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Abstract

Over the decades, numerous techniques have been developed for cancer diagnosis, based on
high resolution imaging, body fluid analysis, and tissue biopsies. While these methods are
effective at identifying late-stage carcinomas, they are either invasive or lack sensitivity for
early diagnosis. Imaging techniques for instance often do not have the resolution required to
detect small solid tumours in the early stages of cancer. Bodily fluids contain a broad range of
clinically useful molecular biomarkers and the analysis of liquid biopsies (e.g. blood tests) have
great potential as non- or minimally invasive diagnostic tools for many pathologies, including
cancer. This study presents original nucleic acid-based electrochemical biosensors with
potential future applications for the detection of cancer-associated biomarkers from bodily
fluids, with a specific focus on circulating microRNA biomarkers for early diagnosis of prostate
cancer, chosen as our model system. Sequence-specific capturing of nucleic acids was
achieved by functionalizing electrode surfaces with bespoke molecular probes based on a
Peptide Nucleic Acid (or PNA) scaffold using various immobilization chemistries and
strategies, including gold-thiol bonds, silanization of hydroxyls on carbon followed by click
chemistry, trans-esterification, carbodiimide chemistry, and polystreptavidin-biotin
interaction. While all these immobilization techniques have shown some effectiveness, their
performances towards the nucleic acid-based electrochemical sensor varied. A range of
sensing strategies has been explored that included sandwich assays, electrochemical
oligonucleotide templated reactions (EOTR), chronoamperometry, electrochemical
impedance spectroscopy (EIS) and DNA intercalation. While all the sensing strategies worked
to some degree, the best approach was the sandwich assay, offering a linear dynamic range
from 77 nM to 180 nM and limit of detection (LoD) of 77 nM. With clinical endogenous
concentrations of miRNA in bodily fluids ranging from atto-molar to nano-molar levels
depending on the chosen sample treatment and detection methods, this proof-of-concept
demonstration shows great promise, although improvement are required both in terms of

sensitivity and specificity.



Page |8



Table of Contents

ADSEFACT ...ttt b e bt sh ettt e b e e bt e sh e e s ae e st e bt e bt e beeeneeenreenreen 7
Table Of CONLENTES ........ooeiiiie ettt e st e st e st e s bt e e s b e e e sabeesabeesseeesabeeennes 9
List Of PUBLICAtIONS .......coouiiiiiiie ettt st e s e e s e sbe e sbee e sareesane 13
LISE OF FIGUI@S ... ittt e et e e ettt e e e e abt e e e e aaaeeeeaaateeeeansseaeeansbaeeeesseeesenstaeesennseens 15
LISt OF TABIES ...ttt sttt et e bt st sttt b e beesbeesaeeeneeen 21
List Of ADBreviations ............cooiiiiiiiii et st sttt 23
LINEFOTUCTION ettt ettt e sttt e st e st e e s bt e e s bt e e subeesabeesbbeesabeeesabeesateesabaeesabeeanns 25
1.1 Prostate Cancer and Early Detection ........coovciiiiiiiiiii it 25
1.11 OVEIVIEW OF CANCEN . ..eeeieieee ettt ettt st st sttt e beesbeesbeesaeesaee e e s 25
1.1.2 Prostate CanCer FACtS.......ooi ittt 26
1.1.3 Current Diagnostic Methods for Prostate CancCer........cccecveeeirciieeeccieee e escieee e 27
1.1.4 DiagnostiC EVAlU@tioN ........ciiiiiiieiciiee ettt 28

1.2 (DI Yoo [o I Aol 1T aa T [ (] TP 33
1.21 CanCer BiOMarkers ... .ooui i st 34
1.2.2 HUmMan Biomarker SOUICES .......coiiiiiiiieiieeieeeee ettt et 42

1.3 Biosensors and INStrumMeNtation.......cc.cceiveeiiiiierieneee et 45
131 BIOSENSOIS ..ttt s 45
1.3.2 Biosensor Instrumentation with Three-electrode Systems........ccccovevvvciieecicieeeeeneen. 49

1.4 Electrochemical TEChNIGQUES .....coccuiiiieeeee ettt ettt e e e e aree e e e are e e e eareeas 60
1.4.1 (@Yo I ol o] 1 711 210 T=] o VAUt 60
14.2 Square Wave Voltammetry (SWV) ...ttt ettt e sare e sbee e 68
1.4.3 Differential Pulse Voltammetry (DPV) ......coocuiiiciee ettt 68
1.4.4 Chronoamperometry/ChronoCOUIOMELIY .......eeccveeeieeeeiee et cree et eree e 72
1.4.5 Electron Impedance SpectroScopy (EIS) ...eeee ittt 73
1.4.6 Y U120 0 =1 V2 75

1.5 FAN [0 I3 T a1 @] oY [T ot 41V TSR 76

2 Electrode Functionalisation Strategies: How to Best Immobilize Oligonucleotide Capture Probes .79

21 INErOAUCEION OF PINAS ...ttt ettt st sae e st s ate e be e sbeesaeesaneeas 80
2.1.1 Structures of DNA, RNA @NA PNA . .....oooiiiiieeeiieeeeeeeeeeeeeeeeeeeeeeeee et eeeeeeeeeeeeeseeeeeseseseseseseseees 80
2.1.2 Properties of DNA, RNA aNd PNA.......ooo ittt sree e s e s e srae e e arae e s e 81

2.2 Surface Functionalization STrategies.......cccuiiiicciiie et re e 84

2.2.1 IMmMOobilization 0N GOld EI@CIIOE ..uuuvuueeeiiiiiiiiiiiiiiti b aaaaaanes 86



222 Immobilization on Carbon El@Ctrode .........coceeiieiiiriiniieeeeeeesee e 91
223 Immobilization 0N 2D Material .....cccuiiieiiiiieieereeeeeeee e e 94
2.2.4 AVIdIN-DIOtiN LINKING «oevvieiieiiiee sttt e e s sre e s srae e s ssnbaeesesanaeeeeas 96
2.3 Controlling Probe Density, Orientation and Accessibility.......cccccvrvieiiiniiiiicien e, 96
2.3.1 Backfilling for Controlling Probe Density and Orientation.........cccccccveeeecieeececiiee e, 98
2.3.2 Backfilling for PassiVation ..........ccccuiiieeiiieiiciiee e 98
233 Controlling Probe Orientation and Density with DNA Nanostructures........ccc.cccveeeeune 98
234 Surface Coating for ANTIfOUIING......covciiiiiiiie e 99
2.4 IMIQEEIIAIS ettt ettt e st e e st e st e s be e e s be e e ne e e snreesneeenareenn 100
2.4.1 DNA and PNA OliOMEIS ... iuieeeeeiiie ettt ettt e e et e e eetee e e s ette e e e bae e e esabaee e eenbaeeeenreeas 101
2.4.2 PNA SYNTRESIS. ..eiiitiiie et e e e e e e ee e e e bt e e e e abae e e eeabae e e esnbanaeennrenas 103
2.4.3 Electrochemical SELUP......cii i 105
25 Surface FUNCEIONAlIZatioN.......oooiiiiiiieee e s e 106
2.5.1 Polystreptavidin-biotin Interaction on Carbon Electrodes ........ccccceeeecivvveeeeeeeeeccnnne 107
25.2 Silanization on Carbon Electrodes ..........oooeiiiiieiieniieieeeeete e 118
2.5.3 Immobilization on Graphene EIECtrodes .........ceeeeuviieeeciie e et e 127
254 Immobilization on Gold EleCtrodes.........c.covvuiiiiieiniiieniieniie ettt 131
P2 SR ] o Tol [V o T F TP P PP PR PROR 137
3 DNA QUANTITICATION c.neeiieeee ettt ettt be e sbe e st be e be e sbe e saeenas 141
3.1 Y L= g | O TPV UPTO PPN 143
3.1.1 (0] 70T g =TT =To [V T=T o Tl <L 143
3.1.2 Electrochemical APPAaratus ........coccueeiiiiieiiiiiiee ettt e e e e sabae e e 143
3.2 DNA Quantification of Polystreptavidin-biotin Interaction Immobilized Carbon
BIRCEIOE. ... ettt h e st e e et e e bt e s bt e she e sat e et e et e e bt e be e sbeeeheesaeeearean 144
3.2.1 IMEENOAS ...ttt ettt sb e sttt sttt b e s be e s bt e et e eae e et s 144
3.2.2 ReSUILS aNd DISCUSSION .....eeueieiieiieieeiee sttt s e s 145
33 DNA Quantification on Silanized Carbon Electrode.........ccccoceniiriinniinienienicniceeeeee 148
331 IMEEEROMAS .. et st s e e st s e e sreeeane 148
3.3.2 ReESUItS aNd DiSCUSSION ..eeeuuriiiiiiiiiie ettt ettt ettt st e e e e e e sne e e sanee e 149
3.4 DNA Quantification on Graphene Electrode.........ccceeeeeiieiiiciiie it 151
34.1 IMETNOAS ...ttt ettt sttt ne s 152
34.2 ReSUILS aNd DISCUSSION .....eeuiieiieiieieeieesiee ettt sttt s 152
35 (6073 Tol [ To T3 DTSR URPRRTO 153
Y =1 o ] [ TRt 157
4.1 Materials and MethOdS.........coiiiiiiiiiieeeee e s e 158

4.1.1 (0] 70T g 1T aNY=To [V T=T o T < U 158



4.1.2 Materials and Electrochemical Apparatus.......cccccveeeeeiiieeiciiee e 161
4.1.3 Electrochemical SENsiNg STrategies......ccuviiiiiiieiiiiiie e 161

4.2 RESUIES @Nd DISCUSSION ..ceuuiiiiiieiiieeeiee ettt ettt ettt et e st e s bt e e sbe e e sneeesnreesneeesareens 165
421 SANAWICH ASSAY ..vtiiiiiiiiieieieee ettt e s e et e e st e e e e sabaeeessntaeeeenntaeeesnnsseneenn 165
4.2.2 Electrochemical Oligonucleotide Template Reaction (EOTR) ......cccceeeeeveeeeiciieeeennen. 168
4.2.3 (@ o1 deT o[ F-TaaY o =T o] o Y=t o o 20U 174
4.2.4 Electrochemical Impedance Spectroscopy (EIS) .....ceevveeeiericiieeciee e ciee e 185
4.2.5 DNA INEEICAlatioN.....coiiiieiiie ettt ettt e s e sr e sne e e snee e 189

4.3 CONCIUSION ..ttt ettt ettt s e e bt e e st e e be e e s ate e s bt e e sabeesabeesneeesareeennes 193
5SUMMAry and OULIOOK ....ooceeiieeeeee ettt e et e e e et te e e s e bte e e e snteeaeeneaeaeeanes 195
5.1 Immobilization strategies and its 0ptimization .........cccoeeiieiiii e, 195
5.2 YT 01 = =Tl o o 1o U =TSRRI 196
RETEIENCE ...ttt ettt ettt ettt e st e s bt e e s bt e e bbe e s ab e e s bee e e beesbteenateesbeeesareean 200
Appendix Supplementary Figures for Chapler ...ttt sre e 219
O 2 S TSSO P PP S U S TP TP PP 220
Chronoamperometry on Polystreptavidin-biotin System.........cccceeeciiieiciiiee e, 221
Chronoamperometry on Gold-thiol SYStEM .......cooiiiiiiiiiiiicec e 223

Appendix COPYrigNt PEIMIISSION ....cciicuiiiiiiciiie ettt e e e e et e e s sra e e e ssataeesesstaeeessnnseeeens 225



Page |12



List of Publications

1. Xiaotong Meng, Danny O'Hare, Sylvain Ladame, “Surface immobilization strategies for

4.

the development of electrochemical nucleic acid sensors.” Biosensors and
Bioelectronics, Volume 237, 2023, 115440,
https://doi.org/10.1016/j.bios.2023.115440.

Philip Gillespie, Robert B. Channon, Xiaotong Meng, Md Nazmul Islam, Sylvain Ladame,
Danny O'Hare, “Nucleic acid sensing via electrochemical oligonucleotide-templated
reactions.” Biosensors and Bioelectronics, Volume 176, 2021, 112891,

https://doi.org/10.1016/j.bios.2020.112891.

(Manuscript in preparation) On-chip Electrochemical Sensing Platform of miRNA

Biomarkers for Early Detection of Prostate Cancer.

(Manuscript in preparation) Immobilization Strategies for DNA Sensor on Screen-

printed Carbon Electrode


https://doi.org/10.1016/j.bios.2023.115440
https://doi.org/10.1016/j.bios.2020.112891

Page |14



List of Figures

Figure 1-1 Correlation between tumour size (time) and metastasis.” .........cceevvevreevverreerveennn. 26
Figure 1-2 lllustrative diagram for sensitivity and specifiCity. ......ccccccevviiieiiniieeiniiieee e, 30
Figure 1-3 Categories of cancer biomarkers. .........coeociiei e 34
Figure 1-4 Schematic representation of microRNA biogenesis in animal cells. ...................... 38
Figure 1-5 Schematic diagram of Op-amPs. ....ceeiii it 54
Figure 1-6 VOItage fOlIOWET. ......uviiieeeee e e e e e e e e e e neaeeees 55
Figure 1-7 CUrrent fOHOWET . ......eiiieceeie et e e e e e e e e e e snaeeaeas 56

Figure 1-8 (a) Three electrode system connected with potentiostat. (b) A full potentiostatic

YA (= 1 0 PO PPNt 59

Figure 1-9 Voltammogram of the reversible reduction of a 1 mM [Fc]* solution to [Fc], at a

SCAN FATE OF 100 MNV/S. et e et e e e e e e e e et e eeeeereeaseeeeeeeeesesaasreneereeeeesaaaans 62
Figure 1-10 SWV waveform and DPV waveform. ........ccccvvei i 70
Figure 1-11 RANAIES CIrCUIL....cccciurrieeieeeeeieciirieeeee e eercrreee e e e e eeeenrreeeeeeeeeessnanrreeeeeeeesennnrsneees 74
Figure 1-12 Structure mapping of the experimental chapters. ......ccccceeeieicciiieeee e, 77
Figure 2-1 Structure of DNA, RNA aNd PNA. .....ooo ittt e e e e 81

Figure 2-2 Schematic representation of the main key steps to produce an electrochemical

nucleic acid biosensor working electrode. 0 ...........cvooiiiiiieieeeeeee e 85

Figure 2-3 Physical and chemical immobilization strategies depending on electrode

AL EIIAIS. 100 ettt e e e e e e e e e e e e ——eeeaae——eeea e ——aeaaa———eeaaa—aeaaaa—aaan 86

Figure 2-4 Self-assembled monolayer with (a) thiolated nucleic acids and (b) thiol derivatives

for further FUNCLIONAlIZATION. 120 . ... e e e e e e e e e et e e e e eeaeeeeeaeaaeeeeaans 88



Figure 2-5 Potential window of glassy carbon and metal electrodes.®™ ..........c.ccoevevvevvennnee. 91
Figure 2-6 Silanization with (3-Aminopropyl)triethoxysilane (APTES).20 ........cccovevvecreireennne. 93
Figure 2-7 Carbodiimide (EDC/NHS) coupling chemistry mechanics. .......ccccceevvveecreeeccreeennnnn. 94
Figure 2-8 Orientation control by backfilling. 20 ............ccoiiiiiiieececeeeeece e 97
Figure 2-9 Representative PNA capture probe structures. .......ccccceeeeeiievccciieeeee e, 102
Figure 2-10 PNA synthesis schematic diagram. ..........cccveeeiiiiciiciiiieee e, 103

Figure 2-11 Three-electrode system with bulk electrodes and disposable screen-printed

(o] Yo ] g I =Y =T o Yo LN (] 2 0L =) FO OO 106

Figure 2-12 Immobilization strategies on three different electrodes. ........cccouevevvivieeennneen. 107

Figure 2-13 Cyclic voltammetry of 1 mM freely diffusing aniline solution at a scan rate of 100

mV/s in 100 mM KCl electrolyte using bulk gold electrode. ........c..ccoeevivevierieenieeceecieenen, 110
Figure 2-14 Biotin-(PEG)6-OH STrUCTUIE. ......viiiieiieee et 111
Figure 2-15 Biotinylated-PNA immobilization on SPCE. .........cceeviiiieiicieee e 113

Figure 2-16 Co-immobilization efficiency test by SWV in 100 uM 4-methyl-catechol solution.

Figure 2-17 Co-immobilization stability test by DPV (baseline corrected)......cccc.cceevuunnneeenn. 116

Figure 2-18 (a) Silanization with 3- (trimethoxysilyl)propyl methacrylate on carbon electrode.

(b) Click chemistry diagram between alkene and thiol. ...........ccceevviveieeiiiiiiiiiiiiee e, 118

Figure 2-19 Representative schemes for click chemistry. ......cccccvvvieieeiiiicccieeee e, 121

Figure 2-20 Co-immobilization efficiency and stability SWV test of PNA immobilization on

silanized carbon electrode via aqUEOUS PhaSE. ......ceeieiiieicciiiieeee e 122

Figure 2-21 Comparison before and after the silanization of SPCE in 250 uM RuHex (cyclic

voltammetry scan rate 100 MV/S). c.cccuiiiieiiieieecieeciee ettt ere et e e e steeeteesbeeeveessaestaessnaens 123



Page |17

Figure 2-22 Co-immobilization efficiency SWV test of PNA immobilization on silanized carbon

electrode Via Organic Phase. ... i s 124

Figure 2-23 Adduct peak comparison from SWV by silanization in aqueous and organic phases.

Figure 2-24 Molecular structure of ferrocenecarboxylic acid. ........ccceeeciveeivciieeeecciee e, 126

Figure 2-25 DPV test with ferrocene -COOH immobilized bulk glassy carbon electrode

(=1 a Tl ol ] =T =T | AP UPRRPPN 126

Figure 2-26 Schematic reactions for amine-terminated PNA probe on NHS-treated graphene

L] [=Tor 4 e Yo [T U TR TSP RR TR 128

Figure 2-27 Capture probe immobilization characterization by adduct peak height from SWV.

Figure 2-29 SWV test in 1 mM aniline solution with Thiol-PNA-Catechol-141 immobilized bulk
F=Lo] Lo I <1 [=Yot d foTe [T 134

Figure 2-30 EIS investigation of 20 uM Thiol-PNA-Catechol-141 and 1 puM Thiol-PNA-Aniline-

141 for the immobilization on bulk gold electrode. ........cocoovieiiciiiiiiieei e, 135

Figure 2-31 Bar plot comparison with charge transfer resistance of 20 uM Thiol-PNA-Catechol-
141 (PNA1) and 1 uM Thiol-PNA-Aniline-141 (PNA2) for the immobilization on bulk gold
=11t o o 1= USRS 136

Figure 3-1 Hybridization efficiency test by MB-labelled DNA on different electrode surfaces.

Figure 3-2 SWV measurement of 1 uM freely diffusing MB-DNA141 on polystreptavidin-

functionalized screen-printed carbon electrode. ......uu.iceevicciireeeiee e 145



Page |18

Figure 3-3 DNA quantification of MB-DNA with complementary DNA and non-complementary
DNA on polystreptavidin treated SPCE by SWV. ....ccoviiiiiiiiieccieee e 146

Figure 3-4 DNA quantification of methylene blue labelled DNA with complementary DNA and
non-complementary DNA on silanized (aqueous phase) SPCE by SWV.......cccccceevcveevveeenee. 150

Figure 3-5 DNA quantification of 100 nM methylene blue labelled DNA with complementary
DNA and non-complementary DNA on silanized (organic solvent phase) SPCE by SWV......151

Figure 3-6 DNA quantification using MB-DNA with complementary DNA and non-

complementary DNA on NHS-graphene electrode by SWV. ..., 153

Figure 3-7 Comparison of SWV for DNA quantification using 100 nM complementary MB-DNA

(125 nM for NHS-graphene electrode) with four different immobilization methods. ......... 155
Figure 4-1 Sensing strategies on polystreptavidin-biotin functionalized SPCEs.................... 158
Figure 4-2 Representative PNA sensing probe structures.........ccccceeeeeeieeccciieeeee e, 160

Figure 4-3 Sensing strategies based on polystreptavidin-biotin immobilization method. ...163

Figure 4-4 Sandwich sensing with PNA-AQ:374@ .......uuviieeeiie e eeeccnveee e e 166

Figure 4-5 Stability test of sandwich assay sensing using PNA-AQ-374a (N=3).......ccccccvruuee.. 167

Figure 4-6 DPV investigation of EOTR on SPCE using polystreptavidin-biotin method......... 170

Figure 4-7 Electrochemical oligonucleotide templated reaction (EOTR, 500 nM

complementary and non-complementary DNA) sensing with PNA-Catechol-141. .............. 171

Figure 4-8 Electrochemical oligonucleotide templated reaction (EOTR, 500 pM - 500 nM

complementary and non-complementary DNA) sensing with PNA-Catechol-141. .............. 173

Figure 4-9 Cyclic voltammetry characterization of 50 uM RuHex in 10 mM Tris buffer with 100

NV /S SCAN AT .ottt e e et e et e e e e e e e e e e eeeeeeeesaaae e eeeeeeeesesaannneeereeeeesaaaneneeneens 176

Figure 4-10 Chronoamperometry data for charge fitting and calculation with complementary

DINA . e e e e s s s ra e 178



Page |19

Figure 4-11 Chronoamperometry data for charge fitting and calculation with non-

COMPIEMENTANY DINA ...ttt e e e e e s ee e e s sateee s snnbreeessnsseeeessnssneeesnnes 180

Figure 4-12 Charge associated with immobilized species. ......ccccvvvveveeiiivcciee e, 181

Figure 4-13 Surface charge from RuHex with 500 nM complementary DNA (DNA141) after
0.5% TWEEN WaSHhiNEG. ...eeeeiiiiieiii ettt e e e s e s e s e e e e e e e e e enneannneeeeeeeas 182

Figure 4-14 (a) Chronoamperometry with single measurement (after washing with 1X PBS) (b)
Statistical test between 500 nM complementary DNA (DNA141) and non-complementary
DINA (DNAL50). et eeeee e e eeeeeeeeeeseeeeeeseseeseseeeeseseseeseeesseseseeseseeseeeseaseseesaseseaseseseanens 183

Figure 4-15 Chronoamperometry with single measurements (after washing with 1X PBS), one-

10-0Ne tracking [N PlOt. ....eeeeieeeee e e e e e e e e 184

Figure 4-16 Chronoamperometry with multiple measurements (with multiple wash steps).

Figure 4-17 EIS measurements USING SPCE. .......u s 186

Figure 4-18 EIS sensing with wide range complementary and non-complementary DNA. ..187

Figure 4-19 Surface change with each step surface treatment by EIS. ST=streptavidin, PNA=
Biotin-PNA-Aniline-141, DNA=DNA141, n=11, 38 aNd 7. «ceevuvureeeeeeeeiieriiieeeeeeeeeeeeiineneeeeeeens 188

Figure 4-20 EIS measurements with 500 nM and 1 uM complementary (DNA141) and non-
complementary DNA (DNA150) followed by 0.5% TWEEN washing........cccccceeevvveeiriieeeennns 189

Figure 4-21 DNA intercalation sensing by SWV using 200 uM MB for 10 minutes without wash.

Figure 4-22 Box plot of DNA intercalation sensing by SWV using (a) 100 nM and (b) 200 nM
DNA with different MB conCentration...........eovuiiiriiiiniiiiiiee et 191

Figure 4-23 Box plot of DNA intercalation sensing by SWV using 200 uM MB for 5 minutes and
WAShed With X PBS. .....eiiiiiiiiiieeee ettt ettt st e st e e sbee e sabe e e saneeesanee s 192



Page |20

Figure A-1 Matrix-assisted laser desorption/ionization (MALDI) results of HPLC purified PNA-
F O ¥ H PP PR 219

Figure A-2 DPV investigation of EOTR on SPCE using polystreptavidin-biotin method. ....... 220

Figure A-3 Chronoamperometry data for charge fitting and calculation (after 0.05% TWEEN

Washing, 0.25 S MEASUIEMENT). ..ccccuiieeeeiiiee e icieee et e e e et e e e erre e e e sra e e e e eeabaeeeeenseeeeesasaaeaean 221

Figure A-4 Chronoamperometry data for charge fitting and calculation (after 0.05% TWEEN

WaShiNg, 55 MEASUIrEMENT). ....uiiiiiiiiieieecitee ettt e e s e e e e e s e e e e sabaeeesesreeeeesnsaeeeeas 222

Figure A-5 Charge associated with complementary DNA (DNA141) and control non-
complementary DNA (DNA150) on bulk gold electrode. ........cccveeeeeiccirieeeeeeeeeecciieeeeeeeeee, 223

Figure A-6 Chronoamperometry data for charge fitting and calculation with bulk gold

electrode (0.25 S MEASUIEMENT). ..uuiiiiiiirieeeiiieieeeeiteeeeesree e e sstre e e s s sareeeessareeeessasaeeessssaeeesnnes 224



List of Tables

Table 1-1 Types of disease prevention and their strategies.’>..........cccovevvevecvececceceeeeene, 27
Table 1-2 CoONFUSION MATFIX. ..etiiiiiiiiiieiiie ettt sttt e s b e e sanee s 29
Table 1-3 Formulas for probabilistic approaches. ........cccoccvveei e 30
Table 1-4 Sensitivity and specificity of PSA from different literatures........cccooveeeeiiriecnnnnnnn. 31
Table 1-5 Relative merits of current available techniques. ........ccccceeeeiiiieeccciiee e, 39
Table 1-6 Pros and cons of different body fluid: blood, sweat, tears, saliva, and urine. ........ 43
Table 1-7 Three-electrode system components and their properties. ......cccocvveeeeeeeecccnnnennn. 51
Table 1-8 Basic properties Of Op-amPs. ..ocuuiiii i e s 54

Table 1-9 Comparison of parameter difference between DPV and SWV in a practical

L TSE= R UL =T gL o | 71
Table 2-1 Property comparison of PNA, DNA and RNA. ........ooiiiiiiieeeeee e 82
Table 2-2 Bond strength of typical immobilization methods on metal.*®...........c..cccevvennnee. 89
Table 2-3 Oligomer nomenclature and SEQUENCES. .......eeveeeeeieiiiireeeeeeeeeeeecrrreeeee e e e eeeerreeeees 102
Table 2-4 Comparison of SWV data by different immobilization methods........................... 138
Table 3-1 Oligomer Nomenclature and SEQUENCES. .......eeeeeeeieiicireeeeeee e ee e 143

Table 4-1 Oligomer Nomenclature and SEQUENCES. ......ceeeeeeeiecciiiieieee e 159



Page |22



List of Abbreviations

AC Alternating current

Ag/AgCl Silver/silver chloride electrode

APTES (3-Aminopropyl)triethoxysilane

AQ Anthraquinone

Bhoc Benzhydryloxycarbonyl group

BSA Bovine serum albumin

cv Cyclic Voltammetry

CTCs Circulating tumour cells

DPV Differential Potential Voltammetry

DIC N,N’-Diisopropylcarbodiimide

DMF Dimethylformamide

DIPEA N,N-diisopropylethylamine

DRE Digital rectal examination

DNA Deoxyribonucleic acid

EOTR Electrochemical oligonucleotide template reaction
EIS Electrochemical Impedance Spectroscopy

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
ERSPC European Randomised study of Screening for Prostate Cancer
Fmoc 9-Fluorenylmethoxycarbonyl chloride

FDA The US Food and Drug Administration

FN False negative

FP False positive

FET Field-effect transistors

GP General practitioner

HPLC High Performance Liquid Chromatography

HATU 2-(7-Azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium

hexafluorophosphate



IUPAC
KCl
LoD
LSV
MALDI
MRI
MB
miRNA
NMP
NHS
OTR
Op-Amps
PNA
PSA
PPV
RuHex
ROC
SCE
SPCE
SD
SDS

TP

TPR
TN
TNR
TFA
USPSTF

2D

International Union of Pure and Applied Chemistry
Potassium chloride

Limit of Detection

Linear sweep voltammetry

Matrix-assisted Laser Deposition lonization
Magnetic Resonance Imaging

Methylene blue

MicroRNA

N-methylpyrrolidone
N-hydroxysuccinimide

Oligonucleotide Template Reaction
Operational amplifiers

Peptide nucleic acid

Prostate specific antigen

Positive predictive value
Hexaammineruthenium(lll) chiride ([Ru(NH3)¢]3*
Receiver-operating characteristic
Saturated calomel electrode
Screen-printed Carbon Electrode

Standard deviation

Sodium dodecyl sulfate

True positive

True positive rate

True negative

True negative rate

Trifluoroacetic acid

US Preventative Services Task Force

Two-dimensional

Page |24



Page |25

1 Introduction

The main goal of this thesis is to explore and develop new strategies and platform
technologies for the sensitive and sequence-specific electrochemical detection of short,
single-stranded nucleic acid biomarkers. Such technologies have great potential for rapid,
low-cost and non-invasive diagnosis of many pathologies, including many cancer types.
Although the work described in this thesis focuses exclusively on technology development
and no testing was carried out on clinical samples, a possible long-term application is for
improving early detection of prostate cancer and prostate cancer was therefore chosen as a

model system for future applications throughout this thesis. This chapter will introduce:

1. The importance of early detection in cancer diagnosis and current challenges, in
particular for prostate cancer.

2. Molecular biomarkers in bodily fluids and the emergence of miRNAs as clinically useful
biomarkers.

3. A general overview of statistical validation of diagnostic techniques and an overview
of the design and operation of diagnostic tests.

4. Electrochemical system and voltammetry techniques.

1.1 Prostate Cancer and Early Detection

1.1.1  Overview of Cancer

Cancer is the second leading cause of mortality for human beings. Currently one in five people
worldwide develop cancer during their lifetime! and cancer accounts for about 1 in every 6
deaths worldwide. In 2020, there were 19.3 million new cancer cases and almost 10.0 million
cancer deaths worldwide according to the International Agency for Research on Cancer.? Early
cancer diagnosis is a critical topic in the twenty-first century, especially given the estimated
population of 1.5 billion people aged 65 and older by 2050. By 2040, the global incidence is
expected to reach 27.5 million new cancer cases, with 16.2 million cancer deaths, solely due
to the growth and aging of the population.® Early diagnosis of cancer aims to identify
symptomatic patients at the earliest possible stage, providing them with the optimal
opportunity for successful treatment.* As shown in Figure 1-1, tumors grow exponentially

over time and the bigger size leads to higher probability of metastasis. The relationship of
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metastasis probability to tumor size implies early detection can reduce cancer-specific

mortality.
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Figure 1-1 Correlation between tumor size (time) and metastasis. (a) Probability of
metastasis by primary breast tumor size. (b) Log-linear growth of a primary tumor and

metastasis over time (adapted and replotted from reference®).

1.1.2 Prostate Cancer Facts

In men, prostate cancer is the most frequently diagnosed cancer in 112 countries.? In 2020,
globally, there were 1,414,259 new recorded cases and 375,304 new recorded deaths of
prostate cancer.?® In the UK alone, more than 47,500 men are diaghosed with prostate cancer
every year. Approximately 1 in 8 men will develop prostate cancer at some point in their lives,
and about 1 man in 41 will die of prostate cancer.” Prostate cancer is more likely to develop
in older men, with about 6 out of 10 cases diagnosed in men who are 65 or older.”"1° Cancer

is a complex and dynamic disease that can change quickly. Developing reliable and robust
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non-invasive platforms for diagnosis, patient stratification, and treatment response
monitoring is crucial in effectively managing cancer.! This research seeks approaches in the
secondary prevention of prostate cancer, which involves screening and reducing the impact
of the disease, as shown in Table 1-1. The early diagnosis of cancer, including prostate cancer,
is crucial in reducing mortality rates. Survival rates are directly linked to the stage at which

they are diagnosed.*?

Table 1-1 Types of disease prevention and their strategies.

Types of prevention Prevention Strategies

Primordial prevention Broad steps to prevent disease (not individual prevention). Government
policies like increasing taxes on cigarettes; decreasing advertisement of

tobacco are primordial prevention.

Primary prevention Prevent the disease through education and immunization.
Secondary prevention Screening for disease early and reduce the impact.
Tertiary prevention Treat disease and softening the impact of an ongoing illness or injury that

has lasting effects.

Quaternary prevention Making sure not to repeat tests.

