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Abstract

ABSTRACT

Tetrodotoxin (TTX) is a nonpeptidic neurotoxin with a high rate of food poisoning
mortality (60%) that has been associated with the consumption of diets from puffer fish
and mud snails harbouring TTX-producing bacteria. As this neurotoxin has no known anti-
dote and could not be mitigated by cooking, the only way for safety appears to be the
detection of TTX-contaminated fishes at the points of harvest and control. The overall aim
of this study was to develop amperometric and impedimetric sensors for TTX based on
ionophores and aptamer immobilised on the modified conducting electroactive polyaniline
(PANI)/electrode. The undoped polyaniline and poly(4-styrenesulfonic acid) (PSSA)
doped electroactive polyanilines were prepared in perchloric acid/acetonitrile and
phosphoric acid respectively by electrochemical oxidative polymerisation. Two types of
electropolymerisation were applied to prepare the neutral and p-doped PANI-PSSA films
composites. The dynamic electroinactivity of TTX was studied which revealed that TTX is
not electrochemically active on bare Au, GC, Pt, PG, Ni, Ti and BDD (Boron doped-
diamond) electrodes in acetate buffer pH 4.8. Using ion transfer voltammetry and UV-Vis
analysis, the complexation of TTX with two neutral ionophores (sodium ionophore X
(NaX) and dibenzo-18-crown6 (B18C6)) was investigated. The cyclic voltammograms
(CVs) recorded from ion transfer voltammetry presented no redox peak and no
increasing/decreasing current was observed which indicates that no TTX ions transfer from
the liquid to the organic phase. In addition, the absorption spectra of the mixture of
TTX/NaX and TTX/B18C6 presented the same absorption bands recorded for NaX and
B18C6 respectively. Three absorptions bands at 250.4, 278.3, and 370.6 nm for NaX and
two at 222.03 and 274.10 nm for B18C6 were observed before and after mixing TTX with
NaX and TTX with B18C6 separately. No chemical reaction occurred between the TTX

and both ionophores, therefore, sodium ionophore X and dibenzo-18-crown-6 did not form
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a complex with TTX. Thus, TTX ion sensor cannot be developed based on these two
neutral compounds. The electrodynamics of the PANI and PRSIBA films
electropolymerised on the bare precious metal electrodes were also investigated through
various electrochemical techniques. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) studies in sodium phosphate (SPB) and acetate (OAc)
buffer revealed that both neutral and p-doped films synthesized were thin (thickness L < 5
nm in acetate buffer and L < 10 nm in sodium phosphate buffer) film polymers. In SPB pH
7.04, the CVs of both polymer films presented one redox couple which occurred at
separation potentialAE, > 200/n mV and the ratidp/ipd was~ 1 which indicated a
reversible electrode reaction system. In OAc buffer pH 4.8, CVs presented two redox
couples which peaked at separation potentials and the ratio of ciga@fibdu| = 0.9 for

the second redox peak indicating the irreversibility of the reaction occurring at that specific
potential. UV-Vis, FL and FTIR studies were used as spectroscopic signatures for the
comparison of neutral and p-doped PANI-PSSA conductivity. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) images revealed an
influence of the ending potential for electropolymerisation of the PSSA dope aniline.
Biosensors containing p-doped PAIRISSA were interrogated I and/or EIS in OAc

buffer medium. P-doped PSSA-PANI/Glutaraldehyde/Aptamer biosensor gave rise to
sensors for TTX which obeyed the absorption isotherm of BET (Brunauer Emmett Teller)
with an estimated constant of BETof 1.72 ng nif and a concentration of TTX adsorbed

by a monolayer of 0.002 ng thiThe linear range of the biosensors for TTX detection was
0.06 — 0.74 ng rill. The sensitivity of the biosensor for TTX was 226.4nl ng'and the

limit of detection (LOD) was calculated to be 0.12 ng'ml



Keywords

KEYWORDS

Tetrodotoxin

Tetrodotoxin-aptamer

Cyclic voltammetry

Electrochemical impedance spectroscopy
lonophores sensors

lon transfer voltammetry

Aptasensor

p-doped and neutral polyaniline



Declaration

DECLARATION

| declare that this work entitledonophoric and aptameric recognition-modulated

electroactive of polyaniline films for the determination of tetrodotoxinis my own

work, that it has not been submitted before for any degree or examination in any other

university, and all sources | have used or quoted have been acknowledged as complete

references.

Gertrude Fomo November 2014

Signature............coceeeeenn.

Supervisors: Prof. Emmanuel lwuoha

Signature.............coeeeeen.

Dr. Tesfaye Waryo

Signature................oooeeall



Acknowledgement

ACKNOWLEDGEMENT

I would like to thank the most High Almighty God, for his unconditional love and renewed

strength for each day, which enabled me to complete this thesis.

Many thanks go to my supervisors, Professor Emmanuel Iwuoha and Dr.Tesfaye Waryo:
indeed gratful for your excellent supervision, unlimited assistance, friendship and

encouragement when things became difficult.

To my family, specially my older sisters, Nestine Medieu and Antoine Nkaze, Marie-
Pascal Madjieugue and Piere Wamba, Angele Mamiafo, Silviane Donchi Lemofack and
Jean Teken, Linda Yrene Ndontsop and Narcisse Tematio, kwemo Alice sydie and all my

nephews and nieces for your love and encouragement.

| also thank Professor Jean Ngoune of the University of Dschang-Cameroon for
encouraging me to further my education. It was through your linkage and professional

advice that | was motivated to further my studies. Thank you very much Professor.

Thanks a lot also to all my colleagues at the Sensor Research Laboratory and the
Chemistry Department at large, for all their support during my stay at UWC. Special
thanks also to Dr Chinwe lkpo, Bianelwa NgeceAnne Lutgarde Djoumessi Yonkeu,
Sarre Kadia Myra Nzaba, Germaine Kemleu, and Emmanuel Aanedl their support,
friendship and encouragement. Thanks too to Dr. Franscious Cummings of Physics

Department, UWC, for assistance with SEM and TEM analysis.

Vi



Acknowledgement

Finally, | sincerely thank the National Research Foundation (NRF) of South Africa for
awarding me a PhD bursary. To all of you: may the Almighty God, the Creator of heaven

and earth, and all that dwell in them, bless you all.

Vi



Dedication

DEDICATION

Every challenging work needs self-discipline as well as the guidance
of elders, especially those who were very close to our heart.

My humble effort I dedicate to:

My wonderful mother Nguemo Marceline

My awesome sister Mekeufouet Eveline

My lovely husband Ghislain Blaise Voukeng

Whose affection, love, encouragement and prayers both in the day

and night enabled to attain such success and honour, along with all

the hard work.

viii



Table of contents

TABLE OF CONTENTS

A B S T R A T e e e et e e e e e e e [
KEYWORDS .ottt et et e e et e e e et e e et e e aaans \Y
DECLARATION ottt e et et e et e e et e e e e eb e eannes v
ACKNOWLEDGEMENT oottt et e e e e e Vi
DEDICATION ettt e e e e e e e e e e e e ea e eaans viii
TABLE OF CONTENTS .ottt et et e et e e e ea e ees iX
LIST OF ABBREVIATION ..ottt e XV
LIST OF SYMBOLS ..o e e eens Xvil
LIST OF FIGURES ...ttt et et e e e e et e eeea e XiX
LIST OF TABLES ...ttt et e e et e e e e e e XXVii
ACADEMIC OQUTPUT et et e et e e e e eenas XXX
CHAPTER 1: INTRODUCTION ...iiuuiiiiiiiiiaiii et e e e e e e e e eaene e 1
1.0 Background Of thiS StUAY .....ccuuueiierie et e 1
1.1 SCOPE OF TS STUAY.c.uiviiiiet ittt ettt s sttt v e e es e st sas e baas s etensasseetesesensnens 8
1.2 Objectives of the STUAY ..ottt s r et er b e st aenees 10
1.3 Overview Of the thesSis. ... e e e e 11
CHAPTER 2: ANALYSIS OF TETRODOTOXIN oovuiiiiiiiieeieeee e 14
2.0 INEFOAUCTION ...t 14
2.1 Chemistry of tetrodOtOXiN.....ccuvieiiiiie et e e e e are e e ae e e e 14
2.2 Synthesis Of tetrOdOTOXIN ....cccviieiiiiie et e e et e e e e ebre e e e aeeeeennes 15
2.3 Structure of tetrodotOXin ......coeeuiiviiriiiiieee e 16
2.4 Chemical reaction of tetrodOtOXiNn .......cccceereririeieri it 19
2.5  Some physico-chemical properties of tetrodotoXin ........ccccceeeveeecieesieeccie e 20
2.6 Analytical methods of detection of tetrodotoXin .........ccccvveeeeiiiieeeiiiiee e 22
2.6.1 Spectroscopy techniques for tetrodotoxin analysis .........ccccceevveeiieecceeecee s, 23
2.6.2 Immunoassay methods for tetrodotoxin analysis..........cccceeeercieeiieeccee e 30
2.7 CONCIUSION 1ttt et st b et s s sb et e e saeesraesane e 32
CHAPTER 3: DOPED POLYANILINE FILMS ELECTROCHEMICAL
ACTIVITIES AND REDOX PROBE APPLICATION ..o e 33
3.0 INEFOAUCTION ... 33
3.1 Electrochemistry of conducting electroactive thin films polymers ........cccoeevrccveeeecnnes 34
3.1.1 Conducting electroactive POIYMEIS.......cccuviiiiiiieee e e rree e veee s 34



METHODS
50 ()1 g0To [UTex1T0] o NP

Table of contents

I 072 N o[- oo o [orcY o f ) o o] o1 o =0T 38
3.1.3  Polyanilineg and its deriVatiVes ........ccceeeiieiiiiee e e e e e s areee s 40
3.1.4  Synthesis of POIYANITINE .....cccciiiii i e e e 41
3.2  Molecular recognition elements and their application in sensors and biosensors ........ 48
3.2.1 Neutral ionOphOre COMPOUNTS ........ceeeeiuiiiieeiiiieeccitee e eettee e errtree e e errre e e e braeaeeeeenraeeeas 48
3.2.2  lonophore eXxchange KiNELiCS......ciiiviiiiiriiiieiiiiee e s s 49
3.2.3 Application of ionophores in electrochemical SENSOrs .........cccccvevcveecerecceccceeeceeeen, 53
3.2.4  Aptamer DIOMOIECUIE .......oei et e e srre e e e e eabaeee s saaeee s 54

CHAPTER 4: PRINCIPLE OF SELECTIVE ANALYTICAL TECHNIQUES ...67

4.0 1Yo o [T o] 1S
4.1  Electrochemical tEChNIQUES ....cccuviiiiiiiie et e s sraee s 67
e A @Yol [ TRV o =1 ' 1 1 1= o 2K (A IS 67
4.1.2 Electrochemistry at liquid-liquid interface: theory and application..........ccccccvveeennes 72
4.1.3 Linear sweep or scan voltammetry (LCV) and square waver voltammetry (SWV) ..... 82
4.1.4 Electrochemical impedance spectrosCoPY (EIS) .eeivveiereieiveeeireeeitreeeieecree et cree e 85
0 B o Y=ot 4 g 1ol o VA €Yol o1 o1 o [0 1 SR 94
4.2.1 Proto nuclear magnetic resonance (‘*H.NMR) SPECIIOSCOPY w..eveeeereemeeeeeeeerereesenenns 94
4.2.2 Fourier transform infrared (FTIR) SPECIIrOSCOPY .iiiiveeiirieiiiecitieeciie ettt e 98
4.2.3 Ultraviolet / Visible (UV/ViS) SPECIFOSCOPY ...ccvviiviiireeereieeeetreeeeeveeireeveesreesesesseessens 105
4.2.4  Fluorescemce (FL) SPECLIOSCOPY . uuiirierireriiireriieeeaiteeeiteeestreesireeeesaeessseesiseeessssessnseeenns 113
4.2.5 Atomic force microSCOPY (AFM) ...cccuiiccuieeiiieeieee e e eteeeetteeestee e srae e sareessae e s aeesane e 116
4.3 CONCIUSTON 1ttt ettt et be e et e et e et e e s bt e et e e e sabaeesabeesabaesaneeesaneans 119

CHAPTER ©5: MATERIALS, REAGENTS AND EXPERIMENTAL

5.1  Reagents and MaterialS.....occieeiiciiie ittt e e e srae e e s e aae e e e eanee 120
0t 0 R £ (=T == o | PP PP PPPPPPPPPPRPPPPPPRt 121
5.1.2  MIaterialS e et e es 122
5.1.3  lon selective electrode .........couiiieieiieieeeee e e 123

5.2 General electronics inStrumentation ..........ccoceeveeieeiienienese e 123

5.3  Preparation of reagent SOIULIONS ........ccccuviiiiiiiiiei it e e e e are e e 124
5.3.1 Preparation of tetrodotoXin SOIULION .........ccocviieiieiie e 124
5.3.2  Preparation of buffer SolUtions ...........ooociee e 125
5.3.3  Preparation of liquid phase SOIULION ..........eeeeviiiii i 126



Table of contents

5.3.4 Preparation of organic phase solution .........cccccoeiiiiiiiiieceeeecee e 127
5.3.5  Preparation of standard SOIULION ........cccccciieiiiiiee e 127
5.3.6  Preparation of aptamer SOlUtION .........cocciiiiiiiiiee e 128
5.4  Electrodes precondition@d .........ccccueeiieiiiiiieiiiiiee s 129
5.5  Electro-inactivity of tetrodotoxin at solid electrodes ..........ccccevveeieviiieiecciiie e 130

5.6  Electrokinetics of polymerisation of undoped and doped PANI films in perchloric

ETo (o VA Yol=] o) s 11 41 L= T TR T TR U TS PR 130

5.6.1 Electrosynthesis of undoped PANI films in perchloric acid/ acetonitrile .................. 130
5.6.2  Electrosynthesis of PSSA dopes PANI films in perchloric acid/ acetonitrile............... 132
5.7 Indirect detection of TTX at modified-NaX/PANI-PSSA films electrodes...........cccccceuu.. 132

5.8 Investigation of ionophore complexation with TTX using ion transfer voltammetry... 133

5.8.1 Choice of electrolyte SOIULION........ccuuiiii i e 133

5.8.2 lonophore complexation With TTX .....ccccciiiiiiiiiiiiiiiec e e 134
5.9 Investigation of ionophore complexation with TTX using ultraviolet/visible

=1 010 T 01410 3 VO e R 135

5.9.1 NaXcomplexation With TTX....cccccciiuiiiriiiiiiieiiiiiee i eeeieeeeeiee e snree e e e srnne e e enneeas 135

5.9.2 B18C6 complexation With TTX......ccccciieiieiieiiiee e ccee e eee e eree e eae e re e e e e 135

5.10 Electrochemical synthesis of neutral and p-doped PANI-PSSA in phosphoric acid ...... 136

5.10.1 Electrochemical polymerisation procedure ion HCIO,/ACN and in H3PO;,................ 136
5.11 Characterisation of neutral and p-doped PANI-PSSA in buffer solutions ..................... 137
5.12 Electrochemical impedance measurement of neutral and p-doped PANI-PSSA........... 137
LT A T Yo 0] o 1] T Y =] USRSt 138
5.14 Determination of absorption bands of neutral and p-doped PANI-PSSA ..................... 138
5.15 Emission wavelength of neutral and p-doped PANI-PSSA ...........cccoveeiieccieeciee e, 139
5.16 FTIR measurement of neutral and p-doped PANI-PSSA composites .........ccceeeveerveenns 139
5.17 Characterisation of neutral and p-doped PANI-PSSA using SEM analysis ...........c........ 140
5.18 Characterisation of neutral and p-dope PANI-PSSA using TEM analysis ........cc.ccccveeue. 140
5.19 Application of p-doped PANI-PSSA films in the construction of electrochemical

tetrodotoXin DIOSENSOIS.......civiiiiriieieetc e e e 141

5.19.1 The attachment of glutaraldehyde on the modified p-doped PSSA-PANI/GC........... 141

5.19.2 The immobilisation of aptamer on GLu/PANI-PSSA/GC electrode........c.cccoveevvennne.. 141
5.20 The detection of TTX using the biosensor NH,-Aptamer/Glu/PANI-PSSA/GC .............. 142
CHAPTER 6: INVESTIGATION OF ELECTROINACTIVITY OF

TETRODOTOXIN AND ITS COMPLEXATION TO IONOPHORES .................. 143

ST O I 0] 1 (0o 1813 £ (0] o VPR

Xi



Table of contents

6.1  Electro-inactivity Of TTX ..ociiicieee ettt eettre e sttre e e e saaar e e s e e sanae e e e sanaeeeenanes 143
6.2  The electrokinetics of the electropolymerisation of undoped and doped PANI films
TN HCIOA/ACN ..ottt sttt e e ste st et e saestessteeeseeebaensesssessessseneens 148
6.2.1 The electro-oxidation of @aniling ..........ceeeviiriiiiinii e 148
6.2.2 Cyclic voltammograms of PANIIn HClIO4/ ACN ...c.ocvieiieiieceeie et e 153
6.2.3  Stability of the modified-PANI electrodes and reversibility of the system ............... 158
6.2.4 Electrochemical impedance spectroscopy (EIS) of PANI.....c.cccccveeeceecieeeeceeecee e, 161
6.2.5  StUAY Of PANIfIlMS w.eeiiiiiiee ettt e sttt e e st re e e e ran e e e s ennee s 167
6.2.6 Characterisation of electropolymerised PANI on PG and Pt electrode in acetate
oYU =Y o] o 0 TSRS 172
6.3  Indirect detection of TTX on modified-ionophore/PANI.........cccceoeeceevieeieeneecee e, 173
6.3.1 Electrochemical synthesis of PSSA doped PANI in HCIO4/ACN........ccoeecvveeueecreennnnne 173
6.3.2 Sodium ion sensor based on NaX/PANI-PSSA/PG .......coooueuiieiiiieieeeeeiie et 175

6.4 Electrochemical tetrodotoxin sensor based on neutral selective NaX and B18C6
TONOPNOIES ... v s T P T nagz s+ e s saneesserantssssnssannessonsassesensranarens 178

6.4.1 Investigation of ionophore complexation of TTX using ion transfer voltammetry... 179
6.4.2 Investigation of ionophore complexation of TTX using UV-Vis absorption............... 189
3 T 0o Yo ol [T T o TP SO O S S PP PPRPPRROt 198

CHAPTER 7. APPLICATION OF ELECTROCHEMICALLY
SYNTHESISED NEUTRAL AND P-DOPED PANI-PSSA FOR THE

DETERMINATION OF TETRODOTOXIN ..ot e e e e ea e
4O I 11 o To 11 o 4o o PR
7.1  Electrosynthesis of neutral and p-doped PANI-PSSA films...........cccueevvreeeerieeeveeerneenne, 201
7.2  Electrochemical active zone of neutral and p-doped PANI-PSSA in H3PO,.................. 203
7.3  Electrochemical activity of neutral and p-doped PANI-PSSASPB ...........cccoeeeevrercreennns 208
7.4  Characterisation of neutral and p-doped PANI-PSSA in SPB using EIS..........ccccuvveenne 222
7.5 The study of the electroactivity of neutral and p-doped PANI-PSSA films in acetate
o1 1T gl o] 0 S 226
7.6  The study of R, for neutral and p-doped PANI-PSSA in acetate buffer pH 4.8............. 243
7.6.1 Charge transfer resistance (R.) of different bare electrode potentials .................... 243
7.6.2 The determination of R for the modified neutral and p-doped PANI-PSSA/GC ..... 244
7.7  Effect of polarity of solvent on the solubility of neutral and p-doped PANI-PSSA....... 252
7.8  The characterisation of neutral and p-doped PANI-PSSA using UV-Vis absorption
F= LT V] LSRR 253
7.9 Emission wavelengths of neutral and p-doped PANI-PSSA..........ccccocoveiiiiveeeeecireeennns 255
7.10 Characterisation of neutral and p-doped PANI-PSSA using FTIR analysis.............c....... 258

Xii



Table of contents

7.11 Characterisation of neutral and p-doped PANI-PSSA using SEM analysis........c..c....... 260
7.12 Characterisation of neutral and p-doped PANI-PSSA using TEM analysis ...........c........ 264

7.13 Application of p-doped PANI-PSSA films on the construction of biosensor for the
fo LY d<ToruToTa o) R T=Yd goTe (o] o) (] o TP PSP 270

7.14 Detection of TTX based on PANI-PSSA, GLu/PANI-PSSA and

NHo—AtP/GIU/PANI=PSSA /AU SENSOTS.....veereeereeereeereeiteeeeeeeeeeeeeseesieeereesesensserseesseenses 270
7.15 Detection of TTX based on NH,—Apt/Glu/PANI-PSSA/GC .....c..cooevveieerieieceeeereerenen, 273
7.16 Optimisation of glutaraldehyde concentration..........ccceecvveeiiciiee e 279
7.17 Optimisation of aptamer concentration .........ccccceeecieeeiciieee e 282

7.18 UV/Vis absorption of the composite obtained for each detection step dispersed in
DIMF QN0 DIMISO ...ttt ettt et sttt et e st sbe e e sb bt e sabae e sabe e eabe et e sneeebeeennees 286

7.19 Scanning electron microscopy of each detection step on screen-printed electrode ... 288

7.20 Optimisation of aptasenNSOr rESPONSE .......eeiiviiiieiieieeeeeieee e e e e e erreee e e e eaaeeeeenns 291
CHAPTER 8: CONCLUSION AND PERSPECTIVES.......ccoooiiiiiieeieeeee 296

8.0 CONCIUSIONS. ...ttt et e e
8.1 PErSPECEIVES coiiiiiiiieee it eeeesec sttt teessassse e sassaanaaaas s e s s ssseeeeaesasssssnsssnssnsasssesessnssnsnssnnns 298
REFERENGCES ... e e et ettt e et e e eea s 299
ANIN E X e et e

Xiii



List of abbreviation

LIST OF ABBREVIATION

Atomic force microscog.

AFM:

Apt Aptamer

FTIR: Fourier transform infrared

CPE: Constant phase element

CV: Cyclic voltammetry

CVs Cyclic voltammogran

DNA: Deoxyribonucleic acid

EB: Emeraldine base

ES: Emeraldine salt

EIS: Electrochemical impedance spectroscopy
ELISA: Enzyme linked Immunosorbent Asse

FL: Fluorescence

Glu Glutaraldehyde

HOMO: Highest occupied molecular orbital
HPLC: High performance liquid chromatography.
HRSEM: High resolution scanning electron microsc
HRTEM: High resolution transmission electron microscopy
LEB: Leucoemeraldine state

LUMO: Lowest unoccupied molecular orbital
PANI: Polyaniline

PSSA Poly(4-styrenesulfonic acid)

XV



List of abbreviation

PNB: Pernigraniline state

RE: Reference electrode

SPR: Surface plasmon resonance
SPE: Screel-printed electrode
UV-Vis Ultraviolet-visible

WE: Working electrode

XVi



ke:
Kapp

Ks:

List of symbols

LIST OF SYMBOLS

Surface area of the electrode

Bulk concentration
Diffusion coefficient

Initial potentia

Switch potential

Formal electrode potential
Peak potential

Anodic peak potential
Cathodic peak potent
Peak to peak separation
Peak current

Anodic peak current
Cathodic peak current
Exchange curre
Frequency

Standard rate constant
the apparent heterogeneous rate constant
Rate constant of reaction
Number of electrc

Charge

Gas constant

Micro

XVii



ng

Aa.

cem:

&)

ppm

List of symbols

Nanogram

Transfer coefficient

Ohm

Scanrate

Fi

Absorption Wavelength

Emission wavelength

Molar extinction coefficient at wavelengih
Surface covera¢

Films thicknes

Parts per million

XViii



List of figures

LIST OF FIGURES

Figure 1.1: Sodium channel and TTX binding Sit€S..[8]...........ccoviiiiiiiiiiiie 4
Figure 1.2: Comparatively smaller hydrated sodium ions versus bulky TTX. [8]...... 4
Figure 1.3: Example of a fugu fish containing tetrodotoXin.................cccccceeeeeiiineenennnn. 5

Figure 2.1: The first Asymmetric synthetic tetrodotoxin produced in a laboratory in

2003, [B 7]ttt ettt e e et a e e e e e 16

Figure 2.2: Chemical structure of tetrodotoXin (TTX)u...c.cuviiriiiiiiiieeeiie e, 17
Figure 2.3: GUaNidiniUm grOUP........covuiu e e e e e e e e e e e e e e e e e e e eaaanas 17
Figure 2.4: (a) Equilibrium mixture, (b) The tautomer of TTX..........oiiiiiiiiiiiiiiiinn. 18
Figure 2.5: Chemical structures of TTX analogues.[39]........cccoeeeviiiiiiiiiiiii e, 19
Figure 2.6: Chemical reaction Of TTX ... ..o 20
Figure 2.7:'H-NMR Spectrum of tetrodOtOXiN..............cereveerereeeerreeeeeeeeeeeeseeeseeeee e 27
Figure 2.8: Infrared spectrum of tetrOdOtOXiN. ... ...coiiriiiiiiiiii e 29

Figure 2.9: The fragment ion spectrum of Méf TTX. Volume of 100 to 200 pmol of
TTX was injected into 0.05 ml min-1 of aqueous 50 % MeOH (v/v). Argon
at a target thickness, 1,5 X 1014 molecules cm-2; collision energy, 49 eV.
[70). cevveeeeeee e U NIV ERSIT Y af dhen.c oo 30
Figure 3.1: A schematic picture of a polymer film electrade...............ccooiiiiiiinnn..n. 35

Figure 3.2: Schematic representation of n and p- doping processes respdtzgly.. 39

Figure 3.3: Mechanism of polymerisation of anil{@] ..............ccocoiiiieiiiiieiiiiiee e, 42
Figure 3.4: Chain propagation state of aniline..............cooeuiiiiiiiiiiiiiiiiii e, 44
Figure 3.5: SELEX technology aptamer screening process.[151]........cccccoeviivinnnneen. 56

Figure 3.6: Biotin—streptavidin interaction. Biotin (green, red, and blue spheres) fits
inside a pocket formed by the streptavidin protein (blue ribbon). [161].59
Figure 3.7: (a) “Standard” Biotin (this version is used for addition to the 3’ end), (b)

{0111 0 1o I PSPPSR 61
Figure 3.8: Standard nucleic acid modifications used for aptamer immobilisation

[L70] ettt e, 65
Figure 4.1: Cyclic Voltammogram: EXcitation Signal................ccovviviiiiiiiineeiieieniiinnnn. 69
Figure 4.2: Cyclic Voltammogram of a Single electron oxidation-reduction............ 69

Figure 4.3: Schematic of voltammetric experiments at (a) a macroscopic and

microscopic ITIES supported at (c) a microhole and at (e) a micropipet.

XiX



List of figures

(b, d, and f) The corresponding cyclic voltammograms Adapted from Liu

& MIrKIN. [L84]. .. e e 74
Figure 4.4: Schematic diagram for the apparatus for cyclicvoltammetry at the ITIES

between water and nitrobenzene. Refand Refp are reference

electrodes,Wk and Wkp are metal working electrodeld.85].................... 76

Figure 4.5: lonic partition diagram showing transfer mechanisms of various forms of

quinidine at the DCE/water interface...............uiiiiiieiiiiiiiiiiiieeeeeeeeeiinn 82
Figure 4.6: Typical potential waveform for the cyclic voltammetry technique......... 84
Figure 4.7: 1 mM Ferrocene in 0.1 M BNCIOJ/CH.Cl;, 25 mV Square amplitude, 2

mV Square increment, 10 ms Square period, 1 ms Sample width........ 85

Figure 4.8: The impedance Z plotted as a planar vector using rectangular and polar
COONAINALES ...ttt e ettt e e e e e e et e e e e e e e eean s 87

Figure 4.9: Electronic design used for electric measurements, dashed lines, - output
signal routing, normal line — input signal routing...............cccooveveeiiennninnnn. 91

Figure 4.10: General equivalent circuit element for a single cell fuel cell. Key: GDL

= gas diffusion layer, dl = double layer, ct = charge transfer, a = anode,

C = CANOE. ...kt 92
Figure 4.11: Nyquist plot for mixed control CIrCUIL.............coooeviiiiieiiiiie e 93
Figure 4.12: lllustration diagram of the prinCiphe! NMR.........c.covcoveovieeeeeeeeee e, 95
Figure 4.13: Diagram showing the 1H NMR chemical shifts for common functional

[0 | (0 10 ] 01 PP 96
Figure 4.14: Pascal’'s triangle gives the intensity ratios between the split signals.

1neighbor (doublet); 2 neighbors (triplet); 3 neighbors (quartet)........... 97
Figure 4.15: Electronic diagram used for a typical NMR spectrometer.................... 98
Figure 4.16: Electromagnetic spectrum. [202]..........couuuuiiiiieeiiiiiiiii e 100
Figure 4.17: (a) Stretching and bending vibrational modes fg®.Hb) Stretching

and bending vibrational modes for GO............ccoiiiiiiiiii e, 101
Figure 4.18: The functioning principle of an infrared spectrophotometer.............. 104
Figure 4.19: Energy levels of electronic transitions............ccoccovvieieeiiiiie e, 106
Figure 4.20: Schematic of a dual-beam uv-vis spectrophotometer........................ 110

Figure 4.21: The Jablonski (electronic transition) diagram. E is the energy scale; SO

is the ground singlet electronic state; S1 and S2 are the successively

XX



List of figures

higher energy excited singlet electronic states. T1 is the lowest energy

TMPIET STALE ... 114
Figure 4.22: Schematic diagram of a spectrofluorometer. [209].............ccccceeeeennnnn. 115
Figure 4.23: Typical force-separation CUNVE..............uoveeeiiiiiiieeiii e 117
Figure 4.24: Concept of AFM and the optical leVer..........cccooeiviiiiiiiiii e, 118

Figure 6.1: Cyclic voltammograms (CVs) of drop-coated TTX films on bare (a) Au,
(b) GC, (c) BDD, (d) Ni, (e) PG, (f) Pt and (g) Ti electrodes in 10 ml
acetate buffer, pH 4.8 at different concentrations at100 TV.s............. 144
Figure 6.2: CVs of drop-coated TTX films on bare electrodes in 1mL acetate buffer,
(@) pH 4.10, (b) pH 5.01, (c) pH 6.03, (d) pH 7.02, (e) pH 8.03 at
different CONCENIIAtIONS.........coiiiiiiiii e 146
Figure 6.3: SWVs of drop-coated TTX films on bare electrodes in 1 ml acetate buffer
(a) pH 6.03, (b) pH 7.05, and (c) pH 8.03 at 100 MV..S..........ccevenee.n. 147
Figure 6.4: Linear scan voltammograms of 50 mM aniline in 0.1 M H@GION

using (a) Pt, (b) PG, (c) Au, (d) GC electrode and silver wire reference

electrode at 5O MV'S.......cc. oo, 149
Figure 6.5: Dependence of open circuit voltage on the concentration of aniline in 0.1

M HCIOYACN. ... ciinmmmni. ssmvemsmmisninsss 25550 e s saass sanssnnasssasasasassnssssansasasnssans 150
Figure 6.6: ANOIC Tafel PIOL.........cociieiieiee e 151

Figure 6.7: Cyclic voltammograms (15 cycles) recorded during potentiodynamic
growth of PANI films on (a) Au, (b) GC, (c) PG, and (d) Ptin 0.1 M

HCIO. /ACN containing 0.05 M aniline at 50 mV scan rates................ 155
Figure 6.8: The cathodic growth peak of PANI vs cycle number...........ccccccceeeeeee. 156
Figure 6.9: Overview of 3 cycles CVs of PANI films on Au, GC, PG and Pt electrode

in 0.1 M HCIQ /ACN at a scan rate 50 MVAS:....coeeeeoeeeeeeeeeeeeeeeeeeeee 160
Figure 6.10: Nyquist plots of PANI films prepared in 0.1M HEZATN on (a) Au, (b)

GC, (c) PG, (d) Pt electrodes at different potential....................cccouun.... 164
Figure 6.11: Bode plots of PANI films prepared in 0.1 M HEZATN on various

electrodes at different potential...............ccooooviiiiiiii 165

Figure 6.12: Cyclic voltammograms of the PANI electrodeposited on (a) Au, (b) GC,
(c) PG, and (d) Pt electrodes in 0.1 M HGI@ACN at different potential
SCAIN TS . ettt ettt ettt et aeans 167

XXi



List of figures

Figure 6.13: (a) A plot of g vs. logv and (b) plot ofAEp; vs. logv for the
voltammograms of PANI films deposited on different electrode surface in
0.1 M HCIQ/ ACN ...ttt et e e rar e 168
Figure 6.14: The plot of logarithm of the growing PANI pegk)(vs. logv. ................ 170
Figure 6.15: CVs of PANI in OAc buffer on Pt and PG electrode at 50'm\/.s....... 172
Figure 6.16: CVs of polymerization of 25 mM PSSA doped 0.05 M aniline in 0.1 M

HCIO, /ACN at 50 mVY 15 cycles on PG electrode.........ccccooveevvinnnnns 174
Figure 6.17: Overview of 3 cycles CVs PANI-PSSA in 0.1 M HON at 50 mV's

LON PG @IECIIOUE. ...t et n e 175
Figure 6.18: CVs of different concentration of NaCl solution on

NaX/PANI-PSSA/PG in 0.1 M OAc buffer pH 4.8 at 50 fAV.s............. 177
Figure 6.19: Overview of 3 cycles CVs of different concentration of NaOAc in 0.1 M

OAc buffer pH 4.8 at 50 MV*®n PG electrode.............c.cveveeveeeverenennne. 178

Figure 6.20: Conventional scheme of electrochemical cell (I) used for the purpose of
this study in ion transfer voltammetny...........o.oooeviiiiiiiiie e 180
Figure 6.21: Overview 3 cycles background CVs of different electrolyte solutions
obtained with NaX at the W|1,2-DCE interface, scan rate 0.01 \..s.... 181
Figure 6.22: Overview of 3 cycles of Cyclic voltammograms obtained for different
concentrations of Naion transfer across the 0.05 M Mg$sQL,2-
DCE/50 mM ETH 500 interface, using 10 mM NaX at 0.0%.\/s.......... 183
Figure 6.23: Overview of 3 cycles of CVs obtained for different concentrations of
TTX ion transfer across the 0.05 M Mg$f,2-DCE/50 mM ETH 500
interface, using 50 mM NaX at 0.01 NS e, 184
Figure 6.24: Influence of Kion peak on the CVs of different concentrations of TTX
and N4 ions transfer across the 0.05 M Mg§D2-DCE/50 mM ETH
500 interface, using 50 mM NaX at 0.01 V.S, 185
Figure 6.25: Conventional scheme of electrochemical cell (II) used for the purpose of
this study in ion transfer voltammetry...............oooiiii 186
Figure 6.26: Principle of the voltammetry N#on-selective electrode based on the
facilitated transfer of N& at the 1,2-DCE/ETH 500 /organic phase
iNterface DY BLBCB..........uuieiiiiiii e e 187

XXii



List of figures

Figure 6.27: Overview of 3 cycles CVs of different concentrations ‘ofdiaransfer

across the 50 mM MgSQ1,2-DCE/ 50 mM ETH 500 interface, using 50

MM B18C6 at 0.01 VS...cuoviveeeiieececcieceee e, 188
Figure 6.28: a) CV of different [TTX transferred across the 0.05 M Mg$@.,2-

DCE/ 50 mM ETH 500 without B18C6 , (b), (c) and (d) CV repetition at

different [TTX] ion transfer across the 0.05 M Mg${®0 mM B18C6

interface at 0.01 V5 ..., 189
Figure 6.29: n— ¢* electronic transition and band gap energy during the absorption

of —C-0-H and =C-N-H chromophores in TTX molecule........... 190
Figure 6.30: n— z* electronic transition and bandap energy during the absorption

of =N=C-N- chromophores in TTX molecule.............cccccceeriiirriirinnnnnnn. 191
Figure 6.31:x — #* electronic transition and band gap energy during the absorption

of —C=C- chromophores in NaX molecule..............cc.coooiiiiiiiiiiiine, 192
Figure 6.32: n— z* electronic transition and band gap energy during the absorption

of =C-0O- chromophores in NaX molecule..............ccccooveiiiiiiiiiiiin e, 192

Figure 6.33: n — z* electronic transition and band gap energy during the absorption

of —C=0 chromophores in NaX molecule............ccccooooriiiiiiiiiineeeiin, 193
Figure 6.34: UV-Vis absorption spectrum of 3.33 uM TTX (back line), 1000 uM NaX

(red line) and TTX/ NaX (green line) in wWater............ccccoeeeevviiiieeeeennnnnnn, 194
Figure 6.35: UV-Vis absorption spectrum of 9.33 uM TTX (back line), 3330 uM

B18C6 (red line) and TTX/B18C6 (green line) in water........................ 195

Figure 6.36: Chemical structure of (A) tetrodotoxin (TTX), (B) sodium ionophore X
(NaX) and (C) Dibenzo-18-crown-6 (B18C6). Atoms: Hydrogen (white
color), (carbon (cyan color), oxygen (red color), and nitrogen (blue
(o70] 0] o TSP PRSP 197

Figure 7.1: Cyclic voltammograms (15 cycles) recorded during potentiodynamic
growth of PAN+PSSA films on Au, GC, PG, and Pt in 1 MPQ,
containing 0.05 M aniline / 0.025 M PSSA at 0.050"¢can rates.......... 202

Figure 7.2: Electrochemical transitions between PS3ANI's base forms are
shown vertically as a series of successive reduction reactions from LB to
EB, and to PB. Transitions to the ES form of PANI are shown via

diagonal and horizontal reactions...............ccoeevviiiiieiiiiiie e 203

XXiii



List of figures

Figure 7.3: Overview of 3 cycles CVs of neutral and p-doped PSSl in 1 M

HsPO, on Au, GC, PG and Pt electrodes. Scan rates 0.050 V.s.......... 204
Figure 7.4: CVs of 5 cycles recorded during potentiodynamic growth of H78\8A

films on Au, GC, PG, and Pt in 1 MglPlO, containing 0.05 M aniline /

0.025 M PSSA at 50 MV SCAN FALES...........ceeveveeeereeeeeeeeeeeeeeeesseenenenenns 207
Figure 7.5: Cyclic voltammograms of the PARBSA electrodeposited on Au, GC,

PG, and Pt electrodes in 0.1 M PB pH 7.04 at different potential scan

Figure 7.6: Electrode surface reactions during the cyclic voltammetry of neutral

P AN P S S A 211
Figure 7.7: Electrode surface reactions during the cyclic voltammetry of p-doped

P AN P S S A 211
Figure 7.8: A plot of Evs. logv for the voltammograms of neutral and p-doped

PANI-PSSA films deposited on bare of different electrodes in 0.1 M

sodium phosphate buffer pH 7.04.......ccoooiiiiii e 214
Figure 7.9: A plot ofAE;, vs. logv for the voltammograms of neutral and p-poded

PANI-PSSA films deposited on bare of different electrodes in 0.1 M

sodium phosphate buffer pH 7.04...........ooiiiiii e, 217
Figure 7.10: A typical Randles-S@ék plot showing the peak current and square root

of voltammograms scan rates for the neutral and p-poded PANI-PSSA

films deposited on of different bare electrodes in 0.1 M PB pH.7.04... 218
Figure 7.11: Nyquist plot of neutral and p-doped modified-PANI-PSSA electrodes in

0.1 M sodium phosphate buffer pH 7.04 at a frequency range 100 mHz to

Figure 7.12: Cyclic voltammograms of the PANI-PSSA electrodeposited on Au, GC,
PG, and Pt electrodes in 0.lacetate buffer pH 4.8 at different potential
SCAN TALES ... ettt 227

Figure 7.13: A plot of Evs. logv for the voltammograms of neutral and p-doped
PANI-PSSA films deposited on different bare electrodes in 0.1 M acetate
BUFfEr PH 4.8... .. e e 233

Figure 7.14: A plot oAE, vs. logv for the voltammograms of neutral and p-doped
PANFPSSA films deposited different bare electrodes in 0.1 M acetate
BUFfEr PH 4.8... .. e e 237

XXiV



List of figures

Figure 7.15: A plot ofj vs. square root for the voltammograms of neutral and p-
doped PANI-PSSA films deposited on different bare electrodes in 0.1 M

acetate buffer pH 4.8.......oo s 241
Figure 7.16: Nyquist plot for bare Au, GC, PG, and Pt electrodes in 0.1 M acetate
DUFfEr PH 4.8... . e 244

Figure 7.17: Nyquist plot for neutral and p-doped PARESA in 0.1 M acetate

buffer pH 4.8 on (a) and (a") Au, (b) and (b") GC, (c) and (c") PG, (d) and

(d") Pt eleCtrOUES. ... . e e 246
Figure 7.18: Equivalent circuit for neutral and p-doped PANI-PSSA electrads. R

the solution resistance, R1 is the charge transfer resistange (RE1

denote constant-phase element.. ..o 247
Figure 7.19: Plot of charge transfer resistance)(Rersus potential.......................... 249
Figure 7.20: Netral and p-doped PANI-PSSA dispersed in DMF and DMSO...... 253
Figure 7.21: UV-vis spectra of neutral PANI-PSSA and p-doped PANI--PSSA

composites iNn DMF as SOIVENL........cccoiiiiiiiiii e 254
Figure 7.22: UV-vis spectra of neutral PANI-PSSA and p-doped PANI-PSSA
composites i DMSO as SOIVENL..........ccccoiviiiiiii e 255

Figure 7.23: Emission spectra of neutral and p-doped obtained in DMF and DMSO
SOIVENL............. b e el Lttt ieramassnessnssennnnasssnssesnnennnannnn 257

Figure 7.24: FT-IR spectra of neutral and p-doped PANI-PSSA composites in (a)

DMF and (D) DMSO......c.cviuieieeeeeee e et 259
Figure 7.25: SEM images of bare screen-printed carbon electrode....................... 261
Figure 7.26: SEM images of neutral PANI-PSSA COMPOSILES..........ccevvvivriiniinenennn. 262
Figure 7.27: SEM images of p-doped PANI-PSSA composites............cccevvvvvvennnnnn. 263
Figure 7.28: TEM images of neutral PANI-PSSA composites...........ccccvvvvinneeenn. 265
Figure 7.29: TEM images of (b) p-doped PANI-PSSA compasites.........c..cccceeeeeee. 266
Figure 7.30: Energy-dispersive X-ray spectrum (EDX) of neutral PRESA

PANI=PSSA filMS iN DMFE.......cooiiiiiie e e e 268
Figure 7.31: Energy-dispersive X-ray spectrum (EDX) p-doped PRSIBA films in

DM et e e 269

Figure 7.32: Cyclic voltammograms for the detection of TTX based on (a) p-
PANFPSSA, (c) GIu/PANI-PSSA, (e) Apt/GIu/PANI-PSSA and EIS
measurements for the detection based on (b) P-PANI-PSSA, (d)

XXV



List of figures

GIu/PANEFPSSA, (f) Apt/GIu/PANPSSA. (g) The bode plot of (h)
which present together the three separated detections........................ 272
Figure 7.33: Overview of three cycles of cyclic voltammograms responses obtained
after each in 0.1 M OAc buffer pH 4.8 with 0.02 mM glutaraldehyde (4 h
incubation), 2uM aptamer (4 h incubation), and 5uM TTX (30 mins
1 oT0] oF= 11 o] o ) RS 274
Figure 7.34: (a) Nyquist plot recorded after each step of TTX biosensor in 0.1 M
acetate buffer pH 4.8 at formal potential. (b) An equivalent circuit model
used in this bioSENSOr analySiS. ..o 277
Figure 7.35: Bode plot of the overlay of each step of immobilization of
glutaraldehyde, aptamer and TTX in 0.1 M acetate buffer pH 4.8 at
formal POteNtial..........oooiiiiii e 279
Figure 7.36: (a) Nyquist plot of TTX aptasensor developed on seven different GC
electrodes at different concentration of aldehyde and fixed concentration
of aptamer, 2 uM, and pM TTX. (b) Absolute value of the relative
variation (%) of the charge transfer resistance as a function of
concentration of glutaraldehyde................cooii i 280
Figure 7.37: EIS response of TTX biosensor (TTX/Apt/Glu/PRSIEA) at different
concentration of aptamer in OAc buffer pH 4.8. Calibration curve for the

TTX/Apt/GIu/PANI-PSSA biosensor response to different concentrations

OF APTAMIE ... 283
Figure 7.38: Linear structure of the most stable Niptamer for TTX obtained from

RNA Institution mfold (sequence:

AAAAATTTCACACGGGTGCCTCGGCTGTCL) i eeveiiieeeeeiiieeeeeennnn 285
Figure 7.39: UV-Vis spectra of TTX biosensor in DME............ccccccooiiiiiiiiiiiiiinee. 287

Figure 7.40: Scheme of the aptasensors: (a) electropolymerisation of PSSA dope
aniline, (b) binging of glutaraldehyde on the modified-PARBSA/GC
surface, (c) immobilisation of NH2—-Aptamer on GIlu/PANI-PSSA/GC,

(d), binding of tetrodotoxin to aptamer, (e) Route for label-free TTX

ELECHION ... 288
Figure 7.41: Scanning electron micrographs of GIU/PANI-PSSA.............cccccoeee. 289
Figure 7.42: Scanning electron micrographs of Apt/GIu/PANBSA............cceevnnne..e. 290
Figure 7.43: Scanning electron micrographs of TTX/Apt/GIu/PANI-RPSSA........... 291

XXVi



List of figures

Figure 7.44: Calibration curve for the PSSRANI/Glu/Aptamer biosensor response

to different concentrations of tetrodotoxin. Inset analytical linear range

of the biosensor from 0.3 t0 1.0 NG ML....c.veoveveeeeeeeeeeeeeeeeee e, 292
Figure 7.45: Calibration curve for the PSSRANI/Glu/Aptamer biosensor response

to different concentrations of tetrodotoxin repeated three times at the

range 00 0.2 NG MH ..oveveee ittt 293
Figure 7.46: Calibration curve for the PSSRANI/Glu/Aptamer biosensor response

to different concentrations of tetrodotoxin. Inset analytical linear range

of the biosensor from 010 0.5 NGMl.......cccooviviiviiieece e, 294

XXVili



List of tables

LIST OF TABLES

Table 1.1: Fish poisonings due to animal natural toxins (Total score from 2002—-2006,
Ministry of Health, Labour and Welfare Japan, Taiwan/China,
Bangladesh, South Africa, Florida, Virginia, ASIa) ..........cccoveevviiiineeeeiiiieeeenennn 2

Table 2.1: Some physico-chemical properties of tetrodotoXin [8] ...........ccceveiviiiiiiinereennee. 21

Table 2.2: Summary of different works done on analytical techniques for TTX

(0= (=T ot 1o o TSP P PRSPPI 30
Table 3.1: Some example of conducting polymers [101]........ccooeeviiiiiiiiiiiie e 37
Table 3.2a:lons sensors and their selective ionophores [144].......cccoovevviieieiiiiiieceii 51
Table 4.1: Different diagrams with corresponding equivalent circuit......................c.cc...... 89
Table 4.2: Circuit elements used in the MOdelS..............ooiiiiiiiiiii 94
Table 4.3: Some selected bonds with their absorption regions [206].............cccceeeevvnnnn.n. 102
Table 4.5: List of selected chromophores and their light absorption characteristics........ 108
Table 4.6: Solvent effect on wavelength in UV-Vis (for L cm cell)..........ccoovviiiiiiinenne. 109
Table 5.1a: List of chemical reagents used in this study ...........ccocovviiiiiiiiiieee e, 121
Table 5.2: Working electrodes used to carry out the experiment............cccccveieiineeeeenns 123

Table 5.3: Organic solutions used to carry out the ion transfer voltammetry
EXPEIIMENT ...ttt e e et e e e e e et e et a e e e e e eennnenas 127

Table 6.1: Kinetics parameters evaluated from the plot leg} E of linear sweep
voltammogram data Near t0 tAhset. - evvverrrerrerrirerreiiineereeiieeeeeineeeeeeenns 152

Table 6.2: Kinetic parameters of PANI from potentiodynamic process on various

electrodes in 0.1 M HCIDACN .....oiuiiiii e 157
Table 6.3: Parameters evaluated from CVs of PANI vs Ag wire electrode injHCIO

4 161
Table 6.4: Comparison of impedimetric parameters of PANI modified-electrodes

[220-221] oottt et ettt ettt 166
Table 6.5: Kinetic parameters of PANI films on various electrodes obtained from the

plot Exc-growing versus logarithm of scan rate ...........cccccccooviiiiiiiiniinenennn, 169
Table 6.6: Data obtained from the pMpc3 VS. [0gV.......ovvviiiiiiiiii, 170

Table 6.7: Study of PANI films base on the slope (b) of the ploi,legvs. logv ........ 171
Table 6.8: Kinetic parameters of the interfacial transfer reaction obtained from

background CVs of different electrolytes solution ..............ccooveeevieiiiiinnnen. 182

XXVili



List of tables

Table 6.9: UV-Vis absorption data of TTX, NaX, B18C6 and TTX/B18C6 .................. 196
Table 6.10: Active site and distances between atoms responsible for complex

FOMMIEALION ...t 198
Table 7.1: Values of peak characteristics of electrodeposited PANI-PSSA films in 1

M H3PQOy at three SWEEP CYCIES .. .ovveeieeeiii e e 206
Table 7.2: Values of peak characteristics of electrodeposited neutra-PASA

films on various electrodes in 0.1 M PB pH 7.04 over three sweep cycles

at different SCAN FALES ........eviiiiiiiiiiie i 212
Table 7.3: Values of peak characteristics of electrodeposited p-doped-P38IA

films on various electrodes in 0.1 M PB pH 7.04 over three sweep cycles

at different SCAN FALES .......oeviiiiiiiiiiie e 213
Table 7.4: Anodic and cathodic transfer coefficient of neutral and p-doped

PANI-PSSA films on various electrodes obtained from the Blat

versus logarithm of SCan rate ..o 215
Table 7.5: Electrode reaction rate constant of neutral and p-doped-P88A films

on various electrodes obtained from the plBg versus logarithm of scan

Table 7.6: Diffusion coefficient of neutral and p-doped PANI-PSSA films on various

electrodes obtained from the plpversus square root of scan rate............. 221
Table 7.7: Diagnostic parameters for neutral and p-doped-modified electrodes ............. 225
Table 7.8: Electrochemical potential parameters of neutral PANI-PSSA films ............. 229
Table 7.9: Electrochemical current parameters of neutral PANI-PSSA films................. 230
Table 7.10: Electrochemical potential parameters of p-doped F2H8A films......... 231
Table 7.11: Electrochemical current parameters of p-doped PANI-PSSA films ............ 232

Table 7.12: Anodic and cathodic transfer coefficient of neutral PANI-PSSA films....... 235
Table 7.13: Anodic and cathodic transfer coefficient of p-doped PRSBA films.... 236
Table 7.14: Electrode reaction rate constant of neutral and p-doped PANI-PSSA film

study in acetate DU ............e i 239
Table 7.15: Electron transport diffusion coefficient of neutral and p-doped

PANI-PSSA film study in acetate buffer.............cccoiiiiie 242
Table 7.16: Equivalent circuit resistance deduced by fitting Nyquist plots to circuit of

neutral and p-doped PANPSSA..... ..o 248

XXVili



List of tables

Table 7.17: Electrochemical kinetic parameters of neutral and p-doped PANI-PSSA

study in acetate buffer pH 4.8..........o i 250
Table 7.18: Nyquist plot parameters analysis for the detection of TTX.......cccoeeevvviiennns 273
Table 7.19: Characteristic peaks obtained from the CVs of each step of TTX

DIOSENSON ... e 275
Table 7.20: Values of the equivalent circuit parameters of the fitting curves ................. 278
Table 7.21: EIS parameters determined form the equivalent circuit of the fitting

CUNVES .ttt et e et e e et e e e e e s e e e e e e e e e e e a e e e 282

Table 7.22: Concentration of aptamer and charge transfert resistance reccorded at two
different formal potential..............ccoooiiiiiiii s 284
Table 7.23: The Gibbs free energy of five bases involved on the binding active site of
tNE APLAMET ... et 286

Table 7.24: Comparison of different method of determination of tetrodotoxin............... 295

XXiX



Academic output

ACADEMIC OUTPUT

Christopher E. SundiyMawethu Bilibang Sinazo Qakafa Oluwakemi
Tovide®, Kerileng M. Molap8, Gertrude Fomo® Chinwe O. Ikp8 Tesfaye
Waryd®, Geineka MbambisaBulelwa Mpush®  Avril  Williams®®, Priscilla  G.L.
Bakef, Sibulelo VilakaZi, Robert Tshikhudo Emmanuel |. IwuoHa Modulation of the
matrix effect of nafion on tris(bipyridine) ruthenium(ll) electrochemical probes by
functionalisation with 4-nitrophenylazo graphene-gold nanocomposite. Electrochimica

Acta, (2014) 128, 128-137 http://dx.doi.org/10.1016/j.electacta.2013.12.143).

