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Preface

The need for low-cost, efficient and simple diagnostic tools has led to more research
going into this subject, with the aim of making such medical devices more accessible
where they are needed. This has led to more researchers developing point-of-care
devices for this purpose worldwide, by sensor fabrication. This thesis focuses on
electrochemical sensor development for the early diagnosis of prostate cancer. It is
common knowledge that prostate cancer is one of the most prevalent carcinomas
that have claimed lives due to late diagnosis where even the most invasive
treatments have failed. For this reason, development of early detection devices that
can even be used in the comfort of home is necessary and quite crucial.
Electrochemical sensors have gained much attention due to their ease of fabrication,
cost effectiveness, simplicity, ease of use and high efficiency. Using nanocomposites
as modifiers has also become popular as they provide greater stability and improve
detection limits when used together with biomolecules. With that said, the work
reported herein has combined nanocomposites of graphene-based quantum dots,
gold nanoparticles, phthalocyanines and an aptamer in order to fabricate
aptasensors for the electrochemical detection of prostate cancer biomarker. The
aptamer is specifically designed to bind to the biomarker, and the nanocomposites
are expected to enhance current output thus lowering detection limits and
increasing stability and efficiency. Reproducible results are also expected. Prior to
the detection of the prostate cancer biomarker, the quantum dots-phthalocyanine
nanohybrids were used to detect L-cysteine, which is an amino acid, in order to
verify the synergistic effects as electrode modifiers that lead to the enhancement

of current output. This increase in current output is then exploited for the



improvement of aptasensor functionality upon incorporation of the aptamer, for the
detection of prostate specific antigen. The research in this thesis has been carried
out with the intention of contributing to the world of medical research, more so
because of the ever-increasing need for medical care to become accessible to all

and not only to those who can afford expensive technologies and treatments.
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Résumeé de la these

Cette these traite du développement d'aptacapteurs électrochimiques pour la détection précoce
du cancer de la prostate. Une détection précoce est réalisée en déterminant les niveaux de
concentration de ’antigeéne spécifique de la prostate (PSA), biomarqueur qui est directement
li¢ au cancer de la prostate. Chez les hommes en bonne santé, le taux de PSA se situe entre 0
et 4 ng/mL [1] ; une concentration supérieure peut étre un signe de développement d’un cancer.
C'est pourquoi le développement de capteurs est crucial pour surveiller les niveaux de PSA en
vue d’un diagnostic précoce. Parmi les outils de diagnostic utilisés pour la détection du PSA,
nous pouvons citer les tests immuno-enzymatiques (ELISA), les tests immunologiques par
fluorescence et électrochimiques, la chimioluminescence, la résonance plasmonique de surface
(SPR), la diffusion Raman exaltée de surface (surface-enhanced Raman spectroscopy, SERS)
et la réaction en chaine par polymérase (PCR) [2-14]. Ces méthodes permettent la détection de
plusieurs échantillons a la fois et sont considérées comme fiables, mais elles sont coliteuses et
nécessitent des méthodes onéreuses qui ne peuvent &tre utilisées que par des personnes
qualifiées. Dans le contexte du diagnostic, les capteurs électrochimiques sont devenus
populaires car ils peuvent étre facilement fabriqués et sont efficaces. La modification
d’¢électrodes par des biomolécules greffées sur des nanocomposites modifiés génere une
reconnaissance moléculaire augmentant la stabilité et la sélectivité du capteur et diminuant les
limites de détection. Les capteurs électrochimiques a base d’aptaméres (« aptasensors ») sont
en plein essor : ils sont miniaturisables, peu coliteux en production de masse, efficaces et faciles
a utiliser, ce qui offre un acces au chevet du patient a un cot faible.

Dans ce travail, des “quantum dots”, points quantiques a base de grapheéne, et des
nanoparticules d'or ont ét¢ modifiés par des phthalocyanines de cobalt ainsi qu'un aptamere et
immobilisés sur des électrodes de carbone vitreux pour la détection électrochimique du PSA.
L'aptamere sélectionné est spécifique exclusivement du PSA [15]. Les nanostructures, incluant
les phtaolcyanines permettent d'améliorer le débit de courant et d'augmenter la surface
d'immobilisation de l'aptamére, ce qui devrait favoriser la liaison du PSA a cet élément de
reconnaissance. En vue du développement de cet apatacapteur, chaque élement du systéme a
été caractérisé physico-chimiquement pour justifier de sa pureté de synthése ainsi que de son
intérét dans I’intégration dans un aptacapteur. Aprés conception de 1’aptacapteur, celui-ci est

optimisé et validé sur des échantillons de sérum dopés et des mélanges complexes pour
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s'assurer qu'ils sont sélectifs et utilisables dans des tests cliniques. Ce résumé explique

brievement le contenu de chaque chapitre.

1. Chapitre 1 : Introduction

Ce chapitre présente les différents composants synthétisés dans ce travail de thése et intégrés
dans la conception d’aptacapteurs électrochimiques stables, efficaces, sélectifs et spécifiques.
Ces ¢léments comprennent les QDs (points quantiques) a base de graphéne et les nanoparticules
d'or combinés avec des métallophtalocyanines et un aptamére pour la détection
¢lectrochimique du PSA. Ces nanoconjugués sont, pour la premiére fois, liés a un aptamere et
immobilisés sur des €lectrodes en carbone vitreux pour fabriquer des outils de diagnostic du

cancer de la prostate.

1.1 Les Métallophtalocyanines (MPcs)

La synthese de MPcs asymétriques a été réalisée a l'aide de diverses méthodes, y compris la
condensation croisée [16] en utilisant le rapport 3:1. Dans ce travail, les nouveaux complexes
de phtalocyanine substitués asymétriquement suivants ont été utilisés : I’acide 2- benzoique-
9(10),16(17),23(24)-tris(2,6-di-tert-butyl-4-méthylphénoxy) phtalocyaninato de cobalt (II)
(Figure 1, Complexe 1) et le 2-N,N',N"-hex-5-yn-1-yloxy)-9(10),16(17), 23(24)-tris(benzeéne-
4,1-diyl))triacétamidephtalocyaninato de cobalt(Il) (Figure 1, Complexe 2). Le complexe 1
posséde des groupes (tert-butyle) qui agissent comme des groupes donneurs d'électrons
(« push ») et la fonction acide carboxylique unique comme un groupe attracteur d'électrons
(« pull »). Le complexe 2 posséde un groupe terminal alcyne qui sera utilisé pour immobiliser
la molécule sur une électrode par électrogreffage et chimie click avant d'incorporer I'aptameére
par adsorption. Le complexe 2 posséde également des groupes alcoxy donneurs d'électrons qui
abaissent les potentiels d'oxydation. Une différence de potentiel plus faible implique un
meilleur transfert d'électrons, ce qui pourrait affecter les performances des capteurs fabriqués

dans leur ensemble. En outre, les deux complexes sont liés aux QDs par des interactions nt-m.
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Figure 1 : Structures des molécules de phtalocyanine utilisées dans ce travail.

1.2 Points quantiques (GQDs) a base de graphéne et nanoparticules d'or (AuNPs)

Le graphéne et les points quantiques de grapheéne (GQDs) sont des composites bien dispersés
dans I'eau, biocompatibles, facilement fonctionnalisables a leur surface, et possédant également
une faible toxicité, avec une gamme de taille de 1 a 20 nm [17]. Les GQDs sont devenus
populaires en électrocatalyse en raison de leur grande stabilité, de leur surface élevée et de leurs
bonnes capacités de transfert de charge [18]. Ces caractéristiques ont permis d'améliorer la
production de courant et, par conséquent, les performances des capteurs électrochimiques. Le
dopage des GQDs avec des hétéroatomes a montré une amélioration de l'activité
¢lectrocatalytique. L'azote a une électronégativité plus élevée (3,04) que le C (2,55), ce qui
favorise la modification des états €lectroniques du graphéne et améliore donc la capacité

¢lectrocatalytique de ces nanostructures.

Dans ces travaux de doctorat, trois structures de GQDs ont été synthétisées et caractérisées: les
GQDs, les points quantiques de graphéne dopés a 1'azote (NGQDs) et les points quantiques de
nitrure de carbone graphitique (gCNQDs). Les structures théoriques sont présentées dans la

Figure 2.
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Figure 2: Structures theoretiques des gCNQDs, GQDs and NGQDs.
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Ces composites ont été synthétisés par des méthodes hydrothermales. Leur caractérisation a été
réalisée de fagon approfondie a l'aide de diverses méthodes spectroscopiques telles que les
spectroscopies Raman, d'absorption et infrarouge a transformée de Fourier (FTIR),
spectroscopie €lectronique a transmission (TEM), diffusion dynamique de la lumicre (DLS),
analyse par rayons X a dispersion d’énergie (EDX), spectroscopie Raman, spectrosocpie
photoélectronique a rayons X (XPS) et zétamétrie. Récemment, I’électrophorese capillaire est
apparue comme une méthode de choix pour la caractérisation de nanoparticules [19-21. La
caractérisation par électrophorese capillaire (couplée a la détection UV-visible et de
fluorescence) des trois lots de GQDs a montré une grande polydispersité dans les lots et a donc
conduit a un travail d’optimisation de la synthése des GQDs en modifiant le parameétre temps
de synth¢se. L'¢lectrophorese capillaire (CE) couplée a la spectrométrie de masse par ionisation
¢lectrospray (ESI-MS) a été ensuite développée pour la premicre fois pour une caractérisation
plus fine des structures des GQDs. Les GQDs étant des feuillets stratifiés et les approches
synthétiques utilisées n'étant pas controlées, il est probable que 1'on obtienne des échantillons
polydispersés, ce qui signifie que des GQDs de structures et d'étendue de fonctionnalisation
différentes existent dans un méme lot. Certains rapports récents ont montré l'optimisation des
points quantiques mais en se concentrant uniquement sur leurs propriétés de fluorescence [22,
23]. Dans ces travaux, les variations structurelles, la dispersit¢ et 1'étendue de la
fonctionnalisation ont été étudiées et ont montré ’intérét de la CE-ESI-MS pour ces objets
nanoparticulaires particuliers, en termes d’information qualitative et quantitative [24].

La bonne compatibilité biologique, la capacité conductrice et le rapport surface/volume élevé
ont montré 1’intérét des nanoparticules d’or (AuNPs) pour les études électrocatalytiques [25],
ce qui nous a conduit a les utiliser dans la fabrication des aptacapteurs dans ce travail. Parmi
les procédures de syntheése des AuNPs, 1'¢lectrodépot via la réduction électrochimique de sels
d'Au a été utilisée pour fabriquer directement des surfaces d'électrodes avec ces nanoparticules,
conduisant a une plus grande fraction des atomes actifs sur la surface.

Les conjugués d’ AuNPs-MPc ont été utilisés pour 1'¢lectrocatalyse de divers analytes tels que
le nitrite, I'hydrazine et le bisphénol A [26-28], pour n'en citer que quelques-uns. Cependant,
les MPcs et les AuNPs sont rarement utilisés en combinaison pour la détection électrochimique
de biomarqueurs connus du cancer. Dans ce travail, les nanoconjugués AuNPs-MPc sont

utilisés pour la premiere fois pour la détection électrocatalytique du PSA.

Il n’existait pas de littérature sur la synthese et 1I’étude d’aptacapteurs a base de GQDS et MPCs.

Pour la premiére fois, ces travaux présentent la modification des trois lots de GQDs par les
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MPcs décrites précédemment en vue d’augmenter leurs performances électrocatalytiques . Les
points quantiques de nitrure de carbone graphitique (gCNQDs) sont particuliérement
intéressants car ils possedent un cadre principalement n-conjugué de couches C-N qui sont

liées de manicre covalente [29].

1.3 Les Aptameéres

Les aptameres sont de courtes séquences oligonucléotidiques d’acides desoxyribonucléiques
(ADNs) ou d’acides ribonucléiques (ARN) monocaténaires [30, 31]. Ils sont hautement
sélectifs et spécifiques a un analyte cible auquel ils se lient. Les aptaméres sont capables de
discriminer entre des molécules trés similaires, telles que des isomeéres conformationnels, des
molécules ciblées possédant différents groupes fonctionnels ainsi que la mutation d'acides
aminés, ce qui en fait des molécules encore plus intéressantes a explorer [31]. L affinité des
aptameéres pour leur cible semble accrue lorsqu'ils sont conjugués a des nanoplateformes [32-
37]. La sélection de la séquence de I’aptamere spécifique a été effectuée a partir d’une étude
bibliograhique. Nous avons ainsi sélectionné un aptamere fonctionnalisé par une amine en fin
de chalne qui a ensuité été synthétisé par Integrated DNA Technologies (IDT) et purifié par
chromatographie liquide a haute performance. Sa séquence est la suivante : ADN simple brin
(ssDNA) : 5'-NH2-(CH2)6-TTT TTA ATT AAA GCT CGC CAT CAA ATA GCT TT-3' (235
nmol, pureté >90%). La fonction amine a été incluse afin de conjuguer de manicre covalente
l'aptamere aux groupements COOH de la molécule de phtalocyanine ainsi qu'aux GQDs via un
couplage amide. Les effets du couplage amide comparés a ceux de la conjugaison par
adsorption des composites ont été étudiés afin d’identifier la méthode qui permettra d'obtenir
le meilleur fonctionnement des aptacapteurs. La figure 3 montre la conjugaison de gCNQDs
avec l'aptamére par couplage amide, comme exemple pour illustrer la construction de ces

conjugués.

XXV



ﬁ‘)kN/
N~ °N (0]
I 3'-Aptamer-6(H,C
1 H
Ay COOH P
NJ\N N= EDC/NHS N> N)\N

>_
=2
b
0
Do

5'-NH,-(CH,)g-Aptamer-3'
Figure 3: Procédure de couplage via une fonction amide des gCNQDs et de I'aptameére a

terminaison amine (EDC = 1-éthyl-3-(3-diméthylaminopropyl)-carbodiimide, NHS = N-

hydroxysuccinimide).

1.4 Analyte d'intérét

Le principal analyte d'intérét dans le travail rapporté ici est I'antigéne spécifique de la prostate
(PSA), qui est un biomarqueur directement lié au cancer de la prostate. Le PSA est également
connu sous le nom de kallikréine 11l (KLK-3), une glycoprotéine de 34 kDa composée de 261

acides aminés, avec un pl théorique de 7,26, produite presque exclusivement par la prostate

[38] (Figure 4).
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Figure 4: Structure du PSA lié a un élément de reconnaissance [38].

La concentration de PSA est élevée dans le sérum sanguin des patients atteints de cancer de la
prostate, résultant de la perte des cellules basales, de la membrane basale et de 1'architecture de
la lumiére, permettant ainsi au PSA d'avoir un accés direct a la circulation périphérique [39].
Cette valeur élevée permet le suivi du PSA dans le sérum sanguin. La figure 5 illustre comment
le PSA se lie a I'aptamere. En bref, ['aptamére immobilisé subit un changement de conformation
lors de la liaison du PSA, de sorte que 'ADN double brin se forme et se lie simultanément au

PSA et le recouvre [32].
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Figure 5: Représentation schématique de I'interaction entre un aptamere et sa cible.

[32].

En ce qui concerne le développement des nanocomposites électroactifs et pour prouver que
leurs effets synergiques entrainent une augmentation du courant de sortie, la L-cystéine a été
utilisée comme analyte test. De plus, cet analyte sera utilisé plus tard pour prouver la

sélectivité de notre aptacapteur pour la détection électrocatalytique du PSA.

1.5 Méthodes de modification de la surface des électrodes

Les méthodes de modification des électrodes utilisées dans ces travaux sont I'adsorption,
I'électrodépot, I'auto-assemblage, le greffage électrochimique et la chimie click. L'adsorption
physique implique l'interaction entre la surface et la molécule sans modification structurelle.
Dans ce travail, la méthode du goutte-a-goutte a été employée en dissolvant les différents
modificateurs dans un solvant approprié et en appliquant une goutte d'un certain volume sur
la surface de I'électrode. L'utilisation de I'électrodépdt et de l'auto-assemblage comme
méthodes de modification des électrodes présentent des avantages tels qu'un faible co(t, un
taux de croissance élevé a température ambiante, une bonne reproductibilité, et un controle
plus facile de la taille et de la forme. L'électrodépot a été utilisé pour synthétiser et
immobiliser les AuUNPs a la surface de I’électrode de carbone vitreux (GCE). Ensuite, I'électrode

a été immergée dans une solution d'aptameére pour induire I'auto-assemblage, car I'atome
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d’azote de la fonction amine de I'aptamére est connu pour avoir une affinité avec Au comme
montré Figure 6. [40].

“Apty, mer

Attachment of NH,-Aptamer

 AuNPs Stirring 24h @RT
Bare GCE >

GCE-AuNPs immersed in 5’-NH,-

GCE-AuNPs (CH,)-Aptamer -3’
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bonds

v
H,-(CH) cAptame
r
Har(CH)e-RREAME
NH,-(CH,)s-Aptamer
Hz'(CHz)G-Aptamer

N
N

IUJ
Q
=
(]
I m
(@)
m

Hz"(cﬁ[z)s

N
N,

Figure 6 : Auto-assemblage d'un aptamere a fonction amine sur une surface d'or.

Le greffage électrochimique implique I'immobilisation de molécules a la surface de I'électrode
via une liaison covalente. Dans le cas présent, I'électrogreffage d'un sel de 4-azidobenzene
diazonium a été utilisé pour obtenir des groupes azides terminaux sur une électrode en
carbone vitreux afin que ces groupes réagissent avec les groupes alcynes terminaux du
complexe 2 (figure 7). La figure 8 illustre la réaction "click" qui se produit a la surface de
I'électrode avec des groupes azides terminaux. Bien que le nombre de groupes phénylazide
sur la surface de I'électrode soit inconnu, la fixation des molécules par liaison covalente
augmente la stabilité du capteur, ce qui favorise la reproductibilité de I'électrocatalyseur. La
réaction de chimie « click » catalysée par le Cu(l) et développée par Sharpless [41] est une
méthode utile et pratique car elle peut étre réalisée a température ambiante et ne nécessite

pas de conditions inertes, tout en formant des liaisons covalentes fortes avec d'autres
molécules.
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Figure 7: Approche de la fixation de groupes phényl azide sur une électrode de carbone

vitreux par réduction électrochimique.

1,23
; triazole
ring

Cu(l) @RT

Figure 8: Réaction de chimie « click » entre les groupes alcynes terminaux d'un MPc et les

groupes azoture de phényle immobilisés sur une électrode de carbone vitreux.
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1.6 Résumé des objectifs de cette these

Les objectifs généraux de la recherche menée peuvent alors étre résumés comme suit :

La L-cystéine est d'abord utilisée comme analyte test pour valider 1'efficacité de 1'utilisation
des GQDs, NGQDs et gCNQDs en combinaison avec le complexe 1, comme amplificateurs de
signaux et plateformes stables avant de les utiliser pour fabriquer des aptacapteurs. Lorsque
l'aptamere est incorporé, différentes combinaisons de GQDs, MPc et aptamére sont
immobilisées sur la surface de I'électrode par adsorption et testées en présence de PSA pour la
détermination des limites de détection. L'électrode la plus performante a ensuite été utilisée
pour réaliser une étude comparative des GQDs synthétisés, ou les NGQDs et les gCNQDs
remplacent les GQDs, puis leur réponse électrocatalytique a été étudiée et comparée. Une étude
comparative de l'influence des GQDs sur les capacités d' « aptasensing » est menée en termes
de structure et de composition, et I'influence des complexes (1) et (2) sur les performances d'un
aptacapteur en termes de substituants est étudiée. Enfin, les effets synergiques sur les
performances de l'aptacapteur du conjugué AuNPs-MPc via le greffage électrochimique et la
chimie click sont étudiés et déterminés. Dans chaque cas ou l'aptamere est inclus, le capteur le
plus performant (sauf indication contraire) est testé dans des échantillons de sérum dopés afin

de vérifier sa faisabilité.

2. Chapitre 2 : Matériaux, équipements et expérimentations

Tous les réactifs et équipements utilisés lors de ces travaux de thése sont décrits dans ce
chapitre. Les solutions préparées pour les études analytiques et les méthodes de synthése
opérées sont également présentées. Un bref aper¢u des méthodes de synthése employées est
résumé ci-dessous ainsi que les modificateurs de surface des électrodes qui n'ont pas été

préparés par des méthodes électrochimiques.

2.1 Synthese

2.1.1 Complexe (1), Schéma 1
Les syntheses du 2,6-di-tert-butyl-4-méthylphénoxy phthalonitrile (i) [42] et du 4- (4-
carboxyphénoxy) phthalonitrile (ii) [43] ont été effectuées selon les protocoles de la littérature.

Le complexe 1 n'a pas été caractérisé¢ par RMN car le cobalt est paramagnétique.
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Rendement : 35 % (p/p) ; UV-vis (CHCI3) : Amax/nm (log ¢) : 600(3.27), 665(3.05). IR
[(KBr)vmax/cm-1] : 1600 (-C-C-), 1470 (-C-H-), 1360 (-C-N-), 1225 (-C-O-C-), 1170 (-C-0).
(Calculé pour C84H86N8O6Co ; (C 74.04 H 6.36 N 8.22) %, Trouvé C 74.52 H 7.26 N 8.54)
% ; MS (MALDI-TOF) (m/z) : calculé pour C84H86N8O6 ; 1361.60 ; trouvé : [M]. 1361.34.

COOH

®

NC (0)
B
+ Reflux, Ar atm., 24h
NC (0)
NCU \©\COOH

(i)

Hexanol, DBU, CoCl,, 150°C

Schéma 1 : Synthése du complexe 1.

2.1.2 Complexe (2), schéma 2

Les  phtalonitriles  4-(hex-5-yn-oxy)  phtalonitrile  (iii)) [44] et N-(4-(3,4-
dicyanophenoxy)phenyl)acetamide (iv) [45] ont également été synthétisés comme indiqué dans
la littérature (idem i and ii1). Ce complexe n'a pas été caractérisé par NMR pour la méme raison
que le complexe 1. Rendement : 0,0394 g, 12,3 % (p/p) ; UV/vis (DMF) : Amax/nm (log €) :
667 (4,86), 608 (4,31), 327 (4,71). IR [(KBr), vmax/cm-1] : 746, 795 (C-Hstr aromatique),
1087 (C-O-C), 1258 (C-N), 1464 (C=C), 1501 (C-H), 1537 (N-H), 1662 (C=0), 2849, 2916
(C-H aliphatique), 3273 (C=C-H). Calcul analytique pour C62H45CoN1107.5H20 : C, 61.80
; H, 4.57 ; N, 11.46. Trouvé : C 61.70, H, 3.60 ; N, 10.90. MS (MALDI-TOF) (m/z) : calc. :
1114,28 amu ; trouve : 1114,34 amu [M]+.
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CH,

—

DMF, DBU, CoCl,, 150°C

(lV) Reflux, Ar atm., 18 h

Schéma 2 : Synthése du complexe 2.
2.1.3 Quantum dots de graphene

La synthese des gCNQDs, GQDs et NGQDs a été effectuée selon le protocole de la littérature
[46] [47].
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2.2 Conjugaison des nanocomposites

Ce paragraphe présente la synthése de différents nanocomposites a base de GQDS sur
lesquels sont greffés les complexes 1 ou 2 des phthalocyanines et/ou I'aptamer anti-PSA. Les

conjugués utilisés dans ce travail sont listés dans le tableau 1.

Tableau 1 : Conjugués utilisés dans ce travail (a I'exception de ceux directement conjugués a

la surface de I'électrode).

Modification Mode de conjugaison
GQDs-CoPc(1)(nn) Interactions nn
NGQDs-CoPc(1)(nn) Interactions nn
gCNQDs-CoPc(1)(rr) Interactions nn
CoPc(1)@Aptamer Liaison covalente
GQDs@Aptamer Liaison covalente
gCNQDs@Aptamer Liaison covalente
gCNQDs@Aptamer-CoPc(1) (nr) Liaison covalente et interactions

nt interactions

gCNQDs@Aptamer-CoPc(2) (nr) Liaison covalente et interactions

nt interactions

2.3 Modification des électrodes

Un systéme a trois électrodes, comprenant une électrode de référence de Ag|AgCl (3M KCl),
une contre-électrode en fil de platine (Pt) et une électrode en carbone vitreux (GCE) comme
électrode de travail, a été utilisé. Avant modification, la surface de I'électrode de travail a été
nettoyée au moyen d'un polissage sur un papier d'émeri dans une solution pateuse de

nanopoudre d'alumine et rincée plusieurs fois avec de I'eau Millipore. En outre, toutes les
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solutions analytiques ont été purgées avec du gaz argon pendant 20 min pour éliminer
I'oxygene dissous avant chaque analyse de voltampérométrie cyclique, et I'atmosphere
d'argon a été maintenue pendant toute la période d'analyse afin de s'assurer qu'aucune

perturbation due a I'oxygene ne se produise pendant les analyses.

3. Chapitre 3 : Caractérisation des différents ¢léments de ’aptacapteur

Ce chapitre décrit la caractérisation des nanomatériaux utilisés, des MPc synthétisés et des
conjugués décrits dans le tableau 1. Tous les protocoles sont illustrés par des schémas dans

le texte principal.

3.1 Caractérisation des GQDs synthétisés a I'aide de différentes méthodes analytiques

Les GQDs ont été synthétisés a différents temps de synthése afin d'étudier les effets de Ia
durée de synthése sur leur structure, leur degré de fonctionnalisation et leur dispersité. Apres
avoir analysé les données obtenues a partir de la caractérisation de tous les lots, les
échantillons utilisés pour les études ultérieures tout au long de cette thése ont été ceux
obtenus au bout de 8 h (GQDs), 6 h (NGQDs) et 6 h (gCNQDs) de synthése.

Une caractérisation précise des GQDS obtenus a partir de différents temps de synthése, a été
effectuée afin de déterminer la qualité des différents lots de synthése. Pour cela, différentes
méthodes ont été employées : la zétamétrie pour la dispersité, la densité de charge et la
stabilité colloidale, le TEM, la diffusion dynamique de la lumiere (DLS) et la composition
élémentaire pour la dispersité et la distribution de taille, et la FTIR, I'analyse par rayons X a
dispersion d'énergie (EDX), la spectroscopie Raman et la spectroscopie photoélectronique a
rayons X (XPS) pour la structure.

Ces caractérisations ont alors permis de sélectionner I'échantillon le mieux adapté a la
caractérisation par électrophorese capillaire. Les échantillons mentionnés ci-dessous ont été
choisis pour une caractérisation plus poussée pour la raison suivante :

* Le lot de GQDs obtenus au bout de 8h de synthése présente la plus faible valeur d'indice de
polydispersité (PDI) par mesure de la diffusion dynamique de la lumiére (DLS), et les images
TEM ont montré une meilleure dispersion par rapport aux autres lots. Une valeur de potentiel
zéta élevée a été mesurée, indicateur d'une meilleure stabilité colloidale, comparativement

aux lots de GQDs avec des temps de synthése différents.
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* Le lot de NGQDs obtenus au bout de 6h de synthése a également montré des valeurs de PDI
et de taille hydrodynamique les plus faibles en DLS, par rapport aux lots obtenus a d’autres
temps de réaction. Par mesure de spectroscopie photoélectronique a rayons X (XPS), ce lot
présente la concentration la plus élevée en % d'oxygene a 6 h de synthéese, ce qui suggere la
présence de plus de groupes COOH disponibles sur les GQDs, favorable a la création ultérieure
d’une liaison amide lors de la modification ultérieure des QDs.

* Bien que les gCNQDs présentent une valeur de PDI et une faible taille mesurées en DLS pour
un temps de synthése de 2 h, le lot synthétisé pendant 6 h a été choisi pour des études
ultérieures car il a montré la valeur la plus élevée dans les mesures de potentiel zéta, ce qui
est un indicateur d'une meilleure stabilité en solution par rapport au lot synthétisé pendant

seulement 2 h.

L'électrophorese capillaire (EC) est une méthode électrocinétique utilisée pour séparer et
caractériser les nanostructures, permettant leur discrimination en termes de taille, de densité
de charge de surface et de fonctionnalisation ainsi que la compréhension de leur
comportement dans différents environnements pour permettre de nouvelles applications
[48-50]. La détection a été réalisée par UV-Vis a une longueur d'onde de 200 nm. Comme
prévu, tous les GQDs ont montré des mobilités négatives (-7.5 x 10* cm2.V-1s!) qui étaient
en accord avec les résultats obtenus par les mesures de potentiel zéta, et les fonctions acides
carboxyliques accessibles sur les structures. A titre d'exemple, I'électrophérogramme des

GQDs synthétisés a 8 h est présenté dans la Figure 9.
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Figure 9: Séparation électrocinétique des GQDs apres optimis ation de synthese. Conditions
expérimentales : échantillon @ 1 mg.mL* dans le tampon carbonate d’ammonium (10 mM,
pH 7.4) ; injection hydrodynamique du marqueur neuter (paracetamol) par I'entrée ( 5s, 50
mbar) et des QDs par la sortie (5s, 50 mbar); separation electrocinétique : 18 kV ; detection
UV a 200 nm ; Longueur totale du capillaire = 35 cm; longueur effective jusqu’au detecteur,

depuis I'entrée du capillaire = 26.5 cm.

Apres avoir analysé les échantillons en CE-UV, les échantillons ont été préparés pour étre
séparés et caractérisés par CE-ESI-MS. L'effet du pH était I'un des parameétres étudiés car il
joue un role dans la charge de surface des nanostructures en solution et donc sur les valeurs
de mobilités électrophorétique. La gamme de pH étudiée a été 7-10 afin d’étudier la

déprotonation des groupes carboxyliques a la surface des QDs.

3.2. Caractérisation des MPcs, du complexe (1) et du complexe (2)

Les complexes MPcs synthétisés ont été caractérisés a l'aide de diverses méthodes
analytiques telles que les spectroscopies UV/vis et FTIR, le MALDI-TOF ainsi que I'analyse
élémentaire, ce qui a donné une indication du succés de la réaction de synthése. Les masses
mesurées pour les complexes 1 et 2 sont de 1361.34 pour [M] et 1114.34 pour [M]*

respectivement, vérifiant le succes des syntheéses.

XXXVii



3.3 Caractérisation des conjugués

Les GQDs ont d’abord été modifiés par I'un des composants, aptameére ou phtalocyanine, par
liaison covalente ou interactions mm, (GQDs-CoPc (1) (nm) and GQDs@Aptamer) puis la
fonctionnalisation des GQDs par les MPcs et I'aptameére a permis de synthétiser des systémes
a trois composants (GQDs-CoPc (1) (wm)-aptamer). Les différentes combinaisons sont
présentées dans le tableau 1.

Les conjugués formés ont été entierement caractérisés a I'aide de méthodes telles que la
spectroscopie UV/vis, la DLS et la zétamétrie. Ces résultats ont montré que la combinaison de
ces composites entrainait une modification des diametres hydrodynamiques (par DLS) et du
potentiel zeta (mesures zétamétriques), par exemple, induisant des changements de stabilité
des nano-objets fonctionnalisés. En ce qui concerne les conjugués covalents
(CoPc(1)@Aptamer, GQDs@Aptamer and gCNQDs@Aptamer), la spectroscopie
photoélectronique a rayons X (XPS) et la spectroscopie infrarouge a transformée de Fourier

(FTIR) ont été utilisées pour prouver avec succées la formation des liaisons covalentes.

4. Chapitre 4 : Modification et caractérisation des électrodes

Les méthodes de modification des électrodes utilisées dans ce travail sont I'adsorption,
I'électrodépot, le greffage électrochimique et la chimie « click ». Elles sont décrites a nouveau
dans ce chapitre ainsi que les méthodes de caractérisation des surfaces des électrodes. Il est
important de caractériser toutes les surfaces modifiées afin de connaitre les changements qui
se produisent a la surface de I'électrode et de vérifier chaque étape de modification effectuée.
Des techniques telles que la voltampérométrie cyclique, la microscopie électrochimique a
balayage (SECM) et la XPS ont été utilisées pour caractériser avec succes les surfaces

modifiées avant de les utiliser pour la détection du PSA.

4.1 Modification de 1'électrode par adsorption

Le tableau 2 de ce résumé présente la liste des surfaces d'électrodes caractérisées ainsi que
les différences de potentiel (AE) et les recouvrements de surface (I). L'équation 1 de Randles-
Sevcik peut &tre appliquée au couple redox [Fe(CN) ]34 pour déterminer la surface effective

de I'électrode.
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I, =2.69 X 105n3/2 ACD2v1/2 (1)
ou Ip, A, C, D, n et v sont respectivement le courant de pic, la surface effective, la
concentration de [Fe(CN)s]*”4, le coefficient de diffusion de [Fe(CN)s]*/4, le nombre
d'électrons impliqués et la vitesse de balayage. La valeur de la littérature a été utilisée pour
le [Fe(CN)s]*”* (D = 7,6 x 10-6 cm2st) [51]. En utilisant la surface effective des électrodes
modifiées déterminée a l'aide de I'équation (1) et la charge totale déterminée en intégrant la
surface du pic anodique dans une solution tampon, puis en employant |'équation (2), les

recouvrements de surface ont été calculés.