1.1.3 Current Diagnostic Methods for Prostate Cancer

1.1.3.1  Prostate specific antigen (PSA) and digital rectal examination (DRE)

The diagnosis of prostate cancer is a global challenge due to its complexity and heterogeneity,
as well as the lack of symptoms in its early stages.'* Until the 1970s, the primary diagnostic
method for prostate cancer was digital rectal examination (DRE), which involves checking the
prostate gland for the presence of lumps or hardening. Consequently, most cases of prostate
cancer were diagnosed at a later stage when the disease was already advanced and
symptomatic.’® Another screening method for prostate cancer is prostate-specific antigen

(PSA). PSA is a kallikrein-like serine protease secreted by epithelial cells in the prostate gland,
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responsible for seminal fluid liquefaction and can be measured in the blood. The US Food and
Drug Administration (FDA) agency approved serum PSA tests in conjunction with DRE for
prostate cancer screening in 1994.1? Since then, PSA and DRE have been considered as the
gold standards for prostate cancer diagnosis and screening for decades. However, in recent
years in the UK, PSA test is not recommended for large-scale screening as its sensitivity and
specificity were too low, leading to over-diagnosis and over-treatment.'® Although DRE
remains a key step in the pathway to prostate cancer diagnosis until now, studies have found
that DRE has little effect in preventing metastatic prostate cancer or reducing mortality to any

appreciable degree.'*
1.1.3.2 Limitations of PSA

The serological PSA level is low in healthy men with an increased level observed after
disruption of the basement membrane of the prostate gland, for example, as a result of
prostate cancer and other conditions like an enlarged prostate inflammation (prostatitis) or
urinary infection.'>'” The threshold for a normal PSA level is usually considered 4 ng/mL
(approximately 153.3 nM). However, according to the European Randomised study of
Screening for Prostate Cancer (ERSPC), 40-50% of screen-detected cases often results in
overtreatment with subsequent side-effects.’® On the one hand, up to 15% of men with PSA
levels within the healthy range (i.e., below 4 ng/mL) have prostate cancer.'? In another study,
men with PSA greater than 4 ng/mL have about 1 in 3 chances of having cancer and those
with PSA more than 10 ng/mL have about 2 in 3 chances of having cancer.® There is therefore
an urgent need for a new diagnostic test for prostate cancer with significantly greater

sensitivity and specificity than PSA.2°

1.1.4 Diagnostic Evaluation

In order to determine the optimal treatment for patients, doctors often require additional
information beyond what patients can provide. This information is typically obtained through
clinical tests. A good test should yield reliable results that can aid decision-making and guide
doctors towards appropriate treatment options for their patients. There are three general
methods used to quantitatively describe a test: the probabilistic approach, Bayesian analysis,

and information theory.
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1.1.4.1  Probabilistic Approaches

1.1.4.1.1 Confusion Matrix

A confusion matrix (Table 1-2), also known as an error matrix, is a table that visualizes the
performance of a classification model by comparing its predicted results against the true
values. Probabilistic approaches focus on the data obtained from the tests. Sensitivity is also
called true positive rate (TPR): true positive (TP) (positive test results from individuals with
the condition) divided by all the positive (TP + false negative (FN)). Specificity is also known

as true negative rate (TNR): true negative (TN) over all the negative (TN + false positive (FP)).

Table 1-2 Confusion matrix.

Test \ Reality Positive Negative
Positive TP FP
Negative FN TN

As shown in Table 1-3 and Figure 1-2, sensitivity, also known as the true positive rate or the
recall, quantifies the ability of a test to correctly identify positive cases. It is calculated as the
ratio of true positive results to the total number of actual positive cases. Specificity, on the
other hand, measures the true negative rate or the ability of a test to correctly identify
negative cases. It is calculated as the ratio of true negative results to the total number of

actual negative cases (true negatives plus false positives).

Positive predictive value (PPV) is dependent on the prevalence of the disease, while sensitivity
and specificity are not, as can be noticed from the formulas in Table 1-3. Prevalence is the
proportion of actual disease cases in a particular population at a given time. It is obtained
from real data statistics, and it cannot be calculated before its given time period. The PPV
represents clinical significance. It indicates the degree to which the results can be trusted and

answers the question “if a subject has a positive test result, what is the probability that the
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patient has the condition?”. These PPV values are functions of the disease prevalence as well

as the quality of the test.

\'//7
Sensitivity= -~

i
Specificity= F

Figure 1-2 lllustrative diagram for sensitivity and specificity.

Table 1-3 Formulas for probabilistic approaches.

Parameters Definition
Sensitivity TP TP
TPR= —= =1-FNR
P TP + FN
(TPR)
ifici TN TN
Specificity TNR = — — —1_FPR
N TN + FP
(TNR)
Prevalence Number of individuals with the disease
— X 100%
Total population in the sample
Accuracy TP + TN

P+N



Page |31

Positive predictive Sensitivity X prevalence

value (PPV) Sensitivity x Prevalence + (1 — Specificity)(1 — Prevalence)

PSA testing frequently leads to overdiagnosis and overtreatment. This is because the PSA level
can be affected by other conditions like hyperplasia and prostatitis. Thus, up to 75% of
biopsies directed by PSA screening could have been avoided.!? So, how reliable is really the
PSA test? Table 1-4 reflects the sensitivity (TPR) and specificity (TNR) of the PSA tests from
peer-reviewed studies. Setting different PSA levels as thresholds results in a trade-off
between sensitivity and specificity, and none of them proves to be satisfactory as a diagnostic
approach. The appropriate balance between sensitivity and specificity depends on the
screening program's objectives, the condition being screened for, and the potential
consequences of false results. For large population screening tests (no symptoms), specificity
is more important than sensitivity because the number of healthy individuals outweighs the

number of patients.?!

Table 1-4 Sensitivity and specificity of PSA from different literatures.

Sensitivity | Specificity | References

PSA in serum with a cut-off of 4.1 ng/mL 20% 94% 2
PSA in serum with a cut-off of 2.6 ng/mL 40% 81% 2
Clinical performance of PSA 80% 14% 12
Improved PSA test 89.29% 54.29% 2

1.1.4.1.2 Receiver-operating Characteristic (ROC) and Area Under the Curve (AUC)

The objective of any diagnostic test is to differentiate between individuals who are sick and

those who are healthy, based on the biomarker being studied. However, there is often an
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overlap between these two populations. Therefore, selecting an appropriate or optimal

threshold for the diagnostic test is essential.?*

The evaluation of a diagnostic method can be achieved through the use of the receiver-
operating characteristic (ROC) curve and Area Under the Curve (AUC), which aids in analysing
whether the test can achieve a confidence level greater than 50% in differentiating between
healthy and sick individuals using a combination of sensitivity and specificity. The ROC curve
is a graphical representation of the performance of a diagnostic test or classifier. It illustrates
the trade-off between the true positive rate (sensitivity) and the false positive rate (1-
specificity) at different classification thresholds. The AUC quantifies the overall performance
of a diagnostic test or classifier based on the ROC curve. It represents the area under the ROC
curve and provides a single numerical value to measure the discriminatory power of the test.
The AUC ranges from 0 to 1, where an AUC of 1 indicates a perfect classifier, and an AUC of

0.5 suggests a classifier with performance no better than random chance.?
1.1.4.2 Bayesian analysis

Despite achieving high levels of sensitivity and specificity in clinical approaches, it is necessary
to update the real probability of a positive test result indicating the presence of the disease
based on additional evidence such as prevalence and symptoms. Bayesian analysis allows the
result of the test to be connected to the prior probability, which, in this case, is the age-related
prevalence of prostate cancer. In 2023, the overall prostate cancer prevalence in the UK is
1.489%.” The prevalence can vary significantly based on age: 3.562% for men aged 70-79 years
old, 0.412% for men aged 50-59 years old, and 0.030% for men aged 40-49 years old. It’s very
rare among men younger than 40 (data calculated based on male population and prostate
cases in England).?* Prevalence is sometimes easily confused with incidence. Incidence is a
measure of new disease cases that develop in a population during a specified time period,
whereas prevalence is the proportion of the population already affected by a specific disease

within a given time period.?> The mathematical statement of Bayesian theorem is:



Page |33

P(A&B) _ P(A)P(B|A)

= 1.1
P(B) P(B)

P(A|B) =

Where A and B represents for different events. P(A) is the probability of A happening or A is
true. P(B) is the probability of B happening or B is true. P(B), which is also called prior
probability, is the prevalence in this topic. P(A|B) means the probability of A happening or A
is true given the condition that B has happened, or B is true. P(A&B) means the probability

of both A and B are being true.

Consider the example of a 79-year-old man who takes a prostate cancer test with a sensitivity
of 95% and receives a positive result. Does this imply that he has a high probability of having
prostate cancer? In fact, the prevalence of prostate cancer at his age must also be taken into
account. The prevalence of prostate cancer in this age group is 3.562%.2° Let A represent the
probability that the man has prostate cancer and B represent the probability that the test

result is positive. Therefore:
P(A) =3.562%

P(B|A)=95%

P(B|notA) = 5%

P(A|B) = P(A&B) _ P(a)P(B|A) _ 0.03562%0.95
~ pB)  P(BJA)P(a)+P(B|notA)P(notA)  0.95x0.03562+0.05x0.96438

=041 =41%

Despite the fact that the 79-year-old man received a positive test result for prostate cancer
from a highly sensitive test of 95%, the probability of him having the disease is only 41% due

to the prevalence of prostate cancer in his age group.

1.2 Diagnostic Biomarkers

The utilization of appropriate technologies for evaluating the quality of diagnostic methods is
crucial, and the choice of biomarker also significantly influences the effectiveness of the
diagnosis. Biomarkers can be cellular, biochemical, and molecular (proteomic, genetic, and
epigenetic) alterations to recognize or monitor a normal, abnormal, or simply a biological

process.?®
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1.2.1 Cancer Biomarkers

Cancer biomarkers can be classified into different categories based on their chemical
structure, including protein-based, DNA-based, RNA-based, small molecule-based, and
enzyme or antibody-based biomarkers, as depicted in Figure 1-3. Additionally, in certain
specific methods, cancer cells themselves can be considered as a type of biomarker. The
different chemical structures of biomarkers determine the type of recognition and chemistry
employed for their analysis. Detection of cancer biomarkers within complex biological media
is a huge challenge because of severe biofouling and nonspecific adsorptions.?° However,
unremitting efforts of exploring different types of available cancer biomarkers have been

undertaking in the last decades.

Nucleic acids

Circulating
Tumor
Cells

Proteins

B Y

A |

Small
molecules

Antibodies

Figure 1-3 Categories of cancer biomarkers.
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1.2.1.1 Protein-based Biomarkers

Proteins, comprising about 18% of the human body, play vital roles in various biological
processes. They serve as catalysts, contribute to cell structure, and participate in molecular
transport. Abnormal protein expression is often associated with diseases.?® Protein
biomarkers used for cancer diagnosis, include proteins produced by cancer cells themselves
or in response to cancer.31™33 Using proteins as biomarkers has some limitations. Some
proteins may not be specific to a particular disease or condition, leading to less satisfactory
specificity. Additionally, protein levels in the body can vary due to factors such as age, sex,
diet, and individual variability, making it challenging to establish a clear threshold for
diagnosing a specific condition. Proteins are also sensitive to degradation, denaturation, or
proteolytic activity, which can affect the integrity of the protein biomarker. Proper sample
handling and storage are crucial to maintain the stability and accuracy of protein biomarker

measurements.3*

1.2.1.2 Enzyme-based Biomarkers

The changes of enzyme activity in tissues, body fluids, and serum, as well as changes of the
isoenzymes and enzyme variants in patients with malignancy suggest that these parameters
may be used as biomarkers in the diagnosis of some types of cancer.?® Deubiquitinating
enzymes, a family of proteases that remove ubiquitin tags from proteins of interest
undergoing proteasomal degradation, are expressed in different types of cancer.3®
Cyclooxygenase-2 is also a studied tumor-related enzyme as a cancer imaging biomarker
because it is highly expressed in various tumors but barely in normal cells. However,
cyclooxygenase-2 can be expressed at different levels in inflammatory lesions which is
considered as a clinical limitation for the discrimination of tumors from inflammation.3” The
main challenge when working with enzyme-based biomarker is the decrease of the enzyme

activity during the test.?®

1.2.1.3  Antibody-based Biomarkers

The coronavirus pandemic, which started in 2020, has spurred the development and use of
fast antigen tests. Antibodies produced by the immune systems of the patients are
responsible for removal of alien substances like viruses or cancer cells. These serum immuno-

biomarkers are produced in large quantities despite the presence of very small amount of the
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corresponding antigens. Therefore, antibodies can be treated as a class of disease biomarkers
especially for cancer diagnosis. In the last few decades, the evidence of antibodies in human
serum of cancer patients has created abundant opportunities by utilizing the immune system
as a source of clinically useful cancer biomarker.3® For example, cytokine interleukin-2 (IL-2)
is used as a prognosis biomarker for immunotherapy of cancer.3® Antigen tests can offer rapid
and cost-effective testing, with the ability to produce quick results. However, their inaccuracy

is a big challenge.*°
1.2.1.4  Small molecule-based Biomarkers

Small molecules, such as volatile organic compounds (VOCs), can serve as cancer biomarkers.
VOCs collected from human breath can indicate lung cancer, with specific compounds absent
in healthy individuals or differing in relative concentrations.*! These VOCs can also be
detected in other body fluids, but breath analysis is preferable due to its non-invasive nature.
Over 100 VOCs related to different types of cancer have been studied.*? Additionally, non-
volatile small molecules like lysophosphatidic acid and sarcosine are associated with ovarian
and prostate cancer, respectively. Detecting these molecules is challenging, but their

identification holds potential for early cancer diagnosis.*?

1.2.1.5 Circulating Tumor Cells as Biomarker

Circulating tumor cells (CTCs) are cells shed from a primary tumor into the bloodstream, with
the potential to form metastatic tumors. They are found in metastatic carcinomas like breast,
prostate, lung, and colorectal cancer, but are rare in healthy individuals. CTCs are
characterized by intact viable nuclei, cytokeratin and EpCAM positivity, and absence of the
CDA45 antigen. The number of detectable CTCs is low, typically 1-10 per milliliter of blood, and
varies depending on the collection technique used.! Currently, most CTC isolation platforms
require that the whole blood is processed soon after collection, which makes it hard to study
using frozen samples. In addition, CTCs are fragile and tend to degrade when collected in

standard blood collection tubes.

1.2.1.6  Nucleic acids-based Biomarker

Nucleic acids can serve as biomarkers for pathological processes. Their specific sequences and
expression levels can be utilized for diagnosis, prognosis, and monitoring of various diseases

and conditions.*4*¢ Circulating cell-free nucleic acids is a new family of biomarkers for a broad
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range of cancers that attracted lots of interests in the past decade.*>*”48 The first trial of using
circulating cell-free nucleic acids as biomarkers for cancer diagnosis was in 1977 by Leon et
al.* Circulating cell-free nucleic acids include circulating cell-free DNA (cfDNA) and RNA
(messenger RNA (or mRNA), long noncoding RNA (IncRNA) and microRNA (or miRNAs).
Concentration of cfDNA was found significantly increased in serum of cancer patients when
compared to healthy individuals and it was suggested that this correlated with
malignancy.*”>° However, the total concentration of cfDNA in the blood of cancer patients
varies considerably, which makes it difficult to determine a threshold for diagnosis.!! Apart
from DNA, some noncoding RNAs have been discovered and confirmed to be closely related
to tumorigenesis and metastasis. The clinical potential of using noncoding RNAs in liquid
biopsy as biomarkers with clinical value provides new approaches for cancer diagnosis,
prognosis, and response to treatment.>* Among the families of noncoding RNAs, miRNAs hold

great promise, and they will be discussed in more details in the sections below.

1.2.1.6.1 MIiRNA as cancer biomarker

MiRNAs were first discovered in 1993 by Feinbaumet al in C. elegans.>> MiRNAs are short (20-
25 nucleotides) non coding RNA molecules that play a pivotal role in the regulation of various
developmental and physiological processes by exerting control over gene expression.>3>*
Over the past decade, studies have shown that deregulated expression of miRNAs contribute

to the pathogenesis of most, if not all, human malignancies.*>>3-5>
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Figure 1-4 Schematic representation of microRNA biogenesis in animal cells.

As shown in Figure 1-4, miRNAs are produced in the nucleus of cells as pri-miRNA precursor
characterized by a hairpin stem-loop structure. After processing by an enzyme called Drosha,
the pri-miRNA becomes pre-miRNA, a shorter hairpin structure with a 3’ overhang. The 3’
overhang targets the pre-miRNA for export from the nucleus by Exp5 protein. In the
cytoplasm, the pre-miRNA loop is cleaved by the dicer enzyme to leave a double-stranded
duplex RNA. The active strand becomes complexed to Ago proteins and the inactive strand
dissociates and is degraded. The single-stranded mature miRNA becomes available to bind to

cytoplasmic messenger RNA (mRNA) and inhibit their translation.

MiRNAs are released in the bloodstream (and other bodily fluids including urine or saliva) as
a result of pathological processes such as cell death (via either necrosis or apoptosis) and may
originate from both healthy and malignant tissues. Changes in the level of circulating cell-free
nucleic acids can reflect on tumor growth and cancer progression.* MiRNAs are significantly
more stable than long mRNAs in many specimen types and are more resistant to chemical
and enzymatic degradation.”®>” MiRNAs in bodily fluids are stable for 72 hours if kept
refrigerated or frozen and are stable for at least 24 hours at room temperature,®® which
satisfies clinical requirements. They can also withstand large changes in temperature and pH,
most likely because they are mainly present in these fluids either bound to proteins or

trapped within exosomes.>® Consistent changes in miRNA expression have been observed in
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tumors without evident specific cytogenetic abnormalities, suggesting that pathways that are
commonly deregulated in human cancer could directly affect and deregulate miRNA
expression.>® Multiple studies in the recent literature have demonstrated that miRNA
deregulation in bodily fluids can be used to improve the diagnosis or prognosis of many cancer
types. Dying tumor cells can indeed discharge miRNAs, which then circulate stably into the
blood.®%6! Therefore, miRNAs have great potential as a new generation of blood-based
fingerprints for the detection of human cancers, especially at an early stage, via non-invasive

diagnostic tools.

1.2.1.6.2 Current Available miRNA Detection Methods

Current gold standards for miRNA detection include quantitative reverse transcription
polymerase chain reaction (RT-qPCR),%2%% northern blot,%> RNA sequencing and DNA
microarrays.®® Most of these techniques rely on multiple amplification steps to increase the
number of target molecules and facilitate their detection. The main advantages and

drawbacks of these techniques are summarized in Table 1-5.

Table 1-5 Relative merits of current available techniques.

Techniques Advantages Disadvantages

RT-qPCR 1.High sensitivity (with down to | 1.Amplification steps introduced errors.
single molecule detection limit®’

o 2.High cost.
and 60-75% sensitivity®).

. o 3.High levels of background
2.High specificity (81%).%°
fluorescence.
3.low demand on sample

N 4.Non-isothermal.”
quantity.

5.Requiring careful primer design.

6.Requiring special equipment and

expertise.”
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Northern blot 1.No requirement for any special | 1.Inaccuracy.

equipment or expertise.”
2.Time-consuming.

2.Tissue specificity.”

3.Low sensitivity.”>74

RNA sequencing Higher coverage and greater | Time-consuming.
resolution of the dynamic nature of

the transcriptome.”

DNA microarrays | Specificity can be improved by | 1.Requiring special tools and

elongating the length of the probes. | expertise.”®

2. Cross-hybridization artifacts.

3. Poor quantification of lowly and

highly expressed genes.

4.Need to know the sequence in

advance.”’

In miRNA detection, RT-qPCR is widely recognized as the “gold standard”.”® Despite the fact
that RT-gPCR has high sensitivity, with minimum levels of bodily fluid required (typically less

than 200 pl)”° this technology holds some limitations:

(1) risks of contamination and error during each amplification step (RT and then PCR);

(2) high cost and lack of specificity of custom-made oligonucleotide probes;

(3) high levels of background fluorescence due to incomplete fluorescence quenching or
differences in quality and purity between commercial batches of probes;

(4) RT-gPCR is a non-isothermal process involving multiple enzymes and is therefore not
easily amenable to incorporation in miniaturized devices and remains exclusively a

research tool.”®

Protocols mentioned in Table 1-5, including the gold standard RT-qPCR, use complex, multi-

step and lengthy procedures that can only be carried out by trained professionals in fully
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equipped laboratories.®° This is incompatible with patients being tested and given the result

of their test while at the GP’s clinic, with potentially long delays between the initial and follow-

up appointments.

1.2.1.6.3 Specific Challenges for Detecting miRNAs

Despite the promising aspect of miRNA as minimally invasive biomarker for cancer diagnosis,

some technological challenges remain to be addressed. One of the main obstacles to the

development of simple blood tests based on miRNA detection is the absence of standardized

technologies to detect them directly from whole blood. Other challenges or concerns are also

listed below:

(i)

Issues related to miRNA endogenous concentration:

MiRNA absolute concentrations in blood are highly patient-dependent, as
different patients naturally produce varying levels of miRNA, and are also
influenced by the extraction and detection method used. It is commonly
acknowledged that miRNAs are present at low levels and comprise less than 0.01%
of the total RNA mass in a given sample.8! The true endogenous concentrations of
circulating miRNAs are highly controversial. For example, Bosson et al. reported
the endogenous miRNA are in the mid nano-molar range,®? while Shin et al.
reported the endogenous miRNA are in the pico-molar range.?3 To account for this
variation, it is preferable to measure multiple miRNA levels simultaneously and to

assess relative concentrations rather than absolute concentrations.

To ensure reliable and reproducible measurement of miRNA levels, automated
sample processing for miRNA extraction and purification from whole blood is
required. However, the absence of standardized technologies for such processing
has resulted in major inconsistencies in the recent literatures.”®848> Nguyen et al.
reported serum concentrations of miRNA141 for control and prostate cancer
patients ranging from 31.7 Ct to 30.2 Ct (or 10.6 Delta-Ct to 7.9 Delta-Ct,
normalized by subtracting the Ct value of an endogenous U6-small nuclear RNA as
reference),®® while Bryant et al. reported serum concentrations of miRNA-141 for

the same groups ranging from -0.37 Delta-Ct to 1.3 Delta-Ct using 25 fmol pl™* of
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C. elegans miR-39 as a normalizer in downstream analyses.?’ (The Ct value is the
PCR cycle number at which a sample's reaction curve intersects the threshold line,
and is inverse to the amount of target nucleic acid in the sample, meaning that a
larger Ct number corresponds to a smaller concentration.) Automated sample
processing for miRNA extraction and purification from whole blood is necessary to

guarantee consistent and repeatable detection of miRNA levels.

(ii) Issues related to sensitivity:
Although the true concentration of miRNAs in blood is still being debated, it is
commonly accepted to be very low (from femto-molar to nano-molar),8>838838°
which makes them challenging to detect without any pre-amplification step.®°
Enzymatic amplification steps, while effective, are however associated with risks
of contamination and error.

(iii) Issues related to specificity:
Specificity is also a major issue for miRNA detection. Because of their short length
(22-25 nucleotides), miRNAs often have very similar sequences, sometimes
differing by no more than one nucleotide.®® This means that sensors need to be
able to discriminate between very similar sequences.

(iv) Issues related to miRNA form:
The form under which miRNAs exist in the bloodstream remains subject to debate.
Although a small fraction of miRNA is suspected to be freely circulating, most of
them are complexed to proteins or trapped in exosomes.>>?? Detecting accurate
levels of circulating miRNAs therefore requires all miRNAs to be efficiently

extracted before analysis.

1.2.2 Human Biomarker Sources

Human biomarkers can be derived from either body fluids or tissues. Although biomarker
levels are usually lower in body fluids compared in tissue, body fluids are typically considered
less invasive compared to tissues.>% Different body fluids can provide different biomarkers
and have different emphasis on various biological information. The choice of the matrix (or
biofluids) and of the molecular biomarkers present in this matrix are therefore critical when

designing a new diagnostic test. Blood, sweat, tears, saliva and urine are the most commonly
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used bodily fluids from human body. The relative merits of the most commonly used bodily

fluids are summarized in Table 1-6.

Sweat is a surprisingly biomarker-rich fluid, especially for applications of continuous
monitoring where other biofluids prove more challenging.®®> Despite the abundant sources of
sweat glands with densities of > 100 glands/cm? at many locations of the human body,® sweat

as a biomarker suffers from many unresolved challenges like low volume or contamination.

Tears are critical body fluid from the surface of the eye. Tears contain a number of molecules
including proteins/peptides, lipids, small molecule metabolites, and electrolytes. Tear fluid is
a useful and an accessible source most applied for eye-related condition like evaluating ocular
surface tissues (cornea and conjunctiva), inflammation, lacrimal gland function and a number

of disease conditions, such as dry eye as well as response to treatment.®’

Saliva is an easily accessible biofluid with a greater non-stimulated volume compared with
tears or sweat but suffers from challenges like fouling, contamination, and difficulty in
filtration due to viscosity. In some situations, high viscosity can pose challenges in sample
handling and processing, particularly in analytical techniques that require precise sample
volumes or rapid fluid flow. High viscosity can affect the performance of certain instruments,

such as pipettes, and may lead to difficulties in obtaining consistent and accurate results.%®%

Table 1-6 Pros and cons of different body fluid: blood, sweat, tears, saliva, and urine.

Body | Advantages Disadvantages Ref
fluid
Blood Large sample volumes. Painful. 96,99

More biomarkers compared to other | More complexed compared to other body fluid.

body fluid.
Chemical reactions among biomarkers.

Related to whole body.
Blood clots.

Sweat Non-invasive. Small sample volumes. 95,100
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No pain. Contamination with bacteria or other species because skin is exposed

outside and the sample collection takes time.
Easy access.
Composition varies with region of skin and temperature.
Unknown concentration due to evaporation.

Filtration and dilution of large analytes.

Mixing of old and new sweat.

Tears Non-invasive. Small sample volumes. 97
No pain. Composition depends on reason for tear production.
Saliva Non-invasive. Small sample volumes. 98
No pain. Contamination (e.g. from food).
Easy access. Viscosity of the sample.
Urine Non-invasive. Low concentration of the target of interest compared to blood. 96,101
No pain.

Large sample volumes.

Urine is an easily accessible body fluid that has long been used for point-of-care tests and is
available on a real-time basis in hospitals.’® Urine specimens are uniquely valuable for
epidemiologic research to assess various exposures, including dietary factors, environmental
pollutants, endogenous metabolites, and other molecules that are excreted by the kidneys.
Compared with blood samples or tissues, the collection of spot urine samples is noninvasive,
easy to implement, and subject to smaller collection efforts.’®! But the concentrations of

interested biomarkers in urine are typically lower than in blood.?®

Blood is the one carrying the most abundant of information as the content of blood is the
most affluent. Blood is recirculated throughout the body, delivering oxygen and nutrients to
every cell and transporting products from and toward all different tissues.®® While blood is

pumped through all the major organ systems in human body, key biomarkers are delivered
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or removed.®® Blood comprises approximately 55% blood plasma and around 45% various
types of blood cells.1%% The protein concentration in plasma or serum typically ranges from 60
to 80 mg/mL and includes albumins (up to 60%) and globulins (up to 40%).1%3 How to separate
the biomarker of interest from the complex blood is the first challenge to deal with. Plenty of
methods have been researched for the separation of the different components in the blood,
including centrifugation, laminar flow, dielectrophoresis, magnetic interaction and

biochemical interaction.

In summary, blood is the most complex body fluid of the commonly accessible bodily fluid
shown in Table 1-6. The size distribution of blood components spans from <1 nm for small
molecules and ions to approximately 15 pm for white blood cells.'%® Sweat, tear, saliva and
urine, in contrast, have limited substances. The choice of the matrix (or biofluids) and of the

molecular biomarkers present in this matrix are critical when designing a new diagnostic test.
1.3 Biosensors and Instrumentation

While biomarkers provide valuable information about specific biological processes or disease
conditions, biosensors serve as essential tools for quantifying and detecting these biomarkers.
A sensor is a device that measures physical parameters from the environment or biological
systems and converts them into electronic, optical, colorimetric or other readable format,
which can be interpreted by humans or machines alike. If a sensor is used to detect biological
or physicochemical substances or states in an organism, it is referred to as a biosensor,
regardless of the sensing mechanism. They typically consist of a biological or chemical
element (e.g., enzymes, antibodies, or nucleic acids) that interacts with the target molecule
(biomarker), and a transducer that converts the biological response into a signal that can be

measured and analyzed.1%

In this section, the basic mechanism of biosensors will be introduced and the basic principles

of the electrochemical setup including instrumentation and Faradic process will be revealed.
1.3.1 Biosensors

Biosensors are analytical devices that can detect the presence or concentration of a specific

biological or chemical substance.1%1% |n a biosensor system, the analyte (or biomarker in this
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research) is the substance of interest that requires detection. The bioreceptor is a molecule
that specifically recognizes the analyte. Bioreceptors can be enzymes, cells, oligonucleotides
(or analogues such as peptide nucleic acids), and antibodies. The process of signal generation,
in the form of light, heat, pH, charge, or mass change, results from the interaction between
the bioreceptor and the analyte and is called bio-recognition. The transducer is an element
that converts one form of energy into another. In a biosensor, the role of the transducer is to
convert the bio-recognition event into a measurable signal. This process of energy conversion
is known as signalization. Usually, the concentration of the analyte in the biological or
chemical reactions measured by the biosensor is proportional to the signals generated by the
biosensor.1%* Therefore, it is important to know the dynamic range of a biosensor, where the

signals scale with analyte concentration.1%3
1.3.1.1  Evaluation of Biosensors

Biosensors’ performance can be characterized by some crucial properties including
reproducibility, stability, linearity, sensitivity, specificity, and selectivity. Reproducibility is the
ability of the biosensor to generate identical responses for a duplicated experimental set-up.
Reproducible signals provide high reliability and robustness to the inference made on the
response of a biosensor. Stability is the degree of susceptibility to ambient disturbances in
and around the biosensing system. These disturbances can cause a drift in the output signals
of a biosensor under measurement, which can cause an error in the readout and can affect
the precision and accuracy of the biosensor. Stability is the most crucial feature in applications
where a biosensor requires long incubation steps or continuous monitoring. Because most
biosensor systems are non-linear, it is important to find the dynamic linear range of a
biosensor to illustrate a good linearity between the analyte concentration and the generated
signal. Therefore, linearity of a biosensor refers to its ability to produce a response that is
directly proportional to the concentration or amount of the target analyte being measured.
This is true for most of the biosensors but some biosensors’ response scale with concentration
in a log-linear format.'%” Sensitivity (analytical sensitivity) refers to the slope of the calibration
curve, or the ability to detect small changes in analyte concentration. In this context,
sensitivity of a biosensor is not to be confused with the statistical measure of sensitivity (true
positive rate) used in diagnostic testing, as mentioned earlier in section 1.1.4. A steeper slope

indicates a greater change in response for a given change in concentration. LoD is the
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minimum concentration of an analyte that can be reliably distinguished from the blank
control, and at which detection becomes feasible. Analytical sensitivity is occasionally
employed interchangeably with the LoD. Nevertheless, it's important to note that the LoD
might exist at a concentration lower than the linear range of an assay. In such cases, where
the calibration curve loses validity, it's advisable to refrain from using these terms
interchangeably.’® In other words, a biosensor with high sensitivity can accurately
discriminate between different concentrations or levels of the analyte, allowing for precise
and reliable quantification. In many applications, both analyte detection and measurement
of analyte concentrations across a wide range are necessary. Therefore, achieving a high
sensitivity is crucial for successful biosensor performance.'% Both sensitivity and specificity
are very influential properties to characterize a biosensor. Specificity refers to the ability of a
biosensor to exclusively measure and quantify a single component within a multi-component
system with minimum interference from other components. Selectivity, on the other hand,
refers to the capability of a biosensor to accurately determine multiple components of
interest simultaneously and independently, with minimum interference or disturbance from
other components within a complex mixture. This means that each component can be

quantified without being influenced or affected by the presence of other components.1%®

1.3.1.2 Selection of Biosensors

Biosensors exist that are based on different transduction methods, all characterised by their
own advantages and limitations. Mass-based biosensors, also called gravimetric biosensors,
can detect a small change in the mass of the binding material, such as proteins or antibodies
on the surface, producing a measurable signal. Thermal biosensors measure the heat energy
absorbed or released during the biological reaction. Biosensors that rely on_field-effect
transistors (FETs) are called field-effect transistor biosensors (Bio-FET).1*° FETs are three-
terminal devices that regulate the current flowing through them using an electric field. The
FETs can directly translate the interactions between the analyte and FET surface into electrical
current. This is possible because the surface potential changes when a biomolecule binds to
the bioreceptor surface. Acoustic biosensors are based on the change of an acoustic wave in
response to the amount of analyte absorbed, and their transduction systems usually consist
of piezoelectric materials (crystal). Acoustic biosensors could have more potential

applications if the challenges of non-specific binding and poor sensitivity can be tackled.
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Optical biosensors rely on an optical transduction system that incorporates biorecognition
elements such as enzymes, antibodies, aptamers, nucleic acids, cells, or even tissues. These
biosensors work by exploiting the optical properties of the analytes, which can either be
intrinsic or functionalized, such as absorption, transmission, reflection, refraction, phase,
amplitude, frequency, or light polarization. When exposed to stimulation, the optical
properties of the analytes change, producing a measurable response. Electrochemical
biosensors detect analytes by converting a biochemical reaction into an electrical signal.'!
They typically consist of an electrode modified with a biorecognition element that selectively
binds to the analyte. The binding event results in a change in the electrode's electrical

properties, which can be measured and correlated with the analyte concentration.