Abd Almonam Bale§ Nazeem Jah@dAnne L. Djoumessi YonkéW, Njagi
Njomd®, Gecineka MbambisaKerileng M. Molapd, Xolile G. Fukd, Gertrude
Fomo®, Hlamulo  Makelant Abebaw  TsegayeTesfaye T.  Waryb Priscilla
Bakef, Sibulelo VilakaZi, Robert Tshikhudh Emmanuel I. Iwuotfa Impedimetry and
microscopy of electrosynthetic poly(propylene imine)-co-polypyrrole conducting
dendrimeric  star copolymers, Electrochimica Acta, (2014) 128, 448-457

(http://dx.doi.org/10.1016/j.electacta.2013.12.138).

Manuscript: Gertrude Fomo, Tesfaye T. Waryo, Priscilla G. Baker, Emmanuel I.
Iwuoha, Differential electrode kinetics and electronics of electrosynthetic polyaniline on
carbonaceous and precious metal systems in perchlorate/acetonitrile medium, submitted to

Electrochemica Acta.

XXX



List of tables

Manuscript: Gertrude Fomo, Tesfaye T. Waryo, Emmanuel |. IwuoBdectroinactivity
of tetrodotoxin studied on various metal electrode using cyclic voltammetry, submitted to

Electrochemistry Communications.

Manuscript: Gertrude Fomo, Tesfaye T. Waryo, Emmanuel |. lwuoha Complexation

affinity of tetrodotoxin with sodium ionophore X and dibenzo-18-crown-6 using ion-

transfer voltammetry and ultraviolet/visible absorption, submitted to Electrochemica Acta.

Conference: Attended the SACI National 2013 convention in East London Organised by

the South African Chemical Institute during the period of 1 — 6 December 2013

XXXi



Chapter 1: Introduction

INTRODUCTION

1.0 Background of this study

Fish such as shellfish are nutritionally and economically valuable, and million tonnes of
protein consumed annually by humans worldwide comes from marine species. Looking at
the entire international trade in fisheries’ products where three-quarters are fish and a
guarter is shellfish, the total value is estimated to be a billion dollars per annum [1]. Food
poisoning occurs when contaminated food or water is ingested. The poison in fish firstly
from bacteria can cause food poisoning, either directly or by the toxins they produce.
Secondly, parasites such as giardia lamblia can also cause food poisoning through
contaminated produce and water. Apart from the high quality protein, and essential ammo
acids, Omega-3 fatty acids are an unsaturated acid that is thought to reduce inflammation
throughout the body as it lowers the cholesterol level, which reduces the risk of heart
disease, particularly sudden cardiac death. According to Gallacher (2000)“people have
been encouraged to choose seafood as healthy food, particularly important in northern
Europe, where deaths from coronary heart disease in 1986 ranged from 245 to 625
annually per 100,000 men”.[2]

The 1993 Chemical Weapons Convention defines “toxin,” as “any chemical which through
its chemical action on life processes can cause death, temporary incapacitation or
permanent harm to humans or animals,” regardless of its origin or method of production
[3]. Certain types of fish and fish products contain naturally occurring marine biotoxins

1
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(toxic substance produced by plants and animals) and when consumed, can produce illness
in humans and in certain cases, death can follow. The literature shows that a large amount
of research has been done on fish toxins and Table 1.1 presents some of the results

obtained by different authors.

Table 1.1:Fish poisonings due to animal natural toxins (Total score from 2002—-2006,
Ministry of Health, Labour and Welfare Japan, Taiwan/China, Bangladesh, South Africa,
Florida, Virginia, Asia)

Causative food Causative toxin Number oNumber Refs

patients  of deaths

Puffer fish of tetraodontidae = Tetrodotoxin (TTX) 223 13 [4-5]
and Saxitoxin (STX)
Ciguateric fish Ciguateric toxins or 67 0 [4]
Ciguatoxin

Scombroid fish poisoning Histamine 275 0 [6]
(SFP)

Diarrhetic shellfish Azaspiracid 8 0 [6]

poisoning (DSP)

Amnesic shellfish poisoning Domoic acid (DA) 107 3 [6]
(ASP)

Fish Palytoxin (PTX) 4 2 [7]

Fish Brevetoxin (PbTxs) 59 0 [7]

From Table 1.1, it is noted that the most dangerous causative toxin is tetrodotoxin with a
high number of patients and deaths. It is therefore important and necessary to conduct a

thorough study on the analysis and detection of tetrodotoxin.



Chapter 1: Introduction

Tetrodotoxin is a potent neurotoxin with no known antidote which blocks the action of
potentials in nerves by binding to the sodium voltage-gated. TTX is a nonpeptidic
neurotoxin with a high rate of food poisoning mortality (60 %) that has been associated
with the consumption of diets containing puffer fish and mud snails harbouring TTX-
producing bacteria. Tetrodotoxin acts on the central and peripheral nervous system by
blocking the sodium ion channels vital for signalling pathways (e.g. transmission of
impulses and maintenance of cell functions), eventually leading to paralysis and even
death. Tetrodotoxin binds specifically to sodium channels by mimicking the hydrated Na
ion and denying entry to Ndons. Tetrodotoxin inhibits or reduces the chances of an
action potential being produced. The binding site of this toxin is located at the pore
opening of the voltage-gated N&hannel (Fig.1.1 and 1.2). The diagram below shows the
sodium channel with four repeating units. The TTX bind site is represented by the orange
filled circles on the connecting segments between S5 and S6 [8]. It has been proposed that
the binding between TTX and the Na channel results from the interaction between the
positively charged guanidine group of TTX and the negatively charged carboxylate groups

on the side chains at the mouth of the channels.
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Figure 1.1: Sodium channednd TTX binding site{8]

It has been proposed that the binding between TTX and the sodium channel rest
the interaction between the positive charge of the guanidinium group of TTX a
negative charge of carboxylate groups on the chains at the mouth of the chanr
Being much larger than the * ions, the bulk of the molecule blocks the entrance t
sodium channel, preventing the flow of * ions until it slowly diffuses off. With th
multiple roles which sodium plays in the ly, the detection of TTX in puffer fish h
received much attention. Sodium plays an important role in cellular activity, the reg
of osmotic pressure and the regulation of the activity of the nervous and blooc
systems. As a consequence of TTlockage, sodium ion movement is effectively -
down and the propagation of action potential ceases. The central and peripheral

systems are impaired, resulting in paralysis and ¢
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Figure 1.2: Comparatively smaller hydrated sodium ions versus bulky [8]
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paralysis and potentially death if ingested in sufficient quani[9]. There is no exar
toxic dose of TTX because it is found in different concentrations in puffer fish
minimum lethal dose in humans for tetrodotoxin is estimated tc-2 mg [10] and the
minimum dose necessary to cause symptoms has been estimate0.2 mg. This latter
number can vary based on age, health, and sensitivity to the t is 100fold more toxic
than cyanide and, as such, it should be dubbed a ‘-neurotoxin”. According t
literature [10],TTX is among the most toxic substances known to man; death can
within 30 minutes or less depending on the age of the victim. The minimum lethal |
assumed to be 1000 micrograms for an adult human and LD50 mouse which i

10000 micrograms.

The blowfish, which is one type of puffer fish, has many parts (including the
muscles, skin, and ovari¢ contain an extremely strong, paralyzing poison c:

tetrodotoxin.

Figure 1.3: Example of a fugu fish containing tetrodoto
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Various organisms besides marine puffer fish contain TTX [11]. It is also found in
organisms such as Gastropod mollusk, the eggs of horseshoe crabs [11], newts of the
genusTaricha the skin ofAtelopid frogs the skin and viscera of porcupine fish, globefish,
balloon fish, sunfish, toadfish and the blue-ringed octopus. In Central America, species

like the familySalamandridae@nd toads and harlequin frogs also contain the toxin.

Tetrodotoxin is one of the best known marine toxins that have been isolated predominantly
in many species of puffer fish and the origin of the toxin is hypothetic. Indeed, since the
discovery of TTX in 1995, three different hypotheses have been given as to where TTX
might come from. The first option is that it is produced by bacteria which live within the
organisms. The second one is based on something that the organisms eat or it is some sort
of algae that they eat or another organism and that they can then accumulate the TTX and
the third suggestion is that the organisms produce it themselves. The fact that the content
of TTX in animals fluctuates according to regional, seasonal and individual differences,
strengthens the suggestion that the toxin may not be genetically inherited. Those
hypotheses mentioned above have been investigated and it has been found that bacteria are

the primaries and good sources of TTX [11-12].

Tetrodotoxin is a real inhibitor of the regulation of osmotic pressure, the transmission of
nerve impulses by mimicking the Naon and blocking the Naion channels, thus
preventing the flow of Naions. The toxin is extremely dangerous through ingestion,
inhalation, skin absorption, or if it enters the blood stream in any manner. The onset of
symptoms of tetrodotoxin intoxication usually occurs from 10 to 45 minutes after

ingestion, but may be delayed by three hours or more depending on the body. Paraesthesia
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appears in the face and extremities, which may be followed by dizziness or numbness.
Nausea, vomiting, diarrhoea and epigastric pain may also be present. Later, respiratory
symptoms such as rapid breathing may follow. Low blood pressure, convulsions and

irregular heart rate may occur. In most instances, the patients retain consciousness until

shortly before death, which usually takes place within the first six hours.

Tetrodotoxin has a very important role in neurophysiology, and in other fields of study as a
research reagent (a specific sodium channel blocker). In clinical medicine, it is used as an
analgesic for terminal cancer (in China) and as an analgesic for neuralgia and rheumatism
(in Japan) [13-14] TTX finds an application in the production of nmxc cultured
pufferfish whose liver can be used as a poison-free food due to their biochemical
properties and mechanism through the development of technology [15]. The guanidinium
groups, being the active site of TTX, have different applications in addition to being
central as a base of DNAhey are also applied for gas-proofing swim bladdard act as

a reflector. People at greatest risk for food poisoning are seniors, pregnant women, young
children and babies and people with chronic medical conditions (e.g., diabetes, AIDS, liver
disease). A poison similar to that, naturally found in the puffer fish can also occur in many
edible Caribbean and Pacific species. From January 2002 to May 2004, 28 pufferfish
poisoning cases in Florida, New Jersey, Virginia, and New York were linked to River
Lagoon in Florida [16]To protect public health, monitoring programs fahfihave been
established in many countries, which often stipulate the use of animal models like mouse
bioassay (MBA) and the rat bioassay (RBA), even the use of enzyme-linked

immunosorbent assay (ELISA), high performance liquid chromatography (HPLC), liquid
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chromatography-tandem mass spectrosmetry (LC-MS/MS) and a surface Plasmon

resonance sensor, for detecting the presence of tetrodotoxin in fishes.

1.1 Scope of this study

Every year, a large number of people fall victim to some sort of poisoning induced after
ingestion of Puffer fish (most cases are found in Japan, China, and Australia). That is why
guality control is the key issue common to all horticultural products and with the high level
of technology in the world, a huge number of techniques and methods are used for this
purpose. The analytical methods mentioned in the previous paragraph allow the
unequivocal identification of the toxins present in a sample and their quantification with
high levels of sensitivity. For example, one common method of quantifying and analyzing
TTX is high performance liquid chromatography (HPLC; as reviewed by [17]). HPLC is
an effective means of measuring TTX but it is costly, time consuming and requires special
training and expensive equipment. A major disadvantage of these methods is the need for
certified standards for each known analogue of every group of toxins in order to evaluate
total toxicity and in any case the contribution of unknown compounds to sample toxicity
will not be considered. The problem of lack of standards is an important obstacle for the
substitution of the mouse bioassay by other analytical methods. Biological methods are
another group of alternative techniques that have been developed for most of the fish toxin
groups with a great variety of designs, from immunoassays to biosensor techniques. These
techniques vary in specificity and their practicality depends on the technological approach,
as well as the cost. Biosensor or sensor technologies can offer good characteristics for

tetrodotoxin detection solutions such as being cost-effective, specificity, sensitivity,
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portability, repeatability and robustness. The research proposal deals with the development
of such electrochemical biosensors for potential use in the fast and efficient control of
guality fish in the market. This study thus intends to solve the main problem which is the
monitoring and control of the quality of fish in the market through a novel aptasensor to
reduce the death rate by limiting consumption of these poisonous fishes. The
characteristics of biosensors (aptasensor) would support the use, not only to obtain more
uniform results, but also to comply with the rapidly increasing demand for certification
and the traceability of traded seafood. This project aims to carry out the first
electrochemical study and the development of electrochemical aptasensor of tetrodotoxin,
in particular those based on affinity interactions, by using bare electrodes or electrodes
modified with selective-sodium ionophore and tetrodotoxin-aptamer immobilized on
existing conducting polymer platforms based on PSSA doped aniline. Several types of
conducting polymers based on derivatives of aniline monomer such as poly[(R)-(-)-3-(1-
pyrrolyl)propyl-N-(3,5-dinitrobenzoyl}-phenylglycinate] [poly(DNBP)] [18] pentameric
thiophene derivatives [19], alkyl polythiophenes [20], alkyl, halogens, aryl and nitro
polyanilines [21-22] have been reported. In most cases these polymers are difficult to
process because of lack of solubility in common solvents. It has been described to be 100-
fold more toxic than cyanide and, as such, it should be dubbed a “super-neurotoxin”. As
this neurotoxin has no known anti-dote and could not be mitigated by cooking, the only
way to enforce safety appears to be abstinence from these food types or via the detection
and screening of TTX-contaminated fishes at the points of harvest and control. On the
other hand, due to the interesting molecular mechanism of action of TTX, it has found
important applications in neurophysiology (as a specific sodium channel blocking agent)

and as an analgesic (e.g., for neuralgia and rheumatism). Therefore, reliable, low-cost and
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portable analytical devices and methods for detection of tetrodotoxin will be developed in

this study.

1.2 Objectives of the study

The aim of the research project presented in this dissertation is to design and characterize a
novel electrochemical sensor and biosensor that is highly specific and selective for the
detection of tetrodotoxin in various aqueous mediums. The sensors are constructed by
incorporating selective-sodium ionophores and tetrodotoxin-aptamer on the electroactive
polymers-carbonaceous and precious metal systems on the working electrode. The
biosensor reactivity is modelled using EIS, amperometry or direct potentiometry and CV
techniques.
The following objectives highlighted will be achieved to fulfil the aim of this research
work.
The study of electroinactivity of tetrodotoxin at various electrodes (Pt, Ti, Ni, PG,

Au, BDD, GC) in suitable electrolytes (citrate buffer, pH 4 to 8) and study its electrode
kinetics at different pH and supporting electrolytes.

The study of electrochemical polymerization of aniline monomers and characterization

of the PANI-modified electrode surfaces using electrochemical impedance

spectroscopy and cyclic voltammetry techniques in organic medium.

The study of undoped PANI-modified electrode in buffer solution and evaluation of

electroanalytical performance of PANI-modified electrodes in the detection of

tetrodotoxin.

10
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The attachment of selective-sodium ionophore X and dibenzo-18-crown-6 on the
surface of doped PANI-PSSA-modified electrodes to develop the electrochemical
tetrodotoxin ionophore sensor. This objective to be completed with the investigation of
ionophore complexation of TTX using ion transfer voltammetry and ultraviolet/visible
analysis.

The electrochemical synthesis of neutral and p-doped PANI-PSSA films on bare
electrodes and their characterizations using electrochemical impedance spectroscopy
and cyclic voltammetry techniques in acetate and sodium phosphate buffers.

The application of the modified p-doped PANI-PSSA/electrode on the amperometric

and impedimetric sensors for a tetrodotoxin based on aptamer.

1.3 Overview of the thesis

This thesis is composed eight chapters:

Chapter 2 reviews literature related to the analysis of tetrodotoxin with respect to its
chemical synthesis and physico-chemical properties. The chapter also highlights some of
the works reported on the quantification and qualification detection of tetrodotoxin using

different techniques.

Chapter 3 reviews the literature related to conducting electroactive polymers with respect
to their synthesis, the doping effect on their conductivity and activity and their application
for electromediation roles in biosensors. The literature searches the media regarding the

synthesis of conductive electroactive polymers, the synthetic routes for preparation of

11
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doped polyanilines and the properties of the resultant composites. Some investigations
which reported on the conducting of the electroactive PANI-PSSA composite are also

reviewed.

Chapter 4 explains the principle of the selected techniques such as electrochemical
techniques (CV, LCV, ISE, SWV and EIS) and spectroscopy techniques (IR, UV-Vis, FI
and'H NMR) used in this thesis to develop the electrochemical tetrodotoxin sensors based

on selective ionophores and aptamer.

In chapter 5, all the reagents and instruments are listed and the experimental methods that
were employed for the electroinactivity of TTX on bare electrodes are described for all
measurements obtained in this work.

Chapter 6 on the one hand, thoroughly interprets and discusses results showing the
development of the electrochemical tetrodotoxin based on ionophores. Firstly, the results
on the electroinactivity of TTX were presented and discussed. Then, the results obtained
from the investigation of the polymerization medium of aniline were discussed.
Additionally, the results for the complexation of TTX with selective ionophores using
ions-transfer voltammetry and UV/Vis and the detection of TTX on modified

ionophore/PANI-PSSA/electrode were then presented

Chapter 7 presents the characterization results of the electrochemical synthesised neutral
and p-doped polyaniline and poly(4-styrenesulfonic acid) doping using CV, EIS, UV/Vis,
FTIR, SEM and TEM. This is followed by a critical analysis of the resultant

voltammograms and the extraction of suitable data which is then used for the estimated

12
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important kinetic parameters describing the electrochemical behaviour of the doping
polyanilines. Finally, the results of each step of electrochemical tetrodotoxin aptasensor

using p-doped and PANI-PSSA films polymerized on the electrode surface are discussed.

Finally, Chapter 8 summarizes the major results for the synthesis, characterization and
application of the undoped and doped polyaniline. The chapter also draws conclusions
from the various results and this forms a basis for the suggested recommendations that

follow.

13
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ANALYSIS OF TETRODOTOXIN

2.0 Introduction

In this chapter, a review of tetrodotoxin based on the works which have been done before
will be presented. This literature of the general view of tetrodotoxin focuses firstly on its

synthesis and chemical reaction involved. Secondly the analytical studies using different
analytical techniques which have been reported by different researchers on tetrodotoxin

will also be highlighted.

2.1 Chemistry of tetrodotoxin

Tetrodotoxin (TTX), known as puffer fish toxins, is one of the most potent non-peptidic
neurotoxin because of its frequent involvement in fatal food poisoning, its unique chemical
structure and its specific action of blocking sodium channels of excitable membranes [23].
Tetrodotoxin is a neurotoxin found in the toxic Pufferfish with low molecular weight,
which was isolated for the first time in 1950. The pufferfish family tetraodontidea has
revealed its wide distribution in both terrestrial and marine animal kingdoms such as
vertebrate species inclusive of pufferfish, goby, newt and frog, invertebrates including
octopus, gastropod mollusc, crab, starfish, nemertean and turbellarian [24-28]. The toxin is
named after the tetraodon pufferfish which is the most commonly available source of TTX.
Puffer fish can be found worldwide in warm seas from about 45° latitude north to 45°

latitude south [29].

14
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2.2 Synthesis of tetrodotoxin

The synthesis of tetrodotoxin is through the complex reaction that involves a series of 67
steps [30], including a ketalization, a Meenwein-Ponndorf Verley reduction, selenium
oxidation and a Diels-Alder cycloaddition amongst other techniques [8]. Since 1964 when
its structure was elucidated, TTX has received much attention from the synthetic
community. Many synthetic efforts have been proved for the synthesis of TTX but, Kishi
in 1972, synthesized the racemic tetrodotoxin and the unnatural analogue (-)-5,11-
dideoxytetrodotoxin in 1999 [31] using analogues obtained from the first asymmetric total
synthesis of tetrodotoxin in 2003 (Fig.2.1) [32]. Du Bois at Stanford University used C-H
functionalisation reaction as key steps to report the asymmetric total synthesis of
tetrodotoxin [33]. Sato at Kanagawa University investigated two total syntheses based on a
sugar-based strategy of tetrodotoxin in a racemic and enantiomeric manner in 2005 and

2008 respectively [34-36].
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Figure 2.1: The first Asymmetric synthetic tetrodotoxin produced in a laboratc
2003.[37]

2.3 Structure of tetrodotoxin

Tetrodotoxin as we mentioned above, is one of the most potent molecules that se
blocks the voltagesensitive sodium channels of excitatissues. The structure of TTX
complex and contains an imidazole ring. Thtter is likely the part of the molecule tf
lodges in the channel leaving the rest of the molecule blocking its

mouth.Tetrodotoxinas said earlier on is one of the mpotent neurotoxins and is knov
to block sodium ion channels responsible for nerve and muscle excit{37]. The
chemical structure of TTX has six hydroxyl residat the C-4, C-6, C-82-9, C-10 and
C-11 positions in addition to a guanidinium group (Fig.2.2), which is positively charg

the biological pH range. Although the hydroxyls 9 and C10 are the most importat
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those at C-4, C-6 and Lt also make significant contributic to the binding to th
channel as hydrogen bond dor [38].

Figure 2.2: Chemical structure of tetrodotoxin (TT

The molecular structure of this alkaloid is relatively simple, forming a cyclic seri
carbon atoms. The three nitrogen atoms make a positively charged guanidinium ¢

Nitrogen atoms) and the latter makes the molecule active. The resultants stabilised
by the resonance effect [8].

!
N l/m////,,,“

Figure 2.3: Guanidinium grouy

Hydroxyl groups on the fused ring systems of the tetrodotoxin increase the stabil

the ability of the toxin to reacdn an aqueous environment. Tetrodotoxin exists ir

equilibrium mixture of its ortho ester, anhydride and lactone fi
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Hemilactal form 10, 7-Lactone form

(b)

Figure 2.4: (a) Equilibrium mixture, (b) The tautomer of T

In toxic puffer fish, TTX can c-exist with several of its analogues (Fig.2.5). Arrst
them, 4-epiTTX and 4,8nhydroTTX are the chemical equilibrium analogues of
[39]. Four deoxy analogues such 5-deoxyTTX [40], 1lldexyTTX, [41] 6,11-
dideoxyTTX [42], 5,6,11txideoxyTTX [42] and two 11-nor analogues, hbfTTX-6(R)-
ol [43] and 11-norTTX-6(Spl [44], have also been isolated in the puffer and newts as

the chemical norquilibrium analogue

18



Chapter 2: Analysis of tetrodotoxin

__® OH

T—T)r’/\?\\‘o

R |
,,_T/ H Rz
TTX H OH OH CH;OH OH
4-epiTTX OH H OH CH,0H OH
6.11-dideoxyTTX H OH H CH; OH
3 <3 H OH OH  CH; H
o  o0H  OoF CH{HO) oH
H OH OH H o
Chirisquitoxin H ©OH OH CHOICHNE")COO- OH
TTX-8-O-hemisuccinate H OH OH CH,OH OOC(CH)COO
TTX-11-carboxylic acid H OH OH coo OH
|
Ry Ry
S5-deoxyTTX OH CH,CH

5.6.11-trideoxyTTX H CH..

4,.9-anhydroTTX

Figure 2.5: Chemical structures of TTX analogt[39]

2.4 Chemical reaction of tetrodotoxir

Tetrodotoxin can be oxidized to give -oxo-TTX and the lattercan be reduced 1
regenerate TTX [45]During the oxidation reaction, the primary alcohol -11 was seen
as a ready target for modification. Attempts at oxidizing this gr—CH,OH) led to TTX,

but a predicted aldehyde was never fo
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TTX 11-0x0-TTX TTXR=H & *H
A

Figure 2.6: Chemical reaction of TT

2.5 Some physicoechemical properties of tetrodotoxir

Tetrodotoxin (Octahydro-tghydroxymethyl)-2-imino-5,9:7, 10dimethan-10aH-[1,3]
dioxoci-no[6,5-d]pyrimidine4,7,10,11,1-pentol, G1H17N3Og) is a low molecular weigh
non{rotein based small molecule with a unigue cage structure. The toxin is odourl

stable by heating but unstable at pH levels above 8.5 and bel.
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Table 2.1:Some physico-chemical properties of tetrodotoxin [8]

IUPAC name

Empirical formula

Storage temperature

Solubility

Stability

Pka
Boiling point

Melting point

Enthalpy of vaporizatic
Form
color

Toxicity ( LDsg)

Octahydro-12-(hydroxymethyl)-2-imino-5,9:7,10a-
dimethanol0aH-[1,3]dioxocino[6,5-d]pyrimidine-
4,7,10,11,12-pentol

GiH17N30g, FW. 319.28 g.mdl

2’8

TTX can be soluble in water at neutral pH, in dilute acetic,
dilute sulfuric acid and soluble in a dilute citrate but most
soluble in water. It can be stored in citrate or acetate buffer
for extended periods at -20°C without loss of efficacy.
TTX is unstable in strong acid, alkaline solutions, dilute
hydrochloric and sulfuric acid, but it is relatively heat
stable in neutral and organic acid solutions. It is rapidly
destroyed by boiling giH 2.

8.70

772.7C

Does not melt at 20CQ,darkens and turns black with
increasing temperature

128.15 KJ/mc

powder
white

mice (i.v.): 8.7ig kg1, mice (i.p.): 8 — 1Qug kg", mice

(s.c.): 11.5ug kg*
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2.6 Analytical methods of detection of tetrodotoxin

Many diagnostic methods for quantifying [46], qualifying [47] and detecting [48-49] TTX
have been investigate@ihe results of the investigation have been usedppat clinical
diagnoses of puffer fish poisoning toxins in Japan, Europe, Asia, Mexico, China and
Australia. The standard mouse bioassay (MBA), receptor binding assay (RBA) and the
mouse neuroblastoma cytotoxicity assay (MNCA) have been reported [50] and it is found
that the standard/common method accepted worldwideld@rmining TTX toxicity in

food matrices is the mouse bioassay [24]. Moreover, the use of an animal like the mouse

for the experiment increases the resistance of the toxin.

Although several analytical methods for the analysis of TTX have been published: For
guantitative analysis, gas chromatography-mass spectrometry (GC-MS) [51-52],
immunoaffinity chromatography [52], high performance liquid chromatography with post-
column derivation and fluorescence detection (HPLC-FLD) [47], HPLC with ultra violet
(UV) detection [53] and liquid chromatography-mass spectrometry (LC-MS) [54-55], most
of them are for food tissue samples that were used. Unlike in food, the analysis of TTX in
human urine and blood samples was analyzed by the mass spectrometry (MS) method

because the amount of toxin is extremely low in the urine and blood of a patient [56].

In addition, the detection and qualification of TTX have been done through a biological
test as an enzyme-linked immunosorbent assay (ELISA). Surface Plasmon resonance
(SPR) biosensors were applied for detection using antibodies as a recognition element [57-

58]. However, biological tests are not completely satisfiy due to their low sensitivity
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and the absence of specialized variations. It is also important to know that the bioassay is

not relevant for analyzing TTX in a poisoned patient’s urine or blood samples [56].

2.6.1 Spectroscopy techniques for tetrodotoxin analysis

2.6.1.1Liquid chromatography-mass spectroscopy (LC-M$

In 2001 in central Taiwan Strait, six fishermen developed the symptoms of tetrodotoxin
which lead to one death after contracting food poisoning from an unknown fish on their
boat. Without knowing what type of fish they had eaten, a new protocol of determination
of TTX in the urine and blood of those victims was reported. The C18 Sep-Pak cartridge
column with methanol as a solvent was used to extract the toxin from urine and blood
samples. After cleaning the samples, the extract was filtered through a microcentrifuge
filler and the filtrate was freeze-dried. The later was dissolved in distilled water and
quantified by LC-MS with the recovery of 88.9% corresponding to the detection limit of
15.6 mM. This report had also proved the presence of TTX in the urine and blood of the
victim with the linear curve obtained from the plot response again a concentration between
93.75 and 93.77 mM. In the blood, the range of TTX was 4.5 — 40.6 mM and 47-344 mM
in the urine [54]. Hsiao-Chiret al. determined in 2008 the toxin in gastropod
Niothaclathrataimplicated food paralytic poisoning reported in Kaohsiung, Taiwan in
2006 [54]. The blood serum of the patient was analyzed using the LC-MS/MS method and
the linearity in the serum was observed within a concentration ranged of 1 to 100.ng ml
The limit of detection was evaluated to 0.1 ng‘rahd the limit of quantization (LOQ)

was reproducible at 1000 pgfih serum [54]. From the above reports, in 2001 and 2006,
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it appears that LC-MS/MS was lowering detectable for TTX determination than LC-MS.
On the other hand, Horiet al associated electrospray ionization-mass spectrometry with
the liquid chromatography method to analyse the TTX in puffer fish. These authors
extracted TTX in puffer fish using 0.1 % acetic acid by heating it in a boiling water bath
and the extracts were cleaned up on a Bond Elut C18 (500 mg) cartridge. They determined
that the detection limit of tetrodotoxin in puffer-fish was 1 [fg[89]. At the same time,

TTX in puffer fish tissues, in the serum and urine of humans poisoned after consuming
puffer fish was also analyzed using the high-performance liquid chromatography with
tandem mass spectrometry (LC/MS/MS). This method gave the detection limits of TTX
was 0.01 ug§in tissues of puffer fish and 0.1 ng*hih human serum and urine. These
authors extended the analysis to thirty samples of puffer-fish from wholesale markets,
seven serum and five urine samples of humans poisoned after consuming puffer fish. The
respective detection limit of TTX in all puffer fish tissues, all serum and urine samples at
the which levels was equal to 40 — 140 ng'n0.9 — 1.8 ng mi and 15— 150ng mi*

[60]. In addition, LC-MS method was used for the analysis of the chemically
interchangeable analogues of TTX such as 4-epiTTX and 4, 9-an-hydroTTX. The analysis
of TTX derivatives was done by optimizing the conditions for hydrophilic interaction
liquid chromatography (HILC)-MS-MS to quantify TTX and its analogues via a good

separation [59].

2.6.1.2 High performance liquid chromatography (HPLC)

Many works have been carried out on the determination of TTX with HPLC in gastropods,

puffer fish and urine or blood serum [61]. Margagétal. investigated the extraction or
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TTX in urine and serum samples using solid phase extraction cartridges from TTX-
poisoned patients [62]. The TTX extraction sample was subsequently analysed by high
performance liquid chromatography with post-column derivatisation and fluorescence
detection. The quantity of TTX concentrations were 5 and 20 figeniserum and urine
respectively. TTX was quantified in six samples of urine and six samples of serum from
seven patients who ingested common toadfish and the standard curves were linear in the
range of 20 — 300 ng fhifor urine and 5 — 20 ng mMilfor serum [62]. Similarlythe urine

and blood of six victims in Tungsa Island, Taiwan, in April 2004 who consumed both the
digestive glands and muscles of the gastroNedsarius glandn an incident of food
paralytic poisoning were analysed. These tissues contained high concentrations of toxin
and the quantitative analysis gives the highest toxicity scores at 2,048 and 2,992 MU g
for glands and muscle respectively, based on the tetrodotoxin bioassay [63]. The
purification of the toxin from these gastropods was done by HPLC, which revealed TTX
and related analogue compoundsepi- TTX and anhydro-TTX. Using liquid
chromatography and mass spectrometry, this report obtained the detection limit for TTX to
1 ng mI* with a linear range of 30 — 600 ng hlor urine and 1 — 30 ng Mifor blood

[64]. These previous works reviewed earlier shows that the urine of the victim of TTX-
poisoning contains a higher concentration of toxin than the blood / serum. The HPLC is a
simple and reproducible method but its limitation is that it is not portable and it is

expensive.
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2.6.1.3 Solid-phase extraction (SPE) and gas chromatography/mass
spectrometry (GC/MS)

This combination method has been used to determine tetrodotoxin in human plasma as
well as in urine. The reference [65] described that using this GC/MS technique, TTX was
first converted to 2-amino-6-hydroxymethyl-8-hydroxyquinazoline (C9-base) under
alkaline conditions and extracted with the use of an OASIS HLB extraction cartridge.
After the analysis of the C9-base the linear range was 0.5 — 10 hgmul the detection

limit was 100 pg mi* [65] The toxin from gastropods and the patient’s blood serum was
analyzed by a new developed method Solid-phase extraction and LC-MS/MS. The linear
range determined was found within the concentration range of 1-100"'ranchthe limit

of detection was 0.1ng thiof TTX. The limit of quantification (LOQ) was reproducible at

1ng mI* in blood serum which showed that it contained TTX of 3.30 + 0.08 Ag%al.
Additional research was done on the double solid phase extraction (C18 and hydrophilic
interaction liquid chromatography) by HPLC coupled with tandem mass spectrometry and
was also used to determine TTX in urine and plasma matrices. This analysis has shown
that the assay results were linear up to 500 ngfarlurine and 20 ng rlfor plasma. The

limit of detection and limit of quantification for both biological matrices were 0.13 fig ml

and 2.5 ng mt respectively. The recoveries reported were in the range of 75 — 81 %. The
analysis was extended to eight urine samples and seven plasma samples from eight patients
suspected of having TTX poisoning. TTX was detected in all urine samples, with
concentrations ranging from 17.6 — 460.5 ng'mut was not detected in any of the

plasma samples [66].
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2.6.1.4 Proton nuclear magnetic resonance'H-NMR) spectroscopy of TTX

One of the techniques used to analyse TTX *H-NMR. Nowadays, many derivatives
TTX have been isolated [6&nd their data have been reported ustidNMR technique
by various investigatorf35, 6¢-69]. Yotsu-Yamashitat al. in 1995carried out the'H-
NMR method on 5 mg of TTX crystals dissolved in 0.5 ml of 1 %COOD in L0,
which was placed inpectroscopytest tube [33]. Figure 2.7 shows thé-NMR spectrurr
obtained with a 500 MHz JEOL JN-500 spectrometer, using the methyl group protor
acetone as thinternal standar(33]. Yotsu-Yamashitat al. reported that thi*H-NMR
spectrum presented a singlet at 2.20 ppm3;COCH; formed in solution), a doubl
centred at 2.33 ppm (J = 10.0 Hz), a large proton peak at 4.76 ppm (HDO) and a
centred at 5.48 pm (J = 10.0 | [42]. The pair of doublets around 2.33 and 5.48
which are the hallmarks of TTXnd are assigned to H4a and H4 respectively, have
confirmed to be coupled with each other by double irradiation. These results agr
with the corresponding data of TTX. The signals at 4.24, 4.06,4.28, 3.94, and 4.

ppm are assigned to H5, HA8, H9, and H11 respective[42].

Tetrodotoxin P/d

|/
Hil
H7

H5
HO9

H8

........

i : g‘l
[ GE T

e

wn

Figure 2.7: 'H-NMR spectrum of tetrodotox
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2.6.1.5 Fourier transform infrared spectroscopy (FT-IR) of TTX

The determination of functional groups in TTX was investigated by using FT-IR
spectrometry which is the analytical technique for the determination of functional groups
in the structure of compounds. Although the IR spectrum is a helpful tool to identify TTX
in different species and is presumed to be complex. IR-spectra of KBr pellets were
acquired using IR spectrophotometer, which was used on one hand by Asalkaviar
determination of the IR spectrum of pufferfish toxin [70]. On the other hand, Ewda
reported the IR spectrum of a TTX-HCI salt by the “Nujol” method [44]. A part of TTX
synthesized crystals was analyzed by placing it on a small KBr plate and the IR spectrum
was studied using a FT-IR spectrometer (Perkin Elmer, Spectrum 2000) equipped with an
FT-IR microscope. Yotsu-Yamashi& al. discuss in Figure 2.2 the different absorption
bands at 3353, 3235, 1688, 1612 and 1076 wrere observed in the spectrum of TTX-

HCI crystal [71]. They affirmed this spectrum as indistinguishable from that of the TTX
they had reported on previously, showing characteristic absorptions for the functional
groups OH, guanidinum, and COO- [71]. They also reported the absorption around 1700

cm™ and in the range of 3600 — 4000 tmas derived from kO in the air.
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Figure 2.8: Infrared spectrum of tetrodotoxin.

2.6.1.6 Mass spectroscopy (MS) of TTX

Review of literature [8, 40] shows that the fragment ion spectrum of the molecular ion,
MH®, for TTX (m/z 320) is obtained by the positive-ion ESI-MS/MS as shown in
Figure.2.3. This result was compared with the one reported by Quédliah[72] and it

was almost identical to the ion-spray MS/MS of TTX. The spectrum presents the fragment
ions due to the elimination of one or two water molecules. The minor ions at m/z 256 of
TTX were probably generated with the loss of 28 mass units from the ion of [}f-H

or [MH-2H,0]". This could be accounted by the elimination of CO at C10 as the result of
the cleavage of the bonds between the C9 and C10, C10 and C5, C10 and C7, due to the
hydroxy hemilactal structure. This explanation was supported by the fact that fragment
ions similar to these were not detected on the spectra of the 10, 7-lactone-type analogues
such as 5-deoxytetrodotoxin [70]. The intense fragment ions m/z 162 were shown on the
spectra of TTX and because the generation of this ion did not depend on the structures of

the substituent at C5, C6 and C10, the origin of this fragment ion was assumed to be a
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mixture of 2-aminohydroxyquiazolines [70] as the most probable fragment. These
structures might occur due to the cleavage of the bonds between C8a and C9, and between
C6 and C11, with the sequential elimination of water molecules. The origin of the
fragment ion shown at m/z 178 corresponds to 2-aminodihydroxyquinazolines and 2-

aminoquinazoline [70].
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Figure 2.9: The fragment ion spectrum of Midf TTX. Volume of 100 to 200 pmol of TTX
was injected into 0.05 ml min-1 of aqueous 50 % MeOH (v/v). Argon at a target thickness,

1,5 X 1014 molecules cm-2; collision energy, 49[éb].

2.6.2 Immunoassay methods for tetrodotoxin analysis

2.6.2.1 Enzyme-linked immunosorbent assay (ELISA)

The direct competitive enzyme-linked immunosorbent assay (ELISA) kit was developed
for detecting TTX. Neaget al. used this technique to determine TTX and the method was

adapted for an electrochemical essay device [73]. The antigen named alkaline phosphate
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(AP) was used and the conjugate (antibody) was synthesized in vitro. The dynamic range
was 4 - 15 ng mi with a limit of detection of 2 ng il (R*® = 0.9247) for the
spectrophotometric method, while the dynamic range was 2 — 50 hgnulthe LOD was

1 ng mt* for the electrochemical protocol [73]. Waeg al. have been interested in the
homogenization of the tissue samples of puffer fish where TTX was extracted with boiling
0.1 % acetic acid solution [74]. Then the water phase was diluted with 0.05'mol |
phosphate buffer saline for ELISA determination. The results showed that the linear range
of 0.1 - 1.0 mg mt was used and the minimum detectable concentration of tetrodotoxin
was 1.0 mg m}. The recovery rates from tetrodotoxin spiked samples used in this method

were 73.8 %~ 117.4 % [74]. On the other hand, tetrodotoxin was determined in a puffer

fish sample using an anti-tetrodotoxin monoclonal antibody with the ELISA test by Rong
et al the range of standard cure was between 5 - 500 Hgand the detection limit
concentration of tetrodotoxin was 0.1 ng”miThe TTX sample was spiked and the

recoveries of the method were 73.0 % 118.0 % [74]. A group of researchers

investigated the analysis of 17 livers and 20 muscle samples of puffer fishes for the
detection of the concentration of TTX using the mouse bioassay and indirect competitive
inhibition enzyme-linked immunosorbent assay respectively. This research demonstrated
that ELISA was remarkably correlated to mouse bioassay. It was also found that because
of the easy-handle, rapid and highly sensitivity of the ELISA method, it is suitable for
guantitatively detecting tetrodotoxin and effectively regulating poisonous puffer fishes
[75]. Yu Zhouet al.in 2010 investigated the detection of tetrodotoxin in puffer fish using
immunoassay based on a gold nanoparticle labelled monoclonal antibody (Mab) [76]. Two
antibodies were relevant for the assay, the first one was as detector reagent supplied in

sample pad and the second was as capture reagent immobilized on a diagnostic cellulose
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nitrate membrane. After the binding of immobilized TTX-BSA (bovine serum albumin) to

a gold nanoparticle labelled Mab, the complex gold nanoparticle-Mab-TTX can be
captured by the second antibody but cannot capture TTX-BSA. It was evaluated from the
calibration curve that the concentration of TTX ranged from 40 — 8000 Higand the
detection limit of TTX-spiked samples was equal to 40 ng with a very short time for

detection, less than 10 minutes [76].

2.6.2.2 Surface plasmon resonance (SPR) sensor

Taylor et al. have developed the quantitative detection of TTX by an inhibition assay with

a SPR sensor. They used a custom-built SPR sensor developed at the Institute of Photonics
and Electronics, Academy of Sciences (Prague, Czech Republic). They reported the
guantitative antibody-based detection of a low-molecular weight molecule, tetrodotoxin
(TTX) (~319 Da) by an inhibition assay with a SPR sensor. The covalent binding method
was used to immobilise the anti-TTX antibody on gold film with a mixed self-assembled
monolayer (SAM) consisting of amine terminated oligo ethylene glycol (OEG) alkanethiol
and a hydroxyl terminated OEG alkanethiol to develop a sensing surface of TTX. Both
components of the mixed SAM contain ethylene glycol units used for this analysis
minimized the non-specific protein adsorption [9, 77]. The amine groups gtORG-AT

can be functionalized by covalently linking TTX to the surface with formaldehyde [78].
These researchers found that from the calibration curves, two antibody concentrations
incubated with samples of varying TTX concentrations ranging from 0.01 — 10°hg ml
The detection limit for TTX was defined as IC20 (20% inhibitory concentration), which
was ~ 0.3 ng mt". The corresponding calibration curve had a characteristic IC50 (50%
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inhibitory concentration) o~6 ng mi*. They also showed that the TTX-immobilized

surface which developed had the ability to be reproducibly regenerated [79].
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Table 2.2 Summary of different works done on analytical techniques for TTX detection

Methoc Analytical columi Reageni Sample LOD range Reft
[ng m"]  [ng mr]
ELISA - - Urine N/A
SPF - Amine terminated olig-ethylene glyco Synthetic sampl 0.2 0.01- [80]
(OEG) alkanethiol and a hydroxyl from Sankyo Co., 10,000
terminated OEG alkanethiol Ltd. (Tokyo, Japan)
HPLC ODS resersed-phase, YMC-pack Heptafluorobut-yric acid, sodium Urine 2 6-102 [81]
ODS-Aq, YMC, 6.0 mm id x 300 hydroxide
mm
HPLC  Cosmosil 5C18-AR column, 250 x Heptanesulfonic acid, potassium Gastropods and 10 - [82]
4.6 mm phosphate buffer, sodium hydroxide puffer fishes 2000
LC/ESI HILIC (phosphorylcholine Methanol, acetic acid, acetonitrile Blood/serum 0.32 2-1200 [81]
- hydrophilic interaction liquid

MS/MS chromatography) column (150 mm x
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Table 2.2: Summary of different works done on analytical techniques for TTX detection

Method Analytical column Reagents Sample LOD range Refs
[ng mr']  [ng mr]
LC-UV  Allsphere OD%2, 5 um, 250 x 4. 1-heptanesulfonic acid sodium s Urine 10 [83]
mm monohydrate, sodium dihydrogen
phosphate anhydrous, methanol
LC- Nove-pack C18, 4 um, 100 x 8 n Hetonitrileptanesulfonic acid, & Urine and serui  u: 20; s: [47]
FLD 5
GC-MS DB-5 fusedsilica capillary colun30 - Urine and serul u: 0.5, [84]
m x 0.25 mm i.d.film thickness 5 s:1
LC- Atlantics dCI18, 5 um, 150 x 2 Heptanesulfonic acid, ammonium form. Urine 0.1% [85]
MS/MS mm with formic acid, acetonitrile
LC-MS Zorax 300SB-C3, 150 x 4.6 mm Trimethylamine, ammonium formate, Urine 4.97 [54]
acetonitrile
LC- Zorbax 300SB-C3, 150 x 4,6 mm Trimethylamine, ammonium formate, Urine 1 [86]
MS/MS acetonitrile
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2.7 Conclusion

As earlier highlighted tetrodotoxin is one of the most potent nonpeptidic neurotoxins
because of its frequent involvement in fatal food poisoning, its unique chemical structure,
and its specific action of blocking the sodium channels of excitable membranes. The flow
of sodium ions into nerve cells is a necessary step in the conduction of nerve impulses in
excitable nerve fibres and along axons. The victim of TTX poisoning is paralyzed and
death can follow almost immediately. The minimum lethal dose in humans for tetrodotoxin

is estimated to be 1-2 mg [10] and the minimum dose necessary to cause symptoms has
been estimated to be 0.2 mg. From the various statistics reported in different countries,
TTX generates interest in many research areas. Several researchers have investigated the
quantification (determination) of TTX using HPL&-NMR, FT-IR, MS/MS, LC/MS,
LC/ESI-MS and the qualification (detection) using several analytical techniques such as
LC-FLD, ELISA and SRP [70] . Amongst these analyses, it was found that, no
electrochemical technique has ever been used to analyze TTX. Indeed, this being one of
our first motivations, this research study will therefore be investigating for the first time
the detection of TTX using unique techniques involving electrochemical analysis such as
CV, SWV and EIS based on electrochemical biosensors. The next chapter (chapter 3)
discusses a literature review of the electroactive compounds and the biomolecules needed
for developing the electrochemical platforms which will be employed to achieve set

objectives.
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DOPED POLYANILINE FILMS ELECTROCHEMICAL
ACTIVITIES AND REDOX PROBE APPLICATION

3.0 Introduction

Since the discovery of conducting polymer in the mid 1970’s, the study of these materials
has been a hot research area for many academic institutions. The conducting electroactive
polymers (CEPS) such as polyaniline, polypyrrole, polythiophene, and polyacetylene are
classified as electronic polymers which are driven by electric field or coulomb forces or
ionic CEPs which change shape by mobility or diffusion of ions and their conjugated
substances. A varied domain of applications of CEPs has been reported in electrochemical
sensors and biosensors [87], actuators, artificial muscles [88], corrosion control [89-90]
and batteries [91]. In the field of the sensor as an application, the CEPs provide a means
for the direct or indirect entrapment of the specific agent as enzyme, antibody, ionophore
and aptamer. Indeed, ionophores are chemical compounds that bind to a particular ion,
shielding its charge from the surrounding environment and thus facilitating its crossing of

the hydrophobic interior of the lipid membrane.