M= —— 2)

ou n est le nombre d'électrons transférés (~ 1), F la constante de Faraday (96,485 C mol?), A
la surface effective obtenue a partir de I'équation (1) et I' le recouvrement de surface (tableau
2). Leur valeur est généralement plus élevée que celle rapportée pour les phtalocyanines
reposant a plat sur la surface de I'électrode (1 x 102 mol cm™) [52]. Les valeurs plus élevées
indiquent une augmentation de la surface de I'électrode, qui offre plus de surface
électrocatalytique. Ces résultats fournissent des informations sur les performances attendues
de chaque surface d'électrode modifiée et sur la maniére dont lI'une pourrait étre plus

performante que l'autre lorsqu'elle est comparée.
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Tableau 2: Liste des différents structures synthétisées par la fabrication d’électrodes

Conjugates AE (mV) I" (x101° mol.cm?)
Bare GCE 77 -
GQDs-CoPc (1) () 161 0.09
e GQDs 321 1.59
e CoPc(1) 158 0.33
e  GQDs-CoPc(1) (sequential) 107 6.50
NGQDs-CoPc (1) (nr) 100.1 15.5
e NGQDs 466 3.1
e NGQDs-CoPc(1) (sequential) 615 8.2
gCNQDs-CoPc (1) (wm) 100 30.2
e ¢CNQDs 90.4 39.3
e ¢CNQDs-CoPc(1) (sequential) 174 12.0
GQDs-CoPc (1) (mmt)-aptamer 361.5 2.99
NGQDs-CoPc (1) (nn)-aptamer 139.1 28.1
gCNQDs-CoPc (1) (mm)-aptamer 202.6 39.6
CoPc(1)@Aptamer 166 0.96
e CoPc(1)-Aptamer (sequential) 300 3.00
e CoPc(1)-Aptamer (premixed) 262 0.55
GQDs@Aptamer 617 1.99
e aptamer 178 0.11
¢ GQDs-Aptamer (sequential) 68 1.57
e GQDs-Aptamer (premixed) 262 0.009
gCNQDs@Aptamer 292 -
gCNQDs@Aptamer-CoPc(1) (nm) 288 0.151
gCNQDs@Aptamer-CoPc(2) (nm) 356 0.215
e (CoPc(2) 169 0.066
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4.2 Préparation et caractérisation d’électrodes a base de nanoparticules d’or

fonctionnalisées par le complexe CoPc(2) et un aptameére

Le complexe 2 et les nanoparticules d’or (AuNPs)ont également été utilisés comme
nanoplateformes pour l'immobilisation d'un aptameére afin de préparer de nouveaux
aptacapteurs et d'étudier leurs effets synergiques sur les performances de |'aptacapteur
fabriqué. La littérature a montré l'utilisation de nanoconjugués contenant des NPs d’or
comme plateformes pour I'immobilisation de I'aptamére liant le PSA en vue de sa détection
[53-56] maisla combinaison des AuNPs électrodéposés et des phtalocyanines avec
I'aptameére n'a pas été étudiée, introduisant ainsi un autre aspect nouveau dans cette
these. De plus, le greffage électrochimique et la chimie « click » ont été utilisés, car ce sont
des méthodes de conjugaison covalente, augmentant la stabilité des capteurs. Les surfaces
ont été caractérisées par voltamétrie cyclique, spectroscopie a rayons X a dispersion
d'énergie (EDX), microscopie électronique a balayage (MEB) et SECM. De plus, le XPS a été
utilisé pour prouver le succés de la réaction de chimie « click ». Les surfaces des électrodes
ont été recouvertes avec succes d'AuNP et de complexe 2 par greffages successifs sur GCE,

suivi de I'adsorption de I'aptamére de liaison au PSA.

5. Chapitre 5 : Détection électrocatalytique

Ces aptacapteurs fabriqués ont été entierement caractérisés et ensuite utilisés pour la
détection électrochimique de la L-cystéine et du PSA. La détection électrochimique de la L-
cystéine a été réalisée pour prouver les capacités d'amélioration du signal des conjugués QDs-
MPc par rapport au nanocomposites seuls. La structure que nous avons synthétisée (QDs,
MPc et aptaméres) n’avait pas encore été étudiée dans la littérature pour cette détection. De
plus, la combinaison d'AuNPs et de MPcs utilisant I'électrogreffage et la chimie click est
utilisée ici pour la premiere fois en utilisant le complexe 2 pour la détection du PSA. Les
techniques électrochimiques utilisées dans ce chapitre pour déterminer les performances des
capteurs fabriqués sont la voltampérométrie différentielle (DPV) et la spectroscopie

d'impédance électrochimique (EIS).
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Les électrodes modifiées avec des GQDs et des MPcs ont d' abord été utilisées pour catalyser
la L-cystéine afin de vérifier leurs effets synergiques pour une utilisation ultérieure en tant
gu'amplificateurs de signal et immobilisation d'aptameéres pour I'aptascapteur.La
combinaison de ces nanocomposites a amélioré la réponse du signal et s'est avérée tres
prometteuse pour étre appliquée en tant qu'amplificateurs de signal pour la fabrication
d'aptacapteurs de PSA. Ensuite, le GQDs-CoPc (1) (mm)conjugué a été utilisé a titre
d'exemple, conjointement avec I' aptamére pour la détection de PSA dans des solutions
tampons. Cette combinaison a été choisie comme la meilleure apres que les limites de
détection aient été déterminées a l'aide d'aptacapteurs fabriqués avec différentes
combinaisons de GQD, MPc et aptamere. Les résultats ont montré que |'électrode modifiée
séquentiellement, GCE-GQDs-CoPc( 1 )-Aptameére, a présenté les meilleures performances.
Cette séquence de modification a donc été utilisée pour une étude plus approfondie sur les
effets de la structure et de la composition des QDs. L'étude comparative a montré que toutes
les électrodes produisaient de faibles limites de détection avec une bonne stabilité,
reproductibilité et répétabilité ainsi qu'une sélectivité pour le PSA dans des échantillons
complexes. Cependant, |'aptcapteur basé sur les NGQDs a donné les meilleurs résultats en
terme de limite de détection, en particulier. Les complexes CoPcs ont également été
comparés et il a été constaté que la nature du substituant influencait les performances de
I'aptacapteur pour la détection du PSA.Le complexe 2 a montré des performances
supérieures a celles du complexe 1 dans cette étude particuliére, en raison de l'effet de
résonance des substituants dominants du paracétamol qu'il posséde, ainsi que de la présence
des atomes d'azote a la périphérie du complexe. En plus de la détermination des limites de
détection, la reproductibilité, la stabilité et la sélectivité ont été déterminées et les résultats
obtenus étaient acceptables et conformes aux résultats rapportés pour d'autres aptacapteurs
fabriqués.

Lorsque les AuNPs ont été combinés avec CoPc(2) pour la détection de PSA,il a
été montré que l'incorporation d'un complexe CoPc au capteur améliorait ses
performances par opposition a l'utilisation du CoPc ou des AuNPs seuls. De plus, I'utilisation
d'une immobilisation covalente par électrogreffage et chimie click des nanocomposites a
augmenté la stabilité de I'aptacapteur. Les aptacapteurs contenant des AuNPs ont également
montré une bonne stabilité, reproductibilité et répétabilité. Des études de vitesse de

balayage ont indiqué des processus controlés par adsorption se produisant entre I'électrode
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et I'analyte. Les résultats obtenus ici seront présentés dans la section suivante a coté des

résultats obtenus pour les mémes capteurs fabriqués dans des échantillons réels.

6. Chapitre 6 : Analyse d'échantillons réels

Les aptacapteurs fabriqués ont été testés dans des échantillons de sérum humain dopés pour
valider la fiabilité et la faisabilité. Les échantillons de sérum ont été dilués 100 fois dans le
PBS (pH 7,4) pour réduire les effets de matrice de l'échantillon réel. Ensuite, différentes
concentrations de PSA ont été¢ ajoutées aux solutions de sérum diluées. Les méthodes
analytiques ainsi que les concentrations utilisées dans cette étude étaient les mémes que les
méthodes utilisées pour la détection du PSA dans le PBS. Les tests d'échantillons réels ont été
effectués a l'aide de la voltampérométrie différentielle a impulsions (DPV) et la spectroscopie
d'impédance électrochimique (EIS) a des fins de comparaison des deux techniques, sauf
indication contraire. Le tableau 3 résume les limites de détection obtenues dans les
¢chantillons de solution tampon et de sérum. Comme on peut le voir, les résultats obtenus dans
les échantillons de sérum sont en accord avec ceux obtenus dans le tampon. Les limites de
détection sont également inférieures au niveau de coupure de PSA qui est rapporté comme 4
ng/mL. Les taux de récupération des électrodes a base d'aptameéres (tableaux dans la thése
principale) ont tous montré de bonnes récupérations a toutes les concentrations étudiées (1,2 a

2,0 pM).
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Tableau 3 : Résumé des valeurs de LoD (ng/mL) déterminées dans les échantillons de

tampon et de sérum enrichi d'aptacapteurs a l'aide de 1'EIS, sauf indication contraire.

Electrode ravrox LOD séxon LOD
GCE -GQDs-CoPc (1)( ) - aptamére 0,051 0,099 (DPV)
0,098
GCE -NGQDs-CoPc (1)( ) - aptamére 0,044 (DPV) 0,043
0,046
GCE -gCNQDs-CoPc (1) (7m) - 0,053 (DPV) 0,047 (DPV)
aptameére 0,055 0,046
GCE-gCNQDs@ aptamére 0,042 0,054 0
GCE-gCNQDs @ aptameére-CoPc (1) 0,031 0,032 0
(7o)
GCE-gCNQDs @ aptameére-CoPc (2) 0,023 0,027
(7o)
GCE-AuNPs- aptamére 0,035 0,037
0,031 (DPV) 0,040 (DPV)
GCE O CoPc(2)- aptamere 0. 052 0. 056
0,031 (DPV) 0,043 (DPV)
GCE-AuNPs O CoPc(2)- aptamére 0,026 0.028
0,025 (DPV) 0,027 (DPV)

Le tableau 4 montre les taux de récupération déterminés pour les électrodes a base de gCNQDs

a titre d'exemple.
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Tableau 4: Résumé des mesures de récupération du PSA dans des échantillons de sérum
humain dopés pour les aptacapteurs a base de gCNQDs. % RSD. (écart-type relatif) = écart-

type/moyenne x 100 ; n = 3.

[PSA] added/ R (kQ) [PSA] found/ Rt (KQ) % % Recovery
pM in buffer pM In serum RSD
in buffer In serum

GCE-gCNQDs@Aptamer

1.2 16.4 1.13 15.4 1.8 93.9
14 19.3 1.37 18.9 2.1 97.9
1.6 24.7 1.39 21.5 1.2 87.0
1.8 28.8 1.64 26.2 3.3 90.9
2.0 332 1.94 323 7.2 97.3

GCE-gCNQDs@AptamerCoPc(1)(nr)

1.2 26.7 1.16 25.8 1.4 96.6
14 30.5 1.35 29.5 2.6 96.7
1.6 37.9 1.38 32.8 1.8 86.5
1.8 44.9 1.54 38.4 3.8 85.5
2.0 51.6 1.96 50.5 6.2 97.9

GCE-gCNQDs@Aptamer-CoPc(2)(nr)

1.2 29.2 1.13 27.4 54 93.8
14 36.2 1.25 323 3.1 89.2
1.6 41.6 1.52 39.6 2.8 95.2
1.8 49.2 1.70 46.5 1.2 94.5
2.0 58.9 1.84 543 1.7 92.2
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7. Chapitre 7 : Résumé, conclusions et perspectives

Ce chapitre résume les résultats obtenus dans les travaux présentés dans les chapitres
précédents, les conclusions tirées de ces résultats ainsi que les perspectives. Ces travaux de
thése ont démontré pour la premiére fois la combinaison de points quantiques a base de
graphéne, d’or, de MPcs et d’aptameéres pour la fabrication d'aptacapteurs électrochimiques,
en vue de la détection de PSA. Une caractérisation compléte des composites utilisés et des
surfaces d'électrodes modifiées a été réalisée. De plus, les effets synergiques des points
guantiques a base d’AuNPs et de CoPcs ont été prouvés a l'aide de méthodes
électrochimiques. Les aptacapteurs ont été utilisés pour détecter la PSA dans une solution
tampon et se sont avérés efficaces, sélectifs et spécifiques, avec des limites de détection
faibles qui ont été comparées aux valeurs de la littérature. Les aptacapteurs les plus
performants qui ont été fabriqués dans ces travaux ont ensuite été utilisés pour détecter la
PSA dans des échantillons de sérum enrichis afin de vérifier leur faisabilité et leur utilisation
potentielle dans les études cliniques. Les résultats concordaient avec ceux obtenus dans les
analyses dans un tampon, avec parfois de meilleurs résultats dans les analyses de sérum. De
plus, les capteurs étaient stables, reproductibles, et se sont avérés réutilisables pour plusieurs

expériences avant de devoir les re-fabriquer.
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1. Introduction

This chapter introduces graphene-based quantum dots, gold nanoparticles and
their use in combination with metallophthalocyanines and aptamer for use in
electrochemical sensing and more specifically, electrochemical biosensing of

the prostate cancer biomarker, prostate specific antigen (PSA).

These nanoconjugates are, for the first time, linked to an aptamer and
immobilized on glassy carbon electrodes to fabricate prostate cancer diagnostic
tools. The importance of using these nanostructures in combination is also

described in this chapter.



1.1 Overview of metallophthalocyanines (MPcs)

Phthalocyanines are chemically and thermally stable planar macrocycles with a
conjugated 18melectron system [1]. Amongst their proven characteristics is their
ability to coordinate with a number of central metals to form
metallophthalocyanines [2,3]. These macrocycles can be substituted peripherally
(B) and non-peripherally (a) [4, 5]. Substitution of the rings may also be carried out
with the aim of conjugating these macrocycles with other molecules [6-8]. MPcs
have been used in areas of study such as photodynamic therapy (PDT) of cancers [9-
11], optical limiting and non-linear optics [12, 13], fluorescence imaging [14-16],
photocatalysis [17-19] and electrochemical sensing [20-23]. In electrochemical
sensing especially, electroactive central metals such as Mn, Co and Fe are used in
order to catalyze specific reactions and promote charge transfer [24]. These metals
have orbitals with energy levels lying between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the Pc,
resulting in redox processes on both the central metal and the Pc ring [25]. The
symmetry has shown to influence their performance in applications such as
electrochemical sensing [26, 27], which is of interest in this work. Asymmetrical
MPcs especially, have been shown to improve electrochemical sensing capabilities

of sensors [28-30].

1.1.1 Synthesis of asymmetric MPcs
Different approaches have been used to synthesize asymmetrical MPcs such as cross
condensation between two phthalonitrile components, cross condensation between

one phthalonitrile and one non-nitrile component, the sub-phthalocyanine ring-



expansion method, modification of pre-formed symmetric or asymmetric systems
[31] and solid-phase synthesis [32]. The most common approach, which is the one
that has been used to synthesize the phthalocyanines used in this work, is the cross
condensation between two phthalonitrile components, generally using the 3:1 ratio.
In most cases, this results in other products forming which can be separated by
chromatographic methods [32]. Scheme 1.1 illustrates the possible products that
can form from using the aforementioned synthetic approach for mono-MPcs. The

desired MPc, which is employed in this work, is the one with the AsB symmetry.

Scheme 1.1: Asymmetric MPc synthesis and other possible formed products. MX

refers to the metal salt.



1.1.2 Phthalocyanine complexes used in this work

In this work, the following novel asymmetrically substituted phthalocyanine
complexes are employed: 2- benzoic acid-9(10),16(17),23(24)-tris(2,6-di-tert-butyl-
4-methylphenoxy) phthalocyaninato cobalt (1) (1) and 2-N,N’,N”’-hex-5-yn-1-yloxy)-
9(10),16(17), 23(24)- tris(benzene-4,1-diyl))triacetamidephthalocyaninato cobalt(ll)
(2), Fig. 1.1. These asymmetrically substituted Co phthalocyanine derivatives
(complexes 1 and 2) are used in combination with quantum dots (QDs), gold
nanoparticles (AuNPs) and an aptamer for the electrochemical detection of prostate
specific antigen (PSA). They are employed as electrode modifiers towards the
development of aptasensors. The combination of MPcs with AuNPs and QDs, as
aptamer immobilizers and signal enhancers towards the Electrochemical detection
of PSA, is reported for the first time. Complex 1 has a -COOH substituent which can
be used for covalent linking with an NH> terminated molecule via an amide bond.
Complex 2 on the other hand will be immobilized on an electrode via electrografting
and click chemistry before incorporating the aptamer by adsorption. Both complexes
are linked to QDs by m-m interactions. The complexes reported herein are novel and
reported in this thesis for the first time. Complex 1 has substituents (tert-butyl) that
act as electron donating groups (push) and the single COOH as an electron
withdrawing group (pull). Such push-pull substituents have been reported to
enhance electron transfer properties of complexes [30]. Complex 2 has electron
donating alkoxy groups which lower oxidation potentials. A lower potential
difference implies better electron transfer which could affect the performance of

the fabricated sensors overall.
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Figure 1.1: Structures of phthalocyanine molecules used in this work.

1.2 Overview of graphene-based quantum dots

Graphene is a 2-dimentional, sp? hybridized derivative of graphite made up of
covalently linked carbon atoms [33]. Graphite and graphene representations are
illustrated in Fig.1.2 [34]. Graphene is characterized by its robustness, good
electronic properties and low toxicity in biological applications [35-37]. Graphene
guantum dots (GQDs) can be defined as layered fragments of graphene which are
well dispersed in water, biocompatible, easy to functionalize at the surface, and
also possess low toxicity, with a size range of 1-20 nm [38]. Different synthetic
routes have been followed to obtain these nanostructures. Moreover, their surface

functionalization also depends on their intended application.

Doping of GQDs with heteroatoms such as boron, nitrogen, oxygen, phosphorous, and
sulphur, has led to improved electrochemical sensing capabilities. Nitrogen lies

adjacent to carbon in the periodic table thus possess similarity in atomic radius (0.70




R) with carbon (0.77 A) which makes it easier to incorporate nitrogen into the
pristine carbon network. Nitrogen also has a higher electronegativity (3.04) than C
(2.55) which promotes altered electron states of graphene and therefore improving
electrochemical sensing capabilities of these nanostructures. GQDs, nitrogen doped
graphene quantum dots (NGQDs) and graphitic carbon nitride quantum dots
(gCNQDs) have all been employed in this work for electrochemical sensing in
combination with MPcs. The conjugates are expected to perform better than using
the nanostructures as individual components. Graphitic carbon nitride quantum dots
(9gCNQDs) are of particular interest because they possess the layered structure like
GQDs, but the difference lies in their exhibition of predominantly m-conjugated
framework of C-N layers which are linked covalently [39], Fig.1.3. This nitrogen rich
structure will likely play a role in enhancing the electrochemical sensing capabilities
of the fabricated sensors. The work reported here shows, for the first time, the use
of gCNQDs in the presence of Pcs for electrochemical sensing. The covalent linking
of these QDs with an aptamer is also shown herein for the first time although well-

known amide coupling is used for conjugation.
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Figure 1.3: Theoretical structural representation of gCNQDs, GQDs and NGQDs.




1.2.1 The synthesis of GQDs, NGQDs and gCNQDs

There are two main approaches to obtaining GQDs. These are the top-down approach
and the bottom-up approaches. The top-down approach involves the cutting or
breaking down of large materials with graphene-like structures into nanosized (<100
nm) structures and the bottom-up synthetic routes employs carbon-rich precursors
to synthesize GQDs [40]. These approaches have been illustrated in Fig. 1.4.
Examples of top-down approaches include chemical exfoliation [41], microwave-
assisted [42] and solvothermal processes [43]. The bottom-up approach includes
hydrothermal [44], microwave-assisted pyrolysis [45] and precursor pyrolysis [46,
47]. The QDs synthesized in this work were obtained by employing the bottom-up
hydrothermal approach. Hydrothermal synthesis is achieved in solution under high
pressure and high temperatures [48]. The maximum temperatures are generally 300

°C and maximum pressure 200 bar.
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o OH o

w Carbon-rich precursor
HO °H molecules
Bulk o oH
material .
lon, radicals and electron
1 formation

Fragmentation or cutting
down of bulk material

!

H
Exfoliation of multi-layers Condensation and formation
to monolayers of clusters




Fig.1.4: GQDs synthetic approaches [47].

1.2.2 GQDs characterization and structural determination

The list of reports on the optimization of graphene-based quantum dots is a very
short one. Some spectroscopic techniques are classical employed to characterize
graphene-based QDs such as dynamic light scattering (DLS), energy dispersive X-ray
(EDX) microanalysis, Raman, absorption and Fourier transform infrared (FTIR)
spectroscopies, just to name a few. Some recent reports have shown optimization
of quantum dots but only focusing on their fluorescent properties [50, 51]. These
techniques have provided information regarding the physical and optical properties
of these QDs. However, with QDs being layered sheets and the synthetic approaches
used not being controlled, polydisperse samples are likely to be obtained, meaning
that QDs of different structures and extent of functionalization exist in one batch
Although methods such as molecular modelling have been used in understanding the
structure and chemical composition of graphene-based quantum dots [49],
literature rarely reports structural information in detail of the synthesized
nanostructures. Herein, the synthetic routes of the GQDs, NGQDs and gCNQDs were
optimized by varying the synthesis time and each batch was characterized using
different methods, such as TEM ad DLS. These characterizations allowed then to
select the synthesis times leading to the most stable and monodisperse DQs, that
were further deeply characterized by electrophoretic modes. Therefore,
electrophoretic separations (CE) coupled to UV-visible or electrospray ionization
mass spectrometry (ESI-MS) were employed in order to obtain a deeper physico-
chemical characterization of the nano-objects. Indeed, electrophoresis allows to
add a separation step, so as to discriminate between different components of the

GQDs synthesis batches, thanks to a separation according to their size and surface
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charge, allowing for determining their polydispersity, colloidal stability in various
media. Electrophoresis coupled to mass spectrometry has become an attractive
analytical technique as it combines the advantage of qualitative and quantitative
information that would not be obtained if instruments were used separately [52].
Therefore, the coupling of CE with MS, which has not yet been described in the
literature for such nano-objects, was implemented so as to help for elucidating the
exact structures and overall surface functionalization of the QDs reported in this

thesis.

In electrophoretic methods, the sample is injected at the inlet of a capillary and is
separated in a background electrolyte (BGE), thanks to the generation of an electric
field, according to surface charge density and particle size [53]. Fig. 1.5 illustrates
the electrophoretic mobility of particles within a buffer-filled fused silica capillary
under application of a voltage, inducing the electrophoretic separation of the
different components of the sample. The capillary is made up of an internal silanol
layer, which becomes negatively charged upon activation, with a magnitude which
is dependent of the BGE pH and ionic strength. Since size of particles influence their
migration, particles that have the same charge will be differentiated according to
their size meaning the larger the particle, the slower it will move through the
capillary. The advantage of using CE is that it has low sample consumption, short
analysis time, high separation efficiency, ease of operation and ability to run
automatically once the optimized parameters have been entered into the operating

system [54, 55].
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Figure 1.5: Illustration of particle separation in CE [53].

The detection modes employed were either UV-visible spectroscopy or mass
spectrometry (MS). MS is a powerful detection mode to characterize the separated
nanostructures. The interface between CE and MS developed in this work is an
electrospray ionization (ESI) interface (Fig. 1.6), which should induce very few
modifications of the sample, and therefore should allow for the preservation of the

entire GQDs and the elucidation of their composition in terms of layers.

ESI allows for the detection of large molecular species by generating ions with
multiple charges [56]. To briefly explain how it operates, the electrospray promotes
the formation of a stream of charged particles carried through a buffer solution by
an applied voltage [57]. For this to be achieved successfully, a number of
parameters need to be optimized. Among these parameters is the sheath liquid
which needs to be suitable for ionization and evaporation as well as the nebulizing

gas (whose flow rate and temperature needs to be optimized) to evaporate the
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solvent for ions to be detected and quantified [57]. The sheath gas needs to also be
optimized in order to maintain the spray and flow of the sheath liquid through a
continuous channel, ensuring the ionized particles reach the detector. Samples may
be analyzed in single ion mode (SIM) or scan mode depending on whether or not
expected ions are known. SIM will only show the specified ions in the spectrum
whereas scan mode will show all ions detected. Moreover, the analysis setup has to

specify positive or negative ion mode depending on the expected charges of the ions.
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Figure 1.6: Schematic of CE-ESI-MS interface.
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1.2.3 General applications of GQDs, NGQDs and gCNQDs

GQDs have been used alone and in combination with, for example, other small
organic molecules by mixing or covalent linking in various fields of study such as bio-
imaging [58], photo catalysis [59], photo detection [60], electrochemiluminescence
[61], optical sensors [62] and photovoltaic devices [63]. This is owing to their good
fluorescence properties. However, GQDs have also become popular in
electrochemical sensing due to their high stability, high surface area and good
charge transfer capabilities [64]. These characteristics have been found to enhance
current output which in turn, enhances the performance of electrochemical sensors,

hence their use in this work.

The planar structure of graphene layers of QDs consisting of delocalized m-electrons
of graphene, enables strong m-m interactions with other m-conjugated aromatic
molecules [65]. The presence of carboxyl and hydroxyl groups on the surface (Figure
1.3) allows for the covalent attachment, electrostatic interactions and hydrogen
bonding with other suitable molecules. The combination of graphene based QDs with
biomolecules and macrocycles such as MPcs has resulted in changes in their chemical
properties, leading to their use in various applications. In this thesis QDs are
combined with the MPc complexes for electrochemical sensing. Table 1.1 shows
examples of graphene based QDs linked to MPcs for sensing [30, 66-70]. As can be
seen, a few examples exist where MPcs have been conjugated to graphene-based
guantum dots for sensing in general. However, no work has been shown where these
nanoconjugates have been used in the fabrication of biomarker detection and is

therefore shown herein, for the first time.
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Table 1.1: Graphene based quantum dots linked to MPcs for sensing.

Nanoconjugate QDs-MPc interaction Application Reference
NGQDs-CoPc -1 stacking and covalent Electrochemical [30]
linking sensing of hydrazine
GQDs-ionic -1 stacking Electrochemical [66]
liquid-CoPc sensing of glucose
GQDs-CoPc -1 stacking NO. gas sensing [67]
GQDs/SNGQDs- -1 stacking Optical sensing of [68]
ZnPc ascorbic acid
GQDs-CoPc -1 stacking Fluorescence [69]
sensing of CN™ ion
GQDs-ZnPc -1 stacking Fluorescence [70]

sensing of biothiols

1.3 Gold nanoparticles (AuNPs)

1.3.1 Synthesis properties and applications

AuNPs are generally obtained by the chemical reduction of gold salt [71]. Among

the reported synthetic procedures of AuNPs, electrochemical methods have been

used [72-75]. This involves the electrodeposition of the AuNPs onto substrates via

the electrochemical reduction of Au salts. This efficient method has been employed

in this thesis. AuNPs, like other precious metals, are known to exhibit completely

different properties from bulk gold [76]. This means, a larger fraction of the active
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atoms is on the surface. The optical and electronic properties of AuNPs can be
adjusted by changing their size, shape and surface chemistry. These properties have
been exploited for biological and pharmaceutical applications such as sensing,

therapeutics, catalysis and drug delivery [77-80].

1.3.2 AuNPs and their conjugates with MPc in electrochemical sensing

The good biological compatibility, conducting capability and high surface-to-volume
ratio has resulted in the attraction of AuNPs for electrochemical sensing [81]. AuNPs
have been used in electrochemical sensing for the improvement of sensitivity and
selectivity of fabricated sensors. Peptides, proteins, polymers, small molecules,
drugs, carbohydrates and nucleic acids are often used for the functionalization of
AuNPs [82-84]. AuNPs-MPc conjugates have been used for the electrochemical
sensing of various analytes such as nitrite, hydrazine and bisphenol A [85-87], just
to name a few. However, MPcs and AuNPs are rarely used in combination for
electrochemical sensing of known cancer biomarkers. The AuNPs-MPc
nanoconjugates are used in this work for the first time for the Electrochemical
detection of PSA. Moreover, symmetrical MPcs are commonly used in these rare
cases, so the role of symmetry of MPcs is not considered or studied. This work will
also highlight the effects the structural makeup of the nanocomposites reported
herein have on the efficient functioning of the fabricated aptasensors. Table 1.2
shows a non-exhaustive list of reports on MPcs, QDs or AuNPs and their conjugates
with affinity molecules used for the Electrochemical detection of various biomarkers
[88-97]. As the development of aptasensors has demonstrated their performance
for selective and sensitive diagnostics, the combination of aptamers with both MPcs

and GQDs or AuNPs was investigated in this work
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Table 1.2: Examples of MPcs, QDs or AuNPs and their conjugates with affinity

molecules used for the Electrochemical detection of various biomarkers

Nanostructure/conjugate Electrode Target biomarker Reference
AuPd-ANPs/GQDs/ACF Microchip H.O, (Breast cancer) [88]
Au/fGQDs Au electrode Cardiac troponin | [89]
GQDs-AuNPs SPGE Cardiac troponin | [90]
GQD/AuUNP/NG GCE CEA [91]
CuPc SPGE ACP [92]
TizCoTxMXenes@FePcQDs- Au electrode MicroRNA-155 [93]
cDNA

Zn-PcTCa-antibody ITO KLK4 [94]
N-G/FePc/Nafion/PLL ITO NO [95]
Cr-MOF@CoPc-Aptamer Au electrode CT26 [96]
Ab1/AuNPs/PEDOT:PSS GCE p53 protein [97]

Abbreviations: AuPd-ANPs/GQDs/ACF (gold-palladium alloy nanoparticles/ graphene quantum dots/
activated carbon fibres), Au/fGQDs (functionalized graphene quantum dots), SPGE (screen printed
gold electrodes), GQD/AUNP/NG (graphene quantum dots/ gold nanoparticles/ nitrogen doped
graphene), CEA (carcinoembryonic antigen), ACP (Acid phosphatase), CuPc (copper phthalocyanine),
TisC2TxMXenes@FePcQDs-cDNA (iron phthalocyanine quantum dots-complementary DNA), Zn-PcTCa
(zinc(ll) phthalocyanine tetracarboxylic acid), ITO (Indium tin oxide), KLK4 (kallikrein-related
peptidase 4), N-G/FePc/Nafion/PLL (nitrogen doped graphene/iron phthalocyanine/nafion/poly-L-
lysine), NO (nitric oxide), Cr-MOF@CoPc-Aptamer (Chromium metal organic framework@cobalt
phthalocyanine-aptamer), CT26 (colorectal cancer cells), Abl/AuNPs/PEDOT:PSS (Antibody/gold
nanoparticles/polymers poly (3, 4-ethylenedioxythiophene): polystyrene sulfonate).
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1.4 Overview of aptamers

1.4.1 Discovery and development

Aptamers are oligonucleotide sequences which are identified as short, single-
stranded deoxyribonucleic acid (ssDNA) or ribonucleic acid (RNA) [98, 99]. They are
highly selective and specific to a “target” to which they bind. Aptamers are
generated and selected through a molecular evolution process or more formally,
through the systematic evolution of ligands by exponential enrichment (SELEX) [99-
103]. SELEX works by enriching high affinity ligands from randomly selected
nucleotides in a library of many oligonucleotidic sequences. The sequences are
subjected to rounds of grammatical rules that are applied repeatedly, increasing the
high affinity sequences in the system until the most affine aptamer dominates within

the randomly selected species [99-103].

1.4.2 Aptamers as biorecognition elements in biosensing

Aptamers are able to distinguish between closely related molecules such as
conformational isomers, targeted molecules possessing different functional groups
as well as the mutation of amino acids, which makes them even more interesting
molecules to look into [99]. Moreover, using aptamers is more advantageous than
using antibodies. Antibodies are proteins that circulate in the blood, which can
recognize foreign substances called antigens, and they neutralize them by binding
to them, Fig. 1.7. Aptamers work in a similar way and are synthesized to strongly
and specifically bind to a specific target. They are more stable than antibodies, in a
large pH and ionic strength window, at different temperatures, which makes them
adequate candidates for biomolecular recognition in sensors. They have already

been used for these diagnostics (named “aptasensors’) [98]. In the case of PSA, the

18



aptamer undergoes a conformational change upon PSA binding such that the double

stranded DNA is formed with simultaneous binding to (and covering with) PSA [104].
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Figure 1.7: Schematic representation of binding of (a) aptamer and (b) antibody to

biomarker or target.
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1.4.3 Aptamers as bioconjugates for sensing

Aptamers have been conjugated with nanocarriers [104-109] for biosensor
applications. Table 1.3 [110-114] summarizes various aptamer-nanostructure
conjugates, as well as the advantages of these conjugates for sensing. Some of the
improvements that have been observed regarding the use of aptamers and
nanocarriers in combination are increased sensitivity and selectivity. Reproducibility
is also crucial so that accurate results are reported, which some of these conjugates
clearly show. It can be seen though, that the list of aptamer conjugates with
graphene based QDs is not exhaustive, especially when it comes to the
electrochemical detection of biomarkers such as PSA. No conjugate of QDs with MPcs
has been used for aptasensing and therefore it is reported in this thesis for the first

time, introducing another novel aspect.
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Table 1.3: Aptamer-QDs conjugates for sensing.