Overall, biosensors can be designed to detect a diverse range of biological targets, with
biorecognition signals transformed into electrochemical, optical, gravimetric, thermal,
electronic, or acoustic signals depending on the nature of the target and the method
employed. However, most transducers generate either optical or electrical signals that are
typically proportional to the number of analyte-bioreceptor interactions. This has led to the
development of the two most extensively studied and applied categories of biosensors:

optical biosensors and electrochemical biosensors.
1.3.1.3  Electrochemical and Optical Biosensors

Electrochemical biosensors are widely used due to their high sensitivity, selectivity, and
portability, while optical sensors are favoured for their high accuracy and ability to detect a
wide range of analytes. Electrochemical biosensors use electrochemical methods to measure
the presence of an analyte of interest. They typically consist of three main components: the
working electrode, the reference electrode, and the counter electrode. When a voltage is
applied across the working and reference electrodes, an electrochemical reaction takes place
at the surface of the working electrode, which generates a current that is proportional to the
concentration of the target molecule. The Faradaic process is a key component of
electrochemical biosensors. In the case of biosensors, the biological element on the working
electrode acts as a catalyst to facilitate the redox reaction of the target molecule. The
resulting electrical signal can be amplified and analysed to determine the concentration of

the target molecule.
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Electrochemical biosensors offer high sensitivity and specificity in terms of measurement
capabilities, making them suitable for applications in medical diagnostics. They are relatively
easy to fabricate and can be miniaturized, which makes them portable and suitable for point-
of-care testing. Electrochemical sensors also have the advantage of being relatively
inexpensive. Optical sensors also offer high sensitivity and specificity and are used in a variety
of applications, including medical diagnostics and environmental monitoring. However, they
are often more expensive than electrochemical sensors and can be more challenging to
fabricate and miniaturize. Nevertheless, advances in nanotechnology and microfabrication
techniques are enabling the development of miniaturized optical sensors that could be used
in portable devices. Overall, the choice between electrochemical and optical sensors depends
on the specific application and the desired performance characteristics. In this thesis, we will
focus on using electrochemical biosensors detecting nucleic acid biomarker for the future

application of early prostate cancer diagnosis.

1.3.2 Biosensor Instrumentation with Three-electrode Systems

A typical electrochemical system is composed of three electrodes and an electrolyte solution.
1.3.2.1 Three-Electrode System

A typical three-electrode electrochemical system is shown in Figure 1-8 (a). Three electrodes
including a working electrode, a counter electrode, and a reference electrode. Each electrode

serves a specific function in the electrochemical measurement:

e The working electrode is the electrode where the electrochemical reaction of interest
takes place. It is typically the electrode that is modified or functionalized to facilitate
the desired electrochemical process. The working electrode is where the analyte is
detected or where the desired electrochemical reaction occurs.

e The counter electrode (or auxiliary electrode) is an electrode used to complete the
electrical circuit in the system. It provides a path for the flow of current between the
working electrode and counter electrode during the electrochemical reaction. The
counter electrode is typically made of an inert material, platinum for example, which

does not participate in the electrochemical reaction. Typically, the counter electrode's
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total surface area exceeds that of the working electrode to ensure it does not impede
the kinetics of the electrochemical processes being studied.'1%113

e The reference electrode is used as a reference point to measure and control the
potential of the working electrode. It provides a stable and known reference potential
against which the potential of the working electrode is measured. And this stable
reference potential is independent of analyte concentration or current. Commonly
used reference electrodes include the silver/silver chloride electrode (Ag/AgCl) and

saturated calomel electrode (SCE).

In electrochemical measurements, the three-electrode system is preferred over the two-
electrode system. Because in voltammetry, the current generated at the working electrode
must flow somewhere and the counter electrode is used as a current path rather than
reference electrode. The counter electrode carries the same magnitude of current as the
working electrode but in the opposite direction when the working electrode undergoes a
redox reaction. In certain cases, a two-electrode setup can be used with the reference
electrode serving as both the reference electrode and counter electrode, but only if small
currents are passed through the reference electrode to prevent significant potential changes
across the reference electrode-electrolyte interface. This approach is commonly employed

when working with micro- and smaller-sized working electrode.**3

In a typical three-electrode electrochemical system, except from the three electrodes, an
electrolyte solution is used to provide conductivity, ion source and electrochemical
environment (the solution works as a matrix where the electrons can transfer at the
heterogenous phase between electrode and electrolyte). The ions act as a medium, allowing
for the flow of current between the electrodes. They provide a pathway for the movement of
charged species involved in the electrochemical reactions. The composition of the electrolyte
solution can influence the kinetics and thermodynamics of the electrochemical reactions. It
can also affect factors such as the electrode surface charge, reaction rates, and the stability
of reactive intermediates. The choice of electrolyte solution depends on the specific
electrochemical system and the nature of the electrochemical reactions being monitored. The
selection of an appropriate electrolyte solution is crucial for maintaining a stable and well-

defined electrochemical environment, ensuring accurate and reproducible measurements.
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Table 1-7 summarizes the properties of each component in a typical three-electrode system.
The three-electrode system allows for accurate control and measurement of the
electrochemical processes happening at the working electrode by providing a stable
reference potential and a path for current flow. This setup is widely used in various
electrochemical techniques, such as cyclic voltammetry, pulsed voltammetry,
chronoamperometry/chronocoulometry, and impedance spectroscopy. Detailed

introduction of voltammetry techniques is presented in section 1.4.

Table 1-7 Three-electrode system components and their properties.

Typical components | Properties

Working electrode e Cell current is limited by the working electrode reaction.

e Provide location for electrochemical reaction.

Reference electrode e Provide a stable and known reference potential against

working electrode.

Counter electrode e Provide current path between working electrode and
counter electrode.

e Must be large compared with working electrode.

e Sometimes counter electrode reaction-solvent current
electrolysis causes pH change, back reaction can be a
problem.

e Compliance of the control amplifier.

Electrolyte solution e Ensures that the majority charge carriers in solution are not
in the analyte, the only modes of mass transport are then
diffusion and convection.

e Populates the electric double layer with inert ions to
minimize the effect of the electrode reaction.

e Lower the resistance.
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1.3.2.2  Why Reference Electrode Potential Is at A Constant Value

Reference electrodes are designed to maintain a constant potential (e.g., E = +0.197 V for
Ag/AgCl and E = +0.241 V for calomel). This is realized by using constant concentration
(sometimes saturating concentration) of chloride ions. Take the saturated calomel electrode

for example:

Hgz*(aq) + 2Cl~ (aq) = Hg,Cly(s) 1.2
Ksp = Apgzt X (ac-)? 13
Kop 1.4

Thodt = (ac-)?

For the half reaction:

Hgit 4+ 2e~ o 2Hg 1.5
. RT 1
BT oF "aHg§+ 1.6
Replaci ith —=2_.
eplacing a2+ Wi o)
RT (“cr)z
E=E,— —1I 1.7
°" 2F "7k,
RT RT ,
E = EO + _In KSp — ﬁln (aCl—) 1.8

2F
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RT RT . s
Ey and Eln K, are constants. In Eln (ac-)?, the saturated concentration of chloride ion

makes activity of chloride ion a;- a constant. Therefore, the potential E of reference
electrode is maintained. Usually the [Cl™] ranges from 1 M to saturating. For AgCl reference
electrode, however, saturated conditions are avoided due to the formation of complexes such

as AgCl;, AgCl3~, AgCl3— 113

Open circuit gain means no feedback, which is about 10°, that’s why in practice always
disconnecting reference electrode as the last step protects the working electrode. A similar
named concept is open circuit potential. Open circuit potential is the potential between the
working electrode and the reference electrode when there’s no current flowing. Open circuit
potential is also a voltage measurement technique. Set up appropriate gain is necessary to

obtain high quality data and avoid digitization noise in electrochemistry.
1.3.2.3 Potentiostat

Instrumentation is an important aspect of electrochemical biosensors. It includes the use of
potentiostats, which are devices that control the voltage applied to the working electrode

and measure the resulting current. Potentiostats serve two main purposes:

1. To control the potential difference between the reference electrode and the
working electrode.
2. To convert the measured current into a voltage signal that can be displayed,

stored, and analyzed.
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|VCC! VDD

Vin- Inverting input

Vin+ Non-inverting input

Vee, Vop  positive power supply
Vgg, Vss negative power supply
V, output

VEE: V.S’.S’

Figure 1-5 Schematic diagram of op-amps.

As an electronic hardware, the heart of the potentiostatic electronic circuits are operational
amplifiers (op-amps). Op-amps (Figure 1-5) are fundamentally a voltage amplifying device
designed to be used with external feedback components such as resistors and capacitors
between its output and input terminals These feedback components determine the resulting
function or “operation” by virtue of the different feedback configurations whether resistive,
capacitive or both. The op-amps can perform a variety of different operations such as add,
subtract, integration and differentiation. The magnification, named gain A, can be greater
than 10°, as shown in the equation 1.14. However, the voltage range that can be delivered by
an op-amp output is limited by its own power supply range or that of the potentiostat,
typically + 10V or + 15 V.13 |n theory, the input impedance of an op-amp is infinitely big
while the output impedance is infinitely small. And op-amp has very a broad bandwidth. In

practice, those parameters all have their ranges, as shown in Table 1-8.133

Table 1-8 Basic properties of op-amps.

Theoretical parameter Practical parameter

Input impedance infinite 1012 Q
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Output impedance 0 1-10Q

Bandwidth infinite 5-20 MHz

The potentiostat circuit comprises two essential configurations: the voltage follower and the
current follower, which collectively contribute to the circuit's functionality. These

configurations play distinct roles in maintaining the desired operation of the potentiostat

system.
1.3.2.3.1 Voltage follower

When part of the output voltage is fed back to the inverting input that creates a feedback
loop, the circuit is called a voltage follower, as shown in Figure 1-6. When negative feedback
is applied, the op-amp's output adjusts in such a way that it drives the input voltage difference

to zero. As shown in the following equations:

Vin— = VO 1.9
Vin— = Vin+ 1.10
V, = Vi 1.11

Therefore, in a voltage follower (feedback circuit) the input voltage is the same as the output

voltage. As shown in Figure 1-6.

Vin_ 5

+

O

Figure 1-6 Voltage follower.
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1.3.2.3.2 Current Follower

Another important circuit in potentiostat is current follower, or a current-to-voltage (i/E or
i/V) converter, as shown in Figure 1-7. the output voltage is proportional to the input current
by a scale factor determined by R¢. Therefore Ry is called the gain. Because the potential at
two input terminals is the same, S is a virtual ground. Current follower allows currents to be

converted to equivalent voltages while the current source is maintained at ground potential.

112

AWV

O.—~S *
T

lin

Figure 1-7 Current follower.

The calculation process to demonstrate the working principle of a current follower is shown

as following:

According to Kirchhoff s law, current at the summing point S is zero:
lin = —lif 1.12
From Ohm’s law we know that:

o BV .
f = = —iin 1.13
Ry

Substituting V; with an expression with 1/,:
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Vo =AV; 1.14
) 1.15
Vs A
V- Vo= _ 1.16
Rf - Rf - llTl
Considering:
A>10° 1.17
1- 121 1.18
A
V, can be expressed as:
Vo = —linRy 1.19

The output voltage V, have a linear relationship with the input current i;, by a factor of —R¢.

The negative sign is because of the inverting input.

The voltage follower circuit looks very similar to the current follower, however, there’s a key
difference that the current follower typically has a virtual ground at one of the input
terminals. The voltage follower circuit has its output connected directly to the feedback
element, while the current follower has its output connected to a resistor in series with the
feedback element. As a result, the current follower requires a virtual ground at one of the
input terminals to maintain the input voltage equal to the output voltage, which is necessary

for the circuit to function properly.
1.3.2.4  Summary

Together, the three-electrode configuration and potentiostat enable precise control and
accurate measurement of electrochemical processes. The voltage follower maintains
potential control between the reference electrode and the working electrode (typically at

virtual ground), regardless of the cell current (provided the op-amp compliance is not
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exceeded, and compliance refers to the maximum output voltage the op-amp can provide).
The Op-amp’s high input impedance prevents significant current flowing through the
reference electrode, thus maintaining accurate potential differences between the reference
terminal and the test solution. The current follower, on the other hand, monitors and controls
the current flowing between the working and counter electrodes. It ensures that the desired
current is maintained during the electrochemical process. By adjusting the potential at the
working electrode, the current follower actively adjusts the potential at the counter electrode

to maintain a steady current flow.

At the potentiostat level, as shown in Figure 1-8 (b), output from the voltage follower feeds
back to the non-inverting input of the op-amp (at the top of the Figure). The current follower
allows the working electrode to remain at virtual ground because of the feedback, which is
an essential condition for the operation of the system.'? In most potentiostat, the potential
is applied to counter electrode until the desired potential is attained on the reference

electrode.
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then subsequently controds the potential of the working electrode.
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This configuration controls the potential of the counter electrode, which \
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Figure 1-8 (a) Three electrode system connected with potentiostat. (b) A full potentiostatic
system based on a potential control amplifier (purple circle) for controlling the potential of
the electrochemical cell (on the counter electrode), a voltage follower (blue circuit) for
measuring potential between the working electrode and the reference electrode, a current
follower (orange circle) for measuring the current between the working electrode and the
counter electrode (PC is potential control amplifier and B is booster for improving the

available output voltage).
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Potentiostats allow the user to set various control parameters for the three-electrode system,
such as the applied potential or current, scan rate (for cyclic voltammetry), and measurement
time intervals. Additionally, potentiostats have built-in data acquisition capabilities, enabling
the collection and storage of current and potential data over time. This data can be further
analyzed to study electrochemical processes, calculate kinetic parameters, and determine

electrochemical properties of the system under investigation.

1.4 Electrochemical Techniques

Electrochemistry is a powerful tool for investigating reactions involving electron transfer,
which correlates the flow of electrons with chemical changes. Voltammetry serves as the core
methodology for studying and analyzing heterogeneous electrochemical processes and
investigating electrolysis mechanisms. As discussed in section 1.3.2, the study of
electrochemical processes often employs a three-electrode system. The potential is
measured between the working and reference electrodes, while the current is measured
between the working and counter electrodes. In voltammetry, information about an analyte
is obtained by measuring the current while controlling the potential (varying or maintaining
it constant), or vice versa. Based on the difference in the stimulation waveform, the most
commonly employed voltammetry technigues include cyclic voltammetry, pulsed
voltammetry, chronoamperometry or chronocoulometry. Electrochemical impedance
spectroscopy, which measures the impedance of an electrochemical cell as a function of
frequency, is also important electrochemical technique used to study the electrochemical

system.

1.4.1 Cyclic Voltammetry

Cyclic voltammetry is the most widely employed methodology in the field of voltammetry to
study electrode kinetics and investigate the chemical reactivity of species. In cyclic
voltammetry, the potential of a working electrode is ramped linearly versus time. In
comparison with linear sweep voltammetry (LSV), where a fixed potential range is employed,
the voltage is scanned from a lower limit to an upper limit and not going back. The slope in
the waveform is called scan rate, v, which can be positive or negative according to oxidation
or reduction processes. Following the International Union of Pure and Applied Chemistry

(IUPAC) convention, potential in cyclic voltammetry is plotted from low to high. However, the
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US convention plots the potential from high to low. In a cyclic voltammetry experiment, the
current flowing through the working electrode is recorded as a function of the applied

potential. The voltammogram is plotted using current versus potential.

1.4.1.1 Initial Condition and Boundary Condition

Cyclic voltammetry typically but not necessarily start at current i = 0. i = 0 means there’s no
reaction. When t = 0, the concentration of the redox species in the electrochemical cell is
the same everywhere, which is the initial condition, and is expressed mathematically as
shown below, where the C is the concentration of the redox species and x is the distance

from the working electrode.

At t =0,

Creo = Creoo 1.20

Catix = Cx=oo 1.21

When t > 0, the reaction is either kinetic limited or diffusion limited. Mathematically the

boundary condition is expressed as follows:

At t > 0,

Coco= 0 1.22
Cravite < Cx=w 1.23
Cx>\/2Dt = Cx=co 1.24

Where V2Dt is the diffusion layer and D is the diffusion coefficient of the redox species.
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1.4.1.2  Why There Are Peaks

For a redox species, a typical cyclic voltammogram is a duck-shaped curve in its redox window,
as shown in Figure 1-9 (a). The concentration profiles at the electrode and electrolyte
interface are helpful to understand the voltammogram of cyclic voltammetry. Take

ferrocenium for example (Cp=cyclopentadienyl, CsHs):

[Fe(Cp),]" + et = Fe(Cp), 1.25

Fe(Cp), can be abbreviated as Fc, therefore the reaction can be rewritten as:

[Fc]"+ et = Fc 1.26

Fc*+e — Fc A
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Figure 1-9 (a) Voltammogram of the reversible reduction of a 1 mM [Fc]*solution to [Fc],
at a scan rate of 100 mV/s. (b) Concentration profile of [Fc]™ (blue line) and [Fc] (green
line).11* Adapted with permission from reference!!#. Copyright © 2022 American Chemical

Society.

In Figure 1-9 (a), current start at 0 A, which we discussed in initial condition. It shows that at
t = 0 s, concentration of Fc* is the same as in the solution everywhere. Att > 0 s, current
rises as the voltage swept from its initial value and the equilibrium position keeps shifting.
Please note in Figure 1-9 (a) the current is plotted with potential from high to low, that is, US

convention.
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Concentration of Fc* at the surface of the electrode decreases as Fc* (reactant) at the
working electrode surface are reduced to Fc (product) and this local concentration
difference drives Fc™ in bulk solution diffuse towards the electrode surface. More reactants
are being converted into product at the surface of the electrode until at some point the
diffusion layer has grown sufficiently above the electrode so that the flux of reactant to the
electrode is not fast enough to satisfy that required by the Nernst equation, a peak occurs. At
the peak, concentration of the reactant at the electrode surface becomes zero as all Fc™
arrives at the working electrode surface are immediately converted to Fc. As shown at point
Cin Figure 1-9 (a) and (b).!'®> Before point C, the current is controlled by the electron transfer
kinetics, after point C, the current is controlled by diffusion as diffusion is the slowest step
after the peak. Electrochemical experiments simply reflect the rate of the slowest step in the
process and provides information. After the peak, current keeps dropping because the

increasing diffusion layer provides less and less reactant to the electrode surface. Diffusion

layer, also called the Nernst diffusion layer, is characterized by § = \V2Dt, where D is
diffusion coefficient of the redox species, and it is a constant. So, the diffusion layer thickness
6 is only related to the time of reaction. After point D, the same process happens again but
with the reactant and product changing roles. Electrode starts to draw electrons from Fc in
the liquid towards itself and causing oxidation. Again, the oxidation peak occurs at point F,
with the same reason as the reduction peak. The decreasing amount of Fc in front of the
electrode, which also results in a lack of electrons, until eventually no electrons are left to
draw close. The curve is at its highest point. And then current is controlled by diffusion. The
oxidation peak and reduction peak are separated due to the diffusion of the analyte to and
from the electrode.''* For adsorbed species, there’s no diffusion, so in theory there’s no peak-

to-peak separation.

For a reversible case (see section 1.4.1.6), if the scan rate is increased, current will also
increase because faster scan rates lead to a decrease in the size of the diffusion layer and thus
leading to higher currents. Although the peak current is increased by faster scan rate, peak
position should not shift, which is a characteristic of that specific redox species’ electrode
reactions. In practice, the peak position would have changed slightly because of Ohmic drop

for diffusion species.



Page | 64

1.4.1.3  Ohmic Drop

Ohmic drop is mainly produced due to the resistance of electrolyte solution. However, there
are other reasons that can contribute to the uncompensated resistance, which in turn can

result in Ohmic drop. These reasons are shown in the list below.

1. Low electrolyte solution conductivity.

2. Poor electrode conductivity.

3. High electrode contact resistance (corrosion or insulating film on the electrode
surface).

4. Blocked reference electrode frit.113

This resistance between the reference electrode and the working electrode is not
compensated by the potentiostat. The Ohmic drop primarily affects the shape and magnitude
of the current response during the cyclic voltammetry scan. It can lead to changes in the
current baseline and affect the observed current values. Practical ways of reducing Ohmic

drop include:

1. Decreasing resistance of the electrolyte solution by increasing the electrolyte
concentrations.

2. Decreasing the distance between working electrode and reference electrode to
reduce the uncompensated resistance.

3. Using slow scan rates.

114

4. Diminishing current by reducing the size of the working electrode.

5. Reducing analyte concentration to reduce the current.'?3

By analyzing the variation of peak position as a function of scan rate it is possible to gain an
estimate for the electron transfer rate constants. This leads to the important relationship

between peak current and scan rate that is described by Randles-Sev¢ik equation.

1.4.1.4  Randles-Sevcik Equation

In reversible cyclic voltammetry, the peak current is featured by Randles-Sevcik equation. For

diffusion-controlled species, the peak current i, is:
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nFvD

) = 0.4436nFAC 1.27
ip n RT
While for adsorbed species, the peak current i, is:
n?F?
| = AT* 1.28
= R

n is the number of electrons transferred in the reaction or half-reaction.
F is the Faraday constant, 96485 C mol™1.

R is the universal gas constant, 8.314 JK~1mol™!.

T is the temperature in Kelvin, K.

A is the effective area of the working electrode, m?. In many cases can be in cm?.

C is the concentration of the redox species, mol m~3 or mol cm™3.

D is the diffusion coefficient, m?s~1 or cm?s~1.

'* is the surface coverage of the adsorbed species, mol m~2 or mol cm™2.

vis scanrate, inV/s.

Faster scan rates lead to a decrease in the size of the diffusion layer; as a consequence, higher
currents are observed. In a potential controlled measurement, when the scan rate is fast, thin-

layer effect is dominant; when the scan rate is slow, diffusion is dominant.

1.4.1.5 Double Layer Capacitance Calculation Method

In cyclic voltammetry from background electrolyte, the double layer capacitance can be

calculated from the hysteresis:



Therefore, the double layer capacitance can be estimated as:

Q is charge, in C.

C is capacitance, in F.

U is voltage, inV.

tis time, in s.

visscanrate,inV/s.

I is current, in A.
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1.29

1.30

1.31

1.32

1.33

The double layer capacitance, as shown in equation 1.33, is independent of potential. It

should be noted that equation 1.33 provides an approximation that is often convenient and

practical to use. The more precise double layer capacitance can be measured by

electrochemical impedance spectroscopy (section 1.4.5) by analyzing the Nyquist plot. The
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double layer capacitance is primarily influenced by two factors: the surface area of the

electrode and the properties of the electrolyte solution.

1.4.1.6 Criteria for Judging Electrochemical Reversibility

Reversibility characterizes the electron transfer kinetics between the electrode and the
analyte, where we can investigate if the Nernstian equilibrium is established at the
heterogeneous interface or not. Standards and rules to judge reversibility by cyclic

voltammetry include peak separation, peak current ratio, and peak width at half height.
1. Peak separation AE),.

The two peaks are separated due to the diffusion of the analyte to and from the
electrode.'** The peak separation reflects the electron transfer kinetics at the

heterogeneous interface.

AEp = Epa — Epc = 2371_ = T mV 1.34

Where:

Ey, is the anodic peak potential, E,, is the cathodic peak potential.

R is the universal gas constant, 8.314 JK 'mol™1.

T is the temperature in Kelvin.

n is the number of electrons transferred in the cell reaction or half-reaction.
F is the Faraday constant, 96485 C mol™?

2. Peak current ratio.

21 1.35

<O

Where iy is the anodic peak current and iy is the cathodic peak current in a cyclic

voltammetry.
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If the peak current ratio deviates very far from the value 1, this means one of the redox
reactions is favored thermodynamically and thus the electrochemical equilibrium is
difficult to establish. The other case that can cause the peak current ratio far from 1 is
the homogenous reaction taking place and this current ratio change will be even more

obvious when increasing the scan rates.

3. Peak width at half height.

Ei =~ —mVlV 1.36

Because the peak in cyclic voltammetry is usually broad, the peak potential might be

difficult to determine. Therefore, the peak width at half height Eiy is introduced to
2

evaluate and analyse peaks.!'2

1.4.2 Square Wave Voltammetry (SWV)

Square Wave Voltammetry (SWV) is a voltammetric technique that is more sensitive than
cyclic voltammetry. In SWV, the waveform is a series of pulses superimposed on a staircase
with the same duration of pulse and staircase. Current is measured in a forward pulse and
reverse pulse (Figure 1-10). SWV data are typically presented as the current difference
between sampled current for the forward (l1 in Figure 1-10) and reverse (l2 in Figure 1-10)
pulses scans, though forward and backward sampled currents can also be useful in isolation.
As with many other electrochemical techniques, direction of measurement can initially sweep
positively (towards an anodic limit) or negatively (toward a cathodic limit). The way in which
the current is measured at each pulse aids in minimizing the measurement of double layer
charging (background) current.}®!7 Typical minimum pulse period for SWV is 0.002 s

(maximum frequency 500 Hz).118
1.4.3 Differential Pulse Voltammetry (DPV)

Differential Pulse Voltammetry (DPV) is also a pulse technique that is designed to minimize
background charging currents from double layer capacitance. The waveform in DPV is similar

to SWV but essentially different, as shown in Figure 1-10. In its digital implementation, the
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linear ramp is approximated with a staircase whose amplitude must be small compared with
the modulating pulse and the underlying potential change can be presumed not to change
during the duration of the pulse. Current is sampled just before the application of the
potential pulse and sampled again at the end of the pulse.’® The potential of the working
electrode is then stepped back by a lesser value than during the forward pulse such that
baseline potential of each pulse is incremented throughout the sequence. Typical pulse
period is between 0.5 s to 5 s and typical pulse width is between 0.005 s to 0.05 s, as shown

in Figure 1-10.112118
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Figure 1-10 SWV waveform and DPV waveform.

As illustrated in Figure 1-10 (a) and (b), the waveforms of the SWV have equal time intervals

for both forward and backward pluses, while DPV does not. That’s why, in practice, the pulse
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parameter can be set using frequency for SWV while for DPV three parameters are needed:

Pulse Width (seconds), Sample Width (seconds) and Pulse Period (seconds), as shown in Table

1-9.

Table 1-9 Comparison of parameter difference between DPV and SWV in a practical

measurement.

DPV SWv

Initial E (V) Initial E(V)
Final E(V) Final E(V)
Increment E(V) Increment E(V)

Amplitude (V)

Amplitude (V)

Pulse Width (seconds)

Sample Width (seconds)

Pulse Period (seconds)

Frequency (Hz)

Difference between SWV and DPV:

1. Data process methods are different.

2. DPV typically takes longer than SWV.

3. Difference in potential waveform: SWV uses a continuous linear ramp with

superimposed square wave pulses, whereas DPV uses discrete potential pulses with a

reset between each pulse. This difference in potential waveform shapes results in

different sensitivities and advantages for each technique in terms of peak resolution,

sensitivity, and selectivity in electrochemical measurements.
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Common features between SWV and DPV:

1. Both are designed to minimize the background charging current.
2. Capacitive charging current and immobilized species induced current both decay as a
function of time. But the time constant of decaying for the two distinct processes

varies. Which helps to study the immobilized species.

1.4.4 Chronoamperometry/Chronocoulometry

Chronoamperometry is an electrochemical technique in which the potential waveform is
stepped, usually from a region where no electrode reaction occurs to one where the reaction
is diffusion limited. The resulting current consists of both Faradaic current and capacitive
charging current. In general, the time constant associated with the decay of the double layer
capacitance is relatively fast, typically on the order of microseconds to milliseconds. This time
constant represents the charging or discharging of the double layer capacitance due to the
movement of ions at the electrode-electrolyte interface. On the other hand, the timescale of
faradaic processes, such as electrochemical reactions involving the transfer of charge and
redox reactions, can vary significantly. Faradaic processes often exhibit slower kinetics
compared to the charging or discharging of the double layer capacitance. The timescale for
faradaic processes can range from milliseconds to seconds or even longer, depending on

factors like reaction rates, electrode kinetics, and diffusion limitations.'?

The capacitive charging current decays exponentially with time, The Faradaic process

occurring at the working electrode is monitored as a function of time and decays as t% for
freely diffusing species. For adsorbed species, faradaic current decays as e *t. When a
constant potential is applied to the working electrode with respect to the reference electrode.
The current produced on the surface of the working electrode from amperometry is
proportional to the concentration of the analyte present in the solution. As illustrated in

Cottrell equation (1.37).
1.4.4.1 Cottrell Equation

In a controlled potential experiment, the change in electric current with respect to time is

expressed mathematically as follows:
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FAC?./D;
i = MAY NG 1.37
Vit

Equation 1.37 is known as Cottrell equation. For a simple redox event, the measured current
is contingent on the speed at which the analyte undergoes diffusion towards the electrode.
Consequently, this current is referred to as "diffusion-controlled". The integrated Cottrell
expression represents the charge from diffusion process. Together with double layer charge
Qg (integrated from charging current) and surface-bound redox species charge nFAT”"
(integrated from faradaic current), the overall charge from a chronoamperometry/

chronocoulometry test is expressed as per equation 1.38.120

_ 2nFAG/D;

LVt + + nFAT* 1.38
7 Qi

n is the number of electrons transferred in the reaction or half-reaction.

F is the Faraday constant, 96485 C mol™?!

A is the effective area of the working electrode, m?. In many cases can be in cm?.

(section1.5.5)

co -3

; is the initial concentration of the redox species j, mol m~3 or mol cm

-1

D; is the diffusion coefficient of the redox species j, m*s~* or cm?s

I'* is the surface coverage of the adsorbed species, mol m~2 or mol cm™2.

Q4; is the double layer capacitive charge, C.

1.4.5 Electron Impedance Spectroscopy (EIS)

In electrochemistry, electrochemical impedance spectroscopy (EIS) characterizes the time
response of electrochemical systems using low amplitude alternating current (AC) voltages

over a range of frequencies. It is often used to understand the processes that occur at the
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interface of an electrode. EIS uses redox mediators (usually ferricyanide and ferrocyanide) to
indirectly identify the capture of a specific target analyte on the functionalized working
electrode. Upon capture of the target analyte, the available surface area for the redox
mediator reduces, which in turn results in a decrease of the electrochemical current or an
increase of the interface resistance.3® EIS can be used to provide information about film
thickness, conductivity, reaction at the interface and the impedance of the electrode surface.
EIS can also be used to estimate physical parameters such as surface roughness and porosity.
The electrochemical cell can be simulated as a Randles circuit, as shown in Figure 1-11. Charge
transfer resistance R, is dependent on the ease of electron transfer of a redox analyte; the

higher R.; the slower the electron transfer kinetics.!!3

Cd\
| |
I
RS
— 3 —
Rct ZW
1 \W‘

C,,= Double layer capacitance
R, = Resistance of the electrolyte solution
R..= Charge transfer resistance

Z = Warburg impedance (diffusional resistance element)

Figure 1-11 Randles circuit.

The non-linear nature of the electrochemical systems makes the stimulation signal limited to
a small region. When performing an EIS measurement, by applying a small periodic voltage
(typically 5-10 mV*?¥7123) or current at several frequencies, a small current or voltage can be

detected as response. The stimulation is voltage in most cases.
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For resistors, the impedance is a real number, but capacitors have both real and imaginary
part in its impedance. The EIS result can be organized as Bode Plot and Nyquist Plot. Bode
plot is actually two plots in one. The x axis is a logarithmic scale of the frequency lg f and
one ordinate is the logarithmic of the impedance lg Z while the second ordinate is the phase
shift @. The advantage of this plot is that all information is included. For Nyquist Plot, the
negative imaginary impedance - Z” is plotted versus the real part of the impedance Z’. The

choice between Bode Plot and Nyquist Plot depends on the specific goal of the measurement.

1.4.6 Summary

Cyclic voltammetry, pulsed voltammetry, chronoamperometry or chronocoulometry, and
electrochemical impedance spectroscopy are all electrochemical techniques that can provide

different types of information about the studied electrochemical systems.

Cyclic voltammetry provides information about the redox behavior, reversibility, and kinetics
of electrochemical reactions. Cyclic voltammetry is useful for studying redox processes,
determining redox potentials, identifying electrode processes, and investigating
electrochemical mechanisms. It can also provide insights into the diffusion and transport

properties of species in solution.