This work is based on the development of the electrochemical sensor of tetrodotoxin by
modifying the electrode surface with electronic electroactive polymers using the

immobilising agent to develop an electrochemical platform for detecting the tetrodotoxin.
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Indeed, the electroactive polymers are used in electrochemical sensors and biosensors to
enable the immobilisation of a specific agent or biomolecule (antibody, aptamer, enzyme,
ionophores) on the electrode surface. The focus of this chapter however is on the study of
electroactive undoped and doped polyaniline films and their application in sensors and

biosensors based on ionophores and aptamer respectively.

3.1 Electrochemistry of conducting electroactive thin films polymers

3.1.1 Conducting electroactive polymers

Conducting polymers (CPs) are large organics conjugated electroactive polymers, capable
of undergoing oxidation/reduction themselves [92]. We generally distinguish four groups
of polymers. The first and most widely used commercial conducting polymers are
composites in which an originally non-conducting polymer matrix is filled with a
powdered conductive medium such as carbon or metal to give rise to its conductivity.
Applications for such composites are varied and could be used for solder substitutes and
antiseptics. The second group of polymers is called ionically conducting polymers. Here,
electrical conductivity is as a result of the movement of ions. An example of such a
polymer is polyethylene oxide, in which lithium ions are mobile. These kinds of polymers
find various applications in industry and medicine [93], artificial muscles and robotics
[94]. The third group of polymers is called redox polymers. These contain immobilized
redox centres (electroactive centres). These centres are in contact with one another, but can
conduct charge by electron transfer from one centre to another via a “hopping” mechanism

[95]. In this mechanism, electrons transfer from one redox centre to another through an
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insulating barrier. Due to this mechanism, redox polymers have been shown to be the most
effective mediators in amperometric biosensors [95]. The fourth group is conjugated
polymers which are polymers that consist of alternating single and double bonds, creating
an extended-network. They have attracted a great deal of attention lately, as materials for
possible applications in micro-electronic devices, analytical chemistry and biosensor
devices [96]. A simple model of the charge transfer and transport processes in a polymer

film electrode is shown in Figure 3.1.

Metal Polymer Solution

Figure 3.1: A schematic picture of a polymer film electrode.

In an electrochemical experiment, electron transfer occurs at the metal|polymer interface
that initiates the electron propagation through the film via an electron exchange reaction
between redox couples A and B via electronic conduction by the polymer backbone ie
when the polymer reacts with an oxidant or reductant (added to the solution), the electron

transfer starts at the polymer|solution interface. lon-exchange processes take place at the
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polymer|solution interface; in the simplest case, counter ions enter the film and
compensate for the excess charge of the polymer. Neutral (solvent) molecules (O) may
also be incorporated into the film (resulting in swelling) or may leave the polymer layer.
Since the discovery of polythiazyl, the first conjugated polymer [97], the idea of using
polymers for their electrical conducting properties has generated much interest. Electron
movement within thiszn-framework is the source of conductivity. The model of
conductivity in a polymer is translated from the reduced to oxidised form. This means that,
electrons move from cathode to anode, so the polymer obtained in the oxidised form is
more conducted than the one obtained in the reduced form. For example, with polyanilines
as shown in Figure 3.4, the pernigraniline, which is fully oxidised, is more conducting than
the leucoemeraldine which is fully reduced. Other conducting polymers containing
conjugatedr bonds such as polyaniline (PANI), polypyrrole (PPY), polythiophene (PT),
polyfuran (PFU), poly§-phenylene) (PPN) and polycarbazole (PCB), have been
synthesised for possible applications [98-99]. Amongst all the conducting polymers stated
above, this study is focused on polyanilines because of their properties and application in
electrochemical sensors. Polymers have been used to immobilize biomolecule onto the
electrode surface almost from the birth of biosensor research, but recently they have been
used to fulfil a number of diverse roles. A large number of polymers have been used in the
production of biomolecule sensors especially polymers that are capable of electrochemical
polymerisation. For electrochemical sensors as said earlier, the polymer can be doped to
increase its stability and the conductivity [100] when the polymer is studied in an alkaline

medium.
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Table 3.1: Some example of conducting polymers [101]

Structure Name Structure Name Structure Name Structure Name
Polyacetylene 1 | Poly(para- [ poly(Thienylene Polycarbazole
c=c (PAc) [ Q phenylen) /,( \ \ -Vinylene) = ="
. { (PPP) s - (PTV) \ @ y
- N
I Polypyrrole I 1| Poly(phenyle [ Poly(Furylene - S Poly(thieno[3
/ \ (PPyY) _4@_\ e-vinylene) = /4 \ \ vinylene) (PFV) / \ / 2-b]pyrrole)
— | (PPV) 0 B
N L N N
H n - L H n
I polythiophen | [ 1| Poly(phenylen Polyaniline s Poly(thienol[3,
J\ e (PTh) _@S__ esulfide) (PPS) il (Pan) 2.
— s N b]thiophene)
. Poly(ethylene Poly(phenylen . Polydiphenylam Poly(fluorene)
RN /| | dioxythiophe — | | e ethynylene) *@ﬂ«-— ine
/ )\ ne) (PEDOT) (PPE) n
s I o
1 | polyseleneop Poly(indole) 1 | Polypyridine Polycarbazole

hene (X=Se)
Polyfuran
(X=0)
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3.1.2 The concept of doping

Doping is the process of introducing a controlled quantity of impurities (non-
stoichiometric) into a semiconductor material to enhance the electronic, magnetic, optical
and structural properties [100] of the polymer. Conjugated polymers can be oxidised or
reduced chemically or electrochemically, accompanied by an insertion of counter-ions.
Conducting polymers can be doped by adding chemical reactants to oxidise or to reduce
the system so that electrons are pushed into the conducting orbital within the already
potentially conducting system. There are two primary methods of doping a conductive
polymer, both of which use a redox process (oxidation-reduction).

1. Chemical doping which involves exposing the polymer (tin film) to an oxidant
such as iodine or bromine. Alternatively, the polymer can be exposed to a
reductant; this method is far less common and typically involves alkali metals.

2. Electrochemical doping involves suspending a polymer film on the working metal
electrode in an electrolyte solution in which the polymer is insoluble along with
separate counter and reference electrode. An electric potential difference is created
between the electrode that causes a charge and the appropriate counter ion from the
electrolyte to enter the polymer in the form of electron addition (i.e. n-doping) or
removal (i.e. p-doping).

An electron-rich, n-doped polymer will react immediately with elemental oxygen to de-
dope the polymer (i.e. reoxidise to the neutral state). Thus, chemical n-doping must be
performed in an environment of inert gas such as argon. Electrochemical n-doping is far

more common in research, because it is easier to exclude oxygen from a solvent in a sealed
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flask. Oxidative doping refers to the partial oxidation of the organic polyrb@ckbone
through the interaction between the polymer and the p-type dopant. The flow of electrons
from the valence band to the acceptor dopant leads to the delocalisation of holes within the
polymer backbone which enhances the conductivity of the polymer [102]. On the contrary,
during reductive doping (n-type), there is a partial introduction of mobile electrons into the

n system. The illustration of the concept of n- and p-doping is as follows:
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Figure 3.2: Schematic representation of n and p- doping processes respegtiziely

Numerous studies had been performed to dope PANI and its derivatives with various
dopants to enhance their stability and conductivity [103]. Indeed, Yanyan and Kalle have
doped PANI with different dopants such as hydrochloric acid, perchloric acid, sulfuric
acid, methanesulfonic acid, benzene sulfonic acid, p-toluenesulfonic acid, poly(4-styre-
nesulfonic acid) (PSSA), poly(vinylsulfonic acid), poly (acrylic acid) and

poly(anilinesulfonic acid) for studies in alkaline and neutral media [103]. These authors

reported that the stabilizing effect dopants have on polymers as it increases with the large
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macromolecular counter ions. It was also demonstrated that amongst these dopants, PSSA
was the one that can effectively enhance the electroactivity of PANI in neutral and alkaline
media. Elsewhere, the PANI was doped with different anions including the chloride,
methane sulphonic acid, benzene sulphonic acid and dibenzenesulphonic acid, this time to
study the effect of pH composite [104]. Not only PANI can be doped, but its derivatives as
well. PANI derivatives like poly-N-methylaniline, poly-o-methoxyaniline and poly-2,5-
dimethoxyaniline separately doped with PSSA, naphthalenesulfonoic acid and anthracene
sulfonic acid and the polymer composites have been applied on the detection of diazinon
[102]. The importance of doping is that besides the enhancement of conductivity and
electroactivity of the polymer, counter ions also a significant effect on polymer growth rate
and redox behaviour. From the numerous studies done on the doping process as presented
earlier on, this research study thus focuses on the electrochemical doping of PSSA with

PANI.

3.1.3Polyaniline and its derivatives

Polyaniline is a special of kind of conducting electroactive organic polymer which shows
many interesting properties such as electrochemical redox behavior, electrochromic [105]
and catalytic activities [106-108]. The specificity of the PANI is that besides redox doping

it also undergoes protonic doping. Protonic doping differs from redox doping in that in the
former case, the number of electrons associated with polymer backbone does not change
during the doping process but instead a re-arrangement of the polymer energy levels
occurs [109]. Protonic doping in polyaniline has been achieved through the protonation of

imine nitrogens of the polyleucoemeraldine (PLE) form of PANI using strong acids [110].
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This leads to the production of a highly conductive, delocalised, stable polysemiquinone

radical cation and the PANI polyemeraldine salt form (PES) [104, 109].

3.1.4Synthesis of polyaniline

Two common methods have been used for the synthesis of polyaniline. The aniline
monomer can be polymerised chemically (chemical synthesis) or electrochemically
(electrochemical synthesis) to prepare the powder or the films polyaniline respectively
[102, 111-112]. As early as in 1962, Mohilretral. [92] investigated the kinetics of the
electrochemical oxidation of aniline in sulfuric acid and deduced that the initial oxidation
requires the formation of aniline radical. Kinetics studies led Moh#hexl. [92] to the
conclusion that the oxidation of aniline occurs via a free radical mechanism that produces
the emeraldine (octamer) as the primary product. A more detailed mechanism as proposed

by Wei and co-workers is presented below in Figure 3.3.
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Figure 3.3: Mechanism of polymerisation of anilif@2]

3.1.4.1 Chemical synthesis of polyanilines

The chemical oxidation polymerisation process is particularly important because this
synthesis is the most feasible method for producing PANI powder on a large scale. The
chemical synthesis entails the oxidative polymerisation of the requisite monomers in an
acidic media using strong oxidants such as ammonium persulfate or sodium metavanadate
[113], ammonium peroxydisulfate [114], potassium persulfate or dichromate and ferric
ions or hydrogen peroxide in the presence or absence of templates. These oxidants in
solution oxidise the monomers creating the electron deficient site with chemically active

cationic radicals of the respective monomers. Then, the cationic radicals formed react with
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more monomer molecules Yyielding oligomers or insoluble polymers [102]. The
polymerisation occurs in the bulk during the chemical synthesis and the resultant polymers

precipitate as insoluble solids.

3.1.4.2 Electrochemical synthesis of polyaniline

Electrochemical polymerisation also called electropolymerisation is a typical method
generally used for the synthesis of PANI coating because of its simplicity and
reproducibility. In general, this method consists of applying an opportune potential to a
working electrode immersed in an electrolyte solution. The monomer is thus
electrochemically oxidised and polymerisation occurs at the electrode surface with
deposition of the polymer film. Since then the nature of the intermediates of PANI
synthesis have been proposed based on cyclic voltammograms. The first stage of the PANI
synthesis was found to be the formation gH&ENH," cation radical through the transfer

of an electron from a Smrbital of nitrogen atom to the electrode during electrochemical
oxidation. During polymerisation, the PANI chain propagation starts with the formation of
non-conducting PANI, leucoemeraldine (oxidation state n = 1) complete reduction state
and terminates with the formation of the most conductive PANI form, the emeraldine (n =
0.5) oxidation state. In some cases, when using this method, the intermediate process
occurs, and it forms the pernigraniline (n = 0) fully oxidized state. This can be illustrated

by Figure 3.4 [115]
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Figure 3.4: Chain propagation state of aniline.

This technique present many advantages over the more traditional dip-coating procedures
such as greater simplicity, reproducibility, completed coverage of the active surface,
greater control over film thickness and perhaps provide a means for the entrapment of both
the specific agent and a suitable mediator. One of the advantages of electrochemical
polymerisation is that the reactions can be carried out at room temperature by varying
either the potential or current with time to control the thickness of the film. Moreover,
electropolymerisation is a cheap techniqgue and polymerisation media can be used
repeatedly. On the other hand, the possibility of a polymer film formation directly on the
electrode surface is also a big advantage. Most electrochemical syntheses proceed through
radical coupling polymerisations, while chemical syntheses are condensation

polymerisations. Condensation polymerisation generally involves loss or elimination of a

44



Chapter 3: Doped polyaniline films electrochemical activity and
redox probe application

chemical species resulting from the reaction of end groups on monomer molecules. The
electrochemical synthesis, which is used in this study, is a more preferred method due to
its reproducibility and simplicity. Polyaniline films are obtained by electrochemical
deposition onto certain surfaces. This deposition leads to the preparation of thin films or
thick films at a well-defined redox potential in the presence of a given counter ion, which
in turn defines the level and characteristics of the doping reaction [116-119]. For
electrochemical methods, potentiostatic, galvanostatic and potential sweep methods are
usually used for electropolymerisation of PANI and its derivatives. Standard
electrochemical techniques, which employ a divided cell containing a working electrode, a
counter electrode and a reference electrode generally, produce the required films. The
commonly used working electrodes are conducting substrates such as gold, carbon,
platinum and indium-tin oxide coated glass plates. Semi-conducting materials including n-
doped silicon, gallium arsenide, cadmium sulphide and semi-metal graphite, are also
employed for the growth of polymer films. It is important to remember that many CPs
synthesised by electrochemical methods are oligomers, with chain lengths ranging from
about eight monomer units to 50 units, which is much less than the typically portrayed

100,000 units of some anilines [92].

3.1.4.3 Medium of polymerization

The synthesis of PANI is performed generally in aqueous acid solutions [120] and neutral
aqueous media [121], either chemically or electrochemically. But in the case of organic
media, it was considered that good quality of PANI films cannot be obtained. The

properties and several applications of PANI obtained depend on synthesis parameters such
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as the technique of electrosynthesis and the composition of the polymerisation solution.
Examples of electrolytes which have been used to this end include aqueous acids [122-
124] (hydrochloric acid, sulfuric acid, oxalic acmuitric acid) and salts [125-129] (copper

(I) nitrate, sodium sulfate, sodium sulfate/sodium perchlorate, lithium perchlorate),
organic [130-131] electrolytes (tetramethylammonium trifluoromethane-sulfonate
/acetonitrile, periodic acid/tetraethylammonium tetrafluoroborate/acetonitrile,
trichloromethan, tetrabuthylammonium perchlorate/acetonitrile, perchloric
acid/benzenesulfonic acids), ionic liquids [132-135] (1-methyl-3-butylimidazolium

tetrafluoroborate) and fluoride medium (ammonium fluoride, hydrofluoric Acid) [136].

From these previous studies done on the synthesis of polyaniline in different media, some
of them have shown that the medium of the polymerisation affects the properties of the
polyaniline. The yield and electrical conductivity of emeraldine salt-form PANI prepared
in acid medium is increased by decreasing the ionic strength of the acid [111]. The
stability of polyaniline is an important property in most of its applications and can be
accessed from various viewpoints [137]. However, Brozi\al. investigated the stability

of chemical synthesised PANI in a strongly alkaline and acidic aqueous medium and it was
found that PANI is more stable in alkaline medium than acidic medium at the temperature
range of 250 — 3508C [138]. On the other hand, this research study intends to prove that
PANI can be electrochemically synthesised on a precious metal system in an organic
medium (Perchloric acid/acetonitrile), possess a higher stability at room temperature and
does not deteriorate on scanning and will therefore find applications in electrochromic

tetrodotoxin devices.
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3.1.4.4 Properties and application of conducting electroactive thin films

polymers

Nowadays, conducting polymers are synthesised in the form of nanomaterials. These
nanomaterials have the properties of polymeric materials with high strength, flexibility,
elasticity, stability and ease of handling. These physical properties give a particular interest
to conducting polymers which significantly change as compared to the properties of their
bulk counterpart. For the usual electronic properties like electrical conductivity, this is due
to the n-conjugated electron contained in conducting polymers chain. The conductivity
properties are responsible to low energy optical transitions, low ionisation potential and
high electron affinity. This property results in conducting polymers to be employed as
charge storage materials for rechargeable batteries and used in the fabrication of
biosensors in various fields such as

* Healthcare which is applied in medical diagnosis (glucose, fructose, lactate,
ethanol, cholesterol, urea etc.)

* Immunosensors that can be used in medical diagnostics and environmental sensors

* DNA sensors for the detection of various genetic disorders.

* Environmental monitoring for quality control of pollution and detection of
hazardous chemicals in biosensors (polyphenols, sulfites, peroxides, formaldehyde
etc.)

» Food analysis for detecting the glucose, fructose, ethanol, sucrose, lactate, malate,
galactose, citrate, lactose, urea and starch in food industries.

Conducting electroactive polymers have received considerable attention from both

academia and industry because of their many potential applications such as artificial
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muscles and sensors [139]. The application of conducting polymers to electrochemical
biosensors is mainly based on the idea that they can improve direct electron transport
between oxidoreductase enzymes and electrode surface in amperometric biosensors [140].
Regarding these properties and the application of conductive electroactive polymers, an
increasing number of academics, governmental and industrial laboratories throughout the
world that are involved in basic research show that this area is interdisciplinary in nature.
The aim of the present research is to exploit the stability and the conductivity properties of
conducting electroactive polyaniline as a probe to develop the electrochemical sensor and
biosensor for the detection of tetrodotoxin. One of the motivations is to choose the a
conducting polymer to construct novel sensor that improves the detection limit and smaller

potential drift [141].

3.2 Molecular recognition elements and their application in sensors

and biosensors

3.2.1 Neutral ionophore compounds

lonophores are a type of chemical compound which can be called ion carriers because of
the capability of binding ions reversibly and transporting them across organic membranes
by carrier translocation. They are lipophilic complexing agents [142]. Since the late
1960'’s, a large number of electrically neutral carriers with high selectivity for specific
cations have been developed and have found applications in potentiometric sensors (ion-
selective electrodes (ISE)) or in optical sensors (ion-selective optodes) for the

measurement of the respective ion activities in different sample environments [80].
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lonophores have been shown to form inclusion complexes with different ion molecules in
various environments [143]. Their functions as ion carriers for active substances have

important applications in biology, drug research, electrochemistry and the food industry.

Lipophilicity of ionophores: The lifetime of a chemical sensor based on a carrier doped
solvent polymeric membrane is limited by substantial and irreversible changes in the
membrane composition. To assure reproducible sensor behaviour, all the membrane
components have to be confined to the membrane phase over an analytically relevant time
period. Depending on the geometry of the sensor, the type of sample and the technique of

sensor use, widely different lipophilicities.

3.2.2 lonophore exchange kinetics

The ionophores should form relatively stable complexes with the primary ion | (ion | to be

sensed with high selectivity) but on the other hand, the exchange reaction of the selected
ions at the membrane/solution interface must be sufficiently reversible. Therefore, the free
energy of activation of the ligand exchange reaction can be represented by the Equation

3.1 below
IS+S-IS'+S Equation 3.1

where S and S' are relatively low ionophores. The limit for the free energy of activation of
the ligand exchange reaction is probably around 45-65 kJ.mo1
The requirement that a sufficiently high and constant concentration of ionophore should be

present in the membrane phase in unloaded form is theoretically related. If a cation
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ionophore is predominantly present within the membrane phase in the loaded form, anion-
selectivity is induced. These findings are in agreement with the experimental evidence that
the transport rate of ionophores passes a maximum when increasing the stability constant
of the ionophore/ion interaction. In order to keep the free energy of activation of the ligand
exchange reaction sufficiently small, we have been focusing our design of the ionophore
on non-macrocyclic structures. Numerous studies on sensors have been carried out based
on neutral ionophores or neutral carriers. The sensors based on selective ionophores are
usually called ion-selective electrodes, using the technique of liquid-liquid interface which

is developed in Chapter 4. The first ion-selective electrodes (ISEs) based on bulk
membrane containing an ion carrier was introduced more than 50 years ago. Neutral
ionophores are divided into many categories according to ion-exchange molecules as

shown in Table.3.2.
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Table 3.2a:lons sensors and their selective ionophores [144]

lons Name ionophores Structure of selective ionophore
sensor
H* 3-hydroxy-N-
dodecylpicolinamide W
Octaphenylcyclotetr
asiloxane W

Li* Di- or triamide
ionophores
ETH 2137
Natural carboxylic
polyether
tetrahydrofuran
Heteroaromatic
ionophores

trioctylphosphine oxide

C (gray), S (yellow), O (red), N (blue)
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Table 3.2b:lons sensors and their selective ionophores:

ter

5

lons Name ionophores Structure of selective ionophore
sensors
Na’ Noncyclic amide
ionophores
1,8-naphtha-lenediol
Calixarene
ionophores
4-tert-Butylcalix[4]arene-tetraacetic acid tetraethyl es
Na’ and Crown ether
K* ionophores
Dibenzo-18-crown-6
NH," antibiotics nonactin gi :: f
Mg=* 1,10-Phenanthroling
ionophores
Ag* 1,4-dithia-15-crown- Q
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3.2.3Application of ionophores in electrochemical sensors

A characteristic property of all the ionophores is their ability to adopt a cyclic ring
formation by concentrating on all the heteroatom functions at the centre of the structure
where they are available for complexing mono- or divalent cations. Crown ethers have
been reported to be inexpensive neutral carriers in the construction of ISEs. Additionally,
these carriers have the option of covalently attaching the desired molecule for
electroanalytical applications. It is proposed to study the ion-sensing response of the
dibenzo-18-crown-6 (B18C6). The resulting ISEs result in a highly sensitive response with
extended linearity to a potassium impregnated polyvinyl chlorite matrix membrane laid
down on the surface of a polyindole modified electrode. The use of an ionophore-
impregnated plasticised PVC matrix membrane in developing a solid-state configuration of
an ion-selective electrode is an attractive requirement and we have made efforts using
polyindole and polycarbazole synthesised in dichloromethane which contains
tetrabutylammonium perchlorate as a bathing electrolyte [145]. The crown ether ionophore
was used to the serum’lassay by voltammetric measurements with artificial serum under
quiescent conditions (i.e. in batch measurement) [146]. This ionophore was also used in
the determination of a thallium (I)-selective electrode based on dibenzyldiaza-18-crown-6
by potentiometric titration over a wide concentration range of Thallium ions [147]. The
ISE measurement of M Na', K* and C4" ions based on ionophore ETH 5220 has been

reported by Malon and Maj-Zurawska [148].
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3.2.4Aptamer biomolecule

Aptamers are short synthetic single-stranded oligonucleotides that specifically bind to
various molecular targets such as small molecules, proteins, nucleic acids, cells and tissues
[149]. This new class of oligonucleotide-based molecular recognition elements has more
recently emerged as a rival of enzyme and antibody-based methods. This name
“aptamer”, is derived from a linguistic chimera composed of the Latin wordaptus
(meaning “to fit”) and the Greek suffix “-mer” [150-151]. Aptamers can bind to a wide
range of target molecules that include proteins, peptides, nucleotides, amino acids,
antibiotics, low-molecular organic or inorganic compounds and whole cells with high
affinity and specificity [152]. However, like proteins, nucleic acids are able to fold into
intricate tertiary structures that have the potential to perform a variety of functions
including gene-regulation, catalytic activity and ligand-binding [153]. Two decades ago,
several researchers revolutionised molecular recognition by developing synthetic RNA
motifs that bound specifically to molecular targets [153]. These RNA structures, called
aptamers, were developed in an in-vitro selection procedure by the systematic evolution of
ligands by exponential enrichment (SELEX) [151, 153]. This technique makes it possible
to isolate functional oligonucleotides against a specific target from a random single strand

of ssDNA or RNA library (usually in 18 different sequences).
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3.2.4.1 Systematic evolution of ligands by exponential enrichment (SELEX) for

general process of aptamer synthesis

Cell-SELEX enabled the isolation of many aptamers by recognising particular cell types.
In 1990, three independent research groups reported an in-vitro technique for the isolation
of functional oligonucleotides [151, 153]. Fitted with this modern technique, SELEX has
become a general and powerful method for isolating nucleic acid aptamers. Since the
introduction of aptamers and the SELEX process, several works have implored the
aptamer selection and isolation acids process with a wide variety of application fields.
Tuerk and Gold used the term SELEX for their process of selecting RNA ligands against
T4 DNA polymerase; Ellington and Szostak performed in-vitro selection to select RNA
ligands (for which they coined the term “aptamers”) against various organic dyes; while
Robertson and Joyce evolved the tetrahymen a self-splicing intron to perform out a DNA
cleavage reaction [153]. Some changes of the SELEX process have been reported by
various researchers but its invention in general remains the same. Figure 3.5 is a schematic
depicting the basic SELEX process that includes repeated cycles of selection and
amplification. This aptamer screening process is influenced by many parameters such as
target features, design of the random DNA library, selection condition and the efficiency

of partitioning methods.
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Figure 3.5: SELEX technology aptamer screening process.[151]

Typically, SELEX begins with an initial library (often referred to as “a pool”) of random
nucleic acid sequences (either RNA or DNA depending on the nature of the research).
SELEX libraries ideally consist of 30—80 random nucleotide positions flanked by primer-
binding sites necessary for polymerase chain reaction (PCR) amplification [154]. Four
essential steps for the normal SELEX process can be stated; these binding, selection,
amplification and partitioning. Out of all these steps, the most critical one is the selection
step. In the first step of SELEX, the random sequence of the DNA or RNA library is
incubated with the target. This is one of the most critical steps to isolate high affinity and

specificity aptamers among the extremely diverse oligonucleotide library. Afterwards, the

56



Chapter 3: Doped polyaniline films electrochemical activity and
redox probe application

selection steps based on the filtrations uses a nitrocellulose membrane or affinity
chromatography column containing the target immobilized beads for partitioning in the
SELEX process [155-156]. In the filtration method, oligonucleotides not bound to the
targets are removed from aptamer—target complexes based on the molecular weight
difference between nucleic acids and the oligo-nucleotide—target complex. However, it is
very difficult or impossible to separate these from a library readily at any time, due to the
low partitioning coefficient of normal separation techniques. Therefore, the repetition of
the selection step is required in practical protocols of aptamer screening. To perform this
repeated selection, the oligonucleotides bound to the targets should be amplified by reverse
transcription (RT)-PCR for a RNA library or PCR for a DNA library, which generates a
new population of oligonucleotides for the next round of SELEX. Normally, 10-20
amplifications are sufficient within 10-20 cycles [157] for the next round of selection.
Finally, after PCR amplification, the enriched oligonucleotide pool exists as double-
stranded DNAs. This dsDNA pool is separated to individual ssDNAs and then a forward

strand DNA pool is incubated with targets as the next round of SELEX.

3.2.4.2 Strategies for attaching of the solid support

Many important molecular applications of DNA oligonucleotide arrays utilise synthetic
oligonucleotides attached to the surface (solid support). The most accessible approach for
producing an oligonucleotide microarray is to synthesise individual oligonucleotides and
subsequently immobilise them to a solid surface. For this immobilisation to take place, the
oligonucleotides must be modified with a functional group in order to have attachment to a

reactive group on a solid surface. Different modifications allow immobilisation onto
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different surfaces. Some of the modifications routinely used to construct oligonucleotide
arrays are reviewed below including the attachments:
* Amine-modified oligos covalently linked to an activated carboxylate group or
succinimidyl ester.
* Thiol-modified oligos covalently linked via an alkylating reagent such as an
iodoacetamide or maleimide.

* Biotin-modified oligos captured by immobilized streptavidin.

a) Amino-modified oligonucleotides

Generally, the amine-terminated aptamers are prepared with a primary amine link to a
biomolecule of interest with a functional group that allows covalent attachment to a
reactive group on the surface [158]. Amine-terminated aptamer used in the preparation of
self-assembled monolayers (SAMs) can be reacted with sulfosuccinimidyl 4-(N-
maleimidomethyl cyclohexane)-1-carboxylate (SSMCC) to create a male-imide-terminated
surface, which can in turn react with thiol-containing biomolecules [159]. An amino
modified can be placed at the 5'-end, 3'-end or internally using an amino-deoxycytidine or

amino-deoxytimidine modified base.

b) Thiol-modified Oligonucleotides

Amine and thiol modifications of synthetic oligonucleotides are also readily available. The
thiol (SH) modifier enables covalent attachment of an oligo to a variety of ligands. A SH-
modifier can be placed at either the 5'-end or 3'-end of an oligo. It can be used to form
reversible disulfide bonds (ligand-S-S-oligo) or irreversible bonds with a variety of

activated accepting groups. Thiol-modifiers can be incorporated at the start of synthesis by
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placing the reactive SH-group at the 3'-end using cordycepin residue, thiol- CPG and can
also be incorporated as the last step of synthesis using a thiol-phosphoramidite which
places the reactive SH-group at the 5'-end of the oligo. The incorporation of a thiol group

at the 5' end of an oligo is achieved with S-trityl-6-mercaptohexy! derivatives [158].

¢) Biotin modified oligonucleotides

Biotin is an important molecule in molecular biology applications, in part due to its very
high affinity for streptavidin and avidin. It is used in mobility shift assays and for
enrichment, purification and attachment to solid surfaces. Biotin can also be used for
tagging target molecules with dye- or enzyme-labelled streptavidin. The affinity of the
biotin—streptavidin interaction is extremely strong, with a disassociation conistaraf (
10-15 M. Biotin fits inside a ‘pocket’ (Fig.3.6) of the streptavidin protein [160], creating
an enveloping effect which supplements the binding interaction. It is this binding strength

that makes biotin a very useful tool for molecular and biomedical research.

Figure 3.6: Biotin—streptavidin interaction. Biotin (green, red, and blue spheres) fits

inside a pocket formed by the streptavidin protein (blue ribbon). [161].
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Biotin can be added to oligonucleotides on either terminus (“standard” Biotin), or
internally through a modified thymidine residue (Biotin-dT). There are several types of
biotin modifications, each with their own benefits. However, it is important to note that
each of the different biotin modifications contains the same functional biotin group. Biotin
can be added to the 5'- or 3’-ends of an oligo using either a C6 (standard) (Fig.3.7a) or
TEG (tetra-ethyleneglycol). Biotin-TEG increases the oligo—biotin distance to 15 atoms
using a triethyleneglycol (TEG) spacer arm. Biotin-TEG is commonly used to avoid
hindrance issues and can be beneficial for attaching oligonucleotides to nanospheres or
magnetic beads. For 5' Biotin-TEG, purification is required. Internal biotin modification
can be introduced using a biotin dT base (Fig.3.7b), which also requires additional

purification. Biotin dT residues can also be added to either end of an oligo.
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Figure 3.7: (a) “Standard” Biotin (this version is used for addition to the 3’ end), (b)
Biotin dT.

3.2.4.3 Immobilisation method of aptamer

Construction of arrays involves a number of parameters each of which must be optimised
for efficient and effective experimental design. One important parameter is the method of
choice for attachment of the synthetic oligonucleotides. Some of the issues to be
considered in choosing an appropriate support and the associated attachment chemistry

include: the level of scattering and fluorescent background inherent in the support material
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and added chemical groups; the chemical stability, binding affinity, selectivity and
complexity of the construct [162]; the amenability to chemical modification; surface area;
loading capacity and the degree of non-specific binding of the final product [158]. The
method of immobilization of aptamer to a solid support affects the sensitivity of the
aptamer to the target molecule. As well as the immobilisation of enzyme, peptides, ligands
or other biomolecules, DNA or RNA oligonucleotides (aptamer) have the same method for
immobilisation since there is no general universally applicable method of certain particular
molecule immobilisation [163]. The solid surface material and the method of
immobilisation are key parameters in biomolecule immobilisation. However, three
principal methods can be used for immobilisation of aptamers and cells such as adsorption,

covalence and the cross-linking method.

a) Adsorption

Physical adsorption of an aptamer onto a solid surface is probably the simplest way of
preparing an immobilised aptamer. The absorption process is a mixture of a biomolecule
and a solid surface support with adsorption properties under defined condition of pH and
ionic strength for a period of incubation, followed by a collection of immobilised material
and extensive washing to remove the unbound biological components. The many
advantages of this technique include; the reversibility of the system, the simplicity of the
operation under mild conditions, the possible high retention of activity (no chemical
modification) [164], cheap and quick method as well as rigidity of the properties of the
support surface and aptamer. The limitations of this method are the non-specific
interaction between the aptamer and the surface of the matrix, the contamination of the

product and the steric hindrance by the support.
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b) Covalent binding method

Covalent binding is the procedure mostly studied for insolubilisation techniques in the
formation of covalent bonds between the biomolecule and the support matrix. The
functional groups of proteins involved in the covalent binding process under mild
conditions include (i) the alpha amino groups of the chain and the epsilon amino groups of
lysine and arginine, (ii) the alpha carboxyl group of the chain end and the beta and gamma
carboxyl groups of aspartic and glutamic acids, (iii) the phenol ring of tyrosine, (iv) the
thiol group of cysteine, (v) the hydroxyl groups of serine and threonine, (vi) the imidazile
group of histidine, and (vii) the indole group of tryptophan [165]. The bond is normally
formed between functional groups present on the surface of the support matrix and
functional groups belonging to the biomolecule (aptamer). Advantages of enzymes
immobilised using the covalent technique are that the aptamer can be easily in contact with
the substrate due to the localisation of the aptamer on support materials. Both absorption
and covalent binding techniques were compared in the immobilisation of the cellulase

enzyme mixture [166].

¢) Cross-linking method

Immobilisation of an aptamer has been achieved by intermolecular cross-linking of the
protein, either to other protein molecules or to functional groups on an insoluble support
matrix. This type of immobilisation can be achieved by chemical or physical methods
[167]. Chemical methods of cross-linking normally involve covalent bond formation
between the enzymes by means of a bi- or multifunctional reagent such as glutaraldehyde,

dicarboxylic acid or toluene diisocyanate [163]. For the physical method, flocculating
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agents such as polyamines, polyethyleneimine, polystyrene sulfonates and various
phosphates have been used extensively to cross-link cells to form physical bonds. This
technique has an advantage in that the cross-linking between the same aptamer molecules
enhances the stability of the aptamer and therefore increases the rigidity of the structure.
Aptamers can be attached to the solid support at either the 5-end or the 3' end. Both
positions have been reported as being used to develop the aptasenstralChaygested

that depending on the particular aptamer, the 3' end is more suitable for biological
targeting since the 3' end is the primary target for exonucleases, thus its coupling to the

solid surface would simultaneously confer resistance to nucleases [168].

For direct attachment of a thiol-aptamer, a gold surface is commonly used for many
electrochemical measurements using thiol-alkane linked to the aptamer sequence. The gold
surface could be functionalised with self-assembled monolayers (SAMs) with selective
chemistry depending on the type of terminal functional group (amine, thiol or biotin)
linked to the aptamer (Fig.3.7). The disadvantage of functionalising the gold surface with
self-assembled monolayers (SAMs) for long oligonucleotides with larger numbers of
amine groups is the nonspecific adsorption of aptamer to the functionalised surface [169].
For biotinated aptamer immobilisation, avidin-biotin technology has also been exploited.
Strepavidin is more suitable for physically adsorbed or covalent immobilisation of biotin-
aptamer onto the support and the method mainly requires incubation of the biotin-tethered
aptamer with the modified substrate. For the application of this avidin-biotin method, the
anti-thrombin aptamer was used to detect thrombin and it gives best results regarding

sensitivity compared to other immobilisation strategies by Hian#. [170].
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3.2.4.4 Application of aptamer on electrochemical biosensors

Due to their easy and quick preparation, cost-effectiveness, small size and versatility,
aptamers have become useful tools for the validation of intracellular and extracellular
targets. A continuously growing number of nucleic acid aptamers are used as research
tools to study specific protein functions and interactions [171-172]. After the synthesis of a
DNA or RNA aptamer, the first and common application is in the study of the
streptavidin/biotin interaction. In this method, a biotin molecule is incorporated into the
unwanted strands during PCR amplification with biotinylated reverse primer. Gonzalez-
Garcia et al. investigated the new electrochemical method to monitor the biotin —
streptavidin interaction based on the use of colloidal gold as an electrochemical label

which absorbs the biotinylated albumin on the pretreated surface of a carbon paste
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electrode (CPE) recording a detection limit of 7.3 nM [173]. On the other hand,
hybridization of a biotinylated target DNA to streptavidin coated magnetic bead-binding
biotynilated probe and followed by the binding of streptavidin-coated AuNPs to the target-
DNA was published. In the same work the dissolution of the AuNPs and electrochemical
detection using potentiometric stripping analysis (PSA) of the dissolved gold tag at single

DNA use thick film carbon electrodes and a detection limit was 4 nM [174].

The high affinity and specificity of aptamer make them ideal diagnostic reagents. In
research, an aptamer can be also used as a molecular recognition element in food control
and environmental analytical chemistry [175-176]. In this research application field, many
studies have been carried out. Recently, Lifahgl. used the thiolated DNA aptamer for
sensitive and selective detection of acetamiprid based on an electrochemical impedance
spectroscopy and a detection limit of 1 nM [177]. Zhengba@l. developed a simple,
sensitive and label-free EIS using the thiolated DNA aptamer for the detection of

lyzosyme, recording a very low detection limit of 0.01 pM [178].
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PRINCIPLE OF SELECTIVE ANALYTICAL TECHNIQUES

4.0 Introduction

Analytical techniques are methods that are used for detecting, measuring, separating, and
monitoring the concentration of a chemical compound or chemical element. This chapter

set to identify well-established methods used as standard methods of analysis. Depending
on the investigation, different types of techniques such as electrochemical techniques (CV,

LCV, SWV, EIS) and spectroscopy techniques (IR, UV-Vis absorptiotHANMR) are

consider in this chapter.

4.1 Electrochemical techniques

Electrochemical techniques employed in this study gives information on the processes
involved when an electric potential is applied to the system under investigation.
Electrochemical techniques such as CV, SWV, EIS and linear scan voltammetry (LSV)

have been powerful tools for analytical purposes during this research study..

4.1.1 Cyclic voltammetry (CV)

Cyclic voltammetry is the most common type of electronalytical measurement used for

obtaining substantial information about the electrochemical processes and for probing
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kinetic and thermodynamic properties of the compound studied. CV is an electrochemical
technique which measures the current that develops in an electrochemical cell under
conditions where voltage is in excess of that predicted by the Nernst equation. CV is
performed by cycling the potential window of a working electrode at a certain scan rate,

and measuring the resulting current.

Principle: The CV involves the potential and current as mentioned in the previous
paragraph. The potential of the analyte is measured with the reference electrode and the
resulting applied potential produces an excitation signal as shown in Figure 4.1. The
current is measured with the working electrode and the resulting current produces an
excitation peak as shown in Figure 3.2 [179]. The potential can be scanned negatively or
positively as shown in Figure 4.1, depending on the analyte. When the potential is scanned
positively, the scan starts from a high potential (a) and ends at a lower potential (b) for one
scan (one cycle). The potential extremum (b) is called the switching potential and is the
point where the voltage is sufficient enough to oxidise or reduce the analyte in the
electrolyte cell solution. When the potential is scanned negatively, the reverse scan occurs
from (b) to (c), see Figure 4.1 and this figure shows the reduction occurring from (a) to (b)

and an oxidation occurring from (b) to (c).
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Figure 4.2: Cyclic Voltammogram of a Single electron oxidation-reduction.

The following reversible equation
1

O+née «—= R Equation 4.1
2
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is the reaction that takes place on the electrode surface during cyclic voltammetry analysis
which is responsible for the signal shown in Figure 4.2. The reversible reaction (Eq.4.1)
can be explained using the cyclic voltammogram response. In Figure 4.2, the oxidation
process %) occurs from (a) the initial potential to the switching potential (d). In this region
the potential is scanned positively to produce an oxidation. The resulting current is called
anodic currentigy). The corresponding peak potential occurs at (c) and is called the anodic
peak potentialEy3). When all the substrate is reached at the surface of the electrode and
oxidised to (O), process (2), tli®a is measured. After the switching potential has been
reached (d), the potential scans negatively from (d) to (g). This results in a cathodic current
(ipa and the reduction process (1) occurs to give the product (R). The peak potential at (f)
is called the cathodic peak potentigLd and is reached when all of the substrate at the
surface of the electrode has been reduced.

The potential of electrode (E) is calculated by using the equation:

E=E+ vt Equation 4.2

where E) is the initial potential in voltsyj is the sweep rate in volts,sand t is the time

in seconds. When the direction of the potential sweep is switched, the equation becomes,

E=E;,— vt Equation 4.3

where E9) is the potential at the switching point (d)hen the system is reversible,

electron stoichiometry (n) [180]

0.0565

E,— Ep;p > Equation 4.4

Where n is the number of electrons participating in the redox reactions.
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Formal Reduction PotentiakEf’) which can be called the standard electrode potential at
298 K is the mean of thg,c andEp, valuesE® = (Epa + Epo)/2.

When no current passes through the cell during an equilibrium electrochemical
experiment, the activities of the electroactive species in the solution will obey the Nernst

equation:

RT a(O)surface .
Eworking etectroaze = Eor + ﬁlnm Equation 4.5
where ‘surface’ is the surface of the working electr@ds the formal electrode potential,

“a” is the activity of the oxidizing (O) and reducing (R) species

Instrumentation: A CV system consists of an electrolysis cell, a potentiostat, a current-to-
voltage converter and a data acquisition system. The electrolysis cell consists of a working
electrode (WE), counter electrode (CE), reference electrode (RE), and electrolytic solution.
The working electrode’s potential is varied linearly with time, while the reference
electrode maintains a constant potential. The counter electrode conducts electricity from
the signal source to the working electrode. The electrolytic solution is a solution that
generally contains ions, atoms or molecules that have lost or gained electrons and is
electrically conductive. The role of this electrolytic solution in the electrolysis cell is to
provide ions to the electrodes during the oxidation and reduction process. A potentiostat,
also called a “Patch Clamp Amplifier” is an electronic device used to keep a working
electrode at desired potential with respect tefarence electroddhe potentiostat uses a

dc power source to produce the potential while allowing small current to be drawn into the
system without changing the voltage. The resulting current is measured with the current-

to-voltage converter and the data acquisition system produces the resulting voltammogram.
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Applications: CV is an important analytical technique in chemistry. It is used to study a
variety of redox processes under various conditions such as the presence of intermediates
in oxidation-reduction reactions, the reversibility of a reaction [181], reaction and electron
transfer kinetics [182] and the stability of the electrode vis-a-vis a electroactive compound.
CV can also be used to determine the electron stoichiometry of a system [181], the
diffusion coefficient of an analyte [182-183] and the formal reduction potential. In
addition, by generating a calibration curve of current vs. concentration, the concentration
of unknown solution can be determined and it can be seen that the concentration is

proportional to current in a reversible nernstian system.

4.1.2 Electrochemistry at liquid-liquid interface: theory and application

An electrochemical setup without a working electrode will look strange to the traditional
electrochemist; nevertheless several laboratories are doing just that by running their
experiments at the interface between two immiscible electrolyte solutions (ITIES).
Moreover, literature increasingly shows that this can be a valuable technique [184] In a
conventional (potentiostatic) electrochemical experiment, the potential of the working
electrode is controlled with respect to a reference electrode. The applied potential drives an
electron transfer (ET) reaction, which occurs at the working electrode/solution interface
[184]. In the ITIES experiment, voltage is applied between two reference electrodes
positioned on opposite sides of the interfacial boundary and the current flows between two
counter electrodes, one in an aqueous phase, the other in an organic phase (Fig.4.3a). The
reaction is driven by the voltage applied across the liquid interface and the measured

current arises from ET or ion transfer (IT) at the ITIES. An ET reaction at the ITIES can
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be represented as in which Ox1/Redl and Ox2/Red2 are the aqueous and organic redox
couples respectively. A simple IT reaction involves reversible transfer of a cation or anion
between two immiscible liquid phases. If it happens in one of the two phases typically, that
the organic solvent contains a ligand (L) that can react with ion (X) to form a complex

(LX), such a reaction can assist the transfer of X.

X*(aq) + nL (org) 2 XL, (org) Equation 4.6

Assisted IT reactions usually require less driving force (i.e. lower external voltage) than
the simple transfer of the same ion. When the interfacial area is large (€)y.anfour-
electrode setup (Fig.4.3a) is necessary to minimise the potential drop in a resistive organic

solvent.
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Figure 4.3: Schematic of voltammetric experiments at (a) a macroscopic and microscopic
ITIES supported at (c) a microhole and at (e) a micropipet. (b, d, and f) The
corresponding cyclic voltammograms Adapted from Liu & Mirkin. [184].

Ox1(aq) + Red2 (org) S Red1 (aq) + 0x2 (org) Equation 4.7

Cyclic voltammograms of IT and ET reactions at the macro-ITIES (Fig. 4.3b) look similar

to conventional voltammograms obtained at metal electrodes. The height of a
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voltammetric peak is still proportional to the concentration of one of the reactants, whose
diffusion is rate-limiting and to the square root of the potential sweep rate. For a
micrometer-sized interface (micro-ITIES), the resistive effect is less important and the
simpler, two-electrode setup shown in Figures 4.5¢ and 4e can be used [31]. The current is
limited by the spherical diffusion of a reagent to a micrometer-sized orifice of a microhole
(Fig. 4.3.c) or a micropipet (Fig.4.3e) and sigmoidal steady-state voltammograms are
obtained (Fig.4.3.d and f). The diffusion limiting current is proportional to the reagent
concentration and independent of the potential sweep rate. With micropipets, peak-shaped
voltammograms are obtained when the linear diffusion of ions inside the narrow shaft of a
pipet is rate-limiting (Fig.4.3f) [184] The presence of the second liquid phase adds
versatility to electrochemical experiments at the ITIES. A large group of IT reactions
occurs at the ITIES but not at solid electrodes. Reactions involving substances of different
polarities can be conducted and the permeation of ionic species through bio-membranes

can be modelled.

Amperometric sensors and detectorsSimilar to potentiometeric ion-selective electrodes
(ISEs), the equilibrium potential difference at the ITIES is determined by the activities of
the common ion when it is present in both liquid phases. Moreover, the diffusion-
controlled IT current at the ITIES is proportional to the concentration of the transferred
ion. Therefore, the ITIES can also be used as an amperometric ISE. An amperometric
system has an advantage over a potentiometric ISE because its selectivity may be tailored
by the polarisation potential. Therefore, two or more ions can be determined
simultaneously if their half-wave potentials are reasonably well separated. For instance, an

amperometric ISE using a nitrobenzene/water ITIES determifiezhl N4 in drinking

75



Chapter 4: Principle of secretive analytical techniques

water. A number of such devices have been used for measuring various analytes in food,
pharmaceutical products, toxic water and industrial samples [185]. Unfortunately, broader
development of transducers based on ITIES has been hindered by the use of toxic and
high-electrical resistive organic solvents and by the mechanical instability of liquid/liquid
interfaces. To tackle the toxicity problem, less toxic solvents such as 2-
nitrophenyloctylether are replacing traditional media as nitrobenzene or 1,2-dichloroethane

[185].

Wk o Ref o

o
H,O
0.01 M LiT CI°

‘g.: 0.01 M TBuUA™ TPB™

Nitrobanzene
8 A

(m)
N

Wk B Ref B

Figure 4.4: Schematic diagram for the apparatus for cyclicvoltammetry at the ITIES
between water and nitrobenzene. Reind Refs are reference electrodes,Wlkand Wkg

are metal working electrodefd.85]

Micro-ITIES can be used to minimize the ohmic potential drop problem and analyze small
samples. For example, Osboree al. used a microhole-based ITIES (Figure 4.3c) to
determine aqueous NH at the water/1,2-dichloroethane (DCE) interface [186]. The
ammonium’s transfer was assisted with dibenzo-18-crown-6 (DB18C6). Because the

ionophore concentration in the organic phase was high, the measured steady-state current
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was proportional to the concentration of Nkh the aqueous phase. The time required to
reach steady state was relatively short (e.g. 5 s for aimlhele) and the relationship
between the steady-state plateau current and thé ddidcentration was linear over the
range 1-50QuM. A microhole-based ITIES has also been used as an enzymatic urea

detector at concentrations from 2@d to 4 mM [187].