Conjugate Analyte Advantages Reference
Aptamer-GQD- cancer-related egood capability of identifying [110]
Peg-Porphyrin MiRNA specifically cancer cells
detection rather than somatic cells
e good cancer-related miRNA
detection
Aptamer- Lead detection e good biocompatibility [111]
rGQDs/GO e resistance to photo bleaching

e controllable fluorescence
turn-on process
¢ high sensitivity and good
reproducibility
low detection limit

gCNQDs-CdSe- tetracycline ¢ high selectivity [112]
Aptamer (TET) egood reproducibility
¢ high stability
GQD-Aptamer Cocaine e highly selective quenching of [113]

the photoluminescence when
QD-aptamer conjugate binds

to target
GQD-Aptamer Doxorubicin e sensitivity, [114]
(Dox) eselectivity,

e specificity for cancer
imaging, therapy and sensing
in vitro
Abbreviations: Polyethylene glycol (Peg), graphene oxide (GO), microRNA (mRNA), cadmium selenide
(CdSe)

1.5 Target analyte used in this work

The main analyte of interest in the work reported herein is Prostate Specific Antigen
(PSA). However, in the development of the electroactive nanocomposites and
proving that their synergistic effects results in the enhancement of current output,
L-cysteine was used as a test analyte. Moreover, this test analyte would later be
used to prove selectivity of our aptasensor towards the Electrochemical detection

of PSA.
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1.5.1 L-cysteine

L-cysteine is known as an important amino acid that is needed by the human body
for tissue growth and repair and the importance of monitoring the levels of L-
cysteine in the body has been reported in literature [115]. L-cysteine is one of the
important components found in hair, nails and skin cells thus being able to monitor
the levels of L-cysteine is essential [115]. L-cysteine has been detected in the
presence of MPcs [24] but it is reported for the first time in this thesis, the detection
of this analyte using Pcs with GQDs and its derivatives in order to enhance
electrochemical sensing capabilities through current output and stability through

the robustness graphene-based QDs are known to possess.

1.5.2 Prostate Specific Antigen (PSA)

Prostate specific antigen is a biomarker directly linked to prostate cancer [116].
Besides its production in cancerous cells, it can be produced in healthy cells too.
However, it has been reported that the leakage volume of PSA from the prostate
into the circulatory system increases with the occurrence of prostate cancer [117].
The reported concentration levels of PSA in healthy males, ranges from 0 to 4
ng.mL™ in serum [118], therefore the knowledge of acceptable PSA concentration
levels in human serum, using PSA as a biomarker for the diagnosis for prostate cancer

has become of great importance.

Early diagnosis of cancers is crucial to prevent premature deaths in males and avoid
costly medical treatment for patients. Some diagnostic tools used for PSA detection
are summarized in Table 1.4 which includes ELISA, fluorescence and
electrochemical immunoassays, chemiluminescence, SPR, SERS and PCR tests [119-

131]. These methods allow for high throughput and are considered reliable, but they
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are very expensive and require expensive methods that can only be operated by
skilled persons. Electrochemical aptasensors have the least drawbacks and are
simple, efficient and can be used anywhere at any given moment. For this reason,
the research reported in this thesis involves the fabrication of electrochemical
aptasensors as a means to contribute to ongoing research that will allow better
access to such medical resources, as well as point-of-care diagnosis preventing
extended waiting periods before one can be certain of their health condition. The
combination of Pcs with QDs, AuNPs and an aptamer is shown for the first time in
this thesis for sensing with the aims of improving the stability, efficiency and overall

functionality of the sensor.
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Table 1.4: Comparative table PSA detection using electrochemical aptasensors and

other reported methods.

Detection Advantages Disadvantages Reference(s)
method
ELISA High throughput Expensive, complex [119, 120]
. technologies
Very low detection
limits Large sample
) volumes required
Reliable results
Time consuming
&Uses antibodies
Fluorescence Sensitive and guenched [121, 122]
immunoassay selective fluorescence &
. o Limited scope of
Low detection limits
] practical
can be achieved
application
Electrochemical Can detect analyte in Lacks linearity and [123, 124]
immunoassay complex matrices reproducibility
Low detection limits
CL Low background High cost [125]
signal & High
sensitivity
SPR Simple, Efficient, Easily fouled & Poor [126,127]
Specific and selectivity in
sensitive complex mixtures
PCR Sensitive & Identifies Can give false [128]

tumour-specific
MRNA

negative results &
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poor reproducibility

of analysis

SERS High specificity Tend to be complex [129, 130]

. and uses expensive
Low detection limits ) _
instrumentation

Chromatography Separates different Requires large [124]
(2D Gel forms of the sample volumes
electrophoresis) protein, PSA.

Narrow dynamic

(fPSA/tPSA) )
range for detection

Low detection limits )
Multi-step protocol

Electrochemical High selectivity, Method not suitable [124, 131]
aptasensor specificity and for follow up after
stability clinical treatment

Low detection limits,
efficient and user
friendly, Low cost &
Point-of-care

diagnosis

Abbreviations: ELISA (enzyme-linked immunosorbent assay), CL (chemiluminescence), SPR (Surface

plasmon resonance), PCR (polymerase chain reaction), SERS (surface-enhanced Raman scattering)

Prostate cancer screening using the Digital Rectal Examination (DRE) and PSA blood
tests have been reported recently [132]. Although other tools of prostate cancer
diagnosis have been developed, the monitoring of PSA concentration levels is still
considered necessary as a complementary method of prostate cancer diagnosis
[133]. A number of aptasensors have been fabricated for the electrochemical

detection of PSA and some have shown very low detection limits [134, 135].
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However, the methods of fabrication used are time consuming and quite
complicated compared to the procedures developed herein. The electrochemical
detection of PSA involving MPcs and QDs has also been reported in the presence of
antibodies and not aptamers [136, 137]. Moreover, the studies where
phthalocyanines or GQDs are used are based on enzymatic detection (ie. Detection
of other cancer cell by-products) and not direct detection of PSA. The examples
shown in Table 1.5 [136-140] also look at other detection methods other than
electrochemical ones. As can be seen, graphene based QDs and MPcs, especially in

combination, are not commonly used for PSA detection.

Table 1.5: PSA detection using Pcs, AuNPs or QDs with other molecules (no

aptamer).
Electrode Nanoconjugate/Probe Detection method Reference
ITO G-CdS/CoTAPc-(anti- Photoelectrochemical [136]
PSA)antibody
GCE Au/Ag-rGO/Aminated- ECL [137]
GQDs/Carboxyl-GQDs-antibody
- g-CNQDs/Pd TPs-PA Fluorescence [138]
FTO rGO-BiFeOs-DNA Photoelectrochemical [139]
GCE Au-CoS/graphene-TB/M- Electrochemical [140]

Ce02/CMC/ILs-Antibody

Abbreviations: G-CdS/CoTAPc-(anti-PSA)antibody (graphene-cadmium selenide/cobalt tetraamino
phthalocyanine),Au/Ag-rGO/Aminated-GQDs/Carboxyl-GQDs-antibody,
ECL(Electrochemiluminescence),Pd TPs-PA (palladium triangular plates-PSA aptamer), FTO (Fluorine-
doped tin oxide), rGO-BiFeOs-DNA (reduced graphene oxide- Bismuth ferrite-DNA), Au-CoS/graphene-
TB/M-Ce02/CMC/ILs (gold-cobalt suflide/graphene-toluidine blue/mesoporous-Cerium(V)
oxide/carboxymethyl chitosan/ionic liquids-antibody)
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Moreover, the electrochemical detection of PSA using QDs-MPc conjugates is
uncommon in literature and explored more deeply in this thesis. AUNPs have never
been linked to MPcs for PSA detection as well. Click chemistry is also a new approach
to sensor fabrication in this particular application. MPcs on their own with aptamers
have not been employed for electrochemical detection of PSA (Table 1.6) [134,

141-146].

Table 1.6: Electrochemical PSA detection using aptamer in combination with

porphyrin-type complexes, AuNPs or graphene nanomaterials.

Electrode Conjugates Modification method Reference
PGE AuNPs@GMCs-Aptamer Adsorption [134]
AuE AuNPs-Aptamer Self-assembly [141]
SPCE Au NPs/Cgo-CS-IL/MWCNTs- Adsorption and [142]
Aptamer electrochemical
deposition
AuE MoS2QDs@g-C3N4@CS- Adsorption [143]
AuUNPs-Aptamer
AuE Au nanospheres-Aptamer Electrodeposition and [144]
self-assembly
GCE rGO-MWCNT/AuUNPs- Adsorption and self- [145]
aptamer assembly
GCE H-Gr/PdNPs-Aptamer Adsorption [146]

Abbreviations: AuE (gold electrode), SPCE (screen-printed carbon electrode), AuNPs/C60-CS-
IL/MWCNTs (Au nanoparticles/fullerene Ceo-chitosan-ionic liquid/multiwalled carbon nanotubes),
PGE (pyrolytic graphite electrode), AuNPs@GMCs (gold nanoparticles@graphetasizedmesocarbons),
MoS2QDs@g-CsN4@CS-AuNPs (Molybdenum sulfide quantum dots-graphitic carbon nitride@chitosan-
gold nanoparticles), H-Gr/PdNPs (hemin-functionalized graphene-conjugated palladium
nanoparticles)
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1.6 Methods of electrode surface modifications

1.6.1 Adsorption by ‘drop and dry’ modification technique

Physical adsorption involves the interaction between the surface and the molecule
without structural changes. In this work, the drop and dry method was employed by
dissolving the different modifiers in a suitable solvent and applying a drop of a
certain volume on the electrode surface. Herein, all electrode modifications that
did not involve electrografting and click chemistry were achieved by adsorption of
composites at the electrode surface. Moreover, the aptamer was placed on the

electrografted and clicked surfaces using the drop-and dry method.

1.6.2 Electrodeposition & self-assembly

Using electrodeposition and self-assembly as a method of electrode modification has
its advantages such as low cost, high growth rate at room temperature,
reproducibility, environmental friendliness and easier control of size and shape.
Electrodeposition was used to synthesize and immobilize AuNPs at the GCE surface.
Thereafter, the electrode was immersed in an aptamer solution to induce self-
assembly of the amine N atoms of the aptamer, as N is known to have an affinity for
Au [147]. The electrode fabricated using this technique is illustrated in Fig. 1.8.
Using Au surfaces for the immobilization of aptamer has been reported [141,
144,145]. This work has taken the study further by combining AuNPs and an MPc for
the first time towards the fabrication of a PSA aptasensor to study their synergistic

effects towards the Electrochemical detection of PSA.
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Figure 1.8: AuNPs-modified GCE with self-assembled amine-terminated aptamer

molecules.

1.6.3 Electrochemical grafting by reduction and “click’ reaction

Reducing phenyl azide or phenyl acetylene diazonium salts by electrochemical
methods results in the grafting of azido or ethynyl groups onto electrode surfaces
[148]. Grafting involves the immobilization of molecules at the electrode surface
via covalent linkage. It is achieved by electrochemical reduction of compounds in
solution forming radicals which simultaneously form covalent bonds between the
electrode surface and the reduced molecule. Herein, electrografting of 4-
azidobenzenediazonium salt is used to obtain terminated azide groups on a glassy
carbon electrode for these groups to react with the terminal alkyne groups of
Complex 2. Figure 1.9 illustrates the reaction that occurs on the electrode surface

during electrografting using the diazonium salt. Although the number of phenyl azide
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groups on the electrode surface is unknown, attachment of molecules by covalent
bonding increases the stability of the sensor which promotes the reproducibility of

the electrocatalyst.

GCE

Figure 1.9: Approach to attachment of phenyl azide groups onto a GCE by

electrochemical reduction.

The Sharpless Cu(l) catalyzed click reaction [149] is a useful and convenient method
as it can be carried out at room temperature and does not require inert conditions,
while forming strong covalent bonds with other molecules. Fig.1.10 illustrates the
process of how the reaction takes place, where the copper temporarily coordinates
with the terminal alkyne group displacing a ligand, followed by the azide group

displacing another ligand and in turn coordinating with the copper.
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Figure 1.10: Basic illustration of Cu(l)-catalyzed Huisgen 1,3 dipolar cycloaddition.

Thereafter ring contraction takes place, forming a 1,2,3-triazole ring which is then

completed by protonolysis. Initially the copper that is used is in its2*state and

therefore a reducing agent is used to form Cu(l). Fig. 1.11, thus illustrates the click

reaction on a GCE which was done in this work. It is important to note that this is

not the true representation of the electrode surface since the reaction may occur

with more than one immobilized phenyl azide group.
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Figure 1.11: Click reaction between terminal alkyne groups of an MPc and phenyl

azide groups immobilized on a GCE.

Click chemistry is used in this work to immobilize an alkyl terminated MPc onto a
GCE or a GCE with AuNPs electrodeposited on the surface. Once the MPc is
immobilized, the aptamer is dropped and dried on the fabricated electrodes to
finally obtain the aptasensors. The electrodes are further compared to prove that
the use of MPcs and AuNPs together results in the improved performance as PSA

aptasensor modifiers.

Table 1.7 [150-154] illustrates the alkyne terminate phthalocyanine molecules used
for electrode surface modification via click chemistry. As can be seen, this technique
has rarely been used for electrode surface modification and never been used for the
fabrication of PSA aptasensors leaving room to further explore its usefulness in

sensor fabrication for the electrochemical detection of biomarkers.
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Table 1.7: Terminal alkyne functionalized MPcs used for electrode surface

modification via click chemistry

Alkynyl MPc Analyte reference
Heavy metals [150]
Pesticides [151]
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// Oxygen reduction [152]

Tested in various [153]
electrolyte

systems

Hydrazine [154]
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1.7 Summary of aims of this thesis

The general aims of the research conducted and reported in this thesis is to fabricate
and develop efficient, low-cost, simple and stable diagnostic tools for prostate
cancer, which will yield low detection limits with high specificity and selectivity. All
modifiers and electrode surfaces modified were deeply physico-chemically
characterized by various analytical methods, so as to verify their structure, size and
charge density, as well as their stability for further applications for sensing tools.
Moreover, the feasibility and reliability of the fabricated aptasensors will be
determined by testing the sensors in spike serum samples. The final aims of the

thesis are as follows:

1. Synergistic effects of Complex (1)-quantum dots nanoconjugates:
L-cysteine is used as test analyte to validate the effectiveness of using GQDs, NGQDs
and gCNQDs in combination with complex 1, as signal amplifiers and stable platforms

prior to using them to fabricate aptasensors.

2. Aptasensing capabilities of complex (1)-quantum dots nanoconjugates in
combination with aptamer:

GQDs are used as a base point to test different combinations of the conjugates with
aptamer and MPc to suite the application. The combined nanostructures are
immobilized on glassy carbon electrodes using the drop-and-dry method. The best
performing electrode will be used to do a comparative study of the synthesized QDs,
where the NGQDs and gCNQDs replace the GQDs, and then their electrochemical

sensing response studied and compared.
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3. Influence of quantum dots composition and structure on aptasensing
capabilities-a comparative study:

A comparative study of QDs influence on aptasensing capabilities in terms of
structure and composition is conducted once best adsorption combination is

determined as outlined in point number 2.

4. Influence of phthalocyanine substitution on aptasensor performance:
The influence of MPc, complexes (1) and (2), on the performance of an aptasensor

in terms of substituents is studied and determined.

5. Synergistic effects of complex (2) and Au nanoparticles on aptasensor
performance:

Synergistic effects on the aptasensor performance of AuNPs-MPc conjugate via
covalent linkage i.e., electrochemical grafting and click chemistry is studied and

determined.

6. Verification of feasibility of fabricated sensors in real samples:
In each case where the aptamer is included, the best performing sensor (unless
stated otherwise) is testing in spiked serum samples to verify the feasibility and

potential to be used in clinical studies.
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2. Materials, equipment and
experimental

This chapter outlines the materials and equipment used in the work reported.
I/t also outlines the synthesis, confjugation and electrode modification protocols

followed.
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2.1 Materials

2.1.1 Solvents and general materials

Chloroform and methanol (MeOH) were procured from SAARCHEM. Potassium
chloride (Koll) was purchased from MINEMA. Dimethyl sulfoxide (DMSO), ethanol
(EtOH), N, N-dimethylformamide (DMF) and acetonitrile (ACN) was purchased from
Merck. Tetrahydrofuran (THF) was purchased from EMSURE. Potassium
hexacyanoferrate (ll) (Ks[Fe(CN)e]), potassium hexacyanoferrate (lll) (Ks[Fe(CN)e])
and ethylenediaminotetraacetic acid (EDTA) were purchased from Sigma Aldrich.
Ultra-pure water was obtained from a Milli-Q Water system (Millipore Corp. Bedford,

MA, USA).

2.1.2 Synthesis of MPcs and conjugates
N-hydroxysuccinimide (NHS),1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC),
1,8-diazabicylo[5.4.0]-undec-7-ene (DBU), and cobalt(ll) chloride were purchased

from Sigma-Aldrich.

2.1.3 Quantum dots
Sodium hydroxide, citric acid, urea, diaminomaleonitrile (DAMN) were purchased

from Sigma Aldrich.

2.1.4 Biological samples

Tris-HCI, prostate specific antigen (PSA) and human serum (from male AB clotted
whole blood, USA origin, sterile-filtered) were purchased from Aldrich. Magnesium
chloride was purchased from SAARCHEM. The amine-functionalized aptamer was
synthesized by (and purchased from) Integrated DNA technologies (IDT) and purified

using high-performance liquid chromatography and its sequence is listed as follows:
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single stranded DNA (SsDNA): 5-NH2-(CH2)e-TTT TTA ATT AAA GCT CGC CAT CAA ATA

GCT TT-3' (235 nmol, >90% purity).

2.1.5 Capillary electrophoresis-mass spectrometry (CE-MS)
Paracetamol, dimethylformamide (DMF), ammonium carbonate, ammonium
bicarbonate, sodium carbonate, sodium bicarbonate, ammonium hydroxide and

triethylamine (TEA) were purchased from Sigma-Aldrich.

2.1.6 Electrode modification

4-Azidoaniline hydrochloride, tetrabutylammonium tetrafluoroborate
(TBABF.), gold salt (HAUCly), sodium nitrate (NaNO3) and
bromotris(triphenylphosphine)copper(l)(Cu(PPhs)sBr) were purchased from Aldrich.
4-Azidobenzenediazonium tetrafluoroborate was synthesized from 4-azidoanaline

hydrochloride as reported in literature [155].

2.2 Solution preparation

2.2.1 Capillary electrophoresis-mass spectrometry (CE-MS)

The analyte solutions for CE-MS analyses were prepared by dissolving the quantum
dots at a concentration of ca. 1Img/mL in water. Deionized water was obtained from
an Alpha-Q system (Millipore, Saint-Quentin-en-Yvelines, France). The background
electrolyte (BGE) was composed of 150 mM ammonium carbonate and 150 mM
ammonium bicarbonate, which were mixed and diluted to make a pH 7.4 solution
with an ionic strength of 10 mM. The same method applies for the sodium carbonate
and sodium bicarbonate buffer used for CE-UV analysis. Electrolytes were sonicated
and filtered through a 0.45 mm polyvinylidene fluoride (PVDF) membrane filters (Pall

Life Sciences, MI, USA) before use.

40



2.2.2 Aptamer

The aptamer solution was prepared in a Tris-EDTA buffer as recommended by
supplier as follows: A 100 mL stock solution of pH 8 was prepared in Tris-HCI (1 mL,
1 M) and EDTA (0.2 mL, 0.5 M) and topped up 100 mL. The stock solution was
adjusted accordingly to make a 10 mM buffer solution, which was stabilized by
adding 10 mM KCI, and 10 mM MgCl>, both had a pH of 8. The solution was stored at

4°C.

2.2.3 Electrochemical detection

A phosphate buffer saline (PBS) solution of pH 7.4, 30 mM, was employed in this
work. The pH of PBS was adjusted using 0.1 M HCIl or NaOH where necessary.
[Fe(CN)s]®~/4 solution (1 mM in 0.1 M KCI) was used for the characterization of the

modified electrodes in cyclic voltammetry.

2.3 General equipment
o Ground state electronic absorption spectra were recorded on a Shimadzu UV-
2550 spectrophotometer in the range of 300-800 nm.
o X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8
discover equipped with a Lynx Eye detector, using Cu-Ka radiation (A = 1.5405
A, nickel filter). Data was collected in the range from 20 = 10 to 100°,
scanning at 1 min with a filter time-constant of 2.5s per step and a slit width
of 6.0 mm.
e Transmission Electron Microscopy (TEM) images were obtained from a Zeiss
Libra TEM 120 model operated at 90 kV.
e Dynamic light scattering (DLS) measurements were done on a Malvern

zetasizer nanoseries, Nano-ZS90. The assumption of a graphite structure
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(carbon) refractive index of 2.417 [156] and a dispersant refractive index of
1.332 with a viscosity of 0.8872 cP was made consistently across all the
dispersions. Zeta potentials were measured using a Malvern zetasizer
nanoseries, Nano-ZS90. A U-shape disposable laser doppler velocimetry (LDV)
determination cell (DTS1060, Malvern Instruments, Malvern, UK), with a 750
mL volume, was used.

Infra-red spectra were collected on a Bruker Alpha model FT-IR Spectrometer
with platinum-ATR.

Raman spectrum was obtained with a Bruker Vertex 70-Ram Il spectrometer
(equipped with a 1064 nm Nd:YAG laser and liquid nitrogen cooled germanium
detector). Solid samples were diluted with KBr.

Scanning electron microscope (SEM) images were obtained using a JOEL
JSM840 scanning electron microscope.

Energy-dispersive X-ray spectroscopy (EDX) analysis was run using a JEOL JSM
840 scanning electron microscope (SEM)) operating at an accelerating

voltage of 20 kV.

X-ray photoelectron spectroscopy (XPS) analysis for the characterization of
covalently linked conjugates was done using an AXIS Ultra DLD (supplied by
Kratos Analytical) using Al (monochromatic) anode equipped with a charge
neutralizer, the following parameters were used: the emission was 10 mA,
the anode (HT) was 15 kV and the operating pressure below 5 x 10™° Torr. A
hybrid lens was used and resolution to acquire scans was at 160 eV pass
energy in slot mode. The centre used for the scans was at 520 eV (width of

1205 eV) with steps at 1 eV and dwell time at 100 ms. The high-resolution
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scans were acquired using 80 eV pass energy in slot mode. The chemically
distinct peaks were resolved using a non-linear least squares curve fitting
procedure. The core level binding energies (BEs) were aligned with respect

to the C 1 s binding energy (BE) of 284.5 eV.

Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and
chronoamperometric experiments were run using Auto lab potentiostat
PGSTAT 302 (Eco Chemie, Utrecht, The Netherlands) driven by the General
Purpose Electrochemical System data processing software (GPES, software
version 4.9).

Electrochemical impedance spectroscopy (EIS) experiments were run using an
Autolab potentiostat PGSTAT30 equipped with Nova software version 2.1 and
measurements were performed between 1 Hz and 10 KHz using a 5 mV rms
sinusoidal modulation. EIS was used to measure the changes in capacitance
on the substrate surface due to the binding or lack thereof of the PSA.
Scanning electrochemical microscopy (SECM) experiments were carried out
using Uniscan Model 370 equipment and a 15 um Pt microelectrode (Uniscan)
as the tip. SECM approach curves were done using the Pt microelectrode with
a Pt counter electrode and Ag|AgCl wire as the pseudo-reference electrode.
SECM images were obtained by maintaining the tip at a constant Z position
and scanning in the X-Y plane over the desired area (constant-height mode of

SECM) and monitoring changes in the steady-state current of K;[Fe(CN)4]

oxidation at -0.1 V vs. Ag|AgCl (as pseudo reference electrode) as the tip
travels. Approach curve analysis and constant height imaging was employed

using the 15 um Pt ultra-microelectrode (UME) together with a Pt counter
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electrode and Ag/AgCl wire as the pseudo-reference electrode. For surface
imaging, the microelectrode tip was maintained at a constant height (z-axis)
and the desired area scanned along the X-Y plane. Changes were monitored
in the steady state current of Ks[Fe(CN)e¢] oxidation at 0.1 V vs. Ag/AgCl as
the tip travels.

e Glassy carbon plates (GCP, Goodfellow, UK) of 1x1cm and 2mm thick were

also used as substrates for SECM, SEM and XPS analyses.

2.4 Capillary electrophoresis experiments

2.4.1 CE-UV experiments

CE was performed with an HP3DCE instrument (Agilent Technologies, Massy, France)
equipped with a UV absorbance diode array detector (DAD). Separations were
achieved using bare fused- silica capillaries (Photonlines, Marly-le-Roi, France) with
the following dimensions: 75 mm internal diameter (360 mm outer diameter), 35 cm

total length and 8.5 cm effective length for UV-visible detection and 100 cm (26.5

cm effective length) when coupled to mass. HP3DCE chemstation software was used
for instrument control, data acquisition and data handling. Dimethylformamide
(DMF) (5 mM in the ammonium carbonate buffer) was used as the neutral marker for
CE-UV/Vis experiments, and Paracetamol (5 mM in the ammonium carbonate buffer)
was used as neutral marker when CE coupled with MS to determine electroosmotic
flow (EOF). In CE-UV, samples were injected for 5 s at 50 mbar. For MS detection,
analytes were hydrodynamically injected (50 mbar, 16 s) and separation voltage was

at 20 kV in positive polarity (unless otherwise specified). UV/Vis detection is
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achieved through a ‘window’ obtained by burning (or scraping) off the polyimide
external coating. The high transparency of the fused-silica capillaries wall allows
the use of low UV wavelengths. New capillaries were conditioned by successive
flushes with water (950 mbar, 300 s), 0.1 M NH4OH (950 mbar, 300s), water (90 mbar,
300 s) and then the capillary filled with BGE by flushing for 600 s at 50 mbar. The
temperature in the capillary cassette was set at 25 °C. The acquisition rate was 10
points/s. Analytes were detected by UV absorbance at 200 nm. Between runs,
capillaries were rinsed using the same preconditioning methods. Capillaries were

rinsed with 0.1 M NH4OH and water and dried by air when not in use.

2.4.2 CE-MS experiments

The equipment employed for CE-MS experiments is shown in Fig. 2.1.

Figure 2.1: CE-ESI MS instrumentation used for the separation of the QDs synthesized

in this work.
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An Agilent Series 1100 MSD single quadrupole mass spectrometer (Agilent
Technologies) equipped with an orthogonal electrospray ionization (ESI) source was
used in the negative ionization mode. The upper mass limit of the instrument was
2000 amu. A coaxial triple-tube ESI-MS interface was used to maintain the
connection between the CE and MS systems by providing the necessary sheath liquid
and nebulizing gas. In the scan mode, scans were run between m/z = 0-2000 unless
stated otherwise. In the analysis of the selected ions in single ion mode (SIM), the
selected masses were used with a dwell time of 40 ms on each mass. Nitrogen was
used as nebulizing gas at a temperature of 300°C (pressure in the 0 to 100 kPa range)
and as drying gas at 300 °C (flow rate in the 0 to 8 L/min range). Optimized ESI
voltage was 3000 V. Skimmer voltage was 10 V. Peak width and dwell time were set
to 0.3 min and 880 ms, respectively. CE-MS coupling was carried out using a coaxial
ESI interface (Agilent Technologies). MS detection of the compounds by direct
injection was performed by hydrodynamic injection (50 mbar) of the sample from
the separation capillary to the MS detector under pressure via the ESI interface. The

sheath liquid (SL) (50:50 v/v MeOH: H,0O mixture containing 0.01% v/v triethylamine)

was delivered by an Agilent 1100 series isocratic HPLC pump (flow rate in the 0-10
mL/min range). Some parameters are later optimized for better detection and

characterization of the samples.

Prior to introducing the quantum dots samples into the CE-MS (Fig. 2.1) system for
analysis, the analytical conditions needed to be optimized. The neutral marker was
used as a test sample for all optimizations and introduced by an internal pressure of
50 mbar at the inlet end. The conditions optimized were the nebulizing gas pressure,

electrospray voltage, drying gas flow rate, drying gas temperature, sheath liquid
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flow rate, applied voltage in CE for separation and effects of changing internal
pressure at a constant applied potential. The initial setpoint were varied one
parameter at a time while keeping the other parameters constant. The signal to
noise ratio was determined to see the effects of these parameters on measurements.
Once those conditions were optimized, the samples were introduced into the CE-MS

system. The optimized parameters are summarized in Table 2.1.

Table 2.1: Summary of optimized analytical conditions for ESI-MS.

Nebulizing gas pressure 8 psi

Electrospray voltage 3000 V

Capillary-electrospray interface 0.2mm protrusion of capillary
Drying gas flow rate 12 I/min

Drying gas temperature 300°C

Sheath liquid flow rate 6 pl/min
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2.5 Synthesis

2.5.1 Complex (1), Scheme 3.2

The syntheses of 2,6-di-tert-butyl-4-methylphenoxy phthalonitrile (i) [157] and 4-
(4-carboxyphenoxy) phthalonitrile (ii) [158] have been reported in literature. The
synthesis of complex (1) was carried out as follows: phthalonitrile (i) (0.39 g, 1.14
mmol), phthalonitrile (ii) (0.1 g, 0.36 mmol) and CoCl, (0.178 g, 1.37 mmol) were
dissolved in hexanol. DBU was then added, and the mixture was refluxed at 150 °C
under inert conditions for 24 h. The product was then dried and subsequently
purified by aluminium oxide 90 active neutral packed column chromatography with
a gradient eluent mixture of methanol and CHCls. Since Cobalt is paramagnetic, this
complex could not be characterized using nuclear magnetic resonance (NMR)
analysis.

Yield: 35 % (w/w); UV-vis (CHCI3): Amax/nm (log €): 600(3.27), 665(3.05). IR
[(KBF)Vmax/cm-1]: 1600 (-C-C-), 1470 (-C-H-), 1360 (-C-N-), 1225 (-C-O-C-), 1170 (-C-
O-). (Calculated for CgsHgsNgOeCo; (C 74.04 H 6.36 N 8.22)%, Found C 74.52 H 7.26 N

8.54) %; MS (MALDI-TOF) (m/z): calcd. for CgsHgsNgOs; 1361.60; found: [M]. 1361.34.

2.5.2 Complex (2), Scheme 3.3

The phthalonitriles 4-(hex-5-yn-oxy) phthalonitrile (iii) [159] and N-(4-(3,4-
dicyanophenoxy)phenyl)acetamide (iv) [160] were also synthesized as reported in
literature. The synthesis of complex (2) was carried out as follows: phthalonitrile
(iv) (0.40 g, 1.4 mmol), phthalonitrile (iii) (0.065 g, 0.29 mmol) and CoCl; (0.094 g,
0.72 mmol) were added to dry DMF(15 mL) and DBU (0.5 mL). The mixture was
refluxed over a period of 18 h in an argon atmosphere. Following the completion of

the reaction, the product was allowed to cool to room temperature after which the
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crude sample was precipitated using methanol and water and then dried in an oven
at 120 °C. The desired compound was separated from the tetra substituted As Pcs
(structural isomers) and other impurities using column chromatography with a
gradient eluent mixture of 9:1 tetrahydrofuran: methanol solvent system. This
complex was not characterized using NMR for the same reason stated for complex
1. Yield: 0.0394 g, 12.3 % (w/w); UV/vis (DMF): Amax/nm (log €): 667 (4.86), 608
(4.31), 327 (4.71). IR [(KBr), Vmax/cm]: 746, 795 (aromatic C-Hsy), 1087 (C-O-C),
1258 (C-N), 1464 (C=C), 1501 (C-H), 1537 (N-H), 1662 (C=0), 2849, 2916 (aliphatic
C-Hstr), 3273 (C=C-H). Anal.calc. for Ce2H45CoN1107.5H20: C, 61.80; H, 4.57; N, 11.46.
Found: C61.70, H, 3.60; N, 10.90. MS (MALDI-TOF) (m/z): calc.: 1114.28 amu; found:

1114.34 amu [M]*.

2.5.3 Quantum dots, Scheme 3.1

The synthesis of gCNQDs has been reported in literature [161]. Briefly,
diaminomaleonitrile (1 g, 9.25 mmol), EDTA (0.5 g, 1.34 mmol), and NaOH (5 mL of
1 M) were added to 100 mL of millipore water and the mixture stirred for 1 h to
ensure complete dispersion of the compounds. The resulting mixture was then
transferred to a 400 mL capacity teflon-lined hydrothermal reactor (Fig. 2.2) and
was heated at 200 °C for 2, 4, 6 and 8 h. After cooling to room temperature, the
resulting brown-green product was filtered through a 0.22 pym cellulose membrane,
followed by the addition of ethanol. The product was centrifuged at 15000 rpm for
15 min. The collected solid was re-dispersed in Millipore water and further dialyzed
against ultrapure Millipore water for 24 h to get rid of excess starting materials and
by-products. The synthesis of GQDs and NGQDs have been reported [162]. Briefly

for GQDs, citric acid (4.2 g, 1 mmol) and NaOH (2.4 g, 3 mmol) were dissolved in
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100 mL water, and stirred to form a clear solution. Then the solution was
transferred into a 400 mL Teflon lined stainless autoclave. The sealed autoclave
was heated to 160 °C for 2, 4, 6 and 8 h. The final product was collected by adding
ethanol into the solution and centrifuged at 5000 rpm for 15 min. The solid was re-
dispersed into water and was dialyzed for two days using a dialysis membrane (MW
1.5 kDa) to remove excess salts. The NGQDs were prepared as described above for

pristine GQDs, using urea (3.6 g, 3 mmol) in place of NaOH.