Pulsed voltammetry, including SWV and DPV, both are designed to minimize the background
charging current. For practical analysis, SWV is commonly regarded as the preferred pulse
method in electrochemical studies due to its several advantages: SWV offers effective
background suppression, comparable to that of DPV; SWV exhibits slightly higher sensitivity
than DPV (DPV is sometimes more sensitive than SWV depending on the type of analyte to be
investigated and the medium of study, moreover, the sensitivity of SWV is most of the time
better than that of DPV especially in the reversible or quasi-reversible systems);112124
significantly faster scan times; and wider applicability to a diverse range of electrode materials
and systems. However, DPV offers advantages over SWV in certain aspects. DPV provides
better peak separation, making it suitable for complex systems with overlapping peaks. It is
commonly used for quantitative analysis due to accurate peak current measurements. DPV is
well-suited for studying irreversible processes and offers slightly lower background currents.
It is also simpler to implement and analyse.'!? The selection between DPV and SWV depends

on specific experimental requirements and research objectives.
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Chronoamperometry and chronocoulometry are similar techniques with the main difference
being the mathematical integration of the current signal in chronocoulometry to determine
the accumulated charge. Chronoamperometry is often used for studying electrode kinetics,

determining rate constants, and investigating diffusion-controlled processes.

EIS provides information about the electrical properties and behavior of the electrochemical
system, such as double layer capacitance, charge transfer resistance, and diffusion processes.
EIS is widely used for characterizing electrode surfaces, studying interfacial phenomena,
determining kinetic parameters, and assessing the impedance response of various

electrochemical systems.

1.5 Aims and Objectives

The overarching aim of this thesis is to develop and validate innovative, user-friendly, and
cost-effective electrochemical sensing platforms for the detection of circulating cell-free
nucleic acid biomarkers. Each experimental chapter (Chapters 2-4) focuses on the design,
engineering, and technical evaluation of a unique platform technology specifically developed

for the electrochemical nucleic acid sensor.

The thesis encompasses three main objectives, as follows:

1. Investigation and comparison of probe immobilization methods for various

electrode materials, such as carbon, graphene, and gold (Chapter 2).

2. Study of the hybridization efficiency of the capture probe immobilized onto the

electrode (Chapter 3).

3. Design, validation, and comparison of sensing strategies based on the platform

established in Chapter 2 (Chapter 4).

The structure mapping of this thesis is shown in Figure 1-12.
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Figure 1-12 Structure mapping of the experimental chapters.
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2 Electrode Functionalisation Strategies: How to Best
Immobilize Oligonucleotide Capture Probes

Part of this chapter has been published in the following manuscript:

Xiaotong Meng, Danny O'Hare, Sylvain Ladame, “Surface immobilization strategies for the
development of electrochemical nucleic acid sensors.” Biosensors and Bioelectronics, Volume

237,2023, 115440, https://doi.org/10.1016/j.bios.2023.115440.

Part of this chapter is due to be published in the following manuscripts:

(Manuscript in preparation) Immobilization Strategies for DNA Sensor on Screen-printed

Carbon Electrode.

(Manuscript in preparation) On-chip Electrochemical Sensing Platform of miRNA Biomarkers

for Early Detection of Prostate Cancer.


https://doi.org/10.1016/j.bios.2023.115440
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One of the most typical approaches for electrochemical detection of nucleic acids involves
the efficient and sequence-specific capturing of these DNA or RNA targets onto the electrode
surface. This is most commonly achieved by the use of oligonucleotides (or oligonucleotide
analogues) chemically immobilized (or physically adsorbed) onto the electrode surface and
acting here as hybridization or capture probes. In this thesis, capture probes were designed
that were based on a Peptide Nucleic Acid (or PNA) backbone and various strategies were
investigated to successfully immobilize PNA probes onto various electrode materials. In this
chapter, the advantages of using PNAs rather than DNA as capture probes will be discussed
and an overview of the different chemistries available to immobilize them onto electrodes
will also be introduced. Finally, different chemistries were tested to immobilize PNAs onto
carbon-based and metal-based electrodes and the results from these experiments are

presented and discussed in the sections below.

2.1 Introduction of PNAs

PNA is a synthetic pseudo-peptide oligomer analogous to DNA or RNA,'% with initial
applications of gene-targeting antisense drug that inhibiting gene expression inside cells.?26~
128 |In this work, miRNA and its corresponding DNA sequence serve as the target biomarkers.
PNA was chosen as the capture and sensing probe to hybridize with the target miRNA or DNA.
The neutral nature of the PNA backbone enhances its affinity towards RNA, surpassing that
of DNA or RNA themselves. Moreover, PNA demonstrates increased sensitivity to mutations,

a critical factor to consider given the high similarity among miRNA sequences.

2.1.1 Structures of DNA, RNA and PNA

Compared with DNA and RNA, in the structure of PNA, the sugar-phosphate backbone has
been replaced with an achiral polyamide backbone composed of repeating N-(2-
aminoethyl)glycine units, as shown in Figure 2-1. The nucleobases in PNA are linked to the
polyamide backbone via methylene carbonyl linkages. The N-(2-aminoethyl) glycine backbone
of PNA contributes to its high thermal stability and resistance to enzymatic degradation.
Unlike RNA, which contains a hydroxyl (-OH) group on the nucleoside sugar, DNA and PNA
exhibit greater stability despite the structural similarities between DNA and RNA.12°7133 The

stability order for nucleic acids is PNA > DNA > RNA (Table 2-1).
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Figure 2-1 Structure of DNA, RNA and PNA.

PNAs can hybridize via Watson-Crick base-pairing with complementary DNA or RNA because
their configuration and intermolecular distances are similar to that of natural nucleic
acids.'?>133 PNAs can form both parallel and antiparallel duplexes, in contrast to the anti-

parallel strand formation in the natural nucleic acids DNA and RNA.133

PNA itself can be engineered for different applications. The nucleobase monomers can be
designed and synthesized for specific purposes.'®* For example, high-performance
pyrrolidinyl peptide nucleic acid (also known as acpcPNA) have a stronger binding affinity

toward complementary DNA compared to conventional DNA and PNA probes.!3>

2.1.2 Properties of DNA, RNA and PNA

PNAs are widely used in research because they can hybridize to complementary DNA or RNA

oligonucleotides with greater affinity and specificity than standard oligonucleotides. 129131136

Schwarz determined the binding constants (Ky) for PNA/DNA and DNA/DNA hybridization
reactions using isothermal titration calorimetry. Ky for PNA(TT)/DNA is 1.8 x 10® M~* and Kp
for DNA(TT)/DNA is 0.37 x 10®° M. K, for PNA(AG)/DNA is 28.3 x 10° M~ and Ky for
DNA(AG)/DNA is 11.7 x 10° M. The higher the binding constant, the stronger the
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interaction.'® This is due to the neutral charge of the PNA backbone, in contrast to the
negative backbone of DNA and RNA, which can lead to electrostatic repulsion between the
two strands. Also, PNA/DNA duplexes can be easily formed at low ionic strength conditions
because they have higher thermal stability.32 In addition to the greater chemical stability
conferred by the PNA backbone, its synthetic nature also allows for easier production and
functionalization compared to traditional oligonucleotides. Detailed properties comparison

among PNA, DNA and RNA is shown in Table 2-1.

Table 2-1 Property comparison of PNA, DNA and RNA.

PNA DNA RNA References
pH Wide range 5-9 4-5 138-140

Charge Neutral Negative Negative 125,126,133
Aqueous Low solubility Soluble Soluble 11
solubility
Mismatch PNA-DNA > DNA-DNA 142
sensitivity

Melting PNA-DNA > DNA-DNA 136,139,143

temperature
Stability PNA > DNA > RNA 129-133
2121 pH

In terms of pH, DNA has both acidic and alkaline components. It consists of an acidic
phosphate group, an alkaline nitrogenous base, and a sugar group. However, because the
nitrogenous bases of DNA are oriented inward on the ladder and the sugar-phosphate

backbones of each chain is on the outside, the acidic components of the molecule dominate.
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While the exact pH value of DNA is not explicitly reported anywhere, there is substantial
evidence to support that the DNA duplex is quite stable from pH 5 to 9. If the pH becomes to
acidic or alkaline, DNA molecules are susceptible to DNA melting, depurination and
denaturation.’® Montazersaheb et al. prone that at acidic pH (pH 4.5~6.5), DNA started to
depurinate while PNA showed excellent stability.’>® RNA is most stable at pH 4-5 and is

unstable at alkaline pH.'°

2.1.2.2  Stability

The stability order for nucleic acid is PNA>DNA>RNA. The N-(2-aminoethyl) glycine backbone
of PNA contributed to its outstanding stability. PNA not only exhibits high thermal stability,
but also is resistant to enzymatic degradation. The -OH group on the RNA nucleoside sugar is
the reason why RNA is less stable than DNA despite the highly similarity of DNA and RNA

structure.129-133

2.1.2.3  Solubility

DNA and RNA, as essential biomolecules, exhibit nice aqueous solubility. The artificial PNA
molecules, on the other hand, have poor solubility in aqueous solutions. This is because PNAs
are charge-neutral compounds. Neutral PNA molecules have a tendency to aggregate, a
phenomenon dependent on the sequence and length of the PNA oligomer. PNA solubility is
also related to the length of the oligomer and purine: pyrimidine ratio.'*! Generally, the
solubility of PNAs decreases as the polymer length. To improve the solubility, some strategies
have been developed including terminal modification with charged amino acids such as L-
lysine, arginine as well as modification of aminoethyl glycine backbone. L-lysine and arginine
can increase the solubility of PNA, but it brings positive charge to PNA, which can cause non-
specific binding between negatively charged DNA or RNA and PNA. It is important to find the
trade-off balance between solubility and influence of positive charge for specific research or

application.
2.1.2.4 Charge

DNA and RNA are negatively charged because of the phosphate backbone while PNA is overall
neutral in charge. Therefore, PNA can hybridize with DNA not only with less repulsion but also
with higher stability. That’s why PNA is preferred in many applications than DNA and RNA if

replaceable. PNA sequence design can influence the charge transfer constant on an
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electrode.'* On the other hand, charge property of DNA can be modified by lowering pH to
protonate adenine and cytosine 14>7147 or forming covalent bonding between metal ions and
nucleobases, including Hg?* and thymine, Ag™ and cytosine, Au®* and adenine or

cytosine.}#®

2.1.2.5 Melting temperature

The duplex melting temperature is a threshold where the hydrogen bonds between
nucleobases start to break.** PNAs have higher thermal melting temperature compared to
corresponding DNA-DNA or DNA-RNA duplexes. The melting temperature can vary
depending on the specific DNA and PNA sequences, experimental conditions, and the
measurement techniques used. But generally melting temperature of a PNA-DNA duplex for
per base pair is 1° C higher than DNA-DNA duplex.'3? In another specific study, Wang et al.
found the melting temperature of a normal dA10-dT10 DNA hybrid is 23°C while the melting
temperature of a similar dA10-dT10 DNA/PNA hybrid is 86°C.13®

2.2 Surface Functionalization Strategies

A schematic representation of a typical electrochemical nucleic acid biosensor and the key
steps to prepare it are shown in Figure 2-2. The surface functionalization of the working
electrode is typically the first and crucial step in sensor development for nucleic acid
electrochemical sensors, because the success and reliability of subsequent steps heavily rely
on the robustness of this initial surface functionalization. The process involves chemical or
physical functionalisation of conductive materials or electrodes with sequence-specific
hybridization probes made of standard oligonucleotides (DNA or RNA) or synthetic analogues
(PNA). The robustness of such sensors is mostly influenced by the ability to control the density
and orientation of the probe at the surface of the electrode, making the chemistry used for
this immobilisation a key parameter. The selection of an appropriate immobilization
technique is one of the key aspects of sensor preparation by ensuring effective capture of the
analyte of interest whilst preventing nonspecific binding of non-target analytes, including

other nucleic acids with different primary sequences and/or structures.*®
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Figure 2-2 Schematic representation of the main key steps to produce an electrochemical

nucleic acid biosensor working electrode.*>®

A good electrode needs to meet two important criteria: being conductive and being inert
enough so that they do not participate in any chemical reactions. The solvent window which
is used to describe the region where they don’t react also differs from different electrode
materials. The most widely used and studied electrode materials are gold and carbon. Silicon-
related materials and indium tin oxide (ITO) are also popular due to their comparatively high
conductivity and cost-effectiveness. Polymers, hydrogels, nanoparticles and two-dimensional
materials are commonly used to modify electrode materials like glassy carbon or gold for the
purpose of introducing more surface area or new functional groups. As shown in Figure 2-3,
whilst some surface immobilization strategies can be universally applied to any electrode
regardless of the material (double arrows in Figure 2-3), most methods are highly material-

specific (single arrows in Figure 2-3).1°
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Based on the nature of the transduction platform and that of the probe to be attached,
immobilization can be either physical or chemical. The former includes physical adsorption,>!
electrostatic interaction,'>?>*>* physical entrapment,’>>%® hydrophilic and hydrophobic
interactions.'® Chemical immobilization strategies include covalent bonding,**®1>° covalent

160 and affinity binding.'®' Physical immobilization processes are generally

cross-linking
simpler and faster than chemical immobilization, but they often result in functionalized
surfaces being less robust and less stable. In contrast, chemical immobilizations are more
complex (often being a multistep process) but typically result in functionalized surfaces
exhibiting stronger resistance to environment changes. Overall, a successful immobilization
strategy will generate, in a highly reproducible fashion, functionalized surfaces that are stable

for at least six months, a commonly accepted threshold for nucleic acid biosensors with

commercial applications.%*
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Figure 2-3 Physical and chemical immobilization strategies depending on electrode

materials.10

2.2.1 Immobilization on Gold Electrode

Gold is by far the most extensively studied metal electrode material, with formation of a self-
assembled monolayer (SAM) using thiolated molecules the most widely used immobilization

strategy.®2716> For gold electrode, other successful strategies include the use of poly adenine
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166-168

(polyA) motifs as anchoring tags or physical immobilization through electrostatic

adsorption and hydrophobic interactions.*>’
2.2.1.1 Gold-thiol Self-assembled Monolayer

Direct immobilization of thiol-functionalized DNA or PNA probes is one of the most important
strategies for functionalizing gold electrodes!*>'®° because the formation of gold-thiol SAM is
a spontaneous reaction.'®? A typical procedure for this process is illustrated in Figure 2-4(a).
Reaction with thiol derivatives enable the introduction of a vast range of functional groups
(Figure 2-4 (B)) onto otherwise chemically inert gold surfaces for follow-up immobilization via
alternative biocompatible and biorthogonal chemistries including carbodiimide-mediated
peptide coupling or click chemistry.'’? Gold-thiol bonds can remain stable in the presence of
extremely large electric field at the electrode interface, and the immobilized probe can be

171

reused for subsequent hybridization reactions without loss of efficiency,'’* which suits well

with electrochemical interrogations of the proposed sensor.

The chemistry of thiol on gold self-assembly is often followed by electrode surface passivation
via insertion of short-chain alkyl thiols within the SAM'’2 in order to improve the stability of
the sensor. The spontaneous self-assembly of w-hydroxy thiols from aqueous solution on Au
electrodes produces blocking monolayers which decrease electron transfer rates at the

interface.
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(a) Direct immobilization of thiolated nucleic acid probe {(b) Thiol derivatives immobilization for further treatment
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Figure 2-4 Self-assembled monolayer with (a) thiolated nucleic acids and (b) thiol derivatives

for further functionalization.®¢

2.2.1.2  PolyA anchoring

Non-covalent functionalization of gold surfaces with oligonucleotides is also possible via
direct interactions between gold and the nitrogen atoms of nucleobases. With purines
(adenine and guanine) exhibiting stronger chemisorption properties on gold than pyrimidines
(cytosine and thymine), poly adenine (PolyA) tails are most commonly used for effective
immobilization via synergistic binding. This is because PolyA chemisorbs on the gold surface
with most robustness. For example, Demers and colleagues showed that polyT chemisorbs
much weakly than polyA on both gold thin films and gold nanoparticle substrates.6”.173 PolyA
chemisorbing provides an effective anchoring site with an upright conformation which favors
downstream analyte capturing through hybridization. Zhu et al. found that lateral spacing and
surface density of DNA on gold surface can be systematically modulated by adjusting the
length of the polyA block, with increasing polyA length leading to enhanced stability of the
surface-bound DNA duplex.®® This strategy was successfully applied to the capture of
messenger RNAs (mRNAs) as well as for the functionalization of gold with DNA aptamers that
contained a nine adenine 5’-end tail.1’* However, it is noteworthy that high chemisorption

between purines and gold can also compete with sequence-specific hybridization, thus
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leading to high levels of non-specific off-target binding. Demers et al. used temperature
programmed desorption and reflection absorption Fourier-transform infrared spectroscopy,
the strength of a covalent gold-thiol bond is stronger than that of a nucleobase chemisorbed
onto gold,®” as shown in Table 2-2. However, this can change when multiple nucleobases (or
multiple thiols) are involved, which can lead to polyA chemisorption competing with Au-S

covalent bonding.168

Table 2-2 Bond strength of typical immobilization methods on metal.**°

Binding strength (kJ/mol) References

Thymine-Au 111
Cytosine-Au 128
Adenine-Au 131 167,175
Guanine-Au 146
167
209 163
Thiol-Au 126 176
188 177
253.6114.6
178
Thiol-Ag 216.7+14.6

2.2.1.3 Challenges and Solutions

A critical limitation of electrochemical sensors built on gold electrodes is their lack of

monolayer stability over time caused by the weakness of the Au-S bond.?”®>* With a binding
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energy of 126-253 kJ/mol according to different studies,'®317>-178 the Au-S bond is significantly
weaker than the average covalent bond binding energy in the range of 200 to 800 kJ/mol,8!
as shown in Table 2-2. In most cases, the formation of a SAM is disrupted or weakened by
reduction effect of thiols and further weakening effect of the self-assembled thiols on the Au-

Au interactions,® thus losing some of the energetic gain from multiple Au-S bonds.%

Reductive desorption of alkanethiol with different terminal groups was investigated by
Munakata et al.*®2 For —OH terminated thiols and —CH; terminated thiols, the kinetics of the
desorption reaction initiated by the proton permeation is mainly determined not by the
blocking effect of intermediate alkyl groups but by that of the w-terminal group. For the
—COOH terminated and —NH, terminated thiols, the intermolecular transfer of H* is

slightly influenced by the blocking effect of the intermediate alkyl chains.

In order to enhance the stability of thiol SAM, different factors have been investigated.®*
Surface cleanliness, pH*®3 and solvent!®® have been shown to play important roles in
enhancing the stability of thiol SAM on gold electrodes. The choice of thiolated ligand is also
important, multidentate di- or tri-thiols were shown to provide enhanced stability.184-18¢
Multidentate interactions not only increase the number of Au-S bonds but also increase
binding energy due to the chelate effect.!’? The self-assembly process of dithiols is considered
to take place following a pathway similar to that of monothiols, in which a disulfide bond is
reduced, forming two Au-S surface bonds.'®® Compared with monothiols, dithiols are

reported to have shorter deposition times!®* from as little as 30 min although there is no

consensus on methodologies.

Phares et al. demonstrated that DNA sensors anchored with a flexible tri-thiol on gold
electrode exhibited enhanced stability, retaining 75% of their original signal after 50 days
storage in buffer.1® In contrast, sensors fabricated using a rigid monothiol anchor retained
only 35-40% of the original signal. After 50 scans of alternating current voltammetry, sensors
using DNA immobilized via tri-thiols retained 94% of their original signal while sensors using
monothiols only retained only 75%. Despite the merits of using multi-dentate thiols compared

with monothiol, their broader use is hampered by synthetic challenges.8
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Hydrophobic thiols have long been known to impart higher monolayer packing density
compared to hydrophilic thiols. However, this strategy can only be applied in buffered
solutions, as deployment of the hydrophobic surface in biological fluids can lead to immediate

fouling and loss of sensor signal.l”?

2.2.2 Immobilization on Carbon Electrode

Carbon is another commonly used electrode material with high versatility and easily tuneable
physical and chemical properties.l’%18” Carbon materials have significantly more complex
surface chemistry than metals, at least in part because carbon can form a wider variety of
chemical bonds. As shown in Figure 2-5, commonly used carbon materials such as glassy
carbon have a wider working potential window compared with metal electrodes such as gold
and platinum.'®-19 However, the practical utility of the wider potential window will depend
on specific target electrochemistry. Solvent oxidation and reduction potentials also
contribute to the anodic and cathodic potential limits and are largely electrocatalytic in nature.
The desired electrochemistry may also be shifted to more extreme potentials, as is found with
boron-doped diamond for example. Different carbon structures will affect electrodes’
properties and performance. Glassy carbon, boron doped diamond, graphite and carbon
paste are all conductive enough to work as electrodes. Graphene and carbon nanotubes are
special cases, being two-dimensional (2D) materials. Carbon surfaces are prone to react with
oxygen and water. The thermodynamic stability of carbon-oxygen bonds makes most carbon

material susceptible to oxidation processes, such as treatment with oxygen plasma.

Potential (V vs. SCE)
0
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Figure 2-5 Potential window of glassy carbon and metal electrodes.*>°
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Due to structural and processing difference, carbon electrodes can exhibit a broad range of
physical and chemical properties and surface natural functional groups. The most commonly
used carbon electrode material is glassy carbon. Glassy carbon is a pyrolyzed material that
contains mainly sp? hybridized carbon chains. The structure of glassy carbon is generally
presented as randomly intertwined ribbons of graphitic planes. Glassy carbon can be thought
of as a mixture of graphite and a glassy ceramic. The disordered nature of glassy carbon makes
atomic level structural characterization difficult and the randomness results in significant

uncertainty about the detailed microstructure.®’

Graphite exhibits both metallic and nonmetallic properties.'®! In industry, graphite is typically
made using premium petroleum needle coke, coal tar pitch, and some additives.*®? This
graphite needs further treatment before application as an electrode. Graphite paste
electrodes are made by mixing natural graphite (65-80%), an organic binder such as wax, resin
or a polymer (¥13%) and clay or spindle oil (8-30%).1%3 Graphite reinforcement carbon is used
in pencil lead, which is the same material used as graphite electrode for sensing.'** Pencil
graphite leads used as working electrodes are currently known as pencil graphite electrodes.
Cost effectiveness of pencil graphite electrodes can be reflected by comparing $190 per glassy

carbon electrode with $0.13 for pencil graphite electrode.'®>

Carbon paste electrodes were introduced in 1958 by Ralph Norman Adams.'*® They can be
conveniently modified with various functional molecules.*®” Carbon paste is made of graphite
or other carbon powder mixed with a liquid paste, typically mineral oils or silicone oils 8% and
has a wide anodic potential range (+1.7V vs, saturated calomel electrode (SCE)).**® The biggest
challenge of working with carbon paste electrodes is the lack of a standard for calibration.
Basic electrochemical characteristics for most commercially available solid electrodes from
each manufacturer are comparable, with carbon paste electrode being an exception. Each
carbon paste unit is different from another, where the physical, chemical and electrochemical
properties may differ from one preparation to the other, making calibration with each
individual carbon paste electrode almost impossible. For these reasons, working with carbon

paste electrode is strongly experience-dependent.'®®
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Diamond has a natural unstrained state with an ultrawide electronic bandgap of 5.6 eV,
meaning that it is a strong electrical insulator inside which electrons do not move through
readily.?°° Doping can improve the conductivity of diamond, with boron doped diamond a

common alternative that can reduce the resistivity from 102 Qm to 1~10~* Qm.2!

2.2.2.1  Silanization

Chemical immobilization via silanization is compatible with any electrode surface that can
generate hydroxyl groups.?%? Although silanization is believed to be most efficient with silica
and glass surfaces,?®? it can also be successfully applied to including carbon electrodes.?9429>
Formation of an alkoxysilane polymer on the electrode surface is achieved through —Si —
0 — Si — bond formation.® Typical silanization steps include cleaning, surface activation
and reaction with an alkoxysilane. Surface activation involves generation of hydroxyl (—OH)
groups using KOH solution, oxygen plasma or ozone treatment, either alone or in
combination. A broad range of silanes are now readily available that enable the introduction
of diverse functional groups for attachment of oligonucleotides (or oligonucleotide
analogues), making silanization a popular and versatile functionalization method. In Figure
2-6, APTES was used to functionalize the electrode surface with amine groups available for

further treatment.
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Figure 2-6 Silanization with (3-Aminopropyl)triethoxysilane (APTES).1*°
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2.2.2.2 Carbodiimide Chemistry

Another commonly used approach for functionalizing carbon electrodes is to utilize
carboxylate groups for amide bond formation through carbodiimide coupling chemistry,
taking advantage of the abundant carbon-based functional groups present on the carbon
surface. EDC and NHS coupling chemistry, which gained popularity in the late 1990s,2% is
commonly employed for this purpose. EDC activates the free carboxyl groups, while NHS (or
its water-soluble analogue, sulpho-NHS) reacts with the carboxyl groups, forming a stable
amine-reactive NHS ester intermediate that can be coupled with primary amines under
physiological pH conditions.’® The reaction scheme is illustrated in Figure 2-7. For other
electrode material, with the presence of either carboxylic acid or amine groups, carbodiimide
chemistry can also be applied. A range of chemicals and treatments can be used to introduce
these desired functional groups. For example, KOH and oxygen plasma can be used to

generate hydroxyl, amino and carboxyl-terminated moieties on carbon surfaces.

For PNA specifically, its intrinsic structure contains both amine and carboxylic acid groups, as
depicted in Figure 2-7. This inherent composition makes it convenient to immobilize PNA on

carbon-based electrode substrates.
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Figure 2-7 Carbodiimide (EDC/NHS) coupling chemistry mechanics.

2.2.3 Immobilization on 2D Material

Dimensions and surface areas are two parameters that can greatly influence the performance
of an electrochemical sensor.??” The high density of active surface sites over a large area°

and their ability to form different shapes and sizes with distinct properties?°® make 2D
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materials highly valuable for electrochemical biosensing applications. The high surface-to-
volume ratio of nano-objects makes their electrical properties increasingly susceptible to
external influences??’. The atomic thickness of 2D materials enable high sensitivity as the
nanoscale thinness yields a strong response to surface adsorption events compared with its
bulk material. The unique size-dependent properties of 2D materials can be rationally
manipulated to assemble on top of bulk electrode surfaces to ensure high effective surface
concentration of immobilized bioreceptor, easy electrocatalytic transformation of analytes
and fast electron transfer processes at the sensing interface.?%® 2D materials can be physically

deposited or electrodeposited onto a broad range of substrate electrode.?0:211

Carbon-based nanomaterials including carbon nanotubes, fullerene, graphene, and nano-
diamonds have gained increasing interest owing to their biocompatibility and their unique

structural, mechanical, thermal, and electrical properties.?®®

Other 2D materials such as MoS,, WS,, phosphorene (black phosphorus) or antimonene
(antimony) are also of great interest. MoS, and WS, are typical representatives of transition
metal dichalcogenides. MoS, and WS, with one to three layers, which are considered as 2D
material, are of particular interest because they have direct band gap while the bulk MoS,
and WS, have indirect band gap. 2D MoS, and WS, also exhibit rapid heterogeneous
electron transfer and high density of electronic states. Bulk antimony is typically semi-metal.
But can be transformed into indirect semi-conductors with band gaps of 2.49 and 2.28 eV

when thinned into one atomic layer.2!?

Fortunati et al. reported single-walled carbon nanotubes screen printed electrode for DNA
sensing . In this amperometric genosensor, PNA probes were immobilized on the single
walled carbon nanotubes (SWCNTSs) via carbodiimide chemistry. SWCNTs were selected in this
research because of the native carboxylic acid moieties present on the edges of the nanotubes,
onto which the amine-terminated PNA could be covalently attached. This genosensor was
able to detect trace levels of non-amplified DNA in genetically modified soy DNA with a limit
of detection via DPV of 64 pM and a dynamic linear range between 250 pM to 2.5 nM. Pyrene
was used here as backfillers to prevent non-specific interaction with the electrode substrates,

ultimately improving signal-to-background ratio.
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2.2.4  Avidin-biotin Linking

Avidin, polystreptavidin or neutravidin proteins can bind up to four biotin molecules to form
an avidin-biotin complex with high specificity and strong affinity. The polystreptavidin-biotin
complex is among the strongest known non-covalent interactions between a protein and a
ligand?!3 via multiple hydrogen bonds formation (Ka = 1 x 10'®> M~1). The binding
enthalpy of biotin to polystreptavidin is from -97.9 to -149.85 kJ/mol?'42%® at room
temperature and pH = 7.4. The level of stability of this interaction is almost irreversible and
comparable to that of a covalent bond.*® Moreover, the interaction between biotin and
(strept)avidin is very rapid and specific. Once the (strept)avidin-biotin complex is formed, it is
unaffected by extreme variations in pH, temperature, organic solvents and other denaturing

agents.?’

Whilst it is more common to immobilize (strept)avidin on the electrode surface for capturing
of a biotin-terminated target, the reverse strategy is also possible.?!® Although proteins from
the avidin family can physically adsorb to most electrode surfaces, some pretreatment of the
electrode can improve immobilization efficiency. Like all other physical immobilization
methods, physical adsorption of (strept)avidin can potentially be challenged by multiple rinse
cycles. Covalent immobilization of the protein to the electrode surface provides a more robust
coating and can proceed through either carbodiimide chemistry and amide bond formation?*®

or through glutaraldehyde-mediated crosslinking on glass slides.'#°

2.3 Controlling Probe Density, Orientation and Accessibility

Probe density, orientation and distance from the electrode surface are key parameters that
can strongly influence the sensor performance. Probe density is related to the probe
concentration immobilized and backfilling treatment.'®® Overcrowded surface coverage of
the immobilized probe can lead to steric hindrance.??%-222 Therefore, probe density not only
influences the efficiency of hybridization but also the kinetics of capturing the target

molecule.?23:224

Oligonucleotide immobilization is usually constructed on the basis of a two-step assembly
including probe immobilization and backfilling, or passivation in some cases, as illustrated in
Figure 2-8. Backfilling forms a close-packed film that can passivate the gold surface and reduce

the background signal via disrupting non-specific adsorption. Carefully selected backfilling
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molecules also play an important role for controlling the orientation of the surface-

immobilized probes,??> and facilitating their accessibility.
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Figure 2-8 Orientation control by backfilling.**°

The orientation and density of oligonucleotide probes immobilized on electrode surfaces are
mostly controlled through backfilling,?%® probe nanostructure design??’ or these two methods
combined.??® Alternatively, the orientation of thiolated DNA probes on gold surface can also
be controlled by applying a negative potential at the electrode surface in order to repel the
immobilized oligonucleotide, which is also negatively charged.??>23° However, this method is
limited by the need to change the potential applied on the electrode since the orientation
controlling condition may conflict with sensing requirement. And the orientated probe can be

influenced by high ionic strengths and interactions with the ionic double layer.?3!
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2.3.1 Backfilling for Controlling Probe Density and Orientation

Backfilling of the electrode surface can help control the probe density as well as their spacing.
But backfilling is also a useful way to control the orientation of these probes on the electrode

surface which is key to most sensing applications.?3%232

For the purpose of orientation and density control, the most intensively studied backfilling
strategies are immobilization of mercaptohexanol or other thiol derivatives on gold
electrodes. The orientation, density and regularity of the thiol derivative backfiller coverage

depends on the type of thiols and also on the immobilization process.?3?

2.3.2  Backfilling for Passivation

For the purpose of decreasing non-specific interaction, backfillers can be categorized as
physical blockers and chemical linkers.?33 Physical blockers are usually proteins such as bovine
serum albumin (BSA)?34-238 and casein.?3® Casein works similarly to BSA, but primarily blocks
the enzyme from binding to the functionalized surface.?3° Polyethylene glycol (PEG) SAMs are
extensively used chemical linkers to modify electrodes to prevent aggregation, 2% nonspecific

protein adsorption and to increase hydrophilicity.?*?

On gold electrode, mercaptohexanol or
other thiol derivatives play a significant role in displacing non-specifically adsorbed

probes, 169242

2.3.3 Controlling Probe Orientation and Density with DNA Nanostructures

Probe orientation and density of electrode surfaces can also be controlled by using rigid two-
or three-dimensional nanostructures as linkers between the solid surface and the
oligonucleotide probe. Notable progress in this research area has been achieved by exploring
multiple creative designs including but not limited to tetrameric junction,?*® three-
dimensional cube,?** two-dimensional DNA lattices,?*> DNA triple crossover complex,?*¢ DNA

origami?*” and DNA tetrahedron,?*4-2>1 octahedron.?>?