A lot of research work has been done to increase the mechanical stability of liquid/liquid
systems by gelling the organic or agueous phase [186]. Typically, the organic phase has
been solidified by adding polyvinylchloride (PVC) and the aqueous phase has been
solidified by adding agar. Different gelling agents such as 1,3:2,4-dibenzylidene sorbitol,
have also been used to prepare organic gels with ionic conductivities similar to electrolyte
solutions [188]. Although the diffusion coefficients of ions in gels are significantly
reduced, the IT processes could still be used for amperometric detection. The gelation of
the organic phase often increases resistivity, which impedes amperometric determination.
Using arrays of liquid/liquid microinterfaces could lessen this problem [189]. Urea and
creatinine sensors based on the amperometric detection Ofdire fabricated using this
approach. Recently, Lest al. prepared microfabricated composite polymer membranes,
which combine the advantages of the gelled organic phase and micro-ITIES [190]. The
composite membrane consists of a thin, inert and microperforated polymer layer which is
covered by PVC-2- nitrophenyloctylether (PVC-NPOE) electrolyte gel. The composite
membrane electrode can be incorporated into a flow cell. The IT behavior of the microhole
array interface between an analyte solution and a PVC gel electrolyte was similar to that of
a conventional micro-ITIES. When the composite polymer membrane was used for the

amperometric sensing of choline, the plot of the diffusion-limiting current against the
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concentration was linear over the range 0.1- 0.9 mM [191]. Sensors for alkali metal ions
were produced by adding ionophores (e.g. DB18C6, valinomycin) to the PVC membrane

[192].

Another approach to stabilising the liquid/liquid interface is to insert a thin, porous,
hydrophilic or hydrophobic membrane between the two phases. Such a membrane-
stabilised ITIES and was used as an amperometric sensor for the flow-injection analysis
(FIA) of alkali metal ions, halides and other anions. A successful simultaneous
determination of K and N4 in blood serum suggests promising applications of this
approach for clinical analysis. The ITIES can be used to detect ionic solutes in FIA, HPLC
and CE. In ion-exchange chromatography, a composite polymer membrane showed
detection limits similar to those of a conventional conductivity detector [193]. However,
an amperometric detector based on a micro-ITIES can offer even higher selectivity by
choosing the proper ionophore. For example, introducing ag -Biective ionophore

such as valinomycin into the gel membrane substantially increases the selectivity of the
detector toward NE in the presence of excess 'NEH93]. A composite polymer
membrane detector has been used for the FIA of halides, &@ SGQ? [194]. By using

the dual-potential-pulse mode and pure water as an eluent, the detection limit for the
anions could be lowered to the parts-per-trillion level. More recently, a microhole based
ITIES amperometric detector for capillary zone electrophoresis determined choline and
Ach’, aryl sulfate and sulfonate anions in four different determinations [195]. The
detection limit in all cases was +M. An ITIES supported at a dual pipet consisting of
two closely spaced pipets filled with aqueous solutions and separated by a submicrometer

wide band of glass was used as a gas sensor [196]. When the outer glass surface is not
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silanised, the pipet orifices are linked by a thin aqueous film on the outer pipet wall. Such
film can be sufficiently thick and conductive to yield reasonable quality voltammetric
responses that are suitable for qualitative and quantitative analytical determinations. The
response of a dual pipet is largely determined by the properties of the aqueous surface
layer and is very sensitive to changes in film composition. Such changes occur when the

pipet is exposed to a soluble gas.

lon partitioning and drug delivery testing: The pharmacological activity of a drug is
largely determined by its ability to permeate lipid cell membranes. Permeation depends on
the physicochemical properties of the drug particularly its lipophilicity which is
conventionally evaluated from the drug partitioning between water and octanol [191].
Because octanol can form hydrogen bonds, the water—octanol partitioning of a polar
substance may not always be a good measure of lipophilicity. Hence, a drug’s ability to
permeate cell membranes or cross the blood-brain barrier does not always correlate well
with its water-octanol partition coefficient [185]. The partition coefficidhtof an ion

species, i, in a biphasic system is defined as:

a
P, = — Equation 4.8

0
l
ai’
In which “a” is the activity of the ion in the organic, o, and aqueous, w, phases. At
thermodynamic equilibrium, the partition of an ionic species is described by the Nernst
equation:
RT (a? _
AY @ = AYP? + —In Equation 4.9

w
z;F \af
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In which Ay'@ is the interfacial voltagedy @7 is the standard IT potential, azdis the
charge of the ion. When equations 4.8 and 4.9 are combined and rearranged, lipophilicity

can be measured directly by:

InpP? = — ﬁAW(Z)‘-’ Equation 4.10
1 - RT o l q .

In which Inp? is the partition coefficient when the interface is not polarised{fige= 0).

For a reversible transfer of a simple iafig; is related to the half-wave potential by:

RT _ DY
——1In (

Equation 4.11

Thus, the partition coefficient of an ion can be accessed from cyclic voltammograms and
the half-wave transfer potential of an ionisable compound can be used to characterise its
lipophilicity. The value of A79,, can be easily found from an experimental
voltammogram because it is equal to the mid peak potemtidds ¢ Adyc)/2, in which

Adpa and Adyc are the anodic and cathodic peak potentials respectively. Hence, IT
voltammetry at the ITIES is a suitable technique for evaluating the lipophilicity of ionic
drugs [197]. Extensive voltammetric studies of local anaesthetics such as procaine;
antihistamines for example, doxylamine and uncouples such as 2,4-dinitrophenol have
been reported [198]. Assuming that the transfers of all relevant species across the ITIES
are diffusion-controlled, theoretica}'®, ,, versus pH dependences were obtained and used
to evaluate the physicochemical properties of drugs. Reversible Nernstian behaviour was

demonstrated for different types of drugs.
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For example, in cyclic voltammograms of procaine at the interface between nitrobenzene
and 10 mM aqueous acetate buffer, the anodic peak height was proportional to the square
root of the potential scan rate within the range 5 to 100 th\érsl the peak potential
separation was close to the 58 mV value, which is characteristic of the reversible univalent
ion transferred. The partition coefficient of procaine, the formal transfer potential of
protonated procaine and the dissociation constants of the first and second protonation-
deprotonation reactions were obtained from the half-wave potential versus pH dependence.
The relationship between pharmacological activity and half-wave transfer potential has
been established for a number of ionisable drugs [185]. For example, many barbiturate
derivatives are weak acids and are transferred across the ITIES as anioa$o | hef

these ions becomes more positive with an increase in lipophilicity. Convexgely, of

some cationic anesthetic drugs becomes more negative with increasing lipophilicity. In
either case, the higher lipophilicity corresponds to greater pharmacological activity. A
strong correlation between the pharmacological activity and the half-wave potential was
found for the families of hypnotic, anesthetic, cholinergic, and adrenergic drugs [185].

Many drugs are weak electrolytes that can undergo protonation-deprotonation reactions.
The transfer of such species across the ITIES depends on the interfacial potential drop, the
pH of the aqueous phase and the drug’s dissociation constardt akeonstructed ionic
partition diagrams (Fig. 4.5) that define the domains of predominance for all the species
present in the aqueous and organic phases as a function of interfacial voltage and aqueous
pH. Partition diagrams offer a simple way to visualise all species at the ITIES predict the
nature of the transferring species and describe the transfer mechanism of ionisable solutes.
Such information can greatly improve our understanding of how drugs cross cellular

membranes to reach their biological targets.

81



Chapter 4: Principle of secretive analytical techniques

16 |
I
| Hﬂ“;'[u}
2k :
I
HOH3 (o) :
0.8 = HOH'(o Qv
s I .
n 2
‘;.__3._.;., 04 - HOH;'lo HOH" (8] i
] HO{w)
0o - :
P O e - 5 Q (o
. o) !
Ry e © |
I
I
48t ) ]
Il L | Il 1 ll' Il 1 i Il 1
1] £ 4 B 8 {1} 12 M 16 L1 | B N
Agqueous pH

Figure 4.5: lonic partition diagram showing transfer mechanisms of various forms of

guinidine at the DCE/water interface.

HQH,**, HQH', HQ, and Q stand for the doubly protonated, singly protonated, neutral
and deprotonated species respectively. The solid red lines are the theoretical equi-
concentration lines between two adjacent species. Bluediaesl b define the potential

limits beyond which Li and TBA' transfer preferentially. The domain above pH 14 (blue

line c) is beyond experimental.

4.1.3 Linear sweep or scan voltammetry (LCV) and square waver
voltammetry (SWV)

Linear potential sweep voltammetry (LSW) is one of the simplest voltammetric techniques
which involve sweeping the electrode potential between ligigndE; at a constant scan

rate ¢).
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E=E, +vt withE <E, Equation 4.12

The peak currentj,, for a charge-transfer electrode reaction, is proportional to the

concentration (¢) of an electroactive analyte
nF
i, = 0.4463nFAC, <ﬁ> v1/2pt/2 Equation 4.13

wheren is the number of electrons,is the potential scan ratd,is the electrode surface

area and is the diffusion coefficient anfl is the faraday’s constant.

The derivative of LSV is the cyclic voltammetry technique. In this technique, the
waveform is initially the same as in LSV at the difference that on reaching the pdigntial

the scan is reversed rather than terminated and again reaches the initial getéRiml

4.6). Depending on the aim of the study, single or multiple cycles can be used. During the
potential scan, the applied potential results in the current measures by a current transducer.

The position of the peaks is related to formal poterfglof the redox process, which is,

Eanodic _ Ecathodic
14 14
EO -
2

Equation 4.14
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Figure 4.6: Typical potential waveform for the cyclic voltammetry technique.

Square-wave voltammetry is a large amplitude differential technique in which a waveform
composed of an asymmetrical square wave superimposed on a base staircase potential
applied to the working electrode. In fact, SWV is a small amplitude differential pulse
technique in which a potential waveform composed of a symmetrical square wave is
superimposed on a base-staircase potential [199].The difference in current between the
forward and reverse pulses is plotted as a function of the potential applied to the working
electrode resulting in a voltammogram. Figure 4.7 illustrates the typical results of a 1 mM
solution of ferrocene in 0.1 M BNCIO,/CH,CIl, scan from lower potential to upper

potential (oxidation process).
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Figure 4.7: 1 mM Ferrocene in 0.1 M BNCIO,/CH,Cl;, 25 mV Square amplitude, 2 mV

Square increment, 10 ms Square period, 1 ms Sample width.

Applications: The advantages of square-wave voltammetry such as fast scan rate, large
frequency, large amplitude and short time required for measurements as well as the
specific approach in the current sampling procedure make this technique one of the most
applicable among the pulse voltammetric techniques. This unique advantage makes the
SWV useful in analytical applications as well as in fundamental studies of electrode

mechanisms.

4.1.4 Electrochemical impedance spectroscopy (EIS)

Impedance spectroscopy (IS) is a relatively new and powerful method of characterization
of electrical behaviour of material systems and their interfaces with electronically

conducting electrodes.
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Principle: EIS is particularly characterised by the measurement and analysis of some or all
of the four impedance-related functions Z, Y, M, @&nahd the plotting of these functions

in the complex plane. Where Z is frequency-dependent, Y is the admittance, M = jwCZ is
the modulus function and = M™ is the complex dielectric constant or dielectric
permittivity. The magnitude and direction of a planar vector in a right-hand orthogonal
system of axes can be expressed by the vector sum of the components a and b along the

axes that is by the complex number Z =jb+The imaginary number

j=V-1=exp(n/2) Equation 4.15

indicates an anticlockwise rotation b2 relative to the X axis. Thus, the real part of Z, a,

is in the direction of the real axis x, and the imaginary part b is along the Y axis. An
impedance Z(w) = Z'+ jZ” is such a vector quantity and may be plotted in the plane with
either rectangular or polar coordinates as shown in Figure 4.8 here the two rectangular

coordinate values are clearly described in Equation 4.16.
R.(Z)=Z = |Z|cos(8) and Im(Z) = Z" = |Z|sin(B) Equation 4.16
With the phase angle

0= tan Y (Z"/Z") Equation 4.17
And the Modulus

1Z] = [(Z2)? + (2)?]'/? Equation 4.18

The plotting of these functions can be used to interpret the small-signal ac response of the

electrode-material system being investigated.
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Figure 4.8. The impedance Z plotted as a planar vector using rectangular and polar

coordinates

In general,Z is frequency-dependent, as defined above. Conventional IS consists of the
(nowadays often automated) measuremenZ agfs a function of the single frequency

v = w/2m or w over a wide frequency range. It is from the resulting structure (tie

vsS. w response that one derives information about the electrical properties of the full
electrode—material system. The early history of IS shows that the use of Z and Y in
analyzing the response of electrical circuits is made up of ideal elements (R a resistor of
resistance)l. (inductor), andC (capacitor of capacitance)) and goes back to the beginning
of the discipline of electrical engineering. These lumped elements are used on the
equivalent circuit modelling of EIS data to physically extract properties of the
electrochemical system by modelling the impedance data in terms of an electrical circuit. Z
and/or Y have been widely used in theoretical treatments of semiconductor and ionic
systems and devices since at least 1947 [200]. The complex plane plots have sometimes
been called Nyquist diagrams or Bode diagrams. However, since Nyquist diagrams or
Nyquist Plots are ways of showing frequency responses of linear systems, this refers to

transfer function (three- or four-terminal) response. Nyquist plots display both the
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amplitude and phase angle on a single plot, using frequency as a parameter in the plot.
Nyquist plots have properties that allow you to see whether a system is stable or unstable.
It will take considerable mathematical development to see that, but it's the most useful

property of Nyquist plots.

Bode diagrams or Bode' plots use frequency as the horizontal axis and use two separate
plots to display amplitude and phase of the frequency response. A transfer function (T.F)
can be represented by two separate plots, one giving the magnitude (in dBs) versus
frequency and the other the phase angle (in degrees) versus frequency. A Bode diagram
consists of two graphs: one is a plot of the logarithm of the magnitude of a transfer

function, the other is a plot of the phase angle and both are plotted against frequency.
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Table 4.1: Different diagrams with corresponding equivalent circuit
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Experiment: On the experimental side, one should mention the early work of Randles and
Somerton [200] on fast reactions in supported electrolytes; no complex plane plotting
appeared here. Apparently the first plotting of impedance in the impedance plane for
agueous electrolytes was that of Sluyters (theory) and Sluyters and Oomen (experiment)
[200]. Since then, there have been many pertinent theoretical and experimental papers

dealing with IS and complex plane plots.

Electrochemical measurements are investigated to evaluate the electrochemical behaviour
of an electrode and/or electrolyte materials that are usually made with cells which have
two identical electrodes applied to the faces of a sample in the form of a circular cylinder
or rectangular parallel pipe. However, if devices such as chemical sensors or living cells
are investigated, this simple symmetrical geometry is often not feasible. Vacuum, a neutral
atmosphere such as argon, or an oxidizing atmosphere is variously used. The general

approach is to apply a voltage to the electrodes and observe the resulting current response.

During an impedance measurement, a frequency response analyser (FRA) is used to
impose a small amplitude AC signal to the fuel cell via the load. The AC voltage and
current response of the electrochemical cell is analysed by the FRA to determine the
resistive, capacitive and the impedance which tell us about the inductive behaviour of the
cell at that particular frequency. Many physicochemical processes occur within the cell
such as the electron and ion transport, gas and solid phase reactant transport,
heterogeneous reactions, etc. Also, these physico-chemical processes have a different

characteristic time, and constants and therefore are exhibited at different AC frequencies.
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When conducted over a broad range of frequencies, impedance spectroscopy can be used
to identify and quantify the impedance associated with these various processes.

Electronic equipment

ELECTROCHEMICAL
- SIGNAL CELL
GENERATOR
C W |R
|
----- AnG NI e
PC-AT-486 c : POTENTIOSTAT
xenix _: Bl
4 1 : l
DAC 1 : LT l
: | Y vV
1 .|. - .l. —
: L o DAC-2 | U
Le-ceeeooe-----JAL KL KK WE -~ TRANSIENT RECODER

Figure 4.9: Electronic design used for electric measurements, dashed lines, - output signal

routing, normal line — input signal routing.

Applications: Impedance spectroscopy (IS) appears destined to play an important role in
fundamental and applied electrochemistry and materials science in the coming years. In
this section two applications will be presented which illustrate the power of the IS
technique when it is applied to two very diverse areas, aqueous electrochemistry and fast
ion transport in solids. These particular examples were chosen because of their historical
importance and because the analysis in each case is particularly simple. For the aqueous
electrochemistry which is electrochemical impedance application, because we are dealing
with real systems that do not necessarily behave ideally with processes that occur
distributed in time and space, we often use specialised circuit elements (CPJg) amdeZ

Warburg element (#) is used to represent the diffusion or mass transport impedances of
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the cell. The electrochemical impedance is the response of the electrode chemical system
(cell) to an applied potential. The electrochemical impedance spectroscopy (EIS) is used
for diagnostic purpose to characterise changes at a surface. The EIS is also used for
application purpose to know the effect of the materials on an electrode surface. An

example of a generalised equivalent circuit element for a single cell fuel cell is shown

below.
Re, Ry
,-imr, A A -ZW‘a ZW‘C _'_
[ [
L R | . |
—— ‘—%e-—’ Cdl‘a RQ,H Cdl‘c

Wiring,  Bulk,
Instrument”  contact

Figure 4.10: General equivalent circuit element for a single cell fuel cell. Key: GDL =

gas diffusion layer, dl = double layer, ct = charge transfer, a = anode, ¢ = cathode.

Figure 4.10 represents the general equivalent circuit analogue parameters. The resistors
(Roes Reta Retoo @andRq +) represent conductive pathways for ion and electron transfer. As
such, they represent the bulk resistance of a material to charge transport such as the
resistance of the electrolyte to ion transport or the resistance of a conductor to electron
transport. Resistors are also used to represent the resistance to the charge-transfer process
at the electrode surface. Capacito®y 4 Ca.c) and inductorsl() are associated with
space-charge polarisation regions such as the electrochemical double layer and
adsorption/desorption processes at an electrode respectively. The impedance spectroscopy

is applied in electrochemistry to determine the charge transfer resi®antee double
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layer capacitoCy the warburg impedandc®,. Figure 4.11 shows how the later parameters

can be graphically determined using Nyquist plot.

ImZ") A

Figure 4.11: Nyquist plot for mixed control circuit.

d = Rs + RS0,R: =d — Rs where d is the diameter of the semi-cirée(Rq ) is for the

resistance is the electrolyte solution. The equation of the above curve is

A
R.(Z)= R, + R (1 + —) Equation 4.19
S S ct m q
Whereld = K K is the chemical reaction raf®,is the diffusion coefficient

_D )
The Warburg impedance (Xis created by diffusion within the cell and represented by the
semi-infinite linear diffusion within the solution. As is shown in Figure 4.11, at high
frequency, small Warburg impedance results and at low frequency, higher Warburg

impedance is generated. The Equation 4.19 is used to determine the Warburg impedance

=
~

Z, = ct Equation 4.20
w Py q
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Table 4.2: Circuit elements used in the models

Equivalent Eleme! Admittance Impedanc
R 1/R R
C jwC 1/jwC
L 1/jwl joL
W (Warburg) Yo/ Gw) 1/Yo/(w)

4.2 Spectroscopy techniques

4.2.1 Proto nuclear magnetic resonanced.NMR) spectroscopy

Proton nuclear magnetic resonance spectroscopy is the most powerful analytical technique
appropriate for determination of the structure of organic compounds. NMR was first
developed in 1946 by research groups at Stanford and M.L.T. in the USA [201].

Nowadays, NMR is an analytical technique used in advanced research and studied in basic
undergraduate courses in many fields like chemistry, physics, biology, food sciences,
medicine and material sciences. However, since it is half a century old, NMR was
developed into the first organic spectroscopy available to chemists to determine the

detailed chemical structure of the chemicals they were synthesising.

Principle: The *H NMR principle is based on the fact that the cores of atoms have
magnetic properties that can be used to yield of chemical study. This principle is explained
when the proton is placed in an external magnetic field, the proton’s magnetic moment of

the nuclei orient themselves with the external field (lower energy) or against it (higher
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energy). NMR is applied on the quantum subatomic particles which have spin such as
proton, neutrons and electrons. The spin number can be paired in some atti@s*(ey

328) and cancel each other out so that the nucleus of the atom has no overall spin.
However, in other atoms (€, 2°C, *'P, *N, °F), the spin number is unpaired and the
nucleus does possess an overall spin. The spin of the given nucleus is determined by using

the following rules:

» The spin is equal to zero if the number of nuclei and the number of protons of the
atom are both even.

» The spin is equal to a half-integer (i.e. ¥2, 3/2, 5/2) if the number of neutrons plus
the number of protons is odd.

» The spin of the nucleus is equal to the integer spin (i.e. 1, 2, 3).

B Q
“Energy [
e B-spin state
No //'}\pplied m=-12
. Field = " Magnetic
" Field (By)
alpha-spin beta-spin
lower state ~ higher state B
External ~ energy energy \
magnetic —spi
field ' ; splq/sztate
m=+

Figure 4.12: lllustration diagram of the principléH NMR.
Chemical shift: It is the difference between the field strength at which the equivalent

proton absorbs and the field strength at which the TMS proton absorbs when each proton is

chemically shifted to a standard. It can be calculated using the relation:
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observed chemical shift (Hz) x 10°

é(deltha) = Equation 4.21
(deltha) Spectrometer frequencu (Hz) ppm quation

When the chemical shift moves to the downfield, high magnetic field results and when the
chemical shift moves to the upfield, low magnetic field strength is produced.
Tetramethylsilane (TMS) is the reference compound used in order to standardise the NMR
spectra. Tetramethylsilane, (§5i, is the standard and the reference compoundHor

NMR because of its inert quality that prevents it from reacting with the sample as shown in
the Figure 4.13 and its highly volatility property that makes it easy to evaporate out of
samples. Figure 4.14 shows that when the chemical shieippeared on the downfield
zone, high magnetic field strength results and when the chemical shift appeared in the
upfield zone, low magnetic field strength is obtained. Some factors can affect the chemical
shift like the shielding effects by decreasing the applied magnetic field (increasid)y the

and the electronegativity and deshielding by increaging

RNH

e
R-CO-NH,
: ' R-CH-OH
[ ]
. Alpha-H
Aromalic-H
H,0 R-CHO
RCHO [ R-CH-NR2
— R-CH-CI TMS
—————
R-COOH -
Olefinic-H
| | , Saturate-H
[ | I | | | | | [ | | I |
12 11 10 9 8 7 B 5 4 3 2 1 0 ppm
Downfield chemical shift
r
-«
Upfield

Figure 4.13: Diagram showing the 1H NMR chemical shifts for common functional

groups.
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Intensity and splitting of signals: The intensity of the signal is the area under the signals
(integration) corresponding to the number responsible for that specific signal. Therefore,
the signal is proportional to the number of protons, when the number of proton increases,
the signal increases as well. The splitting of signal or spin-spin couple or multiplicity is the
phenomenon where the spin of the nucleus of one proton is close enough to affect the spin
of another (neighbors). The NMR signals are not always single but depending on the
neighbors of a proton within the molecule, the split triangle can result in doublet (2 signals
or peaks), triplets (3 signals) and quartets (4 signals). The distance between the split peaks
are called coupling constants). The multiplicity is the number of protons bonded to the
immediately adjacent carbon. The splitting of the signal is calculated using the N + 1 rule
where N is the number of equivalent protons that are bonded to the adjacent carbons

(neighbors).

No coupled
hydrogens

VA ————~~ single

intensity ratios

s
C
One coupled H
1 hydrogen
C + C—H
doublet ----- 11 doublet
C
1
C
H

y =

'Y

1 4 6 4 1 Two coupled
hydrogens H

I 51010 5 1

triplet
I 6152015 6 1 P

Pascal's Triangle

Three coupled J J
hydrogens 1y C—H i ‘_’I
quartet
H

Figure 4.14: Pascal's triangle gives the intensity ratios between the split signals.

1neighbor (doublet); 2 neighbors (triplet); 3 neighbors (quartet).
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Instrumentation
radiofrequency radiofrequercy
transmitter | amplifier delecior
j auaio
H amplifrer |_-J“'l-"-'| |
osciloscope
and Sor
recorder
Sweep
generator

Figure 4.15: Electronic diagram used for a typical NMR spectrom:

Applications: According to many studies carried out base@nNMR spectroscopy, thi
technique becomes a sophisticated and powerful analtechnology that found i
applications in various disciplined scientific research, medicine and various indust
In chemistry, the versatilitpf NMR spectroscopy has made iwidesprea tool for the
study of chemical structure. Similarly, NMR ised to study chemical bonds and
determine the structure of complex molecules like proteins. In addition, NMR of
samples can help determine ncular structures in chemistryzor chemical kinetis,
NMR spectroscopy is used to stumolecular dynamicén solutions and to measure 1

diffusion coefficients.

4.2.2 Fourier transform infrared (FTIR) spectroscopy

The infrared spectroscopy is a chemical analysis technique used by organic and il

chemists to characteesfunctional groups present in a material.provides mostly
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information about the presence or absence of certain chemical functional groups. Thus, the
IR spectroscopy is a popular and important tool for structural elucidation and compound
identification. This technique gives the band of frequencies between 4000 and 200 cm
beyond the red end of the visible spectrum. In a “classic” infrared spectrophotometer, an
infrared light ray is produced and separated into two beams. One passes through a sample,
another through a reference which is sometimes the compound in which the sample has
been dissolved. Beams are then reflected until a detector, after being quickly alternated,
enters beams into the detector. The two signals are compared and the spectrum obtained is
registered. One of the great advantages of infrared spectroscopy is that we can study
virtually any sample in virtually any state such as liquids, solutions, pastes, powders, films,

fibres, gases and surfaces.

Principle: Frequency (nu), is the number of wave cycles that pass through a point in one
second. It is measured in Hz, where 1 Hz = 1 cycle/sec. Wavelengginbda) is the
length of one complete wave cycle. It is often measured in cm (centimeters). Wave-length

and frequency are inversely related:

and = < Equation 4.22

v= -
4

2
Energy is related to wavelength and frequency by the following equation

E=hv=— Equation 4.23

Where c is the speed of light, h is Planck’s constang the frequency and is the

wavelength.
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That energy is directly proportional to frequency and inversely proportional to wavelength.
The interpretation of an IR spectroscopy involves a new unit of measurement called the
wavenumber %) which is the number of waves in one centimeter and has the unit of
reciprocal centimetres (GHh The wavenumber is inversely proportional to wavelength
and directly proportional to frequency and energy which makes it more convenient to use.
The IR region is divided into three regions: the near, mid and far IR (Fig. 4.16). The mid
IR region is of greatest practical use to the organic chemist. This is the region of
wavelengths between 3 x f0and 3 x 10° cm. The energy of the IR photon, being

insufficient to cause electronic excitation, can only cause vibration or rotation excitation.

Higher Wavelengt Energy Molecular effects
frequency h () cm kcal/mol
shorter 10° Gamma 10°
wavelength rays
107 X rays 1¢* ionizatior
1¢°
10° Electronic transitions
10 10
10-3 J 1, Malecuilar vihration
1C Microwave 1C )

Lower ) ) 10 : )
frequency 10 radic . Rotational motio
Longer 10 10 Nuclear spin

wavelength transitions

Figure 4.16: Electromagnetic spectrum. [202]

Molecular vibration [203]: The molecule can vibrate two different ways, stretching
and bending. A molecule containing N atoms has a total of 3N of degrees of vibrational
modes (vibrational degrees of freedom) corresponding to the Cartesian coordinates of each

atom in the molecule. The linear molecules have 3N — 5 of vibrational degrees of freedom,

100



Chapter 4: Principle of secretive analytical techniques

whereas nonlinear molecules have 3N — 6 degrees of vibrational modes. In nonlinear
molecules, three of these degrees are rotational three are translational and the remaining
correspond to fundamental vibrations while in linear molecules, two degrees are rotational

three are translational [204-205]. The fundamental vibrations for wat€r, and CQ

which are nonlinear and linear molecules respectively are given by the Figure 4.17.

N Y

symmetrical stretching asymmetrical stretching scissoring (bending)

- }

. . . . scissoring (bending in the
asymmetrical stretching symmetrical stretching plane of the paper)

(b)

Figure 4.17: (a) Stretching and bending vibrational modes faOH (b) Stretching and
bending vibrational modes for GO
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Table 4.3: Some selected bonds with their absorption regions [206]

Functional Stretching vibrations Bending vibrations
class assignment range assignment range
[cm?] [cm]
Alkanes CH, CH, & CH 2850-3000 str CH& CH; defor 1350-1470
2 or 3 bands CHs defor med
CH; rocking 1370-1390
med
720-725 wk
Alkenes =C-H & =CH 3020-3100 med =C-H & =CH, 880-995 str
C=C (symmetry) 1630-1680 var (out- 780-850 med
C=C (asymmetric 1900-2000 str of-plane bending) 675-730 med
stretch) Cis-RCH=CHR
alkynes C-H (sharp) 3300 str C-H defor 600-700 str
C=C (symmetry) 2100-2250 var
Arenes C-H(several bands) 3030 var C-H bending & 690-900 str-
C=C (inring)(2 or 3 1600 & 1500 med-wk ring puckering med
bands)
Alcohols & O-H (free, shp) 3580-3650 var O-H bend (in- 1330-1430
phenols O-H (H-bonded, 3200-3550 str plane med
broad) O-H bend (out- 650-770
of-plane
C-O 970-1250 str
Amines N-H (£-amines), 2 3400-3500 wk NH scissoring ( 1550-1650
bands 1°-amines) med-str
N-H (2°-amines) 3300-3400 wk NH, & N-H 660-900 var
C-N 1000-1250 wagging ( shifts

on H-bonding)
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Table 4.3: Some selected bonds with their absorption regions [206]

Functional Stretching vibrations Bending vibrations
class assignment range assignment range
[em™] [cm]
Aldehydes & C-H (aldehyde) 2690-2840 (2 bands)
ketones med o-CHs 1350-1360
C=0 (saturated 1720-1740 str bending str
aldehyde) a-CH, 1400-1450
C=0 (saturated 1710-1720 str bending str
ketone) C-C-C 1100 med
Aryl ketone 1690 str bending
a,p-unsaturation 1675 str
cyclopentanone 1745 str
cyclobutanone 1780 str
Carboxylic O-H (very brd) 2500-3300(acids) C-O-H 1395-144
acids & C=0 (H-bonded) 1705-1720(acids) bending
derivatives O-C (sometimes 2 1210-1320(acids) med-
peaks) str
C=0 1785-1815 (acyl halides)
str
C=0 (2-bands) 1750 & 1820
(anhydrides) str
o-C 1040-1100 str
C=0 1735-1750 (esters) str
O-C ( 2-bands) 1000-1300 str N-H (1i- 1590-1650
amide) Il band med
C=0O(amide 1 band) 1630-1695 (amides) str N-H (2i- 1500-1560
amide) Il band
Nitriles C=N (shp) 22402260 med
Isocyanates, -N=C=0, 2100-2270 med
isothiocyanates, -N=C=S,
Diimides, -N=C=N-,
ketenes C=C=0
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Most of the absorptions cited are associated with stretching vibrations. Standard
abbreviations (str = strong, wk = weak, brd = broad & shp = sharp, defor = deformation)
are used to describe the absorption baisne of the functional groups infrared

absorption which are listed in the preceding table are given above [206].

Instrumentations: In a “classic” infrared spectrophotometer, an infrared light ray is
produced and separated into two beams. One passes through a sample, another through a
reference which is sometimes the compound in which the sample has been dissolved.
Beams are then reflected until a detector after being quickly alternated, enters beams into

the detector.

Sample "N

IR I ¥ |
source . |

| splitter | Detector [-|Processor|| Printout

Figure 4.18: The functioning principle of an infrared spectrophotometer.

FTIR spectrometers are widely used in organic synthesis, polymer science, petrochemical
engineering, pharmaceutical industry and food analysis. In addition, since FTIR
spectrometers can be hyphenated to chromatography, the mechanism of chemical reactions

and the detection of unstable substances can be investigated using such instruments.
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Applications: A spectroscopy in the IR region determines the frequency specific for a
specific bonds such as C=C=C, C=0Oand intensity of absorption. So the IR absorption

data is very useful in structure determination. IR is useful for quantitative estimation and
for identification of a functional group of molecules. IR analysis can be used to determine

the identities of polymer materials in a multilayered film.

4.2.3 Ultraviolet / Visible (UV/Vis) spectroscopy

Ultraviolet and visible absorption spectroscopy is a very useful technique in analytical
chemistry for the quantitative measurement of the attenuation of a beam of light after it
passes through a sample or after reflection from a sample surface in solutions of transition

metal ions and organic compounds.

Principle: A UV-Vis spectroscopy involves the absorption of ultraviolet light by a
molecule causing the promotion of an electron from a ground electronic state to an excited
electronic state. Electronic transitiah:occurs when the electrons in the molecule move
from a lower energy level to a high energy level in a few limited seconds. The electronic
transition level stated that when n and n electrons are present in a molecule, it can be
excited from the ground state to excited state by the absorption of UV radiation. The
various transitions levels are-n n*, 1 — 7*, N — ¢* ando — ¢* and can be represented

using the diagram as follows:
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A o antibonding orbital

f A 7" antibonding orbital

n non-bonding orbital

gt 10

" 7 bonding orbital
>

T o bonding orbital
Energy om0

Figure 4.19: Energy levels of electronic transitions.

The transitions between the electronic states are governed by Selection Rules which states
that allowed transitions means that a ground and excited state for a possible transition

possess the required characteristics and forbidden transitions means ground and excited
state do not meet the characteristics. Some transitions are “allowed” and others may be

“forbidden”. Allowedness is associated with the geometries of HOMO and LUMO and the

symmetry of the molecule as a whole.
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The common examples of transitions of an isolated carbonyl group-are*ntransition
which is lower in energy wheré.{ox = 290 nm) is the forbidden transition and- =*
transition which is higher in energy{ax = 180 nm) is an allower transition. This can be

explained on the basis of the spatial distribution of these orbitals.

e 1\
® 0 clectrons

n*-orbitals
o
00
///’//, °

\
C 0%

The n-orbitals do not overlap at all well with th® orbital, so the probability of this
excitation is small. Thea — =* transition, on the other hand, involves orbitals that have
significant overlaped and the probability is near 1.0. Allowed transitions have bigher

values than the forbidden transitions.

Chromophores: There are a group of atoms and electrons within a chemical molecule
which are responsible for the color which arises when the molecule absorbs certain
wavelengths of visible light and transmits or reflects others. The bonds between the atoms
in a chromophore group are responsible for the selective absorption of visible light while
reflecting other light and lend color to the molecule. The presence of an absorbance band
at a particular wavelength often is a good indicator of the presence of a chromophore.
However, the position of the absorbance maximum is not fixed but depends partially on

the molecular environment of the chromophore and on the solvent in which the sample
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may be dissolved. Other parameters such as pH and temperature also may cause changes in

both the intensity and the wavelength of the absorbance maxima.

Table 4.4:List of selected chromophores and their light absorption characteristics

Chromophores Electronic Molecules Amax(nm) Emax
Transition (cm?.mmol?)
C—H - o CH, 122 intensive
c—cC - o HsC CH; 135 intensive
— 00— n—so* H,O 167 1 500
- 0 o H3C——OH 183 200
. CoHs O—C,Hs 189 2 000
n—msgo
I~ n— " HsC—SH 23¢ 18C
- n—* CHs S—CH; 228 620
n—msgoc
_ﬁ_ n—msgoc* CoHs——NH; 210 800
neot o ep—N—ocH, o gon
n—=c" (C,Hs)3N
——Hal n—sgc* HsC Cl 175 20C
n—=c* HsC Br 204 260
L Hs;C I 193 380
n—m—sgoc
N__/ et H,C==CH, 165 16 000
/C_C\ . i Csz_ﬁzﬁ_Csz 185 7 940
—C=—=C— T HC=—CH 173 6 000
T H c=—C CoHg 172 2 500
Ne—35 N> " H,C—C=0 29: 12
/S - . CHgs C——CHs
i S 187 950
n—s g CHy——G—CHs 273 14
o)
~c—3 n - CHs ﬁ_CHS 460 weak
e s
_W_W_ n TC* H3C\N:N/CH3 353 240
(H;C);C—NO 665 20
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Solvent effects: The electrostatic interaction between polar solvents and polar
chromophores tend to stabilise both the non-bonding electronic ground states ahd the
excited states. This interaction causes the n* transitions, which usually occur at lower
energy andt — n* transitions to move to lower energy. Thus, the> n* and n— z*
transitions for polar chromophores move closer to each other which increase the polarity of
the solvent. An example of this phenomenon is the solvent shift of-th@*transition to

lower energy in the ultraviolet spectrum of N-nitrosodimethylamine. For various solvents,

the order for decreasing energy is given by the Table 3.4 [207].

Table 4.5: Solvent effect on wavelength in UV-Vis (for 1 cm cell)

Solvent Approximate wavelength (nm)
Water 190
Ethanol 210
n-Hexane 195
Cyclohexane 210
Benzene 280
Diethyl ether 210
Acetone 330
1,4-Dioxane 220

Instrumentation: Currently, most of the work has been reported on the absorption spectra
range of 200 to 1000 nm of organic molecules in diluted solutions as defined by typical
commercial UV-Vis spectrophotometers. But the simple UV-Vis spectrometers can absorb
the ultraviolet wavelengths less than 180 nm by atmospheric gases which are the short-
wavelengths. The long-wavelength limit is usually determined by the wavelength response

of the detector in the spectrometer. In a standard UV-Vis spectrophotometer, a beam of
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light is split; one half of the beam (the sample beam) is directed through a transparent cell
containing a solution of the compound being analysed and one half (the reference beam) is
directed through an identical cell that does not contain the compound but contains the
solvent. The instruments for measuring the absorption of UV-Vis radiation are made up of
the sources (UV and visible), filter or monochromator, sample container or sample cells
and the detector. For the sources of radiation in the UV zone, hydrogen, xenon and
mercury lamps are used and the deuterium and tungsten lamp are mostly used because they
emit radiation in the range of 160 — 375 nm. In a visible zone, mercury vapour and carbon
lamps are used and added to tungsten. The light source is either a diffraction grating or a
monochromator. The detector can either be a photodiode (used with a monochromator) or

a CCD (used with diffraction gratings).

Mirror
O_ <>_ —| Mono- N _\ | Reference | | Detector
chromator

I
i

1 .

| Ratio
I

|

[

[
Be‘.”‘m \_ __| Sample | _ _| Detector
splitter

Figure 4.20: Schematic of a dual-beam uv-vis spectrophotometer.

This analytical method is most often used in a quantitative way to determine
concentrations of an absorbing analyte in solution using the Beer-Lambert law. The Beer-
Lambert Law states that the concentration of a substance in solution is directly

proportional to the absorbance of the solution.

A= log,0(Ily/1) = log,g1/T = —log,,T = e.c.l Equation 4.24

110



Chapter 4: Principle of secretive analytical techniques

whereA is the measured absorbance, in Absorbance Units (8§,the intensity of the
incident light at a given wavelengthijs the intensity of the light transmitted through the
sample,T is the transmittancy, the path length (cm}; is the molar absorptivity (L mdl

cm™) andc is the concentration of the absorbing species (ithl This law is only true for
monochromatic light, which is the light of a single wavelength or a narrow band of
wavelengths and provided that the physical or chemical properties of the substance do not

change with concentration.

Application: UV spectroscopy is used for measuring the absorption, emission and
transmission of the ultraviolet and the visible wavelengths by matter. This technique is
complementary to the fluorescence spectroscopy. Absorption of radiation by a sample is
measured at various wavelengths and plotted by a recorder to give the spectrum which is a
plot of the wavelength of the entire region versus the absorptiprof(light at each
wavelength. A UV-Vis spectroscopy is routinely used in different ways. For detection of
impurities: a UV absorption spectroscopy is one of the best methods use to determine the
impurities in organic molecules. The spectral of the organic molecules shows additional
peaks due to impurities in the sample and it can be compared with that of standard raw
material. The absorbance measurement at a specific wavelength can be used to detect the
impurities. For example, benzene appears as a common impurity in cyclohexane and its
presence can be easily detected by its absorption at 255 nm. For structure elucidation of
organic compounds: In organic molecules structure, the presence or absence of
unsaturation and the presence of hetero atoms can be determined using the UV
spectroscopy. From the location of peaks and the combination of peak absorption and

referring to Table 3.3, it can be concluded whether the compound is saturated or
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unsaturated or contained hetero atoms or not. For quantitative analysis, the quantification
of compounds that absorb UV radiation in analytical chemistry can also be done using UV
absorption spectroscopy. Many other methods for quantitative analysis can be elucidated
such as the calibration curve method; the simultaneous multicomponent method; the
difference spectrophotometric method; and the derivative spectrophotometric method. For
gualitative analysis, UV absorption spectroscopy can be used to characterise those types of
compounds which absorb UV radiation with the spectra applied on the characterisation of
aromatic compounds and aromatic olefins. Using the Equation 5.1, the PKa value can be
calculated if the ratio of [A/ [HA] is known at a particular PH. and the ratio of ]J[A

[HA] can be determined spectrophotometrically from the graph plotted between
absorbance and wavelength at different PH values. For chemical kinetics, the kinetics of
reaction is very important in analytical chemistry and can also be studied using UV
spectroscopy. It can be observed that the UV radiation passing through the reaction cell
and the absorbance changes as well. For quantitative analysis of pharmaceutical
substances, the pharmaceutical compounds (drugs) are either in the form of raw material or
in the form of formulation. After assayed drugs are made into a suitable solution in a
solvent, the absorbance at specific wavelength can be measured. For example, a diazepam
tablet can be analyzed by 0.5%3®, in methanol at the wavelength 284 nm. For
molecular weight determination: In this case, the spectrophotometry is used to determine
the molecular weights of compounds by preparing the suitable derivatives of these
compounds. For example, if we want to determine the molecular weight of amine then it is
converted in to amine picrate. Then a known concentration of amine picrate is dissolved in

a liter of solution and its optical density is measured,@% = 380 nm. After this the
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concentration of the solution in moles per litre can be calculated by using the following
formula.

logioIo/1
c=—-—"—

e x 1 Equation 4.25

Where the weight "w" of amine picrate is known so froch dnd "w", the molecular

weight of amine picrate can be calculated. The molecular weight of picrate can be
calculated using the molecular weight of amine picrate. As an HPLC detector, a UV/Vis
spectrophotometer may be used as a detector for HPLC. The presence of an analyte gives a
response which can be assumed to be proportional to the concentration. For more accurate
results, the instrument's response to the analyte in the unknown should be compared with

the response to a standard; as in the case of a calibration curve.

4.2.4 Fluorescemce (FL) spectroscopy

Fluorescence spectroscopy perhaps is the photonic process that is opposite to UV-Vis
spectroscopy as fluorescence allowed transitions with a lifetime in the nanosecond range
from a higher to a lower excited singlet state of molecules. After photon is absorbed, FL is
used to measure the intensity of photons emitted from a molecule. In UV-Vis

spectroscopy, the component responsible for the electronic transition at the specific
wavelength is called chromophore while in fluorescence, this component is named
fluorophore [208]. Indeed, the theme chromophore implies that the molecule absorbs light
while fluorophore means that the molecule, likewise, emits light. At room temperature

most molecules occupy the lowest vibrational level of the ground electronic state and on

absorption of light they are elevated to produce excited states. The simplified diagram
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below shows absorption by molecules from ground state to produce either the first, S1, or

second S2, excited state (Fig 4.21).

S2
A
E —Internal conversion
B W Y
S1 : “*-. Intersystem crossing
' S. ~
Absorption Fluorescence = T
nee
S0 pores®
—— Y\\()S?

Figure 4.21: The Jablonski (electronic transition) diagram. E is the energy scale; SO is the
ground singlet electronic state; S1 and S2 are the successively higher energy excited

singlet electronic states. T1 is the lowest energy triplet state.

Figure 4.21 is called the Jablonski diagram or the electronic transitions diagram, because
electrons of chromophores and/or fluorophores are responsible for the different described
transitions [209]. Fluorescence emission occurs as the fluorophore decays from the singlet

electronic excited states to an allowable vibrational level in the electronic ground state.

Principle: Emission spectra are recorded by choosing an appropriate excitation
wavelength and scanning wavelength with the emission monochromator. When we want to
record the fluorescence emission spectrum, the excitation wavelength is kept fixed and the

emission monochromator is run.
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Instrumentation
— e 7]
DUAL GRATING
EXCITATION
MONOCHROMATOR LIGHT SOURCE
XENON ARC
] LAMP
PMT
% PMT I: =\Y ‘.J—.
= [ ey, | em —— SHUTTER
A = FILTER HOLDER
3 ); ——4— BEAM SPLITTER
) REF [l
CELL ——— POLARIZER
OPTICAL
EMISSION MODULE
/" MONOCHROMATOR] [} A5 (]
= - =
N— |_| oS oA S
SAMPLE CHAMBER
MONOCHROMATOR DISPLAY
CONTROLLER
EX EM
COMPUTER ;

Figure 4.22: Schematic diagram of a spectrofluorometer. [209].

Applications: Fluorescence is several orders of conventional absorbance-based techniques
that are more sensitive and more selective. The sensitivity increases while the emitted
radiation is measured directly and can be increased simply by increasing the incident
power. In the fluorescence-based technique, selectivity is much higher than in absorbance-
based approaches. These two properties of the fluorescence-based techniqgues make
fluorescence spectroscopy an ideal technique for various fields of application such as in
bioanalytical studies, water quality and small or solid sample analysis. For bioanalytical
study, fluorometric methods of analysis are probably most often performed in the clinical
laboratory to determine the amount of a given species present in a biological sample (e.g.,

urine, liver tissue).
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4.2 .5Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is an imaging technique used to determine topography
and other properties of surfaces. AFM is the extended method of the scanning tunnelling
microscopy(STM) technique which was developed to investigate the electrically non-

conductive materials, like proteins and is a useful tool for nanoscience.

Principle: Images are taken by scanning the sample relative to the probing tip and
digitising the deflection of the lever or the z-movement of the piezo as a function of the
lateral position X, y. An AFM cantilever should have a high resonant frequency, the

equation for the resonant frequency of a spring is:

1 |[spring constant .
Resonant frequency = po /—p——fn;;— Equation 4.26

This equation shows that when the cantilever has a small mass, it can have both low spring
constant and high resonant frequency. There are four principal kinds of operational modes
according to the separation between the cantilever and the surface, the cantilever’s
oscillation amplitude and the normal or torsional bending of the cantilever. There are
contact mode, noncontact mode, and intermittent contact mode and lateral force
microscopy. When the microscope is operated in non-contact mode at tip-sample
separations of 10 to 100 nm, forces such as Van Der Waals, electrostatic and magnetic or
capillary forces can be sensed and they give information about surface topography,
distributions of charges, magnetic domain wall structure or liquid film distribution. In this
mode, ionic repulsion forces allow the surface topography to be traced with high

resolution.
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Figure 4.23: Typical force-separation curve.

Far from the sample, the cantilever is not affected by interatomic forces and is in its free
equilibrium position. But when brought closer to the surface, attractive forces act upon the
tip to bend the cantilever towards the sample. When the tip is in contact with the surface,
repulsive forces dominate, deflecting the cantilever backwards. The thick lines indicate the
normal ranges of operation for contact and noncontact modes and the long horizontal

arrow represents the usual amplitude for intermittent contact.

Instrument: Figure 3.24 operates by measuring attractive or repulsive forces between a tip
and the sample [210]. In its repulsive "contact" mode, the instrument lightly touches a tip
at the end of a leaf spring or "cantilever” to the sample. Thus, in contact mode the AFM
measures hard-sphere repulsion forces between the tip and sample. In noncontact mode,
the AFM derives topographic images from measurements of attractive forces; the tip does

not touch the sample [211-212].
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Figure 4.24: Concept of AFM and the optical lever.

Applications: AFM has many disadvantages such as limited vertical range, limited
magnification range, the data are not independent of the tip, the tip or sample can be
damaged, The advantages are easy sample preparation, accurate height information and
work in a vacuum, air and liquids and living systems can be studied which make this
technique applicable in different fields. AFM can be used for imaging to construct a
picture of a CD stomper or human chromosomes; for measuring the thickness of an image
as well as the resulting oscillation of the cantilever, the tip and the sample; for sensing to
establish the composition of the sample; for manipulating by using 1024 cantilevers, the
“Millipede” can write on a surface of polymer film. Each cantilever is individually
controlled and can produce or erase a small pit that represents a bit of information. It is
predicted that 100 GB of memory can be put on only one square inch using this

technology.
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4.3 Conclusion

This chapter has bravely reviewed some of the analytical techniques which will be used for

the purpose of this present work. The principle, instrumentation and some applications of

each technique were described.
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MATERIALS, REAGENTS AND EXPERIMENTAL
METHODS

5.0 Introduction

This chapter present the reagents, materials and experimental procedures used to develop
the electrochemical tetrodotoxin sensor. Furthermore, a detailed description and the
application of polyaniline-modified electrode as tetrodotoxin sensor for neutral ionophores
molecules are presented. Finally, the highlight of immobilisation procedures of
biomolecular recognition systems and its applications as biosensors detector for

tetrodotoxin analyte were discussed.