® 2 e

@eronor
SR

Fig. 2.2: Berghof high pressure reactor employed for the hydrothermal synthesis of

the QDs used in this work.
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2.5.4 Conjugation of nanocomposites
The conjugates used in this work are listed in Table 2.2.

Table 2.2: Conjugates used in this work (excluding ones directly conjugated on the
electrode surface).

Modifier Method of conjugation
GQDs-CoPc(1)(nn) nn interactions
NGQDs-CoPc(1)(nr) nn interactions
gCNQDs-CoPc(1)(rr) nn interactions
CoPc(1)@Aptamer Covalent bonding
GQDs@Aptamer Covalent bonding
gCNQDs@Aptamer Covalent bonding
gCNQDs@Aptamer-CoPc(1) (nr) Covalent bonding and =t

interactions
gCNQDs@Aptamer-CoPc(2) (nr) Covalent bonding and nxt

interactions

2.5.4.1 Conjugation of QDs to CoPc(1), Scheme 3.5

Where the nature of the quantum dots used for sensor fabrication was studied, the
non-covalent coordination (nr stacking) between the quantum dots and the CoPc(1)
derivative was achieved as follows:

CoPc(1) derivative (10 mg, 0.07 mmol) was dissolved in 2 mL of DMSO, followed by
mixing with 5 mg (each) of GQDs, NGQDs, and gCNQDs, in 2 mL of water. The
mixtures were then sonicated at room temperature for 1 h. Following that, the

mixtures were left to stir at room temperature for 24 h. A mixture of DMSO, water
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and ethanol (1:5:3) was used to repeatedly wash the products to try get rid of the
excess uncoordinated QDs or CoPc(1l). The conjugates are represented as GQDs-

CoPc(1) (mr), NGQDs-CoPc(1) (nw) and gCNQDs-CoPc(1) (nr), Table 2.2.

2.5.4.2 Conjugation of aptamer to QDs and CoPc(1), Scheme 3.4

Covalent linking to form an amide bond between COOH functional groups with the
NH: group of the aptamer, was achieved by carbodiimide coupling chemistry and the
method derived from literature reports [163, 164]. The CoPc(1), GQDs and gCNQDs
were used as examples therefore NGQDs were not covalently linked to the aptamer.
Briefly, for the formation of the amide linkage, the procedure was as follows: of N-
hydroxysuccinimide (NHS) (5 mL, 0.02 M) and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) (5 mL, 0.02 M) each, both prepared in a pH 8 Tris-HCI buffer
solution were mixed together and then GQDs/gCNQDs (5 mL, 20 mg/mL) were added
to the mixture. These solutions were stirred for 12 h to activate the carboxylic acid
groups in preparation for conjugation with the aptamer. After 12 h, aptamer (2 mL,
1.0 uM) was added and the solution further stirred for 24 h, at room temperature,
resulting in GQDs@Aptamer and gCNQDs@Aptamer, Table 2.1. For the covalent
linkage of CoPc(1) with aptamer, CoPc(1) (5 mL, 0.1 M) was added to the EDC/NHS
mixture (same amounts as stated above) followed by the addition of aptamer (2 mL,
1.0 pM) to form CoPc(l)@Aptamer (The ‘@’ symbol represents covalent
conjugation).

Ethanol (20 mL) was used to precipitate the conjugates out of solution which were
further washed using a DMSO (10mL) and water (50 mL) to remove unreacted QDs
and CoPc molecules, resulting in GQDs@Aptamer, gCNQDs@Aptamer and

CoPc(1)@Aptamer, Table 2.2.
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2.5.4.3 Non-covalent combination of gCNQDs@Aptamer with complex (1) and (2)
The covalently linked gCNQDs@Aptamer was used for the MPc complex comparative
study as examples since the nr-conjugates of the QDs with complex 1 had already
been extensively studied in combination with aptamer. The comparison of the MPc
complexes in this work is therefore not limited to just the gCNQDs but could also be
carried out with the other QDs structures. Where the nature of substituents on the
asymmetrical MPcs was compared, the non-covalent coordination of the complexes
with gCNQDs@Aptamer was achieved as follows: CoPc (1) (10 mg, 0.07 mmol) and
CoPc (2) (10 mg, 0.01 mmol) derivatives were dissolved in 2 mL of DMSO, followed
by mixing with 5 mg of the gCNQDs@Aptamer in 2 mL of water. Purification was
achieved as described above. The conjugates are represented as gCNQDs@Aptamer-

CoPc(1) (nr) and gCNQDs@Aptamer-CoPc(2) (nr).

2.6 Electrode modification

A three-electrode system comprising of an Ag]AgCl (3M KCI) as the reference
electrode, a platinum (Pt) wire counter electrode and a glassy carbon electrode
(GCE) as the working electrode was employed. Prior to modification, the electrode
surface was cleaned by means of polishing on a SiC-emery paper in slurry made from
alumina nano powder (Sigma-Aldrich) and rinsed with Millipore water several times.
In addition, all analytical solutions were purged with argon gas for 20 min to
eliminate the dissolved oxygen before each cyclic voltammetry analysis, and the
argon atmosphere was maintained throughout the period of analysis to ensure that

no disturbances occurred during the analyses due to oxygen.
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2.6.1 Drop and dry electrode modification

Each of the conjugates listed in Table 2.2 were used to modify the electrode using
the drop and dry method. Experiments where individual components of the
conjugates were employed alone or in sequence to modify electrodes, were also
conducted. Table 2.3 then lists the modifiers, the solvents they were prepared in
and the amounts of modifier used for surface fabrication. 10 pL of each solution was

placed on the GCE, followed by drying in the oven at 60°C.
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Table 2.3: Summary of amounts of modifiers (2 mg of each) dispersed in different

solvents in preparation for electrode surface modification.

Modifier Solvent Volume/ Concentration/
mL mg/mL
QDs H.0 2 1
CoPc DMSO 2 1
Aptamer Tris-HCI buffer 2 1
GQDs-CoPc(1)(nm) H.0/DMSO mixture 1 2
NGQDs-CoPc(1)(nm) H20/DMSO mixture 1 2
gCNQDs-CoPc(1)(nm) H20/DMSO mixture 1 2
CoPc(1)@Aptamer H.O/DMSO mixture 1 2
GQDs@Aptamer H.O 1 2
gCNQDs@Aptamer H.0O 1 2
gCNQDs@Aptamer-CoPc(1) H.O/DMSO mixture 1 2
(nm)
gCNQDs@Aptamer-CoPc(2) H.O/DMSO mixture 1 2

(n7)

2.6.2 Electrodeposition and self-assembly, Scheme 4.2 (a)

The modification of GCE using gold nanoparticles was achieved by electrodeposition

using literature methods [165] as follows: A de-aerated solution of 1 mM HAuCI4 in

0.1 M NaNOs was cycled at a scan rate of 50 mV/s for 10 scans from 1V to 0 V. The

resulting GCE-AuNPs was then activated using 0.5 M H2SO4 by scanning the electrode

from 0.2 V to 1.4 V for another 10 scans. The GCE-AuNPs-Aptamer was obtained by

immersing the GCE-AuNPs in the aptamer solution (2 mL, 1.0 uM) stirring for 24 h,
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at room temperature to allow for the self-assembly of the aptamer at the electrode

surface forming the N-Au bond [166].

2.6.3 Electrografting and click chemistry, Scheme 4.2 (b, c)

First the bare GCE surface was grafted onto the bare using 4-azidobenzenediazonium
tetrafluoroborate (Scheme 4.2(b)) by reductive electrodeposition by scanning three
cycles from -1.0 V to 0.2 V at 50 mV/s in a 1 mM solution of the diazonium salt (1
mM in 0.1 M TBABF4 in 96 % ACN: 4 % HCI (0.1M)), following literature methods [167-
169] to give the grafted GCE. For the electrode containing AuNPs, the AuNPs were
first electrodeposited of the GCE as stated above, followed by grafting
azidobenzenediazonium salt onto the AuNPs, to give grafted GCE-AuNPs. The
grafted GCEs were then rinsed thoroughly with milli-Q water. The grafted
electrodes were then further modified with CoPc(2) using click chemistry as
reported in literature [170] by immersing them in 5 mL DMF containing alkynyl
CoPc(2) (1 mM), triethylamine (10 mM) and Cu(PPhs)sBr (2 mM) for 18 h at room
temperature, Scheme 4.2 (b) and (c). The electrodes were thoroughly rinsed using
milli-Q water and are represented as GCE@CoPc(2) and GCE-AuNPs@CoPc(2), where
@ represents the clicking step. The GCE@ACoPc(2)-Aptamer and GCE-AuNPs@CoPc(2)-
Aptamer were obtained by immobilizing the aptamer on the GCE@CoPc(2) and GCE-
AuNPs@CoPc(2) using the drop and dry method (Scheme 4.2 (b) and (c)), using

aptamer at 5 uL of 1.0 uM.

2.7 Electrode and solution preparation for detection of PSA
Regarding the detection of PSA using EIS and DPV, the modified electrodes were first

incubated for 2 h in a 2 yM PSA solution in 10 mM phosphate buffer solution of pH
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7.4 at room temperature after which the impedance measurements were performed.
For concentration studies using EIS and DPV, the stock solution was further diluted
to produce samples with concentrations ranging from 1.2 to 2.0 pM. The electrodes
used for concentration studies were also incubated in each solution prior to EIS and

DPV measurements being recorded.
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3. Characterization

This chapter outlines the characterization of nanomaterials, MPcs and their
conjugates employed in this thesis. Schematics of protocols followed are shown

for illustration purposes.
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3. General introduction

Initial studies showed the synthesis of quantum dots following literature protocols
which resulted in sample batches that produced aggregated, polydispersed samples
which would not be very suitable for further uses. An in-depth study was therefore
conducted by varying one parameter (the synthesis time), to determine the synthesis
duration that would produce a less polydispersed, less aggregated QDs sample
batches. Thereafter, two novel phthalocyanine molecules (denoted as complexes 1
and 2) were synthesized using methods already reported and these were combined
with the QDs by nwt interactions. These complexes were also covalently linked to the
amine-funtionalized aptamer via amide coupling. At each step of the design and
synthesis of the GQDs and phthalocyanines, and their conjugation along with the
aptamer, in-depth characterization was performed in solid state or in various
solutions: to determine the best synthesis protocols and functionalized tools for
further applications as aptasensors. The aptamer used had a sequence as follows:
single stranded DNA (SSDNA): 5-NH2-(CH2)s-TTT TTA ATT AAA GCT CGC CAT CAA ATA

GCT TT-3' (235 nmol, >90% purity).

3.1 Synthesis and characterization of GQDs, NGQDs and gCNQDs

The synthesis pathways of the three different metal-free quantum dots reported
herein is shown in Scheme 3.1. The unique parameter that was varied was the
reaction time, either 2, 4, 6 or 8 hours. The nanostructure batches were
characterized using various techniques, which verified the success of the synthesis

as well as their general structure and present functional group.
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3.1.1 Dispersity and size distribution
Transmission electron microscopy (TEM) and Dynamic Light Scattering (DLS) studies
were employed to determine the dispersity and size distribution of the synthesized

QDs.

3.1.1.1 Transmission electron microscopy (TEM) studies

TEM images for all QDs batches were performed to get a visual representation of the
dispersity of the nanostructures as well as average diameter.

The size of quantum dots can influence their physicochemical properties and
behaviour in different environments and therefore it is important to determine this
characteristic [171, 172]. The samples were dispersed in a EtOH: H,O mixture, 3:1
v/v so partially dissolve the nanostructures which has been, by observation, found
to increase the chance of observing QDs under the microscope as compared when
dispersed in water alone. They were then dropped on copper grids where they were
left to dry prior to conducting the measurements. The obtained images are shown

in Figure 3.1 with their corresponding distribution curve and average diameters.
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Figure 3.1: TEM images with corresponding distribution curve of GQDs, NGQDs and
gCNQDs at different synthesis times. Samples prepared in EtOH: H20 mixture (50:50)

then drop-casted on a copper grid for analysis. The scale bar is at 100 nm.

For the GQDs produced after 2 and 4 h reaction times, a mixture of non-aggregated
and aggregated particles was observed, making it difficult to measure the diameters.
The distribution curves represent the non-aggregated particles population. At 6 h
synthesis time, a better dispersity of particles was observed but there was still an
occurrence of aggregation making it difficult to measure all particles in the image.
The particle sizes did not vary significantly for 2 h, 4 h, 6 h synthesis times, with an
average diameter being determined as of 8.4 + 2.0 nm, Table 3.1. At a synthesis

time of 8 h however, a clear spatial distribution of the GQDs is observed with an
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average diameter of 4.9 £+ 1.6 nm. Upon doping the pristine GQDs with nitrogen
atoms (NGQDs), the TEM images obtained show similar spatial distribution across all
synthesis times, with minimal aggregation. The average diameters of 6.3 £ 2.4 nm
at2h,83+3.1nmat4h,59+£2.6nmat6hand6.0+2.1nm at 8 h synthesis
time were determined, Table 3.1.

The TEM images for gCNQDs showed aggregation of the samples at 2h, 4h and 6 h
reaction times. After 8 h synthesis time, there is improved dispersity of the particles
with an average diameter of 6.9 + 1.4 nm, Table 3.1. It is evident that the
optimization of the synthesis achieved by changing the synthesis time affected the
dispersity and average diameters of the QDs.

From the above results, the GQDs, NGQDs and gCNQDs batches that may be pre-
selected are those synthesized at 8 h, 6 h and 6 h respectively due to the small

measured diameters and good observed spatial dispersion.

Table 3.1: Summary of DLS sizes and polydispersity indices (PDI) of synthesized

guantum dots in water. Values in brackets are sizes from TEM.

QDs/Size 2 h PDI 4 PDI 6 h PDI 8 h PDI
(nm)

GQDs 13.5(8.4) 0.94 7.5(8.3) 0.85 6.5(8.4) 0.71 4.9(4.9) 0.52
NGQDs 8.7(6.3) 058 6.5(8.3) 0.98 7.5(5.9) 0.51 8.7(6.0) 0.96
gCNQDs  2.0(6.7) 0.49 11.7(7.3) 0.63 10.1(7.4) 0.62 13.5(6.9) 0.65
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3.1.1.2 Dynamic Light Scattering (DLS) studies

DLS was also employed in order to determine the hydrodynamic size distribution of
the synthesized QDs. Contrary to TEM, these experiments are performed in solution,
which can help provide the hydrodynamic radius as well as extent of aggregation in
solution. As quantum dots are known to be well dispersed in water, each QDs sample
was dissolved in water and sonicated to ensure homogeneity in solution. Figure 3.2
shows the DLS plots of each type of QDs samples after 2 h, 4 h, 6 h and 8 h synthesis
with the particle sizes as well as the polydispersity index (PDI) values summarized
in Table 3.1. For the GQDs, a decrease in the hydrodynamic radius is observed as
the reaction time is increased, as well as a decrease in polydispersity indices, leading
to a value close to 0.5 for 8 h, which is in accordance with what was observed in
TEM. At 8 h synthesis time, the radius obtained in DLS and TEM are similar with
values of 4.9 nm at the peak maxima in DLS and 4.9 £ 1.6 nm in TEM. The
measurements in DLS should be higher however, due to the hydrodynamic radius
which suggests that there is likely some aggregation in the TEM sample. The results
obtained for the NGQDs showed no significant trend when correlating the reaction
times with the particle sizes, which is in agreement with the TEM experiments. For
gCNQDs, the lowest size and PDI are measured after 2 h reaction time. However, the
diameter determined using TEM at 2 h synthesis is larger than that obtained from
DLS experiments, which is an indication of possible aggregation. Therefore, the
optimization of the synthetic routes by varying the synthesis time did result in

changes of size and polydispersity.

66



60 -
§ 40 + —o—2h
g 20 o —=—4h
g —A—6h
2 - TS el il _om___om — i swn
0 = e S 8h
0 5 10 15 20 25 30
Size (d.nm)
—_ NGQDs
R
= —o—2h
)]
0
€ ——-4h
2
‘NA“_SI'V:‘_VA‘_I_VAVAZKW‘I—KA‘:' 6h
15 20 25 30 8h
Size (d.nm)
60 -
50 A CNQDs
K40 { 1 ——2h
é 30 + —m—4h
2 20 1 * —a—6h
10 -
8h
0+ TaSe—— — - B
0 10 20 30

Size (d.nm)
Figure 3.2: DLS plots for GQDs, NGQDs and gCNQDs dispersed in water and sonicated

to promote solubilization (2mg/mL).

In conclusion, the samples that would seem preferable for further use and study
would be the GQDs synthesized at 8 h synthesis, due to their lower polydispersity
index, and low aggregation state visualized by TEM. Although there was no trend
between the NGQDs samples, the batch synthesized at 6 h showed the lowest

polydispersity index which is ideal for further applications. As already mentioned,
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the gCNQDs had the lowest size and PDI values measured by DLS after 2 h reaction
time. However, the diameter determined using TEM at 2 h synthesis is larger than
that obtained from DLS experiments, which is an indication of possible aggregation.
The next best batch therefore would be the batch synthesized at 6 h which has the

lower PDI value as well as the second lowest diameter measured in DLS.

3.1.2 Elemental composition and structure

For the determination of elemental composition of the QDs, Energy dispersive X-ray
(EDX) analysis was employed. Raman spectroscopy and Fourier-Transform Infra-red
(FTIR) spectroscopy analysis provided structural information regarding present bonds

as well as functional groups.

3.1.2.1 Energy dispersive X-ray (EDX) analysis

Figure 3.3 shows the obtained EDX results for the three GQDs at the four synthesis
reaction times. This technique is a qualitative measure providing the elemental
composition of samples. The expected elements were carbon and oxygen for the
three QDs structures and nitrogen for NGQDs and gCNQDs, which were effectively
observed in the results obtained. These findings are therefore consistent with pure

samples and an efficient synthesis.
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Figure 3.3: EDX spectra for (a) GQDs, (b) NGQDs and (c) gCNQDs at 2,4,6 and 8 h

synthesis.
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3.1.2.2 Raman spectroscopy analysis

Raman spectroscopy was employed to prove the presence of structural differences
between pristine GQDs and its derivatives. Pristine GQDs are used as a reference for
the NGQDs and gCNQDs as they ideally have a graphitic structure with no additional
elements that could cause defects to the original structure [173]. The peaks of
interest in Raman spectra are the disorder (D) sp® and graphitic (G) sp? peaks from
in plane vibrations, which were observed for GQDs, gCNQDs and N-GQDs (Figure
3.4).
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Figure 3.4: Raman spectra of synthesized GQDs, NGQDs and gCNQDs in solid state.

From these results, the Ip: Is (sp®: sp?) ratios are calculated using peak areas, which
determine the extent of functionalization of the carbon nanomaterials or
introduction of heteroatoms in the pristine structure. Noticeable patterns were

observed in the Ip: I (sp®: sp?) ratio of each type of quantum dots sample analyzed

while varying the synthesis time, Table 3.2.
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For the GQDs, the ratios decrease with increasing synthesis time. This is expected
as it implies that with time, there is an increase in the spatial distribution of the -
conjugated structure and an increase of sp? carbons. The shift in wavenumber as
well as decrease in intensity of the D band at 6 h and 8 h also indicates a structural
change meaning with time, there are changes occurring. Pristine GQDs are used as
a reference for the NGQDs and gCNQDs as they ideally have a graphitic structure
with no additional elements that could cause defects to the original structure [173].
In the case of the NGQDs, the D and G bands were slightly shifted in terms of
wavenumber compared to the pristine GQDs, Table 3.2. These shifts are likely due
to the defective nature caused by the presence of nitrogen atoms introduced into
the lattices and stretching of the graphene layers [174]. The ratios obtained for
NGQDs increase with increasing synthesis time indicating an increase in the extent
of doping with the nitrogen atoms. This also means there is a decrease in the spatial
distribution of sp? carbons as the N atoms are added into the lattice structure. The
longer the synthesis takes place, the greater the extent of doping of the graphene
structure, resulting in greater spatial disorder.

For the gCNQDs, the ratios also increase with increasing synthesis time, indicating
the presence of more triazine groups forming as the synthesis time is increased.
Compared to the pristine GQDs, the D ad G bands were observed in similar regions.
These results are a clear indication of the QDs structural dependence on the duration

of the synthesis.
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Table 3.2: Summary of Raman stretches of D and G bands and Ip/Ig ratios. Analyses

run in solid state.

Synthesis D band G band Ip:ls
time cm? cm?
GQDs
2h 1275 1525 1.33
4h 1250 1550 1.14
6h 1220 1525 0.34
8h 1250 1525 0.17
NGQDs
2h 1280 1500 0.56
4h 1280 1550 1.33
6h 1375 1600 1.50
8h 1225 1560 1.56
gCNQDs
2h 1300 1590 0.50
4h 1300 1590 0.83
6h 1300 1590 0.83
8h 1280 1550 1.31

3.1.2.3 Fourier-Transform Infra-Red (FTIR) spectroscopy analysis

FTIR provides information on the bonds present within each GQD structure, and for
instance the functional groups the QDs possess. Figure 3.5 presents the spectra of

the three GQDs at the four reaction times.
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Figure 3.5: FTIR spectrum of GQDs, NGQDs and gCNQDs synthesized at varying times

for optimization of synthetic routes. Analyses run in solid state.

The spectra of GQDs show the presence of different vibrational peaks characteristic
of these nanostructures. Vibrations observed between 3000-3500 cm™, are typical
of the O-H vibration [51]. The vibrations at 1250 cm™ and 1262 cm™ are attributed
to the C-C and C-O bonds respectively, and the vibration at 1430 cm™ is
characteristic of the C=C bond. The vibration identified at 1620 cm characterizes
the C=0 bond which confirms the presence of the expected carboxylic acid groups
as well. The spectra of the NGQDs are characterized by vibrations observed in
regions of 2500-3500 cm* which is a broader window compared to GQDs. These
vibrations are typical of the O-H/N-H vibration. At 1400 cm™ and 1430 cm™ are the
C=0 and C=C vibrations respectively and at 1210 cm* and 1125 cm™ are vibrations
due to C-O and C-C respectively. These findings also correspond to those reported
in literature [175]. As stated in the introduction, the gCNQDs have a different base

structure compared to the other quantum dots. Therefore, there will be differences
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in the FTIR spectrum of these nanostructures. Vibrations observed at around 774 cm-
1 are characteristic of the heptazine units, which the other quantum dots do not
possess. At 1415 cm™ and 1315 cm™ vibrations are characteristic of the C=N and C-
N bonds respectively as the structure of these quantum dots is predominantly
nitrogen based and the 1627 cm stretch is characteristic of the C=0 of the
carboxylic acid groups. Finally, the broad peak between 2750 and 3750 cm™ is
characteristic of the N-H/O-H groups. Literature reports also show similar findings
and therefore in agreement with the peak assignments made in this work [176,
177]. These results confirm the presence of the expected functions on each of the

three QDs synthesized herein.

3.1.2.4 X-ray photoelectron spectroscopy (XPS) analysis

XPS is another technique that provides information on the types of bonds and atoms
present in the molecular structure, which allows for the determination of extent of
functionalization. The wide scan analyses allow for the determination of the general
elemental composition of the sample. Thereafter, the peaks due to the elements of
interest are deconvoluted in order to determine the exact bonds that exist within
the structure and what functional groups are present. Figure 3.6 shows the wide
scans for all the synthesized dots at 2 h, 4 h, 6 h and 8 h reaction times. These survey
scans confirm the presence of the expected elements comprised within the QDs

structures.
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Figure 3.6: XPS wide scans of GQDs, NGQDs and gCNQDs.

For GQDs, the expected carbon (C1s) and oxygen (O1s) peaks were observed with an

additional sodium (Na) peak, probably due to excess NaOH used during synthesis. It

is unclear where the silica peaks come from as there is no silica used in the starting

materials and no silica was observed in the EDX spectra already discussed.

Therefore, the assumption is that the impurity was picked up during XPS analysis.

High-resolution scans were then obtained and deconvoluted and the results are

summarized in Table 3.3. The Cls spectra were deconvoluted in order to confirm
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which other atoms the carbon atoms were bonded to, as well as to prove the
presence of the -COOH groups. At all GQDs synthesis times, three peaks were
observed at binding energies of about 294 eV, 292 eV and 290 eV corresponding to
C=C/C-C which are the sp? and sp® carbons respectively, C-O which are the sp®
carbons and C=0, Table 3.3(a). The C-O and C=0 peaks also confirm the presence
of -COOH groups [176]. While varying the synthesis time, no effect on the binding
energies was observed. For the NGQDs samples, the wide scans only showed peaks
corresponding to the nitrogen (N1s), carbon (C1s) and oxygen (O1s) with no peak due
to possible contaminants. The Cls (Table 3.3(a)) and N1s (Table 3.3(b)) peaks were
further analyzed by plotting and deconvoluting the high-resolution scans. Under the
C1s scan, three prominent peaks were observed at binding energies of 286 eV, 284
eV and 282 eV corresponding to 0-C=0, C-N/C=N and the sp? hybridized C-C/C=C
[176]. For the high resolution N1s scan, four peaks were observed at binding energies
of 401 eV, 400 eV, 399 eV and 398 eV corresponding to N-C=0, N-H, C=N and C-N-C
bonds [176]. Thus, for the NGQDs the synthesis time did not affect the binding
energies of the peaks. The wide scans for the gCNQDs show the expected O1s, N1s
and C1s peaks. Very weak signals corresponding to Si are observed. However, no Si
was used in the synthesis of the QDs indicating that this contamination did not come
from these nanostructures. The deconvoluted Cls scans of the gCNQDs samples
synthesized at 2h, 6h and 8h revealed three peaks at binding energies of 294 eV, 293
eV and 291eV which correspond to C-O, C=N and C-C/C-N respectively. The binding
energies of the peaks observed for the sample at 4h synthesis time were observed
at 289 eV, 287 eV and 285 eV. The same trend is observed for the N1s deconvoluted
scans where for, the samples obtained at 2h, 6h and 8h synthesis time, peaks were

observed at binding energies of 399 eV, 397 eV and 396 eV corresponding to C-N-H,
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N(C)z and C-N=C [160]. For the sample reacted for 4h, the peaks were observed at
390, 401 and 404 eV. The peak at 404 eV corresponds, according to reported works
[178], to N-oxide, the charging effects in the cyano group and heterocycles or m-
excitations, 401 eV corresponds to the quaternary nitrogen bonded terminal amino
group (C-H-N) and 399 eV corresponds to the tertiary nitrogen bonded to carbon
atoms in the form of N(C)s bonds.

These results confirmed the presence of the synthesized quantum dots in greater
details than FTIR did, providing more information on the structural formation of

these nanostructures.
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Table 3.3(a): Cls deconvoluted peak assignments (binding energy/BE) of GQDs,

NGQDs and gCNQDs.

GQDs Cc=C/Cc-C C-O C=0
2-8h 294 292 290
NGQDs 0O-C=0 C-N/C=N C-C/C=C
2-8h 286 284 282
gCNQDs C-O C=N C-C/C-N
2h, 6h, 8h 294 293 291
4h 289 287 285
Table 3.3(b): N1s deconvoluted peak assignments of NGQDs and gCNQDs.
NGQDs N-C=0 N-H C=N C-N-C
2-8h 401 400 399 398
gCNQDs C-N-H N(C); C-N=C -
2h, 6h, 8h 399 387 396 -
N-oxide C-H-N N(C)3 -
4h 404 401 399 -

Moreover, the percentage of oxygen and carbon present in the GQDs, NGQDs and

gCNQDs synthesized at 2, 4, 6 and 8 h were also determined (Table 3.4). For the

GQDs and NGQDs samples, there was no trend observed that could help in

differentiating the structures at the different synthesis times. However, the gCNQDs

showed an increase in percentage of oxygen and a decrease in percentage of carbon,

as synthesis time increased. This may imply an introduction of more triazine groups

within the gCNQDs structure as well as more -COOH groups in the periphery.
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Table 3.4: Summary of % Oxygen and Carbon present in the GQDs, NGQDs and

gCNQDs synthesized at 2, 4, 6 and 8 h.

Synthesis time Atomic conc. % Carbon Atomic conc. % Oxygen
GQDs

2h 55.51 44.49

4h 63.09 36.91

6h 51.77 48.23

8h 60.25 39.75
NGQDs

2h 73.80 26.20

4h 76.90 23.10

6h 66.42 33.58

8h 72.96 27.04
gCNQDs

2h 83.75 16.82

4h 81.07 18.93

6h 80.67 19.33

8h 75.88 24.12
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3.1.3 Dispersity, charge density and colloidal stability

Zetametry was used to determine the charge density and colloidal stability of the
QDs in solution. Capillary electrophoresis (CE) allowed for an electrophoretic
separation of the batches, prior to UV or MS detection. CE provides information on
the colloidal stability of the batches, the dispersity of the QDs as well as the ratio

surface charge/size.

3.1.3.1 Zeta potential () determination

Zetametry provides information on the charge density of the QDs in solution, which
relates to their surface functionalization as well as their colloidal stability in solution
[179]. In other words, the higher the zeta potential value, the more stable the
particles are in solution. Water was used as the analysis medium. The obtained data
iIs summarized in Table 3.5 alongside the mobility obtained from the zetametry

instrumentation.
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Table 3.5: Summary of Zeta ({) potential data and mobility of synthesized quantum

dots in water.

Synthesis time Zeta (0) Mobility/ 104 cm?2.V-1s!

potential/mV

GQDs
2h -20.9 -1.76
4h -26.4 -1.70
6h -27.6 -1.61
8h -30.1 -1.71
NGQDs
2h -18.4 -1.54
4h -19.7 -1.60
6h -24.5 -2.76
8h -37.5 -3.02
gCNQDs
2h -31.8 -2.50
4h -33.2 -2.60
6h -40.0 -3.14
8h -26.1 -2.0
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The literature reports a pKa value of 4.3 for COOH near -OH in graphene oxide (GO)
[180] and 5.2 for -NH> [181]. These values are low suggesting overall negatively
charged nanostructures. All synthesized quantum dots were negatively charged at
all synthesis times in the -18 to -40 mV range (Table 3.5) which is therefore
expected. For the GQDs and NGQDs, there is a tendency of increasing zeta potential
values with extended synthesis time which implies more COOH when reaction time
increases for the GQDs and more COOH compared to NH for the NGQDs. When these
functional groups are deprotonated, they generate an overall negative charge.
Whereas GQDs and NGQDs present equivalent values, the zeta potential for gCNQDs
is in a higher range, which can be correlated to the different composition of this

GDs, and a possible higher functionalization at the QDs surface.

The lower negative value at 8h synthesis is however unexpected. This could be
caused by aggregation if the NH> groups are protonated while COOH or OH groups
deprotonated in this sample (but also for NGQDs). Indeed, the classical proposed
structure in the literature of gCNQDs contains NH2 groups at their periphery and
possibly COOH or OH groups, Scheme 3.1. The difference with NGQDs could be

explained by a less accessible NH function at the periphery.

The negative values obtained in zetametry measurements therefore indicate the
presence of negatively charged particles in solution. The GQDs appeared stable,
especially at 8 h synthesis with the highest zeta potential value which is in
agreement with TEM and DLS data. The NGQDs and gCNQDs showed highest zeta
potential values at 8 h and 6 h synthesis times respectively which should lead to
better stability. The results for the GQDs and gCNQDs are in agreement with the

samples pre-selected from TEM and DLS data. However, the NGQDs pre-selected in
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previous studies were synthesized at 6 h and therefore further characterization will

determine which NGQDs batch will be used for further study in CE analysis.

Zetametry analysis also provides mobility measurements which have been recorded
in Table 3.5. These measurements are achieved by laser doppler velocimetry [182].
The main differences between this method of determining electrophoretic mobility
and that used in CE are the following [182]:

e LDV determination is performed on a microtube composed of polycarbonate
or polystyrene with an internal diameter of millimetre scale. The CE
determination is carried out on a capillary with an internal diameter of
micrometre scale made up of fused silica. This means that the particles being
analysed may also interact with the walls of the channel they move through
differently.

e LDV measurements are usually made by detecting the phase or frequency shift
of an incident laser beam, while the CE is coupled with UV detection for
example as done in this work, which is based on optical absorbance.

e In CE, the capillary is filled with a buffer solution of specific ionic strength
which affects the overall surface charge of the particles and therefore affects

their migration through the capillary.