DNA origami is a promising branch of DNA nanotechnology that involves molecular self-
folding, which relies on the nanoscale folding of a long, single-stranded DNA known as scaffold
into a two-dimensional or three-dimensional shape through hybridization of oligonucleotides

known as staple strands.?>3
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DNA tetrahedrons are pyramidal three-dimensional nanostructures formed by the
complementary pairing of four single-stranded DNA.>*° They are characterized by high
stability, excellent biocompatibility, rich functional modification sites, simplicity of synthesis
and modification.?>® DNA tetrahedrons can be used for DNA immobilization in
electrochemical sensors with controlled probe direction and distance. The surface of the DNA
tetrahedron can be modified with functional groups, which can then be used for the chemical
immobilization on electrodes. Once the DNA tetrahedron is immobilized on the electrode,
single-stranded DNA probes can be attached to the tetrahedron. These probes can then be
used to capture specific target molecules in the sample. The use of tetrahedral DNA as a
capture probe immobilized on electrode offers several advantages for electrochemical
sensors. First, the rigid structure allows for a precise control of probe direction and distance,
thereby avoiding molecular entanglements and improving the sensitivity of electrochemical
sensors. Second, within a certain range, larger DNA tetrahedrons can lead to longer distances
between probes and higher hybridization efficiencies. As a result, DNA tetrahedron enables

controllable steric hindrance.?*>7

DNA nanostructures exhibit stronger nuclease resistance compared with single-stranded DNA
and double-stranded DNA.?°82°° Because of these unique properties, these organized
structures have been successfully used as linkers for controlled immobilization of

oligonucleotides on electrode surfaces.
2.3.4 Surface Coating for Antifouling

Biofouling is the process of nonspecific protein adsorption and/or microbial adsorption on
biomedical materials?®%2%1 which is induced by the strong tendency of proteins that can
physically adsorb onto the surfaces.?®? This is a persistent challenge for any interfaces that
are exposed to complex biological media. Antifouling is effective at both reducing background
interference and maintaining enough target binding ability. Commonly applied strategies for
mitigating or preventing fouling include nanoporous coating,?63264 zwitterionic molecule

treatment,17%265-268 conducting polymer,260,263,268 pEG260,261 3nd hydrogel coating.'’?

Nanoporous coating can effectively stop protein adsorption on the electrode surface if the

size of the pores is appropriately designed.?%32%% Short oligonucleotides can diffuse into pores
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and then hybridize with immobilized capture strands while access of serum protein to the
electrode surface is restricted. Zwitterionic thiols (or other polymers including peptides?%® in
the blocking monolayer can mitigate sensor fouling.?®” But zwitterionic monolayers are still
limited by long-term stability issue. A more ubiquitous method to reduce fouling is through
the deposition of hydrogels or membranes on top of a sensor surface. Hydrogel composition,
extent of crosslinking, and membrane thickness can be customized according to different

demands and hydrogels are stable over longer periods.?®°

Integrating both the recognition elements and the antifouling materials on the same layer is
a commonly used method which however suffers from relatively low target loading due to
limited penetration of biomacromolecules in the highly packed brush film formed by poly-
sulfobetaine and poly-carboxybetaine.?’°=272 |t is difficult for the protein molecules to
penetrate through the brushes due to steric hindrance, and they are most likely conjugated
on the outermost poly-carboxybetaine chains.?’2 Another popular approach involves the
direct grafting of the recognition probes to the antifouling materials which can bring high
target binding, but can also cause large nonspecific adsorption, due to the very loose

polymeric structure.

Self-polymerization of dopamine can form thin, surface-adherent polydopamine films on the
surface of various inorganic and organic materials. This kind of chemistry was first discovered
in mussels, hence given the name of mussels-inspired chemistry.?66273 Cui et al. reported
strategies for preparing low-fouling surfaces on different substrates via this mussel-inspired
immobilisation of zwitterionic peptides.?®> They used polydopamine coatings, zwitterionic
glutamic acid- and lysine-based peptide immobilization on different substrates, including
noble metals, metal oxides, polymers and semiconductors. The peptide-functionalized
surfaces showed resistance to human blood serum adsorption and effectively prevented the

adhesion of gram-negative and gram-positive bacteria as well as mammalian cells.

2.4 Materials

Bulk gold electrodes and bulk glassy carbon electrodes were purchased from CH Instruments,
(USA). Screen-printed carbon electrodes (SPCEs) were purchased from Metrohm (UK). NHS-

functionalized graphene electrodes were purchased from Integrated Graphene LTD (UK).
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Unless stated otherwise, bespoke PNA oligomers were synthesised in-house by standard
manual solid-phase peptide synthesis (SPPS) together with Dr Philip Gillespie, Dr Md Nazmul
Islam and Dr Rob Channon. Biotin-PNA-Aniline-141 was kindly provided by Dr Md Nazmul
Islam. PNA monomers were purchased from Link Technologies (UK). HPLC purified single-
stranded DNA oligonucleotide was purchased from Integrated DNA Technologies (UK). 3-
(trimethoxysilyl)propyl methacrylate was purchased from Sigma Aldrich. Phosphate buffered
saline (PBS, 1X) was purchased from Thermo Fisher Scientific Inc. and used as received.
Polystreptavidin was purchased from BioTeZ Berlin-Buch GmbH (Berlin, Germany). Biotin-
(PEG)6-OH was purchased from PurePEG LLC (San Diego, USA). Unless otherwise noted, all

other reagents as well as chemical and reactive groups were purchased from Sigma Aldrich.

2.4.1 DNA and PNA Oligomers

There are multiple clinically validated miRNAs which are deregulated in the blood of patients
with prostate cancer when compared to healthy controls. They are (not limited to)
miRNA141,87274  miRNA374a,>’>?’®  miRNA375,%7277  miRNA21,22 miRNA221%! and
miRNA20a.2”? In this research, we have used miRNA141 (DNA141) and miRNA374a (DNA374a)
as target sequences for testing (miRNA127, DNA127, miRNA150, DNA150 as controls). In this

chapter specifically, PNA capture probes are complementary to miRNA141(DNA141).

The PNA oligomer and DNA oligonucleotide sequences used in this chapter are presented in
Table 2-3. It is noteworthy that DNA sequences were used throughout as a proxy for miRNAs
due to their greater stability and lower cost (e.g. DNA141 as a proxy for miRNA141). The 7-
mer and 8-mer PNA oligomers were designed that also contained 2 arginine residues for
increased solubility in water and also contained either an aniline or catechol moiety to help
monitor attachment onto electrodes. The sequence of miRNA141 and DNA141 can be found
in Table 2-3. Figure 2-9 illustrates the structures of the PNA capture probes used in this
Chapter. All PNA oligomers were purified by high-performance liquid chromatography (HPLC)
and characterised by matrix-assisted laser desorption/ionization (MALDI). Purified PNAs were
then freeze-dried and stock solutions prepared in deionized water (typically at 1mM),

aliquoted and stored at -20C.
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Table 2-3 Oligomer nomenclature and sequences.

Category Name Sequence
Biotin-PNA-Aniline-141 Cterm-Aniline-CAT TTC T-Arg-Arg-Biotin-Nterm
PNA capture probes
Thiol-PNA-Aniline-141 Cterm-Aniline-CAT TTC TA-Arg-Arg-Thiol-Nterm
Thiol-PNA-Catechol-141 Cterm-Thiol-Arg-Arg-T GTG ACA-Catechol-Nterm
DNA141 5’-TAA CAC TGT CTG GTA AAG ATGG-3’

Complementary

sequence MIRNA141 (hsa-miR-141-3p) | 5-UAA CAC UGU CUG GUA AAG AUGG-3’

(a) Biotin-PNA-Aniline-141; MW=2489.61 g/mol
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(c) Thiol-PNA-Catechol-141; MW=2484.56 g/mol
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Figure 2-9 Representative PNA capture probe structures. (a) Biotin-PNA-Aniline-141. (b)
Thiol-PNA-Aniline-141. (c) Thiol-PNA-Catechol-141.
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2.4.2 PNA Synthesis

PNAs were synthesised by standard manual SPPS using 2-(7-Azabenzotriazol-1-yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate (HATU) as a coupling agent.3%1393 The overall SPPS

strategy is summarised in Figure 2-10.
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Figure 2-10 PNA synthesis schematic diagram.

2.4.2.1  PNA Synthesis Protocol
With the key steps of the protocol followed for PNA synthesis are detailed below:

1. Resin Swelling:
Resin was swelled in dimethylformamide (DMF) for 30 minutes and washed with DMF
for next step monomer coupling.

2. Deprotection:
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If the resin has a Fmoc protection group. Deprotection is needed before coupling with
monomers. Leave the resin in piperidine solution (20% piperidine in NMP) and place
it on a rotator for 20 minutes. Then wash three times with DMF before next step.
Coupling:

e Monomers (thymine, cytosine, adenine, guanine, arginine and electrochemical
reporters) are dissolved in n-methylpyrrolidone (NMP) with a concentration of
0.1M.

e HATU is dissolved in NMP with a concentration of 0.5M.

e Base mix is prepared by mixing 2,6-lutidine, DIPEA and NMP with a volume
ratioof 1:1:3.

Mix the monomer solution, HATU solution and base mix with a volume ratio of 80% :
14% : 6% and allow 3 minutes for mixing and reaction. Then pour the mixed monomer,
HATU and base mix into the cartridge with the deprotected resin and place it on a
rotator for 30 minutes for coupling reaction.

Double coupling:

Repeat the last coupling step to increase the coupling successful rate.

For each monomer, repeat the coupling procedure twice.

PNA cleaving:

Once all of the monomers have been attached to the resin in the designed order, wash
the resin thoroughly with DMF and DIC in the last wash for the purpose of drying the
resin quickly. Apply cleavage cocktail solution (trifluoroacetic acid (TFA),
triisopropylsilane (TIPS) and DI water mixed with a ratio of 95% : 2.5% : 2.5%) to the
resin and allow to react for 90 minutes.

PNA extraction:

After the PNA cleavage, PNA have been detached from the resin and dissolved in the
cleavage cocktail solution. Mix the PNA containing cleavage cocktail solution and
diethyl ether with the ratio of around 1 : 19. The PNA is not soluble in diethyl ether
and should precipitate quickly. Use centrifuge to collect the solid PNA from diethyl

ether and wash multiple times with diethyl ether if needed.



Page | 105

2.4.3 Electrochemical Setup

Both the bulk three-electrode electrochemical system and disposable electrodes are used in
this research. The schematic illustrations of these two setups are shown in Figure 2-11. In the
bulk three-electrode system, bulk glassy carbon electrode with 3.0 mm diameter was used
for preliminary electrochemical investigations. For the immobilization of thiolated PNA
capture probe (Thiol-PNA-Catechol-141) on gold electrode, a 2.0 mm diameter bulk gold
electrode was used. In this bulk electrode system, a platinum wire worked as the counter

electrode and a silver/silver chloride electrode worked as the reference electrode.

SPCE has working and auxiliary electrodes made of carbon. The diameter of the working
electrode is 4.0 mm. The reference electrode is made of silver, which in theory should be
considered as pseudo-reference electrode (right, in Figure 2-11). A pseudo-reference
electrode, also known as a quasi-reference electrode, does not have a stable and well-defined
potential under all conditions. The key difference between a reference electrode and a
pseudo-reference electrode lies in the stability and reproducibility of the potential. A
reference electrode is carefully designed and calibrated to maintain a stable potential, while
a pseudo-reference electrode may exhibit some changes in potential due to the difference of
the ionic strength of the electrolyte solution that could lead to potential drift or variability.
However, both types of electrodes serve the purpose of providing a reference potential for
electrochemical measurements, albeit with varying degrees of accuracy and stability. In this
research, the same ionic strength of the background electrolyte solution is used to help
minimize the potential drift or variation from pseudo-reference electrode. Except from SPCE,
another disposable electrode was used in this research: NHS-functionalized graphene
electrode (Integrated Graphene LTD, UK). The working electrode is 4 mm in diameter and is
made of N-hydroxysuccinimide (NHS)-functionalised 3-dimensional graphene (3-dimensional
super-porous scaffold of carbon layers displaying the desired properties of graphene). The
reference electrode is made of screen printed Ag/AgCl and the counter electrode is made of

3-dimensional graphene.
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Figure 2-11 Three-electrode system with bulk electrodes and disposable screen-printed

carbon electrode (SPCE).

The electrochemical measurement techniques used in this chapter include cyclic voltammetry
(CV), square wave voltammetry (SWV) and differential potential voltammetry (DPV). These
electrochemical measurements were performed by using a CHI 660E electrochemical
workstation (CH Instruments, USA). Data visualization was built by using Python Libraries

(Matplotlib and Seaborn).

2.5 Surface Functionalization

In this chapter, four different PNA immobilization methods have been trialled and compared
on three different electrode materials. As shown in Figure 2-12, these methods include
polystreptavidin-biotin interaction and silanization (two approaches) on SPCE, immobilization

on NHS-graphene electrode and Au-thiol linkage on bulk gold electrode.
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Figure 2-12 Immobilization strategies on three different electrodes.

2.5.1 Polystreptavidin-biotin Interaction on Carbon Electrodes

In this section, the immobilization of the PNA capture probe (Biotin-PNA-Aniline-141) on the
SPCE was performed. Biotin-PNA-Aniline-141 contained a biotin and an aniline at its N- and
C-terminus, respectively. The biotin was used to form a very strong, near irreversible complex
with polystreptavidin, which can then be physically adsorbed onto the SPCE. The aniline was
used to confirm electrochemically the successful immobilization of the PNA capture probe.
This was achieved via reacting the immobilized aniline with freely diffusing 4-methyl-catechol
and monitoring the formation of the covalent adduct. The effect of the addition of
biotinylated PEG, used here as a back-filler, on PNA density and orientation was also

investigated.
2.5.1.1 Immobilization of Biotinylated PNA Capture Probe

Polystreptavidin and Biotin-PNA-Aniline-141 complex was physically adsorbed on SPCE as
shown in Figure 2-15 (a) by depositing a mixture (no pre-incubation) of polystreptavidin and

biotinylated PNA. Briefly, 20 pL of solution containing 500 nM polystreptavidin and 5 uM
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biotinylated PNA in 1X PBS was dropped on the electrode. After 1 h at room temperature, the
applied solution was dried. A gentle wash (avoid high pressure washing and keep the washing
time within 2 seconds) with 1X PBS was applied to remove no-adsorbed polystreptavidin and

the excess of PNA.

In order to determine if the PNA immobilization was successful, the chemical properties of
the aniline tag were exploited. Although aniline itself does not exhibit specific electrochemical
peaks in voltammetry, it can react with catechol to form an adduct,¥”?8-282 which produces
distinctive electrochemical peaks that can be quantified. Quinones derived from catechol
participate in Michael addition reactions with aniline and form the corresponding catechol-
aniline adducts according to an ECE (Electron-Transfer-Complex-Exchange) mechanism, as
shown in Scheme 2-1. Except from the desired adducts, there are other possible side reaction
including direct electron transfer to the quinoid form, auto-addition and dimerization. Both
catechol and adduct have signature peaks on voltammetry. The chemical irreversibility?®? of
this reaction (Scheme 2-1 (2)) facilitates the verification of the immobilization by observing
the emerging signal from adduct (Figure 2-15 (c) and (d)). This reaction is not only used for
the electrochemical investigation of the capture PNA probe, but also used for electrochemical

oligonucleotide-templated reaction (EOTR) sensing in Chapter 4.
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Scheme 2-1 The reaction mechanism for the electrochemical oxidation of catechol in the

presence of aniline.

A solution of 100 pL freely diffusing 4-methyl-catechol solution (100 uM in 1X PBS) was
deposited on the functionalized electrode and formation of the product(s) of the 1,4-addition
catechol-aniline reaction was monitored by SWV, scanning from -0.3 V to 0.4 V. The scan
terminated at 0.4 V because more positive potential can cause aniline polymerization,3
which is an irreversible reaction that was not desired in this electrochemical investigation. As
shown in Figure 2-13, 1 mM aniline solution in 100 mM potassium chloride (KCI) electrolyte
(pH=7.4) was test electrochemically with cyclic voltammetry. During the initial scan, no
oxidation peak was observed within the range of 0.2-0.3 V. However, upon applying a

potential higher than 0.4 V, subsequent scans revealed emerging peaks within the 0.2-0.3 V
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range. This emergence of peaks is attributed to the polymerization of aniline. The progressive
increase in peak separation observed from the second to the fourth scan can be attributed to
the accumulation of polymerized aniline on the electrode surface, leading to a reduction in
electron transfer kinetics. Consequently, all experiments involving aniline will be conducted
while avoiding potentials exceeding 0.4 V to prevent aniline polymerization. The potential
increment step was 0.01 V, amplitude was 0.05 V and frequency was 50 Hz. The gain was set
at 1075 A/V range. 5 seconds quiet time was set prior to the scanning to realize a proper initial

condition for all scans.
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Figure 2-13 Cyclic voltammetry of 1 mM freely diffusing aniline solution at a scan rate of 100
mV/s in 100 mM KCl electrolyte using bulk gold electrode.
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2.5.1.2  Surface Optimization with PEG

The effect of introducing a biotinylated PEG (Biotin-(PEG)s-OH, structure shown in Figure 2-14)
as a backfiller was then explored. As previously mentioned in section 2.3, PEG is widely used
in the modification of electrodes to prevent aggregation, nonspecific adsorption, and to
increase hydrophilicity. Biotin-(PEG)s-OH was co-immobilized with Biotin-PNA-Aniline-141 to
space-out the immobilized PNA, thereby reducing their surface density while also potentially
increasing their availability by reducing steric hindrance (Figure 2-15 (a)). Different
concentrations of Biotin-PNA-Aniline-141 and Biotin-PEG were investigated in order to find
the optimum ratio. The surface stability was also tested by comparing the signal decrease
over time. DPV was used for the stability test from -0.3 V to 0.4 V. Potential increment was
0.01 V. Pulse amplitude was 0.05 V. The pulse period was 0.1 s, pulse width was 0.05 s and
sample width was 0.02 s. 2 s quiet time was set prior to the DPV scanning to realize a proper

initial condition for all scans. The gain was set at 10> A/V range.

0

HN)J\NH
d\/\/YHV\OhH

Figure 2-14 Biotin-(PEG)s-OH structure.

2.5.1.3 Results and Discussion

2.5.1.3.1 Capture Probe Immobilization

As shown in Figure 2-15 (c) and (d), by testing the Biotin-PNA-Aniline-141 capture probe
immobilized electrode with SWV addition of 100 uM freely diffusing 4-methyl-catechol
solution onto PNA-functionalised electrodes resulted in the appearance of a new adduct peak
at -0.15 V position that increased when increasing the number of SWV scan cycles. In theory,

the peaks of 4-methyl-catechol located at approximately 0.2V should decrease as the adduct
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peak increases with subsequent scan cycles. Some possible explanations for why this was not
observed are proposed below. Firstly, to avoid the aniline polymerization (as shown in Figure
2-13), the scans were terminated at 0.4 V before the peaks were complete. This made it
challenging to compare peak heights using baseline correction. Secondly, even if the peaks of
4-methyl-catechol were complete for baseline correction, the bulk concentration of 100 uM
4-methyl-catechol was significantly higher compared to the Biotin-PNA-Aniline-141 capture
probes immobilized on the electrode surface (potentially in the nanomolar range). The small
amount of generated adducts on the electrode surface therefore only had a negligible impact
on the bulk concentration of freely diffusing 4-methyl-catechol. In contrast, no adduct peak
was observed on the control electrodes lacking the PNA probes (Figure 2-15 (b)), but
otherwise subjected to the same treatment with polystreptavidin. In this control group, only
the catechol signature peak at the 0.25 V position was observed. There’s a slight shift of the
catechol peak location from the experimental group (0.18 V) to the control group (0.25 V).
The observed peak shift may stem from surface-induced thermodynamic, kinetic alterations,
or a combination thereof. It is also plausible that the modification led to a change in the local

electrode-electrolyte pH, contributing to this shift.

The emerging adduct peaks on the experimental group indicated the successful
immobilization of the polystreptavidin/Biotin-PNA-Aniline-141 complex on SPCE through
physical adsorption on the electrode surface. The advantage of this strategy includes the easy
preparation of the surface at room temperature without the need for complicated or delicate
chemical reactions and the excellent binding efficiency between polystreptavidin and biotin,
characterized by high specificity. The potential drawback of this strategy is the fact that
physical adsorption is typically less robust/stable than covalent (and irreversible)
immobilization strategies. While it simplifies the surface preparation process, care should be
taken to avoid multiple washes. Nevertheless, only the necessary washing may lead to the
partial removal of the adsorbed polystreptavidin, as shown in Figure 4-19, which will be

discussed in detail in section 4.2.4.
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Figure 2-15 (a) Schematic diagram of biotinylated-PNA immobilization on SPCE. Capture PNA
probe Biotin-PNA-Aniline-141 immobilization characterization: (b) Control group with bare
SPCE tested in 100 uM 4-methyl-catechol solution by SWV. (c) and (d) Experimental group
with Biotin-PNA-Aniline-141 immobilized on polystreptavidin treated SPCE, tested in 100

1M 4-methyl-catechol solution by SWV, (c) is baseline corrected and (d) is original SWV

data.

2.5.1.3.2 Co-immobilization Efficiency

Once successful immobilization of biotinylated PNA on SPCE, the addition of Biotin-(PEG)s-OH
was explored. Whilst maintaining a fixed concentration of 500 nM polystreptavidin, Biotin-
PNA-Aniline-141 concentration was varied (250 nM, 2.5 uM, 5uM, 10 pM, 25 pM) with and
without increasing concentrations of Biotin-PEG (250 nM, 2.5 uM, 5 uM, 10 uM, 50 uM, 250



Page | 114

UM and 500 uM). Different ratios between Biotin-PNA-Aniline-141 and Biotin-PEG have been
tested. As shown in Figure 2-16 (a) and (b), the adduct peak (near -0.1 V) increased when the
concentration of the capture PNA probe was increased from 250 nM to 10 uM. However, the
adduct peak decreased when the PNA concentration was further increased to 25 pM. This
indicates that the optimum PNA concentration for immobilization for this system is between
5 to 10 uM. The adduct peak height with different PNA:PEG ratios is shown in Figure 2-16 (c).
To minimize the steric hindrance effects, an optimum concentration of 5 uM Biotin-PNA-
Aniline-141 was chosen for further use in the subsequent research. The corresponding SWV
data is shown in Figure 2-16 (a). For the 5 uM Biotin PNA capture probe, multiple ratios of
PNA:PEG have been tested to find the optimum ratio. As shown in Figure 2-16 (b) and Figure
2-16 (c, red bars), the optimum group that observed with the strongest signal is the 1:50
(Biotin-PNA-Aniline-141 : Biotin-PEG) by using 5 uM Biotin-PNA co-immobilized with 250 uM
Biotin-PEG.

Overall, lower concentration Biotin-PNA (250 nM and 2.5 uM) has similar adduct generating
proficiency as the higher concentration (25 uM). This is because when the Biotin-PNA
concentration is very low, there are sparse capture probe available to the aniline-catechol 1’4
addition reaction. When the Biotin-PNA concentration is very high, the surface is potentially
blocked by capture probes and the probes are stacking upon each other. This condition can
impede the efficiency of the 1’4 addition reaction between aniline and catechol. The other
potential explanation is that the immobilized polystreptavidin are already saturate with 250

nM of Biotin-PNA-Aniline-141.
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Figure 2-16 Co-immobilization efficiency test by SWV in 100 uM 4-methyl-catechol solution.

(a) SWV test with different ratios

of Biotin-PNA-Aniline-141 : Biotin-PEG co-immobilized

carbon surfaces (baseline corrected). (b) SWV test of 5 uM Biotin-PNA-Aniline-141 with

different Biotin-PEG concentrations co-immobilized carbon surfaces (part data from (a),

baseline corrected). (c) Co-immobilization efficiency test by checking adduct peak height

from SWV with different ratios of Biotin-PNA-Aniline-141 : Biotin-PEG co-immobilized

carbon surfaces in 100 uM 4-methyl-catechol solution (bar chart of (a), some concentrations

were not shown in (a) because the peak location was not in the -0.25 to 0.05 V region). All

concentrations treatment was conducted with 500 nM polystreptavidin.

2.5.1.3.3 Co-immobilization Stability

Further characterization about the stability of co-immobilized capture probes and PEG spacer

were investigated by checking the adduct peak at 0-day and 4-day time points after surface
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functionalization. The functionalized electrodes were stored in a dry condition in the
refrigerator for up to 4 days. Again, this test was carried out in 100 uM 4-methyl-catechol
solution (in 1X PBS). As mentioned in last section (2.5.1.3.2), 500nM polystreptavidin and 5
UM Biotin-PNA-Aniline-141 was chosen as the optimum concentration. Therefore, in the
stability test, only the concentration of Biotin-PEG changed to investigate the functionalized
electrode surface. As shown in Figure 2-17 (a), 1 : 10 ratio of Biotin-PNA-Aniline-141 : Biotin-
PEG with 5 uM Biotin-PNA-Aniline-141 and 50 uM Biotin-PEG was the ratio with the best
stability by investigating the adduct decrease over time. The 1 : 50 ratio of Biotin-PNA-Aniline-
141 : Biotin-PEG with 5 uM Biotin-PNA-Aniline-141 and 250 uM Biotin-PEG was not able to
produce a detectable peak via DPV in the stability test. Despite the 1 : 50 (PNA : PEG) ratio
representing the strongest signal when applying the same concentration of 5 uM Biotin-PNA-
Aniline-141, it was not able to maintain a stable performance over time when compared with
1:10 (PNA:PEG)ratio.1:0,1:1,1:5and 1:10 DPV peak height remain in similar range,
but the peak shifted from ~-0.1 V to ~-0.06 V. This peak shift could result from surface-induced
thermodynamic, kinetic changes, or a combination thereof. Alternatively, it could be

attributed to a shift in local electrode-electrolyte pH resulting from the modification.
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Figure 2-17 Co-immobilization stability test by DPV (baseline corrected). DPV test in 100 uM
4-methyl-catechol solution with different ratios Biotin-PNA-Aniline-141 : Biotin-PEG co-
immobilized carbon surfaces (a) immediately after the surface functionalization and (b) after

4 days storage in the fridge.
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Both SWV and DPV are considered as sensitive voltammetry techniques by separating the
faradaic current (related to the analyte of interest) from the charging current (related to the
double-layer capacitance), as mentioned in section 1.4.3. With the immobilized species, the
induced current decays exponentially over time, resembling the decay of charging current.
However, the time constant of decaying difference distinguishes the charging current from
the immobilized species induced current. Hence, both SWV and DPV remain valuable
techniques for sensitive detection with immobilized species. The decision to use SWV for the
capture probe immobilization and PNA : PEG co-immobilization efficiency test was based on
its sensitivity and rapid response. On the other hand, DPV was chosen for the PNA : PEG co-
immobilization stability test due to its superior ability to differentiate the signal from the

noise, which becomes crucial when the signal decreases.
2.5.1.4  Conclusion

The immobilization of the biotinylated capture PNA probe on the SPCE through the
polystreptavidin-biotin interaction demonstrated ease in the preparation and delivered
satisfactory performance. The functionalized surface can be optimized by co-immobilizing
biotinylated PNA capture probe (Biotin-PNA-Aniline-141) with biotinylated PEG (Biotin-
(PEG)s-OH). The optimal concentration for achieving both a strong signal and minimizing
steric hindrance effects was found to be 500 nM polystreptavidin and 5 uM Biotin-PNA-
Aniline-141. To further increase the signal to noise ratio, different ratios of PNA : PEG were
investigated and a stability test carried out by monitoring the signal decrease other time. 1 :
50 (PNA : PEG) ratio resulted in the strongest signal when applying the same concentration of
5 uM Biotin-PNA-Aniline-141. However, 1 : 10 ratio of Biotin-PNA-Aniline-141 : Biotin-PEG
with 5 uM Biotin-PNA-Aniline-141 and 50 uM Biotin-PEG was the ratio with the best stability
by investigating the adduct decrease over time. Overall, the immobilization with 5 uM Biotin-
PNA-Aniline-141 and 50 uM Biotin-PEG (1 : 10 ratio of Biotin-PNA-Aniline-141 : Biotin-PEG
with) with 500 nM polystreptavidin was considered as the optimum ratio for this

immobilization strategy which demonstrated the highest efficiency and stability.
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2.5.2 Silanization on Carbon Electrodes

Silanization is a commonly used and versatile method for surface modification and
functionalization as it is compatible with any electrode surface that can generate hydroxyl
groups.1°%202.284 Sjlanization refers to the process of modifying the electrode surface by
attaching or coating it with a layer of silane molecules. Silanes are chemical compounds
containing a silicon atom bonded to organic groups. While silanization is known to be highly
effective for treating silica and glass surfaces,?®? it can also be successfully applied to carbon
surfaces.?8>286 Sjlanization on a solid substrate involves the formation of an alkoxysilane
polymer through the -Si-O-Si- bond formation process.'® In this section, electrode
silanization was used to introduce a methacrylate (shown in Figure 2-18 (a)) functional group
onto the electrode surface for subsequent covalent immobilization of a thiolated PNA (Thiol-

PNA-Aniline-141) via click chemistry (Figure 2-18 (b) and Figure 2-19).
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Figure 2-18 (a) Silanization with 3- (trimethoxysilyl)propyl methacrylate on carbon

electrode. (b) Click chemistry diagram between alkene and thiol.

Two protocols of silanization were investigated in this chapter: in aqueous vapor phase and
in organic solvent phase with isopropanol. Both protocols involve a two-step process as
illustrated in Figure 2-18: surface activation and silane treatment. The purpose of the surface
activation step is to generate hydroxyl groups on otherwise mostly chemically inert surfaces.

The surface functionalization involves chemical activation using a mild oxidation agent (1%
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w/v KOH) followed by a 3-minute oxygen plasma treatment, enabling the utilization of the
combined effects of both wet and plasma treatment. The mild oxidation agent KOH was used
to avoid acid-based activation whereas harsh chemical activation can generate a non-
homogeneous functional layer?®” on the surface with associated non-homogeneous PNA

distribution.

The detailed protocol for the surface activation is:

1. Working electrode area of the SPCEs was washed with a cleaning solution composed
of 30% H20,, 25% Ammonia and DI water (10 pL in total) with the ratioof 1 : 1 : 5 for
1 minute followed by extensive wash with DI water.

2. The SPCEs were then incubated with 100 pl of 1% (wt/vol) KOH in DIW for 10 min and
washed extensively with DIW.

3. The electrodes need to be dried under high pressure nitrogen blow for next step
oxygen plasma treatment.

4. The KOH-activated surface was treated with O, plasma in the plasma cleaner (ATTO
PLASMA SYSTEM (Diener electronic GmbH & Co. KG, Germany)) set at a plasma
strength of 100 W for 3 minutes. The maximum input power of the instrument is 200
W. Vacuum pump with a pumping down pressure of 0.04 mbar (1 bar = 750.062 Torr)

was set. Oxygen supply period was 5 minutes with oxygen pressure of 0.4 mbar.
Silane treatment protocol varies with aqueous vapor phase and organic solvent phase.
2.5.2.1 Silanization in Aqueous Vapor Phase

After the surface activation, the SPCEs were immediately placed in a vacuum desiccator for

silane treatment.

5. 100 pl of 2% 3-(trimethoxysilyl)propyl methacrylate in DI water was mixed well before
applying on the plasma-treated electrodes. Place the 3-(trimethoxysilyl)propyl
methacrylate-added electrodes in a desiccator and create vacuum with a chemical
resistant vacuum pump. Incubate the vacuum desiccator at 80 °C for 1 h.

6. Place the desiccator under fume hood let it cool down. Then the electrodes should be

ready for capture PNA probe immobilization.
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While silanization in aqueous vapor phase generates the desired silane layer on top of the
electrode, this technique often results in polymerization, irreproducibility and instability of

the silane films.?88289 Therefore, another protocol in anhydrous conditions was carried out.
2.5.2.2  Silanization in Organic Solvent Phase with Isopropanol

The first 4 steps of the protocol are the same with aqueous vapor phase. 3-
(trimethoxysilyl)propyl methacrylate was then mixed with isopropanol (IPA) with a volume
ratio of 5% : 95% in a clean container. The electrodes were immersed in the 3-
(trimethoxysilyl)propyl methacrylate and IPA mixture for 6 hours. The container should be
sealed to avoid contact with oxygen and water in the air. The silanized electrodes were then

washed thoroughly with IPA and dried at ambient temperature under the fume hood.
2.5.2.3 Immobilization via Click Chemistry on Silanized Electrode

The PNA used for the immobilization on silanized carbon electrode is Thiol-PNA-Aniline-141
(Table 2-3 and Figure 2-9). The methacrylate group introduced by silanization on the SPCEs
using 3-(trimethoxysilyl)propyl methacrylate can react with the thiol group from the capture
PNA probe via click chemistry, as shown in the scheme (3) in Figure 2-19. Click chemistry is
characterized by a strong thermodynamic driving force that propels the reaction rapidly and
irreversibly towards a single reaction product with high yield, and remarkable reaction
specificity.*>® The most commonly representative click chemistries examples are shown in

Figure 2-19.
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Figure 2-19 Representative schemes for click chemistry.