5.1 Reagents and materials

This section presents the list of chemical reagents and materials used in this study
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5.1.1 Reagents

Table 5.1a List of chemical reagents used in this study

Name Supply % purity Product number
Tetrodotoxin (TTX), citrate free Latoxan 96% Lot # L8503
Aniline Sigma-Aldrich 99%, Lot# 132934
Poly(4-styrenesulfonic acid) sigma-Aldrich 18wt % in Lot#
(PSSA) water MKBF4647V
Perchloric acid Sigma-Aldrich 70%, lot # STBC0917V
Aptamer Ingaba Biotec / /
Glutaraldehyde Sigma-Aldrich > 50 wt% CAS: 340855
Acetonitrile anhydrous Sigma-Aldrich 99.8%, lot # STBC0960V
Phosphoric acid SAFC 85 wt % product # 31996DJ
Sodium acetate anhydrous Sigma-Aldrich > 99 % Lot # W302406
Acetic acid, glacial Sigma-Aldrich >99.7% Lot #
STBD7192V
Magnesium sulfate (MgSQ sigma-Aldrich >99.5%, product # 7506-
500G
Lithium sulfate sigma-Aldrich > 98.0%, product # 62613-
250G
Potassium sulfate Kimix 99%, /
Ammonium sulfate Kimix 99%, /
Sodium sulphate anhydrous Kimix 99.5% /
Tetradodecylammoniumtetrakis  Sigma-Aldrich 99%, lot # 1383901V

(4-chlorophenyl)borate
(ETH500
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Table 5.1 List of chemical reagents used in this study

Name Supply % purity Product number
Benzo-18-crown-6 (B18C6) Fluka > 98.0% EC N0.2380413
4-tert-Butylcalix[4]arene- Fluka / Product # 71747
tetraacetic acid tetraethyl ester
(Sodium ionophore X, NaX)
Ethanol Kimix 99.9% /
Tris-EDTA buffer solution pH Sigma-Aldrich / Lot #
8.0 £0.1 (25°C) BCBM4893V
1,2-dichloroethane (1,2-DCE) Sigma-Aldrich 99 % Product # S11021-
043
Chloroform Sigma-Aldrich 99.9% Product # S56297
Sodium Chloride Sigma-Aldrich >99.5 product #
BCBG7695V
Dimethyl sulfoxide Sigma-Aldrich > 99.7%, lot # SZBD355SV
N,N-dimethylformamide Sigma-Aldrich 99.8% lot #
anhydrous STBD14465V
Alumina slurries Buehler 1Ib [0.45 kg] 1.0, 0.3 and
0.05 pm

5.1.2 Materials

A conventional three-electrode in electrochemical cell was used during the experimental

studies. Table 5.2 presents the list of working electrodes (WE) and their thickness (mm).

The silver wire (pseudo-reference electrode) and Ag/AgCl were used as reference

electrode and platinum wire as the auxiliary (counter) electrode.

122



Chapter 5: Materials, reagents and experimental methods

Table 5.2: Working electrodes used to carry out the experiment

WE Diamete Supply
Boror-doped diamor 3.5 mn BAS
Glassy carbc 3.0 mn Amel and BAS compar

Platinum 1.0 mm Amel and BAS

Platinum 1.6 mm BAS

Gold 1.0 mm Amel

Gold 1.6 mm BAS

Nickel 4.0 mn Amel

Prrolytic graphite 3.0 mm BAS

Titanium 4.0 mm Amel

5.1.3 lon selective electrode

The plastic tip containing organic phase was used to cover the head of the silver wire
electrode. Afterwards, the silver wire and platinum wire were inserted put in PTFE
tubular-bolt (working electrode) containing 1ml of organic phase. At the bottom of the
tubular-bolt, a dialysis membrane was used to separate the organic phase from the aqueous

phase. This is to allow the ions to transfer from the aqueous phase to the organic phase.

5.2 General electronics instrumentation

The electrochemical experiments were carried out a BSing a MOD-7050 potentiostat

(AMEL instrument) connected to a computer through a USB electrochemical interface.
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However, the electrochemical impedance spectroscopy (EIS) was performed on IM6ex
ZAHNER elektrik with an impedance measurement unit.

The Ultraviolet-visible (UV-vis) spectroscopy was performed on the Thermo Electron
Corporation Nicolet evolution 100 spectrometer and the fluorescence spectroscopy was
carried out using the Nanolog Horiba Jobin Yvon spectrometer.

The photoluminescence analysis was performed using Horiba NanoLog™ 3-22-TRIAX
(USA), with a double grating excitation and emission monochromators at a slit width of 5
nm.

FT-IR measurement was carried out by infrared spectrophotometer (Perkin ElImer model
Spectrum 100 series).

The high resolution transmission electron microscopy (HRTEM) and energy-dispersive X-
ray spectroscopy (EDS) analysis were done on a high resolution transmission electron
microscope (Tecnai G2F20 X-Twin MAT (US)).

The Zeiss Auriga HRSEM scanning electron microscopy (SEM) machine was used while

the AFM analysis was done on a VeecoNanoMan V model (Cambridge, USA).

5.3 Preparation of reagent solutions

5.3.1 Preparation of tetrodotoxin solution

1 mg, 319.28 g mdl of TTX was directly weighed without any purification into 10 ml
volumetric flasks containing 3 ml, 0.1 M OAc buffer. In order to have complete
dissolution, the mixture was kept for 24 hours and then the solution was divided into six

small vials of 0.5 ml, 1 mM TTX solution. Afterwards, one out of the six vials containing
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0.5 ml of TTX solution of 1mM, (0.1 M, 1000 pl TTX solution) was diluted 100 times.
From the TTX (0.1 mM, 1000 pl) solution, 2 uM, 250 pl of TTX solution was further

prepared by diluting 50 times and then used as a working solution.
5.3.2 Preparation of buffer solutions

The preparation of the buffer solutions used in this study is described below. Using the
relationship between pH and pKa given by Henderson-Hasselbach the desired pH of the

buffer solution was calculated using Equation 5.1.

pH = pK, + log (ﬁ) Equation 5.1

Where A is the base and AH is the acid
The pH of the solution was adjusted to 7 by adding drops of either acid or basic solution to

prepare the PB solution pH 7.04

5.3.2.1 Acetate buffer (OAc) solution

0.1 M of acetic acid solution was prepared by diluting 291.036 pl of glacial acetic acid in
100 mL of distilled water. Afterwards, 0.1 M of sodium acetate solution was prepared
separately by dissolving 1.3608 g of sodium acetate powder in 100 ml of deionised water.
Using the Henderson — Hasselbach relationship (Equation 5.1) 25 ml of acetic acid with

pH 4.8 was added to 75 ml of sodium acetate solution to make the buffer solution.

125



Chapter 5: Materials, reagents and experimental methods

5.3.2.2 Sodium phosphate buffer (SPB) solution

0.1 M of sodium phosphate acid solution was prepared by weighing 1.7799 g of sodium
phosphate dibasic dehydrate powder into 100 ml of distilled water. A basic solution of 0.1
M of sodium phosphate basic solution was prepared separately by dissolving 1.5601 g of
sodium phosphate monobasic dehydrates powder in 100 ml of deionised water. Applying
the Henderson — Hasselbach (see equation 5.1), 42.3 ml of sodium phosphate acid solution

was added into 57.7 ml of sodium phosphate basic solution.

5.3.3 Preparation of liquid phase solution

K 2SO, solution

0.05M of K;SO, solution was prepared by weighing 0.0436 g e8®, powder into 5 ml

of deionised water.

(NH4)2S0O;, solution

0.0661 g of (NH).SO, was weighed into volumetric flask containing 5 ml of deionised
water. After complete dissolution of the powder, another 5 ml of deionised water was
added to the solution in order to obtain 0.05M ¢NBO, solution.

Na SO, solution

0.05 M of NaSQO, solution was prepared by accurately measuring 0.1611 g £8jla
powder into 10 ml of deionised water. The solution was shaken until the complete
dissolution of the N&Oypowder.

Li SO, solution
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The preparation of 0.05 M of 430, solution was made by dissolving 0.2748 g giSlQ)y
powder into20 ml of deionised water. In order to achieve complete dissolution of the
powder 30 ml of deionised water was further added into the solution.

MgSOQO, solution

0.05 M of MgSQ solution was prepared by dissolving 0.6018 g of MgB@vder in 100

ml of deionised water.

5.3.4 Preparation of organic phase solution

Organic solutions presented in this section were prepared in three different concentrations

of organic phase solution by varying salt amounts as showed in Table 5.3.

Table 5.3 Organic solutions used to carry out the ion transfer voltammetry experiment

Organic phase  Concentration of the ~ Amount of salt Dichloroethane

solution solution [mol 1] [g] [ml]

B18C6 0.5 0.0541 3

ETH500 0.5 0.1722 3
NaX 0.1 0.0099 1

5.3.5 Preparation of standard solution

In this section four different standard solutions of NaCl, KThP®, and glutaraldehyde
were prepared.

NaCl standard solution
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0.05844 g, of NaCl powder was weighed into 10ml volumetric flask containing 5 ml
deionised water. After complete dissolution of the salt, more deionised water was added up
to 10 ml of Joge mark to prepare 0.1 M of NaCl solution.

KTN standard solution

0.05 M standard solution of KTN solution was prepared by dissolving 0.0224 g of KTN
powder in 3ml of deionised water.

H3PO, standard solution

1 M of H3PQ, solution was prepared by diluting 11.53ul of 8.67 MP&, solution in 100

ml of deionised water.

Glutaraldehyde standard solution

0.198M (2%) of glutaraldehyde solution was prepared by diluting 8 pl of 2.497 M (25% in

H>0) in deionised water.

5.3.6 Preparation of aptamer solution

100 uM of stock solution of oligos was prepared by dissolving 87.09 moles gf NH
aptamer in 870.88 ul of Tri-EDTA (10 mM Tris-HCI, 1 mM disodium EDTA, pH 8.0).
The stock solution was then divided into smaller aliquots for long-term storage to avoid
frequent freeze-thaw cycles and to prevent accidental contamination. Afterwards, the stock
solution was diluted to 50 pM. 50 puM of working solutions were prepared by diluting 500
pl of stock solution in 250 pl of OAc buffer solution at pH 4.8. A different 50 uM of
working solutions was further prepared by diluting 50 pl of stock solution in 100 pl of

OAc buffer solution at pH 7.04. All solutions were stored in the freeze at -20°C.
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5.4 Electrodes preconditioned

Prior to use, the various electrodes were pre-treated as follows:

Reference electrode:The Ag/AgCl and Ag wire reference electrode were thoroughly
rinsed in deionised water which was then stored in 3 M NaCl solution until when needed.
Counter electrode: The platinum wire counter electrode was acid treated by placing it
directly in 2 M HCI or HSQO, solution in order to remove/dissolve any soluble impurities.
The counter electrode was then annealed on a flame. Annealing was important because it
removes any trace impurities which might adsorb on the surface of the electrode.

Working electrode: The following steps were followed to ensure strict electrode hygiene.

» Alumina pads Buehler (lllinois, USA) was aligned on a glass substrate and alumina
powder of 1 uM, 0.3 uM and 0.05 pM particle sizes was then spread on the surface
of the pads.

» Sufficient amount of ultra-pure water was mixed with the alumina powder on the
surface of the pads to form gal/slurries.

» Using circular motions, the surface of the working electrode was successively
polished with formed alumina gal from the largest to the smallest alumina particle
sizes. After the polishing step, each of the electrodes was rinsed by ultra-pure
water.

» The cleaned electrode was then placed in an ultrasonic bath containing absolute
ethanol followed by sonicating for 5 to 10 min.

» Finally the electrode was rinsed again in deionised water which was then followed

by stream drying under argon gas.
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5.5 Electro-inactivity of tetrodotoxin at solid electrodes

Different concentrations of TTX films were drop-coated consecutively on GC, Pt, Ti, Ni,
PG, BDD, and Au electrodes and kept for 30 minutes to dry at room temperature. The
potentiodynamic CVs of the modified TTX-electrode were scanned at 100 rh¥tween
-5and+5V,-15and+2V,-1and+1V,-0.8and+1.1V,-0.8and + 1.3V, -0.5and
+1V,-18and + 2.5V using Au, BDD, GC, V, Ni, PG, Pt and Ti electrode respectively
in 5 ml, 0.1 M OAc buffer pH 4.8 under argon gas. The CVs of unmodified-electrodes
were firstly recorded in 5 ml, 0.1 M OAc after polishing. Afterwards, different
concentrations of TTX were added into 1ml of 0.1 M OAc solution at different pH (4.10,
5.01, 6.03, 7.02, 8.03) using the micropipette. The CVs were recorded for this time only at
the potential range between - 0.5 and + 1 V for Pt and- 1.7 and + 1 V for Ti electrode at

100 mV &

5.6 Electrokinetics of polymerisation of undoped and doped PANI

films in perchloric acid/ acetonitrile

5.6.1 Electrosynthesis of undoped PANI films in perchloric acid/ acetonitrile

5.6.1.1 Electro-oxidation of aniline

In the electrochemical cell containing 0.1 M H@®mL acetonitrile, 0.05 M of aniline
was added. The LSV technigue was used to oxidize the aniline monomer between the

potential range of - 0.2 and + 2 V for Pt, - 0.5 and + 2.5 V for PG, - 0.3 and + 2.5V for Au
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and- 0.5 and + 1.8 V for GC electrode under argon gas. The purpose of this experiment
was to determine the onset potential which was used to calculate the final potential using

the equationE; = Egnsert 0.4 V to determine the electrochemical polymerisation.

5.6.1.2 Electrochemical polymerisation of aniline

Electrochemical polymerization of aniline on the bare GC, Pt, PG, Au electrodes was
performed in the electrolyte solution of 0.1 M HGIACN containing 0.05 M of aniline.

The electrolyte solution was degassed with argon gas for 10 min before the
electropolymerisation process. The CV was then used at a cycling of 50" to&tween -

0.1 -1.47 V for Au, 0.1 - 1.3 V for GC and PG, and 0.0 - 1.3V for Pt under the flow of
argon gas. The CVs of electrodeposited PANI films was recorded over 15 cycles and the
electrodes were then rinsed with ethanol to remove the excess of aniline monomer on the
electrode surface. The modified PANI/Au, PANI/GC, PANI/Pt and PANI/PG electrode

were prepared and ready for further characterization.

5.6.1.3 Stability of the modified-PANI electrode and reversibility of the system

The stability of the electrode vis-a-vis PANI film was studied by recording the cyclic
voltammograms of PANI in an electrosynthesis potential range of each of the electrode at
different scan rates in 0.1 M HCIACN mixture. The CVs were recorded for three
multiple cycles under controlled potential in their respective electrosynthesis range of each
electrode versus silver wire under argon gas. After the CVs were recorded, the modified-

PANI electrode was placed into the same cell filled with 0.1M HCI®CN. The IES was
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measured immediately using different potential around the first anodic peak potential. The
CV was then repeated at different scan rates of 15, 20, 50, 75, 100, 300! mV s

respectively.

5.6.2 Electrosynthesis of PSSA dopes PANI films in perchloric acid/

acetonitrile

Electrosynthesis of PSSA doped PANI on GC, Pt, PG and Au electrodes was performed in
the electrolyte solution of 0.1 M HCACN containing 0.05 M of aniline and 0.025 M of
PSSA respectively. The electrolyte solution was degassed with argon gas for 10 min
before electropolymerisation. Sequential polymerization was carried out by cyclic
voltammetry between - 0.1 - 1.47 V for Au, 0.1 - 1.3 V for GC and PG, and 0.0 - 1.3V for

Pt at 50 mV § under argon gas. The CVs of electrodeposited of PANI films were
recorded over 15 cycles and the electrodes was rinsed with ethanol to remove the excess
aniline monomer on the electrode surface. The modified PSSA-PANI/Au, PSSA-
PANI/GC, PSSA-PANI/Pt and PSSA-PANI/PG electrode was then ready for further

characterization.

5.7 Indirect detection of TTX at modified-NaX/PANI-PSSA films
electrodes

Different concentrations of NaX solution was drop-coated on PSSA-PANI/GC, PSSA-
PANI/Pt, PSSA-PANI/ PG and PSSA-PANI/Au electrodes respectively and allowed to

slowly dry for 2 hours at room temperature. Afterwards, the CV of the modified electrodes
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was carried out at 100 mV'detween - 0.1 to 1.47 V for Au, 0.1 to 1.3 V for GC and PG,
and 0.0 to 1.3V for Pt at 50 mV'sin 5 ml, 0.1 M OAc buffer pH 4.8 under the flow of
argon gas. The cyclic voltammograms at different concentration ‘oioNavere recorded.
Furthermore, different concentrations of TTX was added in the cell containingnidahe

CV was carried out to see the effect of TTX ori Naak.

5.8 Investigation of ionophore complexation with TTX using ion

transfer voltammetry

5.8.1 Choice of electrolyte solution

50 mM of 0.5 ml NaX and a solution of ETH 500 were mixed and put into a PTFE tubular-
bolt to prepare the organic phase (selective electrode or working electrode). The prepared
organic phase each of 10 ml include,30®, MgSQ, (NH3).SO;,, K;SO, and
Na;SOssolution. This was then used in the aqueous phase as the electrolyte solution. The
experiment was performed in the electrochemical cell containing two different phases
(liquid and organic phase) with an assembling of selective electrodes as working electrode
(organic phase).The working electrode include: platinum wire as counter electrode, and
silver wire as the reference electrode (aqueous phase). Using the potentiodynamic method,
the background CVs of each electrolyte solution was recorded between -0.6 and 0.3 V, -
0.7 and 0.3V, - 0.7 and 0.3 V for Mg$Q.i,SO, and NaSO, respectively at 10 mV'’s
Thereafter, the suitable electrolyte solution was chosen from the background CVs of the
electrolyte where cation did not form complex with the ionophore present in the organic

phase (background CV without redox peak).
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5.8.2 lonophore complexation with TTX

5.8.2.1NaX complexation with TTX

The mixture of 50 mM of 0.5 ml NaX and ETH 500 solutions were put into PTFE tubular-
bolt to prepare 10 ml organic phase (selective electrode or working electrode) of, MgSO
solution. This was used in aqueous phase as the electrolyte solution. The experiment was
performed in the electrochemical cell containing two selective working electrode (of
organic phase). The selective working electrode is of two different phases of platinum wire
as the counter electrode and silver wire as reference electrode (aqueous phase). At 10 m V
s', the CV was firstly measured, to record different concentration dfidtain 10 ml

MgSO4 at 10 mV '$ between -0.6 and + 0.3 V. Secondly, the cyclic voltammograms of

TTX at different concentrations were also successfully recorded at 10'mV s

5.8.2.2 B18C6 complexation with TTX

The mixture of 50 mM of 0.5 ml B18C6 and ETH 500 solutions were put into PTFE
tubular-bolt to prepare the organic phase (selective electrode or working electrode), an
electrochemical cell containing 10 ml Mg$®olution was used as electrolyte solution
(aqueous phase). The experiment was performed in the electrochemical cell containing
both phases with an assembling of selective electrodes as working electrode (organic
phase), platinum wire as counter electrode, and silver wire as reference electrode. The CV

was used to record the different concentration of ida in 10 ml MgSQ at 10 mV &
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between - 0.6 and + 0.3 V. Furthermore, the CVs of TTX at different concentrations were

also recorded successively at 10 mV s

5.9 Investigation of ionophore complexation with TTX using

ultraviolet/visible absorption

5.9.1 NaX complexation with TTX

Two different solutions of acetate buffer and deionised water were used as blanks for TTX
and NaX respectively during UV-Vis measurements. The spectrum of each blank was
recorded and thereafter 0.332 mM of TTX solution was diluted in the 3 ml cuvette
containing water before measuring the spectrum of the TTX. Similarly, 1ImM of NaX
solutions was diluted with water in (4.5 cm, 3ml) cuvette then the spectrum of NaX was
recorded. Afterward, the spectrum of both mixtures (0.332mM/1mM of TTX/NaX) was

recorded between 200 and 800 nm.

5.9.2 B18C6 complexation with TTX

During the measurement of the UV-Vis, acetate buffer was used as the blank for TTX,
B18C6 and a mixture of both TTX/B18C6. Distilled water was used as the blank for

B18C6 in the UV-Vis absorbance measurements. The spectrum of each blank was first
measured and recorded. Thereafter, the spectrum of the diluted TTX solution (by

measuring 0.332 mM of TTX solution into cuvette containing water) was measured. In a
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similar way, 3.33 mM of B18C6 solutions was diluted with water in a cuvette and placed
into the UV-Vis analyser and the spectrum of NaX was recorded. The spectrum of 0.332

mM/ 3.33 mM mixture of TTX and NaX was also recorded between 200 and 800 nm.

5.10 Electrochemical synthesis of neutral and p-doped PANI-PSSA in

phosphoric acid

5.10.1 Electrochemical polymerisation procedure ion HCIQ/ACN and in
H3PO,

Electrosynthesis of PSSA doped PANI on GC, Pt, PG, Au electrodes was performed in a 5
ml electrolyte solution of 1 M ¥PO, containing 0.05 M of aniline and 0.025 M of PSSA.
The electrolyte solution was degassed with argon gas for 10 min before electrochemical
polymerization. Subsequently, sequential polymerization was carried out on p-doped and
neutral PANI-PSSA films using a CV. The p-doped films was scanned from + 1.1 to - 0.2
V for Au, GC and PG, and + 1.1 to 0.0 V for Pt at 50 mWahile the neutral PANI-PSSA

were scanned from - 0.2to + 1.1 V for Au, GC and PG, and 0.0to + 1.1 V for Pt at 50 mV
s under argon gas. The CVs of electrodeposited on the polymer films were recorded over
15 cycles and the reaction was stopped at the starting potential. The modified PSSA-
PANI/Au, PSSA-PANI/GC, PSSA-PANI/Pt and PSSA-PANI/PG electrodes were rinsed
with deionised water to remove excess of aniline monomer on the electrode surface. The
scan rate voltammogram was then recorded by sweeping the potential of the working
electrode under controlled potential at the electrochemical polymerization range of each
respective electrode again silver wire under argon gas at sweep rates at 50 Titié¢ s

surface of the coated electrode with p-doped PANI-PSSA films and the neutral PANI-
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PSSA was blue and green respectively. This procedure was repeated for electrodeposited

PSSA doped PANI composites in HGIOAN and ready for characterization.

5.11 Characterisation of neutral and p-doped PANI-PSSA in buffer

solutions

The characterization of the PSSA doped polyanilines was carried out by performing multi-
scan rate cyclic voltammetry. The polymer films modified electrode was placed in
degassed 0.1 M SPB solution with pH 7.04. The potential of the working electrode was
then scanned between - 0.6 to + 0.6 V potential limits and multi-scan rate voltammograms
was recorded at the scan rates of 10 to 100 fhVAsso the polymer films modified
electrode was placed in a degassed 0.1 M OAc buffer solution at pH 4.8. The potential of
the working electrode was then scanned between -0.5 to + 0.6 V potential limits and multi-
scan rate voltammograms was then recorded at scan rates of 10 to 75 Th¥é €Vs was
measured for three multiple cycles in order to study the short time stability of the modified

composite electrodes.

5.12 Electrochemical impedance measurement of neutral and p-doped
PANI-PSSA

The three electrodes setup consists of a working electrode (modified neutral and p-doped
PANI-PSSA electrode), counter electrode and reference electrode (Ag/AgCl). The
impedance spectra were measured in 0.1 M SPB at the frequency between 100 Hz and 100
kHz with the formal potential of the PSSA-Emeraldine redox couple. On the other hand,

the impedance spectra was recorded in 0.1 M OAc buffer at the frequency range of 1 Hz to
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100 kHz with a potential difference within - 0.5 and + 0.5V. The amplitude of the
alternating voltage was 10 mV. Nyquist and Bode plots in whichvs Z' and log % |vs

log (f) respectively, were chosen for the presentation of the data.

5.13 Solubility test

The solubility of the resultant polymers in two different laboratory reagents was tested.
Exactly 1 mL of each of the following solvents was measured and placed in a 4 labelled
stoppered vials. Two of the vials contained dimethyl sulfoxide (DMSO) and the other two
dimethyl formamide (DMF). Two modified neutral PSSA-doped polyanilines electrodes

were separately dipped into DMSO and DMF solvent which was then sonicated for 30
minutes. Similarly, two of the modified p-doped PSSA-doped polyanilines electrodes were
also dipped into DMSO and DMF solvent and sonicated for 30 minutes. The neutral
PSSA-PANI films were completely dispersed in DMSO while the p-doped PSSA-PANI

films were dispersed in DMF but not in DMSO. The procedure was done for the polymers
composites in order to evaluate the effect of the ending potential in the electrochemical
polymerization process and the polarity of the solvent on the solubility of the resultant

composites.

5.14 Determination of absorption bands of neutral and p-doped PANI-
PSSA

In these set of experiments DMSO and DMF were used as the blank for neutral PSSA-
PANI and p-doped PSSA-PANI films respectively. The spectrum of each blank was first

recorded and 40 pl of each of the resultant polymer composites solutions were diluted into
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the 4 cm cuvette containing DMSO or DMF depending on the polymer composite to

measure. The UV-Vis was then measured between 200-800 nm and recorded.

5.15 Emission wavelength of neutral and p-doped PANI-PSSA

The same neutral and p-doped PSSA-PANI composite solutions were used to measure the
absorption spectra. The wavelength absorption obtained was used to measure the emission
spectra of monochromators at a slit width of 5 nm. The fluorescence emission was
measured at 285 and 350 nm for the neutral PSSA-PANI composite and at 350 and 621 nm
for the p-doped PSSA-PANI composite in DMF solution. Whilst, in DMSO solvent the
emission spectra were recorded at 342, 448, and 602 nm for neutral PSSA-PANI and at
296 and 418 nm for the p-doped PSSA-PANI composite. The above wavelengths used
were obtained from the absorption spectra of the neutral and p-doped PSSA-PANI

composite in DMSO and DMF respectively.

5.16 FTIR measurement of neutral and p-doped PANI-PSSA

composites

The spectrum of each composite was measured using FTIR (Perkin EImer model Spectrum
100 series was recorded between 4000-400. defore the analysis the neutral and p-
doped PSSA-PANI samples dispersed in DMSO and DMF respectively were prepared by

dropping their suspension directly into the crystal (window) of the device.
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5.17 Characterisation of neutral and p-doped PANI-PSSA using SEM

analysis

Scanning electron microscopy was used to characterize the modified surface morphology
of the neutral and p-doped PSSA-PANI/GC and to determine elemental composition
and/or atomic percentage of the samples. The images were observed using the secondary
electron (SE) mode with interchangeable accelerating voltages of 200 kV and a maximum
resolution of 1 um. The SEM samples for quantum dots were prepared by placing the solid
nanomaterial onto a carbon adhesive mounted on aluminium stubs. The samples for neutral
and p-doped PSSA-PANI were prepared by electrodeposition onto screen printed

electrodes (glassy carbon).

5.18 Characterisation of neutral and p-dope PANI-PSSA using TEM

analysis

The morphology and size distribution of the quantum dots or nanocrystals materials were
performed using a high resolution transmission electron microscope (HRTEM) operating
at 25 kv (field emission). Specimens for the high resolution transmission electron

microscopy (HRTEM) were prepared by putting drops of the dispersed material on a
carbon-coated copper grid. This was then allowed to dry by evaporation under an infra-red
lamp before loading onto the grid (sample holder) and driven into the microscope unit for
the analysis. HRTEM was also used to determine elemental composition and/or atomic

percentage of each sample.
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5.19 Application of p-doped PANI-PSSA films in the construction of

electrochemical tetrodotoxin biosensors

5.19.1The attachment of glutaraldehyde on the modified p-doped PSSA-
PANI/GC

The modified p-doped PSSA-PANI/GC electrode was immersed into a 5 % solution of
glutaraldehyde for four hours at room temperature. The modified GIu/PANI-PSSA/GC
electrode was prepared and rinsed with buffer solution to remove the unbounded
glutaraldehyde. The prepared GIlu/PANI-PSSA/GC platform was further electrochemically

characterized using CV and IES.

5.19.2The immobilisation of aptamer on GLU/PANI-PSSA/GC electrode

Amino-aptamer was immobilised onto the modified GIlu/PANI-PSSA/GC electrode
through the linkage between amino groups and the active carbonyl groups of
glutaraldehyde. The modified GIu/PANI-PSSA/GC electrode was deep-coated into 130 pl
of OAc buffer or SPB solution through Ntdptamer solution at different concentration.
The electrode was then incubated in the refrigerator at +4 °C for four hours. After the
incubation process, NFApt/GIu/PANI-PSSA/GC electrodes were rinsed with SPB
solution to remove physically absorbed aptamer. The preparedApdHGIU/PANI-
PSSA/GC platform was further electrochemically characterised using CV and IES.

Thereafter, the suitable concentration of aptamer was determined.
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5.20 The detection of TTX using the biosensor NHKH
Aptamer/GIlu/PANI-PSSA/GC

The NH-Apt/Glu/PANI-PSSA/GC biosensor was deep-coated into 130 pl of OAc buffer
solution at different concentrations of TTX. The biosensor was incubated for 30 minutes in
the refrigerator at +4°C. After the incubation, NAbt/GIu/PANI-PSSA/GC biosensor
was then rinsed with OAc solution to remove physically absorbed TTX. The prepared
TTX/NH-Apt/GIlu/PANI-PSSA/GC tetrodotoxin biosensor was further electrochemically

characterized using CV and IES and the suitable concentration TTX was determined.
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INVESTIGATION OF ELECTROINACTIVITY OF
TETRODOTOXIN AND ITS COMPLEXATION TO
IONOPHORES

6.0 Introduction

Tetrodotoxin is a neurotoxin with 60% of death and various applications. The
determination and detection of this neurotoxin has been investigated by many researchers.
Sequel to the previous works reported in chapter two, it was found that no electrochemical
technique had been used to determine tetrodotoxin. This chapter thus, will firstly present
the electrochemical technique employed in this research study to investigate the electro-
activity of tetrodotoxin on bare electrodes. Then the results obtained on the detection of
TTX based on the modified ionophore/PANI/electrode via the undoped and doped PANI
will be presented. Thereafter, the ionophores complexation of TTX using ion-transfer

voltammetry and UV/Vis absorption studies will be presented.

6.1 Electro-inactivity of TTX

Determining the electro-inactivity of TTX was the first objective of this study. The
electroactivity property of TTX is the ability to be oxidised (lose electron), reduced (gain

electrons) or oxidised and reduced at the same time.
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Figure 6.1: Cyclic voltammograms (CVs) of drop-coated TTX films on bare (a) Au, (b)
GC, (c) BDD, (d) Ni, (e) PG, (f) Pt and (g) Ti electrodes in 10 ml acetate buffer, pH 4.8 at
different concentrations at100 mV.s
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This property was studied using cyclic voltammetric (CV) analysis in acetate buffer in a
pH 4 to 5 with seven precious electrodes: gold (Au), boron-doped diamond (BDD), glassy
carbon (GC), nikel (Ni), pyrrolytic graphite (PG), platinum (Pt), and titanium (Ti)
electrodes.For pH 4.8, electrochemistry response was not observed for all electrodes
(Fig.6.1). Thus, the hypothesis of TTX dissolving in acetate buffer solution at pH 4.8 or of
its electro-inactivity been given. On the titanium and platinum electrodes, the CVs of TTX
show an increase of peak current when the concentration of TTX in increased. The same
experiment was repeated on platinum (results not showed) and on titanium electrode where
the SWVs were also recorded. The SWV is the best electroanalytical technique for the
determination of electroactive organic and inorganic molecules that are adsorbed on the

electrode surface [25].
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Figure 6.2: CVs of drop-coated TTX films on bare electrodes in 1mL acetate buffer, (a)
pH 4.10, (b) pH 5.01, (c) pH 6.03, (d) pH 7.02, (e) pH 8.03 at different concentrations.

Figures 6.2 and 6.3 show the CVs and SWVs respectively of TTX on titanium at different

pH (4, 5, 6, 7 and 8) and different concentrations in 1 ml of 0.1 M acetate buffer. CVs (Fig
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6.2) show that TTX is not electroactive as it was showing in figure 6.1. It is seeing that
when the experiment is repeated at the same condition, the reduction shown at -1.4 V (Fig.
6.2c, d, e) disappeared. The SWVs (Fig. 6.3) were recorded at the same condition to

confirm the result obtained using the CV analysis.
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Figure 6.3: SWVs of drop-coated TTX films on bare electrodes in 1 ml acetate buffer (a)
pH 6.03, (b) pH 7.05, and (c) pH 8.03 at 100 Y s

The voltammogram recorded in a blank buffer solution (black line) is characterised by the
presence of one large peak around - 1.05 V, corresponding to the oxidation of Ti. With the

addition of TTX in the electrolyte solution (red line) the peak current increases. This is
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indicating that the electron exchange process was not inhibited [213] but, TTX was
adsorbed on electrode surface. The increase peak current on platinum electrode between 0
t0 — 0.18 V corresponds to the reduction of oxygen in an electrolyte solution because after
10 to 20 minutes push with argon, this peak disappeared. Thus, according to the CVs and
SWVs, TTX is electro-inactive as it cannot be detected on bare electrodes only. This
conclusion leads us to make a specific transducer to develop the electrochemical

tetrodotoxin biosensors.

6.2 The electrokinetics of the electropolymerisation of undoped and
doped PANI films in HCIO,/ACN

6.2.1The electro-oxidation of aniline

Figure 6.4 shows the linear sweep voltammograms of 0.05 M aniline in organic solution
containing 0.1 M HCI@ ACN using various electrodes. Two oxidation peaksr@ B,

are apparent around + 0.8 and + 1.6 curves (a), (c), (d) respectively; #&d B are
apparent between + 1.07 and + 1.6 V for curves (b). The first peaka®been related to

the oxidation of aniline [214] The second peaj fRas been related either to the oxidation

of p-aminodiphenylamine to form the benzidine [214] species diffusing closes to the
electrode, or to the overoxidation of aniline film an enough amount of polymer was
deposited on the electrode. The onset poteriiald which is the potential corresponding

to the oxidation of aniline was determined graphically from LSVs (Tab. 6.1). To compare
the different scans obtained with the different electrode systems, the current related to each

electrode and onset potential was determined. The characteristic peak of aniline for each
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electrode is clearly seen in all cases. From BEhge; final potential E;) used for the

electropolymerisation was calculated by

Ey = Eppser + 0.4V Equation 6.1
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Figure 6.4: Linear scan voltammograms of 50 mM aniline in 0.1 M H{AGN using (a)

Pt, (b) PG, (c) Au, (d) GC electrode and silver wire reference electrode at 50.mV s

The kinetics of the oxidation of aniline was studied by measuring the open circuit voltage
(Eocy) of aniline at different concentratioifhe rate of the oxidationk{o,,se) and the

extension coefficient) can be determined using the equation
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(1—a)nF(E—Eocv)

i. =1i,e RT Equation 6.2
Where
ip = nFAC}?ulk(l_a)Cgulk *K° Equation 6.3

The opened circuit voltag&gcy) of aniline at different concentrations and different scan

rates was determined and it was found #ady depends on the concentration of aniline

(Fig. 6.5).
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Figure 6.5: Dependence of open circuit voltage on the concentration of aniline in 0.1 M
HCIO4/ACN.

Using the Butler-Volmer equation (Equation.6.4), the electrochemical oxidation kinetic
can be exploited through Tafel slopes [5] as show in Figure 6.6 .

(1 —a)nF

[0g|inec| = log(nFAKOCT = chutke) — T

(E—Eocy) Equation 6.4

150



Chapter 6: Investigation of electroinactivity of tetrodotoxin and its
complexation to ionophores

-4.8 - -
561 —
5% -6.4 - — log|i| /A Au 7]
- . log il A GC -

72| _GNAR .

-8.0 — T T T T T T T T ]

07 06 05 04 -03 -02
E-E__ IV

Figure 6.6: Anodic Tafel plot.

Using the equatiorR = dE/di «» dE = Rdi — di/dE = 1/R;, the charge transfer
resistance R.;), exchange currenif were determined. The transfer coefficiem} was
determined from the slopeslope = (1 — a)nF /2.3RT and the kinetic parameters of

aniline (Tab.6.1) was also determined from the value[6].
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WE Range Intercept Slope R 0Ny Ny Ol Ket(onseyL1 0° inet (onset) Eonset
V] VY [cm s [WA mn7] V]
GC 0.88-0.9¢ -24.5+ 0.1 147+ 0.1 0.999 0.37 0.39 6.75 3.26 0.4
AU 0.88-0.9¢ -31.6+0.1 20.7£0.1 0.996 0.53 0.55 2.1 2.05 0.89
PG 0.961.0< -17.6 0.0 19.7+ 0.0 0.998 0.50 0.53 0.6 2.06 0.93
Pt 0.8%0.9¢ -36.1+ 0.3 24.6+ 0.3 0.988 0.63 0.66 6.94 0.33 0.89
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6.2.2 Cyclic voltammograms of PANI in HCIO,/ ACN

Cyclic voltammetry was used to investigate the electrochemical polymerisation of aniline
in 0.1 M HCIQ/ACN at various potentials with different electrodes at 50 mM\oeer 15

cycles. The best criterion for PANI films formed on the electrode surface for wide
applicability and, usually good performance of electrode is a method of synthesis and the
medium for the synthesis. The polymerisation was carried out by potentiodynamic scan in
HCIO4J/ACN after polishing the electrode with different diameters of alumina powder.
Figure 6.7 shows the CVs recorded during the continuous scan over 15 cycles at50 mV s
scan rates in different potential ranges and on the various electrodes in 0.1 MAGNO
containing 0.05 M aniline. For the first potential sweep, aniline is oxidised, resulting in an
irreversible anodic current peak. Part of the product yielded from aniline oxidation is
deposited on the electrode surface, which corresponds to the growth process taking place
with cathodic current peak (C') appearing. The intensity of first peak current decreases and
finally disappears when the number of cycles increases. The CVs show that the current
increases in each successive cycle which confirms the electropolymerization of PANI
films. The redox peak at about 0.40 to 0.50 V (AA") corresponds to the transformation of
the reduced leucoemeraldine state to the partly oxidised emeraldine state. The redox peak
around 0.70 and 1 V (CC") is attributed to the transition leucoemeraldine reduction state to
pernigraniline full oxidation state. Intermediate reactions suclp-bsnzoquinone p-
aminophenol and some dimers reductions occur during the polymerisation and these
molecules are known to be trapped in the polymer [124]. The intermediate peaks (BB') is

generally attributed to the redox reactionpabenzoquinone [103, 215-216]. During the
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anodic scan, the first oxidation peaks are obtained in the initial cycle and the peak potential

maintained almost the same.

Generally in electropolymerisation processes, the increase of the voltammetric peak
current density and the scan number are an indication of the growth rate of polymer. The
polymerisation rate \{) for the cathodic peak related to the quantity of polymer is
measured and plotted against scan number igur€ 6.8. Using the equation

V = - kapp [MOnomer] (cathodic peak), whekg,, is a set of apparent-first-order reaction
rate constanty is the rate of polymerisation which corresponds to the slope of the curve
[5], the quantity of polymer formed on the electrode surface was determined. As shown in
Figure 6.8, the amount of PANI deposited on PG is almost double the amount formed on
GC, Pt, and Au electrodes. The apparent rate con®gff) for the polymerisation step

per cycle was estimated from the gltyownVS. Cycle number. This parameter determines

the kinetic of the electropolymerisation.
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Figure 6.7: Cyclic voltammograms (15 cycles) recorded during potentiodynamic growth of PANI films on (a) Au, (b) GC, (c) PG, and (d) Pt in
0.1 M HCIQ, /ACN containing 0.05 M aniline at 50 mV scan rates.
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During the potentiodynamic growth of individual PANI films, the anodic current measured
during each potential scan cycle was integrated to generate the anodic charge transfer
density Q.. The following values were obtained for each electrode:

Qa (Pt) <Q4 (GC) <Q4 (Au) < Q4 (PG). This electropolymerisation charge transferred at

the interface between the electrode surface and the solution is proportional to the quantity
of polymer formed on the electrode surface. Thus, the previous valu@s aiftained,

show that more PANI is formed on the PG electrode surface. The study of rates of electron
transfer reactions at the interface electrode surfacelelectrolyte solution is a fundamental

issue in electrochemistry.
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Figure 6.8: The cathodic growth peak of PANI vs cycle number.

The kinetics of the reaction rate at the surface of the electrode is of great importance for a
basic understanding of the kinetics of heterogeneous electron transfer reactions because
electrode processes are considered to commonly occur via a reaction pathway involving

specifically adsorbed intermediates [217]. For the experimental determination of rate
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constants for reversible or quasi-reversible reactions at the electrode surface, the slope of
the graphipcgrvs. Nycle (Fig.6.8) was calculated. The first cathodic peak current which is
the growth-peakifg.q) of polymer in the redox process of PANI was taken into account
and used for calculations of charge transfer and polymerisation rate. That slope calculated
per area of each surface of electrode was directly proportional to the apparent
heterogeneous rate constdgg, of polymerisation per cycle and it was observed that
Kapp-potym (Pt) <Kapp-polym(GC) <Kapp-polym(AU) < Kapp-poym(PG) (Tab. 6.2). The above values

of kapp are related to the values of, @hich explain the amounts of PANI formed on the

electrode surface during the electropolymerisation process.

Table 6.2: Kinetic parameters of PANI from potentiodynamic process on various

electrodes in 0.1 M HCIDACN

WE A Qa ipc-gr n ipcgr [MA cmi®] vs. Neycle
[cmy] [Ccm? [A] [mmole] y = a+ bx
Range F a b(Kapp.polyn)
[UAcm?  [Acm?s?]
Au 0.0201 13.65 0.20 014 1-9 0.99866.7+0.1 77.11+0.03

GC  0.0707 9.6 0.19 0.09 6-15 0.99942.6+£0.1 20.22+0.01

PG 0.0707 35.9 0.59 0.37 4-8 0.99721.1+0.1 133.5+0.04

Pt 0.0201 5.15 0.09 0.05 1-15 0.9981.7+0.1 17.41+0.14
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6.2.3 Stability of the modified-PANI electrodes and reversibility of the

system

The electrochemical stability of conducting polymers is of primary interest, particularly in
different fields of technology such as batteries, electrochromic devices and sensors,
supercapacitors. Their stability depends on the type of acids, which constitutes the salt
with PANI [218]. Among all the conducting polymers, it is known that polyaniline and
polypyrrole have good electrochemical stability [218]. The cyclic voltammetry and the
electrochemical impedance spectroscopy (EIS) were used to study the stability of the
electrode surface vis-a-vis PANI. The stability of the modified electrode over three
repetitive scans within the potential window of each electrode in 0.1 M JAGON

solution should be emphasized. Figure 6.9 shows cyclic voltammograms of
electropolymerised PANI films on each electrode in the same conditions. CVs of PANI
deposited on each electrode surface are characterised by three main pairs of redox peaks.
The redox peaks have been assigned using Pekmez formalism [219]: The first redox peak
appearing between 0.36 and 0.45 V is the oxidation leucoemeraldine to leucoemeraldine

radical cation interpreted by the following reaction:

OO OO

The second is the emeraldine radical cation to emeraldine and the third redox peak
between 0.8 and 1 V is the transformation of the pernigraniline radical cation to

pernigraniline as shown in the following reaction
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OE—QI’I\{L— - ON=C>=N— +2H" +e-

While the middle peaks correspond to the intermediate reaction taking place. The overview

of three cycles of CVs PANI show that the peak current and peak potential are constant
which explains the excellent short time stability of the electrode vis-a-vis PANI. Table 6.4
presents the potential and current values respectively of the redox peaks obtained from
CVs of PANI. The table 6.4 shows th&Ey: (Au) < AEpi(Pt) <AEp; (GC) <AE,; (PG);

AEgs (PG) < AEg (GO) < AEp(PY) <  AEs  (Au);

E°; (Pt) <E°1 (GC)<E°; (Au) < E°; (PG);E% (Au) < E°3 (PG)<E°3(GC) <E%3 (PY);
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Figure 6.9: Overview of 3 cycles CVs of PANI films on Au, GC, PG and Pt electrode in

0.1 M HCIQ, /ACN at a scan rate 50 m\:s-

Thus, PG, Au and Pt electrodes have good characteristic vis-a-vis PANI; this can be
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accounted to their small values SE, and the Formal potenti&®. The formal potential

was taken as the average of the anodic and cathodic peak poEtiaE,+Ey)/2, the

peak separatioNE, = Eps Epc.
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Table 6.3:Parameters evaluated from CVs of PANI vs Ag wire electrode in H@ION

Electrode Au GC PG Pt
Epa1 [V] 0.40 0.43 0.47 0.39
Epaz [V] 0.73 0.76 0.73 0.72
Epaz [V] 0.90 0.91 0.91 1.03
Epc1[V] 0.38 0.35 0.37 0.37
Epc2 [V] 0.68 0.69 0.71 0.69
Epca[V] 0.78 0.89 0.89 0.98
AEp; [V] 0.02 0.08 0.1 0.02
AEp [V] 0.05 0.07 0.02 0.02
AEgs [V] 0.12 0.02 0.02 0.05
E? [V] 0.39 0.39 0.42 0.38
E% [V] 0.71 0.73 0.72 0.71
E% [V] 0.84 0.9 0.9 1.01
ipaz [LA] 54.5 36.5 88.4 14.8
ipaz [LA] 16.3 26.5 27.9 4.9
ipas [LA] 11.9 20.5 24.5 4.6
ipct [MA] -18.8 -24.6 -33.1 -9.0
ipc2 [MA] - 20.0 -24.9 -27.3 -4.8
ipca [MA] -23.8 -22.9 -42.4 -4.8
ipaipc1 -3.0 -1.5 -2.7 -1.6
ipadipc2 -0.9 -1.1 -1.0 -1.0
ipadipcs -0.5 -0.9 -0.6 -0.5

Table 6.3 shows that the ratio of the growth peak curigslifs) is approximately equal
to - 1 which characterises an irreversible sysféine. range of the first oxidation peak was
used for EIS to investigate the stability of the PANI deposited on the surface of each

electrode.