These differences then are expected to affect the mobility values obtained. The
fundamental principal is that of CE where particles with an overall surface charge
migrate to the oppositely charged electrode at a given velocity which also relates
to particle size. A classical micro-electrophoresis system in this method is a cell with

electrodes at either end to which a potential is applied. The values obtained from
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the zetasizer will therefore be compared later in the text, with the mobility values

determined from CE.

3.1.3.2 Electrophoretic separations and characterization

Capillary electrophoresis (CE) is an electrokinetic method that was proved a
powerful analytical tool to separate and characterize nanostructures, allowing for
their separation in size, surface charge density and functionalization as well as for
understanding their behavior in different environments to allow for further

applications [54, 172, 183].

The first GQDs batches characterized by CE were the ones at a 10h synthesis time,
which was the classical time for the synthesis, at the beginning of the PhD work.
The initial CE separation was performed with UV detection at 200 nm and DMF was
used as the neutral marker. Figure 3.7 shows the electropherogram of the GQDs as
an example in time scale (other results not shown). Separation was achieved in a 10
mM (lonic strength) sodium carbonate buffer (pH 7.4). As can be seen, a number of
populations within the sample batch was obtained indicating a heterogeneity of the
sample, i.e., a high polydispersity, different families of GQDs more or less
functionalized or possibility of stacking between different sheets of GQDs. The
electrophoretic profiles therefore clearly showed that the batches were very
polydisperse, and further optimization of the synthesis was undergone in terms of

synthesis time.
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Figure 3.7: Electropherogram of neutral marker and GQDs simultaneous injected,
in time scale. Experimental conditions ; hydrodynamic injection (5 s, 50 mbar) of 1
mg.mL"! synthesis batch sodium carbonate buffer (pH 7.4) ; electrokinetic separation
under a -10kV potential in 10 mM NaCO3/NaHCOs buffer (pH = 7.4) BGE ; UV
detection at 200 nm. Capillary total length = 35 cm; effective length to the detector

= 26.5 cm.

From the results obtained after optimizing the synthesis of the QDs, the samples
used for further studies throughout this thesis were GQDs 8 h, NGQDs 6 h and gCNQDs
6 h.

The GQDs batch at the above-mentioned synthesis time was chosen as it showed the
lower PDI value in DLS which is ideal for CE analysis. It was also clear from the TEM
images that this batch is not as aggreagated and the particles are fairly homogenous
in size compared to the other batches. It also showed a zeta potential value of -30.1
mV at this time which was an indicator of potential better colloidal stability in
solution thanks to inter-particle repulsive forces compared to the other batches

synthesized for different lengths of time which had less negative values. Note that
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by observing with the naked eye, the batches at other synthesis times did not
dissolve completely when dispersed in solution which is an indicator of instability
(data not shown).

The NGQDs also showed the lowest PDI value and hydrodynamic size in DLS at 6 h
synthesis time compared to the other batches and therefore was chosen for further
studies. Moreover, in XPS, it showed the highest percentage of oxygen at 6 h
synthesis which suggests more COOH groups available for amide bonding in later
studies.

Although the gCNQDs showed the lowest PDI value and size in DLS at 2 h synthesis
time, the batch synthesized for 6 h was chosen for further studies as it showed the
highest value of -40.0 mV in zeta potential measurements. In-solution stability is
crucial for further studies and applications. In addition, DLS and TEM were in
agreement at these reaction times.

An attempt was therefore made to further characterize the selected QDs by
electrophoretic methods, that improve the characterization process by separation
of the sample, which was not the case with the previous presented analyses.

In the first step after optimization, the detection was performed by UV-Vis analysis
at 200 nm detection wavelength (CE-UV) in a 10 mM ammonium carbonate buffer
(pH 7.4). The injection of the sample made of neutral marker and GQDs evidenced
peaks overlapping. Therefore, an original injection procedure was developed, where
NM and GQDs were injected at the inlet and outlet of the capillary, respectively.
Electropherograms are presented in time scale. The conversion from time to

mobility (m) can be achieved according to Equation 3.1(a) as follows:

lesrL
m=—S" 3.1(a)

Vtmigration

86



Where | and L are the effective and total capillary length, respectively in cm, V is
the applied voltage in volts V and t is the migration time in seconds. The
electrophoretic mobility therefore may be determined using Equation 3.1(b) as

follows:

Mgp = M; — Mgor 3.1(b)

Where m; is the apparent mobility (calculated by Eq.3.1a) and mizor is the
electroosmotic flow or the electroosmotic mobility calculated for the neutral marker

using again the Eq. 3.1a.

Fig. 3.8 shows the electropherogram of the GQDs as an example. First of all, the
peak dispersity was drastically diminished thanks to the synthesis time optimization

study.

Then the electropherogram allows to determine the electrophoretic mobility of the
GQDs as -7.5 x 10* cm?.V-l.sl. This negative value is coherent with negatively
charged GQDs. This value is however higher than the one calculated by zetametry
measurements ( -1.7 x 10 cm?.V-1.sY). This difference, as already mentioned may
be caused by the difference in mode of detection, the solutions used for analysis
(water for zetametry and BGE for CE) as well as the difference between the
microtube and the capillary.

This study by CE allows to go deeper in the validation of the optimization of the

GQDs synthesis. Compared to the CE results obtained before optimization, the

87



profile is much more monodisperse, which is coherent with an homogeneous

population within the optimized batch which is promising.
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Figure 3.8: Electropherogram of neutral marker and GQDs simultaneous injection.
Experimental conditions ; 1 mg.mL! synthesis batch in ammonium carbonate buffer;
hydrodynamic injection of neutral marker (paracetamol) through the inlet vial ( 5s,
50 mbar) and QDs through the outlet vial (5s, 50 mbar); electrokinetic separation
under a 18 kV potential in the 10 mM Ammonium carbonate buffer (pH 7,4) BGE ;
UV detection at 200 nm ; capillary total length = 35 cm; effective length to the

detector = 26.5 cm.

After CE-UV characterization of the QDs, preliminary results were performed while
coupling CE to mass spectrometry, via an electrospray interface (CE-ESI-MS). The
three types of GQDs were characterized for the first time in CE-ESI-MS in this work.
The objective was to determine a more precise structure of the GQDs than the

theoretical scheme classically presented in literature (Scheme 3.1). Indeed, after
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the successful separation of the QDs in CE-UV, the coupling with MS required further
optimization for the efficient separation and detection of the GQDs. This
optimization was focused on the parameters of the electrospray ionization (ESI)
interface between CE and MS, that allows for sample ionization and transfer to gaze
phase, and to make up the difference in fluid velocity between CE and MS, so as to
reach sensitive detection. This optimization process was first undergone with
paracetamol (further used as neutral marker). The optimized parameters are
summarized in Chapter 2 as part of the methods applied to carry out the studies.
Then the CE-ESI-MS optimization was undergone with the three GQDs allowing to
determine an efficient CE separation and MS detection with nitrogen as nebulizing
gas at a temperature of 300 °C (pressure in the 0 to 100 kPa range) and as drying gas
at 300 °C (flow rate in the 0 to 8 L/min range). Optimized ESI and skimmer voltage
were 3000 V and 10V, respectively. Peak width and dwell time were set to 0.3 min

and 880 ms, respectively. The sheath liquid (SL) (50:50 v/v MeOH:H,O mixture

containing 0.01% v/v triethylamine) was delivered by an Agilent 1100 series isocratic
HPLC pump (flow rate in the 0-10 mL/min range). Capillaries were rinsed with 0.1
M NH4sOH and water in between runs to remove any particles that could have

potentially interacted with the capillary.

As no literature exists for CE-MS GQDs characterization, a first step consisted in the
optimization of the MS detection of the compounds via the ESI interface. For this
purpose, the sample was injected as a large zone (hydrodynamic injection at 50
mbar for 16 s) and pushed by pressure (50 mbar) till the ESI-MS, so as to estimate

the MS sensitivity for these GQDS.
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So as to optimize the detection sensitivity, the effect of pH was one of the
parameters studied as it plays a role in the surface charge of the nanostructures in
solution and therefore their electrophoretic mobility, which can lead to separation
and ionization differences, that can improve their MS detection. The pH range was
chosen as 7 to 10 . Figure 3.9 shows the electropherograms obtained in these
experimental conditions at increasing pH from 7 to 10, and the MS spectra in scan
mode are presented at each pH. The mass to charge ratios below 1000 were observed
when injecting the BGE alone. Above m/z = 1000, an attempt could be made to
assign the m/z values to possible QDs populations/structures. The ion mass spectra
observed however, are of low intensity which may indicate poor ionization of the

nanostructures thus making it difficult to deeply characterize the batches.

The mobilization of the QDs in the capillary by pressure can provide profiles that
depend on differences in their diffusion coefficient along with the phenomenon of
dispersion due to the large zone injected.

The three types of GQDs are detected in the same range of time (4-6 minutes) in the
four pHs studied. For each QD, the difference according to pH of the BGE does not
seem significative, probably due to the low pressure value applied for QDs
mobilization.

The peaks obtained for GQDs at all pH values (Fig. 3.9(a) are quite well defined in
a quasi-gaussian profile.

For the NGQDs, Fig.3.9(b), the profile at pH 7 is similar to the one of GQDs. But for
the other pHs (8 to 10), the profiles are much more distorted, with a larger footprint
made of a plateau surrounded by two peaks. This can be a sign of sample evolution

due to pH.
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Regarding the gCNQDs, the profiles ( Fig. 3.9(c)) are equivalent to those for GQDs.

These results indicate a lower polydispersity for both GQDs and gCNQDs compared

to NGQDs.

Concerning the mass spectra, the too low intensity at the expected m/z values did

not allow to go further in possible peak attribution.
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Figure 3.9: Electropherograms of (a) GQDs, (b) NGQDs and (c) gCNQDs (1mg/mL in

BGE). Injections done at 50 mbar for 16 s for QDs. Pressure applied for mobility till

the MS detector : 50 mbars. (i) MS electropherograms and (ii) corresponding ion mass

spectra in scan mode, negative ion mode within a m/z window of 0-2000).
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So as to increase the intensity of the mass spectra, the ionization rate of the GQDs
should be improved. Therefore, two different studies were performed and compared
(1) injection of a small zone of sample prepared in the BGE, (2) continuous injection
in the frontal mode of the sample prepared in the sheath liquid.

Dissolving the sample in the sheath liquid rather than in the BGE (is not classical but
should help to increase the ionization of the sample and therefore its detection.
Indeed, the sheath liquid is optimized so as to help for sample ionization and
desorption.

The continuous injection of sample (figure b) should help to increase the signal as
the integration can be performed on a large time range.

The ion mass plots extracted from electropherograms obtained after introducing the
samples in the capillary by injection are shown in Fig. 3.10 (i) and those extracted
from the frontal mode are shown in Fig. 3.10 (ii). These ion mass plots are clearer
but still show the low intensity and possibly poor ionization of the samples analyzed
in this work.

Using these masses obtained, an attempt was then made to predict possible
structures and extent of functionalization of the quantum dots (Table 3.6 and Table
3.7). Most of the predicted structures can be deprotonated. However, some of the
structures predicted for the NGQDs and the gCNQDs indicate no possible ionization
as the theoretical masses are equivalent to the ion masses found from the analyses
which agrees with the thought that the functional groups on these nitrogen-rich

nanostructures are not as easily accessible as those on the pristine GQDs.
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Figure 3.10: Electropherograms of (a) 1mg GQDs, NGQDs and gCNQDs in 1 mL BGE

(Injections done at 50 mbar for 16 s) with (i) extracted ion mass plots recorded in

scan mode and (b) 1 mg GQDs, NGQDs and gCNQDs in 1 mL sheath liquid (introduction

of sample by pressure 50 mbar) with (ii) extracted ion mass plots recorded in scan

mode. m/z window = 1000-2000 in negative ion mode.
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Table 3.6: Predicted structures and possible deprotonation determined according

to obtained ion masses in CE-MS analyses for the samples injected in a sample zone

in BGE.
Structure Possible ionization
GQDs
1014.85- 6[H]* =
1008.9
1036.13 predicted
1036.7 found
1144.14 - [H]" = 1143.1
1935.2- 4[H]* = 1931.6
NGQDs
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gCNQDs

L,
S T

1002.18- 2[H]*=1000.2

1055.24 - A[HT*

=1051.3

1065.21-  2[H]* =

1063.7

1389.26 predicted
1389.2 obtained

(no ionisation)

1102.25 — 4[H]" = 1098
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1198.29- 3[H]" = 1195.9
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1737.36-[H]* = 1736.3

1462.34-3[H]" = 1459.5

99




Table 3.7: Predicted structures and possible deprotonation determined according
to obtained ion masses in CE-MS analyses for the samples dissolved in sheath liquid

and continuously introduced (frontal mode)

Predicted structure Possible ionization
GQDs
1412.17 - 6[H]* =
1405.8
NGQDs

1055.24 predicted
1055.1 obtained

(no ionization)

1138.19 predicted
1138.8 obtained

(no ionization)
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1392.27 predicted

1392.4 obtained

(no ionization)

2[HI

1637.26

1635.6

gCNQDs

1084.31-[H]" = 1083.6

1156.32 prediction
1156.2 obtained

(no ionization)
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These preliminary results allow to identify some layer structures, and further work
should take into account that interactions between layers could be modified

according to the GQDs environment in solution.

In conclusion, theses preliminary results highlight that CE-MS seems a very
interesting analytical methodology to go deeper in the understanding of the GQDs
structures. Indeed, the separative mode by electrophoresis allows to evidence the
polydispersity of the sample, and we showed for the first time that the coupling to
MS allows to propose some structures which are completely compatible with what is
expected from the synthesis pathway. Deeper studies would then allow to obtain

more precise identifications, and
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3.2 Synthesis and characterization of MPcs, Complex (1) and complex (2)

Complexes 1 and 2 were synthesized by a statistical cross-condensation reaction

using two phthalonitriles illustrated in Schemes 3.2 and 3.3.

COOH
O\\

NCU
NC

Hexanol, DBU, CoCl,, 150°C

+ Reflux, Ar atm., 24h
NC COOH
(ii)

Scheme 3.2: Synthesis of complex 1.

DMF, DBU, CoCl,, 150°C

+ Reflux, Ar atm., 18 h
NC (0)
NC N CHj3
H
. NH HN
(iv) H3C\‘( D=
[o) H;C

Scheme 3.3: Synthesis of complex 2.
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The obtained products were characterized using various analytical techniques such
as UV/vis, FTIR, MALDI-TOF as well as elemental analysis, which gave an indication
of the success of the reaction. Complexes 1 and 2 gave a mass of 1361.34 for [M]
and 1114.34 for [M]* respectively, verifying the success of the syntheses. Fig. 3.11
shows the absorption spectra of MPc complexes 1 and 2 in DMF. The Q band is broad
probably due to aggregation for complex 1. A broad or split Q band indicates
aggregation in Pc complexes, with the low energy band being due to the aggregate
and the high-energy band being due to the monomer [184]. Q bands (corresponds to
the absorption band due to the transition from ground state to first excited state)
and B bands (attributed to the transition from ground state to second excited state)
associated with metalated Pcs are observed, where complex 2 achieves its Q band
maximum at 667 nm while the B band is the most pronounced at 327 nm. The Q band

of complex 1 was observed at 665 nm in DMF.

0.8

0.6
= Complex (1)

Normalized absorabnce

04 1 — Complex (2)
0.2 +
0 T
300 400 500 600 700 800

Wavelength (nm)

Figure 3.11: Absorption spectrum of complex 1 and 2 in DMF (- 10> M).
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3.3 Synthesis and characterization of covalent conjugates between GQDs, MPcs

complexes and aptamer.

Two-component systems were formed in this work prior to combining the GQDs, MPcs
and aptamer to finally form the three-component systems. The conjugates formed
are listed in Table 3.8 with some data summarized, which will be further elaborated

on in this sub-section.

Table 3.8: Summarized spectral, DLS and zeta potential data of quantum dots,

phthalocyanine and their conjugates with aptamer.

Sample Loading Amax (nm) Hydrodynamic size/ Zeta ()
(mg/mg) nm (PDI)¢ potential/mV

GQDs, 8 h - 3482 4.9 (0.52) -30.1
NGQDs, 6 h - 3442 7.5 (0.51) -24.5
gCNQDs, 6 h - 3782 10.1 (0.62) -40.0
CoPc(1) - 660° Unstable in solution  Unstable in solution
CoPc(2) - 667° Unstable in solution  Unstable in solution
Aptamer - 6222 - -
GQDs-CoPc(1) (rr) 0.08 639° 18.2 (0.66) -33.9
NGQDs-CoPc(1) (rr) 0.39 629° 15.7 (1.0) -34.7
gCNQDs-CoPc(1)(nn) 0.21 660° 18.2 (0.67) -76.0
CoPc(1)@Aptamer - 400, 625¢ 37.8 (0.97) -46.4
GQDs@Aptamer - 6292 68.1 (0.74) -39.3
gCNQDs@Aptamer - 6202 58.8 (1.0) -51.2

3in water, in DMSO, ¢in DMSO/water (3:1 v/v) mixture, 9PDI in brackets
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3.3.1 Verification of covalently linked conjugates GQDs@Aptamer,

gCNQDs@Aptamer and CoPc(1)@Aptamer

The covalent conjugation of the QDs or CoPc(1) with aptamer was achieved via
amide coupling which is illustrated in Scheme 3.4 using gCNQDs as the example.
This subsection highlights various analytical techniques used to fully characterize

these composites.

(6\
W‘JJ*N/
N~ °N o
NN J\N 3'-Aptamer-6(H2C\)N )LN/
HN SN Sy~ -COOH T NN
)N\J\JN\ N/JN\ EDC/NHS A /’t:)N\\J\)IN\
HoN N N H N N gH )N\/ JN\ N~ JN\

A5 A5 A S A L
HoN N N ” N N gH

5'-NH,-(CH,)¢-Aptamer-3'

Scheme 3.4: Amide coupling procedure of gCNQDs and amine-terminated aptamer.

3.3.1.1 XPS analysis

XPS was used to verify the success of covalent linking of the aptamer with the chosen
guantum dots samples or the CoPc(1). The XPS results obtained are shown in Figure
3.12. The analyzed samples are GQDs@Aptamer, gCNQDs@Aptamer and

CoPc(1)@Aptamer (‘@’ representing covalent amide linking of molecules).
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Figure 3.12: XPS survey and high-resolution

scans

Binding energy (eV)

for GQDs@Aptamer,

gCNQDs@Aptamer and CoPc(1l)@Aptamer for the verification of covalent bonding.

The wide survey scans showed the expected peaks which were attributable to the

covalent conjugates synthesized in this work. The observed peaks on the wide scan

were the N1s at 400 eV, Cls at 300 eV, Ols around 550 eV, P2s at 197 eV and P2p

around 150 eV all wide scans. The difference in the survey scans was just the peak

due to cobalt, which is the central metal of the phthalocyanine used, observed at

around 791 eV which is the region where Co is observed on XPS analyses of

CoPc(1l)@Aptamer [185]. The P is said to be due to the DNA phosphate group [186].

P has been observed at binding energies of 150-200 eV [186].
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The peaks due to nitrogen, carbon and oxygen were further studied as high-
resolution scans and deconvoluted to confirm the covalent conjugation of the
aptamer with the QDs and CoPc(1). All data from deconvoluted spectra are

summarized in Table 3.9.

Table 3.9: Summary of binding energies determined from deconvoluted high-

resolution spectra, corresponding to bonds forming the structures reported and their

conjugates.

N1s Cls O1s
Peak C-N N-H N- Graphitic C-N C=0 C-0-C/ C=0/P=0 C-O-P
assignments Cc=0 carbon Cc=0
GQDs@Aptamer - 399.0 401.0 283.5 285.0 287.0 529.0 531.0 531.8
gCNQDs@Aptamer 398.5 401.0 402.0 285.5 286.5 289.0 530.5 532.0 533.0
CoPc(1)@Aptamer 397.0 399.0 401.0 283.5 285.4 287.4 530.0 531.5 532.0

For the GQDs@Aptamer conjugate, the deconvoluted N1s spectrum showed two main
peaks underneath the original peak at binding energies of 399 eV and 401 which are
attributable to N-H and N-C=0 respectively, as reported at these binding energies
[187]. The presence of N-C=0 confirms the formation of an amide bond. The Cls
spectrum showed three peaks after deconvolution at binding energies of 283.5 eV,
285.0 eV and 287.0 eV attributable to graphitic carbon, C-N and C=0 respectively,
Table 3.9. The O1s spectrum showed three peaks under the main peak at binding
energies of 529.0 eV, 531.0 eV and 531.8 eV which may be attributed to C-O-C/C=0,

C=0/P=0 and C-O-P respectively. A similar finding for aptamer-based work has been
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reported in literature [188]. For the gCNQDs@Aptamer conjugate, the deconvoluted
N1s spectra showed three peaks at binding energies of 398.5 eV, 401.0 eV and 402.0
eV which may be attributed to C-N, N-H and N-C=0 respectively [187]. The Cls
spectra for this samples showed three peaks after deconvolution at binding energies
of 285.5, 286.5 eV and 288.0 eV attributable to graphitic carbon, C-N and C=0
respectively. The Ols spectrum showed three peaks under the main peak at binding
energies of 530.5 eV, 532.0 eV and 533.0 eV which may be attributed to C-O-C/C=0,
C=0/P=0 and C-O-P respectively. Compared to the GQDs, the other QDs samples
have the nitrogen atoms present within their structures and thus contain more
defects than the GQDs which may be the cause of shifts in binding energies. For the
CoPc(1l)@Aptamer conjugate, the deconvoluted N1s spectrum showed peaks at
binding energies of 397.0 eV, 399.0 eV and 401.0 eV which may be attributed to
C=N, N-H and N-C=0 respectively [189]. For the Cls and O1s spectra, similar results
were observed as was for GQDs@Aptamer which confirms the presence of the new

amide bond formed by covalent linkage as well as presence of N-C=0 bond.

3.3.1.2 DLS and zetametry studies

Figure 3.13 shows the profiles obtained for the QDs and their conjugates with
aptamer dispersed in a carbonate buffer solution. For the GQDs (Fig. 3.13(a)),
(Tables 3.1 and 3.8) the size determined in DLS was 4.9 nm for the sample
synthesized for 8 h. Upon covalently linkage to the aptamer (GQDs@Aptamer), a very
broad peak is observed with a size of about 68.1 nm at the peak maxima, Table 3.8.
Sizes this large in DLS analyses are an indication of high aggregation of these

conjugates in the buffer solution. The gCNQDs (Fig. 3.13(b)), were found to be 10.1
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nm for the sample synthesized for 6 h, with its conjugate with aptamer being 58.8
nm, Tables 3.1 and 3.8. As aptamers are non-spherical and small in size, they could
not be analyzed by DLS. However, when conjugated to the QDs, the conjugated
nano-architectures could be analyzed by DLS, providing negative values. The zeta
potential values of the GQDs and gCNQDs prior to conjugation were -30.1 and -40.0
mV, Table 3.8. When conjugated to the aptamer, the structures showed a colloidal
stability, and their zeta potential values were measured as -39.3 and -51.2 mV
respectively. The higher zeta potentials for the covalently conjugated molecules is
coherent with the negative charge of the conjugated aptamers in these experimental
conditions. Indeed, the phosphate groups in DNA have a pKa of 2 and are negatively
charged due to the bonds formed between O atoms and P atoms [190] The
CoPc(1l)@Aptamer conjugate in particular showed a colloidal stability (compared to
the CoPc(1) alone which was unstable in solution) and a hydrodynamic radius of 37.8

nm (Figure 3.13 (c)) with a zeta potential value of -46.4 mV.
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Figure 3.13: DLS plots of (a) GQDs and (b) gCNQDs and their conjugates with

aptamer.
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3.3.1.3 FTIR analysis

The presence of aptamer within the covalent conjugate was also validated using
FTIR analysis. The conjugation between the GQDs and aptamer was used as an
example to illustrate the results obtained for all covalent conjugates reported in
this thesis. These results are shown in Figure 3.14. The stretches due to the
backbone of the aptamer are identified in the region of 1084/1225 cm where they
are expected. These peaks are not observed in the GQDs spectrum. More
importantly, in the region between 3000-3500 cm™ of the conjugate a distinct peak
at 3300 cm™ due to N-(C=0) can be seen, as well as spectral shift which are an
indication of amide bond formation [191]. For the CoPc@Aptamer conjugate, the
same stretches due to the amide bond as well as the phosphate backbone of the
aptamer were observed (data not shown), confirming the covalent conjugation of

these molecules.
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Figure 3.14: FTIR spectra of (a) GQDs, (b) aptamer and (c) their covalent

conjugates.
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3.3.1.4 Raman spectroscopy analysis

Raman results are shown in Fig. 3.15 for the GQDs, aptamer and GQDs@Aptamer.
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Figure 3.15: Raman of aptamer with its covalent conjugates with selected QDs.

The peak due to the aptamer was observed at 1285 cm™ that has been reported in
literature to occur in this region [192, 193]. The effect of covalently conjugating
the QDs to the aptamer is discussed using GQDs@Aptamer as an example. When the
GQDs are covalently bonded to the aptamer, there is a shift of the D band to a lower
frequency and G band of the GQDs to a higher frequency. The aptamer peak still
appears at 1285 cm™. The D band of the GQDs also intensifies upon conjugation of
the aptamer with the GQDs, indicating an interaction between the two molecules.
The Ip/lc ratio of GQDs@Aptamer was found to be 0.67 which is an increase from the

ratio determined for the GQDs alone, determined as 0.17 (Table 3.10). This is one
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of the indicators that there is interaction between the aptamer and the GQDs as the

increase in ratio means there is defectiveness in the pristine GQDs.

Table 3.10: Aptamer and its covalent conjugates with selected QDs.

Electrode modifier Raman D Raman G Aptamer Raman Raman
(cm?) (cm?) (cm?) (In/lg)
GQDs (8 h) 1250 1525 - 0.17
NGQDs (6 h) 1375 1600 - 1.50
gCNQDs (6 h) 1300 1590 - 0.83
GQDs-CoPc(1) (rr) 1300 1623 - 0.50
NGQDs-CoPc(1) (rr) 1280 1550 - 0.40
gCNQDs-CoPc(1) (rr) 1325 1600 - 0.50
Aptamer - - 1285 -
GQDs@Aptamer 1150 1550 1285 0.67
gCNQDs@Aptamer 1650 1750 1400 0.86

3.3.2 Conjugation between GQDs and MPcs by nt interactions

The conjugates formed between GQDs and MPcs are listed in Table 3.6 with some

data summarized, which will be further elaborated on in this sub-section. These

conjugates are characterized using UV/vis to see how their combination affects their

optical properties. They are also characterized using DLS to observe the possible

changes that would occur in solution upon their conjugation as well as Raman which

is run in solid state and indicates how the nanocomposites are affected structurally

when combined.



3.3.2.1 UV/vis spectroscopy

The nw interaction between the CoPc(1) and QDs of interest is illustrated in Scheme

3.5 using GQDs as an example.

Stir at RT

Scheme 3.5. The = conjugation of CoPc(1) with GQDs to form GQDs-CoPc(1) (nr).

The NGQDs and gCNQDs were combined with the CoPc(1) in the same manner. The
UV/vis spectra are shown in Figure 3.16 where comparative plots show how the
CoPc(1) spectrum changes when conjugated to the QDs. QDs alone were dissolved in
water (5 mg/mL), the Pc in DMSO (5 mg/mL) and the conjugates (2 mg/mL) in DMSO

and water solvent mixture (3:1 v/v).
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Figure 3.16: UV/vis spectra of (a) GQDs, (b) NGQDs and (c) gCNQDs and their
conjugates with CoPc(1). All QDs were dispersed in water, CoPc(1) was dispersed in

DMSO and the conjugates were dispersed in a DMSO/water (3:1 v/v) mixture.
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The quantum dots synthesized in this work showed absorption peaks at 348 nm
(GQDs), 344 nm (NGQDs) and 378 nm (gCNQDs), Table 3.8. GQDs-CoPc(1) (rnr) and
NGQDs-CoPc(1)(nt) showed extensive aggregation indicated by blue shifting and
broadness of peaks with only the peak due to the aggregate being observed. These
peaks are also blue shifted. For gCNQDs-CoPc(1) (nr), both the CoPc(1) monomer
(670 nm) and aggregate peaks (small shoulder peak on left of monomer peak) are
observed and there is no change in peak position of the monomer following

conjugation.

The loading of the CoPc(1) onto the QDs (amount of MPc on a QD since QDs are larger
than MPc molecules) was investigated following previous studies using absorption
instead of fluorescence [194]. This involves comparing the Q band absorbance
intensities of the conjugate (QDs-CoPc(1)(nr)) with that of the CoPc(1) before the
conjugation. Equal masses (mg) for CoPc(1) and QDs-CoPc(1)(rnrt) conjugates were
weighed and separately dissolved in the same volume of the solvent. The loading
values were determined to be 0.08, 0.39 and 0.21 mg/mg for the GQDs-CoPc(1) (nr),
NGQDs-CoPc(1)(nrt) and gCNQDs-CoPc(1)(nrt), respectively. The low loading of the
Pc on the GQDs could be due to repulsion in solution of deprotonated carboxylic acid
groups on the Pc and on the GQDs. The NGQDs and gCNQDs have NH and NH:
functions respectively, which, upon deprotonation become positively charged.
Should this occur in solution, there is a possible attraction between the
deprotonated COOH groups of the Pc and the protonated NH and NHz groups of the

NGQDs and gCNQDs, hence increasing the loading.
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3.3.2.2 DLS and zetametry studies

Figure 3.17 illustrates the change in DLS distribution curve from the unconjugated
guantum dots to the QDs-MPc conjugate. For analysis, the QDs were dispersed in
water and their conjugates with CoPc(1) dispersed in a DMSO/water mixture. The
profiles observed are broad indicating high polydispersity (PDI values and
hydrodynamic radii shown in Table 3.8). Moreover, the conjugation of the QDs with
the MPc resulted in an increase in the hydrodynamic radius measured for the QDs
alone. For the GQDs (Fig. 3.17(a)), the size determined in DLS was 4.9 nm as stated
above, Table 3.8. Upon conjugation with the CoPc(1), the hydrodynamic size
increased to about 18.2 nm. The NGQDs Fig. 3.17(b)), showed hydrodynamic sizes
of 7.5 nm for the QDs alone and 15.7 nm when nt conjugated to the CoPc(1). The
gCNQDs, Fig. 3.17(c)), measured a hydrodynamic size of 10.1 nm with its
CoPc(1)(nw) conjugate measured at 18.2 nm. The increase in hydrodynamic size is
likely due to aggregation which was also observed in UV/vis analysis as well as
contribution from the hydrodynamic radius.

The zeta potential values of the GQDs, NGQDs and gCNQDs prior to conjugation were
-30.1, -24.5 and -40.0 mV. When nt conjugated to the CoPc(1), the zeta potential
was increased to -33.9, -34.7 and -76.0 mV respectively. The increase in zeta
potential values to more negative values could be a result of deprotonation of the
COOH terminal group of the phthalocyanine molecules stacked on the larger QDs
nanostructures. The higher values also show improved stability in DMSO/water

solution upon conjugation of the QDs to the MPc.
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Figure 3.17: DLS plots of (a) GQDs, (b) NGQDs and (c) gCNQDs and their conjugates

with CoPc (1).
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3.3.2.3 Raman spectroscopy analysis

Raman was used to characterize the QDs and their conjugates with Complex 1. The
spectra are shown in Figure 3.18. For the GQDs, the D band is observed at 1250 cm"
! and the G band at 1525 cm™ with an Ip/lg ratio of 0.17, Table 3.10. Upon
conjugation with the CoPc(l) by =nrn interactions, there is a shift to higher
frequencies of 1300 cm™ and 1623 cm™ for the D and G bands, respectively with the
In/Ic ratio determined as 0.50. The shift in frequency is a result of strong interactions
between the composites. The D and G bands of the NGQDs are observed at 1275 cm-
Land 1540 cm* respectively with an 1o/l ratio of 1.50, shifting to higher frequencies
of 1280 cm™ and 1550 cm™ upon nr conjugation with the CoPc(1). The G band
intensity increases, however which is not expected when conjugation of the
composites occurs. The Ip/lg ratio for NGQDs-CoPc(1) (nn) was determined as 0.40.
Regarding the gCNQDs, the D and G bands for this sample are observed at 1300 cm-
1 and 1590 cm respectively. Upon nn conjugation with the CoPc(1) shifts of the
peaks to higher frequencies of 1325 cm™ and 1600 cm™ are observed. As already
mentioned, the higher frequencies are a result of strong interactions between the
phthalocyanine and QDs. The o/l ratio decreased from 0.83 to 0.50. This increase

is an indicator of more defects occurring on the QDs structure.
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Figure 3.18: Raman spectra of QDs and their conjugates with CoPc(1).