On silanized SPCE, by using click chemistry between alkene (from methacrylate group) and
thiol (from PNA capture probe Thiol-PNA-Aniline-141), 100 uL of 10 uM Thiol-PNA-Aniline-
141 (in 1X PBS) was deposited on the working electrode for immobilization. The
immobilization process lasted for 1 h at room temperature, in a clean sealed dark box to slow

down the evaporation and avoid the sample from drying.

2.5.2.4  Results and Discussion

2.5.2.4.1 Agueous Phase Immobilization

Similar to polystreptavidin-biotin immobilization, the immobilization efficiency on the
silanized electrodes was investigated by checking the appearance of the adduct peak between
the immobilized aniline PNA and freely diffusing catechol (previously described in Scheme
2-1). 100 uM 4-methylcatechol solution (in 1X PBS) was used as electrolyte. A PEG spacer
(Thiol-(PEG)s-OH) was co-immobilized with Thiol-PNA-Aniline-141 capture probe for the

purpose of probe orientation and density control, as shown in Figure 2-20.

When testing in 100 uM 4-methylcatechol in PBS, adduct SWV peaks were plotted in bars for
comparison among different PNA with PEG concentrations. With freshly silanized carbon

electrodes, the PNA to PEG ratio did not affect the immobilization efficiency too much (yellow
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bars in Figure 2-20). For the long-term stored silanized carbon electrodes, 5uM Thiol-PNA-
Aniline-141 with 25 pM Thiol-(PEG)s-OH was the best ratio as it gave the strongest adduct
peak (blue bars in Figure 2-20). However, due to limited repeats, the above conclusion is not
absolute. The reason why we didn’t proceed with more groups with the freshly prepared
silanized electrode (orange bars in Figure 2-20) was the limitation of this method using

aqueous phase: the blocked surface, as illustrated in Figure 2-21.
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Figure 2-20 Co-immobilization efficiency and stability SWV test of PNA immobilization on
silanized carbon electrode via aqueous phase (PNA is Thiol-PNA-Aniline-141, PEG is Thiol-
(PEG)6-OH).

CV tests was conducted in 250 uM Hexaammineruthenium(lll) chloride ([Ru(NH3)¢]3*
(RuHex), dissolved in 10 mM Tris buffer and purged with Nitrogen for 20 minutes prior to
electrochemical test. An external reference electrode (Ag/AgCl) was used with the SPCE for
the consideration of better-quality data. However, as we have discussed in section 2.4.3, if
the same ionic trength of the background electrolyte solution is used for the experiments
where comparisions are carried out, the potential drift or variability from the original built-in

pseudo-reference electrode on the screen-printed electrode can be avoided to the most
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extent. Despite the 250 UM RuHex in Tris buffer have been purged with nitrogen, the micro
liter range (100 pL) solution on electrode with large surface area for testing can be saturated
with oxygen quickly, which can be seen from the tendency of oxygen reduction at the 0.4 V
in the CV graph. Figure 2-21 demonstrated a significant electrode kinetic change of the
working electrode before and after the silane treatment. This is potentially because the
electrode surface is blocked by the silane polymerization after silanization in aqueous phase.
The polymerized silane layer, which is insulating, slowed down the kinetics of the electron

transfer at the electrode/electrolyte interface.

x10°°

Current(A)

——— Before silanization
After silanization (aqueous phase)

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
Potential(V) (vs.Ag/AgCl)

Figure 2-21 Comparison before and after the silanization of SPCE in 250 uM RuHex (cyclic

voltammetry scan rate 100 mV/s).

2.5.2.4.2 Organic Phase Immobilization

To reduce the polymerization effect from the silane vapor deposition protocol, another
protocol using organic solvent phase silanization was carried out. Again, 5uM Thiol-PNA-
Aniline-141 + 25 uM Thiol-(PEG)e-OH was the best ratio as it gave the strongest adduct peak,
as shown in Figure 2-22. However, all the PNA and PEG ratio gave adduct peaks with very
similar range. Therefore, PEG is not making a significant difference in improving the
immobilization performance on organic solvent phase silanized carbon electrode. All the

error bars in the bar plots in this thesis represent the standard deviation (SD).
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Figure 2-22 Co-immobilization efficiency SWV test of PNA immobilization on silanized

carbon electrode via organic phase (PNA is Thiol-PNA-Aniline-141, PEG is Thiol-(PEG)s-OH).

Thiol-PNA-Aniline-141 immobilization efficiency was tested on both aqueous and organic
phase silanized SPCEs. As shown in Figure 2-23 (a), adduct peak is significantly stronger from
the organic solvent phase silanization group compared with the aqueous phase silanization
group, when tested in 100 mM 4-methylcatechol solution (in 1X PBS). Representative SWV
(two repeats on two different SPCEs) with 10 uM Thiol-PNA-Aniline-141 immobilization on
organic phase and aqueous phase silanized carbon electrodes are displayed in Figure 2-23 (b)

and (c), respectively.
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Figure 2-23 (a) Adduct peak comparison from SWV by silanization in aqueous and organic
phases. Original SWV data of the bars in red rectangular is shown in (b) and (c). Two repeat
SWV investigation of 10 uM Thiol-PNA-Aniline-141 immobilization on two difference

electrodes silanized in organic phase (b) and aqueous phase (c) (baseline corrected).

Except from 3-(trimethoxysilyl)propyl methacrylate, (3-Aminopropyl)triethoxysilane (APTES)
have been used in aqueous vapor silanization, which was followed by carbodiimide chemistry
using EDC/NHS to form an amide bond between the amine group from APTES and the
carboxylic acid group on the ferrocenecarboxylic acid (Figure 2-24). The ferrocenecarboxylic
acid was used as a preliminary electrochemical reporter to test the immobilization efficiency.
This selection was based on its structurally defined attributes, featuring a carboxylic acid
functional group suitable for the carbodiimide reaction and the inclusion of a ferrocene
moiety, which serves as a reporter molecule. The structure of ferrocenecarboxylic acid is
shown in Figure 2-25. Although the immobilization of two-step slianization and carbodiimide
chemistry worked, as can be spotted from the ferrocene signature peak, further exploration
of this method was limited by the low reproducibility, which was indicated by the difference

between the two experimental group repeats (blue and orange curve in Figure 2-25).
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Figure 2-24 Molecular structure of ferrocenecarboxylic acid.

x10~7
51
— Experimental group 1
Experimental group 2
—— Control group 1
4 7 Control group 2
3

Current (A)
[\

0.30 0.35 0.40 0.45 0.50
Potential (V) vs. Ag/AgCl

Figure 2-25 DPV test with ferrocene -COOH immobilized bulk glassy carbon electrode

(baseline corrected).



Page | 127

2.5.2.5 Conclusion

The PNA immobilization works effectively on both aqueous and organic phase silanized SPCEs
via click chemistry. Despite the fact that it is hard to conclude an optimum PNA to PEG ratio
for Thiol-PNA-Aniline-141 immobilization, the overall immobilization efficiency using organic
phase silanization is much higher than using agueous phase. This is most likely because the
presence of water causes the polymerization of silane on the electrode surface, which reduces
the electron transfer rate due to the increased thickness of the less conductive silane layer.
On the other hand, with organic phase silanization, a monolayer of 3-(trimethoxysilyl)propyl
methacrylate was silanized on the electrode surface and the electron transfer rate can be

more efficient than the former.

2.5.3 Immobilization on Graphene Electrodes

Different from the carbon ink used for SPCE, graphene is a two-dimensional (2D) material that
characterized by its unique hexagonal structural, exceptionally strong while flexible
mechanical properties and remarkable electron mobility.?%° The high surface-to-volume ratio
of nano-objects makes graphene and other 2D material’s electrical properties increasingly
susceptible to external influences.??” The atomic thickness of graphene enables high
sensitivity which is due to the strong response to surface adsorption events compared with
its bulk material. Like most 2D materials, graphene can be physically deposited or
electrodeposited onto a broad range of substrate electrode.?'%?1 |n this research, we used

commercially sourced NHS-functionalized graphene electrodes for PNA immobilization.

2.5.3.1 Potential Chemistries and Approaches

The same thiolated PNA (Thiol-PNA-Aniline-141) was immobilized onto NHS-functionalized
graphene electrodes. However, this time, the PNA could potentially react with the electrode

surface in at least three different ways, as explained below:

e Trans-esterification reaction between the NHS ester and thiol on the Thiol-PNA-
Aniline-141 (Scheme 1 in Figure 2-26), so that the capture probe can be covalently

immobilized on the graphene electrode.
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e Carbodiimide chemistry between NHS ester and the aniline group on the Thiol-PNA-
Aniline-141 capture probe (Scheme 2 in Figure 2-26), so that the capture probe can be
covalently immobilized on the graphene electrode.

e Physical adsorption of the Thiol-PNA-Aniline-141 capture probe on the graphene
electrode (Scheme 3 in Figure 2-26), so that the capture probe is physically

immobilized on the graphene electrode.

Thiol-PNA-Aniline-141 .,

2.Carbodiimide chemistry

NHS-graphene electrode

Figure 2-26 Schematic reactions for amine-terminated PNA probe on NHS-treated graphene
electrode: trans-esterification reaction, EDC/NHS coupling (carbodiimide chemistry) and

physical adsorption.
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100 pL of 5 uM or 10 uM Thiol-PNA-Aniline-141 solution in 1X PBS was applied on the NHS-
graphene electrode for immobilization overnight in a sealed petri dish in the fridge to prevent
evaporation. Then the electrodes were washed gently and carefully to remove any un-

immobilized species before electrochemical investigation.

2.5.3.2  Results and Discussion

Similar to silanization immobilization efficiency investigation, 100 uM 4-methyl-catechol
solution in 1X PBS was used to confirm the presence of aniline from the Thiol-PNA-Aniline-
141 via monitoring adduct formation. As shown in Figure 2-27,5 uM and 10 uM of Thiol-PNA-
Aniline-141 immobilization on NHS-graphene electrode was investigated respectively. In
Figure 2-27 (a), three repeat SWV curve from cycle 6 of the same experimental group were

plotted. The corresponding bar chart was plotted in Figure 2-27 (b).
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Figure 2-27 Capture probe immobilization characterization by adduct peak height from
SWV. (a) SWV of adduct on the graphene electrode surface using 5 and 10 uM Thiol-PNA-
Aniline-141 with three repeats respectively (control have one repeat, all SWV in (a) are
baseline corrected). (b) Adduct peak comparison between 5 and 10 uM Thiol-PNA-Aniline-
141 immobilization (error bars in all graphs represent standard deviation (n = 3), PNA is

Thiol-PNA-Aniline-141).

The datain Figure 2-27 indicates a successful immobilization of Thiol-PNA-Aniline-141 capture
probe on NHS-functionalised graphene electrode. As illustrated in Figure 2-26, when a thiol

group (-SH) reacts with an NHS ester, a thioester bond is formed between the thiol group and
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the NHS ester. This trans-esterification reaction (or thiolation) is commonly used for
conjugation of biomolecules in bioconjugation chemistry. The reaction conditions are
typically mild and involve incubation of the thiol-containing biomolecule with an excess of the
NHS ester in a buffered aqueous solution at neutral pH and room temperature. The reaction

is usually complete within a few hours.

However, considering the strong absorbent nature of graphene, there’s a possibility that
Thiol-PNA-Aniline-141 could be physically adsorbed on the graphene electrode. The
occurrence of carbodiimide chemistry between the NHS ester and the amine group on the
aniline terminal of Thiol-PNA-Aniline-141 (Scheme 2 in Figure 2-26) is less likely to happen

because the amine group at that position is less reactive.

2.5.3.3  Conclusion

Thiolated PNA (Thiol-PNA-Aniline-141) have been successfully immobilized on NHS-
functionalised graphene electrode, confirmed by data from Figure 2-27. In theory, there are
three potential approaches for the immobilization. The observation of adduct peaks in Figure
2-27 suggests that some of the aniline is still free to react, which would rule out aniline
reacting with NHS ester to form amide bond. Adsorption would also leave the aniline free to

react. Current data cannot confirm whether they occur simultaneously or with different ratios.

From the chemistry perspective, the reaction between the NHS ester and the amine group on
the aniline terminal of Thiol-PNA-Aniline-141 via carbodiimide chemistry is less likely to
happen because the amine group at that position is less reactive. Between the remaining two
approaches, the covalent linkage via trans-esterification between the NHS ester and thiol on
the Thiol-PNA-Aniline-141 capture probe should be more robust compared to physical
adsorption of the capture probe on graphene electrode. However, due to the difficulty in

determining the leading process in this immobilization method, it was not pursued further.

2.5.4 Immobilization on Gold Electrodes

As discussed in section 2.2.1, gold is a commonly used and most extensively studied metal
electrode material by far.2?° In this section, thiolated capture probe Thiol-PNA-Catechol-141
was immobilized on bulk gold electrodes via thiol-gold interaction in a standard

electrochemical cell as illustrated in Figure 2-11. The benefit of using catechol-labelled PNA
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was the direct monitoring of the immobilization by using the catechol’s electrochemical
property. The immobilization efficiency was tested by investigating the oxidation and

reduction peaks of catechol group from the capture probe PNA.

2.5.4.1 Methods

The detailed parameters about bulk gold electrode, Ag/AgCl reference electrode, Pt counter
electrode and bulk electrochemical cell have been introduced in section 2.4.3. The PNA probe
was immobilized on a rod gold electrode via gold thiol interaction. 20 uM Thiol-PNA-Catechol-
141 prepared in 1X PBS was applied on the bulk gold electrode for 1 h, followed by washing
with 1X PBS to remove any unbound PNA probe. Another approach using 1 uM Thiol-PNA-
Aniline-141 prepared in 1X PBS for immobilization on the bulk gold electrode for 1 h was used
for immobilization performance improvement and comparison, which was also followed by
washing with 1X PBS to remove any unbound PNA capture probe. CV, SWV and EIS was used

to investigate the immobilization efficiency of capture probe on gold electrode.

2.5.4.2 Results and Discussion

As shown in Figure 2-28 (a), oxidation and reduction peaks of catechol from CV of PNA
immobilized on bulk gold electrodes was detected in the range of 0.2 to 0.4 V, with hysteresis
increasing with the accelerating scan rate. Correlation between the scan rate and the
reduction peak current from Figure 2-28 (a) is illustrated in Figure 2-28 (b). This indicates that
the Thiol-PNA-Catechol-141 probes were immobilized on the electrode surface because the
peak current is proportional to scan rate rather than the square root of scan rate (Randles-

Sevcik equation, 1.28, in section 1.4.1.4).
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Figure 2-28 Characterization of Thiol-PNA-Catechol-141 immobilization on bulk Au
electrode. (a) Cyclic voltammetry of rod gold electrode after catechol-PNA immobilization
and (b) Correlation between the scan rate and peak current of cyclic voltammetry after

catechol-PNA immobilization on rod Au electrode.

The linear relationship between scan rate and CV peak verified the successful immobilization
of Thiol-PNA-Catechol-141 probes on gold electrode. To further test the accessibility of the
catechol moiety once the PNA is immobilized onto the electrode surface, the functionalized
electrodes were further treated with 1 mM aniline solution (prepared in 100 mM potassium
chloride (KCl) background electrolyte). As shown in Figure 2-29 (a), after multiple SWV scans,

an adduct peak emerged with similar characteristics to that of the adduct formed between
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immobilized aniline PNA and freely diffusing catechol (reaction scheme shown in Scheme 2-1).

The un-zoomed complete data is shown in Figure 2-29 (b).
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Figure 2-29 SWV test in 1 mM aniline solution with Thiol-PNA-Catechol-141 immobilized

bulk gold electrode (a) zoomed, (b) original data.

Although the data in Figure 2-28 and Figure 2-29 confirmed the successful immobilization of
Thiol-PNA-Catechol-141 probes on bulk gold electrode, this result is not very reproducible.
Potentially due to the highly active catechol group on the Thiol-PNA-Catechol-141.
Considering the active reaction property of the catechol group on the Thiol-PNA-Catechol-
141, another approach using Thiol-PNA-Aniline-141 for the immobilization on the bulk gold
electrode was carried out. The bulk gold electrode was immersed in 1 uM Thiol-PNA-Aniline-
141 in 1X PBS for an hour at room temperature, after which the electrode was washed by 1X
PBS buffer to remove any un-immobilized species. As shown in Figure 2-30 and Figure 2-31, 1
UM Thiol-PNA-Aniline-141 immobilization on bulk gold electrode represented more charge
transfer resistance increase that due to surface change compared with the 20 uM Thiol-PNA-
Catechol-141, as shown in Figure 2-30 and Figure 2-31. The results demonstrated the Thiol-

PNA-Aniline-141 is more efficient than Thiol-PNA-Catechol-141 in terms of immobilizing on
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bulk gold electrode via Au-thiol linkage. This could be true because Thiol-PNA-Catechol-141
is more reactive than Thiol-PNA-Aniline-141. However, the different performance between
Thiol-PNA-Catechol-141 and Thiol-PNA-Aniline-141 immobilization efficiency could simply
because of the less reproducibility of thiolated PNA immobilization on gold electrode and the
not-enough valid repeats (many repeats show no detectable peaks) for comparison, which

has been a challenge across the entire research.
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Figure 2-30 EIS investigation of 20 uM Thiol-PNA-Catechol-141 and 1 uM Thiol-PNA-Aniline-

141 for the immobilization on bulk gold electrode. (a) Original data. (b) Zoom of (a).
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Figure 2-31 Bar plot comparison with charge transfer resistance of 20 uM Thiol-PNA-
Catechol-141 (PNA1) and 1 uM Thiol-PNA-Aniline-141 (PNA2) for the immobilization on bulk

gold electrode.

2.5.4.3 Conclusion

By using bulk gold electrode as working electrode, two different PNA capture probes has been
tried: Thiol-PNA-Catechol-141 and Thiol-PNA-Aniline-141. The choice of modifying the
capture probe by catechol (Thiol-PNA-Catechol-141) benefit from the direct monitoring of
immobilization by investigating the catechol peak. However, due to the reactive nature of
catechol, Thiol-PNA-Catechol-141 can be unstable and can degrade in the process of room
temperature immobilization. This could potentially result in low reproducibility of the
immobilization. To overcome this challenge, Thiol-PNA-Aniline-141 was used as an alternative
capture probe for immobilization. The more stable property of Thiol-PNA-Aniline-141 could

contributed to its more robust immobilization efficiency than Thiol-PNA-Catechol-141. But



Page | 137

overall, the expensive cost of gold and the weak covalent bond strength of Au-thiol**° are the

main challenges for cost-effective sensor applications using this immobilization method.
2.6 Conclusion

Four distinct PNA immobilization strategies have been carried out in this chapter on three

different electrode materials.

Polystreptavidin-biotin interaction on SPCEs.

e Silanization on SPCEs followed by click chemistry between the silanized surface and
PNA capture probe.

e Trans-esterification on graphene electrode.

e Gold-thiol SAM on bulk gold electrode.

On SPCEs, polystreptavidin-biotin interaction and silanization have been implemented. Both
of them presented high efficiency for immobilization on the cost-effective electrode.
Silanization is considered as a more robust surface functionalization method compare with
polystreptavidin-biotin method, where polystreptavidin was physically adsorbed on the
electrode and silanization involves covalent bonding. However, the high immobilization
efficiency and facile preparation process makes polystreptavidin-biotin method the most

extensively used approach in the following research of DNA quantification and sensing.

On graphene electrode, multiple potential immobilization processes could happen
simultaneously, including trans-esterification, carbodiimide chemistry and physical
adsorption. Similar to gold electrode, further exploration and optimization with graphene

electrode were hindered by the high-cost nature of the electrode material.

Hook et al compared the robustness of gold-thiol immobilization directly with
polystreptavidin-biotin immobilization method with both PNA and DNA strands by
simultaneously measuring changes in the induced energy dissipation.?®! In that research,
biotinylated PNA and DNA coupled onto a polystreptavidin coated substrate have high
efficiency to hybridize with both single-mismatch and fully complementary DNA. While both

thiolated PNA and DNA immobilized directly to a bare-gold surface forming a rigid structure
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is not very efficient in hybridizing towards fully complementary DNA, probably due to multiple

contact points to the surface as nucleobases can chemsorb'®® on Au surface spontaneously.

As summarized in Table 2-4, all of the above-mentioned methods worked for PNA probe
immobilization. Nonetheless, the quality of the resulting surfaces showed variation, which
influenced the performance of the functionalized surfaces as indicated by the SWV data
included in the table. Due to the surface differences, the adduct signal from the immobilized
PNA probe and the catechol signal from the freely diffusing 4-methyl-catechol exhibited
distinct characteristics, such as variations in peak width, noise degree, and slightly different

peak locations.

Please note that on the bulk gold electrode, 20 uM Thiol-PNA-Catechol-141 immobilized, and
the surface was test in 1 mM aniline solution (1X PBS). That’s why there’s no obvious catechol
peak observed. Because there’s a subtle adduct peak, it is possible most of the Thiol-PNA-

Catechol-141 have reacted with the freely diffusing aniline forming adduct.

Except for the Au-thiol method, which exhibited unsatisfactory reproducibility and lower
immobilization efficiency compared to other methods, the polystreptavidin-biotin,
silanization, and NHS-graphene immobilization methods were tested in the next chapter for

DNA hybridization.

Table 2-4 Comparison of SWV data by different immobilization methods.

Immobilization Protocol SWV tested in 100 pM 4-methyl-catechol solution

(1X PBS), baseline corrected for comparison.
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3 DNA Quantification

Part of this chapter is due to be published in the following manuscript:

(Manuscript in preparation) On-chip Electrochemical Sensing Platform of miRNA Biomarkers
for Early Detection of Prostate Cancer.
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Having demonstrated the successful immobilization of electrode surfaces with PNA oligomers
via a range of different chemistries, this chapter explores the ability of surface-bound PNAs
to efficiently capture freely diffusing complementary DNA oligonucleotides. DNA141 was
used as our target of choice as a proxy for miR141 RNA because of its greater stability. As
shown in Figure 3-1, in order to directly test the capture efficiency, a DNA141 oligonucleotide
labelled with an electrochemical reporter methylene blue (MB) was chosen as our fully
complementary target. This allowed us to quantify the amount of hybridized target DNA by
directly measuring the electrochemical signal from the MB reporter. MB is a widely used and
well-studied redox reporter in electrochemistry featured with its favorable safety profile and
cost-effectiveness. Please note that labelling the target sequence with an electrochemical
reporter in this chapter is for the purpose of characterising the functionalised surface only.

Sensing strategies will be discussed in Chapter 4.

9 Screen-printed carbon electrode (SPCE) é Biotin-PNA (capture probe) 2 Thiolated PNA

S
Target DNA

NHS-graphene electrode * Polystreptavidin 2} Methylene blue ? Biotin-PEG

Figure 3-1 Hybridization efficiency test by MB-labelled DNA on different electrode surfaces.
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3.1 Materials

3.1.1 Oligomer Sequences

The oligonucleotide sequences used in this chapter are displayed in Table 3.1. Methylene blue
is noted as “MB” and arginine is noted as “Arg” in the sequence. PNA capture probe structures
were previously shown in Figure 2-9. DNA141 was used as a preliminary target sequence for
sensing rather than miRNA141. Because DNA presents stronger stability than miRNA141.
DNA127 was used as a non-complementary sequence for control. DNA and methylene blue

(MB)-labelled DNA were purchased from IDT (Integrated DNA Technologies, Inc., USA).

Table 3-1 Oligomer Nomenclature and Sequences.

Category Name Sequence
Biotin-PNA-Aniline-141 | Cierm-Aniline- -Arg-Arg-Biotin-Nterm
PNA capture probes
Thiol-PNA-Aniline-141 | Cierm-Aniline- -Arg-Arg-Thiol-N¢erm
DNA capture probe 5’-Biotin-CCAT CTT TAC CAG ACA GTG TT-3’
DNA141 5’-TAA CACTGT CTG GG-3’
Complementary
DNA , ,
MB-DNA141 5’-MB-TAA CAC TGT CTG GG-3
Non- DNA127 5’-CTG AAG CTC AGA GGG CTC TGAT-3’
complementary
DNA MB-DNA127 5’-MB-CTG AAG CTC AGA GGG CTC TGAT-3’

3.1.2 Electrochemical Apparatus

The electrochemical interrogation in this chapter was mainly based on SWV detection of the
MB reporter labelled on DNA sequences. All SWV in this chapter are carried out in 1X PBS with

amplitude being 0.05 V, increment potential being 0.01 V, frequency being 45 Hz, quiet time
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being 5 s and gain was set as 107° A/V. As can be seen from Figure 3-2, the peak of MB
labelled DNA is at -0.27 V vs Ag pseudo reference electrode on SPCE, when tested in 1X PBS.
SWV peaks are fitted by CHI 660E electrochemical workstation (CH Instruments, USA). Data

visualization was built by using Python Libraries (Matplotlib and Seaborn).

3.2 DNA Quantification of Polystreptavidin-biotin Interaction Immobilized Carbon

Electrode

In this section, DNA quantification was carried out on the polystreptavidin-biotin method
functionalized screen-printed electrode to test the hybridization efficiency between the PNA

capture probe and the target DNA.

3.2.1 Methods

Based on the optimum ratio among polystreptavidin, capture probe (Biotin-PNA-Aniline-141)
and spacer Biotin-PEG (Biotin-(PEG)s-OH) discussed in section 2.5.1, 500 nM polystreptavidin,
5 uM Biotin-PNA-Aniline-141 and 50 uM Biotin-PEG were mixed together in a volume of 20
pL. The sample (20 pL) was deposited on the SPCE (working electrode area) and left to dry
under fume hood because the ventilation accelerates the drying process (could also leave to
dry on bench). This process usually takes 1 hour under ambient condition. Before moving onto
the next steps, the polystreptavidin treated surface was not washed. Washing will be
conducted after the DNA hybridization. Because multiple washing is avoided, which may
potentially deprive some of the immobilized polystreptavidin on the electrode surface that

was physically adsorbed.

Different concentrations of methylene blue labelled target DNA (MB-DNA141) in the range of
10 nM to 500 nM were prepared with 1X PBS. Then, 100 pL prepared aliquot MB-DNA141 was
left on the treated SPCE. MB-DNA141 was left on the electrode for 20 minutes in order to give
enough time for PNA-DNA hybridization (hybridization between Biotin-PNA-Aniline-141 and
MB-DNA141). A non-complementary DNA sequence labelled with methylene blue (MB-
DNA127) was selected as a control group. The non-DNA group was treated by 1X PBS for the
same time length. After hybridization, MB-DNA141 was removed, and the treated electrode
surface was thoroughly washed by 1X PBS. Finally, the fully functionalized electrode was

tested in 1X PBS by SWV.
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3.2.2 Results and Discussion

A signature SWV of methylene blue labelled DNA is shown in Figure 3-2. On polystreptavidin
treated SPCE, 1 uM freely diffusing MB-DNA141 in 1X PBS was tested by SWV. The SWV
interrogation in this section are carried out in 1X PBS with initial potential being -0.5 V, final
potential being 0 V. This indicates the peak location of methylene blue labelled DNA is at ~-

0.27 V (vs Ag pseudo reference electrode).

105 x10

1.00

0.95

0.75

0.70

-045 -040 -035 -030 -025 -020 -015 -0.10 -0.05
Potential (V)

Figure 3-2 SWV measurement of 1 uM freely diffusing MB-DNA141 (methylene blue labelled

DNA141, in 1X PBS) on polystreptavidin-functionalized screen-printed carbon electrode.

As shown in Figure 3-3, peak current from SWV were displayed as box plots with each
concentration have three repeats. As known from Figure 3-2, MB labelled DNA have a
signature peak at around -0.27 V (vs Ag pseudo reference electrode) on polystreptavidin
treated SPCE. Complementary DNA (MB-DNA141) hybridize with the capture PNA probe
Biotin-PNA-Aniline-141 immobilized on the electrode surface having a dynamic linear range
from 10 nM to 400 nM, as illustrated in Figure 3-3 (a) (blue boxes and dots). With
concentrations higher than 400 nM, a plateau has been reached gradually. With the non-

complementary DNA (MB-DNA127), obvious non-specific adsorption can be observed (orange
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box and dots in Figure 3-3 (a)) ranging between 10 nM to 500 nM. However, difference
between target (complementary DNA) and non-target (non-complementary DNA) is
statistically significant. The kinetics of hybridization are extremely sensitive to the degree of
mismatch. This non-specific adsorption can be alleviated by further treatment with BSA,?34-

238 casein,?3® TWEEN20%%? or sodium dodecyl sulfate (SDS).1>>184219,293-296
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Figure 3-3 (a) DNA quantification of MB-DNA with complementary DNA (MB-DNA141) and
non-complementary DNA (MB-DNA127) on polystreptavidin treated SPCE by SWV. (b) DNA
guantification of MB-DNA141 with and without Biotin-PEG on polystreptavidin treated SPCE
by SWV. (c) DNA quantification of MB-DNA141 with PNA capture probe (Biotin-PNA-Aniline-
141) and DNA capture probe on polystreptavidin treated SPCE by SWV. (d) Specificity test of
the hybridization efficiency using mixed cDNA (complementary DNA, MB-DNA141) and
nDNA (non-complementary DNA, DNA127) by SWV (n = 3).
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As mentionedin 2.5.1.2, biotin-PEG plays an important role in increasing the signal while using
the same amount of analyte. As shown in Figure 3-3 (b), complementary DNA hybridization
and detection have been carried out with and without biotin-PEG. The cyan and orange boxes
and dots in Figure 3-3 (b) both used the complementary DNA (MB-DNA141) as hybridization
target. The difference was in the immobilization process. For the biotin-PEG group, 10 pL, 5
puL and 5 L of 500 nM polystreptavidin, 5 uM Biotin-PNA-Aniline-141 and 50 uM Biotin-PEG
were used for immobilization while the no biotin-PEG group used 1X PBS replacing the 50 uM
Biotin-PEG for immobilization. As can be observed from Figure 3-3 (b), the dynamic range
upper limit has shifted from 150 nM to 400 nM before and after the Biotin-PEG treatment.
And the signals have been amplified after applying biotin-PEG co-immobilization with Biotin-
PNA-Aniline-141. This improved performance after the Biotin-PEG treatment is due to the

surface probe density and orientation control, as have been discussed in section 2.5.1.3.2.

In order to compare the capacity of probes based on a PNA or DNA scaffold to efficiently
capture freely diffusing DNA oligonucleotides through hybridization, a biotinylated PNA and
a biotinylated DNA were immobilized onto otherwise identical electrodes (SPCE). Please note
that the biotinylated DNA probe is 21-mer while the biotinylated PNA probe is 7-mer, as
shown in Table 3-1. In Figure 3-3 (c), the pink boxes and dots are SWV peaks obtained by using
DNA capture probe. Surprisingly, the signals were very weak compared with those obtained
from electrodes functionalised with Biotin-PNA-Aniline-141 (purple boxes and dots in Figure
3-3 (c)). There are multiple potential reasons to explain the low hybridization efficiency

between DNA capture probe and MB-DNA:

e Thefirst reason potentially contributing to this difference is the electrostatic repulsion
between DNA strands as DNA is a negatively charged molecule.

e Secondly, this could be explained by the fact that surface bound DNA-DNA duplexes
are generally less stable than the same species in homogeneous solution.??7,2%8

e The third potential reason for lower hybridization efficiency between the DNA capture
probe and MB-DNA141 is related to probe orientation. 21-mer DNA capture probe is
threefold longer than the 7-mer PNA probe, the longer DNA probe is more likely to

222

cause steric hindrance,*** which can decrease the efficiency of hybridization and

reduce the signal to noise ratio.
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e Finally, DNA-DNA hybridization is highly dependent on ionic strength and buffer
composition,?® unlike PNA-DNA hybridization, which is less affected by these factors.
Therefore, the hybridization efficiency between DNA capture probe and MB-DNA can
potentially be improved by changing a different buffer solution. However, further

detail is beyond the discussion of this research.

The specificity of DNA hybridization on the polystreptavidin functionalized electrode were
tested by using a mixture of target DNA (MB-DNA141) and non-complementary DNA
(DNA127) with different concentrations. As shown in Figure 3-3 (d), the complementary DNA
concentration remained constant at 100 nM, while the non-complementary DNA
concentrations are 0 nM, 10 nM, 50 nM, 100 nM, 200 nM and 500 nM. As can been concluded
from the data and figure, the presence and different concentrations of the non-
complementary DNA does not affect the recognition of target complementary DNA with the

designed sensor.