6.2.4 Electrochemical impedance spectroscopy (EIS) of PANI
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The EIS measurements of the PANI films were performed at various electrode potentials
corresponding to the stability and the conductivity studies. As said above, the first redox
couple which appears around 0.3 and 0.45 V is associated with the conversion of the fully
reduced leucoemeraldine base to the partially oxidized emeraldine form, and the third
redox current peaks occurring between 0.8 and 1 V pertains to the conversion of
emeraldine to the fully oxidized pernigraniline form. This indicates that electrons are
involved in the redox reaction associated with the first peaks while the redox reaction
related to the third anodic peak require protons as part of the reaction. However, the EIS
measurement allows not only to study the stability of the modified electrode, but also to
investigate on the charge transfer electrog) (Rhich is inversely proportional to the
conductivity of the material on the surface of the electrode. Thus, the first anodic peak
obtained in the redox process of PANI was taken into account for electrochemical
impedance spectroscopy analysis at different potentials around this peak. The impedance
spectra were recorded at different potential values in different ranges depending on the
electrode: between 0.076 and 0.576 V for Au; 0.063 and 0.563 V for GC; 0.129 and 0.529
V for PG; and 0.167 and 0.567 V for Pt. Figure 6.10 shows the Nyquist plots of the PANI-
modified electrodes in the solution of 0.1 M HGIACN, recorded at different potential
values. Three regions could be distinguished for the fully oxidised conducting form of
PANI at some potentials: i) a semicircle is observed at high frequencies, describing the
double layer capacitor related to the charge transfer resistaRge 4t the
electrode|solution interface; ii) a transition zone at intermediary frequencies; iii) a Warburg
line at low frequencies describing the diffusion process. For the other potentials, we

observed only one region which corresponds to the Warburg line at low frequencies. The
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charge transfer resistandg;; could be determined and the corresponding value is the

diameter of the semicircle attributed to the faraday reaction taking place.
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Figure 6.10: Nyquist plots of PANI films prepared in 0.1M HGIACN on (a) Au, (b) GC, (c) PG, (d) Pt electrodes at different potential.
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Figure 6.11 is the bode plot of PANI prepared in HZIACN recorded at different

potential which shows that PANI is very conducting at the frequency less than 2 kHz. At

frequency greater than 2 kHz, the PANI on electrode surface is a good resistor with the

phase angle equal to zero.
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electrodes at different potential.
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Table 6.4: Comparison of impedimetric parameters of PANI modified-electrodes [220-

221]
WE Potential Ret Phase angle log F F Comments
[mV] [kQ] [°C] [kHZz] [kHZz]
Au 76 0.10 79.73 1.21 16.22  Conductor
176 169.63 82.61 1.19 15.49 Conductor
276 / 81.57 1.13 13.49 Conductor
376 / 61.90 2.16 144.51  Conductor
476 2.10 0 >2 0.1 Resistor
576 0.02 0 >2 0.09 Resistor
GC 63 0.12 73.69 1.01 12.59 Conductor
163 59.14 72.20 1.15 14.13  Conductor
263 39.12 rficie 1.21 16.22 Conductor
363 16.64 59.42 1.44 27.54  Conductor
463 5 79 1.97 93.33  Conductor
563 0.44 14.87 2.42 263.03  Conductor
PG 129 0.09 69.88 1.30 19.95  Conductor
229 26.17 67.93 1.38 23.98  Conductor
329 14.38 62.19 1.54 34.67  Conductor
429 6.267 69.06 2.16 144.54  Conductor
529 0.839 10 -0.99 0.10 Conductor
Pt 167 / 65.90 2.46 288.40  Conductor
267 / 63.45 2.23 169.82  Conductor
367 / 57.96 2.17 147.9  Conductor
467 8.7 0 >2 >0.30 Resistor
567 / 0 >2 >0.30 Resistor
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6.2.5 Study of PANI films

The cyclic voltammogram diagnostics for an electrode reaction at the planar
macroelectrode involves chemically stable and soluble redox couple: O«—Re R. The

above system can be reversible, quasi-reversible or irreversible. Figure 6.12 shows a series
of voltammograms of PANI recorded on various electrodes at different scan rates in 0.1 M
HCIO4 ACN were used to study the reversibility of the system. It was found that the peak

current increase along with the rising of scan rate, whilaBexpands slowly.
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Figure 6.12: Cyclic voltammograms of the PANI electrodeposited on (a) Au, (b) GC, (c)
PG, and (d) Pt electrodes in 0.1 M HGI®ACN at different potential scan rates.
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In order to calculate the kinetic parameters of PANI redox on electrode surface, the scan
rate was increased. For the redox monolayer modified electrode, the peak potential can be

given as follows [222]:

I 2.3RT 2.3RT RT
Epa =E7 = (1 — a)nF log(1 —a) + (1 —a)nF log (ﬁ ks)
2.3RT .
+ m logv Equation 6.5
o 23RT 2.3RT RT 2.3RT )
E,e =E" — TF loga + oo og (ﬁ S) T TonF logv Equation 6.6

The transfer coefficientt was calculated according to the slope of cathodic process

(Fig.6.13), and the result is given in Table 6.6.
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Figure 6.13: (a) A plot of B3 vs. logv and (b) plot ofAEs,; vs. logv for the

voltammograms of PANI films deposited on different electrode surface in 0.1 M/HCIO

ACN.
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Table 6.5: Kinetic parameters of PANI films on various electrodes obtained from the plot

Epc-growing versus logarithm of scan rate

WE A [cm‘] Plot Epcs vs. log v

Rangt R’ b b aa

a
M [s7] [s* cm?]
Au 00201 1.297-2.482 -0.965 0.81+0.03 -0.09+0.01 -4.48+0.01 0.01

GC 0.070; 1.17-2.4¢ -0.98: 1.2+0.1 -0.2+0.C -2.83+0.C 0.0z
PC 0.070. 1.17-2.4¢ -0.792 0.8x0.( -0.1+£0.C -1.41+0.C 0.04

Pt  0.0201 1.17-2.48 0.806 0.96+0.01 0.01+0.01 0.50+0.01 0.12

According to the above equation (6.5 and 6\, can be obtained:

2.3RT RT
AE, = -0 alog(1—a) + (1 —a)loga — log (ﬁ) — logks]
2.3RT _
+ m logv Equation 6.7

According to the plofAEys versus logy (Fig.6.13b), the electrode reaction constanf
PANI film is calculated (Tab.6.6). The value & obtained on gold and platinum
electrodes were very high compared to the result obtained in PANI prepared in 0.5 M

H,SO; on anodic aluminum oxide membrane as a template by Ziyi Waag (5.8 &%)
[223].
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Table 6.6: Data obtained from the plaE,c; vs. logv

WE PlotAE,cs vs logv
Range R? a b Ks k
[mV s7] [V] [s™] [s1] [s* cm?]
Au 169-2.89 0998 -0.19+0.01 0.14+0.01 1.75+ 0.01 87.06 + 0.01
GC 1.69-289 0.995 -0.25+0.02 0.19%+0.01 0.02+ 0.02 0.28 £ 0.02

PG 1.69-2.89 0.986 0.02+0.01 0.07+0.01 1.47#0001 1.99 x10+0.01

Pt 169-289 0933 -0.02+0.01 0.03+0.01 5.87+0.01 292.04 +£0.01

For the application of PANI film, the study of the thickness of PANI film (thin or thick
film) is reported. After electrochemical synthesis of the PANI films on the electrode
surface, the voltammogram obtained was used to determine the peak potential and the peak

current for each redox process taking place during the potentiodynamic growth of PANI

films.
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Figure 6.14: The plot of logarithm of the growing PANI peakdivs. logy.
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The first cathodic peak which is implied on the study of the stability of the electrode vis-a-
vis PANI was also used to determine the thickness of polymer film. Figure 6.14 shows the

plot of the logarithm of PANI growth peak against logarithm of scan rates.

Table 6.7: Study of PANI films base on the slope (b) of the plotijeg,vs. logv

WE A l0g ipcgr VS. logv
2
[em] Range R a b b
[mV s7] WAl [WAmMV'S  [MAmV's'cm?]

Au 0.0201 1.17-248 0.998 -6.38+0.06 1.08 +00.4 53.73 +0.04
GC 0.0707 1.17-2.48 0.999 -6.54+0.05 1.08+0.03 15.27 +0.03

PG 0.0707 1.17-2.48 0981 -6.47+0.15 0.87+0.09 12.31 +0.04
Pt 0.0201 1.17-248 0985 -7.54+0.21 1.29+0.11 64.18 + 0.08

As can be seen on the Table 6.7, the slope of the plaglgys. logv is approximately

equal to 1, characteristic of PANI thin film. The calculated values of the polymerisation
rate {*") and the charge transfe®4) within the electrode interface|solution related to the
quantity of the PANI formed on the electrode surface demonstrated that more polymers
have formed on PG and GC than on Au and Pt electrodes. The EIS results pointed out an
enhancement in the stability and conductivity of PANI. The conductivity properties were
studied using Nyquist plot, thanks to the presendg.ah small value at some potential,
therefore, characteristic of the Faradaic reaction taking place. The conductivity was
alsostudied using the Bode plot, considering the phase angle (high value). CVs of PANI
also showed regular peak potential and peak current during the voltammetric scan (3

cycles) which confirmed the good stability of the electrodes vis-a-vis PANI as
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demonstrated on EIS analysis. From the results, PG and Pt have been chosen to be more

suitable for electrodeposition of polyaniline in HGI@GCN at room temperature.

6.2.6 Characterisation of electropolymerised PANI on PG and Pt electrode

in acetate buffer pH 4.8
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Figure 6.15: CVs of PANI in OAc buffer on Pt and PG electrode at 50 TV s
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For the application of PANI modified-electrode in electrochemical TTX sensor, the CVs of
PANI/PG and PANI/Pt was recorded in OAc buffer pH 4.8. The specific buffer solution
was used as an electrolyte because of the active medium of TTX. One oxidation peak was
observed at 0.74 V on PANI/Pt and PANI/PG for the first cycle when scanning forward
(Fig. 6.15). When the modified-PANI/electrode was scanned again, that peak disappeared
so the current produced was due to the modification of electrode surface with PANI. Thus,

PANI is not electroactive in OAc buffer pH 4.8.

Since the polyaniline layer does not produce current in such a device, its conductivity is
irrelevant. The conductivity is one of the most important properties investigated in
electrochemical sensors or biosensors. However, PANI needs to be doped when it is used
as a conductor of electronic current and this type of doping leads to important conductivity
changes. For this concept of doping, it was reported that, PSSA is the only one doping that
can effectively maintain the inherent electroactivity of PANI in the neutral and alkaline
media [103, 224-228] amongst other doping materials. Therefore, PANI was doped with
PSSA to enhance the conductivity, electroactivity and stability of the PANI to be applied

on electrochemical TTX sensor.

6.3 Indirect detection of TTX on modified-ionophore/PANI

6.3.1 Electrochemical synthesis of PSSA doped PANI in HCI2ACN

The PANI-PSSA was prepared in a solution of 0.05 M aniline and 0.1 M JAGICN by

potential cycling between - 0.1 to 1.3 V on PG versus a Ag wire electrode at a scan rate of
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50 mV $' in the presence 0.025 M of PSSA. Cyclic voltammogram of the
electropolymerisation of PANI-PSSA is plotted on Figure 6.16. The same redox peaks
gotten on the electropolymerisation of aniline (Fig.6.7) are found when aniline is doped
with PSSA (Fig. 6.16). But these redox peaks appeared at small stable potential (peak
potential are not shifted as it was with aniline only) comparing to the potential obtained in
(Fig.6.7). High peak currents are obtained when aniline monomer is doped with PSSA than
when aniline is electropolymerised alone. The difference observed with the regulation and
small peak potential shows on one hand explained the PANI stability and rapid protonation
of PANI when it is doped with PSSA [229] and on the other hand, the high peak current
obtained explained the increase of the electrical conductivity [228] of PANI doped PSSA

and the quantity of films formed on the electrodes surface.
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Figure 6.16: CVs of polymerization of 25 mM PSSA doped 0.05 M aniline in 0.1 MHCIO
/ACN at 50 mV'§ 15 cycles on PG electrode.
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Cyclic voltammograms taken showed that the PANI-PSSA film displayed all the four
redox couples expected for doped PANI highlighting the superior PSSA stabilising effect
as said before. Cyclic voltammograms of the PANI and PANI-PSSA films at 50’'mV s
recorded on PG in the potential region - 0.1 to +1.3 V in 0.1 M HIGAON are shown on
Figure 6.16. The resultant PANI-PSSA modified electrodes were conductive in OAc

buffer solution pH 4.8 (result not showed) showing well-formed redox peaks between -

0.25and 0.3 V.
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Figure 6.17: Overview of 3 cycles CVs PANI-PSSA in 0.1 M HZKTN at 50 mV$on
PG electrode.

6.3.2 Sodium ion sensor based on NaX/PANI-PSSA/PG

The ultimate goal of the synthesis of PANI-PSSA was to access their possible applications
in electrochemical TTX sensor construction as effective electron transfer mediators. For
this purpose, the neutral compound, sodium ionophore X was used to study the indirect

detection of TTX. As TTX blocks the sodium channel, the sodium sensor was investigated
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and this sodium sensor was used for the detection of TTX. After CV of PANI-PSSA was
recorded, the CV of the sodium ionophore X (NaX) drop-coated on the PANI-PSSA
modified electrode was also recorded in OAc buffer electrolyte pH 4.8 at 50" mA&s
shown in Figure 6.18, the redox peak of NaX/PANI-PSSA/PG is between - 0.48 and 0.4 V
with the formal potential oE®= - 0.04 V and the peak potential separaii@py = 0.88 V

while the formal potential of PANI-PSSA w&’ = - 0.025 V withAE, = 0.55 V. The
increase oAE, when NaX is droped-coated is due to the slow electron transfer reaction at
the electrodes. The peak current reduced when NaX is drop-coated on PANI-PSSA/PG is
due to the lower electrical resistivity of electrode which may yield a high faradic current.
After adding different concentrations of NaCl solution into the electrolyte solution, the
peak potential gradually shifted and the peak current decreased with increasing
concentration of NaCl. Figure 6.18 shows that NaX detectspXasent in electrolyte,
however the challenge is that NaX is §#lective. A change in concentration recorded can

be attributed to Cfrom NaCl solution added into the OAc buffer solution.
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Figure 6.18: CVs of different concentration of NaCl solution on NaX/PANI-PSSA/PG in
0.1 M OAc buffer pH 4.8 at 50 mV.s

To prove that NaX/PANIPSSA sensofunctions well for N3, the same experiment was
repeated with NaOAc so that the OAc ion will neutralise the OAc ion in the buffer and
only N& will be in electrolyte. Figure 6.19 shows that the peak current significantly
decreased after the NaX is attached but it becomes constant with increase in the
concentration of NaOAc solution into the electrolyte solution. From these results
(Fig.6.19) the sodium sensor based on NaX/PAMISAcannot be developed on metal
electrode. The purpose of this experiment was to develop the sodium sensors and apply on
tetrodotoxin sensor since both Nand TTX have the same site of action in the body.
Thus, the change of redox peak with an increase in concentration observed was due to the
CI" ion not Nd ion. This indication gave rise to the novel idea of developing sodium

sensors using ion-transfer voltammetry technique.
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Figure 6.19: Overview of 3 cycles CVs of different concentration of NaOAc in 0.1 M OAc
buffer pH 4.8 at 50 mV'son PG electrode.

6.4 Electrochemical tetrodotoxin sensor based on neutral selective
NaX and B18C6 ionophores

Tetrodotoxin is a puffer fish toxin which is 10,000 times deadlier than cyanide in rats, and
10 to 100 times as lethal as the black widow spider venom [230]. The incidences of
tetrodotoxin poisoning may seem infrequent, but the development of simple, portable, and
specific detection methods for this super neurotoxin would be invaluable in light of the

reported 60% human fatality rate recorded as well as for quality control, quarantine, and
forensic purposes. In this study, a simple sensor for TTX based on a principle mimicking
the very mechanism the poison relies on for binding itself to Na-selective channels is
proposed. “TTX mimics the hydrated sodium cation, goes through the mouth of the

sodium- channel, with the peptide complex binding to a peptide glutamate side group,

among others, and then further tightens its hold when the peptide changes. Following
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complex conformational changes, TTX is further electrostatically attached to trgatéa

channel opening” [231]. In the approach proposed in this study, sodium-selective
ionophore will be impregnated into a carboxylic acid functionalised conducting polymer
via in-situ co-deposition on order to develop a TTX-specific recognition surface. The

resulting surface will be interrogated with cyclic voltammetry in situ in a solution of TTX.

6.4.1 Investigation of ionophore complexation of TTX using ion transfer

voltammetry

In the electrochemical system employed in this study, concentration of the redox couple in
the aqueous phase (electrolyte solution) was in excess compared to the concentration of the
ion which is studied previously [232]. The excess of concentration of the redox couple in
the aqueous phase is to make the platinum in water interface unpolarisable and it can act as
a reference/counter electrode for the aqueous phase. lonophores that are used in
potentiometric ion-selective electrodes were chosen to ensure selective transfer df the Na
or TTX" ions from the aqueous solution into the membrane. The supporting electrolyte in
organic phase (50 mM ETH500 in 1.2-DCE) is to increase the membrane conductivity

therefore should have very low solubility in water [233].

6.4.1.1 Choice of electrolyte solution

The conventional electrochemical cell used for recording the anodic final rise
voltammograms of the transfer of alkaline metal ion across O|W (organic|water) interface

is represented as follows:
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Aquous phase Organic phase lon-selective electrode
> > =| 1
Pt wire | 0-05 M MgS04, i i 1,2-DCE, 50 mM ETHS00 | Ag(ETHS00 + NaX)/Ag wire} | AoCl/Ag
x mM My(SO4), ! | and 50 mM NaX %
—> . > —>
count. E Working electrode, Ref. E

Figure 6.20: Conventional scheme of electrochemical cell (1) used for the purpose of this

study in ion transfer voltammetry.

The reaction under this study was:
M"™*(aq) + NaX(org) © M™*NaX(org) Equation 6.8
Where M* = K*, NH4", Li*, Mg**

The background CV of three different electrolyte solutiong5@, (NH4)>,SOy, LioSO,,

and MgSQ were investigated in the purpose to find which ion will not interfere with Na
or TTX" ion. Figure 6.20 illustrates the measurements of transfer potentials of various
background electrolytes using cyclic voltammetry with the conventional cell presented
above. The anodic peaksSy§= 0.0 V,ipa= 3.2 HA),(Epa=- 5.5 V,ipa= - 3.8 HA) andKpa

= - 0.4 V,ipa = 2 YA) correspond to the transfer of, KNH,", and Li" ions respectively

from the aqueous solution to the organic, while the cathlicH( - 0.58V,ipc = - 5.8 pA)

and Epc = -0.31 V,ipc = 2 HA) peaks correspond to the transfer back ‘od NH'
respectively into the aqueous solution. No peak was observed related tarafer

across the water|1,2-DCE interface for the high concentration of the Mg8@ion.
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Figure 6.21: Overview 3 cycles background CVs of different electrolyte solutions obtained
with NaX at the W|1,2-DCE interface, scan rate 0.01'V s

The diffusion coefficient® of each ion in the aqueous solution was calculated from the

limiting diffusion anodic currents given in Table 6.8 using the Cottrell equation. The
complex formation constaif)n+,,, = 200 M~! was calculated as well from the reaction

in solution (Equation. 6.9)
|ip| = (2.29 x 105)n3/24D/2Cv1/2 Equation 6.9

Wherei, is the peak currentyg anodic and,. cathodic), n is the electron stochiomety,
is the electrode area (émD is the diffusion coefficien is the concentration (mol i

v is the scan rate (mV'$
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0 _ [M™NaX]

M™Nax — W Equation 6.10

Table 6.8: Kinetic parameters of the interfacial transfer reaction obtained from

background CVs of different electrolytes solution

Electrolyte Epa  Exe AEy,  E* ipa ipe  ipdipe D X 137 - Kyeyax
M M M M BAL A IS
KoSOy 0.0 -058 058 029 32 58 -0.55 1.2 200
(NHy).SO, -55 -0.31 519 291 -3.8 2 -1.9 14 200
Li, SO, -04 / / / 2 / / 0.99 200

6.4.1.2 TTX " ion sensor based on NaX in MgSgsolution

As mentioned before, the sodium sensor was developed using ion transfer voltammetry
based on sodium ionophore X (NaxX) on ETH500 solution in 0.05 M Mgh&ztrolyte
solution.

Typical cyclic voltammogram for Naransfer when the ligand, NaX is in access is shown

in Figure. 6. 21. This figure shows a cyclic voltammogram of different concentrations of
Na" ion in the aqueous solution with a dialysis membrane gel electrode in Cell (1)
(Fig.6.19). No N& ion diffusion was observed means that no complex was formed

between Naion and NaX ionophore.
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Figure 6.22: Overview of 3 cycles of Cyclic voltammograms obtained for different
concentrations of Naion transfer across the 0.05 M Mg${2,2-DCE/50 mM ETH 500
interface, using 10 mM NaX at 0.01 V. s

Figure 6.22 presents the CV recorded during the potentiodynamic¢ iBRX exchange.

The ion-transfer voltammetry based on NaX shows that no' TdiXwas transferred from

the aqueous to organic phase even when the concentration of TTX was increased. While,
TTX" ion does not diffuse to organic phase with NaX ionophore, the affinity of NaX to
form the complex with TTX is virtually impossible. This can be due to the size of NaX
different from the diameter of the active site (guanidinium group) of TTX (Tab.6.9) or it
can be explained by the steric hindrance as well as the overall of the two compounds

(Tab.6.10).
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Figure 6.23: Overview of 3 cycles of CVs obtained for different concentrations of TTX
ion transfer across the 0.05 M Mgs{2,2-DCE/S50 mM ETH 500 interface, using 50 mM
NaX at 0.01 V&

Figure 6.23 shows the influence of'Kon peak on the CVs of different concentrations of
TTX" and N4 ions transfer across the 0.05 M MgSO4 was added in electrolyte, then the
TTX solution as well as potassium which showed more diffusion. No transfer ion across
the O|W interface was observed when ldad TTX ions were added. But when thé K

ion was dropped into the electrolyte solution, a redox peak that corresponds to the

diffusion of K" into organic phase (anodic peak) was observed).
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Figure 6.24: Influence of K ion peak on the CVs of different concentrations of Tand
Na" ions transfer across the 0.05 M Mg$D2-DCE/50 mM ETH 500 interface, using 50
mM NaX at 0.01 V'§

In Figures 6.19, 20, 21 and 22 show that NaX does not form a complex withnda
TTX" ions across O|W interface electrode. According to literature [234-236], dibenzo-18-
crown-6 sodium-selective ionophore is used to investigate ties&@sor based on the

B18C6 ionophore.

6.4.1.3 TTX" sensor based on B18C6 in MgS@olution

To avoid any flow of N&ion from the Ag/AgCl reference electrode into the water
electrolyte solution, the Ag/A$0O, was made and used as reference electrode in agueous

phase solution.
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Aquous phase Organic phase lon-selective electrode R
prwire | 0:05 M MgSO4, | | 1.2-DCE, 50 mM ETH500 | Ag(ETH500 + NaX)/Ag wire} | Ag,S0,/Ag
xmM MZ(SO4)ni i and 50 mM B18C6 X
— & . >
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Figure 6.25: Conventional scheme of electrochemical cell (I1) used for the purpose of this

study in ion transfer voltammetry.

Firstly, voltammetric N& sensor in contact with 0.05 M Mg%Q@queous electrolyte
solution was made based on B18C6 ionophore. The selectivity of this voltammétric Na
sensor using different concentration of,8& solution was investigated. One anodic peak

Epa = - 0.08 V,ipa = 3 HA was obtained which corresponds to the transfer bfiNa
organic phase and one cathodic p&k = - 0.28 V,ipc = 1.9 pA. This explains the
reversal of to the aqueous electrolyte solution as explained previously. The concentration
of Na" ion in an aqueous electrolyte solution increases the peak current. The value of the

diffusion coefficientD = 5.105 x 10 A cm $*mol*2Vv* and the complex formation
constant kpy ,+515c6 = 200 M~ were calculated using the Equation 6.8 and 6.9,

respectively. The reaction follows the protocol in Equation 6.11

Na*(aq) + B18C6(org) < Na*B18C6(org) Equation 6.11
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Figure 6.26: Principle of the voltammetry Naion-selective electrode based on the
facilitated transfer of Naat the 1,2-DCE/ETH 500 /organic phase interface by B18C6.

From Figure 6.27, it was proved that sodium sensor could be successfully developed using
ion transfer voltammetry based on B18C6 selective ionophore. The hypothesis that sodium
and TTX may have the same chemical properties has proven to be accurate due to the fact

that TTX blocks the sodium channel in human body, in this study, the sodium sensor was

simulated to detect TTX.
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Figure 6.27: Overview of 3 cycles CVs of different concentrations 6f iNa transfer
across the 50 mM MgS@1,2-DCE/ 50 mM ETH 500 interface, using 50 mM B18C6 at
0.01V§.

Figure 6.28 shows the typical cyclic voltammograms of different concentration of TTX
ions transfer across the water|DCE interface facilitated by the ligand (B18C6) with the Cell
(1) present on Fgure 6.25. The CV of TT¥n transfer was firstly carried out across the

50 mM MgSQ |1,2-DCE/ 50 mM ETH 500 interface with 50 mM B18C6 at 0.01%%hs
MgSQ, . Figure 6.28a shows on CV of TTXon recorded for an organic electrolyte
solution (ETH500) without the ligand (L) versus /8@, reference electrode. Results
show that no diffusion or complex formation was occurred. The CVs of Tios at
different concentration were recorded three consecutive times for the organic phase ligand.
As shown in Figure 6.28b, c, and d, no electrochemical reaction took place into the cell
(I). It is thus deduced that the neutral B18C6 is’ Mm selective but not selective to

TTX" ion.
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Figure 6.28: a) CV of different [TTX transferred across the 0.05 M Mg${1,2-DCE/
50 mM ETH 500 without B18C6 , (b), (c) and (d) CV repetition at different [TiDX
transfer across the 0.05 M Mg${30 mM B18C6 interface at 0.01 V.s

6.4.2 Investigation of ionophore complexation of TTX using UV-Vis

absorption

When an appropriate wavelength of light is absorbed by a molecule (i.e. excitation), the
electronic state of the molecule changes from the ground state to one of many vibrational
levels in the excited electronic states [237]. In UV-Vis spectroscopy, a compound is

generally analysed and determined by irradiating a crude compound with UV light.
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6.4.2.1 UV-Vis spectroscopy analysis of TTX, NaX and TTX/NaX

UV-Vis absorption spectra of the analysis of TTX registered in acetate buffer pH 4.8 is
presented in Figure 6.29. Thorough interpretations of UV/Vis spectroscopy schematics are
shown in Figures 6.29 and 6.30. For this analysis, 1.16 uM of TTX is dissolved in 3 ml of
0.1 M acetate buffer pH 4.8. The absorption spectrum of TTX shows two absorption
peaks. The first absorption at 232.9 nm with high absorbance, corresponds to multiple
chromophores-C-O-H and =C-N-H, there involve -# o* electronic transitions (Fig.

6.29) and the second absorption appeared at 280.2 nm with low absorbance is related to the
chromophore N=C-N from guanidinium group which involves—n n* electronic
transition (Fig. 6.30). This result was closely related to S#itl. experiments where an

analysis of TTX and its derivatives in toxic and nontoxic pufferfish were done [238].

Lo o
\©

% T* T*
R 0 232.9 nm
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/' I

Figure 6.29: n — ¢* electronic transition and band gap energy during the absorption of

—C-0-H and =C-N-H chromophores in TTX molecule.
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Figure 6.30: n — z* electronic transition and band gamergy during the absorption of

—N=C-N- chromophores in TTX molecule.

The UV-Vis absorption spectrum of NaX is given in Figure 6.31. The first absorption band
at 250.4 nm, corresponds to chromophores —C=C-of benzene greum* electronic
transition (Fig. 6.31). The chromophore C=C normally absorbed around 165 nm thus, the
increasing of wavelength to 250.4 nm can be explained by the presence of carbonate group
(-OCOO-, very strong attractive group by mesomeric) attached to the aromatic ring. The
second absorption band appeared at 278.5 nm which is related to the chromophore =C-O-
bonded directly to the aromatic ring which involves-nz* electronic transition(Fig.

6.32). The high absorbance and wavelength observed on this second absorption is due to
the presence of the strong attractive group (carboxylic group —COO-) attached to this
chromophore. The third absorption band appeared at 370.6 nm corresponding to a
chromophore —C=0 of carbonate group;-nz* electronic transition (Fig.6.33). Indeed,

all inductive donor groups bound to a chromophore reduces its absorption and all attractive

groups bound to a chromophore increases its absorption by inductive effect [239-240].
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Figure 6.31: = — =* electronic transition and band gap energy during the absorption of
—C=C- chromophores in NaX molecule.
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Figure 6.32: n — #* electronic transition and band gap energy during the absorption of
=C-0- chromophores in NaX molecule.
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Figure 6.33: n — z* electronic transition and band gap energy during the absorption of

—C=0 chromophores in NaX molecule.

Figure 6.34 shows the UV-Vis absorption spectra of the mixture of TTX /NaX in green
line with three absorption peaks. The same interpretation for NaX spectra is given to the
spectra of the mixture of TTX /NaX for the absorption peaks at 250.4, 278.5 and 370.6 nm
(Fig. 6.32, 6.32 and 6.33 respectively). This result demonstrates that no bond has been
formed between TTX and NaX and none has disappeared from the chemical structure of
our ionophore (NaX) when TTX and NaX are mixed in solution. But the change observed
at 250.4, 278.5 and 370,6 nm can be explained by the perturbation of the system after
mixture or the perturbation of the shape of the compound due to the second excited state.
Thus, this result is in confirmation with respect to ion transfer voltammetry (Fig. 6.22 and

6.23) proving that chemical reaction occurred between NaX and TTX.
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Figure 6.34: UV-Vis absorption spectrum of 3.33 pM TTX (back line), 1000 uM NaX (red

line) and TTX/ NaX (green line) in water.

6.4.2.2 UV-Vis absorption of TTX, B18C6 and TTX/B18C6

Figure 6.35 presents the UV-Vis absorption spectrum of TTX, B18C6 and TTX/B18C6 in
water. The spectra of B18C6 (red line) shows two absorptions peaks at 222.03 nm and
274.10 nm. According to the chemical structure of B18C6, two absorption bands were
expected to correspond to the chromophores —-C=C- and C-O-C. The first absorption
band at 222.03 nm corresponds to the chromophore C-O=Eghelectronic transition.

The second absorption band appearing at 274.10 nm is for —-C=C- chromophere,
electronic transaction. The representation of these electronic transitions follow the rule as
shown in Figure 6.30 and 6.29 for C-O-C and —C=C- respectively. Table 6.9 gives a

preview of the band gap energy data. The green curve which is the mixture of TTX/B18C6
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presents two absorption bands at 222.03 nm and 274.10 nm which correlate with B18C6.
The increasing of absorbance observed with the solution mixture (TTX/B18C6) can be
attributed to the increase of the concentration of respective chromophores (C-O-C and
C=C from B18C6 and TTX, C=N from TTX) and the extra-molecular interaction between

TTX and B18C6. No chemical reaction occurs however between TTX and B18C6.
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Figure 6.35: UV-Vis absorption spectrum of 9.33 uM TTX (back line), 3330 uM B18C6
(red line) and TTX/B18C6 (green line) in water.

The band gap energy was calculated using the &taic(1966) equation [241]. The Beer-
Lambert equation (Equation 6.11) was used here to determine the UV-Vis data of TTX,

B18C6, NaX, and TTX/B18C6 (tab. 6.9)

A= ¢eCl Equation 6.11
(AE)Y2 = B(E — E,) Equation 6.12
E=hv Equation 6.13
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whereA is absorbances = extension coefficientC = concentration of the analyte=

length of the cuvetteB = 3.6 x 1 cm™? eV, E; is band gap energy) is the Planck’s

constanty is the wavelength.

Table 6.9:UV-Vis absorption data of TTX, NaX, B18C6 and TTX/B18C6

Peak| Absorbance Ag,.c | & Lmofl AEn o | ABn e | OB
(nm) | tcm? (eV) (eV) (eV)
TTX 1 0.51 232.9] 3413.65 5.321
2 0.08 280.2| 535.48 5.326
NaX 1 2.68 250 | 595.56 4.953
2 2.91 275.3|  646.67 451
3 0.02 370.6| 4.44 3.35
B18C6| 1 0.14 221. 9.34 5.591
2 0.074 274.8]  4.67 4512

Table 6.10 gives distances between some atoms of active site of each compound (TTX,
NaX, and B18C6) responsible for possible complex formations. Indeed, the diameter of
that active site can be assumed from the distance between opposite atoms which form the
diagonal of the active site. As shown in Table 6.10, the diameter of guanidinium group of
TTX is given by the diagonaldiys.os= 3.66 A anddyza.126 = 3.663 A. The diameter of
18-crown-6 which is the active site of B18C6 is given by the distatigiess= 6.12 A

anddo7_014: 6. 166/&
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(A)

Figure 6.36: Chemical structure of (A) tetrodotoxin (TTX), (B) sodium ionophore X (NaX)
and (C) Dibenzo-18-crown-6 (B18C6). Atoms: Hydrogen (white color), (carbon (cyan

color), oxygen (red color), and nitrogen (blue color).

For NaX, the active site is formed by four carbonate groups but because of the donor and
attractive effect, the reaction may be oriented to the oxygen atoms close to the aromatic
group. The diameter of NaX is given by the distance between oxygen atoms directly
bonded to the benzyl ring which is responsible for the complexation because of their
electron doublet due to the strong donor group (benzyl ring) attached to them. The
diagonals of the NaX active site algss.os0= 4.827A andoso.0s5= 8.117A. Comparing

these diameters, it is observed that guanidinium group of TTX cannot penetrate the NaX
and B18C6 active site because of small diameter sizgnf < 2drrx+). The different
values calculated from Chemdraw software and presented in Table 6.10 also explain the

results obtained both in ion transfer voltammetry and UV-Vis absorption spectroscopy.
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Table 6.10:Active site and distances between atoms responsible for complex formation

Compound Active site Distance between atoms
(A) implied on active site

Tetrodotoxin Guanidinium group Oh23-H26= 2.449
Oh24-125= 2.453
OH24-H26= 3.663
On23-+25= 3.66
OH23-H24= 4.23
Ohzs-H26= 1.75

Sodium ionophore X Four Carbonate groups do33.047=5.368
do11-046= 3.924
doss.os0= 4.827
doso-0e5= 8.117

Dibenzo-18-crown-6 18-crown-6 do11.025= 6.12
d08-021: 6.001
do7.014: 6.166

6.5 Conclusion

The electrochemical tetrodotoxin sensor developed on neutral selective ionophores based
on ion-transfer voltammetry and UV-Vis absorption analysis was investigated. Selective
ionophore immobilised on solid modified PANI-PSSA/electrode platform or applied in
ion transfer electrode, indicated that NaX and B18C6 ionophores as specific agents cannot
detect TTX when used to develop a sensor. Using the ion-selective electrode and UV-Vis
absorption spectroscopy, it was found that the electrochemical TTX sensor cannot be
developed based on neutral NaX and B18C6 selective ionophore. It is important to note

that this was the first investigation of selective NaX and B18C6 ionophore complexation
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of TTX using ion transfer voltammetry and Uv-vis absorption spectroscopy techniques.
Another specific agent more selective, sensitive, stable and with low cost is therefore
proposed. No enzyme for TTX has yet been discovered and antibody anti-tetrodotoxin is
very expensive. The only option in this instance is to immobilise the aptamer-tetrodotoxin
(discovered in 2013 by Xingt al) [242] on modified-PANI-PSSA/electrode which is
electrochemically polymerised in aqueous medium. The previous electrosynthesis of
PANI-PSSA films was done in an organic medium because the ionophore was used was
not soluble in aqueous medium as the case of electro-co-polymerisation of aniline doped

PSSA with ionophore.
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APPLICATION OF ELECTROCHEMICALLY
SYNTHESISED NEUTRAL AND P-DOPED PANI-PSSA FOR
THE DETERMINATION OF TETRODOTOXIN

7.0 Introduction

The purpose of this chapter is to construct a mediator (platform) based on doped
polyaniline which would be used for detection of tetrodotoxin. Gospodiratval.
demonstrated that synthesis of conducting PANI is acid dependent, whereas the linear
chain growth of PANI occurred solely in a strongly acidic medium [243]. In this case,
besides doped synthesized PANI, sufficient PSSA is essential to increase the inherent
electroactivity [103] and conductivity [244] of PANI prior to be used in buffer electrolyte
and afford a strongly acidic medium for linear chain growth of PANI. PSSA has been
found to be an effective doping that could be used to prepare the PANI-PSSA films on
solid electrode using cyclic voltammetry [103, 245]. When aniline is polymerised with
PSSA, after apply a certain potential to the system and cycling for some time, the blue or
green PANI-PSSA can be obtained depending on the final (stopping) potential or the
scanning direction reaction. Indeed, if the scan stops at anodic potential (cathodically
scanned), the polymer films formed is the blue-pernigralinine which is called in this study
p-doped PANI-PSSA. When the scan is stop at cathodic potential (anodically scanned) the
polymer formed is green-emeraldine called in this study neutral PANI-PSSA. This chapter

presents the electrochemical polymerisation of PSSA doped aniline in phosphoric acid on
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various bare electrodes. The modified-PANI-PSSA electrode is applied on
electrochemical tetrodotoxin biosensor and the PANI is used as a surface probe to generate

the electron into the system.

7.1 Electrosynthesis of neutral and p-doped PANI-PSSA films

The CV curves recorded during the electrosynthesis of neutral and p-doped PANI-PSSA
films on four various electrodes in 1 MzPD, are shown in Figure 6.28. CVs of the
polymerisation of neutral PANI-PSSA films exhibit three redox peak pairs between 0.02
and 0.20 V (AA’), 0.4 and 0.53 V (BB'), 0.57 and 0.7 V (CC'). Comparing to the CVs
obtained during the cyclic voltammetry of PANI, it is found that the doping has reduced
the potential peak of PANI films formed on the electrode surface with the standard
deviation< 0.3. The discussions given to Figure 6.6 are attributed to Figure 7.1. These
peaks are due to doping and undoping of protons and anions ion the PANI film. The redox
peak between 0.1 and 0.3 V is attributed to leucoemeraldine/emeraldine transformation of
PANI-PSSA while the redox peak between 0.4 and 0.5V is due to

emeraldine/pernigralinine transformation [124].
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Figure 7.1: Cyclic voltammograms (15 cycles) recorded during potentiodynamic growth
of PANI-PSSA films on Au, GC, PG, and Pt in 1 Mg, containing 0.05 M aniline /
0.025 M PSSA at 0.050 V scan rates.
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Figure 7.2: Electrochemical transitions between PSSA-PANI's base forms are shown
vertically as a series of successive reduction reactions from LB to EB, and to PB.

Transitions to the ES form of PANI are shown via diagonal and horizontal reactions.

7.2 Electrochemical active zone of neutral and p-doped PANI-PSSA in
H3PO,

Cyclic voltammetry behaviour of the neutral and p-doped PANI-PSSA deposited on the
bare Au, GC, PG, and Pt electrodes is characterized by two pairs of redox peak in 1 M
H3PO, electrolyte solution (Fig. 7.3). The CVs recorded over three repetitive cycles show

excellent stability of the PANI-PSSA due to the PSSA doping.
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Using Figure 7.3, the value of characteristic peaks of PANI-PSSA films synthesised in two
different directions are given in Table 7.1. Since the polymer obtained using two different of
polymerisation methods exhibited different colours (blue and green), the difference in
experimental values was expected. The neutral PANI-PSSA films with green colour depict
the reduced base form of PANI while the p-doped PANI-PSSA films obtained with blue
colour depict the full oxidation state of PANI. The peak separation potesEglfor the

redox reactions, which is the potential difference between anodic and cathodic peak
potentials, decreases in p-doped PANI-PSSA as comparedEfo of the neutral
PANI-PSSA. The small AE, on p-doped suggests that the rates of the
leucoemeraldine/emeraldine and emeraldine/pernigraniline electron transfer increases
significantly. This gives an indication that the leucoemeraldine/emeraldine and
emeraldine/pernigraniline redox reaction are electrochemically favoured, resulting in faster
redox kinetics. The smallE, of p-doped in comparison withE, of neutral PANI-PSSA
indicates that the redox overpotential of p-doped PANI-PSSA is significantly lowered at the
bare electrodes, and the electrochemical redox activity of p-doped PSSA-PANI is highly
improved [246]. The proportion between the first oxidation peak current and the reduction
peak current ifatipc)) is about - 1.5 for neutral and - 2.5 for p-doped, indicating an
irreversible electrochemical process. Furthermoggfipc2 is closed to - 1 indicates a

reversible process.
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Table 7.1: Values of peak characteristics of electrodeposited PANI-PSSA films in 1 M

HsPO, at three sweep cycles

WE Neutral PSSA-PANI P-doped PSSA-PANI
Au GC PG Pt Au GC PG Pt

Ea[V] 0295 0347 0287 0312 0298 0279 0249 0.311
Ep[V] 0515 0563 0528 0570 0499 0520 0499 0.498
Epa[V] 0147 0113  0.121 0.115 0163 0.139 0127 0.174
Ep2[V] 0447 0435 0486 0457 0486 0481 0512 0.439
AE;[V] 0.148 0234 0166 0.197 0.135 0.14 0122 0.137
AEp[V] 0.068 0.128 0.042 0113 0.013 0.039 -0.013 0.059
E%[V] 0221 0.240 0204 0218 0231 0.209 0.188 0.243
E%[V] 0.481 0499 0507 0514 0493 0501 0506 0.469
iea[MA] 2195 1060.6 12046 1058  127.3 770.28 307.07 95.13
i2[MA] 1586 6711 6037  80.8  71.01 4995 1348 49.24
i1 [MA]  -120.4 -497.1 -510.2 -70.86 -50.92 -425.6 -124.7 -41.21
ipc2[MA]  -197.1 -1052.0 -1184.4 -127.8 -14512 -884.4 -344.6 -121.4
ipafips  -1.82  -2.13 236 -1.49 25  -1.81 -2.46 -2.31
iadipe  -0.80  -0.64 -051 -063 -046 -056 -0.39 -0.41

The PSSA-PANI films obtained after 15 cycles was studied in phosphate buffer using the
cyclic voltammetry. The cyclic voltammograms obtained (results not shown) shown that
polymer films were not stable on the electrode surface. After the first cycle in PB, the peak

current significantly decreases with increasing sweep number.
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Figure 7.4: CVs of 5 cycles recorded during potentiodynamic growth of PRBIBA films on AuGC, PG, and Pt in 1 M #PO, containing

0.05 M aniline / 0.025 M PSSA at 50 mi/ssgan rates.
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The polymer films disintegrate into the electrolyte solution when the modified-
PSSA-PANI electrode is kept in solution for between 30 mins to an hour. Because of this
fact, the number of cycle was reduced to 10 cycles, the same challenge was facing and
then the number of cycle was reduced to 5 cycles to pursue the aim of this study. Figure
7.4 presents the cyclic voltammograms recorded during the anodic and cathodic
potentiodynamic scan of PSSA doped aniline monomersPQdat 50 mV & over 5

cycles. The anodic peak (at 0.18V) revealing a characteristic peak of polymerisation;
showed that the current produced with p-doped is higher than that produced with neutral
PANI-PSSA. This increase of current indicates that the rate of deposition of the p-doped is
quicker than neutral polymer on the electrode surface. The electrochemical behaviour of
the resulting neutral and p-doped PANI-PSSA was thereafter examined by cyclic
voltammetry and electrochemical impedance spectroscopy in SPB and OAc buffer

solutions.

7.3  Electrochemical activity of neutral and p-doped PANI-PSSA SPB

The electroactivity and the stability of the two forms of polymer films synthesised above is
studied in phosphate buffer solutions for further application in an electrochemical
biosensor for the determination of TTX based on an aptamer. The polymer films formed
after five repetitive sweeps on bare electrodes were directly characterised in 0.1 M PB pH
7.04 at various scan rates over the potential window from - 0.6 to 0.6 V. From 5 to 100 mV
s, the oxidation and reduction peak currents of PSSA-PANI films increase in 0.1 M PBS.

The oxidation peak potential positively shifts while the reduction peak potential negatively
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shifts with an increase in scan rate. The oxidation peak currents exhibit a linear
relationship with the scan rates (Fig.7.5), suggesting that the electrode processes are
limited by adsorption [247]. Three repetitive cycles are recorded on modified neutral and
p-doped PANI-PSSA/electrode. It is shown that in SPB, the p-doped is more stable than
neutral PANI-PSSA on gold, glassy carbon, platinum, pyrolytic graphite electrodes. Table
7.2 shows high value of redox peak separation potentig}s> 200/n mV (n = 2)
calculated in for both polymer films indicating that the electrode reaction taking place is an
irreversible processAE, of neutral PANI-PSSA is higher than the one calculated on p-
doped PANI-PSSA in a phosphate buffer. The ratio of redox peak cuipgiyf|was

calculated to be 1, which implies a more reversible electrode reaction.
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potential scan rates.
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The chemical reaction involved during the anodic and cathodic sweep of both neutral and

p-doped PANI-PSSA in phosphate buffer is described in Figures 7.6 and 7.7.
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Figure 7.7. Electrode surface reactions during the cyclic voltammetry of p-doped
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Table 7.2:Values of peak characteristics of electrodeposited neutral PANI-PSSA films on

various electrodes in 0.1 M PB pH 7.04 over three sweep cycles at different scan rates

WE v Epa Epc AE, E° ipa ipe ipellipe
[mV s] V] V] V] V] [HA] [HA]
Au 10 0.062 -0.090 0152  -0.014 6.88 -7.70  -0.89
15 0.067 -0.098 0165 -0.016 8.93 -9.98  -0.89
25 0.091 -0.169 0260 -0.079 1465  -14.36  -1.02
35 0.096 -0.138 0234 -0.021  20.01  -1846  -1.08
50 0.099 -0.152 0251 -0.027 20.74 -2351  -0.88
75 0121 -0.178 0299  -0.029 2775  -2467  -1.12
100 0130 -0.199 0329 -0.035 36.44  -2861  -1.27
GC 5 0069 -0.129 0198 -0.030 1409  -1857  -0.76
10 0.080 -0.184 0264 -0.052 2409 -27.04 -0.89
15 0.104 -0.226  0.330 -0.061 3020 -33.15 -0.91
25 0.128 -0.274 0402  -0.073 4067 -4213  -0.96
35 0.138 -0.319 0457 -0.091 4896 -51.11  -0.96
50 0.176 -0.354  0.530 -0.089 57.18  -62.38 -0.92
75 0.234 -0419 0653 -0.093 7199  -77.48  -0.93
100 0.284 -0.355 0639 -0036 8374  -89.33 -0.94
PG 10 0.118 -0.047 0.165  0.036  78.44 -119.41 -0.66
15 0.135 -0.067 0202  0.034 10655 -155.95 -0.68
25 0.176 -0.092 0168  0.042 16276 -216.32 -0.75
35 0.189 -0.125 0314  0.032 21020 -254.14 -0.83
50 0.218 -0.170 0378  0.024 28572 -242.34 -1.17
75 0.250 -0.196 0446  0.027 38549 -328.72 -1.17
100 0.281 -0.142 0423 0.0695 47871 -290.33 -1.45
pt 10 0.126  -0.241  0.367  -0.058 6.84 552  -1.24
15 0.141 -0.283 0424  -0.071 7.13 -6.54  -1.09
25 0220 -0.295 0515  -0.038 7.91 -7.89  -1.00
35 0.170  -0.314 0484  -0.072 7.64 -9.33  -0.82
50 0.218 -0.333 0551  -0.057 830  -10.67 -0.78
75 0.175 -0432 0607  -0.129 7.49 -11.09  -0.68
100 0.166 -0421 0587 -0.128 451 933 -048
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Table 7.3: Values of peak characteristics of electrodeposited p-doped PANI-PSSA films

on various electrodes in 0.1 M PB pH 7.04 over three sweep cycles at different scan rates

WE v Epa Epc AE, E° ipa inc ipelipe
[mV s7] [V] [V] [V] [V] [HA] [HA]
Au 5 0.071 -0.113 0.184 -0.021  5.89 -7.49  -0.79
10 0.093 -0.160 0.253 -0.034 10.91 -10.33 -1.06
15 0.116 -0.163 0.279 -0.024 1459 -11.99 -1.22
25 0.122 -0.207 0.329 -0.043 16.44 -1530 -1.07
35 0.132 -0.286 0.418 -0.077 19.74 -17.63 -1.12
50 0.164 -0.321 0485 -0.079 2537 -21.25 -1.19
75 0.209 -0.376 0585 -0.084 30.99 -27.06 -1.15
GC 5 0.069 -0.042 0.111 -0.014 1858 -33.28 -0.56
10 0.073 -0.073 0.146 0.000 3351 -55.28 -0.61
15 0.077 -0.092 0.169 -0.008 44.78 -68.48  -0.65
25 0.089 -0.117 0206 -0.014 67.31 -88.69 -0.76
35 0.099 -0.139 0.238 -0.02 8883 -106.42 -0.83
50 0.123 -0.177 03  -0.027 121.61 -127.46 -0.95
75 0.149 -0.214 0.363 -0.033 161.12 -152.21 -1.06
100 0.163 -0.246 0.409 -0.042 190.10 -168.02 -1.13
PG 5 0.071  -0.054 0.125 0.009 2250 -34.99 -0.64
10 0.076 -0.108 0.184  -0.032 3574 -47.18 -0.76
15 0.080 -0.127 0.207 = -0.024 4591 -54.95 -0.84
25 0.084 -0.168 0.252 -0.042 60.99 -65.49  -0.93
35 0.093 -0.197 029 -0.052 7326 -7431 -0.99
50 0.105 -0.221 0.326 -0.058 88.35 -84.33 -1.05
75 0.130 -0.271 0.401 -0.071 108.16 -100.91 -1.07
100 0.142 -0.303 0.445 -0.081 12269 -112.49 -1.09
Pt 10 0.088 -0.034 0.122 0.027 11.12 -20.42 -0.54
15 0.100 -0.053 0.153 0.024 14.83 -26.46 -0.56
25 0.113 -0.086 0.199 0.014 2227 -34.39 -0.65
35 0.136 -0.104 024 0.016 29.36 -37.27 -0.79
50 0.155 -0.134 0289 0.011 39.88 -39.12 -1.02
75 0.183 -0.137 032 0.046 5441 -43.60 -1.25
100 0.202 -0.141 0.343 0.031 65.85 5225 -1.26

Additionally, the peak potentiaEf) increases with increased scan ratgsdnd a linear

relationship can be obtained betwégrand log (v), as shown in Figure 7.8. This indicates
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that the oxidation of both neutral and p-doped PANI-PSSA is an irreversible electrode
process. For an irreversible charge-transfer electrode process, the fjatnaf log v is a
straight line with a slope = - RditF for E,c and slope = RT/(¥)nF for Epa (Wherea

stands for the electron transfer coefficient).
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Figure 7.8: A plot of E vs. logv for the voltammograms of neutral and p-doped
PANI-PSSA films deposited on bare of different electrodes in 0.1 M sodium phosphate
buffer pH 7.04.

The kinetic investigation of electrochemical reaction electrode processes was studied by
determining the transfer coefficiest electrode reaction constdgtof neutral and p-doped

PANI-PSSA, and the diffusion coefficiem,. The transfer coefficientr is calculated
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according to the slope of anodic and cathodic process (Fig. 7.8). The transfer coefficient

is applied only to an electrode reaction that consists of a single elementary step involving

the simultaneous uptake of n electrons from the electrode in the caserthe release of

the electrode in the case®f

Table 7.4: Anodic and cathodic transfer coefficient of neutral and p-doped PANI-PSSA

films on various electrodes obtained from the Eat.versus logarithm of scan rate

Au GC PG Pt
Neutral EpaVs. Range 099-187 099-199 0.994-1.80.99-1.70
PANI-PSS logv  [mVs"]
A R 0.977 0.958 0.995 0.812
a -0.01+0.01 -0.13+0.04 -0.04+0.01 -0.00+0.07
b 0.01+0.01 0.19+0.03 0.15+0.01 0.13+0.05
as 0.4 0.93 0.91 0.89
Epc Vs. R -0.864 -0.996 -0.985 -0.976
log.v a 0.003+0.04 0.09+0.02 0.14+0.02 -0.12+0.01
b -0.09+0.03 -0.27+0.01 -0.18+0.02 -0.13+0.02
ac 0.16 0.05 0.08 0.11
p-doped  Epavs. R 0.939 0.969 0.924 0.980
PANI-PSS  logv a -0.03+0.03 -0.03+0.02 -0.01+0.02 -0.01+0.02
A b 0.12+0.02 0.09+0.01 0.06+0.01 0.09+0.01
a. 0.9 0.84 0.77 0.84
Epc Vs. =% -0.972 -0.985 -0.992 -0.995
logv a 0.13+0.05 0.11+0.02 0.09+0.02 0.11+0.01
-0.27+0.03 -0.17+0.01 -0.18+0.1 -0.14+0.01
ac 0.05 0.08 0.08 0.1

The transfer coefficient, anda; are immediately obtained from the slope of the pldEof

against logv (Eq. 7.1 and 7.2). For each electrode, the same linear range is used for both

neutral and p-doped PANI-PSSA.
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o KT (2e0 4 23, ( 2nFD, ) 23RT N
pc = 2nF\ 2 C9\RTK°)? 2ant 29" quation 7.
b 2.3RT 2.3RT E tion 7.2
= — - = — .