124



3.4 Conclusion

The MPc complexes 1 and 2 were successfully synthesized, purified, and
characterized using various techniques. Besides their obvious structural differences,
their optical properties differed as well as seen in UV/vis spectral analyses. The
synthesized gCNQDs, GQDs and NGQDs were characterized in their physical dry form
and in solution. The optimization of the synthesis time proved useful in obtaining
well dispersed nanostructures which could be further analyzed and characterized
using electrophoretic separation analyses. The obtained results provided proof of
the presence of the expected functional groups as well as overall structures. TEM
images showed samples of differing dispersity but helped in deciding on the best
dispersed samples to use going forward in this work. Moreover, the behavior of these
nanostructures in solution such as their hydrodynamic size, surface charge and
mobilities agreed with the presence of functional groups determined from structural
characterization techniques. Capillary electrophoresis was used to further
characterize the synthesized QDs with regards to surface charge, size and extent of
polydispersity of the samples in solution. However, the initial results showed the
presence of a number of populations within one batch. The results obtained also
showed that the samples had a high polydispersity which affected the separation
efficiency. The synthetic protocols were then optimized focusing only on synthesis
time. The synthesis optimization studies also showed that the synthesis time
influences the quantum dots size, extent of functionality as well as in-solution
behavior.

In addition, the QDs were conjugated and characterized successfully to the MPc

molecules by =t interactions as well as covalent bonding with regards to gCNQDs
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and GQDs. These two-component systems will further be used to modify electrode

surfaces as part of the process of developing the proposed aptasensors.
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4. Electrode modification and
characterization

This chapter outlines the electrode modification protocols as well as the
characterization of these electrodes using surface characterization
techniques and electrochemical methods. Methods of electrode modification
include adsorption, electrodeposition, electrochemical grafting and click

chemistry.

128



Table 4.1: List of modifiers and conjugates used for electrode fabrication.

Conjugates AE (mV) I' (x107'% mol.cm™)
Bare GCE 77 -
GQDs-CoPc (1) (nm) 161 0.09
e GQDs 321 1.59
e CoPc(1) 158 0.33
e GQDs-CoPc(1) (sequential) 107 6.50
NGQDs-CoPc (1) (rr) 100.1 15.5
e NGQDs 466 3.1
e NGQDs-CoPc(1) (sequential) 615 8.2
gCNQDs-CoPc (1) (ntr) 100 30.2
e gCNQDs 90.4 39.3
e gCNQDs-CoPc(1) (sequential) 174 12.0
GQDs-CoPc (1) (nr)-aptamer 361.5 2.99
NGQDs-CoPc (1) (nr)-aptamer 139.1 28.1
gCNQDs-CoPc (1) (nr)-aptamer 202.6 39.6
CoPc(1)@Aptamer 166 0.96
e CoPc(1)-Aptamer (sequential) 300 3.00
e CoPc(1)-Aptamer (premixed) 262 0.55
GQDs@Aptamer 617 1.99
e aptamer 178 0.11
e GQDs-Aptamer (sequential) 68 1.57
e GQDs-Aptamer (premixed) 262 0.009
gCNQDs@Aptamer 292 -
gCNQDs@Aptamer-CoPc(1) (nr) 288 0.151
gCNQDs@Aptamer-CoPc(2) (nr) 356 0.215
e CoPc(2) 169 0.066
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4.1 Electrode modification by adsorption: Table 4.1

This method of electrode modification applies to the composites listed in Table 4.1
and depicted in Scheme 4.1 for gCNQDs-CoPc(1) (sequential) as an example. This
includes the individual components as well as the covalently linked and =nn
conjugated modifiers. Individual components were placed sequentially, by first
placing the QDs on the electrode surface followed by the CoPc(1) or the aptamer.
The components with aptamer were also premixed in addition to their sequential
deposition onto the electrode surface. Literature has shown electrode modification
using premixed composites, as well the sequential immobilization of nanostructures
[195].

Preliminary studies of this work involved the study of the synthesized QDs and
complex 1 as individual modifier and in combination, to determine the changes in
current output. This was to validate the use of these nanocomposites as signal

enhancers for the fabricated sensors towards the electrochemical detection of PSA.
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Drop and dry surface
modification

Dry in oven
@ 60°C

AN

GCE-gCNQDs-CoPc(1)
(sequential)

Scheme 4.1: Example of GCE fabricated in this work using sequential drop-dry

electrode modification.

4.1.1 Cyclic voltammetry

Cyclic voltammetry was used to characterize the electrode surface to better observe
the electrochemical sensing capabilities of the modified electrodes. Peak
separations are recorded in Table 4.1, which indicate that there has been a change

on the electrode surface compared to that of the bare electrode.

To avoid congestion within one plot, only some of the cyclic voltammograms are
shown in Fig. 4.1(a) where electrodes are tested in a 0.1 M KCI solution containing
1 mM ferricyanide (pH 7.5). Peaks near a potential of -0.5 V (I) are due to electrode
modifiers associated with the redox processes of GQDs and have been observed
before for modified electrodes containing GQDs [196]. GQDs possess oxygen-rich

groups at the surface, which may result in their oxidation, making them good redox
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mediators. Moreover, their tunability allows them to act as multivalent redox
species. Moreover, peaks in the -0.5 V (I) region for electrodes containing CoPc(1)
could be due to the Co"Pc2/Co'Pc? redox couple [197].The DNA also show the peaks
in this region [198], hence a peak is observed for the aptamer alone. The peaks
labelled (I)are due to [Fe(CN)s]*“* redox couple. Peaks at 0.70 V (lll) can be
assigned to ring based process in electrodes containing CoPc(1) [197]. However, the
oxidation of amino acids such as guanine, which constitute the aptamer also occur
in this region [199]. Although it may be of low intensity, the electrode containing
aptamer alone also shows this peak (lll). The lower AE; is related to better charge

transfer processes.

Comparing the different combinations of electrodes using GQDs and aptamer, the
increase in AEp is as follows: GCE-GQDs-Aptamer (sequential) (68 mV) < GCE-GQDs-
Aptamer (premixed) (262 mV) <GCE-GQDs@Aptamer (617 mV), Table 4.1. These
results show an improvement in charge transfer when the electrode is modified
sequentially. The AEp, for GCE-GQDs-Aptamer (sequential) is near the Nernstian
value. The GCE-GQDs@Aptamer with a higher AE;, suggests bonding of the aptamer
to more than one carboxylic acid functional group around the GQDs, hindering the
GQDs from being able to mediate the transfer of electrons as it usually would when
used to modify the electrode surface, therefore allowing for less electron transfer
between the analytical solution and electrode. The GCE-GQDs-Aptamer (premixed)
(262 mV) showing the second highest AE, in this group indicates strong adsorption of
aptamer on the GQDs thus hindering the electron transfer process compared to the
sequentially modified electrode with the same components. The combination of the

CoPc(1) with the aptamer showed a reverse trend where the increase in AEpis as
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follows: CoPc(1)-Aptamer (sequential) (300 mV) < CoPc(1)-Aptamer (premixed) (262
mV) < CoPc(1l)@Aptamer (166 mV). This trend suggests that the CoPc(1) may not be
lying flat on the electrode surface for the covalently linked molecule
(CoPc(1)@Aptamer), leaving unmodified spaces to for charge transfer to take place.
Thus, it can be said that the bonded aptamer does not passivate the electrode
surface due to its orientation, as much as the aptamer on the surfaces of the
premixed and sequential combinations does.

Of the QDs alone, the largest AEp is observed for NGQDs (466 mV), showing poor
charge transfer in ferricyanide, Table 4.1. The CoPc(1) alone has a AEp of 158 mV,
which improves in the presence of NGQDs when conjugated by =nrn interactions.
Moreover, in ferricyanide, the electrodes modified with combinations of QDs and
MPcs by = interactions, compared to the sequentially combined modifiers, show a
lower peak potential difference indicating better electrochemical sensing activity,
in the absence of any analyte. Therefore, in ferricyanide, GCE-GQDs-CoPc(1)(nr),
GCE-NGQDs-CoPc(1)(nrr) and GCE-gCNQDs-CoPc(1)(nm) perform as better
electrocatalysts compared to GCE-GQDs-CoPc(1) (sequential), GCE-NGQDs-CoPc(1)

(sequential) and GCE-gCNQDs-CoPc(1) (sequential).

It is also important to test all electrodes in the absence of the analyte to ensure
there are no interferences with the detection of the analyte of interest in solution.
Fig. 4.1(b) shows the responses of the selected electrodes in the buffer in the
absence of analytes. The peaks observed in these studies can then be used to
determine surface coverages of the fabricated electrodes. When determining the
electrochemical properties of a modified electrode surface, non-specific adsorption

is one of the factors that need to be considered, hence the determination of the
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electrode surface coverage values (amount of modifier per square centimeter) in

this work.

The Randles-Sevcik Eqn.4.1 can be applied on [Fe (CN) 6]*/* redox couple (Fig.

4.1(a)) to determine the effective electrode area.

I, =2.69 X 105n3/2 ACD2v1/2 (4.1)
where I,, A, C, D, n, and v are the peak current, the effective surface area,
concentration of [Fe(CN)s]3“/#, diffusion coefficient of [Fe(CN)s]>/4, the number of
electrons involved, and scan rate, respectively. The literature value for D = 7.6 x
106 cm?st [200] for [Fe(CN)s]*/# was used. By using the effective area of the
modified electrodes determined using Eqn. (4.1) above, and the total charge
determined by integrating the anodic peak area of peaks (ii) in Fig. 4.1(b) and then

by employing Eqgn. (4.2), surface coverages were calculated.

r=— (4.2)

where n is the number of electrons transferred (~ 1), F the Faraday constant (96,485
C mol?), A is the effective surface area obtained from Eqn. (4.1) and I is the surface
coverage. The surface coverages calculated are shown in Table 4.1 and were
generally higher than the reported value for phthalocyanines lying flat on the surface
of the electrode (1 x 10° mol cm) [201]. The higher surface coverages imply the

increase in the electrode surface area, which offers more sensing surface. For
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CoPc(1) nmr linked with QDs, the GQDs containing electrodes show the lowest
coverages followed by NGQDs, with the gCNQDs containing electrodes showing the
highest values. This then means that the gCNQDs are expected to perform better.
The NGQDs are expected to perform better than the GQDs due to the addition of
heteroatoms (nitrogen atoms) to the pristine graphitic structure, which is known to
enhance electrochemical sensing capabilities. Therefore, higher signal amplification
is expected from the NGQDs-based electrode compared to the GQDs-based
electrode. At first glance, better performance would be expected from the gCNQDs
due to their predominantly nitrogen rich structure, as observed by the largest

surface coverage value of the gCNQDs-CoPc(1)(rrr) modified electrode.
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Figure 4.1: Electrodes in (a) 0.1M KCI containing 1mM [Fe(CN)s]*/4~ and (b) 30 mM

PBS solution of pH 7.4. Scan rate =100 mV/s. (Starting potential of scans = -1.0 V).
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Following the study of the effects of QDs structure on composition on the behavior
of the aptasensor, complex 2 was introduced to determine the effects of MPc
substitution on the aptasensor behavior while keeping the nature of the QDs
constant. As an example, covalently linked gCNQDs@Aptamer was used as the
constant and complex 1 and complex 2 incorporated onto the modifier by nm
interactions. These composites were immobilized on the electrode surface using the
drop-dry method. The modified electrodes for this part of the study are listed in
Table 4.1. A higher surface coverage was obtained for GCE-gCNQDs@Aptamer-

CoPc(2) (rm).

4.1.2 SECM

SECM was used for further probing of the behaviour of the modified surfaces. The
CoPc(1), QDs and aptamer composites are used as examples. The analyses were
done in a ferricyanide solution as was done for cyclic voltammetry. Fig. 4.2 shows
the approach curves which provide information on the changes in tip current as the

ultra-micro electrode (UME) tip approaches the substrate glassy carbon plate (GCP)

in a feedback mode experiment in the presence of Fe**/Fe*" redox mediator. The
current generated at the tip of the electrode is determined by the substrate, the
distance between the tip of the electrode and the substrate as well as the
composition of the redox mediator. When the tip is closer to a conductive substrate
surface, an increase in the current is observed while an insulating substrate is
accompanied by a decline in the current [202].

The approach curves show an enhancement in current output of the QDs-CoPc(1)(nn)

compared to the bare GCP which contradicts the trends observed in AE, values where
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the bare GCE has a lower AEp value which implies better conductivity. This
contradiction may arise due to the nature of electrodes being used as well as the
area in which the analysis is taking place, where greater aggregation may have
occurred on the GCE surface compared to the analyzed area on the GC plate. In
SECM, a GC plate is modified and a UME is used to analyze the conductivity of a
specific area on the substrate in solution. With CV, the electrode is modified and
used as the working electrode to determine extent of electron transfer between
substrate and solution. These differences may be the reason contradictions are
observed.

In summary, the approach curves obtained for the different surfaces show that the
bare GCP as well as the surface modified with the QDs-CoPc(1)(n) conjugate are
conducting, with increasing normalized current as the UME approaches the GCP
surface. Once the aptamer is incorporated in all cases, a drop in current is observed.
The aptamer evidently has a passivating effect on the electrode surface.

The area scans are shown in Fig. 4.3 for the bare GCP, GCP-QDs-CoPc(1)(nr) and
the GCP-QDs-CoPc(1)(nr)-Aptamer. For GQDs-CoPc(l)(nr), there is a slight
reduction in current of the modified region compared to the bare GCP, which may
indicate passivation of the GCP surface upon modification, confirming AEp values.
When the aptamer is immobilized at the surface, the surface conductivity is further
passivated which correlates with the results obtained for the approach curves. For
NGQDs-CoPc(1)(nr), and gCNQDs-CoPc(1)(nn), there is an enhancement in surface
conductivity compared to bare GCP, contradicting AEp values as discussed for the
approach curves as well. The current decreased however, upon immobilization of
the aptamer, which was expected as the same trend was observed on the approach

curves.
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based conjugates.
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Figure 4.3: Area scans of bare GCPs with (a) GQDs, (b) NGQDs and (c) gCNQDs based
conjugates.
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4.2 Preparation and characterization of AuNPs, CoPc(2) and aptamer-based
electrodes

This section shows the use of complex 2 and Au nanoparticles (AuNPs) as
nanoplatforms for the immobilization of an aptamer to prepare novel aptasensors.
The synergistic effects of these complex 2 and AuNPs are studied. Literature has
shown the use of AuNPs-containing nanoconjugates as platforms for the
immobilization of PSA-binding aptamer towards the detection of PSA [134, 141-144,
203]. These nanoconjugates have aided in improving the stability and sensitivity of
the fabricated devices. Although these aptasensors have shown good promise as
potential early diagnostic tools for PSA, the combination of electrodeposited AuNPs
and phthalocyanines with aptamer, has not been studied, thus introducing another
novel aspect to this thesis. Moreover, electrochemical grafting and click chemistry
are employed, in order to fabricate these aptasensors. This technique has not been
used to fabricate PSA aptasensors before. Scheme 4.2 lllustrates the fabricated

aptasensors as well as the protocol followed in achieving this.
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4.2.1 Electrodeposition of AuNPs, Scheme 4.2(a)

4.2.1.1 Cyclic voltammetry

AuNPs were obtained via the electroreduction of the gold salt in 0.1 M NaNOs by
cyclic 10 scans using the cyclic voltammetry technique shown in Fig. 4.4. After
cycling, the electrode surface appeared gold in color confirming the success of the
deposition (Fig. 4.4). The formation AuNPs is represented in Fig. 4.5. The forward
scan shows the reduction of Au(lll) to Au(0) with a cathodic peak at 0.41 V, resulting
in the deposition of AuNPs onto the GCE surface (GCE-AuNPs), Fig. 4.4. Literature
reports have recorded a value of 0.48 V, which is close to the value obtained in this
work [165]. The decrease in current following electrodeposition has also been
reported [165], which is due to the consumption of the gold salt. The
electrodeposited AuNPs were then activated, following literature methods [165]
using 0.5 M H,SO, by cyclizing (10 scans) from 0.2 V to 1.4 V. Fig. 4.4(b) shows the
cyclic voltammogram of the 10t scan. The anodic and cathodic peaks increased with
the increase of the number of scans. The anodic peaks between 1.0 and 1.3 V
correspond to Au oxidation. The presence of two oxidation peaks suggests the
formation of different types of Au oxides. However, AuO is formed as the main oxide

according to Eqgn. (4.3):

Au+ H,0 - AuO + 2H* + 2e~ (4.3)
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Figure 4.4: Cyclic voltammograms of (a) the first and the last scan of 1 mM HAuCl4
in 0.1 M NaNOs (scan rate 50 mV/s) and (b) GCE-AuNPs in 0.5 M H>SO4 solution

(activated AuNPs at scan rate= 100 mV/s).
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Bare GCE GCE-AuNPs

Figure 4.5: Images of a bare GCE and the GCE after cycling in 1 mM HAuClsin 0.1 M

NaNOs.
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4.2.1.2 Energy dispersive X-ray (EDX) spectroscopy and scanning electron
microscopy (SEM)

To verify the formation of AuNPs on glassy carbon surfaces, scanning electron
microscopy (SEM) was used to analyze a bare glassy carbon plate as well as the one
modified with AuNPs. The GCP was modified in the same manner as the GCE was.
Verification of the elemental composition at the substrate surface was achieved
using EDX, illustrated by Fig. 4.6. In Fig. 4.6(a), the bare plate is shown with the
EDX spectrum showing only carbon which is due to the carbon surface. The EDX
spectrum in Fig. 4.6(b), shows the presence of Au. Fig. 4.6(b) also shows the SEM
image of the electrodeposited AuNPs which appear well distributed spherical. The
EDX spectrum confirms the presence of the AuNPs thus proving the success of the
electrodeposition of these nanostructures on a glassy carbon plate.

The AuNPs formed by electrodeposition on the electrode surface were thereafter
collected for UV characterization by sonicating the electrode in DMF. The color in
DMF was pale purple as expected [204]. The absorption spectrum was obtained and
is shown in Fig. 4.7. The absorption peak is recorded at 436 nm, which is surface

plasmon resonance band.
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Figure 4.6: EDX analysis spectra of (a) Bare GCP and (b) GCP-AuNPs. Inserts:

Corresponding SEM images.

147



Intensity (a.u)

300 400 500 600 700 800 900
Wavelength (nm)

Figure 4.7: Absorption spectrum of AuNPs in DMF.

4.2.2 Self-assembly (Scheme 4.2(a)), electrochemical grafting and click
chemistry, Scheme 4.2 (b, c)

The GCE-AuNPs was then linked to aptamer via the NH, functional group by self-
assembly, as nitrogen is known to have an affinity for Au. Scheme 4.2(a) illustrated
the fabrication of GCE-AuNPs-Aptamer. The evolution of the cycling voltammograms
due to the electrografting of the GCE is shown in Fig. 4.8. This was achieved in a
solution of 1 mM 4-azidobenzenediazonium tetrafluoroborate in 0.1 M TBABF4 in
acetonitrile, within a potential window of -1.0 V to 0.2 V at 50 mV/s. A reduction
peak is observed at -0.79 V on the first cycle of the bare GCE and completely
disappears on the 3™ cycle confirming passivation of the electrode surface by azide
groups [205]. The gold surface was also electrografted the same way the bare GCE
was. For the GCE-AuNPs, the reduction peak is also observed at around -0.79 V but
the peak only disappears on the 5™ cycle which is not uncommon [206]. The

electrografting of gold surfaces has been reported in literature, however, the
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reduction peak observed at -0.35 V [167]. Both the grafted GCE and the GCE-AuNPs
were then linked to CoPc(2) via click chemistry to form GCE@CoPc(2) and GCE-
AuNPs@CoPc(2). To immobilize the aptamer on these surfaces, the aptamer was
adsorbed at the GCE@CoPc(2) and GCE-AuNPs@CoPc(2) surfaces to give
GCE@CoPc(2)-Aptamer (Scheme 4.2 (b)) and GCE-AuNPs@CoPc(2)-Aptamer
(Scheme 4.2(c)). Both electrodes were tested in an electroactive solution to confirm

the passivation of their surface and the data reported in the next section.
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Figure 4.8: Cyclic voltammograms evolving during electrografting of (a) bare GCE

and (b) GCE-AuNPs.
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4.2.3 Cyclic voltammetry characterization

All the electrode surfaces were tested using cyclic voltammetry analysis in a 0.1 KCl
solution containing 5 mM Ks[Fe(CN)s] and the results are shown in Fig. 4.9(a-c). From
these figures, the peak separation values, AE, are recorded in Table 4.2. The
modified electrodes were also tested in a buffer solution (PBS pH 7.4) before
addition of the analyte and the selected CVs are shown in Fig. 4.9(d).

When looking at the results obtained from characterizing the electrodes in the
ferricyanide solution, the aptamer was expected to passivate the electrode
completely; however, results showed that there was still some current output, which
is indicative of some exposed areas of the GCE after the modification of the surface,
Fig. 4.9(a). Fig. 4.9(b) shows complete passivation due to grafting the electrode
surface as well as when the aptamer is immobilized at the surface of the electrode.
Fig. 4.9(c) shows that the combination of AuNPs and CoPc(2) enhances current
output, and upon immobilization of the aptamer there is a significant decrease in
the peak current indicating the success of immobilization of the aptamer on the
electrode surface. From these cyclic voltammograms, AE values were determined.
As previously mentioned, an increase in this value implies a decrease in current
output due to blocking of electroactive sites at the electrode surface. The highest
value was determined for GCE-AuNPs@CoPc(2)-Aptamer and the lowest value was
obtained for the GCE-AuNPs@CoPc(2) which agree with what is observed in the
voltammograms.

When the electrodes were studied in the buffer solution, no peaks were observed
for the bare GCE, GCE-Aptamer, GCE@CoPc(2)-aptamer and GCE-AuNPs@CoPc(2)-
Aptamer. The electrografted GCE showed very broad flattened peaks (data not

shown) which indicated that there were still ungrafted parts of the electrode
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surface. The peaks in the circled part of Fig. 4.9(d) could be due to Co""Pc2/Co'Pc
2processes in CoPc(2) containing electrodes. These peaks observed were quite broad
and flattened but attempts to integrate them were made to estimate the surface
coverage. The effective electrode area and surface coverages were calculated as
done for the electrodes already mentioned in this chapter. The calculated
parameters are summarized in Table 4.2. The highest surface coverage value was
obtained for GCE-AuNPs@CoPc(2) indicating that the combination of the AuNPs with
the phthalocyanine enhances the surface area of the electrode, which is what is

needed in order to achieve the maximum output and efficiency of the sensor.

152



e—Bare GCE —GCE-AuNPs —GCE-Aptamer —GCE-AuNPs-Aptamer
(a)

1100 HA

-1 -0.5 0 0.5 1 1.5
Potential/ V vs Ag|AgCl

——Electrografted GCE ——GCE@CoPc(2) GCE@CoPc(2)-Aptamer

(b)

1 100 pA

-1 -0.5 0 0.5 1 15
Potential V vs Ag|AgCl

153



(c)

e GCE-AuNPs@CoPc(2) e GCE-AUNPs@CoPc(2)-Aptamer

1 100 uA
-1 -0.5 0 0.5 1 1.5
Potential/ V vs Ag|AgCl
e GCE-AuNPs = == GCE-AuNPs-Aptamer
= GCE@CoPc(2) = == GCE-AuNPs@CoPc(2)

@)
so,pA T

SN —————

-1 -0.5 0 0.5 1
Potential/ V vs Ag|AgCl

Figure 4.9: Cyclic voltammograms of bare and modified electrodes in (a), (b) and
(c) 5 mM Ks[Fe(CN)s] containing 0.1 KCI solution containing and (d) in PBS solution

pH 7.4. Scan rate = 100 mV/s.
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Table 4.2: Summarized cyclic voltammetry data for the electrodes in 0.1M KCI

containing 1mM [Fe(CN)s]®~# solution.

Electrode AE/ mV N mol.cm™ (x 10°) in

Ks[Fe(CN)e] in 0.1  pH 7.4 buffer

M KCI
Bare GCE 77 -
GCE-AuNPs 83 1.19
GCE-Aptamer 134 -
GCE-AuNPs-Aptamer 164 1.23
GCE@CoPc(2) 147 2.34
GCE@CoPc(2)-Aptamer 273 -
GCE-AuNPs@CoPc(2) 56 7.12
GCE-AuNPs@CoPc(2)-Aptamer 573 -

4.2.4 Scanning electrochemical microscopy (SECM) characterization

Further characterization of the modified surfaces was done using SECM. The studies
were done in ferricyanide, as it is a conductive solution. Approach curves were
recorded and are shown in Fig. 4.10. The bare and electrodes modified with AuNPs,
CoPc(2) and AuNPs@CoPc(2) were conducting. The grafted electrodes showed a drop
in normalized current as the UME approached the surface. This was expected and in
agreement with the results obtained in the same solution using cyclic voltammetry
as the analytical technique. The introduction of the aptamer also indicated a

passivated surface.
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Figure 4.10: Approach curves of bare and modified electrodes in 0.1 KCI solution

containing 5 mM K3[Fe(CN)s]. Curves are plotted separately to avoid crowding on

one plot.
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4.2.5 XPS spectra

XPS analyses was carried out to validate some of the conjugations performed in the
electrode fabrication process. Initially, wide scans were obtained to see if all
expected elements were present on each fabricated surface. The survey scans of
the fabricated aptasensors are shown in Fig. 4.11. The analyzed surfaces are the
GCP-AuNPs-Aptamer, grafted AuNPs surface, grafted GCP, the GCP-AuNPs@CoPc(2)-
Aptamer and the GCP@CoPc(2)-Aptamer. Fig. 4.11(a) shows the survey scan for GCP-
AuNPs-aptamer sensor. All expected elements were observed as also reported in
literature [207]. The nitrogen peak is likely due to the amine groups on the aptamer.
The Au4f high resolution scan for GCP-AuNPs-Aptamer (Fig. 4.12(a)) was
deconvoluted to assign the peaks associated with the expected AuN bond since N (in
the aptamer) has an affinity for Au. Four peaks were extracted at binding energies
of 84.0, 86.0, 87.5 and 89.6 eV, Table 4.3(a). These peaks have been assigned to
AuN (Audfss), Au® (Aufss), Au® (Aufr2) and Aufz2 (AuN) respectively [208]. The
presence of AuN confirms that the aptamer is linked to AuNPs through the N groups

on the aptamer.

Fig. 4.11(b) shows the survey scans for the electrografted GCP and GCP@CoPc(2)-
aptamer. The presence of Co in the clicked surface at 683.8 eV was an indication of
the presence of the CoPc(2) at the GCP surface. The P atom from the backbone of
the aptamer, confirmed the adsorption of aptamer at the electrode surface. The
high-resolution spectra of the N1s peaks (Fig. 4.12(b)) from the grafted and clicked
electrode were extracted and deconvoluted to verify the success of the click
reaction. The identified peaks and their assignments are summarized in Table 4.3(b)

with the spectra shown in Fig. 4.12(b). The N1s spectrum of the grafted GCP showed
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two peaks after deconvolution at binding energies of 399.5 and 402.5 eV which have
been assigned to the azide nitrogen atoms of the terminal azide groups. The lower
intensity peak at higher binding energy is due to the electron deficient central
nitrogen [209]. The clicked surface showed four peaks after deconvolution at
binding energies of 398.5, 399.5, 401.0 and 402.5 eV, Table 4.3 (b). The peaks due
to the azide groups at 399.5 eV and 402.5 eV are still visible showing that not all
azide groups were part of the click reaction. However, they were reduced to
intensities of 7000 cps and 7400 cps respectively, compared to the intensities
observed for the grafted GCP which were at 10800 cps and 8900 cps respectively.
The lower intensities prove that some of the azide groups were ‘clicked’ to the
alkynyl group of the MPc. The peaks at 398.5 and 401 eV have been assigned to N-N

and N-C respectively [210].

Fig. 4.11(c) shows the survey scans of the grafted gold surface as well as the GCP-
AuNPs@CoPc(2)-aptamer and grafted GCP-AuNPs. Herein, the appearance of Co on
the clicked surface confirms the presence of the CoPc(2) on the electrode surface.
However, the high intensity of the peaks due to Au over-shadow the peak expected
after grafting due to nitrogen at 400 eV. The presence of nitrogen on the gold surface
due to electrografting is only confirmed upon obtaining high-resolution scans shown
in Fig. 4.12(c) for the grafted GCP-AuNPs with the peak assignments summarized in
Table 4.3(c). To validate the success of the grafting process, the Cls spectra were
extracted and deconvoluted for grafted GCP-AuNPs, Fig. 4.12(c). For the Cls
spectrum, peaks were observed at 285.5, 287 and 289 eV. These peaks are attributed
to C-N, C-Au bond, and C-C respectively [211]. The C-Au bond confirms the success
of the electrografting process. The deconvoluted N1s spectrum was too broad to

provide useful information.
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Fig. 4.12(d) then shows the N1s spectrum of the clicked gold surface, with the peak
assignments summarized in Table 4.3(c) for AuNPs@CoPc(2)-Aptamer. The N1s
spectrum showed peaks at 400.0, 402.5 and 407.0 eV after deconvolution. The peaks
at 400.0 (10 600 cps) and 402.5 eV (8500 cps) have been earlier assigned to azide
peaks which also shows that not all azide groups were clicked to the MPc. The peak
at 407 eV can be assigned to N=C which may be a contribution from the CoPc(2) at
the surface. The N1s spectrum of the grafted gold surface also showed very high
intensities of about 23 900 cps at around 400 eV (data not shown) therefore it can
also be noted that the highly reduced N1s intensities from the grafted electrode to

the clicked electrode indicates the success of the click reaction.
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Figure 4.11: Survey scans of (a) GCP-AuNPs-Aptamer, (b) grafted GCP and
GCP@CoPc(2)-Aptamer and (c) grafted GCE -AuNPs and GCP-AuNPs@CoPc(2)-

Aptamer.
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Figure 4.12: High resolution scans obtained for (a) Au4f of GCP-AuNPs-Aptamer, (b)
N1s of Grafted GCP and GCP@CoPc(2) (c) Cls of grafted GCP-AuNPs and (d) N1s of

GCP-AuNPs@CoPc(2).
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Table 4.3(a): XPS peak assignments for electrode modification verification for GCP-

AuNPs-Aptamer.

Surface Element Binding energy/ Assignment
eV
GCP-AuNPs-Aptamer Au4f 84.0 AuN (Au4fs,2)
86.0 AU (Aufs,.)
87.5 AuN (Auf7/2)
89.6 AU (Aufzs2)

Table 4.3(b): XPS peak assignments for electrode modification verification for

GCP@CoPc(2)-Aptamer

Surface Element Binding energy/ Assignment
eV

Grafted GCP N1s 399.5 N=N*=N
402.5 N=N*=N-

GCP@CoPc(2) N1s 398.5 N-N
399.5 N=N*=N
401.0 N-C
402.5 N=N*=N-
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Table 4.3(c): XPS peak assignments for electrode modification verification for GCP-

AuNPs@CoPc(2)-Aptamer.

Surface Element Binding energy/ Assignment
eV
Grafted GCP-AuNPs Cls 285.5 C-N
287.0 C-Au
289.0 C-C
GCP-AuNPs@CoPc(2) N1s 400.0 N=N*=N

(Clicked GCP-AuUNPs)

402.5 N=N*=N-

407.0 N=C
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4.3 Conclusions

GCEs and GCPs were used as immobilization platforms for composites with the aims
of fabricating electrochemical sensors. Moreover, it was also proven that using QDs
and AuNPs in combination with MPcs rather than individually resulted in enhanced
signal output. The nature of the QDs affected the performance of the modified
electrode. When AuNPs were combined with Complex 2 directly on the electrode
surface, the synergistic effects were observed when the electrode surface was
characterized. The electrode surfaces were successfully coated with AuNPs and
complex 2 successfully clicked onto the bare GCE and GCE-AuNPs, followed by the
adsorption of the PSA binding aptamer. When complex 1 and complex 2 were
compared, they also showed different behavior, suggesting that the substituent of

the MPc complexes does have an effect on the functionality of the sensor.
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5. Electrochemical detection

Successtul sensor fabrication was achieved by adsorption, electrodeposition,
electrografting and click chemistry as discussed in Chapter 4. These fabricated
sensors were then employed for the electrochemical detection of L-cysteine
and PSA. The electrochemical detection of L-cysteine was carried out to prove
the signal enhancement capabilities of the QDs-MPc conjugates rather than
using these nanocomposites on their own. This is the first time an MPc or QDs
are linked to an aptamer for the detection of PSA and it is the first time where
all three (MPc, aptamer and QDs) are employed together for sensing. Moreover,
the combination of AuNPs and MPc using electrografting and click chemistry for

PSA sensing is employed here for the first time using complex 2.
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5.1 Electrochemical detection of L-cysteine

Complex (1), the selected QDs and their conjugates were immobilized on a GCE and
tested in a buffer solution containing L-cysteine to further prove the improved
electrochemical sensing capabilities or signal response, as opposed to using them as
individual components. These results are also shown to validate the use of these
conjugates as signal amplifiers for the PSA aptasensors and determine the best QDs
for this application. L-cysteine is used as a test analyte since it is also later used for

selectivity studies using the mixed solutions methods.

