD concen[a d‘ju 3 g eter for the polymerization process.
Six oPD congentr, Westig e gyelic voltammograms
gk current at 0.35 V
and the disf ’ C #0h the smallest peak

current was obtajned at 0.5 MV THONO

are not shoy

mM of men@mer is the appropriate

y O

concentration for g)lymerlzatlon This due to the stationary peak current is acquired

1 CIEA VAR Vil bt

elec hemlstry measurement error. However, the hlgh concentration polymerlzatlon
was not the asset condition in this r,:)cess
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anilele at scan rate 20 mVs™.

The applicable ”{.“.{:'.-'"E-‘ C diamine dihydrochloride (oPD)
polymerizatiqQ is at a[ KQO mVs. For cyclic
.._._....._,_._._.__..._.__.._.._____,____.___,,......._ vas-applied at scan rate
20 mvs™, g
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