Kruskal-Wallis test was used for assessing whether there are any significant differences
between the groups. This test is an extension of the Mann-Whitney U test and is used to
compare the medians of three or more independent groups. It is a non-parametric alternative

to one-way ANOVA.

3.3 DNA Quantification on Silanized Carbon Electrode

In this section, DNA quantification was carried out on the silanized SPCE to test the

hybridization efficiency between the PNA capture probe and the target DNA.

3.3.1 Methods

Using silanization method, PNA-functionalized electrodes, in terms of both aqueous phase
and organic phase silanization, were produced as described in section 2.5.2. After the
immobilization, the functionalized electrodes were washed thoroughly using 1X PBS. Then

the electrodes were ready for DNA quantification.

Different concentrations of methylene blue labelled target DNA (MB-DNA141) in the range of
50 nM to 1 uM were prepared in 1X PBS. Then, 100 mL of MB-DNA141 solution was left on

the functionalized electrodes for 20 minutes in order to give enough time for PNA-DNA
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hybridization (hybridization between Thiol-PNA-Aniline-141 and MB-DNA141). A non-
complementary DNA sequence labelled with methylene blue (MB-DNA127) was selected as a
control group. The non-DNA group was treated by 1X PBS for the same time length. After
hybridization, MB-DNA141 was removed, and the treated electrode surface was thoroughly

washed by 1X PBS. Finally, the fully functionalized electrode was tested in 1X PBS by SWV.

3.3.2 Results and Discussion

With the aqueous phase immobilization method, signal from the electrochemical reporter on
the methylene blue labelled DNA (MB-DNA141) after the hybridization with the capture
probe Thiol-PNA-Aniline-141 by SWV is similar to that of the control using a non-
complementary DNA (MB-DNA127), except for the lower-nano-molar range (50 nM and 100
nM), as shown in Figure 3-4 (c). The original SWV data of both complementary DNA
hybridization (Figure 3-4 (a)) and non-complementary DNA (Figure 3-4 (c)) have strong
background noise and the peaks are broad over 0.4 V range. Compared with the peak range
of methylene labelled DNA on polystreptavidin functionalized SPCE from -0.45 V to -0.15 V
(Figure 3-2), the peak range of silanization in aqueous phase is from -0.6 V to -0.2V. This
broader peak range may be due to the distinct electron transfer kinetics contributed by
factors including immobilized film thickness, probe orientation and probe density. The
significant variation or spread in 750 nM and 1000 nM groups is likely attributed to the
difference of the salinized film thickness and MB-DNA adsorption on the functionalized

electrode surface.
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Figure 3-4 DNA quantification of methylene blue labelled DNA with complementary DNA
(MB-DNA141) (a) and non-complementary DNA (MB-DNA127) (b) on silanized (aqueous
phase, prepared from the same bench silanization) SPCE by SWV (baseline corrected). (c)

Box plot of multiple repeats (including (a) and (b)).

Data displayed in Figure 2-23 (a) confirm the better performance of organic phase silanization
compared with the aqueous phase silanization possibly due to reduced silane polymerization.
However, the DNA hybridization quantification with organic phase silanization followed by
click chemistry immobilization of the Thiol-PNA-Aniline-141 have ultra-broad signals rather
than “peaks” from SWV interrogation. As shown in Figure 3-5, the SWV of complementary
DNA (MB-DNA141 Figure 3-5 (a) and (c)) and non-complementary DNA (MB-DNA127 Figure
3-5 (b) and (d)) after hybridization with organic phase silanization are over the range from -
0.7 Vto 0V and could not be analysed further. The signal heights are of similar level for both
complementary DNA (MB-DNA141, Figure 3-5 (a)) and non-complementary DNA (MB-
DNA127, Figure 3-5 (b)). Interestingly, after 1% BSA treating for 2 hours, the signal height of
the complementary DNA group was amplified while the non-complementary DNA group was

decreased. This could be explained by kinetic changes caused by BSA treatment.

BSA is a protein that can form a passivating layer on the electrode surface. This layer may

alter the accessibility of electroactive sites on the electrode, affecting the rate of electron
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transfer and potentially impeding or enhancing specific electrochemical reactions.
Additionally, the BSA layer can modify the surface charge and topography of the electrode,
influencing the adsorption behavior of analytes or reaction intermediates. The steric
hindrance and charge effects caused by the BSA layer can also influence the kinetics of

molecular interactions at the electrode surface.3%
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Figure 3-5 DNA quantification of 100 nM methylene blue labelled DNA with complementary
DNA (MB-DNA141) (a) and non-complementary DNA (MB-DNA127) (b) on silanized (organic
solvent phase) SPCE by SWV (two repeats each). SWV of methylene blue labelled DNA with
complementary DNA (MB-DNA141) (c) and non-complementary DNA (MB-DNA127) (d) after
treating with 1% BSA for 2 hours (data of (c) and (d) are from the same electrodes as those

used in (a) and (b). (Baseline corrected).

3.4 DNA Quantification on Graphene Electrode

In this section, DNA quantification was carried out on the functionalized graphene electrode

to test the hybridization efficiency between the PNA capture probe and the target DNA.
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3.4.1 Methods

The immobilization method and protocol were produced as described in section 2.5.3. After
the immobilization, the functionalized electrodes were washed thoroughly using 1X PBS. Then

the electrodes were ready for DNA quantification.

Solutions of 125 nM, 250 nM and 500 nM methylene blue-labelled target DNA (MB-DNA141)
were prepared in 1X PBS and deposited on the functionalized electrodes for 20 minutes for
PNA-DNA hybridization to occur (hybridization between Thiol-PNA-Aniline-141 and MB-
DNA141). A non-complementary DNA sequence labelled with methylene blue (MB-DNA127)
was selected as a control group. The non-DNA group was treated by 1X PBS for the same time
length. After hybridization, MB-DNA141 was removed, and the treated electrode surface was
thoroughly washed by 1X PBS. Finally, the fully functionalized electrode was tested in 1X PBS
by SWV.

3.4.2 Results and Discussion

As shown in Figure 3-6, 125 nM DNA groups with both complementary and non-
complementary are at similar levels as the no DNA control group. The mean value signal of
125 nM complementary DNA group is slightly higher than the non-complementary DNA.
However, this difference is not statistically significant (with p-value from t-test between 125
nM complementary DNA group and 125 nM non-complementary DNA group being 0.3026).
The standard deviation of 125 nM complementary DNA group is 1.82 X 107 and the
standard deviation of 125 nM non-complementary DNA group is 7.34 X 1078 . Similar
situation applies for the 250 nM and 500 nM of methylene blue labelled target DNA.
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Figure 3-6 (a) Box plot of DNA quantification using MB-DNA with complementary DNA (MB-
DNA141) and non-complementary DNA (MB-DNA127) on NHS-graphene electrode by SWV
(n>3). (b) SWV data of 500 nM complementary DNA (MB-DNA141), baseline corrected.

On the graphene electrode, even though the immobilization of capture PNA probe Thiol-PNA-
Aniline-141 was demonstrated, DNA hybridization test did not show statistically significant
differences between the complementary and non-complementary DNA. This could be
explained by the way PNAs are attached and/or oriented on the electrode surface, making
them unavailable to engage in Watson-Crick hybridization with complementary DNA
oligonucleotides. For example, adsorption of the PNA bases onto graphene could explain this
result. At higher DNA concentrations, as shown in Figure 3-6 (b), the signal originating from
MB demonstrates reduced reproducibility. This phenomenon may also be attributed to the
predominant influence of MB-DNA adsorption compared to the PNA/DNA hybridization
process. The inherent complexity and limited control of this adsorption process contribute to

the diminished reproducibility observed.

3.5 Conclusion

This chapter investigated the hybridization efficiency between the PNA capture probe and the
target DNA on the functionalized electrode. By labelling the target DNA with methylene blue,
an intensively studied electrochemical reporter, target DNA can be quantified directly. Thus,

this section provided meaningful guidance for further sensor development.
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Quantification of DNA capturing has been tested on various PNA-functionalized electrodes:
polystreptavidin-treated SPCE, silanized SPCE and NHS-terminated graphene electrode.
Surprisingly, only the polystreptavidin treated SPCE was able to distinguish the
complementary target sequence from the non-complementary control sequence. With the
silanized electrodes, the main challenge for DNA quantification is the detected signal being a
very broad peak (Figure 3-4 (a and b), Figure 3-5 and Figure 3-7), which applied for both
aqueous vapor phase and organic solvent phase silanization. And broad peak is usually very
difficult to define the peak height for comparison. This is because the silanized monolayer
may lead to slower charge transfer kinetics, increased electrode capacitance, and altered

mass transport properties, all of which contribute to the observed change in peak shape.

With the NHS-graphene electrodes, the inability of discriminating between the
complementary DNA to non-complementary DNA is probably due to strong PNA adsorption
on graphene which resulted in strong non-specific binding. Nonspecific physical/mechanical
interactions could cause the DNA sequence to collapse or deform and cause electron transfer

between the collapsed DNA-MB and electrode surface, which induce false positive signals®°.

It is worth noting that on polystreptavidin-treated SPCE, a DNA capture probe was tested in
contrast to the PNA capture probe used in this research. The better performance of PNA
capture probe compared with DNA capture probe is because of less electrostatic repulsion,
less stable DNA-DNA duplex hybridization at heterogeneous condition and the difference in
binding kinetics with longer sequence and the difference in probe orientation. The kinetics of
hybridization are sensitive to the position at which hybridization occurs along the immobilized

strand.
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Figure 3-7 Comparison of SWV for DNA quantification using 100 nM complementary MB-
DNA (125 nM for NHS-graphene electrode) with four different immobilization methods: Blue
line: 500 nM Polystreptavidin, 5 uM Biotin-PNA-Aniline-141, 50 uM Biotin-PEG on SPCE for 1

h + 100 puL 100 nM MB-DNA141 for 20 min + wash; Orange line: Silanization in aqueous
phase + click chemistry immobilization of PNA capture probe + on SPCE for 1 h + wash + 100
pL 100 nM MB-DNA141 for 20 min + wash; Green line: Silanization in organic phase + click
chemistry immobilization of PNA capture probe + on SPCE for 1 h + wash + 100 uL 100 nM
MB-DNA141 for 20 min + wash; Red line: 100 puL 10 uM PNA capture probe immobilization
on NHS-graphene electrode overnight (sealed) + wash + 100 uL 100 nM MB-DNA141 for 20

min + wash, baseline corrected.

In summary, the polystreptavidin and biotin immobilization method demonstrated the best
performance in terms of both complementary DNA hybridization and non-complementary
discrimination (Figure 3-3). Furthermore, the signal obtained from MB exhibited a distinct and
well-defined peak, when comparing with other immobilization methods using the same (or

similar) amount of analyte, as shown in Figure 3-7. When employing 100 nM complementary
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MB-DNA, the MB signal obtained through aqueous phase silanization exhibits a weak and
broad peak. On the other hand, the MB peak achieved through organic phase silanization
using the same concentration MB-DNA is more pronounced, but the peak remains broad. The
peak on NHS-graphene is not readily apparent at 125 nM MB-DNA concentration. With higher
concentrations (500 nM), the MB peak becomes clear and well-defined. However, the
performance is not consistently reproducible, and NHS-graphene is unable to effectively
discriminate between complementary and non-complementary target sequences. As a result,
the upcoming chapter will delve into further enhancements and sensing strategies based on

the polystreptavidin/Biotin-PNA immobilization method.
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4 Sensing

Part of this chapter is due to be published in the following manuscript:

(Manuscript in preparation) On-chip Electrochemical Sensing Platform of miRNA Biomarkers
for Early Detection of Prostate Cancer.
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Having demonstrated in Chapter 2 that it was possible to successfully immobilize PNA
oligomers onto electrode surfaces and demonstrated in Chapter 3 that these PNAs were able
to capture freely diffusing complementary DNA oligonucleotides, chapter 4 explores the
possibility of using PNA-functionalised electrode for label-free DNA detection. As shown in
Figure 4-1, five different sensing strategies were investigated that are based one (1) a
sandwich assay, (2) an electrochemical oligonucleotide template reaction (EOTR) sensing, (3)
chronoamperometry sensing a electrochemical impedance spectroscopy (EIS) sensing by
investigating surface charge transfer resistance and (5) DNA intercalation sensing by using
freely diffusing MB. All the above-mentioned sensing strategies have been carried out for

sensing applications in this research.

Ll A i

Sandwich Chronoamperometry DNA intercalation
sensing sensmg sensing with RuHex sensmg sensing
0 Screen-printed carbon electrode (SPCE) é Biotin-PNA (capture probe) S AQ-PNA (Sensing probe)
Target DNA
+ Polystreptavidin Aniline ¥ RuHex é Catechol-PNA (Sensing probe) g Biotin-PEG 3 Thiolated PNA 2’* Methylene blue

Figure 4-1 Sensing strategies on polystreptavidin-biotin functionalized SPCEs.

4.1 Materials and Methods

4.1.1 Oligomer Sequence

In this chapter, instead of using miRNA141 and DNA141 as the target sequence, another
sequence that is correlated with prostate cancer has been used: miRNA374a and

DNA374a.27>276 Although the shift in the sequence is not ideal, it was carried out this way due
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to the availability of parts of the stock PNA probes, which only required functional group
attachment, saving time in the process. Despite the fact that a different sequence was used,
this sequence is still correlated with prostate cancer. And most importantly, the working
principle behind the immobilization and DNA hybridization discussed in last two chapters are

the same.

The oligonucleotide sequences used in this chapter are displayed in Table 4-1. Anthraquinone
is noted as “AQ” and arginine is noted as “Arg”. AQ was chosen as the electrochemical
reporter for sandwich sensing due to its peak location at around -0.65 V (vs Ag pseudo
reference electrode, in 1X PBS). This location is notably distinct from the inherent peak of
SPCE near -0.1 V, which will be discussed in detail in 4.2.2. The sequences and chemical
structures of the PNA capture probes and sensing probes used in this chapter are shown in
Table 4-1 and Figure 2-9 and 4-2. Biotin-PNA-374a and part of sensing probes (PNA-AQ-374a
before the attachment of AQ) were kindly provided by Miss Loukia Petrou, where the
attachment of AQ and PNA cleavage were conducted by myself. Sensing probe PNA-Catechol-
141 was synthesized together with Dr Philip Gillespie, Dr Md Nazmul Islam and Dr Rob
Channon. Structure and contribution of Biotin-PNA-Aniline-141 and Thiol-PNA-Aniline-141
can be found in Chapter 2. All PNA probes used in this research have been purified by HPLC
(with the help from Mr Daanyaal Khan) and tested by MALDI (with the help from Miss Loukia
Petrou) to confirm the correct structure. MALDI results of sensing probe PNA-AQ-374a is

displayed in Figure A-1 in Appendix.

Table 4-1 Oligomer Nomenclature and Sequences.

Category Name Sequence
Biotin-PNA-374a Cterm-Biotin-Arg-Arg- ATA TTA TG-Nterm

PNA capture probes
Biotin-PNA-Aniline-141 Cterm-Aniline- -Arg-Arg-Biotin-Nterm
Thiol-PNA-Aniline-141 Cterm-Aniline- -Arg-Arg-Thiol-Nterm

PNA sensing probes PNA-AQ-374a Cterm- -AQ-Nterm
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PNA-Catechol-141 Cterm-Arg-Arg-T GTG ACA-Catechol-Nterm

DNA374a 5’-TTATAA TAC AAC CTG ATA AGTG-3’

DNA141 5’-TAA CACTGT CTG GTA AAG ATGG-3’
DNA sequences

DNA127 5’-CTG AAG CTC AGA GGG CTC TGAT-3’

DNA150 5’-TCT CCC AAC CCT TGT ACC AGTG-3’

miRNA374a (hsa-miR-374a-5p) 5’-UUA UAA UAC AAC CUG AUA AGUG-3’

miRNA141 (hsa-miR-141-3p) 5-UAA CAC UGU CUG GUA AAG AUGG-3’
miRNA sequences

mMiRMA127 (hsa-miR-127-5p) 5’-CUG AAG CUC AGA GGG CUC UGAU-3’

miRNA150 (hsa-miR-150-5p) 5’-UCU CCC AAC CCU UGU ACC AGUG-3

(a) Biotin-PNA-374a; MW = 2780.89 g/mol (capture PNA probe)
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Figure 4-2 Representative PNA sensing probe structures. (a) Biotin-PNA-374a. (b) PNA-AQ-
374a. (c) PNA-Catechol-141.
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4.1.2 Materials and Electrochemical Apparatus

The electrochemical measurements including cyclic voltammetry (CV), square wave
voltammetry (SWV), differential potential voltammetry (DPV), chronoamperometry and
electrochemical impedance spectroscopy (EIS) were all performed on a CHI 660E

electrochemical workstation (CH Instruments, USA).

SPCE (Dropsens110) was bought from Metrohm Dropsens (Metrohm AG, Switzerland).
Working and counter electrodes of SPCE are made of carbon, while reference electrode is
made of silver (pseudo reference electrode). The working electrode diameter is 4 mm. NHS-

functionalized graphene electrode was purchased from Integrated Graphene (Scotland, UK).

Anthraquinone-2-carboxylic acid was purchased from Thermo Scientific (UK). N-succinimidyl
ferrocenecarboxylate was bought from Tokyo Chemical Industry Co., LTD (Tokyo, Japan).
Methylene blue intercalator was purchased from Sigma Aldrich (St. Louis, MO United States).
Biotin-PEG was purchased from PurePEG LLC (San Diego, CA USA). DNA was purchased from
IDT (Integrated DNA Technologies, Inc., USA). All the molecules were dissolved in 1X PBS
(Thermo Fisher Scientific Inc., USA) unless otherwise specified. Unless otherwise noted, all

other reagents as well as chemical and reactive groups were purchased from Sigma Aldrich.

4.1.3 Electrochemical Sensing Strategies

As shown in Figure 4-3, 5 different sensing strategies were explored, all using SPCEs
functionalized with PNA capture probes via polystreptavidin-biotin coupling optimized in

chapter 2. The principle of each of these strategies is briefly described below:

In a sandwich assay, the DNA target simultaneously hybridizes to two PNA probes
complementary to either its 3’ or 5’ ends (Figure 4-3 sensing strategy 1). Here, one of the PNA
probes is biotinylated and immobilized onto the electrode surface (and acts as a capture
probe) and the second PNA is freely diffusing and labelled with an electrochemical reporter
anthraquinone (AQ) (and acts as a sensing probe). The double-probe sandwich assay requires

the simultaneous binding of two probes for the reporter (AQ) to be brought to the electrode
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surface and be detected. It is therefore highly specific. This property makes sandwich assay

suitable for use directly in complex materials, such as blood serum.30!

EOTR sensing (Figure 4-3 sensing strategy 2), similarly to a sandwich assay, is based on the
simultaneous hybridization of two PNA probes to the same DNA (or RNA) template. However,
unlike in sandwich assays where the signal is generated by an electrochemically active
reports, the measured signal in EOTR is generated by the product of a chemical reactions
between two probe heads attached to either end of the PNA probes, as shown in reaction
Scheme 2-1 (3). Hence the DNA target acts as a template for a chemical reaction that would

otherwise be highly unfavourable due to the low concentration of probes.32>326

Whilst many examples of oligonucleotide template reactions (OTRs) have been reported that
allow the detection of short DNA or RNA oligonucleotides based on a fluorescence
readout,®3%2 Ladame and O’Hare have recently reported on the first example of EOTR in
solution.3%3 |n this peer-reviewed preliminary test, two complementary PNA oligomers were
designed and synthesized to initiate a controlled 1,4 addition reaction between an aniline and
a quinone upon hybridization to a target miRNA in solution. The result confirmed that the
EOTR strategy provides greater control to the operator on when to initiate or halt the
reaction, i.e., only upon anodic oxidation of the catechol probe into its orthoquinone will the
reaction begin. This proof-of-concept study provides evidence that EOTR has great potential
for sequence-specific sensing of nucleic acid biomarkers (DNA and miRNA) under near

physiological pH and salt concentrations.

Here, we explored the first example of EOTR on electrode surfaces.
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Figure 4-3 Sensing strategies based on polystreptavidin-biotin immobilization method.

Chronoamperometry is an electrochemical technique in which the potential of the working

electrode is stepped, and the resulting current from faradic process occurring at the electrode

is monitored as a function of time. In CA sensing, hexaammineruthenium(lll) chloride

([Ru(NH3)¢]3*, noted as RuHex), a redox cation, is used to exchange for native counterions

associated with the nucleotide phosphate residues of the probe!?°. As shown in Figure 4-3
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sensing strategy 3, RuHex serves as the electroactive indicator, which binds to anionic
phosphate of DNA strands in a stoichiometric approach. One RuHex cation can bind to three
nucleotide phosphate residues due to electrostatic interaction. And the number of target

sequence can be calculated from RuHex signal via chronoamperometry.

EIS is a technique used to investigate properties of electrode reactions in electrochemical
systems, which can provide information on the system's electrical and chemical properties3°4,
EIS measures the electrical impedance of an electrochemical system as a function of
frequency. An EIS interrogation involves applying a small alternating current (AC) waveform
(usually in millivolt range) to an electrochemical system and measuring the resulting AC
current response. The stimulation is kept small to ensure that the cell's response is pseudo-
linear. By analyzing the impedance of the system as a function of frequency, it is possible to
extract information about the system's resistance, capacitance, and inductance. The
impedance of an electrochemical system can be analysed as the combination of two
components: the resistive component (related to the system's electrical properties) and the
capacitive component (related to the system's chemical properties). The capacitive
component arises from the charging and discharging of the electrical double layer (EDL) at
the electrode-electrolyte interface, which is formed due to the accumulation of charged
species (ions or molecules) at the electrode surface.'? As shown in Figure 4-3 sensing strategy
4, EIS measurement should be carried out between each step functionalization to monitor

the electrode surface changes. Applying EIS as a sensing method presents a key advantage in

that it is a non-label technique.

DNA intercalation is another label-free sensing technique explored in this research. DNA
intercalation refers to the insertion of a molecule between the stacked base pairs of double-
stranded nucleic acid. As shown in Figure 4-3 sensing strategy 5. The key characteristic of an
intercalator is its ability to insert itself between the base pairs of double-stranded nucleic acid,
which is facilitated by the planar aromatic structure of the molecule. Methylene blue as a
widely used electrochemical reporter is used as a DNA intercalator. Sensing is realized by
detecting the methylene blue signal, which is proportional to the concentration of target

sequence captured on the electrode surface.
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4.2 Results and Discussion

4.2.1 Sandwich Assay

The sandwich assay-based sensing strategy was performed on the polystreptavidin-biotin
immobilized SPCEs. Based on the optimum ratio among polystreptavidin, capture probe
(Biotin-PNA-374a) and spacer Biotin-PEG (Biotin-(PEG)s-OH) discussed in section 2.5.1, 500
nM polystreptavidin, 5 uM Biotin-PNA-374a and 50 uM Biotin-PEG were used in this section
for capture PNA probe immobilization. Different concentrations of DNA mixed with 500 nM
sensing PNA (PNA-AQ-374a) in 1X PBS was left at room temperature for 10 minutes to allow
hybridization before applying on the sensor. The DNA-PNA mixture (DNA374a and PNA-AQ-
374a) was then applied on the capture probe (Biotin-PNA-374a) functionalized electrode for
5 minutes, followed by a thorough wash with 1X PBS. SWV was conducted to test the fully
functionalized electrode. DNA141 is used here as a non-complementary control because of

the sequence difference between DNA374a and DNA141.
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Figure 4-4 Sandwich sensing with PNA-AQ-374a. (a) Box plot of complementary (DNA374a)
and non-complementary DNA (DNA141) sensing with PNA-AQ-374a (n = 4). (b) SWV data of

complementary DNA and (c) SWV data of non-complementary DNA (baseline corrected).
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As shown in Figure 4-4, sandwich sensing on polystreptavidin treated SPCEs works for nano
range sample detection. As illustrated in Figure 4-4 (a), the dynamic range is from 77 nM to
180 nM and limit of detection (LoD) is 77 nM. Observable signal was spotted even without
DNA adding, as shown in the blue box and dots in Figure 4-4 (a).This is background noise
caused by non-specific interaction of the sensing probe with the electrode surface, most likely
because of hydrophobic interactions between the PNA probes. As shown in Figure 4-4 (b) and
(c), the original SWV data confirmed the ability of this detection system in discriminating the
complementary DNA to non-complementary DNA in the range 77 nM to 180 nM. This range

is consistent with the DNA quantification test in Figure 3-3 (a).

The decrease of 360 nM and 500 nM in Figure 4-4 (a) is because of the short 10 minutes
hybridization for sensing probe PNA (PNA-AQ-374a) and target sequence. Single stranded
DNA diffuse faster than DNA-PNA. This could be improved by allowing longer hybridization

time. However, there’s a risk of PNA-AQ-374a stick on the tube wall at room temperature.
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Figure 4-5 Stability test of sandwich assay sensing using PNA-AQ-374a (n=3).
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The synthesized sensor by using polystreptavidin-biotin method demonstrated stability at
room temperature. As shown in Figure 4-5, by using 100 nM target sequence (DNA374a), the

sensor maintained 71.8% signal intensity after 35 days storage at ambient condition.

4.2.2 Electrochemical Oligonucleotide Template Reaction (EOTR)

With similar schematics, EOTR sensing is considered more specific than sandwich assay
sensing because EOTR's signal is controlled by an electrochemical reaction, which could result
in a decreased background signal from non-specific binding compared to sandwich assay
sensing. Because the two essential EOTR PNA probes (capture probe and sensing probe) was
designed and synthesized for DNA141, the PNA capture probe used for this experiment is thus
Biotin-PNA-Aniline-141 and the PNA sensing probe is PNA-Catechol-141. Based on the
optimum ratio among polystreptavidin, capture probe (Biotin-PNA-Aniline-141) and spacer
Biotin-PEG (Biotin-(PEG)s-OH) discussed in section 2.5.1, 500 nM polystreptavidin, 5 mM
Biotin-PNA-Aniline-141 and 50 mM Biotin-PEG were used in this section for PNA capture

probe immobilization.

As shown in Figure 4-3 sensing strategy 2. A potential at 0.3 V was applied to the electrode
for 200 s before DPV test to oxidize the catechol (Scheme 2-1 (1)) so that it is ready to react
with aniline for the EOTR. The potential was kept smaller than 0.4 V to avoid aniline
polymerization. In the DPV, the potential was swept from—0.3 Vto 0.3 V. Potential increment
was 0.01 V. Pulse amplitude was 0.05 V. The pulse period was 0.5 s, pulse width was 0.05 s
and sample width was 0.02 s. 2 s quiet time was set prior to the DPV scanning to realize a

proper initial condition for all scans. The gain was set at 10™* A/V range.

The initial trail with EOTR sensing was carried out by using 100 nM DNA, where the
experimental group utilized the complementary sequence DNA141 and the control group
employed the non-complementary DNA127. Following full electrode functionalization, which
included Biotin-PNA-Aniline-141 immobilization, 20 uL 100 nM DNA (in 1X PBS) was applied
on the working electrode for 20 min followed by a thorough wash. As original raw data of DPV
shown in Figure 4-6, two repeats with 100 nM complementary DNA (blue and orange curve)

and single measurement with 100 nM non-complementary DNA (green curve) all shown
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catechol peaks near 0.2 V and addcut peaks in the range of -0.1 V and 0 V. This indicates that
EOTR occurred, but the system was unable to distinguish between the complementary and
non-complementary sequences. As shown in Figure 4-6, three more control groups were
carried out. Based on the full EOTR system, the red curve represents the DPV test without the
presence of the sensing probe (PNA-Catechol-141), the purple curve represents the DPV test
without the capture probe (Biotin-PNA-Aniline-141 and spacer Biotin-PEG), and the brown
curve represents the DPV test without the DNA target. Significantly, the peak locate around
0 V originates from the SPCE itself, potentially arising from gradual silver leakage or other
manufacturing-related impurities. This peak overlaps with and hinders the EOTR signal,
posing a substantial challenge for employing EOTR in lower concentration sensing
applications. The control experiments conducted without the capture PNA probe (purple),
without the DNA target (brown), and with the non-complementary DNA (green) all exhibited
"adduct" peaks within the range of -0.1 V to 0 V. This phenomenon could stem from non-
specific adsorption on the electrode surface or possibly be inherent to the original peak of the
SPCE. Consequently, a higher concentration of the target DNA, 500 nM, was employed for
testing. The rationale behind this was that if the peak resulting from the 500 nM target
sequence is more pronounced than the intrinsic peak near 0 V on the SPCE, then the system
might achieve discrimination between the complementary and non-complementary

sequences.
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Figure 4-6 DPV investigation of EOTR on SPCE using polystreptavidin-biotin method (cDNA is
complementary DNA141 and nDNA is non-complementary DNA127, no base line correction.

The baseline corrected graph see appendix Figure A-2).

Different from experiment in Figure 4-6, target DNA in this test was pre-mixed with PNA-
Catechol-141 before applying on the capture probe immobilized SPCE. 2.5 uM of PNA-
Catechol-141 sensing probe was mixed with 500 nM complementary and non-
complementary DNA, respectively for 1 hour to allow for hybridization before applying on the
capture PNA probe immobilized electrode. On the capture probe functionalized electrode,
100 pL of the sensing probe and target DNA duplex was deposited for 30 minutes to allow the
target sequence to hybridize to the PNA capture probe. The fully functionalized electrode was

then washed thoroughly by 1X PBS prior to electrochemical investigation.
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Figure 4-7 Electrochemical oligonucleotide templated reaction (EOTR) sensing with PNA-

Catechol-141. (a) SWV adduct peak bar plot of complementary (DNA141) and non-

complementary DNA (DNA127) EOTR sensing with PNA-Catechol-141 (b) SWV adduct peak

of (a) after treated with 1% BSA for 40 min and washed by 1X PBS. (c) Significance test of

500 nM complementary DNA (cDNA) and non-complementary DNA (nDNA) in(a). (d) Bar

plot comparing 500 nM complementary DNA (cDNA) and non-complementary DNA (nDNA)

in (b).

The sensing data with 500 nM complementary and non-complementary DNA by investigating

the EOTR adduct peak by using SWV is shown in Figure 4-7. The adduct peak locates in the

range of -0.1 to 0 V. The system can distinguish the complementary sequence to the non-

complementary sequence with statistical significance (Figure 4-7 (a) and (c)). Importantly,

the no DNA control and non-complementary DNA group are in similar level, which validated

the hypothesis of the less non-specific binding of EOTR compared with sandwich assay. As

illustrated in Figure 4-7 (b) and (d), the background signal can be further reduced by treating
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the fully functionalized electrode surface with 1% BSA solution for 1 hour and rinse gently
with 1X PBS. However, 1% BSA not only decreased the non-specific binding but also weakened
the target signal. Comparing Figure 4-7 (c) and (d), the p-value between complementary and
non-complementary sequence increased from 0.01749 to 0.1320 before and after BSA
treatment by using Welch's t-test, implying that the significant difference decreased. As
shown in Figure 4-7 (c) and (d), some peak disappeared after BAS treatment, resulting in only
two repeats for Figure 4-7 (d). The limited number of repeats raises concerns about the
statistical power of the analysis. Given the small sample size of two repeats for the test, the

statistical significance was not displayed on the graph.

Inspired by the promising results in Figure 4-7, more target DNA concentrations using EOTR
sensing method on the fully functionalized SPCE was tested by SWV. When varying the DNA
target concentration from 500 pM to 500 nM, as shown in Figure 4-8 (a), no clear trend was
observed despite the fact that the complementary DNA groups always have stronger signal
than the non-complementary DNA groups. To delve deeper into this experiment, surface
optimization was conducted by implementing a 1% BSA passivation step on all the electrodes
analyzed in Figure 4-8 (a). The purpose of this passivation was to mitigate non-specific binding
and suppress background peaks originating from the manufacturing process. The results of

this optimization are depicted in Figure 4-8 (b).