5.1.1 Cyclic voltammetry

In this study, L-cysteine is analyzed in a buffer solution of pH 4 due to good solubility
of analyte at this pH. Fig. 5.1 shows the responses of the modified electrodes in the
presence of 2 mM L-cysteine. Double oxidation peaks were observed for GCE-CoPc(1)
as well as the electrodes modified sequentially using the NGQDs, gCNQDs and
CoPc(1). The gCNQDs show a small peak at a potential of 0.83 V, Table 5.1, which
is attributable to the electrochemical sensing of L-cysteine. The NGQDs also show
an oxidation peak at 0.28 V with the GQDs showing no interpretable peaks in the
presence of the analyte. As explained in previous studies, the oxidation on both the
forward and reverse scans is attributed to regeneration of the active catalyst
responsible for the oxidation of L-cysteine [212]. The GCE-GQDs-CoPc(1)(rnr), GCE-
NGQDs-CoPc(1)(nrt) and GCE-gCNQDs-CoPc(1)(nr) showed peak potentials at 0.38,
0.76 and 0.61 V, respectively. Compared to the sequentially modified electrodes,
the drastic shift was observed for the GQDs-based electrode where the peak
potential was 0.61 V but shifted to 0.38 V when the GQDs and CoPc(1) were

combined by nr interactions. The sequentially modified electrodes in general, show
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a higher current response than their counterparts combined by nw interactions. The
mechanism behind the electrochemical sensing of L-cysteine by CoPc’s has been

reported in literature [213].
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Figure 5.1: Cyclic voltammograms of de-aerated pH 4 buffer solution in the
presence of 2 mM L-cysteine. Scan rate= 100 mV/s.(Plots separated for better

visibility of peaks).

5.1.2 Chronoamperometry

Chronoamperometry allows for the determination of the behavior of the
electrocatalysts employed in the presence of the analyte at different concentrations
and how the sensing effects evolve with increasing concentration of the analyte of
interest.

Fig. 5.2(a) shows the chronoamperograms obtained from electrochemical sensing
responses of gCNQDs-CoPc(1) (sequential) as an example, in the presence of L-
cysteine at different concentrations. The potential was held constant at 0.6 V vs
Ag/AgCl for the gCNQDs and GQDs based electrodes and at 0.8 V vs Ag/AgClI for the
electrode containing NGQDs, based on Fig. 5.1. Linear responses of concentration
Vs current response are observed as illustrated in Fig. 5.2(b). The limits of detection

(LOD) were obtained using 36/slope ratio notation, where 9 is the standard deviation
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and 3 is a recommended factor that gives a practical confidence of 90 % to 99.7 %
[214]. The sensitivity of the sensors were determined as 38.2 pA.mM* and the limit
of detection (LoD) as 0.16 uM for GCE-GQDs-CoPc(1) (sequential), 39.9 pA.mM* and
0.11 pM for GCE-NGQDs-CoPc (1) (sequential) and 100.5 uA.mM2, 0.02 uM for GCE-
gCNQDs-CoPc(1) (sequential), 12.4 pA.mM*and 1.09 uM for GCE-GQDs-CoPc(1)(nr),
18.6 pA.mM*and 0.52 uM for GCE-NGQDs-CoPc(1)(rnr) and 23.4 pA.mMtand 0.41
uM for GCE-gCNQDs-CoPc(1)(nm). It is evident that the sequentially modified
surfaces performed better than their nn counterparts. Table 5.2. The LoD is the
lowest on GCE-gCNQDs-CoPc(1) (sequential). Fig. 5.2(c) shows plots of lcat/lbuf
versus tY? for the sequentially modified electrodes that are useful for the

determination of the rate constant according to Eqn. (5.1) [215]:

I
cat =y V2V 2= V2 (K g, CL) V2 (5.1)

Ipusy

where lcat and lous are currents in the presence and absence of L-cysteine
respectively, Kcat IS the catalytic rate constant, C is the concentration of L-cysteine
and t is the time elapsed in seconds. By plotting the square of the slopes obtained
from Fig. 5.2(c) for GCE-gCNQDs-CoPc(1) (sequential) versus concentration of the
analyte, a linear relationship may be observed (Fig. 5.2(d)) and is represented by

Egns. (5.2):

y=2, [L-cysteine](s'ImM )-0.4238s"1, R2= 0.8545 (5.2)
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where the slope of this plot is equivalent to k. The value of kcat in this work was
found to be 1.3 x 10° M? st for GCE-GQDs-CoPc(1) (sequential), 3.9 x 10° M* s for
GCE-NGQDs-CoPc(1) (sequential) and 1.0 x 107 M?t.s? for GCE-gCNQDs-CoPc(1)
(sequential), Table 5.1. Here again, the electrode containing the gCNQDs shows

better results than the other surfaces.
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Figure 5.2: (a) Chronoamperograms of modified electrodes in pHs buffer with L-
cysteine concentration ranging from 0.04-0.12 mM, and plots of [L-cysteine] vs Ip.
Scan rate= 100 mV/s. (b) lcat/louter VS vtand plots of Slope? vs concentration of

analyte. GCE-gCNQDs-CoPc(1) (sequential) used as an example.
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Table 5.2 then compares the best electrode surface obtained in this work used for
the electrooxidation of L-cysteine with other fabricated electrodes for the detection
of L-cysteine reported in literature [195, 216-218]. To highlight an important
difference, one report [216] has used multiwalled carbon nanotubes (MWCNTSs) and
a tetrasubstituted phthalocyanine (symmetrical) whereas in this work gCNQDs
gquantum dots with a predominant nitrogen rich structure and an asymmetrical
phthalocyanine. As stated in the introduction of this work, asymmetry improves
electrochemical sensing behavior of porphyrin-type complexes and the presence of
nitrogen in the gCNQDs results in an electron rich structure which is expected to
enhance the electrochemical sensing activity of MPcs to a larger extent than GQDs
which are also carbon based nanostructures, therefore it is expected that the
combination of the novel asymmetric CoPc(1) and the gCNQDs to be an improved
electrocatalyst for the electrooxidation of L-cysteine compared to some literature

reports.
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Table 5.1: Summary of determined characteristics of fabricated electrodes for L-

cysteine detection in this work.

GCE surface Ep (V) Background  kca/M'ss LoD/ pM  Sensitivity/
(L-cysteine) corrected ! pA.mM1
current (pA)
CoPc(1) 0.74 1.53 1.9 x 10* 0.96 0.65
GQDs No peak No peak 1.3x 10° 112.1 2.5
GCE-GQDs-CoPc(1) 0.61 8.64 1.3 x 10° 0.16 38.2

(sequential)

GCE-GQDs-CoPc(1) 0.38 3.38 5.4 x 10° 1.09 12.4
(nm)

NGQDs 0.28 2.92 2.01x 10®  109.3 2.9
GCE-NGQDs-CoPc(1) 0.80 8.62 3.9 x 10° 0.11 39.9

(sequential)

GCE-NGQDs-CoPc(1) 0.76 3.95 4.2 x 10° 0.52 18.6
(nm)

gCNQDs 0.83 1.85 3.1x 108 101.3 3.5

GCE-gCNQDs-CoPc(1) 0.63 8.46 1.0 x 107 0.02 100.5
(sequential)

GCE-gCNQDs-CoPc(1) 0.61 3.62 2.2x 108 0.41 23.4
(nm)
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Table 5.2: Comparison of results obtained for L-cysteine electrochemical sensing by

sequentially modified electrode surfaces in this work and those reported in

literature.
Electrode surface LoD/ Sensitivity/ Reference
pM pA.mM-2
GCE-gCNQDs-CoPc(1) (sequential) 0.02 100.5 This work
GCE-GQDs-CoPc(1) (sequential) 0.16 38.2 This work
GCE-NGQDs-CoPc(1)(sequential) 0.11 39.9 This work
CoTAPc-MWCNTs-GCE(sequential) 0.28 0.0007 x 10°® [195]
MWCNT-FeTsPc-GCE 1.00 0.175 [216]
PPy- MWCNT-CoPc 200 1.15 [217]
CoPc-SPEs 4.00 0.78 [218]

Abbreviations: Multiwalled carbon nanotubes (MWCNTSs), polypyridine (PPy),

electrodes (SPEs)
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5.1.3. Kinetics: Scan rate studies

The response of the modified electrodes was observed as the scan rate was
increased. An increase in current response was observed with increasing scan rate,
Fig. 5.3(a). From these results, the peak current was plotted against the scan rate
(Ir vs v), the peak potential against the log of scan rate (Er vs log v) and the peak
current was plotted against the square root of the scan rate (Ip vs v/?) shown by Fig
5.3 (b). The linear relationship observed in the plot of Ip vs v!/? suggests that the
catalytic response of the electrode is an irreversible diffusion-controlled process
[216].

The plot of Er vs log v gave a linear relationship (for which is a characteristic of an
irreversible diffusion-controlled process) and allows for the determination of the

Tafel slope, Egn. (5.3) [217]:
b
Ep =El0gv+K (5.3)

Where b is the Tafel slope and v is the scan rate. The gradient of the slope can be

defined as g. The Tafel slopes for the electrodes modified with GQDs-CoPc(1) (nx),

NGQDs-CoPc(1)(nr)and gCNQDs-CoPc(1)(nr) were determined as 143, 217 and 73
mV/decade respectively. The determined value for the gCNQDs based electrode lies
in the expected range of 30-120 mV/decade since it has shown the best performance
throughout the studies conducted in this work. Moreover, low Tafel slopes are an
indication of high current density at low potentials which is ideal for a good

electrocatalyst.

177



(a)

GCE-GQDs-CoPc(1) (sequential)

Increasing current with scan rate

110 HA

GCE-NGQDs-CoPc(1) (sequential)

IlO HA

Incrpasing current with scan rate

=\/

ncreasing E, with scan rate

0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1
Potential/ V vs Ag|AgCl Potential/ V vs Ag|AgCl
GCE-gCNQDs-CoPc(1) (sequential)
I 10 pA
Dereasing E, with scan rate
—
0 0.2 0.4 0.6 0.8 1 1.2
Potential/ V( V/s) vs Ag|AgCl
(b) I,vsv 0.95 Epvsloguv
—~ 50 —_ y = 0.1088x + 0.62
5.0.0498x + 34.476

3 40 {4 00000 e Pa— ot QR2 = (]?(9;18 ‘>;;_ 09 1 . sR?=09823
= oo w 0.85 4 d”

= 30 y = 0.0635x + 11.058 % 0.8 4 o y =0.0716x + 0.5713

S o - R2=0.9704 = o e R? = 0.9948

£ 2 N — . $ 0.75 - o

3 P e P - - 00373+ 11143 3 07

Py =0. . |

x 10 { ¢* -0. s 1 e v

3 mosee = 0.65 A PO ¥ 0.0364x + 0.5932
a 9 . . . ] R?=0.9278

(i} 100 200 300 s 06 j ) j j ) '
1.2 14 16 138 22 24 26
Scan rate/ v (mV.s?) log v
1,vsv/2
50 - y=0.764x + 31.48

< Rizgosbe e Sequentially modified electrode with :
=40 A
s PRSP S 1. GQDs
= y = 0.9648x + 7.4085

=30 R?=0.998 2. NGQDs

—

£ 20 - . 3. gCNQDs

3 i e o
<10 {¢ L y = 0.5574x + 9.0989
o R?=0.9641

0 T T T \
4 9 14 19 24
vl2/ (mV/s)!2

Figure 5.3: (a) Cyclic voltammograms of sequentially modified electrodes at

changing scan rates (20, 30, 40, 50, 150, 200, 250 mV/s) and (b) Ipvs v, Ep vs log v

and |, vsu'/? for the sequentially modified electrodes in in de-aerated pH 4 buffer

solution in the presence of 2 mM L-cysteine.

178

1.2



5.1.4 Stability

The modified electrodes were continuously cyclized in the presence of L-cysteine to
test the stability of the electrocatalyst on the electrode surface as well as the
repeatability of the detection. The more cycles run on the electrode, the more
enhanced the current response as shown in Fig. 5.4, using the sequentially modified
electrodes as examples. These results also prove that the electrode surfaces are

resistant to fouling and passivation.

GCE-GQDs-CoPc(1) (sequential) GCE-NGQDs-CoPc(1) (sequential)
100tscan

100t"scan

IZuA

1% scan
1t scan

0 0.2 0.4 0.6 0.8 1 12 0 0.2 0.4 ) 0.6 0.8 1 12
Potential/ V vs Ag| AgCl Potential/ V vs Ag| AgCl
GCE-gCNQDs-CoPc(1) (sequential)
I 24A 100%scan
1 scan
[} 0.2 0.4 0.6 0.8 1 12

Potential/ V vs Ag|AgCl

Figure 5.4: Continuous cyclization of sequentially modified electrodes in de-aerated
pHs4 buffer solution in the presence of 2 mM L-cysteine. Scan rate = 100 mV/s, 100

cycles.
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5.2 The electrochemical detection of PSA

Various aptasensors were fabricated in this work to determine the combinations of
nanocomposites and aptamer that would generate low detection limits and good
sensitivity. From these results, the best performing sensors would be used to
determine sensor characteristics such as stability, selectivity, repeatability and
reproducibility. Moreover, these sensors would also be used to determine their
feasibility and potential use in clinical applications by detecting PSA in spiked serum
samples. It should be noted that GQDs were used for the initial study to determine
the combination sequence of the modifiers that would yield the best results for the

electrochemical detection of PSA.

5.2.1 GQDs-CoPc(1)-Aptamer conjugates

5.2.1.1EIS

Although this section focuses on PSA sensing and should only focus on aptamer-based
electrodes, the behaviour of individual components of QDs-CoPc(l)(nm) are
included. Electron transfer kinetics in the presence of PSA were determined using
EIS. Nyquist plots (Fig. 5.5(a)) were used to determine Rt values by fitting the
Randles equivalent circuit (Fig. 5.5(b)). The impedance spectra were fitted using a
Randles electronic equivalent circuit, which is often used in diffusion-controlled
electrochemical systems [219, 220] where a well-defined semi-circle followed by a
linear segment is observed. This model includes the solution resistance (Rg), the
electron transfer resistance (R.), the double-layer capacity element (C4) and a
Warburg element (Z,) to quantify the diffusion processes of the ionic species.
However, the results obtained in this work showed suppressed semi-circles and thus

a constant phase element (CPE) was used following the observation of similar
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behaviour in literature reports [220]. It is also reported that using a CPE, accounts
for the irregularities on the electrode surface that are a result of roughness and
inhomogeneities on the modifiers [220], where the plot starts to appear more linear

than the semi-circle with a defined linear segment [219].
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Figure 5.5: (a) Nyquist plots of some aptamer-modified electrodes in a 2 yM PSA
solution in 30 mM phosphate buffer solution of pH 7.4. Plots separated into three

groups for ease of comparison. (b) Circuit fitting model used.
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The R¢t values are summarized in Table 5.3. The highest R¢: values were observed
for the bare GCE, GCE-GQDs, GCE-CoPc(1) and the GCE-GQDs-Aptamer (sequential).
For the bare GCE and the GCE-GQDs, the Rt values decreases slightly for the latter,
possibly due to only a slight enhancement in electron transfer caused by the GQDs.
The slight increase in R¢tat the GCE-GQDs-Aptamer (sequential) surface may possibly
be a result of how the adsorbed aptamer is assembled at the GCE surface, which
only causes a slight increase in resistance to charge transfer.

Comparing the combinations of electrodes using GQDs and aptamer only, the Rct
values increase as follows:

GCE-GQDs-Aptamer  (sequential) >GCE-GQDs@Aptamer>  GCE-GQDs-Aptamer
(premixed).The GCE-GQDs-Aptamer (sequential) sensor performed poorly in the
presence of PSA even though it showed good charge transfer in terms of AE, when
the electrodes were characterized in the [Fe(CN)s]*~/* solution, Table 4.1. The large
Rct suggest faster passivation, hence better binding of PSA to aptamer and better
detection. Thus, the electrode surface modified with GCE-GQDs-Aptamer
(sequential) showing poor charge transfer in the presence of PSA is an indication of
good binding of PSA to the aptamer, which hinders electron transfer. The
combination of CoPc(1) and aptamer(CoPc(1)-Aptamer (sequential)) showed the
largest Rct value, followed by CoPc(1)-Aptamer (premixed), with CoPc(1)@Aptamer
being the least resistant. Lower Rt values suggests less binding of PSA to aptamer.
The orientation of the electrocatalyst on the electrode surface may explain this in
terms of how well the aptamer at the surface may be exposed, to be able to bind to
the PSA in solution.

The apparent charge transfer rate constant (kapp) was also calculated using Eqn.5.4

[221] and the results are summarized in Table 5.3.
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_ RT 54
app — FZARctC ( . )

k
where C is the concentration of the PSA, A = real surface area in cm? and other
symbols retain their usual scientific meaning. The real surface area was obtained

using Eqn. 4.1. The kapp values are inversely proportional to Rct, which validates the

results obtained where high kapp values corresponded to low Rt values.
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Table 5.3: Summary of determined Rct and kapp values determined from Nyquist

plots (in order of increasing Rct values). (Modified electrodes in the presence of PSA).

Electrode Rer/ kQ Kapp (cmM/s)?/s)
Bare GCE 77.64 5.14 x10°3
GCE-GQDs 74.84 5.75 x10°3
GCE-CoPc(1) 85.87 4.37x10°3
GCE-Aptamer 10.31 3.64x10*!
GCE-GQDs-CoPc(1)(nm) 12.44 2.79x101
GCE-GQDs-CoPc(1) (sequential) 8.13 4.61x10?
GCE-GQDs@Aptamer 16.10 1.46x101
GCE-GQDs-Aptamer (premixed) 10.62 3.53x10!
GCE-GQDs-Aptamer (sequential) 79.12 4.74x103
GCE-CoPc(1)-GQDs@Aptamer 41.68 1.11x102
(sequential)

GCE-CoPc(1)@Aptamer 13.90 2.54x101
GCE-CoPc(1)-Aptamer (premixed) 27.50 5.11x107?
GCE-CoPc(1)-Aptamer (sequential) 30.20 4.98x10?
GCE-GQDs-CoPc(1)@Aptamer 26.30 5.23x107?
(sequential)

GCE-GQDs-CoPc(1)(nr)-Aptamer 3.15 1.19
(premixed)

GCE-GQDs-CoPc(1)(nm)-Aptamer 19.13 8.34x102

(sequential)
GCE-GQDs@Aptamer- 11.41 2.98 101
CoPc(1l)@Aptamer (premixed)

Note: Sequential modification involves placing the QDs first on the electrode surface. For
premixed (nr interactions), the CoPc(1) and GQDs are mixed with aptamer then placed on the

electrode surface.
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5.2.1.2 Concentration studies: DPV and EIS

A stock solution of PSA with a concentration of 2 uM was diluted to concentrations
ranging from 1.2-2.0 pM to determine the effects concentration of the analyte would
have on the current output or resistance to charge transfer. Electrodes with the PSA
specific aptamer at the surface were selected for this study. Although several
electrodes were tested, the DPV and EIS of the best performing electrodes are shown
in Fig. 5.6. The DPV plots of the electrode containing aptamer alone (GCE-Aptamer)
is illustrated by Fig. 5.7. As can be seen, this plot shows two peaks near 0 V (lll),
which are known for DNA [198]. These peaks are observed on all electrodes
containing aptamer. Peaks near zero will overlap with the Co'""Pc2/Co"Pc? processes
for electrodes containing CoPc(1). For all electrodes containing GQDs, there is a
peak near -0.65 V (I) , which has been assigned to GQDs. DPV peaks near -0.65 V
(due to GQDs) and the sharp one near -0.25 V (lI) due to Co'"Pc?/Co'Pc2 were used
for the determination the detection limits.

The DPV results illustrated in Fig. 5.6(a), showed that the peak currents decreased
with increasing PSA concentration. Fig. 5.6(b) showed an increasing in resistance to
charge transfer with increasing concentration. It is reported that the immobilized
aptamer undergoes a conformation change upon PSA binding such that the double
stranded DNA is formed with simultaneous binding to (and covering with) PSA that
decrease the charge transfer rate, between redox probe and electrode surface
[144]. Therefore, there is an expected increase in resistance and decrease in current
as PSA concentrations increase. The calibration plots (inserts) were linear in the
ranges from 1.2 to 2.0 pM (0.2 pM increments) and the detection limits were

calculated.
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The electrodes GCE-GQDs-Aptamer (sequential) and GCE-GQDs-CoPc(1)(nr)-
Aptamer (sequential) gave the lowest detection limits compared to the other
electrodes tested, Table 5.4. Similar values were obtained in EIS analyses with the
same electrodes showing better detection limits. The detection limit of the best
surface tested wusing EIS, GCE-GQDs-CoPc(1l)(nrn)-Aptamer (sequential), was
determined as 1.79 pM (0.051 ng/mL). The best performing surface in DPV was GCE-
GQDs-CoPc(1)(nm)-Aptamer (sequential) with LoD values of 0.66 (0.018 ng/ml) and
0.73 pM (0.021 ng/mL) determined using peaks (I) and (lll). Again, sequential
modification proved superior, with the combination of MPc and QDs showing the best

performance overall.

A three-component system showing higher detection limits than the one developed
in this work is reported by Liu et al. [134] where AuNPs are also used and fabrication
involves multiple steps whereas the fabrication process reported in this work is much
simpler and shorter for the best performing aptasensor developed. Another
aptasensor reported in literature is one developed by Hu and co-workers [135] where
PSA was detected at femtomolar level concentrations by cleavage-based
electrochemical detection using eATRP-based (eATRP = electrochemically mediated
atom transfers radical polymerization) method for signal amplification. The major
drawback, however, is that the fabrication process is quite time consuming and the
use of gold electrodes in their method is at a cost higher than that of carbon
electrodes which are used in this work. Amongst good sensitivity and low detection
limits, cost effectiveness as well as ease of use are important when developing

biosensors so that they may be more accessible and user friendly.
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Figure 5.6: (a) Differential Pulse Voltammograms (DPV) and (b) Electrochemical
impedance (EIS) Nyquist plots of GCE-GQDs-CoPc(1)(nr)-Aptamer (sequential) in a
30 mM phosphate buffer solution of pH 7.4 with PSA concentrations ranging from

1.2-2.0 pM. Inserts: Linear responses of currents and resistance to changing

concentrations.
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Figure 5.7: DPV of GCE-aptamer in PSA.

Table 5.4: Summary of limits of detection (LoD) of selected electrode surfaces

determined from EIS and DPV measurements (Linear detection range: 1.2-2 pM).

Electrode LoD Peak (I)LoD (DPV) Peak (ll)LoD
(EIS)/ / pM (DPV) / pM
pM
GCE-Aptamer 4.15 4.02 5.10
GCE-GQDs@Aptamer 4.18 2.27 4.36
GCE-GQDs-Aptamer 2.51 - 2.23

(sequential)

GCE-CoPc(1)@Aptamer 22.40 24.7 -
GCE-GQDs- 17.41 21.6 16.8
CoPc(1l)@Aptamer(sequential)

GCE-GQDs-CoPc(1)(mr)- 1.79 0.73 0.66

Aptamer (sequential)
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5.2.1.3 Stability, selectivity, and reproducibility studies

The stability, selectivity, and reproducibility of the proposed electrochemical
aptasensor were also investigated by DPV using a 2 pM PSA in PBS solution of pH 7.4

(30 mM). The electrode GCE-GQDs-CoPc(1)(nr)-aptamer is used as an example.

The same electrode was fabricated on three different occasions and tested in the
PSA solution of same concentration (2 pM). The results are illustrated in Fig. 5.8.
There were slight differences in current output, however no changes were observed
in terms of peak potential. The relative standard deviations (RSD %) were
determined from peaks at -0.6 V and at 0 V, and were found to be 4.43 % and 3.77
%, respectively. After incubation in the PSA solution, the DPV scans were run for 50
cycles and the change in current response was monitored (Fig. 5.9). The first and
the last scan were compared and it was found that the current response at the most
prominent peak (0 V) decreased by only 3.9 %. When the electrode was not in use,
it was stored at 4 °C. After a week of storage, the final scan in the repeatability test
was compared to an initial run done at the same scan rate (Fig. 5.10). By looking at
the difference between peak currents at -0.6 V and 0 V, this electrode maintained
approximately 89 % of its performance ability proving to be quite stable in that time

frame.
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Figure 5.8: Differential pulse voltammograms of three different GCE-GQDs-
CoPc(1)(nw)-Aptamer (sequential) in a PSA solution of concentration 2.0 pM to

determine reproducibility.
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Figure 5.9: Differential pulse voltammograms of GCE-GQDs-CoPc(1)(nr)-Aptamer
(sequential) in a PSA solution of concentration 2.0 pM before and after 50 cycles to

test electrode repeatability.
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Figure 5.10: Differential pulse voltammograms of GCE-GQDs-CoPc(1)(nr)-Aptamer
(sequential) tested in a PSA solution of concentration 2.0 pM 1 week apart to

determine stability of electrode.

Biological samples exist as complex mixtures therefore the fabricated sensors need
to be tested against potential interferences in order to validate their reliability to
target a specific analyte, irrespective of what other analytes may be present in a
sample. The mixed solution method [222] and DPV (Fig. 5.11) was used to determine
the selectivity of the best performing electrode towards PSA, in the presence of
other analytes that could possibly be detected in a real sample with PSA, namely
bovine serum albumin (BSA), L-cysteine and glucose. The chosen test analytes BSA,
L-cysteine and glucose were mixed in excess, in the buffer solution with PSA. Other
than being easily accessible in the laboratory, BSA was chosen so as to determine
how other proteins expressed in biological samples could affect the aptasensor
functionality. Glucose was chosen as it is possible to detect it in seminal samples

and the level may vary depending on the health of the patient. L-cysteine was

192



chosen as a test analyte as it is an amino acid, which can be found in the human
body, or a variant thereof may be ingested as a supplement to enhance sperm quality
[223].The concentration of PSA used was 2.0 pM and 2.0 nM of interfering analyte
was added for non-specific binding determination. The interferants were added in
access (x102 higher than analyte) to ensure a high enough concentration for the
sensor to pick up should it be sensitive to the interferences. The fabricated
electrodes were incubated in the solutions as was done for PSA studies in earlier
sections. Egn. (5.5) was used to determine values of the selectivity coefficients

(Kamp) which will give a measure of the degree of interference.

I PSA
Kup = ( MIXTURE _ 1) : [PSA] (5.5)

Ipsa INTERFERANT]

where Imixture @and Ipsa are background corrected current responses of PSA in the
presence and absence of the interferent, respectively. A Kamp value in the order of
magnitude higher than 1072 indicates strong interference and a value close to 1073
indicates weak interference [224]. From the peaks observed at about -0.6 V (Fig.
5.11(1)), a Kamp value of 0.17 x 1073, 0.08 x 1072 and 0.04 x 10°3 were obtained for
BSA, glucose and L-cysteine, respectively. At the potential close to 0 V (Fig. 5.11
(1)) where the more prominent peak is observed, Kamp value of -0.46 x 1073, -0.64 x
1072 and 0.68 x 10°3 were obtained for BSA, glucose and L-cysteine, respectively.
Therefore, this sensor platform can be applied without any pre-separation
procedures for the determination of PSA in the presence of the tested interferents

with no need for pre-treatment of sample.
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Figure 5.11: Differential pulse voltammograms of GCE-GQDs-CoPc(nr)-Aptamer
(sequential) in the absence and presence of interferents (2 nm of BSA, glucose, and

L-cysteine) in a PSA solution of concentration 2.0 pM.

The best performing aptasensor showed one of the lowest detection limits using DPV
and comparable reproducibility and repeatability relative standard deviations (RSD)
% compared to other similar works reported in literature [134, 142, 144, 145, 225,
226]. Table 5.5 summarizes this data and the data from the above-mentioned

literature reports related to the detection of PSA.
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Table 5.5: Summary of results obtained in this work for GCE-GQDs-CoPc(1)(nr)-
Aptamer (sequential) compared to electrochemical PSA aptasensors reported in
literature (units used in this work converted from pM to pg/mL for ease of

comparison with literature values).

Electrode Linear LoD Repeatability Reproducibility Reference
range (RSD%) (RSD%)
Biotin- 0.005-20 1.0 4.7 4.40 [134]
Aptamer/strept ng/mL ng/mL
avidin/AuNPs@
GMCs on
polygraphite
electrode
APT/AuUNPs/Cego- 0.05-5 13 - 5.00 [142]
Cs- ng/mL pg/mL
IL/ZMWCNTs/SPC
E
AUE-nAu- 0.25-200 0.25 4.2 5.40 [144]
Aptamer ng/mL ng/mL
GCE- rGO- 0.14-11.6 0.14 3.0 4.50 [145]
MWCNT/AuUNPs/ ng/mL ng/mL
Aptamer
GCE-GS-MB-CS 0.125-200 50 4.5 5.50 [225]
film ng/mL pg/mL
IDE/APTES/EDC- 2.5-90 1.5 3.3 3.10 [226]
NHS/anti-PSA ng/mL ng/mL
aptamer
GCE-GQDs- 0.035-0.057 0.018 3.9 3.77 This work
CoPc(1)(nm)- ng/mL ng/mL
Aptamer

(sequential)

Abbreviations:Reduced graphene oxide (rGO), multi-walled carbon nanotubes (MWCNTSs), gold
nanoparticles (AuNPs), GMCs (graphitized mesoporous carbon), gold nanospheres (nAu), graphene
sheets-methylene blue-chitosan (GCE-GS-MB-CS), Au nanoparticles/fullerene Cg0-chitosan-ionic
liquid/multiwalled carbon nanotubes/screen printed carbon electrode (APT/Au NPs/C60-CS-
IL/MWCNTs/SPCE), Interdigitated electrode/ Aminopropyltrimethoxysilane / EDC-NHS/anti-PSA
aptamer(IDE/APTES/EDC-NHS/anti-PSA aptamer)
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5.2.2 The effects of QDs composition and structure: Comparing GQDs, NGQDs

and gCNQDs

Once the best modification approach was determined, the nature of the QDs used
was changed and the aptasensors compared. The aim of this sub-study was to verify
the influence the structure and composition of the QDs has on the overall

performance of the aptasensors fabricated herein.

5.2.2.1EIS

The electrodes used for this sub-study were GCE-GQDs-CoPc(1l)(nr)-Aptamer
(sequential), GCE-NGQDs-CoPc(1)(nr)-Aptamer(sequential) and GCE-gCNQDs-
CoPc(1)(nr)-Aptamer (sequential). The Nyquist plots Fig. 5.12(a) were used to
determine R¢t values by fitting the Randles equivalent circuit (Fig. 5.5(b)) as
previously carried out. The Rct values are summarized in Table 5.6. The highest Rct
values were observed for the NGQDs-based electrode followed by the GQDs-based
electrode, with the gCNQDs-based electrode having the lowest values. A higher Rct
suggests more PSA binding hence better detection activity. Thus, the electrode
containing NGQDs show better PSA detection. This electrode also had a low AE
(Table 4.1) in the 1 mM [Fe(CN)g]*~* solution before incubation with PSA which
further validates the result obtained.

The apparent charge transfer rate constant (kapp) Was calculated using Eqn.5.4. The
gCNQDs-CoPc(1)(nr)-Aptamer (sequential) combination had the highest kapp value
(1.78x10t cm/s) which implies a less passivated electrode surface compared to the
other two electrodes hence minimal binding of PSA to the aptamer or more exposure

of the conductive regions of the electrode surface compared to the GQDs and
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NGQDs-based surfaces. This means the gCNQDs-CoPc(1)(nr)-Aptamer is less
effective at detecting PSA, even though it has a larger surface coverage, Table 4.1.
A plot of phase-shift against log frequency Fig. 5.12(b) provides further
characteristic information on the frequency, which cannot be obtained from the
Nyquist plot. All electrodes showed the phase angle less than the ideal 90° indicative
of a true capacitor (Table 5.6) [227]. Shift of phase angles towards lower
frequencies in the Bode plots are an indication that the electrocatalyst gives more
efficient catalytic activity [228]. The Bode plots show broad peaks suggesting
complicated relaxation behavior. This has been observed before and related many
factors including film thickness [229], which could result in different diffusion

processes within the film.
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Figure 5.12: (a) Nyquist plots and (b) Bode plots of modified electrodes in a 2uM

PSA solution in 30 mM phosphate buffer solution of pH 7.4.

Table 5.6 :EIS parameters for PSA detection.

Electrode Rer/ kQ Kapp (cM/s)?/s) -Phase
angle (°)

GCE-GQDs-CoPc(1)(nr) -Aptamer 19.13 8.34x107? 58.7

(sequential)

GCE-NGQDs-CoPc(1)(nm) -Aptamer 29.1 6.72x102 77.1

(sequential)

GCE-gCNQDs-CoPc(1)(nr) -Aptamer 7.53 1.78x10? 65.4

(sequential)
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5.2.2.2 Concentration studies using EIS and DPV

For the determination of limits of detection (LoD), the aptamer-containing
electrodes were tested in a 30 mM phosphate buffer solution of pH 7.4 with PSA
concentrations ranging from 1.2-2.0 pM. The analytical techniques used were and
EIS, Fig. 5.13(a) and DPV, Fig.5.13(b). The results shown are for the NGQDs-based
electrode as an example. Nyquist plots of the electrodes in PSA solutions of different
concentrations are shown in Fig. 5.13(a). The detection limits determined in EIS are
also summarized in Table 5.7 alongside other determined characteristics of the
aptasensors fabricated. The GQDs, NGQDs and gCNQDs-based electrodes showed
detection limits of 0.051, 0.046 and 0.035 ng/mL in EIS, respectively. The gCNQDs
shows the highest LoD in EIS with the NGQDs performing the best using this
technique. The DPV technique gave LoD values of 0.018, 0.044 and 0.053 ng/mL for
the GQDs, NGQDs and gCNQDs-based electrodes respectively, therefore showing that
the GQDs-based electrode produced the best results using DPV. In EIS and DPV, the
detection limits obtained for the NGQDs and gCNQDs based electrodes were in
similar. The LoD values obtained for the GQDs based electrode suggested that using

DPV as the analytical technique produces better results.
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Figure 5.13: (a) Electrochemical impedance (EIS) Nyquist plots and (b) differential
pulse voltammograms (DPV) of GCE-NGQDs-CoPc(1)(mm)-Aptamer in a 30 mM
phosphate buffer solution of pH 7.4 with PSA concentrations ranging from 1.2-2.0 pM.