2anF e 2nFb quation

From Table 7.3, the values of anda. are compared and according to Equation 7.2, it is
shown that wheno is high, the peak potential separatitdB, is low while the reaction
electrode process is becomes faster. In the both cases neutral and p-doped PANiEFPSSA,
is higher thara.. The Equations 7.1 and 6.2 for electrochemical polymerisation kinetics is

then established and used to evaloate

The electrochemical rate const&gts calculated from the intercept of the pidf, verses

log v using the Equation 7.1. The peak potential separaid) (increases with an
increase in scan rate and the linear relation is established. The reaction was carried out at
room temperature for all the four electrodes and the electrochemical rate cdgsteas,

found to be dependent polymer type formed on the electrode surface. For GC, PG and Pt
electrodes, the value & is higher for p-doped PANI-PSSA than when the neutral
PANI-PSSA films are formed while for Au electrodg,is high during the synthesis of
neutral PANI-PSSA as comparedkioobtained when the p-doped PANI-PSSA films are
formed. This indicates that the reaction is fast on PG, GC, and Pt electrodes during the
synthesis of p-doped PANI-PSSA and on Au electrode, the reaction proceeds fast during

the deposition of neutral PANI-PSSA.
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Figure 7.9: A plot of AE, vs. logv for the voltammograms of neutral and p-poded
PANI-PSSA films deposited on bare of different electrodes in 0.1 M sodium phosphate
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The relation between the peak currapit gbtained from the CV scan and sqgitdf CV is

shown in Figure 7.10 and a linear relationship is also observed. From this observation, it

can be said that the oxidation of aniline may be controlled by a diffusion process. Using

the slope of the curviga vs. sqrtf), the diffusion coefficienDo of neutral and p-doped

PANI-PSSA could be calculated using the following Randle Sevcik equation:

1/2 _

slope x (RT)'/?

0 " 0.4463(nF)3/2AC,
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where slope is determined from the curyg\(s. sgrtv), A is the area of electrode surface,

Co is the concentration of PANI-PSSA formed on the electrode surface and this value is
calculated using the limiting reagent (PSSA) from the chemical reaction:

n*Aniline + (PSSA) — nPANI-PSSA with (n* # n) or

n* C5H5NH2 + (C8H803S)n — N [-C6H5NH2- CSH803S-]
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Figure 7.10: A typical Randles-Sék plot showing the peak current and square root of
voltammograms scan rates for the neutral and p-poded PANI-PSSA films deposited on of
different bare electrodes in 0.1 M PB pH 7.04.
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Table 7.5 Electrode reaction rate constant of neutral and p-doped PANI-PSSA films on various electrodes obtained frotBheegpiats

logarithm of scan rate

Au GC PG Pt

Neutral Range [mV §] 1.543-2.000 0.697-1.397 1.175-1.698 1.000-2.000
PANI-PSSA R 0.987 0.993 0.993 0.958

a -0.11 £ 0.04 0.11 +£0.02 -0.21 £ 0.04 0.15+0.05

b 0.22 +0.03 0.37£0.01 0.35+0.03 0.23+0.03

ks[s™] 18.28+ 0.03 3.250.01 4.31+0.03 5.38 +0.03

P-doped Range [mV ] 1.543-2.000 0.697+1.397 1.175-1.698 1.006-2.000

PANI-PSSA R 0.998 0.996 0.999 0.997

a -0.40 £ 0.04 0.01+0.01 -0.06 £ 0.01 -0.12+0.01

b 0.53 +£0.02 0.13+0.01 0.23+0.01 0.23+0.01

ks [s™] 4.84 £0.02 8.07+0.01 11.83+0.01 8.07+0.01
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As shown in Equation 7.3), increases along with its slope. Table 7.5 gives the value of
Do calculated and it can be seen that the neutral PANI-PSSA diffuses faster than p-doped
PANI-PSSA on Au and PG electrodes. Unlike on GC and Pt electrode, the p-doped
PANI-PSSA diffuses faster than the neutral PANI-PSSA on Au and PG electrodes.
According to Bard and Faulkner equation (Eq.7.4), the oxidation peak current was plotted
against scan ratép vs.v. figure not shown). The slope of this curve was used to calculate
the surface concentratidrt given in Table 7.5. The films thickneds) (n cm was also

calculated from the slope of the cuiygvs. sqrt ¢) using the Equation 7.5.
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Table 7.6: Diffusion coefficient of neutral and p-doped PANI-PSSA films on various electrodes obtained from ihegistis square root of

scan rate
Au GC PG Pt
Neutral Range [V §] 2.228-7.085  3.169-8.667 3.169-8.667 3.169-8.667
PANI=PSSA R 0.985 0.999 0.997 0.593
a -3.11+1.81 -4.42+0.97 -110.9 #13.1 6.69+0.61
b 4.32+0.38 8.86+0.18 56.26+1.22 0.15+0.10
Do x 10° [cm? s7] 3.21 1.87 11.87 0.11
I* x 10° [mol cm?] 5.45 +0.34 2.62+0.06 16.74+0.15 0.27+0.01
L [nm] 0.629 0.302 1.00 3.077
P-doped R 0.988 0.995 0.999 0.996
PANI-PSSA a -1.47+1.39 -38.69+5.69 -5.20+0.81 -15.92+2.19
b 3.73+0.29 22.46+1.03 13.17+0.14 7.94+0.37
Do x 10° [cm? ¥ 2.77 4.74 2.78 5.89
I* x 10° [mol cm?] 4.43+0.03 6.88+0.09 3.57+0.08 8.15+0.02
L [nm] 5.00 7.00 4.00 9.00
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ipa_nzeAI"* Equation 7.4
> = " aRT quation 7.

ipc _ 0.4463(nF)3/2ADoI'*
vi/2 L(RT)Y/2

Equation 7.5

The kinetic parametersu,(k, Do, L, 7*) of both polymer films calculated after their
characterisation in phosphate buffer show that: the transfer coefficient of neutral
PANI-PSSA is higher than the of p-doped for all the electrodes; the electrode reaction
rate constant of p-doped is higher for GC, Pt, PG electrodes thak dfieneutral
PANI-PSSA, the diffusion coefficient of neutral is higher on Au and PG electrode while
the Dy of p-doped is higher on GC and Pt electrode. This suggests that, the Au electrode is
well indicated for the neutral PANI-PSSA electrosynthesis when studied in phosphate
buffer solution. On the other hand, it is revealed that GC, PG, Pt electrodes are more
inclined to be used in electrochemical synthesis of p-doped PANI-PSSA and characterised

in phosphate buffer.

7.4 Characterisation of neutral and p-doped PANI-PSSA in SPB using
EIS

The better understanding of the electron transfer and the diffusion process discussed
previously in cyclic voltammetry process can also be studied using electrochemical
impedance spectroscopy technique. Using this technique, it is possible to separate different
processes occurring in the electrode such as diffusion, polymer|solution interface kinetic,

and electronic conductivity in the polymer. Figure 7.11 presents the Nyquist diagrams
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obtained for PANI-PSSA films on Au, GC, PG, and Pt electrodes. Analysing these
diagrams, only diffusion process on bare electrode was observed while with modified-

PANI-PSSA electrodes, a well-defined semicircle as well as the Warburg were obtained.

P-doped PANI-PSSA for the determination of tetrodotoxin

The semicircle which measures the charge tran$®gy &cross the interface between

electrode surface and electrolyte solution is used to study the kinetics of the electrode

reaction while the Warburg measures the impedangg \(hen the polymer is diffused

into electrolyte solution. The diffusion process observed on bare electrodes produces the
capacitive current that blocks the flow of the faradic current [248]. Thus, the interface

between the bare electrode surface and the electrolyte solution works like a capacitor.
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-Z" 1 kQ

Figure 7.11: Nyquist plot of neutral and p-doped modified-PANI-PSSA electrodes in 0.1
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M sodium phosphate buffer pH 7.04 at a frequency range 100 mHz to 100 kHz.
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The semicircle obtained with neutral PANI-PSSA modified electrodes is smaller than the
semicircle obtained with p-doped PANI-PSSA modified electrodes. The faradic and
capacitive current flowing when the electrode is modified is due to the electrochemical
reaction taking place (oxidation and reduction). This makes the p-doped PANI-PSSA
more suitable to be applied on the development of electrochemical sensors and biosensors.
Unlike on Au electrode, the diffusion part which is represented by the Warburg impedance
(Zw) shows that on GC, PG, Pt electrodes, the diffusion of therns through the neutral
polymer material occurs faster than through the p-doped polymer.

The charge transfer resistande.X due to the faradic reaction taking place in the
PANI-PSSA/electrode|electrolyte interface is presented in Table 7.7. From this charge
transfer resistance, the exchange current density and the interfacial heterogeneous electron

transfer rates are calculated using the Equation 7.6 [249]:

_RT
NnFRq¢

RT
Ry =

nFio

Equation 7.6

Iy
nFAC*

ip = nFAK°C* & K° = Equation 7.7

where n is the number of electrons transferred, F is the Faraday constant (96485.34 C mol

'), Ris the gas constant (8.314 J il"), T is the reaction temperature (299, i is the

standard exchange current (4),is the geometric area of the electrode ¢k’ is the
heterogeneous standard rate transfer constant {§masd C* is the concentration of

electrolyte solution.
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The R values of neutral PANI-PSSA is smaller tHagnof p-doped polymers films. These

results indicate that the faradic reaction on the neutral PANI-PSSA/electrodelelectrolyte
interface takes place faster while with a p-doped polymer, the reaction is slow. The
exchange current density which is the rate of oxidation and reduction of polymer at an

equilibrium electrode is calculated. Equation 7.7 showsi(;halinversely related tB so;
i, of neutral polymer films is higher than the of p-doped polymer on GC, PG, Pt

electrodes. The standard heterogeneous rate constant is higher for neutral PANI-PSSA as
compared to the p-doped PANI-PSSA as seen in Table 7.7. Ktirkd. reported in
Mathebeet al. a small value fok® for electroactive polymers of PANI and PANI-ASA in

1 M HCI [250]. This value was compared values obtaineddor both neutral and p-

doped PANI-PSSA in sodium phosphate buffer in this study. Since the purpose of this
electrodeposition of PANI-PSSA films is used a platform for the detection of tetrodotoxin,
both neutral and p-doped polymer films are further studied in the tetrodotoxin medium

(acetate buffer).

Table 7.7: Diagnostic parameters for neutral and p-doped-modified electrodes

Electrode Neutral PANI-PSSA p-doped PANI-PSSA
Ret i,x10" K°x10* Ret i,x10* K'x 10
[Q] [A] [cm s7] [A] [cm s7]
Au 0 - - 1014 + 7 0.26 1.34
GC 28.04+1 9.16 13.41 5513 %1 4.66 6.82
PG 20.93x1 12.4 18.16  20.94 1 12.27 17.96
Pt 419 +3 0.61 3.14 184012 0.21 3.08
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7.5 The study of the electroactivity of neutral and p-doped PANI-
PSSA films in acetate buffer pH 4.8

Figure 7.11 presents the cyclic voltammograms obtained by cycling over the potential
window of - 0.5 to 0.6 V. The voltammograms are recorded after three repetitive cycles to

study both the electroactivity of polymers and the stability of the modified electrodes.
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Figure 7.12: Cyclic voltammograms of the PANI-PSSA electrodeposited on Au, GC, PG, and Pt electrodes in 0.lacetate buffer pH 4.8 at
different potential scan rates.

227



Chapter 7: Application of electrochemically synthesised neutral and
P-doped PANI-PSSA for the determination of tetrodotoxin

The cyclic voltammograms for the polymer in acid media on Pt electrode are similar to
literature reported [219]. For both neutral and p-doped polymer, the first oxidation peak (1)
corresponds to the polyleucoemaraldine radical cation which is further oxidized at 0.1 V to
blue polyemaraldine (ll) at higher potential of 0.4 V. On the reverse scan, the blue
polyemaraldine is reduced first to the partly reduced polyemaraldine radical cation (lll) at
0.1 V and then to fully reduced polyleucoemaraldine (IV) [250-251] at - 0.2 V. The anodic
peak potentialsEp, and the cathodic peak potentials,. as well as the corresponding
peak currentsif, andipc, respectively) vary with the values of the scan rates. This shows
linear relation between the peak potential and the scan rate explaining the electroactivity of
the polymer. On the other hand, the linear relation between peak current shows the
diffusion of electrons of conjugated benzene ring units along the polymer chain. Figure
7.12 also shows that the scan rate increases with an increase in peak [tamien the

scan rate is lower than 25 mV,she change of cathodic and anodic peak potefsisdnd

Epcis not significant with the increase of the scan rate Bpushifted negatively whil&p,

shift positively as the scan rate increadggd.(I) andEp. (11l) peaks tend towards the same
value, 0.1 V. The ratidya (1)/ipc () is [0.9] at the fast scan rate of 75 m\er both
neutral and p-doped polymer films. This indicates that a neutral and p-doped PANI-PSSA
film grown above 50 mV *§ exhibits irreversible electrochemistry. The separation peak
potential, AE,, the formal potentials£® and the ratid,dipc for each neutral and p-doped

PANI-PSSA modified electrodes are hereby calculated (Tab. 7.9)
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Table 7.8:Electrochemical potential parameters of neutral PANI-PSSA films

WE v Epaq) Epagny  Epcavy  Epeany  AEpr  AEp E% E%,
mvs V] [Vl [Vl [Vl [Vl [Vl [Vl [Vl
Au 10 -0.008 0.280 -0.155 0.236 0.147 0.044 -0.082 0.258
15 0.003 0.308 -0.165 0.220 0.168 0.088 -0.081 0.264
25 0.015 0.350 -0.178 0.17 0.193 0.180 -0.082 0.26
35 0.043 0.376 -0.203 0.136 0.246 0.240 -0.08 0.256
50 0.065 0.409 -0.206 0.108 0.271 0.301 -0.071 0.258
75 0.105 0.447 -0.252 0.062 0.357 0.385 -0.074 0.2545
GC 10 0.007 0.316 -0.159 0.230 0.166 0.086 -0.076 0.273
15 0.017 0.327 -0.178 0.209 0.195 0.118 0.081 0.268
25 0.026 0.363 -0.203 0.152 0.229 0.211 -0.088 0.257
35 0.057 0.389 -0.222 0.118 0.279 0.271 -0.083 0.2535
50 0.072 0.443 -0.244 0.075 0316 0.368 -0.086 0.259
75 0.149 0.496 -0.286 -0.007 0.435 0.503 -0.069 0.244
PG 10 0.023 0.339 -0.156 0.234 0.179 0.105 -0.067 0.2865
15 0.046 0.355 -0.164 0.217 0.210 0.138 -0.059 0.286
35 0.073 0.383 -0.182 0.125 0.255 0.258 -0.055 0.254
50 0.087 0.432 -0.199 0.097 0.286 0.335 -0.056 0.264
75 0.178 0.492 -0.277 -0.036 0.455 0.528 -0.049 0.228
Pt 10 -0.019 0.263 -0.147 0.228 0.128 0.035 0.083 0.245
15 -0.017 0.287 -0.157 0.214 0.140 0.073 -0.087 0.250
25 -1E-3 0.3 -0.164 0.181 0.163 0.119 -0.083 0.240
35 0.013 0.325 -0.169 0.163 0.182 0.162 -0.078 0.244
50 0.034 0.339 -0.174 0.123 0.208 0.216 -0.07 0.231
75 0.064 0.374 -0.187 0.096 0.251 0.278 -0.062 0.235
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Table 7.9:Electrochemical current parameters of neutral PANI-PSSA films

WE v ipa() ipaq ipe(v) peany  Tpa@fipcav)  ipaqi/ipcqn
mvs] Al Al AT [MA]
Au 10 13.63 19.25 -11.78 -24.44 -1.2 -0.8
15 18.83 25.87 -16.98 -31.57 -1.1 -0.8
25 29.14 39.03 -26.37 -44.23 -1.1 -0.9
35 38.69 52.39 -35.57 -54.28 -1.1 -0.9
50 54.07 70.35 -55.19 -68.74 -0.9 -1.0
75 80.55 100.18 -89.29 -89.29 -0.9 -1.1
GC 10 35.66 52.78 -34.02 -66.86 -1.1 -0.8
15 49.03  71.32  -4457  -86.57 -1.1 -0.8
25 73.89 106.74 -70.85 -119.41 -1.0 -0.9
35 98.04 139.63 -95.91 -146.55 -1.0 -0.9
50 135.09 188.22 -139.96 -188.14 -0.9 -1.0
75 199.75 275.92 -222.73  -257.73 -0.9 -1.1
PG 10 64.32 82.57 -51.03 -90.76 -1.3 -0.9
15 89.04 107.29 -72.52 -117.24 -1.2 -0.9
25 142.7 178.91 -117.74  -182.87 -1.2 -1.0
35 142.7 178.91 -117.74  -182.87 -1.2 -1.0
50 186 222.11 -164.82 -226.08 -1.1 -0.9
75 338.19  450.4  -318.49 -417.61 -1.1 1.1
Pt 10 9.55 13.33 -8.63 -18.44 -1.1 -0.7
15 13.33  18.14  -11.87  -24.02 -1.1 -0.8
25 20.66 27.46 -18.22 -33.83 -1.1 -0.8
35 28.45 36.74 -24.09 -40.79 -1.2 -0.9
50 38.55 49.82 -34.19 -52.17 -1.1 -0.9
75 58.86  70.77  -58.12  67.06 -1.0 1.1
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Table 7.10:Electrochemical potential parameters of p-doped PANI-PSSA films

WE v Epat)  Epat)  Epcvy  Epeay AEpn  AE  E%1 E%
[mVs1]  [V] [Vl \ [Vl vVl V] [Vl [Vl
Au 10 -0.028 0.263 -0.149 0.21 0.121 0.053 -0.090 0.240
15 -0.021 0.267 -0.159 0.186 0.138 0.081 -0.090 0.230
25 -0.016 0.272 -0.016 0.188 0 0.140 -0.020 0.230
35 0.021 0.312 -0.159 0.111 0.180 0.201 -0.070 0.210
50 0.047 0.331 -0.182 0.079 0.229 0.252 -0.07 0.210
GC 10 0.003 0.289 -0.156 0.195 0.159 0.094 -0.077 0.242
15 0.013 0.315 -0.166 0.166 0.179 0.149 -0.077 0.241
25 0.034 0.344 -0.178 0.125 0.212 0.219 -0.072 0.235
35 0.058 0.374 -0.185 0.088 0.243 0.286 -0.064 0.231
50 0.078 0.398 -0.194 0.048 0.272 0.350 -0.058 0.223
75 0.145 0.455 -0.259 -0.006 0.404 0.461 -0.057 0.225
PG 10 -0.007 0.287 -0.157 0.222 0.150 0.065 -0.082 0.255
15 0.009 0.307 -0.166 @ 0.179 0.175 0.128 -0.079 0.243
25 0.027 0.321 -0.182 0.13 0.209 0.191 -0.078 0.226
35 0.041 0.357 -0.182 0.095 0.223 0.262 -0.071 0.226
50 0.080 0.375 -0.189 0.041 0.269 0.334 -0.055 0.208
75 0.116 0.417 -0.211 -0.016 0.327 0.433 -0.048 0.201
Pt 10 -0.029 0.259 -0.146 0.226 0.117 0.033 -0.088 0.243
15 -0.019 0.274 -0.153 0.211 0.134 0.063 -0.086 0.243
25 0.002 0.302 -0.159 0.181 0.161 0.121 -0.079 0.242
35 0.012 0.318 -0.166 0.168 0.178 0.150 -0.077 0.243
50 0.031 0.339 -0.169 0.127 0.200 0.212 -0.069 0.233
75 0.063 0.381 -0.182 0.089 0.245 0.292 -0.059 0.235
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Table 7.11:Electrochemical current parameters of p-doped PANI-PSSA films

WE v ipa() ipa(i) ipe(v) ipean  Tpayipeav)  Tpagiyipeqn)
mvs] Al AT Al [MA]

Au 10 10.59 14.24 -8.83 -24.84 -1.2 -0.6
15 1451  20.04  -12.25  -31.95 -1.2 -0.6
25 14.75 20.27 -24.84 -32.19 -0.6 -0.6
35 29.87 40.89 -25.19 56.59 -1.2 -0.7
50 41.93 56.6 -35.66 -71.83 -1.2 -0.8

GC 10 32.96 48.13 -28.79 -66.35 -1.1 -0.7
15 46.14 6529  -41.07  -83.51 1.1 -0.8
25 70.69 96.74 -63.46 -113.41 -1.1 -0.9
35 92.81 126.71 -93.44 -135.54 -0.9 -0.9
50 128.85 168.81 -145.53 -167.65 -0.9 -1.0
75 184.87 244 81 -225.45  -211.53 -0.8 -1.2

PG 10 33.68 44.17 -29.88 -64.07 -1.1 -0.7
15 45.43 64.3 -41.62 -87.56 -1.1 -0.7
25 72.52 98.7 -63.47 -120.53 -1.1 -0.8
35 94.4 131.53 -89.66 -149.06 -1.1 -0.9
50 129.18 181.94 -142.41  -192.83 -0.9 -0.9
75 186.24 263.23 -232.29  -260.83 -0.8 -1.0

Pt 10 9.29 13.21 -8.78 18.45 -1.1 0.7
15 12.98 18.21 -23.96 -23.96 -0.5 -0.8
25 20.69 27.97 -17.89 -32.94 -1.2 -0.8
35 27.97 36.35 -24.07 -41.42 -1.2 -0.9
50 38.54 49.21 -34.64 -51.98 -1.1 -0.9
75 58.18 71.04 -57.57 -66.54 -1.0 -1.1

The linear relation between the peak potential and the scan rate explained above can be
observed graphically (Fig. 7.13). The reversibility of the system is studied by plotting the

graphE, verses logarithm of scan rate. For each anodic and cathodic peaks obtained on
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Figure 7.12, there is an uptake or release electrons which results in electron transfer
coefficientac. The transfer coefficient applies only to an electrode reaction that consists

of a single elementary step involving the simultaneous uptake of n electrons from the

electrode as the casewf or to the electrode as the casepf
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Figure 7.13: A plot of E vs. logv for the voltammograms of neutral and p-doped PANI-
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PSSA films deposited on different bare electrodes in 0.1 M acetate buffer pH 4.8.

Figure 7.13 shows thd,. decreases whilEp,increases as the scan rate increases. Tables

7.12 and 7.13 present the valuaxginda. calculated from the slope of the grafhsand

Eoc vs. logv using the Equation 6.5 and 6.6 teranda. respectively. The reaction occurs

on peak (IV) and peak (ll) faster than the reaction takes place on peak (I) and (lll) for
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neutral and p-doped polymer. This is explained with the values; @ind o4, calculated
(Tab7.9) which shows that for the deposition of p-doped polymer, the reaction is faster

compared to the deposition of neutral polymer on the electrode surface.
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Table 7.12 Anodic and cathodic transfer coefficient of neutral PANI-PSSA films

Au GC PG Pt
Epa1Vs. logv Range [mV 3] 0.999-1.697 1.00-1.696 1.00-1.696 1.00-1.696
R 0.967 0.959 0.972 0.961
a -0.12 +0.02 -0.09 + 0.02 -0.06 £ 0.01 -0.10 + 0.02
b 0.10 +0.02 0.09 +0.02 0.09 +0.01 0.08 £ 0.01
o 0.41 0.34 0.34 0.26
Epaz2Vs. logv R 0.999 0.966 0.950 0.990
a 0.09 +0.01 0.13 +0.04 0.21 +0.03 0.16 +0.01
b 0.18 + 0.00 0.18 £ 0.03 0.12 +0.02 0.11+0.01
oo 0.67 0.67 0.51 0.46
Epc1 Vs. logv R -0.975 -0.998 -0.978 -0.993
a -0.07 +0.01 -0.04 +0.01 -0.09 + 0.01 -0.11 + 0.00
b -0.08 +0.01 -0.12 +0.00 -0.06 + 0.01 -0.04 £ 0.00
ey 0.74 0.49 0.99 1.47
Epc2VS. logy R -0.992 -0.993 -0.961 -0.983
a 0.44 +0.01 0.47 £ 0.02 0.45 +0.05 0.38 +0.02
b -0.19 +0.01 -0.23+0.02 -0.21 +0.03 -0.15 £ 0.02
acs 0.31 0.26 0.28 0.39
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Au GC PG Pt
Epa1Vs. logv  Range [mV §] 1.00-1.696 1.00-1.696 1.00-1.696 1.00-1.696
R 0.920 0.986 0.926 0.994
a -0.14 + 0.04 -0.11 £ 0.02 -0.10 £ 0.03 -0.12 £ 0.01
b 0.11 +0.02 0.11+0.01 0.09 +0.02 0.08 +0.01
Oaz 0.46 0.46 0.34 0.26
EpazVS. logv R 0.911 0.998 0.979 0.998
a 0.15 +0.04 0.13+0.01 0.16 +0.02 0.14 +0.01
b 0.09 +0.03 0.16 + 0.01 0.13+0.01 0.12 +0.00
a2 0.34 0.63 0.55 0.51
Epc1 Vs. logv R -0.847 -0.999 -0.975 -0.995
a -0.11 +0.02 -0.10 + 0.00 -0.11+0.01 -0.11 £ 0.00
b -0.04 £ 0.01 -0.05 + 0.00 -0.05 +0.01 -0.03 £ 0.00
ac1 1.48 1.18 1.18 1.97
Epc2 Vs. logv R -0.918 -0.995 -0.996 -0.979
a 0.41 +0.06 0.41+0.02 0.48 +0.02 0.38 £ 0.02
b -0.19 £ 0.05 -0.21£0.01 -0.25 +0.01 -0.14 £ 0.02
Oc2 0.31 0.28 0.24 0.42
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The separation of peak potentials{- E,c) increased with an increasing scan rate. When

the scan rate was above 25 mV, the wave shape distorted severely. This indicates that
the electrode reaction becomes electrochemically irreversible at higher scan rates. There is
an overlap of curveaEp; andAEp; vs. logv (Fig.7.14) at 25 and 50 mV:dor p-doped

and neutral polymer respectively, which explains the factBhad) is equal toEc (111) at

these scan rates.
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Figure 7.14: A plot of AE, vs. logv for the voltammograms of neutral and p-doped
PANI-PSSA films deposited differdmere electrodes in 0.1 M acetate buffer pH 4.8.

For the irreversible electrode reaction, the relationship between peak potential and the scan
rate follows Laviron’s equation (Egs.6.5 and 6.6) [22%, is calculated for neutral and

p-doped PANI-PSSA films grown at different scan rates and the results show that the
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undoped PANI electrosynthesised at 50 m\eghibit AE, > 100/n. This value oAE, is

characteristic of an irreversible system. Using the Equation 6.7, the electrode rate constant

ks is calculated and given in Table.7.14
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Table 7.14:Electrode reaction rate constant of neutral and p-doped PANI-PSSA film study in acetate buffer

Au GC PG Pt
Neutral AEpy vs. logv Range 1.00-1.696 1.00-1.696 1.00-1.696 1.00-1.696
PANI-PSSA R 0.977 0.988 0.982 0.988
a -0.04 +0.03 -0.07 +£0.03 0.04 £0.02 0.01+£0.01
b 0.18 £0.02 0.22 £0.02 0.15+0.02 0.11+£0.01
kst [S™] 13.13+0.03 19.22+0.03 2.48+0.02 38.46+0.01
AEp2 vs. logv R 0.997 0.985 0.977 0.993
a -0.34 £ 0.02 -0.34 £ 0.06 -0.23 £ 0.06 -0.22 £0.02
b 0.38 £0.02 0.40 £ 0.04 0.33+0.04 0.25+0.01
ks2[S] 16.03+0.02 16.03+0.06 19.23+0.06 19.01+0.02
P-doped AEpy vs. logv R 0.933 0.994 0.986 0.998
PANI-PSSA a -0.03 £ 0.04 -0.01£0.01 -0.01 £ 0.02 -0.00 £0.01
b 0.14 £ 0.03 0.16 £ 0.01 0.16 £ 0.02 0.12 £ 0.00
Ks1[s™] 38.46+0.04 38.46+0.01 38.46+0.02 38.46+0.01
AEp, vs. logv R 0.993 0.997 0.994 0.990
a -0.25 +0.03 -0.28 £ 0.02 -0.32 +£0.03 -0.23 +0.03
b 0.29 £ 0.02 0.37 £0.02 0.38 £ 0.02 0.25+0.02
ks2[S7] 16.37+0.03 16.67+0.02 18.92+0.03 19.23+0.03
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The results shown that thie of p-doped PANI-PSSA is higher thdg of neutral
PANI-PSSA for all modified electrodes. This indicates that the rate of reaction on p-doped

modified electrodes is faster than on neutral PANI-PSSA modified electrodes.

Figure 7.15 has shown that the potential scan rate has an influence on the cyclic
voltammetry behaviour of the neutral and p-doped PANI-PSSA films. A higher scan rate
resulted in a higher current flow, as expected for a surface wave [252]. The oxidation and
reduction peak currenf, andi, respectively are proportional to the scan rate over the

range 3.171-7.060 mV's

240



Chapter 7: Application of electrochemically synthesised neutral and
P-doped PANI-PSSA for the determination of tetrodotoxin

- Ll I ) I L] I ) I Ll I |. I -
90 —
Au
i o -m—i neutral
60 — . - '/ et
. . /‘ = iy neutral
< 30 ';a/:lf i, ., neutral
2 0 1 V=i, neutral
=~ i.,, P-doped
30 T~y s —4—/992 p-doped
) v i p-doped
60 - \l pet
] \' -~ i, p-doped
-90 — \ 3
rTrrrTrrrrrtrt
3 4 5 6 7 8 9
Sart(v) / (mv s™)"
| INNLE DL DL L DL SN
404 PG / —a—j_ neutral
T //: —o— i, neutral
200 - = 8 et
—
< 7 'glé/' —v— i, neutral
~, 0+ ipa1 p-doped
] ¥=e I-<—i _ p-doped
\v\o\.\ P2 v
-200 L loey PCIOPE
i ‘. Lo— I, P-doped
-400 -
LN L N R TR
3 4 5 6 7 8 9

Sqrt(v) / (mv s™)"
Figure 7.15: A plot of j vs. square root for the voltammograms of neutral and p-doped

300 L L L L B N o
. <
200 GC / n U, neutral
4 n —e—j neutra
'/ / 'p , heutral
100 /QZ"/ i neutral
< A =t Lv— i neral
2 0 V=i neutra
s 1 ipa1 p-doped
. | i
-100 — Q\' =iy p-doped
J \’\. ipc1 p-doped
200 - \. —®— 1, p-doped
_300 I ) I ] I L] I L] I ] I L] I 1|
3 4 5 6 7 8 9
sqart(v)/ (mv's™)"”
L L L L L L '. | -I
60 - / n
] Pt / / —u—i_, neutral
30 AT » —0—ip32 neutral
‘/' - i neutral
= Pl
< 0 = —v—i,neutral
-, ] i p-doped
— v\.\' -a— ipaz p-doped
\'\' iPc1 p-doped
f —e— i _p-doped
-60 — \ pe2
[

3 4 5 6 7 8

Sqrt (v) / (mV s

PANI-PSSA films deposited on different bare electrodes in 0.1 M acetate buffer pH 4.8.

241



Chapter 7: Application of electrochemically synthesised neutral and P-doped PANI-PSSA for the

determination of tetrodotoxin

Table 7.15:Electron transport diffusion coefficient of neutral and p-doped PANI-PSSA film study in acetate buffer

Au GC PG Pt
Neutral ipa1 VS. V" Range 3.171-7.060 3.171-7.060 3.171-7.060 3.171-7.060
PANI-PSSA R 0.994 0.995 0.976 0.996
a -20.6 +3.3 -48.1+7.8 -25.9+20.3 -15.2+2.1
b 10.3+0.6 253+1.5 30.1+3.9 7.5+0.0
Do X 10°[cm? sY] 7.63 5.33 6.35 5.53
I* x 10° [mol cm’?| 1.36+ 0.01 0.94 +0.05 2.49+0.74 0.99+0.01
L [nm] 1.565 1.08 3.39 1.134
ipaz VS. v R 0.996 0.996 0.969 0.996
a -24.3+3.6 -61.2+8.9 -24.1426.9 -17.6+2.6
b 1% 346 +1.7 35.6£5.2 9.3+0.5
Do X 10°[cm? s7] 9.7 7.29 7.5 6.93
I* x 10% [mol cm?] 1.65+ 0.02 1.28 +0.03 3.32+1.34 1.17 £0.01
L [nm] 1.896 1.474 3.823 1.36
P-doped ipa1 VS. V' R 0.943 0.995 0.996 0.996
PANI-PSSA a -17.4+ 8.4 -47.4+7.2 -47.4% 6.4 15.6+2.1
b 7.9+84 243+1.4 245+1.2 75+0.4
Do x 10°[cm? s'] 1.46 5.13 5.16 5.56
I* x 10° [mol cm?] 1.05+ 0.12 0.88 +0.02 0.86+ 0.03 0.99 +0.01
L [nm] 0.301 1.015 0.989 1.140
ipaz VS. v R 0.945 0.997 0.996 0.997
a -23.5¢11.1 -53.2+7.2 -70.6x 9.5 -16.9+2.1
b 10.8+2.1 30.8+1.4 349+18 9.1+04
Do x 10°[cm? s7] 8.00 6.5 7.36 6.82
I* x 10° [mol cm?] 1.42+0.16 1.13+0.03 1.26 +0.04 1.17 +0.01
L [nm] 1.634 1.303 1.452 1.363
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The electron transport diffusion coefficierdy, through the polymer chain, may be
evaluated by the Randle Sevcik analysis of hydrodynamic voltammetry data [250]. Using
ipa1 (peak 1) oripaz (peak 1), the value dbg of neutral PANI-PSSA is greater than (e

of p-doped PANI-PSSA. This indicates that the neutral polymer diffuses faster than p-
doped polymer in acetate buffer. These valud3oare higher compared to what has been
reported in the literature for electroactive polyanilines of similar film characterises in 1 M
HCI medium [219] and to what has been reported on PANI-ASA in 1 M HCI [102, 250].
This diffusion process corresponds to the higher current produced on the neutral
PANI-PSSA modified electrodes than the on p-doped PANI-PSSA. In electrochemical
sensor, the response of the sensor can be affected by the currents produced by the material
used in modifying the electrode. As a result of this, as well as the influence of the diffusion
coefficient, the p-doped PANI-PSSA is more suitable to develop the electrochemical

sensor for TTX as compared to neutral PANI-PSSA polymer film.

7.6 The study of Ry for neutral and p-doped PANI-PSSA in acetate
buffer pH 4.8

7.6.1 Charge transfer resistance R) of different bare electrode potentials

Before modifying the electrode surface with the PANI-PSSA, the bare electrode was first
studied. The bare of GC, Au, Pt, and PG electrodes are analyzed using the electrochemical
impedance spectroscopy. In 0.1 M acetate buffer pH 4.8, the impedance spectra of bare
electrodes are recorded at different potentials at the frequency of 100 mHz to 100 kHz with

amplitude of 10 m. Figure 7.16 shown that at - 0.5 V, small impedance is obtained as
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compared to the other potentials. So the impedance spectrum of bare Au, GC, PG, and Pt

electrodes can be recorded at - 0.5 V in OAc buffer pH 4.8
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Figure 7.16: Nyquist plot for bare Au, GC, PG, and Pt electrodes in 0.1 M acetate buffer
pH 4.8.

7.6.2 The determination of Ry for the modified neutral and p-doped
PANI-PSSA/GC

The impedance spectra of neutral and p-doped PANI-PSSA modified electrodes were
recorded at different potential values at the range of the potential window used to record

the cyclic voltammograms. Before the EIS measurement, both polymer films were cycled
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three times around the polymer films redox system until a stable voltammogram was
obtained in order to check the stability of the polymer films. Figure 7.17 represents a series
of Nyquist diagrams for neutral and p-doped PANI-PSSA measured in OAc between the
potential ranges of - 0.5 to 0.5 V which corresponds to a working potential range. At the
potential values of 0.3, 0.1 and - 0.1 V a faradic and capacitive reaction was observed
while the potential values of -0.5, - 0.3, and 0.5 V for the capacitive reaction was observed
(see discussion given on paragraph 7.4). At 0.5, - 0.3 and - 0.5 V this results were expected
as shown via the cyclic voltammogram where a lower current is produced at this potential
value. The most important result is the behaviour of the polymer film in the potential range
from - 0.1 to 0.3 V with the charge transfer at the electrode|solution interface; this kinetic
parameter could be exploited in the construction of electrochemical sensors based on

PANI-PSSA redox mediators modified electrodes.
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Figure 7.17: Nyquist plot for neutral and p-doped PANI-PSSA in 0.1 M acetate buffer pH 4.8 on (a) and (a') Au, (b) and (b") GC, (c) and (c')

PG, (d) and (d") Pt electrodes.
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The equivalent circuit in accordance with the Nyquist plot as presented in Figure 7.18. In
this model, the double-layer capacity and the Warburg impedance for semi-infinite linear
diffusion are replaced by two constant-phase elements CPEland CPE2 which correspond,
respectively, to a capacity at an inhomogeneous electrode surface and to the diffusion of
ions in the electrode. Thus, the double-layer capacity and Warburg impedance of the
Randles circuit are replaced by the constant-phase elements. The purpose of this study
brings the focus of analysis on the charge transfer resistBafeifd the double—layer
capacity Cq). The proposed equivalent circuit for the modified PSSA-doped PANI
electrode is represented and can be compared with the PTS-doped PANI electrode [253].
Fitting of the equivalent circuit was carried out using the ac impedance simulator of the

Zview?2 software and the resistances of the equivalent circuit are reported in Table 7.12.

Rs R1
I CPEL
>_

Figure 7.18: Equivalent circuit for neutral and p-doped PANI-PSSA electrodes fhe

solution resistance, R1 is the charge transfer resistange (PE1 denote constant-phase

element.
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Table 7.16: Equivalent circuit resistance deduced by fitting Nyquist plots to circuit of

neutral and p-doped PANI-PSSA

WE Potential Ret [Q] Rs [Q]

V] Neutral p-doped Neutral p-doped
PANI-PSSA PANI-PSSA PANI-PSSA PANI-PSSA

Au -0.5 894980 + 28890 848430+20100 838.4+£5.90 676.8+£3.12
-0.3 62762 £ 22310.3 90051+2440 825.3+6.98 670.7+3.89
-0.1 620.6 + 3.89 168.9+1.73 843.5£1.62 645.6 £1.24
0.1 0.0 0.0 868.3+0.52 684.9+3.1
0.3 386.1 +£1.57 3457 £ 99.5 856.4+0.79 721.5 £21.33
0.5 71240 £ 2617.6 88187 + 2512.8 832.9+11.22 7745 £ 18.05

GC -0.5 52343 +£1289.2 41511 + 2019 477.4 £2.77 3705
-0.3 17368 +475.83 16092 + 642 459.1 + 2.58 364.7+6.46
-0.1 108.2+1.512 110.3+1.18 459.7+1.12 384.3+0.83
0.1 0.0 0.0 460.1+ 0.122 392.4+0.19
0.3 37.07 £3 3349 +49.85 497.4+0.5 413.3+4.7
0.5 14799+283.19 25198 +363.8 482.9+3.5 454.2+5.44

PG -0.5 64936 + 1913 58065+1479.1 327.7£2.70 305.9 + 3.78
-0.3 13836+525.13 55573+1580.3 314.7+1.98 300.4+£4.2
-0.1 83.09+0.95 20896 + 473 319.6+0.609 289+ 5
0.1 0.0 21019 + 397 324+0.19 30344
0.3 48.92+0.49 67301 £ 2308 320.5+0.360 31143
0.5 13372+274.91 94793+391 343.5£2.14 326+ 2

Pt -0.5 13295+490 38546 1600 1225+34 2657 £160

-0.3 115214419 41072 +1282 7553 2635+171
-0.1 338.8+£2.86 374.1£2.9 761+1.33 975.71.48
0.1 0.0 0.0 754.7+0.33 1007+0.38
0.3 204.4+2.14 8037+194.21 744+1.37 1156+16.125
0.5 54800+£1186.9 55335+£1368.9 895.3+5.00 1201 +15.33
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Figure 7.19 shows the dependence Ryf on the electrode potentiaR.; decreased
monotonously from -0.5 to -0.1 V and increased again from -0.1 to 0.5 V. This increasing
effect of Rt when electrode potential shifts in the anodic direction (-0.1 to 0.5 V) was
reported by Umedat al[254]. These authors have shown tRatcertainly reflects the
surface charge transfer when tRg decreases and the electrode potential shifts to the
cathodic direction. The reference [198] has shown that the charge transfer and double layer

charging across the interface film|solution must be considered [255].
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Figure 7.19: Plot of charge transfer resistance{(R/ersus potential.

The shape of the curve is parabola with a minimum at 0.1 V wRereO kQ. For the

electrochemical biosensor view, the best potential for further experiment is the potential
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with the R;; value different to zero but close to zero. As can be seen from Figure 7.19, the
potential withR close to zero is -0.1 V. Thus, the impedance analysis of neutral and p-
doped PANI-PSSA modified electrodes should be measured at - 0.1 V for further

application. This conclusion is taken based on some research reports [254, 256-257].

Table 7.17:Electrochemical kinetic parameters of neutral and p-doped PANI-PSSA study

in acetate buffer pH 4.8

WE Neutral PANI-PSSA p-doped PANI-PSSA
Ret i,x10°  K'x10° Ret i,x10°  K'x10°
[Q] Al [cm s7] [Q] [A] [cm s7]
Au 621 +4 4.14 21.33 169 + 2 15.21 78.34
GC 108+2  23.79 34.84 110+1 23.36 34.21
PG 83+1 30.96 45.34 20896 +473 0.123 0.18
Pt 339+3 7.58 39.05 374 +3 6.87 35.38

Unlike on gold electrode, thi. value for neutral PANI-PSSA is smaller thRg of p-

doped polymers films on other electrodes. These results indicate that the faradic reaction
on the neutral PANI-PSSA modified electrode|electrolyte interface is faster and with the
p-doped polymer, the reaction is slow. The exchange current degeitshich is the rate

of the oxidation and reduction reaction at an equilibrium electrode is calculated. Equation
7.5 shows thal, is inversely related t&; thus,i, of neutral polymer films is higher on

GC, PG, and Pt electrodes than ithef p-doped polymer. The standard heterogeneous rate
constant K°) is higher for neutral PANI-PSSA as compared to the p-doped PANI-PSSA

(Tab. 6.17). A similar work was done, small valuekbffor electroactive polymers of
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PANI and PANI-ASA in 1 M HCI [102, 250] was compared to this value obtainéd of

for both neutral and p-doped PAN-PSSA in sodium phosphate buffer.

The electrochemical synthesis and characterisation of neutral and p-doped PANI-PSSA on
Au, GC, PG, and Pt electrodes in sodium phosphate buffer pH 7.04 and acetate buffer pH
4.8 using cyclic voltammetry and electrochemical impedance spectroscopy is done. The
electrosynthesis of neutral PANI-PSSA on GC electrode in KCI characterised in 0.2 M
NaHPO, and 0.1 M citric acid buffer pH 7.0 has been reported [103]; results show
similarity to the observation recorded in this work on GC electrode in sodium phosphate
buffer pH 7.04. Qakala on the other hand reported similar results for neutral PANI-PSSA
films prepare in HPO, and the CV was measured on GC electrode in MclIB buffer [258].
The kinetic parameters of neutral and p-doped PANI-PSSA calculated in both media
phosphate and acetate buffer on different electrode shows that: (i) p-doped polymer is
more stable than neutral in phosphate buffer as well as in acetate buffer; (ii) both modified-
polymer/electrodes are irreversible in phosphate as well as in acetate buffer; (iii) acetate
buffer is more appropriate for polymer films application as electrochemical sensors and
biosensor than sodium phosphate buffer; (iv) Au and PG electrodes are more specified for
the electrochemical synthesis of neutral PANI-PSSA than GC and Pt electrodes which are
more directed to the polymerisation of p-doped PANI-PSSA; (v) the cyclic
voltammograms of neutral and p-doped polymer films in acetate buffer is reported for the

first time on Au, GC, PG, and Pt electrodes in this study.
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7.7 Effect of polarity of solvent on the solubility of neutral and p-
doped PANI-PSSA

The electroactivity studied of neutral and p-doped PANI-PSSA polymer films dispersed in
two different solvents was further investigated. A major handicap towards large scale
PANI applicability is related to its insolubility and intractability. The solubility of the
PANI has been targeted for the incorporation of sulphonated heteronuclear aromatic
hydrocarbons into the PANI backbone. In view of this, the solubility of both forms of
PANI-PSSA is tested out in two different solvents. Results showed that the neutral and p-
doped PANI-PSSA exhibited considerable improved solubility in polar organic solvents
such as DMF and DMSO. However, it was found that the neutral PANI-PSSA was very
soluble in DMSO while the p-doped PANI-PSSA was more soluble in DMF. Similar
reports were obtained for substituted doped PANI in other reports [102, 259-260]. The
total solubility was characterised by the colour obtained; the neutral PANI-PSSA films
formed on the electrode surface gave a green colour as observed in DMSO but not in
DMF. The p-doped PANI-PSSA films formed on the electrode surface was blue and this
colour was observed in DMF but not in DMSO (Fig. 7.20). The difference of solubility
obtained can be explained with the polarity of the solvents. Indeed, according to the
classification solvent in terms of polarity, DMSO and DMF are dipolar aprotic solvents but
DMSO is more polar than DMF. As shown in Figures 7.6 and 7.7 the base emeraldine
green has more ions than in salt emeraldine blue. It is known that the more polar the
solvent the more it dissolves anionic compounds. Thus, base emeraldine green was more
dispersed in DMSO than in DMF and the salt emeraldine blue with fewer ions dissolved

more in DMF.
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Figure 7.20: Netral and p-doped PANI-PSSA dispersed in DMF and DMSO.

7.8 The characterisation of neutral and p-doped PANI-PSSA using

UV-Vis absorption analysis

The ultimate aim of this chapter was to apply the prepared polymer composites for the
fabrication of biosensors. With biosensors, conducting polymer composites are expected to
provide a suitable micro-environment for biomolecule immobilisation as well as to
electromediate between the aptamer redox centre and the electrode. For the composites to
occupy the above posts, it is demanded that they must be both stable and electroactive. In

this respect, spectroscopy techniques come in handy

The neutral and p-doped polymers were dispersed in DMF and DMSO and the electronic
absorption spectra of both polymers composites are given in Figure 7.20. Three major
absorption peaks were observed at 277, 350 and 630 nm showing characteristic band at
350.6 nm similar to the one of undoped PANI. The peak is due to the electronic transition

n — n* related to the C=C of the extent of conjugation between the adjacent phenylene or
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(benzoid) rings in the polymeric chain [102, 251]. The band around 277 and 290 nm
corresponds to the chromophores C-N of DMF and PANI-PSSA,a* transition. The
broad peak shown at 630 nm is attributed to the shifting of electron from benzenoid ring to

quinonoid ring [261].
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Figure 7.21: UV-vis spectra of neutral PANI-PSSA and p-doped PANI--PSSA

composites in DMF as solvent.

Figure 7.22 is the absorption spectra of both composites dispersed in DMSO. The
spectrum of p-doped polymer (blue line) and neutral polymer (green line) reveals four and
five characteristics peaks respectively. The first peak observed at 243 nm involves the
transition n— o* due tothe chromophores-«€S of DMSO.The peak in wavelength range
293.9 and 300.6 is due to the— =* transition of benzenoid ring of aniline (C=C), the
absorption band at 344.6 nm in due to the> n* transition of benzenoid ring of PSSA.

This higher wavelength shift is due to the presence of a strong donor groug,—SO

attached to the benzoid ring of PSSA. The absorption in wavelength range 421.3 to 450.6
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nm are due to polaren n* transition [261]. A broad peak at 605.6 is observed on neutral
polymer curve (green line) corresponds to the shifting of electron from benzenoid ring to
quinonoid ring while the absorption in the p-doped and neutral polymer composites, in
DMF and DMSO respectively is explained by the polarity of the solvent. The shifting of
electron from benzenoid to quinonoid ring is dependent on the solvent dissolved the

polymer composites.
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Figure 7.22: UV-vis spectra of neutral PANI-PSSA and p-doped PANI-PSSA composites

in DMSO as solvent.