Different from the data shown in Figure 4-7 (b) and (d), where the electrode with target
sequence underwent a 40-minute treatment by 1% BSA, electrodes in Figure 4-8 (b) were
subjected to a 1-hour treatment with 1% BSA. Following this treatment, the electrodes were
thoroughly washed with 1X PBS before the testing with SWV again. Interestingly, after BSA
treatment, there was an intriguing increase in the adduct signal originating from
complementary DNA. Conversely, all of the adduct signals from the control groups, utilizing
non-complementary DNA, exhibited a certain degree of reduction. This comparison is evident
when comparing Figure 4-8 (a, before BSA treatment) and (b, after BSA treatment). The
increase of adduct peak after BSA treatment is potentially because of the reduced probe
density and improved probe orientation. As shown in Figure 4-8 (c) and (d), adduct peak
distribution before and after BSA treatment have shifted from -0.03 V to 0.05 V. A possible

explanation for this peak shift is the probe density change induced surface change.
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However, overall the sensor was not able to distinguish between the complementary and
non-complementary DNA in the range of 500 pM to 500 nM with a clear trend. It is reasonable
to speculate the dynamic linear range may exist in lower pico molar range. Although it is
impossible to rule out that the sensor may perform better at lower DNA concentrations (in
the lower pM range), investigations with EOTR sensing were stopped because of recurrent
issues caused by the electrode manufacturing defect generating a variable peak within the

range of -0.1 to 0 V (as shown in Figure 4-6 red curve).
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Figure 4-8 Electrochemical oligonucleotide templated reaction (EOTR) sensing with PNA-
Catechol-141. (a) Adduct peak box plot of complementary (DNA141) and non-
complementary DNA (DNA127) sensing with PNA-Catechol-141 by SWV. (b) Adduct peak
box plot of complementary (DNA141) and non-complementary DNA (DNA127) sensing with
PNA-Catechol-141 by SWV after 1 h treatment with 1% BSA followed by PBS washing. (c)
Adduct peak distribution of (a). (d) Adduct peak distribution of (b).
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4.2.3 Chronoamperometry

Chronoamperometry provides valuable information about the kinetics and mechanisms of
electrochemical reactions occurring at the electrode surface. As shown in equation 4.4,
current recorded during a chronoamperometry test is composed of three parts: diffusion
current, double-layer current and current from immobilized redox species at the surface of
the working electrode. After integration with time, charger Q is expressed by three parts as
well: diffusion charge, double-layer charge and charge from immobilized redox species, as

displayed in equation 4.5.

Diffusion current:

_ nFAVDC,,
laig = — = 4.1
t
Double layer current:
] AE t
la = 5 exp (— 5= 4.2
Current from immobilized redox species:
iads = iF* 4.3
Total current:
nFAVDC,, AE t
= ——+ —e ——) + ip 4.4
Total current integrated with time t:
2nFAVDC,, t
= ——— /'t — CAE ——) + nFAT”" 4.5
N Vvt exp ( RC) n
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Laifs is diffusion current.

ig4; is double layer charging.

445 1S current from immobilized redox species.

n is the number of electrons per molecule for reduction.

F is the Faraday constant (96485.3329 C/mol).

A is the real electrode surface area.

D is the diffusion coefficient in m?/s.

7 is the ratio of a circle's circumference to its diameter (3.1415926).
t is time in seconds.

AE is the potential step applied during the experiment in volts.
R is the resistor value in ohms.

C is the capacitor value in Farads.

ir+ is Faradaic current generated by the redox reporter adsorbed on the electrode surface in

ampers.

Qis charge in coulombs.

As can be seen from equation 4.5, diffusion and double layer resulted charge are related to

time, while adsorbed redox species charge is not. This meanswhen t = 0, Q = Q45 + Qq; =

nFAT* + CAE . Therefore, Q;—o eliminated diffusion charge %ﬁ. And Qg is a

constant that no longer changes with time t. Based on this, the immobilized redox species is
determined from the difference between chronocoulometric intercepts for the identical

chronoamperometry experiments in the presence and absence of the target sequence.

The saturated surface excess of redox marker is converted to DNA probe surface density with

the relationship:
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[pya=T7 (i) Ny 4.6

Where I'py 4 is the probe surface density in molecules/cm?, m is the number of bases in the
probe DNA, which refers to 22 nucleotides (nt) for both the complementary sequence
(DNA141) and non-complementary control sequence (DNA150). N, is Avogadro’s number

(6.02 x 1023) and z is the charge of the redox molecule, which is 3 for the case of RuHex.

4.2.3.1  Chronoamperometry with polystreptavidin-biotin system

On the PNA immobilized surface, different concentrations of complementary DNA141 and
non-complementary DNA150 was applied on the functionalized working electrode from low
to high (1 aM, 1 fM, 1 pM, 1 nM and 1 uM in 1X PBS) with a total volume of 20 pL for 10 min
to allow hybridization, respectively. Chronoamperometry was carried out after probe

immobilization and each step DNA hybridization with different concentrations.
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Figure 4-9 Cyclic voltammetry characterization of 50 uM RuHex in 10 mM Tris buffer with

100 mV/s scan rate.
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The CV graph in Figure 4-9 shown the oxidation peak of RuHex is at -0.084 V and the reduction
peak is at -0.185 V. Which gave guidance on chronoamperometry experiment settings. In the
chronoamperometry experiment, chronoamperometry on SPCE was conducted by using the
following parameters:12%3% The initial potential was set at 0 V. The high potential was set to
0.2 V, while the low potential was set to -0.5 V. The chronoamperometry steps initiated from
positive to negative, totalling 2 steps with each step lasting for 0.25 s. The pulse width was
0.25 s and the sample Interval was 0.002 s. Quiet time was set as 2 s and the sensitivity was

set as 1074,
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Figure 4-10 Chronoamperometry data for charge fitting and calculation with complementary
DNA. (a) Original chronoamperometry data. (b) Charge calculated from the reduction part
by integrating current with time. (c) Charge fitting by excluding the diffusion and double

layer effect. (d) (e) (f) are another group repeating (a) (b) (c).

As shown in the original chronoamperometry data in Figure 4-10 (a), the working electrode

was kept at a positive potential for the purpose of holding the [Ru(NH3)4]3* cation in the 3+
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state to realize a consensus initial state for the boundary condition. The value is speculated
from the cyclic voltammetry of 50 uM [Ru(NH;)¢]3" in Tris buffer, as shown in Figure 4-9,
where 0.2 V is a reasonable value for this purpose. Then the electrode surface was reduced
by applying a -0.5 V potential for 0.25s. The current gathered in this state includes diffusing
current, double layer current and current from [Ru(NHs)¢]3* reporters that electrostatically
bind to the immobilized redox species. This reduction current was integrated with time. The
resulted charge is shown in Figure 4-10 (b). The linear fitting of reduction charge is shown in
Figure 4-10 (c). The purpose of fitting is to eliminate the charge from double layer and
diffusion by operating a deduction with the fitted intercept, according to equation 4.5. The
same data processing was used for the control group where a non-complementary DNA was

used (Figure 4-11).
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Figure 4-11 Chronoamperometry data for charge fitting and calculation with non-
complementary DNA. (a) Original chronoamperometry data. (b) Charge calculated from the
reduction part by integrating current with time. (c) Charge fitting by excluding the diffusion

and double layer effect.
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The charge from surface bound RuHex that electrostatically bind to target DNA was calculated
and results are shown on Figure 4-12. Despite the trend in the increase of charge with
increasing DNA concentration and the distinct difference between the complementary and
non-complementary sequence, the calculated total maximum charge on the surfaces
indicated that the background signal was much stronger than the real signal of interest,
preventing an accurate measurement in the atto-molar to pico-molar range. Another
potential explanation is that the system’s dynamic range is not within the atto-molar to pico-
molar. With only the nano-molar range data making sensing, TWEEN was applied on the

system to reduce the effect of non-specific binding.
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Figure 4-12 Charge associated with immobilized species.

4.2.3.2 TWEEN Effect on Chronoamperometry with polystreptavidin-biotin system

In the previous section, chronoamperometry results were affected by the strong background
signal potentially from the non-specific binding of non-complementary sequence or
accumulation of RuHex at the electrode surface. Therefore, TWEEN was applied to reduce the
background signal. 0.5% TWEEN in PBS was used to wash the fully functionalized working

electrode. A preliminary result with 500 nM complementary DNA and a no DNA control (two
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repeats each) was carried out. With such small sample size, it becomes difficult to draw
reliable conclusions from the test results, and the statistical power of the test may be low.
Nevertheless, a Wilcoxon test with Bonferroni correction has been conducted. And the p
value of the statistical test is 0.5, not significant. Further analysis about the results are limited

to the changed shape of the integrated charge (Figure A-3 and Figure A-4).
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Figure 4-13 Surface charge from RuHex with 500 nM complementary DNA (DNA141) after
0.5% TWEEN washing.

4.2.3.3 Comparing Single Measurement and Multiple Measurements on Dropsens Electrode

To investigate if the multiple washing steps and measurements on the same electrode
degrades the functionalized surface, comparison was conducted between two groups where

single measurement (with single wash step) and multiple measurement (with multiple wash

steps) were carried out, respectively.
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4.2.3.3.1 Single Measurement

In this experiment, all electrodes were considered identical, where in reality there will always

be differences because of the manufacturing process. Figure 4-14 (a) shows that comparing

chronoamperometry based on different electrodes was not possible for the polystreptavidin-

biotin system as the system was not able to distinguish the experimental group from the

control. By doing a Wilcoxon test with Bonferroni correction between the 500 nM complementary

and non-complementary DNA after subtracting the background charge (no DNA control), as shown in

Figure 4-14 (b), the p value is 0.625, no significant. This is because:

(a)

]
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wn
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Fitted Charge intercept (C)
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o

1. The difference among the electrodes posted significant effect on the result. And
this electrode difference was more pronounced than the differences observed in our
results based on multiple target concentrations from the chronoamperometry

measurements.

2. RuHex adsorb on both the carbon electrode3°® and the PNA-bounded electrode.
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Figure 4-14 (a) Chronoamperometry with single measurement (after washing with 1X PBS)

(b) Statistical test between 500 nM complementary DNA (DNA141) and non-complementary

DNA (DNA150).
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4.2.3.3.2 Multiple Measurements on the Same Electrode

Here, multiple measurements were all made on the same electrode for background
measurement and charge calculation after DNA hybridization. As shown in Figure 4-15 and
Figure 4-16 (a), there is an observable increase for the complementary DNA from 100 nM to
500 nM, where the control remains in the same level of signal intensity with a non-
complementary DNA. However, the statistical analysis by using a Wilcoxon test with
Bonferroni correction between the 100 nM and 500 nM complementary DNA presented a p
value of 0.125. Which means the difference is not statistically significant. The reproducibility

of this sensing strategy needs improvement before it can be considered as a reliable method.
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Figure 4-15 Chronoamperometry with single measurements (after washing with 1X PBS),

one-to-one tracking line plot.



Page | 185

(a) . (b) ,
x107° x107
Con ® ns
Non 35 1
3.0 Conr o
Nan.
3.0
525
a 25
8 2.0
B2 G
E o 20
@ =
915 e 5
2 515 o
Q S
T 10 ]
£ 1.0
w
_——a
1 — &5
08 "o . 0.5 ) o
0.0 . 0.0 d o
100.0 500.0 100.0 500.0
DNA Concentration (nM) DNA Concentration (nM)

Figure 4-16 Chronoamperometry with multiple measurements (with multiple wash steps).
(a) Box plot with 100 nM and 500 nM complementary (DNA141) and non-complementary

DNA (DNA150). (b) Statistical test between100 nM and 500 nM complementary DNA (n=5).

4.2.4  Electrochemical Impedance Spectroscopy (EIS)

EIS sensing was conducted by using Biotin-PNA-Aniline-141 as capture PNA probe
immobilized on SPCE and DNA141 as target sequence. DNA150 was using as a non-
complementary control sequence. EIS measurements were made in the presence of 1.25 mM
[Fe(CN)6]374~ in 100 mM KCI, where the [Fe(CN)6]34~ works as a redox probe. A consistent
response current was obtained after the incubation with complementary and non-

complementary DNA for 20 minutes and washing, respectively.
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Figure 4-17 EIS measurements using SPCE. (a) Experimental group with three EIS
interrogations on 1. bare SPCE, 2. polystreptavidin and Biotin-PNA-Aniline-141 treated SPCE,
and 3. 1 uM complementary DNA (DNA141) treated SPCE with polystreptavidin and Biotin-
PNA-Aniline-141. (b) Control group with three EIS interrogations on bare SPCE treated with

1X PBS, repeated for three time by different time intervals.

An initial EIS measurement was made on polystreptavidin and Biotin-PNA-Aniline-141 treated
SPCE. On the same electrode, after 20 minutes of DNA incubation, a second EIS test was
performed in the same buffer solution after washing the surface gently with 1.25 mM

[Fe(CN)6]3/4 in 100 mM KClI buffer solution to maintain a constant ionic strength.
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Figure 4-18 EIS sensing with wide range complementary and non-complementary DNA.

As shown in Figure 4-18, both complementary (DNA141) and non-complementary DNA
(DNA150) were detected by EIS. DNA150 is used as a control for the complementary sequence
DNA141 according to the Biotin-PNA-Aniline-141 (Table 4-1). In the atto-molar to pico-molar
range, negative charge transfer resistance values were observed that are possibly due to the
immobilized polystreptavidin film partially detaching from the electrode surface during the 4-
minute-long EIS measurement with AC potential applied consistently. In the nM range, the
positive values shown the capability of detecting the target sequence, although with a
significant lack of sequence specificity as the system was unable to distinguish between the

complementary DNA and non-complementary DNA.
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Figure 4-19 Surface change with each step surface treatment by EIS. ST=streptavidin, PNA=
Biotin-PNA-Aniline-141, DNA=DNA141, n=11, 38 and 7.

Figure 4-19 shows that charge transfer resistance R . changes between each step after
washing. With multiple repeats, there’s a statistical significance exist between no
functionalized electrode (bare electrode) and PNA-immobilized electrode. Significant tests
among multiple groups were analyzed by using the Kruskal-Wallis test with Bonferroni
correction, followed by the Dunn's test for post hoc pairwise comparisons. Kruskal-Wallis test
with Bonferroni correction, rather than ANOVA, was use for stronger statistical power.
Because data collected in Figure 4-19 did not fit normal distribution (this does not mean the
data in theory is not normally distributed), according to QQ plot. P value between the bare
electrode (no treatment control) and PNA probe immobilized electrode (500 nM
polystreptavidin+ 5 uM capture PNA) is 0.009617. P value between the bare electrode and
fully factionalized electrode (500 nM polystreptavidint 5 pM capture PNA + 1 uM

complementary DNA) is 0.013. And there’s no significant difference between PNA probe
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immobilized electrode and fully factionalized electrode. However, the 4-minute-long EIS
measurement with AC potential applied consistently and multiple washing steps between
each step most likely contributed to partial degradation of the functionalized electrode. As
shown in Figure 4-20, no significant improvement was observed after addition of 0.5% TWEEN

during the washing steps.
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Figure 4-20 EIS measurements with 500 nM and 1 uM complementary (DNA141) and non-
complementary DNA (DNA150) followed by 0.5% TWEEN washing.

4.2.5 DNA Intercalation

Like EIS, DNA intercalation is another label-free sensing technique tested in this project. After
capture PNA (Biotin-PNA-374a) immobilization via polystreptavidin-biotin method, 20 uL DNA
sample dispersed in 1X PBS was dropped on the functionalized electrode for 20 minutes to
allow hybridization with the complementary sequence (DNA374a in this case). A non-
complementary DNA141 (non-complementary to Biotin-PNA-374a) was used as a control.

After the DNA hybridization, different concentrations of freely diffusing MB (from 5 uM to
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200 uM) in 1X PBS was added. After 10-minute incubation, SWV scans were recorded before

and after washing the electrode with 1X PBS.
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Figure 4-21 DNA intercalation sensing by SWV using 200 uM MB for 10 minutes without

wash.

As shown in Figure 4-21, incubation with 200 uM MB for 10 minutes was first tested without
washing. This assumes that surface bound MB signal is stronger than the MB signal remaining
freely diffusing in solution. However, no clear trend was observed at such high MB
concentration and lower concentrations of 20 uM and 5 puM MB were tested together with
the addition of washing steps to remove unbound MB and reduce background noise, as shown

in Figure 4-22. Unfortunately, this led to no significant improvement.
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Figure 4-22 Box plot of DNA intercalation sensing by SWV using (a) 100 nM and (b) 200 nM

DNA with different MB concentration.

Figure 4-21 and Figure 4-22 both demonstrated that the resulting signal enhanced along with

the MB concentration increasing. With the unwashed group, this is probably due to the signal
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from diffusion override the signal from the surface bound intercalated MB. But the same
problem existed when the surface has been washed with PBS. Therefore, these results ted to
suggest that MB adsorbs non-specifically on the electrode surface, despite the fact that
Biotin-PEG was used already to try and minimize non-specific binding. In further tests, the
effect of decreasing MB incubation time and of adding washing steps on non-specific binding

was investigated.
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Figure 4-23 Box plot of DNA intercalation sensing by SWV using 200 uM MB for 5 minutes
and washed with 1X PBS.

As shown in Figure 4-23, 200 uM MB was applied on the DNA-treated surface for 5 minutes.
Washing helped with the removing of non-specifically adsorbed MB on carbon surface. This

protocol revealed the narrow linear range to be between 10 nM to 25 nM. Further
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optimization is therefore needed before this strategy can be used for the detection of

endogenous circulating cell-free nucleic acids.

4.3 Conclusion

Five different sensing strategies have been carried out based on the polystreptavidin-biotin

immobilized electrode.

Sandwich assay using anthraquinone as a reporter probe exhibited the most promising results
in terms of sensitivity and specificity. The current dynamic linear range is 77 nM to 180 nM
with a LoD is 77 nM. Further improvement of the sensitivity can be implemented before the
next step multiplexed detection and miniaturization by optimizing the surface orientation and

density.

EOTR can be a good alternative to replace sandwich assay as it provides better sensitivity and
less background noise due to its controlled electrochemical switch for detection. However,
catechol is not as stable as aniline. The adduct formation is only possible when the catechol
moiety is in its quinoid form, giving the potential for explicit control of the EOTR.3%3 The
reaction can only happen when the electrode potential allows the quinoid to form while
avoiding aniline polymerization. Furthermore, the original designed EOTR sensing in this
platform was using aniline and 4-methyl-catechol as two reacting probes, whose adduct peak
is at between -0.1 V and 0 V (vs. pseudo reference electrode). The SPCE has an original peak
at the same region (vs. Ag pseudo reference electrode) probably due to the gradually sliver
leaking after multiple pulsed voltammetry scanning. Therefore, EOTR is not the optimal

sensing technique for this platform using SPCE.

Chronoamperometry as a non-label sensing method displayed great convenience. No
functional groups or electrochemical reporter need to be attached on the PNA probes. This
technique utilizes the RuHex, which binds to DNA through electrostatic intercalation. Despite
its convenience, its specificity in this application needs further investigation. On the other
hand, EIS is another non-label method for sensing. EIS is essentially a technique for
investigating surface changes; but the specificity between complementary and non-
complementary sequence needs improvement. Although the data shown the possibility for

further exploration in the nano molar range sensing for target sequence, it is challenging to
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do so because the potentially unstable functionalized surface under EIS interrogation. Study
has demonstrated that electrochemical sensor can degraded faster under AC potential and
pulsed stimulations 172, The fact that EIS takes longer time to perform (3 to 7 minutes)
compare with SWV or CV (usually less than 1 minute) makes the problem even bigger.
Another challenge is that EIS background varies a lot for both bare SPCE and polystreptavidin
and Biotin-PNA-Aniline-141 treated SPCE. This is probably because of the unsmooth surface
of the SPCE. A brief trail has been conducted on bulk gold electrodes, but no improvement

was found (Figure A-5 and Figure A-6).
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5 Summary and Outlook

In this thesis, different surface functionalization and sensing strategies were thoroughly
explored and evaluated to develop a biosensor capable of detecting short nucleic acid-based

biomarker, as those found in circulation in a range of bodily fluids.

5.1 Immobilization strategies and its optimization

About surface functionalization, immobilization methods have been tried on SPCE, graphene
electrode and bulk gold electrode. polystreptavidin-biotin, silanization, trans-esterification
reaction, carbodiimide reaction (EDC/NHS) and gold-thiol interaction based immobilization of
the capture PNA probe on the electrode surface have been explored. Among them, gold-thiol,
silanization, trans-esterification reaction and carbodiimide reaction are covalent
immobilization while polystreptavidin-biotin immobilization was based on the physical

adsorption of polystreptavidin on the electrode.

Gold-thiol possessed less reproducibility due to the weak Au-thiol bond. Considering both the
reproducibility and the cost-effectiveness regarding sensing applications, carbon was selected

as an alternative to gold.

Silanization in aqueous phase was mainly restricted by the polymerization effect which can
block the electrode surface due to the less conductive nature of the silanized film. Although
an organic phase of silanization have been characterized with better signal to noise ratio, the
further validation of this approach was limited by the weak signal from DNA quantification

test.

Polystreptavidin and biotinylated PNA capture probe was proved to be the most effective
immobilization method among all of the approaches studied in this research, as shown in
Table 2-4. With the convenience of physical adsorption of polystreptavidin on the electrode
surface, risk of less robust immobilization is the main concern of the strategy. To optimize the

immobilization, several approached can be implemented for improvement:

1. Polystreptavidin can be covalently attached to the electrode surface by peptide bond
formation between amine groups naturally existing on the polystreptavidin protein

and NHS ester groups on the electrode surface.
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2. Polystreptavidin can be crosslinked in hydrogel or mixed with nafion to perform extra
structure assisted immobilization. By taking advantage of the functional groups on the
polymer, which can be designed or selected or engineered, multiple choices of

immobilization methods can be introduced.

DNA quantification was an intermediate step between the immobilization and sensing to
double check the ability of the capture probe to hybridize with the target sequence. The probe
performance using a DNA counterpart probe has been compared with the PNA-based probe.
The results confirmed the advantages of using PNA probe in the hypothesis of having better
affinity to DNA (and RNA due to the similar backbone to DNA). The target DNA sequence
showed much higher efficiency in hybridizing to the PNA capture probe compared to the DNA
capture probe. Additionally, the PNA capture probe exhibited satisfactory specificity by
discriminating between complementary target DNA sequences and non-complementary DNA

sequences.

With PNA probe immobilization on the electrode surface, reports either did not
characterize' or characterized with very vague approaches such as CV?'° or EIS3%7 by
monitoring the ferric/ferrocyanide redox change. Many examples were listed from our review
paper.’®® The characterization with CV or EIS can only demonstrate there’s change with the
electrode surface but cannot specify which change. In this thesis, the characterization of PNA
capture probe immobilization was mainly performed by functionalizing the PNA capture
probe with an electrochemical reporter. The electrochemical reporter can be investigated
directly or after reacting with another molecule, allowing for a comprehensive evaluation of

the immobilization process.

5.2 Sensing Techniques
Five sensing strategies have been systematically investigated based on the polystreptavidin-

biotin functionalized electrode.

EOTR and sandwich assay have similar structure designs. They all rely on the sensing probe
signal from a PNA probe that can hybridize with the target sequence. In sandwich assay, the
selection of anthraquinone as sensing probe was due to both its desired peak location in
electrochemical investigation and great solubility in aqueous solution. The designed sensor

demonstrated a linear range between 77 nM to 180 nM and a limit of detection of 77 nM.
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Sensing performance could be further improved by limiting non-specific adsorption more
effectively, a common issue with PNA-based sensors. These optimization goals can be realized

by several potential approaches:

e Use another spacer that works better than Biotin-PEG (Biotin-(PEG)s-OH) or use a
combination of more than on spacer (or backfiller) to both remove the non-specific
adsorption and stop steric hindrance.

e Using rigid two- or three-dimensional nanostructures as linkers between the solid
surface and the PNA probe. There are many creative designs that can be tried:
including but not limited to tetrameric junction,?*® three-dimensional cube,?** two-
dimensional DNA lattices,?*> DNA triple crossover complex,?*¢ DNA origami%*” and DNA
tetrahedron,?*82%1 octahedron.?*?

e Wash the proposed sensing platform by detergent (TWEEN 203%) or protein (BSA,?3*~
238 casein?®?) to expedite the removal of non-specific adsorption while attaining the

sensing efficiency can be an approach.

When applying these solutions, there are several factors to consider. To compete with the
non-specific binding between a non-complementary sequence and the electrode surface, the
spacers or backfillers’ Gibbs free energy need to be smaller (larger absolute value) than the
non-specific binding but larger (small absolute value) to not replace or compete with the
capture probe. For example, surface Gibbs free energy of the thiol-modified DNA-oligo
adsorption on gold is found to be -32.4 kJ/mol.3%° In contrast, the hybridization Gibbs free
energy between PNA and DNA, with PNA probes of 7-mer or 8-mer length used in this
research, falls in the range of -40 to -50 kJ/mol.31° Blocking the accessible surface with a
molecule that exhibits no interaction with the target in the sample (especially nucleic acids
and any other molecules with H-bonding, ion-dipole possibilities) is the only rational
approach. This intermediary molecule, or spacer, should demonstrate inert properties while
possessing sufficient reactivity to achieve a binding energy of approximately 100 kJ/mol with
the surface. Such a level of binding energy typically necessitates the involvement of covalent
or ionic bonding. It's also crucial that this molecule doesn't impede electron transfer from any
potential reporter group employed. Balancing these requirements, however, presents a

challenge due to their inherent contradictions.
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In theory, EOTR is a good alternative to improve sandwich assay as it provides better
sensitivity and less background noise due to its controlled electrochemical switch for
detection. However, in this study, the effectiveness of EOTR has been constrained by an
inherent peak at approximately -0.1 Vto 0 V (vs. Ag pseudo reference electrode), as shown in
Figure 4-6 red curve, potentially caused by gradual silver leakage or other manufactural
contamination, which tends to overlap with and obstruct the EOTR signal. Therefore, EOTR is
not the optimal sensing technique for this platform using SPCE. This can be solved by either
change the electrode or use other EOTR reactions designs or changing the peak location to
avoid this intrinsic background peak. It is indeed feasible to finely adjust the redox
characteristics, encompassing both thermodynamic and kinetic aspects, of quinoid
molecules.3!! This deliberate modulation retains the capacity for the occurrence of the 1,4

addition reaction within the oxidized state.

Except the EOTR and sandwich assay, three non-label sensing strategies have been tried: EIS,

chronoamperometry and DNA intercalation.

EIS is a convenient label-free technique. Obtaining an EIS spectrum is a time-consuming
process that can take hours. To obtain accurate results, the system under measurement must
remain at a steady state throughout the measurement period. In electrochemistry, a steady

state refers to a condition where the system being studied is in a stable and unchanging state

. . . dc . .
over a period of time, which can be expressed % = 0 mathematically. The concentration

anywhere C(x) is not changing with time t. One of the most common challenges in EIS
measurements and analysis is the occurrence of drift in the system being measured. In
practical achieving a steady state can be challenging due to various factors that can affect the
cell's stability. For instance, the cell can be influenced by the adsorption of solution impurities,
formation of an oxide layer, accumulation of reaction products in solution, degradation of the

coating, or temperature fluctuations.

Chronoamperometry and DNA intercalation are based on the interaction between an
electrochemical reporter in the electrolyte and the functionalized electrode surface. Their
narrow dynamic linear range in this application limited their further development. This can

be improved by proper surface probe orientation and density control.
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In summary, this thesis has contributed to the advancement of electrochemical biosensors
for the purpose of detecting nucleic acid biomarkers, with potential future applications for
early cancer diagnosis. The sensor development involves the strategic design of two PNA
probes, each being fully complementary to half of the target sequence and being
functionalized with different electrochemical probes. The proposed sensor realized a linear
dynamic range from 77 nM to 180 nM and a LoD of 77 nM. This proof-of-concept marks a
promising beginning. Yet, given clinical endogenous miRNA concentrations spanning from
atto-molar to nano-molar levels, enhancing clinical suitability warrants achieving a lower LoD
within the femto- or atto-molar range. This could be achieved by further optimising the
surface probe density and orientation; designing new EOTR reactions; or improving the

electrode quality.
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Figure A-1 Matrix-assisted laser desorption/ionization (MALDI) results of HPLC purified PNA-

AQ-374a.
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Figure A-2 DPV investigation of EOTR on SPCE using polystreptavidin-biotin method (cDNA is

complementary DNA141 and nDNA is non-complementary DNA127, baseline corrected).



Page | 221
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Figure A-3 Chronoamperometry data for charge fitting and calculation (after 0.05% TWEEN
washing, 0.25 s measurement). (a) and (b) Two repeats of experimental groups using
complementary DNA141. (c) and (d) Two repeats of control groups without DNA. Each panel
contains three graphs from left to right: original chronoamperometry data, integrated
charge plotted against time, and charge fitting with the double layer capacitance part

omitted.
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Figure A-4 Chronoamperometry data for charge fitting and calculation (after 0.05% TWEEN

washing, 5 s measurement). (a) and (b) Two repeats of experimental groups using

complementary DNA141. (c) and (d) Two repeats of control groups without DNA. Each panel

contains three graphs from left to right: original chronoamperometry data, integrated

charge plotted against time, and charge fitting with the double layer capacitance part

omitted.
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Chronoamperometry on Gold-thiol System
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Figure A-5 Charge associated with complementary DNA (DNA141) and control non-

complementary DNA (DNA150) on bulk gold electrode.



(a)

Page | 224

x10~* x10-° x10-¢
0.0 0.0 Tris+ Rubex background 00{ —— Tris+RuHex background
1pM complementary DNA Tris+RuHex background fitting
Tris+Rutex background 1nM complementary DNA — 1pM complementary DNA
—02 —— 1pM complementary DNA —02 —— 1uM complementary DNA -02 - 1pM complementary DNA fitting
~— 1nM complementary DNA 1nM complementary DNA
1uM complementary DNA -~ 1nM complementary DNA fitting
—0.4 —0.4 1uM complementary DNA
— —04 _ . - 1uM complementary DNA fitting
I 3] 2
€ g -06 806
o = =
E -06 = 2
1 5 (i}
© Y _oa -0.8
-08
-10 -1.0
-10 12 -12
0.00 0.05 010 015 020 0325 0.00 0.05 0.10 0.15 0.20 0.25 oo 01 02 0.3 04 05
Time (s) Time (s) Square Root Time (t2)
( ) %104 %1076 x10°6
0.0 0.0 Tris + Rublex background 0.0 . “Tris + Rubex background
1pM complementary DNA N ris-+ Rubex background fitting
—02 Tris+RuHex background 1nM complementary DNA 1pM complementary DNA
1pM complementary DNA —— 1uM complementary DNA ‘\\ === 1pM complementary DNA fitting
1nM complementary DNA -0.5 -0.5 ~—— 1nM complementary DNA
-0.4 —— 1uM complementary DNA ~- 1nM complementary DNA fitting
1uM complementary DNA
- — — £ 1uM complementary DNA fitting
T -06 5-10 5-10{ &
2 @ o
o -08 = =
E 215 215
o o ] T
-10 h s
o -25 -25
0.00 0.05 10 015 0.20 025 0.00 0.05 (313 0.15 020 0.25 oo 01 02 03 04 05
Time (s) Time (s) Square Root Time (£'7)
(C) x10-5
0.0 Tris-+ Rubax background
. 1pM non-complementary DNA
—— Tris+RuHex background 1nM non-complementary DNA
1pM non-camplementary DNA. -02 —— 1uM non-complementary DNA
1nM non-complementary DNA
—— LuM non-camplementary DNA
ol v 04
3 g s
= =06
- o )
] = =
E B 5
5 2 _, 5
Is] G 08 5] —— Tris+Rubex background
“ris + Rublex background fitting
-1.0 —1.0{ — 1pM non-complementary DNA
: 1pM non-complementary DNA fitting
1nM non-complemantary DNA
12 —12| - 1nM non-complementary DNA fitting
1uM non-complementary DNA
~ = 1uM non-complementary DNA fitting
=14 -14
0.00 0.05 .10 0. 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25 Q0 01 02 03 o4 o5
Time (s) Time (s} Square Root Time (t*?)
(d) x10-4 %106 %10-¢
0.0 0.00 —— Tris+RuHex background .
1pM non-complementary DNA 0.0] W
—— Tris + Rubtex background o2 —— 1nM non-complementary DNA N
—02 1pM non-complementary DNA - —— 1uM non-complementary DNA
—— 1nM non-complementary DNA
— 1uM non-complementary DNA -0.50 o5
04
s G -075 o
= o o
g 8_ &
g -0s § Lo G -10
3 A 2
o Yo 2s — Y —— Tris+RuHex background . .
h Tris+RuMex background fitting ~
-08 et —— 1pM non-complementary DNA
-150 -15 1pM non-camplementary DA fitting
1nM non-complementary DNA
—1.0 175 -~ 1nM nan-complamentary DNA ftting o
B 1uM non-complementary DNA
200 ae - 1uM non-complementary DNA fitting
0.00 0.05 0i0 015 020 0.25 0.00 0.05 0o 015 0.20 035 0.0 o1 02 03 04 05
Time (s) Time (s)

Square Root Time (t)

Figure A-6 Chronoamperometry data for charge fitting and calculation with bulk gold

electrode (0.25 s measurement). (a) and (b) Two repeats of experimental groups using

complementary DNA (DNA141). (c) and (d) Two repeats of control groups with non-

complementary DNA (DNA150). Each panel contains three graphs from left to right: original

chronoamperometry data, integrated charge plotted against time, and charge fitting with

the double layer capacitance part omitted.
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