7.9 Emission wavelengths of neutral and p-doped PANI-PSSA

The absorption wavelengths obtained using UV-Vis analysis was used to measure the
intensity of the photons emitted from the polymers after absorbing photons. The emission
wavelengths of both neutral and p-doped polymers were measured using fluorescence
emission spectroscopy. Figure 7.23 illustrates the fluorescence emission spectra of neutral

and p-doped PANI-PSSA dispersed into the DMF and DMSO at different excitation
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wavelengths. It is clearly seen that the fluorescence spectrum of neutral PANI-PSSA
exhibits strong fluorescence emission than that of p-doped composites at 350 nm in DMF.
However, the fluorescence spectrum of p-doped PANI-PSSA at 296 nm exhibits strong
fluorescence emission than the spectrum of neutral PANI-PSSA at 342 in DMSO. The
difference of the fluorescence emission observed with the two polymer composites is due
to the polarity of the solvent. When the polymer is excited with the corresponding
excitation wavelength, the emission band is observed at the emission wavelength higher
than the excitation wavelength. It is observed that when the excitation wavelength is less
than 350 or greater than 350 in DMF and less than 342 nm in DMSO, the emission
intensity is not significant. The best excitation band for both neutral and p-doped in DMF
is 350 nm while in DMSO the best excitation wavelength is 342 nm and 296 nm for
neutral polymer and p-doped polymer respectively. The emission band in DMSO is
monochromatic, showing the defined molecular structure and weak interchain interaction
or electron photon-coupling effect at the excited state of composite [262]. In DMF, the
emission is polychromatic indicating the strong interaction effect at the excited state of the

PANI-PSSA composites.
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Figure 7.23: Emission spectra of neutral and p-doped obtained in DMF and DMSO

solvent.
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7.10 Characterisation of neutral and p-doped PANI-PSSA using FTIR
analysis

The neutral and p-doped polymer films were prepared on bare electrodes surface and
dissolved in DMF and DMSO for spectroscopic analysis. The FTIR spectra of neutral and
p-doped PANI-PSSA solutions were then recorded. In DMF, the spectrum shows main
characteristic vibrations around 3671, 2942, 2515, 2178 and 2000, 1662, 1698hem

peak at 3671 crhis attributed to ~OH and —NH stretching in PSSA while peak around
2942 cm' represents the —~CH- stretching in PSSA chain. In the range of 1662 to 1093 cm
! neutral and p-doped observed is due to the —~C=C- vibration of benzenoid ring, ~NH-
deformation, due to the —C-N- stretching and C-N benzenoid ring stretching in the
polymer chain [263]. The bands at 12178"cand 2000 cr are the characteristic bands

of N—quinoid and benzenoid rings and their presence enhance the conducting state of the
polymer. The FTIR studies reveal the formation of composite materials and help to obtain
their compositions qualitatively. In case of composites, the out of plane H deformation, i.e.
para coupling was observed at ~655'crithe peak at 1082-1284 &ntorresponds to
—SQO;H stretching in all these compositions. The similar vibrations were also reported by
Lin der-shyu who studied the electrochemical response time and the electron paramagnetic
resonance of the substituted polyaniline (PANI) complexes poly(o-phenetidine)—poly-

(styrene sulfonic acid) and poly(2-ethylaniline) [264].

In DMSO (Fig.7.24b), characteristic vibrations are observed around 3386, 2960, 1635,
1436 to 1319, and 1311 to 1019 tnThe same interpretations given to the spectrum

recorded in DMF are applied on the spectrum obtained in DMSO.
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Figure 7.24: FT-IR spectra of neutral and p-doped PANI-PSSA composites in (a) DMF
and (b) DMSO.

The difference between the two polymers observed in DMF is that the intensity of this
band increases in p-doped polymer than neutral polymer composites. On the other hand, in

DMSO, the vibrations are more intense on neutral PANI-PSSA polymer than on p-doped
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PANI-PSSA polymer composites. The characteristic bands of both PSSA and PANI

reported literature review (Chapter 3, section 3.1.4) confirms the presence of both phases
in composite materials. These results when compared to the PANI and PSSA alone, shows
all the bands possessing a systematic shifting that indicates the existence of significant

interaction between PANI and PSSA in the composite material.

7.11 Characterisation of neutral and p-doped PANI-PSSA using SEM
analysis

After the FTIR analysis of both polymer composites, the SEM analysis was done further.
Figure 7.25 is showing the SEM micrographs of both polymers electrodeposited on bare
screen printed GC electrodes. The images were taken at the same conditions. The
micrograph of bare screen-printed carbon electrode shows a smooth surface. The effect of
the different ways of electrochemical polymerisation done under the same conditions was
clearly observed in the SEM images. Both neutral and p-doped PANI-PSSA particles
possess almost uniform distribution of size with spherical shapes. Diameter of the particles
observed from SEM images changes approximately from 70 to 100 nm for both neutral
PANI-PSSA and a small diameter of about 40 nm for PANI-PSSA synthesised
chemically in HO/HCI was reported by Chet al. [245]. The image (Fig. 26) shows that

the spherical balls of neutral polymers are dispersed on the electrode surface while the
balls of p-doped polymers are closely packed. The spherical balls close packing of the
polymer is expected to increase the conductivity of the p-doped polymer (Fig.27). This
indicates that the movement of electrons in neutral PANI-PSSA is slower compared to p-

doped PANI-PSSA polymer composites chain.
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Figure 7.25: SEM images of bare screen-printed carbon electrode.
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Figure 7.26: SEM images of neutral PANI-PSSA composites.
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Figure 7.27: SEM images of p-doped PANI-PSSA composites.
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7.12 Characterisation of neutral and p-doped PANI-PSSA using TEM

analysis

TEM micrographs (Fig. 7.26) were further obtained to examine the shape and size
distribution of the neutral and p-doped PANI-PSSA composites. The TEM images
confirm the difference of morphology found with SEM images between neutral and p-
doped PANI-PSSA. Image (b) shows that the p-doped composites have porous and
smooth chain structure which may cause considerable increase of the conductive path way

resulting in high conductivity. This agrees with results obtained by Mavendla[265)].
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Figure 7.28: TEM images of neutral PANI-PSSA composites.
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Figure 7.29: TEM images of (b) p-doped PANI-PSSA composites.

The Energy Dispersive X-ray Spectroscopy (EDS) coupled with TEM analysis of both
polymers was carried out to give elemental composition of individual points and/or to map
out the lateral distribution of elements from the imaged area. The spark creates an emission
of radiation from the excited sample surface with wavelengths characteristic of the
elemental composition. The spectrum of radiation is separated into the distinct element
lines and the intensity of each line is measured. These were then precisely converted into

concentration values for each element present. EDS analysis results (Fig. 7.28 and 7.29)
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showed the presence of carbon, oxygen, sodium and phosphorus on the surface of the
neutral and p-doped PANI-PSSA composites. The sodium and phosphorus atoms shown
on the spectra arise from the sodium phosphate buffer as a result of dispersion in DMF or
DMSO solvent. Figure 7.28 shows the intensity of the O, N, S, and C atoms is smaller as

compared to the intensity obtained in Figure 7.29.

Unlike the p-doped polymer, the neutral polymer possesses a high conductivity compared
to the p-doped PANI-PSSA. This can be explained with the fact the p-doped contained
high quantity of sulfur and oxygen while the neutral contains very small quantity of sulfur
and oxygen atoms. The small amount of sulfur and oxygen atoms present in neutral
PANI-PSSA make the later more conducting. This effect of oxygen and sulfur atom on
the conductivity was reported by Nathadieal. that the presence of sulfur, nitrogen atoms

decreases the conductivity of the polymer [266].
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Figure 7.30: Energy-dispersive X-ray spectrum (EDX) of neutral PANI-PSSA PANI-PSSA films

in DMF.
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Figure 7.31: Energy-dispersive X-ray spectrum (EDX) p-doped PRSISA films in DMF.

269



Chapter 7: Application of electrochemically synthesised neutral and
P-doped PANI-PSSA for the determination of tetrodotoxin

7.13 Application of p-doped PANI-PSSA films on the construction of

biosensor for the detection of tetrodotoxin

After analysis and interpretations of the electrosynthesised neutral and p-doped
PANI-PSSA in sodium phosphate and acetate buffer solutions, p-doped and acetate buffer
were chosen for further experiments. The detection of TTX is carried on with aminylated
aptamer based on p-doped PANI-PSSA modified electrode where the glutaraldehyde is
attached. The glutaraldehyde being a cross-linker agent and a dialdehyde engages its
aldehyde group to form the covalent bond with amine group of other molecules. For this
detection specifically, -CHO, of glutaraldehyde reacts with amine group of PANI chains

in the PANI-PSSA film at one end and amine group, —NH-, of-Ndidtamer at the other

end which results the formation of stable covalent bond.

7.14 Detection of TTX based on PANI-PSSA, GLu/PANI-PSSA and
NH,—Atp/GIlu/PANI-PSSA /Au sensors

The detection of TTX was firstly done on three different electrodes. All three electrodes
were modified with p-doped PANI-PSSA. The first modified electrode was directly
dipped into 5 uM of TTX solution for four hours and the cyclic voltammograms and EIS
spectra were recorded (Figs.7.28a an b). On the second and third modified electrodes, the
glutaraldehyde was attached by deeping the modified electrode into the glutaraldehyde
(Glu) solution for four hours. The second modified-Glu/PANI-PSSA/electrode was
incubated for four hours into TTX solution and the CV and EIS spectra were recorded

(Fig.7.28c and d). Afterwards, the third modified-Glu/PANI-PSSA electrode,
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NH,—aptamer (Apt) was immobilised by dipping into 2 uM of aptamer for four hours. The
modified-Apt/GIu/PANI-PSSA/electrode was also dipped into TTX solution for 4 hours
and the CV and impedance spectra were measured (Fig. 7.32e and f). Figure 7.32 is
showing that, the detection using PANI-PSSA/Au is not relevant, but the glutaraldehyde is
added (Glu/PANtPSSA/Au), the detection is improved for 53% and when the aptamer is
immobilized (Apt/Glu/PANI-PSSA/Au), the biosensor the response is more pronounced.
Therefore, aptamer enhance the charge transfer resistance which subsequently improves
the sensor creating great importance and necessary for its use as a specific agent for the

detection of TTX.
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Figure 7.32: Cyclic voltammograms for the detection of TTX based on (a) p-F2H8A, (c) GIu/PANI-PSSA, (e) Apt/GIu/PANI-PSSA and

EIS measurements for the detection based on (b) P-PANI-PSSA, (d) GIu/PANI-PSSA, (f) Apt/Glu/PANI-PSSA. (g) The bode plot of (h) which

present together the three separated detections.
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Table 7.18 Nyquist plot parameters analysis for the detection of TTX

Sensors CPEXTXx CPEZLXP Rs Ret Wop Chi-
10°[C] [C] [Q] [Q] [Q] squared

PANI-PSSA/GC 8.62+0.000.59+0.22 664+3 411+113 0.47+0.00 0.0005

Glu/PANI-PSSA/GC 4.66+1.060.65+0.10 715+2 1128+136 0.48+0.00 0.0010

Apt/GIu/PANI-PSSA/GC  4+3 0.68+0.07 679+2 1723+146 0.48+0.00 0.0008

7.15 Detection of TTX based on NH-Apt/Glu/PANI-PSSA/GC

After proving that the aptamer increases Apt/Glu/ PANI-PSSA/GC sensor response, the
experiment was repeated for four hours incubation. As described in paragraph (7.14), the
cyclic voltammogram of each step of biosensor was recorded. All these CVs were obtained
in 0.1 M acetate buffer pH 4.8. Figure 7.33 shows the CVs of successively modified-
PANI-PSSA/GC, Glu/ PANI-PSSA /GC and Apt/Glu/ PANI-PSSA /GC electrode
recorded in 0.1M OAc buffer, pH 4.8, over three repetitive scans between the potential of -
0.5 to 0.6 V at 25 mV's It was observed that the peak current decreases when the
glutaraldehyde is attached to the PANI-PSSA, it also decreases when the aptamer is
immobilised on the GIu/PANI-PSSA, and continue to decrease when the TTX is trapped
by the Apt/GIu/PANI-PSSA. Similarly, the peak potential shifts to a lower potential as the
electrode is modified successively. After the TTX is trapped by the aptamer, there is an
enhancement of the cathodic peak (c1) at around - 0.1 V while the cathodic peak (c2) at

0.01V shifted.
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Figure 7.33: Overview of three cycles of cyclic voltammograms responses obtained after each in
0.1 M OAc buffer pH 4.8 with 0.02 mM glutaraldehyde (4 h incubatioaly] aptamer (4 h
incubation), and 5uM TTX (30 mins incubation).

The increase of the peak current at - 0.1 V demonstrates an effective modification of
electrode with glutaraldehyde or aptamer. The reverse cathodic peaks is decreased which
indicates that an electron transfer reaction is as a result of binding process. The
Glu/PANI-PSSA composites are functioning as electron-transfer mediators between the
glassy carbon electrode and the aptamer biomolecule. It was also assumed that the
Apt/Glu/ PANI-PSSA sensors were thin homogeneous films in which the TTX reduction
charge is propagated along the polymer chain by fast electron reactions involving the
reduced and oxidized forms of the polymers [102]. The peak separalgnis greater

than 200/n mV and ratigdipc for the oxidation wave was approaching unity in each step.

These values indicate that the system is irreversible.
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Table 7.19:Characteristic peaks obtained from the CVs of each step of TTX biosensor

vV M [V] v M VM M VT WAL WAL [MA] WAL dpe ipe
PANI-PSSA 0.04 0.34 -0.15 0.14 0.19 0.2 -0.05 0.24 67.6 909 -556 -111 -1.2 -0.8

GIu/PANI-PSSA 0.05 0.31 -0.11 0.05 0.16 0.26 -0.03 0.18 59.5 773 -67.2 -98.9 -0.8

Apt/Glu/PANI-PSSA 0.06 0.29 -0.10 0.04 0.16 025 -0.02 0.16 55.0 731 -73.6 -86.3 -0.8

TTX/Apt/Glu/ 0.09 0.29 -0.09 0.01 0.18  0.28 0 0.15 55.4
PANI-PSSA

63.0 -76.4 -75@M7 -0.8
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The surface modification of the electrodes for the preparation of aptasensor at each step
has been monitored using EIS. The Nyquist plot was used to study the
Glu/PANI-PSSA/GC/ response to DNA aptamer probe immobilisation and TTX detection
response. Figure 7.32a shows the Nyquist plots of PANI-PSSA/GC, GIu/PANI-PSSA/GC

and Apt-DNA /PANI-PSSA/GC aptaelectrode.

The R;of the PANI-PSSA/GC electrode increases after immobilisation of glutaraldehyde
which is due to the non-conducting behaviour of glutaraldehyde [267-268]. The further
increase in R values after Apt-DNA is immobilised on the modified
glutaraldehyde/PANI-PSSA/GC electrode can be attributed to the presence of negatively
charged backbone of DNA. This negative charge on the electrode causes repulsion
between the similarly charged redox couple of the system increasing the charge transfer
resistance [267]. This is also due to the formation of protein insulating layer that reduces
the electron transfer from the redox mediator solution to the electrode surface which is

presented on bode plot (Fig. 7.34) with the reduction of phase angle.
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Figure 7.34: (a) Nyquist plot recorded after each step of TTX biosensor in 0.1 M acetate buffer pH

4.8 at formal potential. (b) An equivalent circuit model used in this biosensor analysis.

Similar results have been obtained with cyclic voltammetry measurements with the
decrease of peak current after each modification (Fig. 7.31) as it is well known that the
current is inversed to R To obtain the electrical parameters, the impedance data was
fitted using the circuit model (Fig. 7.34b) consisting of solution resistance Rs, Warburg
impedance & (Wo), charge transfer resistancg Bnd constant phase element CPE. The
straight line (angle: 45°) observed at the low frequency region of the Nyquist plot (Fig.

7.34a) explains the diffusion controlled of the system [269] and the Warburg element Z
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is determined. Table 7.20 shows the values of the fitting results of equivalent circuit.
Capacitance (CPE) also increased because a new layer of charge has been concentrated on

the PANI-PSSA surface causing an increase in double layer thickness

Table 7.20 Values of the equivalent circuit parameters of the fitting curves

Electrode CPE Rs Ret Wo Chi-squared
[nF] €] €] ks
PANI-PSSA 0.66+0.19 333+2 309+59 0.46 £ 0.0 0.003
Glu/PANI-PSSA 0.75+0.32 316+1 1809+81 0.46x0.0 0.001
Apt/GIu/PANI-PSSA 0.77+0.02 318+1 3157+91 0.47+0.01 0.001
TTX/Apt/Glu/ 0.76 £0.01 338+2 4743+99 0.45%0.01 0.002
PANI-PSSA

Figure 7.35 is the Bode plot characteristic change of phase a@yland the total
impedance again the logarithms of frequency response of the system. It is shown that the
phase angle and logarithms impedance increases at a higher frequency after each step of
modification of PANI-PSSA/GC with glutaraldehyde, aptamer and after the TTX is bound
to the aptamer. All the phase angle values are beloRC5W0hich indicates that the
PANI-PSSA, GIu/PANI-PSSA and the Apt/GIu/PANI-PSSA platforms are insulator at
high frequency of TOHz. At low frequency, the conductivity decrease when platform if
modified further. The PANI-PSSA is very conducting @round 70C), when the
glutaraldehyde is attached, the surface of electrode becomes semiconductaud

50°C) and when the aptamer is binding and when TTX is bound, the modified surface
electrode becomes an insulat@r [ess than 4%). The diminution of the conductivity

after each modification step is observed on Nyquist plot by the increase of charge transfer
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resistance. This can also be explained by the progressive reduction of the current observed
on the CVs (Fig.7.33a) which means the inhibition of the moving of electrons by the

glutaraldehyde and aptamer.
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Figure 7.35: Bode plot of the overlay of each step of immobilization of glutaraldehyde, aptamer

and TTX in 0.1 M acetate buffer pH 4.8 at formal potential.

7.16 Optimisation of glutaraldehyde concentration

Different concentrations of glutaraldehyde were used to study the effect of concentration
of glutaraldehyde on the biosensor response. Figure 7.36a gives the Nyquist plot of the
biosensor response at different concentration of glutaraldehyde on seven different glassy
carbon electrodes. Seven different electrodes were used for this purpose in order to
investigate on the reproductivity of the biosensors. The seven bare electrodes was first

study (see Annex) and it was found that all their surface are different each other.
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Figure 7.36: (a) Nyquist plot of TTX aptasensor developed on seven different GC
electrodes at different concentration of aldehyde and fixed concentration of aptamer, 2
pM, and 5«M TTX. (b) Absolute value of the relative variation (%) of the charge transfer

resistance as a function of concentration of glutaraldehyde.
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It was shown that the biosensor can be reproduced on any glassy carbon electrode but with
a difference in term of the experimental value calculated.Rfhealue for each biosensor

was fitted using the equivalent circuit schematised in Figure7.34b.

Because of the difference active surface of electrode, to evaluate the critical concentration
of the glutaraldehyde, the relative change of percentage; ¥R was plotted again
concentration of glutaraldehyde. The % Rlecreases with the increasing of the
concentration of glutaraldehyde from 0 to 0.5 mM and slightly increases from 0.5 to 2
mM. The concentration of 0.5 mM was fixed to be sufficient for glutaraldehyde-aptamer
binding. Table 7.21 presents the values of &valuating after immobilisation of
glutaraldehyde on the PANI-PSSA films and after binding the TTX on the
Apt/Glu/PANI-PSSA biosensor. The difference between theafer immobilising the

Glu (Ryciwy) and the R after attaching the TTX (Rrrx), ARct = |Reyrtx) — Reteiu), was
calculated. Using the Equation 7.8, the relative variation of charge transfer resistance was
calculated as well.

AR; %1
R.;(Glutaraldehyde)

%R, = 00 Equation 7.8
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Table 7.21:EIS parameters determined form the equivalent circuit of the fitting curves

[Gluaraldehyde] Ret (Glu) Ret(tTx) AR % Rt
/' mM EY Ret E% Ret (€]
[V] (€] [V] (€]
0 0.226 105 +£19 0.237 509 +13 404 £ 6 385
0.02 0.254 680 £ 10 0.221 5318 149+ 2 22
0.05 0.265 122 +4 0.226 3806 258 £ 2 211
0.2 0.259 172 +7 0.243 307 x5 1352 79
0.5 0.265 480+ 6 0.226 5396 500 1.2
1 0.265 423 5 0.226 418 + 4 5+1 1.2
2 0.265 5729 0.232 597 £9 250 4

7.17 Optimisation of aptamer concentration

The effect of concentation of aptamer of detection has been investigated using CV and EIS
for fixed TTX concentration. This was investigated in the same way as the optimisation of
the concentration of glutaraldehyde was done. The EIS measurements were carried out on
two respective formal potentials obtained from the cyclic Voltammograms. Figure 7.37a
and b is showing the biosensor response using different concentration of aptamer at first
and second formal potential. The first formal poterti&] = (Epar+ Epc1)/2 and the second

one isE’, = (Epaz - Epcd)/2. As explained earlier, the same principle used to evaluate the
fixed concentration of glutaraldehyde was used to evaluate the fixed concentration of
aptamer. Figure 7.37c is the plot of R4 evaluated from Figure 7.37a and b using the
same equivalent circuit of Figure 7.37b versus concentration of aptaf8; ahd E®,.

The %R increases with increasing of the concentration of aptamer from 0 to 0.05 uM and
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decreases form 0.05 to 10 puM. Following the above observations therefore, 0.05 uM is

sufficient to form the aptamer-TTX binding to get a significant biosensor response.
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Figure 7.37: EIS response of TTX biosensor (TTX/Apt/GIu/PANI-PSSA) at different
concentration of aptamer in OAc buffer pH 4.8. Calibration curve for the

TTX/Apt/Glu/PAN+PSSAbiosensor response to different concentrations of aptamer.

The difference between theiRifter immobilising the aptameR{py) and theR. after
attaching the TTXReyrx)), ARt = Reyrrx) — Rewapy), was calculated. The relative change

of percentage dR.; was calculated as follows:

%R =Lx 100 Equation 7.9
™ R..(Aptamer) 9 '
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Table 7.22:Concentration of aptamer and charge transfert resistance reccorded at two different formal potential

[Aptamer] /uM Retapy Ret (1) ARt YRt
(€] (€] [Q]
E° E% E° E'Y, EY EY, EY E?,

0 728404  63%1 781 71+1 5.2 +1 80 7+3 13+1
0.01 82 +1 60+1  102.8+0.4 112+ 1 21 +0 52+0 2620 87+0
0.05 240+ 2 157+ 4 395+ 5 2215 155+3 64x1 6522 40.8+0.3
0.1 40416 257+ 6 4201 420 #1 1615 1635 4+1 631
0.5 984+ 12  1029+12 1195+ 15 1195 + 15 211+3 166+3  21.4+0.3  16.1x0.3

1 62116 37315 731+11 400 + 7 11045 27+0 178+1 7+0

3644 203+3 497+7 266 +5 133+4 63+2 37+1 311

5 222+1 91.7+0.4 297+2 120.8+1 751 29+1 33.8+1 31.743

10 52.5#0.3 28.120.4  64.2+0.4 35.5#0.3  11.7#0.1 7.4¥0.1  22.3+0.3  26.3x0.3
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The arms of this structure (Fig.7.38) are duplex DNA and each component single strand is
involved in forming two arms. This gives rise to a junction point where the single strands
cross each other, and which formed a recognition site for interactions with analyte [270].
For this aptamer, the six bases crossed each other figro A;7 single strands is the

active site of this tetrodotoxin-aptamer.
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Figure 7.38: Linear structure of the most stable Naptamer for TTX obtained from RNA
Institution mfold (sequence: AAAAATTTCACACGGGTGCCTCGGCTGTCC).
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The thermodynamic data of tetrodotoxin-aptamer obtained from RNA Institution mfold
are:

AG =-0.62 kcal/mol at 25€ Standard errors are roughly £ 5 %, +10 %, + 11% and 2 -

AG = AH - T4S 4 °C for free energy, enthalpy, entropy andh, T
AH = - 16.00 kcal met respectively
AS=-49.5 cal K:-mor* lonic conditions: [N& = 1.0 M, [Mg"] = 0.0 M.

Tm = 49.5 °C assuming a 2 state ma

Table 7.23:The Gibbs free energy of five bases involved on the binding active site of the

aptamer
Structural element 0G Information

External loop -0.38 13 ss bases & 1 closing helices
Stack -1.26 External closing pair is;4Tog
Stack -0.29 External closing pair is;6G,7
Stack -0.14 External closing pair is;65T26
Helix -1.69 4 base pairs

Interior loop -0.85 External closing pair is;6Cys5

Hairpin loop 2.30 Closing pair is T-Gz3

7.18 UV/Vis absorption of the composite obtained for each detection
step dispersed in DMF and DMSO

A comparison between the UV-Vis spectra of each modification step of biosensor
(Fig.7.39) shows basically the same trend. The spectra show that in each step, four

characteristic absorptions (a, b, ¢, and d) bands are observed. The (d) band can be
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attributed to the absorption of chromophores present in MDF. The purpose of this chapter
was to develop a sensor based on p-doped PANI-PSSA composites for a TTX sensor.
Therefore, the discussion of this analysis is focused on the three main absorption peaks
appearing at (a), (b), and (c). As saying in paragraph 7.7, the band between 275.5 and
294.9 nm is due to the — n* transition of benzenoid ring of aniline and PSSA. It is
deduced that this absorbance band increases When the aptamer is immobilised on the
Glu/PANI-PSSA which explains the increase of C=C concentration from the aptamer into
the system. Unlike the aptamer, the binding of TTX decreases the absorbance about 24 %
can be explained by the delocalisation of electron along the Apt/Glu/PANI-PSSA
composites chain. This delocalisation destabilises the C=C chromophores and the
hydrogen bonds formed between the oxygen of DNA and the hydrogen of TTX (Fig. 7.40).
The absorption peak at 327.4 nm (b) corresponds to the transitiors*nfor the

chromophores N-C for PANI chains.
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Figure 7.39: UV-Vis spectra of TTX biosensor in DMF.
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When the TTX is attached, this absorption (b) is more pronounced which indicates the
reactivity of the aptamer vis-a-vis TTX. A broad peak (c) at 623.9 is observed on each
modified step as said above corresponding to the shift of electron from benzenoid ring to

guinine ring which involves the — z* electronic transition.

PANT N+ N+ \+ \4
H,NH, NH

Electrode
Surf& ;0

Glutaraldeyde
(a) T T T T T

N \
-H -H _
ch cH ¢
H,Ct 9§ ’C:
H H
(d)

Figure 7.40: Scheme of the aptasensors: (a) electropolymerisation of PSSA dope aniline, (b)
binging of glutaraldehyde on the modified-PANI-PSSA/GC surface, (c) immobilisation of

NH2-Aptamer on GIu/PANI-PSSA/GC, (d), binding of tetrodotoxin to aptamer, (e) Route for
label-free TTX detection

7.19 Scanning electron microscopy of each detection step on screen-
printed electrode
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Figure 7.42 shows the field-emission scanning electron microscopy (FE-SEM) images of
the surface appearance of GIu/PANI-PSSA, Apt/GIu/PANI-PSSA and
TTX/Apt/GIu/PANI-PSSA. The SEM micrograph of GIu/PANI-PSSA (Fig. 7.41) shows
an aggregation of 80 nm GIlu/PANI-PSSA composites spherical bowls. When the aptamer
is immobilised onto the GIu/PANI-PSSA, the SEM micrograph (Fig.7.42) shows the
white spherical bowls with small diameter between 22 to 44 nm distributed over the
glutaraldehyde. After the TTX has bound to the aptamer (Fig.7.43), an independent group

of composites are formed.

EHT = 5.00 kW Signal A = InLens
WD = 3.7 mm Mag = 50.00 KX

Figure 7.41: Scanning electron micrographs of Glu/PARBSA.
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- 5 =

200 mm  EHT = 5.00 [-N' Signal A = InLens
I | WD=37mm Mag= 5000KX
e I —_—

Figure 7.42: Scanning electron micrographs of Apt/GIu/PANI-PSSA.
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EHT = 5.00 kv Signal A = InLens
WD = 3.5 mm Mag = 50.00 K X

Figure 7.43: Scanning electron micrographs of TTX/Apt/Glu/PANI-PSSA

This shows that a clear agglutination has taken place between the aptamer and TTX on the
surface appearance of TTX/Apt/Glu/PANI-PSSA. This proved that there is a strong

affinity between the aptamer and TTX as the aptamer success full detects the tetrodotoxin.

7.20 Optimisation of aptasensor response

Impedimetry sensor was used to optimise the concentration of TTX by measuring the
changes in charge-transfer resistarig {alues in other to determine the linear range, the

sensitivity and the detection limit of the tetrodotoxin-aptasensor. These three properties of
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aptasensor developed were investigated focusing on different adsorption isotherms used in
analytical chemistry. As the tetrodotoxin concentration increases from 0 to 10'nthen!
electron transfer resistance increases respectively from 60 + 1 to 385Ei@ 7.44). The

PANI film introduces a barrier for electron transfer at the electrode interface and an
enhanced electron transfer resistance is obtained. Figure 7.44 shows the charge transfer
resistance response again the concentration of tetrodotoxin. When the concentration of
TTX is optimised from 0 to 10 ng fl the curve obtained follows the adsorption
isotherms of BET (Brunauer, Emmett and Teller). Therefore, one active site of aptamer
can take not only one but several molecules of TTX. The incred&ewith an increasing

of the concentration of TTX explains the occupation of active site of aptamer as more TTX

are attaching.

320 105
4 slope =53.45 +4.07
-4 904 R*=0.989
2404 754
- 60 -
1 (]
9160— 45 4+——1—rT1TT+1TTT1T7
= 00 02 04 06 08
m -
80 4
0

| ' | ' | ' | ' |
0 2 4 6 1 8 10
[tetrodotoxin] / ng mI’

Figure 7.44. Calibration curve for the PSSA-PANI/Glu/Aptamer biosensor response to different

concentrations of tetrodotoxin. Inset analytical linear range of the biosensor from 0.3 to 1.0 ng ml
1
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This experiment was repeated three times from 0 to 0.2 Hgofretrodotoxin but the

detection on this range was not consistent (Fig.7.45).

o] | 1st time 2nd time

l T l L] I T I T I ' I ' I ! I ' I ! I ! I ! I ! I
0.00 0.05 0.10 0.15 0.20 0.00 0.03 006 0.09 012 0.15 0.18 0.21

[Tetrodotoxin] / ng ml” [Tetrodotoxin] / ng mI”"

100

80
60
s A
< 40

o 4
20

0 3rd time
NS L B A L L R L B |
0.00 0.03 0.06 009 0.12 0.15 018 0.21

[Tetrodotoxin] / ng ml”

Figure 7.45: Calibration curve for the PSSRANI/Glu/Aptamer biosensor response to different

concentrations of tetrodotoxin repeated three times at the range 0 to 0.2'.ng ml

The optimisation was repeated at the concentration range between 0 to 2.3. By ml
applying the isotherm adsorption of BET as explained earlier, the data characteristics of

aptasensor for detection of tetrodotoxin were determined.
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Figure 7.46: Calibration curve for the PSSA-PANI/Glu/Aptamer biosensor response to different

concentrations of tetrodotoxin. Inset analytical linear range of the biosensor from 0 to 0.3.ng ml

The estimated linear range for the PSSA-PANI/Glu/Aptamer based biosensors were 0.064
to 0.736 ng mt tetrodotoxin. The linear ranges obtained were smaller than the range
obtained for tetrodotoxin by [79, 81-82, 271] using ELISA and SPR method. The slope of
the calibration curves were used to estimate the sensitivities of the aptasensor. The
estimated sensitivity of the biosensor was 226.4 + 26l ng*. The limit of detection
(LOD), for the p-doped PSSA-PANI/Glu/Aptamer biosensor was relatively low compare
to the one reported by Taylet al (0.3 ng mf) [271] and Neaget al( 2 ng mt*, R? =

0.924) [73]. The value of the detection limit was calculated to be 0.119 hgmdl the

limit of quantification was 0.357 ng hl

Table 7.24 compares the linear range and the limit of detection of some analytical

technique used to determine TTX. It was found that the biosensor developed in this study
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has the small linear range amongst other techniques. The limit of detection was also lower
compare to the one getting with other method. The LC-MS/MS. GC/MS, ELISA and

biosensor are more relevant for the detection of tetrodotoxin.

Table 7.24:Comparison of different method of determination of tetrodotoxin

Method Linear range Limit of detection References
[ng m [ng m

LC-MS 93.75 - 9375 15.6 [54]
LC-MS/MS 1-10 0.1 [272]
HPLC 30 - 600 1.0 [86]
SPE and GC/MS 0.5-10.0 0.1 [52]
SPR 0.01-10.00 0.3 [79]
ELISA 2 -50 1.0 [47]
5 -500 0.1 [74]
40 - 8000 40 [76]

Biosensor 0.1-0.7 0.1 This study
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CONCLUSION AND PERSPECTIVES

8.0 Conclusions

The electrochemical tetrodotoxin sensor developed on modified electrode based on neutral
selective ionophores using ion transfer voltammetry and characterised using UV-Vis
absorption analysis was investigated for the first time in this study. Using the ion-selective
electrode and UV-Vis absorption spectroscopy, it was found that the electrochemical TTX
sensor cannot be developed on neutral NaX and B18C6 selective ionophore. It is important
to note that this was the first investigation of selective NaX and B18C6 ionophore
complexation of TTX wusing ion transfer voltammetry and UV-Vis absorption
spectroscopy. Selective ionophores immobilised on solid modified PANI-PSSA/electrode
platform or applied in ion transfer electrode indicated that no electrochemical TTX sensor
can be developed based on NaX and B18C6 ionophores as specific agent. UV-Vis of NaX,
B18C6, the mixture of TTX/NaX and TTX/B18C6 was also investigated for the first time

to check on the possible reaction which can occur between TTX and both ionophores in
the respect of developing TTX sensor based on both ionophores. No electrochemical
sensor can be developed for the determination of TTX based on NaX and B18C6

ionophores

On the other hand, the neutral and p-doped PANI-PSSA film polymers were
electrochemical synthesized on Au, GC, PG, and Pt electrodes in phosphoric acid. These
PANI-PSSA modified electrodes were characterised using CV, EIS, UV-Vis, FT-RI, FL,
TEM and SEM analysis in order to find which of this composite is more indicated to be
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applied on electrochemical TTX biosensors. The kinetic study of neutral and p-doped
PANI-PSSA in phosphate and acetate buffer solutions on different electrodes lead this
study to conclude that: Acetate buffer is more appropriate to study both polymers film than
phosphate buffer for their applications in electrochemical sensor or biosensor; Au and PG
electrodes are more indicated for the electrochemical synthesis of neutral PANI-PSSA
while GC and Pt electrodes are more indicated for the electropolymerisation of p-doped
PANI-PSSA. After characterisation of both polymer films using UV/Vis, FL, FT-IR, SEM
and TEM techniques, it was found that the way of electrochemically synthesise (anodically
or cathodically) the PANI films influence the nature of the polymer formed on the
electrode surface. Regarding the characterization results, neutral PANI and p-doped PANI
are two compounds totally different explained with their solubility medium, their
absorption and emission bands (see UV/Vis and FL results) even in terms of the vibration
bands as well (see FT-IR results). The kinetic parameters are summarized in the Table 8.1.
In addition, p-doped PANI-PSSA maodified glassy carbon was applied in the
electrochemical aptasensor for the detection of TTX using cyclic voltammetry and
electrochemical impedance spectroscopy analysis and some other techniques such as
UV/Vis, FL emission, FT-IR and SEM were used to characterise each biosensor step. It ws
found that P-doped is a good mediator for tetrodotoxin biosensor and used as the probe

molecule for electrode surface enhancing the production of electrons into the system.

Finally, the electrochemical tetrodotoxin aptasensor was developed for the first time and
displayed typical sensor behaviour. The linear range of the biosensor exhibited an upper
limit of approximately 0.065 to 1.085 ng ™I(R* = 0.989). The sensitivity for the

tetrodotoxin sensor was 53.45ml ng" and detection limit was found to 8e31 nm ml.
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The estimated constant of BET (c) of 1.72 ng*rahd a concentration of tetrodotoxin
adsorbed by a monolayer of 0.002 ng ml-1were obtained. The p-doped PANI-PSSA films

have great potential as electromediators in construction of biosensors for different analytes

8.1 Perspectives

One of the main challenges face in this study, on the construction of electrochemical TTX
sensor based on ionophore using liquid-liquid interface (ion transfer voltammetry) was the
negative charge of TTX. Since ionophores are cheaper and the technique used is easy, the
possible answer to solve this problem can be to block the negative charge of oxygen of
TTX by reacting the latter with inorganic groups like acyl chloride via acylation reaction

to form the TTX with positive charge of guanidinium group only. After the TTot

formed, the guanidinium sensor can be used to develop thé iBM$ensor based on the

selective guanidinim ionophore using ion transfer voltammetry.

The application of PANI-PSSA in large scale processes has been limited by its insolubility
and intractability. It is thus suggested that the substitution of alkyl (methyl, ethyl) or

sulphonic groups in ortho-position could provide a solution to this problem.

One of the major problems encountered was the lack of licence to apply a new tetrodotoxin

aptasensor on real sample. The application of biosensor developed in this study would be

useful for health as well as for quality control purposes in food industries.
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Figure Al: Background CVs of seven different glassy carbon electrodes used to optimise

the glutaraldehyde and aptamer concentration.
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Table Al: Data for characteristic peaks of PANI-PSSA/GC obtained when optimising the glutaraldehyde concentration

Modified  Epal Epaz Epc1 Epc2 AEpn  AE, EY1 EY ipa ipa2 ipc1 ipc2  ipadipet  Ipadipez

electrode (V) V) ) V) ) V) ) V) HA) A WA A
GC1 -0.00: 0.261 -0.12¢ 0.20z 0.12¢ 0.05¢ -0.06€ 0.23z 14.5¢ 24.4€ -145¢ -21.9¢ -1.0C -1.1Z
GCz 0.00¢ 0.27: -0.106 0.18C 0.11¢ 0.09: -0.04¢ 0.22¢ 149/ 26.0¢ -15.8¢ -23.9: -0.9¢  -1.0¢
GCs? -0.00¢ 0.27: -0.12¢ 0.20: 0.12¢ 0.07C -0.06C 0.237 16.3t 26.0¢ -152¢ -247: -1.07 -1.0¢
GC4 -0.00: 0.27: -0.117 0.20: 0.11¢ 0.07C -0.06( 0.237 159: 24.81 -17.0¢ -23.8. -0.9¢ -1.04
GCt -0.00¢ 0.267 -0.117 0.20: 0.11¢ 0.05¢ -0.06C 0.237 13.1€ 22.31 -13.1¢ -2227 -0.9¢ -1.0C
GCEe -0.01¢ 0.267 -0.12¢ 0.20: 0.11¢ 0.05¢ -0.071 0.23: 153¢ 24.7¢ -145¢ -23.0(C -1.06 -1.07
GC7 -0.00: 0.267 -0.117 0.20: 0.11¢ 0.05¢ -0.06( 0.23z 11.87 20.5% -11.3z -19.0¢ 1.0¢  -1.07
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Table A2: Data for characteristic peaks of GIu/PANI-PSSA/GC obtained when optimising the glutaraldehyde concentration

Modified Epat Epaz  Epa1 (V) Epz AEm  AEp E’L  E%() ipa ipaz ipct iz ipatlipet  Ipadipcz
electode )y () v v M W WA A (A (A)
[GIu] mM
0.00 -0.003 0.261 -0.106 0.191 0.103 0.07 -0.055 0.226 14.64 24.94 -14.83 -24.86 -0.98
0.02 0.019 0.283 -0.084 0.224 0.125 0.059 -0.033 0.254 14.00 24.56 -14.68 -55.94 -0.95
0.05 0.008 0.294 -0.106 0.235 0.114 0.059 -0.049 0.265 16.02 25.35 -15.6 -61.93 -1.03
0.2 0.008 0.261 -0.106 0.246 0.114 0.015 -0.049 0.254 16.51 25.11 -17.46 -57.5 -0.95
0.5 0.019 0.283 -0.106 0.235 0.125 0.048 -0.044 0.259 12.27 19.98 -12.13 -57.07 -1.01
0.10 0.019 0.294 -0.106 0.235 0.125 0.059 -0.044 0.265 14.16 22.93 -13.89 -66.1 -1.02
0.2C 0.00¢ 0.28¢ -0.10¢ 0.24¢ 0.11¢ 0.037 -0.04¢ 0.26¢ 11.1¢ 18.8¢ -10.81 -55.57 -1.0< -0.34
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Table A3: Data for characteristic peaks of Apt/Glu/PANI-PSSA/GC obtained when optimising the glutaraldehyde concentration

Modified Epa1 Epaz Epc1 Epcz AEy  AEp EY1 EY, ipa ipaz ipe1 ipc2  patfipet ipadipc2

electrode (V) V) V) V) ) V) V) ) HA) A A A
GC1 0.019 0.261 -0.095 0.235 0.114 0.026 -0.038 0.048 1527 2538 -1549 -54.16 -0.98
GCZ 0.03C 0.261 -0.07¢ 0.18C 0.10: 0.081 -0.02: 0221 14.3¢ 239/ -15f -55F -09¢ 0.4
GC3 0.019 0.272 -0.095 0.202 0.114 0.059 -0.038 0237 1573 2458 -1532 -59.79 -1.03
GC4 0.019 0.261 -0.095 0.235 0.114 0.026 -0.038 0.248 1658 251 -17.28 -52.08 -0.96
GC5 0.019 0.261 -0.084 0.202 0.103 0.059 -0.033 0.237 1231 1957 -12.39 -61.86 -0.99
GCe 0.01¢ 0.27: -0.08 0.20: 0.10¢ 0.07C -0.03% 0237 14z 2237 -13.97 -68.7¢ -1.0z -0.3¢

GC7 0.03C 0.261 -0.082 0.21¢ 0.11¢ 0.04¢ -0.027 0.237 11.0¢ 18.3¢ -10.77 -53.5¢ -1.0¢ -0.34
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Table A4: Data for characteristic peaks of TTX/Apt/GIu/PANI-PSSA/GC obtained when optimising the glutaraldehyde concentration

Modified Epa1 Epaz Epc1 Epc2 AEpn  AEp EY1 EY, ipa ipaz ipc1 ipc2  dpadiper  Ipadipc

electrode (V) V) V) V) V) V) ) V) MA) @A @A WA
GC1 0.030 0.261 -0.084 0.213 0.114 0.048 -0.027 0.237 1497 241 -1522 -50.34 -0.98
GCz 0.041 0261 -0.062 0.18C 0.10: 0.081 -0.021 0.221 14.3: 20.0¢ -15.0¢ -51.11 -09%  -0.3¢
GC3 0.030 0.261 -0.084 0191 0.114 0.070 -0.027 0226 1551 2373 -1497 -5539 -1.04
GC4 0.030 0.261 -0.084 0224 0.114 0.037 -0.027 0.243 16.41 2446 -17.03 -52.31 -0.96
GC5 0.030 0.261 -0.084 0191 0.114 0.070 -0.027 0.226 12.19 18.87 -12.00 -52.52 -1.02
GC6 0.030 0.261 -0.084 0191 0.114 0.070 -0.027 0.226 1406 21.69 -13.61 -59.22 -1.03
GC7 0.030 0.261 -0.084 0.202 0.114 0.059 -0.027 0.232 10.79 17.72 -1055 -49.37 -1.02
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Table A5: Data for characteristic peaks of PANI-PSSA/GC obtained when optimising the aptamer concentration

Modified Epa1 Epaz Epc1 Epc2 AEpn  AEp E’1 EY ipa ipa2 ipc1 ipcz  ipadipet  ipadipcz

electrode (V) ) ) V) V) V) V) V) HA) (A A A
GC1 0.05 0.28< -0.10¢ 0.17: 0.161 0.11z -0.03¢ 0.34z 825t 103.1 -75.1( -142.C -1.0¢ -0.7¢
GCz 0.00¢ 0282 -0.111 0.166€ 0.11¢ 0.11¢ -0.05( 0.15. 60.5: 76.2¢ -49.6: -115¢ -1.21  -0.6€
GC3 0.041 0.382 -0.172 0202 0.213 0.180 -0.066 0.292 9533 1205 -90.66 -170.6 -1.05
GC4 0.041 0.393 -0.183 0.202 0.224 0.191 -0.071 0298 9367 1175 -86.20 -173.6 -1.08
GC5 0.019 0371 -0.161 0.246 0.180 0.125 -0.071 0.309 8251 1004 -73.91 -152.1 -1.12
GC6 0.019 0.349 -0.161 0.224 0.180 0.125 -0.071 0287 81.04 9531 -69.62 -146.8 -.16
GC7 0.019 0.349 -0.161 0.246 0.180 0.103 -0.071 0.298 80.68 97.61 -72.00 -152.0 -1.12
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Table A6: Data for characteristic peaks of GIu/PANI-PSSA/GC obtained when optimising the aptamer concentration

Modified  Epa Epaz Epc1 Epcc AEyn  AEp E’1 EY ipa ipaz ipc1 ipc2  dpaflipet  Ipadipez

electrode (V) V) V) V) V) V) V) V) HA) A A A
GC1 0.030 0.360 -0.150 0.191 0.180 0.169 -0.060 0276 8215 1059 -7548 -168.8 -1.09
GCz 0.12¢  0.30¢ -0.02¢ 0.05¢ 0.15¢ 0.24¢ 0.05( 0.18. 89.6¢ 71.01 -85.6¢ -165.¢ -1.05  -0.4%
GC3 0.041 0.382 -0.161 0180 0202 0.202 -0.060 0.281 97.14 1222 -90.47 -90.40 -1.07
GCA4 0.05. 0.38. -0.15( 0.15¢ 0.20: 0.22¢ -0.04¢ 0.27C 94.1f 116.€ -86.4¢ -1750 -1.0¢  -0.6€
GC5 0.030 0.360 -0.139 0213 0.169 0.147 -0.055 0.287 8202 101.7 -73.45 -1459 -1.12
GC6 0.030 0.349 -0.139 0169 0169 0.180 -0.055 0.259 79.84 91.97 -67.47 -1484 -1.18
GC7 0.030 0.349 -0.128 0.180 0.158 0.169 -0.049 0.265 77.78 96.00 -68.97 -154.2 -1.12
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Table A7: Data for characteristic peaks of Apt/Glu/PANI-PSSA/GC obtained when optimising the aptamer concentration

[Aptamer]  Epa: Epa2 Epct Epc2 AEp: AEp EY1 EY ipa ipa2 Ipct Ipc2 ipatlipct  ipadipc2
/UM ) V) V) V) V) V) V) ) HA) A A (HA)
0.5 0.041 0.338 -0.128 0.169 0.169 0.169 -0.044 0.254 84.26 104.3 -76.74 -149.0 -11.09
0.2 0.151 0.294 -0.040 0.037 0.191 0.257 -0.056 0.166 86.08 66.9 -82.05 -84.68 -1.05
0.1 0.041 0. 36( -0.13¢ 0.13¢ 0.18( 0.22¢ -0.04¢ 0.24¢ 98.8: 120.7  -94.0¢ -166.2 -1.0¢% 0.7:
0.05 0.063 0.360 -0.139 0.125 0.202 0.235 -0.038 0.243 95.84 1139 -87.85 -160.8 -1.09
0.02 0.041 0.338 -0.117 0.158 0.158 0.180 -0.038 0.248 84.16 99.8 -74.56  -145.0 -1.13
0.01 0.041 0.32i -0.12¢ 0.12¢ 0.16¢ 0.20z -0.04¢ 0.22¢ 82.0¢ 88.6: -66.5f -142.¢ -1.2¢ -0.62
Ou 0.03( 0.32i -0.115 0.143 0.143 0.18( -0.04¢ 0.23i 79.€ 92.0¢ -68.3¢ -142.1 -1.1¢ -0.74
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Table A8: Data for characteristic peaks of TTX/Apt/GIu/PANI-PSSA/GC obtained when optimising the aptamer concentration

Electrode  Epa: Epaz Epc1 Epc2 AEp  AEp E”1 EY ipa ipa2 ipct ipc2 ipatfipct  ipadipc2

after TTX (V) V) V) ) V) V) V) V) MA) (A A (HA)
GC1 0.041 0327 -0.117 0.12f 0.15¢ 0.20z -0.03¢ 0.22¢ 86.0¢ 101.f -80.z -147.7 -1.07  -0.6¢
GC2 0.162 0.328 -0.062 0.004 0.224 0324 -0.050 0.166 8251 59.76 -79.3 -81.37 -1.04
GC3 0.052 0.349 -0.139 0.103 0.191 0.246  -0.044 0.226 100.4 1184 -99.71 -157.7  -1.00
GC4 0.06:  0.34¢  -0.13¢ 0.09: 0.20: 0.257 -0.03¢ 0.221 97.4¢ 110.f -89.47 -154¢ -1.0¢  0.7¢
GCt 0.041 0.327 -0.12¢ 0.12¢ 0.166 0.20:  -0.04¢ 0.22¢ 8571 97.2¢ -75.4  -142Ff -1.1f  -0.6¢
GC6 0.052 0.316 -0.117 0.114 0.169 0202 -0.033 0.215 827 8578 -66.37 -139.3 -1.25
GC7 0.041 0305 -0.117 0.114 0.158 0.191 -0.038 0.210 80.55 88.47 -68.46 -137.5  -1.29
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