Inserts: Linear responses of resistance to changing concentrations.
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5.2.2.3 Selectivity, stability, and reproducibility studies

The selectivity, stability and reproducibility of the fabricated electrochemical
aptasensors were investigated using DPV. The results shown are for the NGQDs and
gCNQDs electrodes since the GQDs based electrode has already been discussed in
the previous sub-section. However, for the sake of comparison, the data for the
GQDs-based electrode is included in the tables containing the NGQDs and gCNQDs
data. The obtained voltammograms for reproducibility and stability studies are
similar to those shown in Fig. 5.8- 5.10. The calculated results are summarized in
Table 5.7. For reproducibility studies, the same electrode was fabricated on three
different occasions (as done in Fig. 5.8) and tested in the PSA solution. The relative
standard deviation (RSD (%)) was determined from peaks at 0 V for GQDs and was
found to be 3.8 %. For the NGQDs based electrode, the RSD (%) was determined
from peaks at -0.25 V and was found to be 6.2 %, Table 5.8. For the gCNQDs based
electrode, the RSD (%) was determined from peaks at 0 V and was found to be 6.7
%. When the electrode was not in use, it was stored at 4 °C. After a week of storage,
the aptasensors were used to detect PSA in PBS solution which allowed for the
determination of the stability of the aptasensors. By looking at the difference
between peak currents, the GQDs, NGQDs and gCNQDs based electrodes maintained
approximately 89.0 %, 95.3 % and 92.2 % of their performance ability respectively
(Table 5.7), proving to be quite stable in that time frame. Table 5.7 summarizes
the LoD, repeatability and reproducibility results obtained in this work, which are
further compared to other literature reports related to the detection of PSA [134,
230-234]. The aptasensor reported in this work showed one of the lowest detection

limits and one of the lowest reproducibility RSD %. The values determined were
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comparable to literature. From this, it can be concluded that these aptasensors have

good potential to be used in clinical studies.
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Table 5.7: Summary of results obtained in this work for GCE-GQDs-CoPc(1)(rm)-
Aptamer, GCE-NGQDs-CoPc(1)(mm)-Aptamer and GCE-gCNQDs-CoPc(1)(mm)-Aptamer
(determined from EIS) compared to electrochemical PSA aptasensors reported in
literature (units used in this work converted from pM to ng/mL for ease of

comparison).

Electrode Linear range/ LoD in  Stability Reproducibility Reference
EIS?/
ng/mL (% retention) (RSD %)
ng/mL
PGE/AUNP@GMC 0.25-200 0.25 92.8 Not reported [134]
/aptamer
Au/MSF/Aptamer 1-300 0.28 98 2.4 [230]
SPCE-Ag/GO- 0.75-100 0.27 77 5.3 [231]
Aptamer
GCE-CNTs- 0.85-12.5 0.75 Not reported 3.9 [232]
Chitosan-Aptamer
CdS-Cu20TM/NAs- 0.1-100 0.26 >99 Not reported [233]
CdS-Cu/Aptamer
Graphene-PEDOT: 0.77-14 0.45 Not reported 0.26 [234]
PSS modified

Whatman paper
with aptamer

GCE-GQDs- 0.034-0.057 0.104 89.0 3.8 This work
CoPc(1)(mrm)- (0.018)

Aptamer

GCE-NGQDs- 0.034-0.057 0.046 95.3 6.2 This work
CoPc(1)(mrm)- (0.044)

Aptamer

GCE-gCNQDs- 0.034-0.057 0.055 92.2 6.7 This work
CoPc(1)(mrm)- (0.053)

Aptamer

Abbreviations: Au (Gold), MSF (mesoporous silica thin films), SPCE (screen printed carbon
electrode), Ag (silver), GO (graphene oxide), CNT (carbon nanotubes), PGE/AUNP@GMC (pyrolytic
graphite electrode/gold nanoparticles@graphitized meso- porous carbon), CdS-Cu20TM/NAs-CdS-Cu
(cadmium selenide cuprous oxide titanium mesh/ nanorod arrays), PEDOT: PSS (poly (3,4-
ethylenedioxythiophene):poly(styrenesulfonate)).

8 oD values from DPV in brackets
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The mixed solution method discussed above, and DPV (Fig. 5.14) were used to test
the selectivity of the developed aptasensors in complex mixtures, to prove their
selectivity towards PSA. The interferences used and protocols followed were the
same as those used for the GQDs-based aptasensor. The fabricated electrodes were
incubated in the solutions and calculations carried out to determine the Kamp values.
The peak potentials employed to calculate the Kamp values were -0.25 V (ll) (for
NGQDs and gCNQDs) and 0 V (lll) (for GQDs and gCNQDs) since they were more
resolved. The calculated values were summarized in Table 5.8 which indicate low
interference and high selectivity of the fabricated sensors towards PSA detection.
The gCNQDs-based electrodes also seem to show no interference at the most
negative potential which indicates excellent potential as early detection devices

towards PSA and thus reliable early diagnosis of prostate cancer.
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Figure 5.14: Differential pulse voltammograms of (a) GCE-NGQDs-CoPc(1)(tmrm)-
Aptamer and (b) GCE-gCNQDs-CoPc(1)(mrm)-Aptamer in the absence and presence of

interferents in a PSA solution of concentration 2.0 pM.
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Table 5.8: Comparative table of selectivity results obtained for the developed

aptasensors.
GQDs-CoPc(1)((mt) - NGQDs-CoPc(1)((mr) gCNQDs-CoPc(1)((rm)
Aptamer -Aptamer Aptamer
0.0 -0.25 -0.25 0.0
Potential/
Kamp Bsa -4.60x10* -1.75x10* 4.14 x10°5 -1.00x1073
Kamp Glucose -6.40 x 10 -1.11 x10* 2.37x10° -1.27 x 10
Kamp I- 6.80 x 10 2.96 x 10 -1.42 x10* -1.27 x 10*
cysteine

5.2.3 Influence of MPc substituents

5.2.3.1EIS

The effects of substituents on the MPc complexes were studied using EIS, by nr-
stacking gCNQDs@Aptamer with complex 1 and complex 2. Sequential modification
was not used here as placing MPc complexes first on the electrode surface is not as
efficient as placing QDs on the surface first. Moreover, placing the CoPc on top of
the QDs-aptamer conjugate may lead to blocking of the binding sites of the aptamer.
Therefore, premixing the components, which would lead to nw conjugation of the
modifiers was the best option for the fabrication of these aptasensors. Nyquist plots
were obtained from analyzing all modified surfaces in the PSA solution (Fig. 5.15).
The R¢t values obtained from EIS analyses are summarized in Table 5.9. The highest
Rct values were observed for the GCE-gCNQDs@aptamer-CoPc(2)(nr) (104.3 kQ)
followed by the GCE-gCNQDs@aptamer-CoPc(1)(nw) (98.6 kQ) supporting cyclic
voltammetry results in terms of AE (Table 4.1). The large Rct suggest faster

passivation, hence better binding of PSA to aptamer and better detection. The GCE-
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gCNQDs@aptamer sensor showed slightly lower resistance to charge transfer
compared to the bare electrode, which was not expected. However, this could imply
that the gCNQDs enhanced the electron transfer slightly. For this section, the
influence of the MPc complexes is the main focus.

Using the R¢t values obtained in the impedance studies, the apparent charge transfer
rate constant (kapp) was calculated using Eqn.5.4 and the results are summarized in
Table 5.9. The surface area was obtained as previously described and kapp values

were high where R¢: were low as expected.

40 -
35 4 ® Bare GCE
30 - GCE-gCNQDs@Aptamer
Azs l ° ° e GCE-CoPc (1)
g )
=20 -+ o
N . e GCE-CoPc (2)
15 - °
® GCE-gCNQDs@Aptamer-
10 - o CoPc (1)
5 Aﬂ. GCE-gCNQDs@Aptamer-
4 CoPc (2)

0 " L] L] L] L] L] L] L] 1

0 5 10 15 20 25 30 35 40

Z' (kQ)

Figure 5.15: Nyquist plots of modified electrodes in a 2 yM PSA solution in 30 mM

phosphate buffer solution of pH 7.4.
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Table 5.9: Summary of determined Rct and kapp values determined from Nyquist

plots (in order of increasing Rct values).

Electrode Rt/ kQ Kapp (CM/S)?/s) LoD
(ng/mL)
Bare GCE 77.6 5.14 x10°3 -
GCE-gCNQDs@aptamer 69.5 5.75 x1073 0.042
GCE-CoPc(1) 22.3 3.01x102 -
GCE-CoPc(2) 24.1 2.98x102 -
GCE-gCNQDs@aptamer-CoPc(1) () 98.6 6.3x10* 0.031
GCE-gCNQDs@aptamer-CoPc(2) () 104.3 6.0 x10* 0.023

5.2.3.2 Concentration studies using EIS

The aptamer-based electrodes were all compared to further show the significance
of incorporating the phthalocyanine complexes to the gCNQDs@aptamer.
Concentration studies were then carried out in buffer to see if the detection limits
of the gCNQDs@Aptamer-based sensor is improved when linked to the
phthalocyanine complexes. Detection limits were measured in a 30 mM phosphate
buffer solution of pH 7.4 with PSA concentrations ranging from 1.2-2.0 pM. The
obtained results are summarized in Fig. 5.16 with the inserts showing a linear
relationship where the resistance to charge transfer increases with concentration of
PSA. The detection limits obtained for the detection of PSA in buffer solutions using
the GCE-gCNQDs@Aptamer, GCE-gCNQDs@Aptamer-CoPc(1)(rx) and GCE-

gCNQDs@Aptamer-CoPc(2)(nr) were 0.042, 0.031 and 0.023 ng/mL respectively
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(Table 5.9), which are all lower than the reported dangerous levels of PSA in males
[118]. Although the addition of the asymmetric phthalocyanine complexes improved
the detection limit of the gCNQDs@Aptamer conjugate, complex 2 produced better
results than complex 1, proving that the nature of the functional groups present in
the complexes plays a role in its electrochemical sensing and influence. The better
performance of complex 2 when compared to complex 1 may be explained as
follows: Complex 2 has three acetaminophen substituents and an electron donating
alkoxy group terminated by an alkyne group. The dominant acetaminophen
substituent has a push-pull effect (electron donating-electron withdrawing) through
resonance [235] that is independent of the MPc ring. This contributes greatly to the
electrochemical sensing ability of CoPc(2). Moreover, alkoxy groups lower oxidation
potentials which results in a lower potential difference, which implies better
electron transfer [236].The substituents of CoPc(2) also possess nitrogen atoms
which are known to enhance electrochemical sensing ability of composites which

was earlier observed for the N-doped GQDs compared to the pristine GQDs.
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Figure 5.16: Electrochemical impedance (EIS) Nyquist plots of (a) GCE-
gCNQDs@Aptamer (b) GCE-gCNQDs@Aptamer-CoPc(1) and (©) GCE-
gCNQDs@Aptamer-CoPc(2) in a 30 mM phosphate buffer solution of pH 7.4 with PSA
concentrations ranging from 1.2-2.0 pM. Inserts: Linear responses of resistance to

changing concentrations.
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5.2.3.3 Stability, reproducibility, and repeatability

The best performing aptasensor (GCE-gCNQDs@Aptamer-CoPc (2)) was further used
as an example to determine the stability, reproducibility, and repeatability of the
fabricated sensor. These tests were run using EIS as this has been the technique used
throughout the studies conducted (Table 5.10). For stability, the aptasensor was
stored for a week at 4 °C and then tested again. The sensor managed to retain 96.5
% of its performance. The reproducibility was determined by fabricating the same
aptasensor three different times and determining the behavior in the buffer solution
containing PSA after incubation. The RSD % was determined as 2.5 % validating the
reproducibility of this sensor. The aptasensor was tested 10 times over to determine
if the same aptasensor could be used for multiple PSA tests (repeatability). The
repeatability RSD % was determined as 4.8 % which is quite low. These studies
therefore show that this fabricated aptasensor with low detection limits is reliable
and efficient as it is stable, reproducible and can be reused for several tests before

a new one is required.
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Table 5.10: Raw data recorded for the determination of Stability, reproducibility
and repeatability for the GCE-gCNQDs@Aptamer-CoPc(2)(nt) aptasensor. All

measurements were run in triplicate. Repeatability measures were recorded for 10

analyses.
STABILITY
Rct values in kf2

DAY 0 DAY 7

106.2 94.8

98.3 100.1

99.8 98.6 RETENTION %
AVERAGE 101.4 97.8 96.5
REPRODUCIBILITY

Electrode 1 Electrode 2 Electrode 3

Run1 102.2 104.2 95.4
Run 2 101.3 100.4 89
Run 3 99.4 98.6 105.9
Average 101.0 101.1 96.8
Mean of means 99.6
SD of means 2.5
RSD % 2.5

REPEATABILITY

Run

O 00 NO Ul A WN B

[EEN
o

average
SD
RSD

103.2
101.5
97.5
90.5
99.1
101.3
102.5
91.8
103.2
104.1
99.5
4.8
4.8
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5.2.4 AuNPs-MPc conjugates

5.2.4.1EIS

A selection of Nyquist plots is shown in Fig. 5.17 and were fitted using a Randles
electronic equivalent circuit fitted with a constant phase element (CPE) due to the
suppressed semi-circles. As previously stated, using a CPE takes into account the
irregularities on the electrode surface that are a result of roughness and
inhomogeneities on the modifiers, where the plot starts to appear more linear as
opposed to appearing as a semi-circle with a defined linear segment. The apparent
charge transfer rate constant (kapp) was also calculated using Eqn. 5.4 and
summarized in Table 5.11. The R¢t value is highest for the GCE-AuNPs@CoPc(2)-
Aptamer with the lowest corresponding apparent charge transfer which is expected

as Rct and Kapp are inversely proportional.
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Figure 5.17: Nyquist plots of electrodes in a 2 yM PSA solution in 30 mM PBS

solution of pH 7.4.

Table 5.11: Summary of results determined from PSA detection using EIS in 2 uM

PSA.
Electrode Ret/ kKQ Kapp (CcM/s)?/s

Bare GCE 0.46 8.42x10*
GCE-AuNPs 0.68 5.80x10*
GCE-Aptamer 3.66 4.8x10°

GCE-AuNPs-Aptamer 2.58 8.8x10°

GCE@CoPc (2) 2.46 9.02 x10°
GCE@CoPc(2)-Aptamer 4.18 2.09 x10°
GCE-AuNPs@CoPc(2) 1.14 2.68 x10
GCE-AuNPs@CoPc(2)-Aptamer 9.62 1.82x10°
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5.2.4.2 Concentration studies using EIS and DPV

Fig. 5.18, representing GCE-AuNPs@CoPc(2)-Aptamer as an example, shows the

Nyquist plots of the electrodes in solutions containing different concentrations of

PSA. All electrodes show a linear response to changing PSA concentration after

incubation in the PSA solutions. The slopes of each fabricated aptasensor represents

the sensitivity of the sensor and the highest sensitivity is observed in the insert of

Fig. 5.18, recorded for the GCE-AuNPs@CoPc(2)-Aptamer. The LoDs were also

determined (Table 5.12) and the lowest was for the GCE-AuNPs@CoPc(2)-Aptamer

as expected, was found to be 0.92 pM (0.026 ng/mL), determined from EIS results

and 0.89 pM (0.025 ng/mL) determined from DPV studies.

Table 5.12: Summary of LoD determined from the detection of PSA in buffer and in

spiked serum samples.

Electrode LoD in PBS (pM) reference

GCE-AuNPs-Aptamer 1.24 (EIS) This work
1.09 (DPV)

GCE@CoPc(2)-Aptamer 1.83 (EIS) This work
1.10 (DPV)

GCE-AuNPs@CoPc(2)-Aptamer 0.92 (EIS) This work
0.89 (DPV)
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Figure 5.18: Electrochemical impedance (EIS) Nyquist plots of GCE-AuNPs@CoPc(2)-
Aptamer in a 30 mM PBS solution of pH 7.4 containing PSA concentrations ranging

from 1.2-2.0 pM. Insert: Linear responses of resistance to changing concentrations.

The DPV results are illustrated in Fig. 5.19. Linear responses to change in
concentration were also observed where the peak current decreased with increasing
PSA concentration due to PSA binding during incubation. The LoD was determined
from the peak at 0 V for the GCE-AuNPs-Aptamer aptasensor, 0.0 V for the
GCE@CoPc(2)-Aptamer aptasensor and at -0.25 V for the GCE-AuNPs@CoPc(2)-
Aptamer aptasensor. In DPV (Fig. 5.19) the GCE-AuNPs@CoPc(2)-Aptamer
aptasensor produced a LoD of 0.89 pM. These detection limits will later be compared
to those that will be determined in human serum to test the reliability of the studies

reported in this work.
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Figure 5.19: Differential pulse voltammograms (DPV) of GCE@CoPc(2)-Aptamer in a
30 mM PBS solution of pH 7.4 containing PSA concentrations ranging from 1.2-2.0

pM. Insert: Linear responses of resistance to changing concentrations.

5.2.4.3 Effects of scan rate

The scan rate studies were conducted using DPV and scan rates of 0.625, 1.25, 2.5,
5, 15 and 20 V/s. The results obtained are summarized in Fig. 5.20 using
GCE@CoPc(2)-Aptamer as an example. The general trend observed was an increasing
in peak current with increasing scan rate. However, this increase was not linear and
did not pass through the origin when scan rate was plotted against peak current as
well as peak current vs the square root of scan rate. This has been reported to be
characteristic of an electrodic process (i.e., reactions occurring at the electrode

surface) preceded by an electrochemical reaction, followed by a homogenous
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chemical reaction [196]. Thus, it can be concluded that the process occurring

between solution and sensor are mainly adsorption controlled.
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Figure 5.20: Differential pulse voltammograms of scan rate studies of GCE@CoPc(2)-
Aptamer in a 30 mM phosphate buffer solution of pH 7.4 with PSA concentration of

2.0 pM. Inserts: Plots of peak current (Ip) vs v and peak current (Ip) vs v/2.
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5.2.4.4 Selectivity, stability, repeatability, and reproducibility studies

Selectivity studies were achieved by using the mixed solution method and DPV. The
PSA samples were mixed with BSA, L-cysteine and glucose as interferants as done
for other fabricated aptasensors already discussed and (Kamp) values determined in
the same manner as above. The results obtained are summarized in Table 5.13 with
the potentials at which the Kamp values were calculated. The values determined were
very low implying that these sensor platforms could be applied without any pre-
separation procedures for the determination of PSA in the presence of the

interferents with no need for pre-treatment of sample.

Table 5.13: Kamp Values determined from the detection of PSA in a complex mixture.

Electrode Kavp (BSA) Kawp (Glucose) Kamp (L-
cysteine)
GCE-AuNPs-Aptamer -4.18x10* -1.00 x1073 -4.75 x10*
GCE@CoPc(2)-Aptamer 3.96x 10+ 4.57 x 10* 4.37 x 10*
GCE-AuNPs@CoPc(2)-Aptamer  -2.7 x 10 -5.4 x 10°® 7.61 x 10°

220



The stability, repeatability, and reproducibility of the proposed aptasensors were
also investigated by DPV using a 2 pM PSA in PBS solution of pH 7.4 (30 mM). Table
5.14 summarizes the results obtained. To verify the reproducibility of the
aptasensors, each electrode was fabricated three times and tested in the PSA
solution of same concentration. The relative standard deviation (% RSD) was
determined as 4.89 %, 7.1 % and 0.91 % (Table 5.14) for GCE-AuNPs-Aptamer,
GCE@CoPc(2)-Aptamer and GCE-AuNPs@CoPc(2)-Aptamer respectively. The
aptasensor with the CoPc(2) and AuNPs combined proved to be the best performing

after being refabricated a few times over.

After incubation the PSA solution, the DPV scans were run for 50 cycles and the
change in current response was monitored (Figure not shown). The first and the
last scan were compared using the marked peaks. The determined % RSD values were
0.81 %, 2.04 %, 0.83 % for GCE-AuNPs-Aptamer, GCE@CoPc(2)-Aptamer and GCE-

AuNPs@CoPc(2)-Aptamer, respectively, Table 5.14.

When the electrode was not in use, it was stored in the fridge at 4 °C. After a week
of storage, the final run was compared to an initial run done before storage (Fig.
5.21, point of RSD determination marked with arrows). The % RSD determined for
the fabricated aptasensors (Table 5.14) were 4.35 %, 6.97 % and 4.23 % for GCE-
AuNPs-Aptamer, GCE@CoPc(2)-Aptamer  and GCE-AuNPs@CoPc(2)-Aptamer
respectively. The most stable electrodes appear to be the ones with the AuNPs which
implies that these nanostructures provide greater stability for the immobilization of

the aptamer when coupled with the CoPc(2).
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Figure 5.21: Differential pulse voltammograms of (a) GCE-AuNPs-Aptamer, (b)

GCE@CoPc(2)-Aptamer and (c) GCE-AuNPs@CoPc(2)-Aptamer in a PSA solution of

concentration 2.0 pM measured before and after a week.

Table 5.14: % RSD values determined for stability, repeatability and reproducibility

of fabricated aptasensors.

Electrode Linear Stability = Repeatability Reproducibility
range/pM (RSD%) (RSD%)
(RSD%)
GCE-AuNPs-Aptamer 1.2-2.0 4.35 0.81 4.89
GCE@CoPc(2)-Aptamer 1.2-2.0 6.97 2.04 7.10
GCE-AuNPs@CoPc(2)- 1.2-2.0 4.23 0.83 0.91

Aptamer
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5.3 Conclusions

This chapter has discussed the electrochemical sensing ability of various fabricated
sensors. Initially, the electrodes modified with QDs and MPc were used to catalyze
L-cysteine to verify their synergistic effects for further use as signal amplifiers and
aptamer immobilizers for aptasensing. The synergistic effects of these
nanocomposites improved signal output and showed good promise in being applied
as signal enhancers and aptamer immobilization platforms towards the fabrication
of PSA aptasensors. Thereafter, the GQDs-CoPc(1)(nrt) conjugate was used as an
example, together with aptamer for the detection of PSA in buffer solutions. Various
combinations of these composites were immobilized via adsorption on glassy carbon
electrodes to determine the best combination that would produce low detection
limits and prove superior to other combinations used. It was clearly shown that the
sequentially modified electrode, GCE-GQDs-CoPc(1)(nr)-Aptamer (sequential),
showed the best performance, therefore this modification sequence was used for
further study involving the comparison of structure and composition of QDs. The
comparative study showed that all electrodes produced low detection limits with
good stability, reproducibility, and repeatability as well as selectivity for PSA in
complex samples. The NGQDs-based aptasensor however, performed the best in
terms of detection limits, especially.

CoPc complexes were also compared, and it was found that the nature of the
substituent influenced the performance of the aptasensor towards the detection of
PSA. Complex 2 performed the best, owing to the resonance effect of the dominant
substituents it possesses, as well as the presence of the nitrogen atoms at the

periphery that complex 1 does not possess.
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The study was shifted from QDs to AuNPs which are commonly used in PSA
aptasensors and the influence of combining these AuNPs with CoPc(2) towards PSA
detection was studied. It was proven that incorporating a CoPc complex to the sensor
improved its performance. Moreover, using covalent immobilization of the
nanocomposites increased the stability of the aptasensor. The aptasensors
containing AuNPs also showed good stability, reproducibility, and repeatability. Scan
rate studies indicated adsorption-controlled processes occurring between electrode

and analyte.
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6. Real sample analyses

To validate the reliability and feasibility of the fabricated aptasensors discussed

in the previous chapter, they were tested in spiked human serum samples. This
was also to prove the trends observed when the PSA was analyzed in buffer. In

preparation for this analysis, the serum samples were diluted 100-fold with PBS
(PH 7.4) to reduce the matrix effects of the real sample. Thereafter, different

concentrations of PSA were added to the diluted serum solutions. The
analytical methods as well as concentrations used in this study were the same
as the methods used for PSA detection in PBS. The real sample tests were run
using DPV and EIS for the sake of comparison of both techniques unless stated
otherwise. Table 6.1 summarizes the detection limits obtained in buffer

solution and serum samples.
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Table 6.1: Summary of determined LoD (ng/mL) values in buffer and spiked serum

samples of aptasensors using EIS unless stated otherwise.

Electrode LoDsurrer LoDserum
GCE-GQDs-CoPc(1)(rr)-Aptamer 0.051 0.059 (DPV)
0.058
GCE -NGQDs-CoPc(1)(nr)-Aptamer 0.044 (DPV) 0.043
0.046
GCE-gCNQDs-CoPc(1) (nr)-Aptamer 0.053 (DPV) 0.047 (DPV)
0.055 0.046
GCE-gCNQDs@aptamer 0.042 0.054
GCE-gCNQDs@aptamer-CoPc(1) (nr) 0.031 0.032
GCE-gCNQDs@aptamer-CoPc(2) (nr) 0.023 0.027
GCE-AuNPs-Aptamer 0.035 0.037
0.031 (DPV) 0.040 (DPV)
GCE@CoPc(2)-Aptamer 0.052 0.056
0.031 (DPV) 0.043 (DPV)
GCE-AuNPs@CoPc(2)-Aptamer 0.026 0.028
0.025 (DPV) 0.027 (DPV)
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6.1 tt-conjugates

The following conjugates were used as examples to verify the feasibility of the
fabricated aptasensors to be used in clinical studies towards the electrochemical
detection of PSA: GCE-GQDs-CoPc(1)(nr)-Aptamer (sequential), GCE-NGQDs-
CoPc(1)rm)-Aptamer  (sequential) and  GCE-gCNQDs-CoPc(1)(nr)-Aptamer

(sequential).

Different concentrations of PSA were added to the diluted serum solutions for
analysis. The analytical methods as well as concentrations used for analysis of these
real samples were the same as the methods used for PSA detection in buffer where
the concentration ranged from 1.2 to 2 pM. The verification of the reliability and
feasibility of the aptasensors was taken further by determining the % recovery in the
concentration range of 1.2-2 pM, using EIS. The recovery was calculated as the ratio
of the sensor performance in spiked human serum samples to that obtained in buffer
for the same concentrations of PSA as reported in literature [141]. The amount of
PSA found in spiked serum was determined by calculating the percentage signal
based on PSA detection in the chosen buffer. All experiments were run in triplicate

and the recorded values are an average of the values recorded for each run.

For GQDs-CoPc(1)(nr)-Aptamer both DPV and EIS were employed, DPV is used as an
example. The obtained responses in DPV for the GQDs-CoPc(1)(nr)-Aptamer
electrode are shown in Figure 6.1. The LoD for GQDs-CoPc(1)(nr)-Aptamer was
determined from the signal at 0 V as it was the most prominent one. The LoD was
determined as 0.059 ng/mL using DPV, which is below the cut-off value of 4 ng/mL
in patients suspected to have prostate cancer [118, 237, 238]. The LoD determined

from EIS was 0.058 ng/mL which is close to the value obtained in DPV for GQDs-
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CoPc(1)(nm)-Aptamer, Table 6.1. EIS results for the determination of % recoveries
are shown in Table 6.2. The percentage recovery calculated was 80.5% at the
highest concentration level analyzed and 93.5 % at the lowest concentration level
analyzed.

For the NGQDs-based electrode, EIS was used as the analytical tool to detect PSA in
the spiked human serum samples for the determination of the LoD and percentage
recoveries. DPV was not included as the peaks were too broad for the determination
of LoD. The obtained responses in EIS are shown in Figure 6.2. The LoD was
determined as 1.52 pM (0.043 ng/mL) which is again below the cut-off value of 4
ng/mL. The recovery results obtained are shown in Table 6.3.The amount of PSA
found in spiked serum was also determined. The percentage recovery calculated was
85.9 % at the lowest concentration level of 1.2 pM and 93.7 % at the highest
concentration level of 2 pM.

The obtained responses in DPV for the gCNQDs-based electrode are shown in Figure
6.3. The LoD was determined from the signal at 0 V as it was the most prominent
one. The LoD was determined as 0.936 pM (0.027 ng/mL) in DPV and 0.929 pM (0.026
ng/mL), (Table 6.1), in EIS which is also below the cut-off value of 4 ng/mL. The
verification of the reliability and feasibility were performed as explained above. The
results obtained are shown in Table 6.4. The percentage recovery calculated was
86 % at the lowest concentration level analyzed and 94.9 % at the highest
concentration level analyzed.

In summary, it has been shown that the results obtained from detecting PSA in buffer
are feasible as they are comparable to the values determined in serum samples,
Table 6.1. The Rct values were lower in serum compared to PBS. The decrease could

indicate some protein-protein interaction which results in a decrease in sensitivity
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hence the reduced R¢t values obtained in serum analyses compared to those done in
PBS. The interferences, however, are not strong enough to affect the ability of the
aptasensor to detect PSA in real samples. Some literature reports have shown
detection limits determined from electrochemically detecting PSA in spiked serum
samples [226, 230, 231, 239-241] for PSA electrochemical detection. When

compared to the data obtained herein, the fabricated sensors in this work showed

better performance.
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Figure 6.1: Differential pulse voltammograms of GCE-GQDs-CoPc(1)(nr)-Aptamer in
spiked human serum with PSA concentrations ranging from 1.2-2.0 pM. Insert: Linear

responses of currents to changing concentration.
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Table 6.2: Summary of recovery measurements of PSA in spiked human serum
samples for the GCE-GQDs-CoPc(1)(nm)-Aptamer aptasensor. % RSD = relative

standard deviation (standard deviation/mean x 100; n = 3).

[PSA] added/ R (kQ) [PSA] found/ Re (kQ) % RSD % Recovery
pM In buffer pM In serum
In buffer In serum

1.2 3.1 1.12 2.9 4.2 93.5

1.4 4.2 1.30 3.9 6.1 92.8

1.6 5.8 1.46 4.7 5.4 81.0

1.8 7.9 1.20 6.8 4.5 86.1

2.0 10.3 0.97 8.3 7.4 80.5

15 y=7.7x-2.58
R*=0.9793 .-
a10 L
25 1 y B ) z 5 o
201 . S o o 4 v v .
_ - 1 15 2 25
g 15 + = Concentration (pM)
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Figure 6.2: Nyquist plots of GCE-NGQDs-CoPc(1)(nr)-Aptamer in spiked human
serum with PSA concentrations ranging from 1.2-2.0 pM. Insert: Linear responses of

currents and resistance to changing concentration.
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Table 6.3: Summary of recovery measurements of PSA in spiked human serum

samples for the GCE-NGQDs-CoPc(1)(nr)-Aptamer aptasensor. % RSD = relative

standard deviation (standard deviation/mean x 100; n = 3).

[PSA] added/ R« (kQ) [PSA] found/ Rc (kQ) % RSD % Recovery
pM In buffer pM In serum
In buffer In serum
1.2 7.80 1.03 6.7 5.9 85.9
1.4 8.59 1.16 7.1 5.4 82.6
1.6 10.9 1.48 10.1 6.2 92.7
1.8 11.8 1.77 11.6 4.9 98.3
2.0 12.8 1.87 12.0 8.6 93.7
4 y =-0.6x + 3.58
R2=0.97
R
>
I 0.5 pA 1
Increasing PSA 0 + ' ' )
concentration 1 1.5 2 2.5
[PSA]/pM

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4
Potential/V vs Ag|AgCl

Figure 6.3: Differential pulse voltammograms of GCE-gCNQDs-CoPc(1)(nr)-Aptamer

in spiked human serum with PSA concentrations ranging from 1.2-2.0 pM. Insert:

Linear responses of current to changing concentration.
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Table 6.4: Summary of recovery measurements of PSA in spiked human serum
samples for the GCE-gCNQDs-CoPc(1)(nr)-Aptamer aptasensor. % RSD = relative

standard deviation (standard deviation/mean x 100; n = 3).

[PSA] added/ Rc (kQ) [PSA] found/ Rc (kQ) % RSD % Recovery

pM In buffer pM In serum

In buffer In serum
1.2 4.66 1.03 4.01 6.2 86.0
1.4 6.47 1.38 6.39 5.9 98.7
1.6 7.46 1.56 7.28 2.3 97.6
1.8 8.46 1.77 8.33 8.1 98.5
2.0 11.7 1.89 11.1 8.3 94.9
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6.2 Covalently linked conjugates followed by mw conjugation

The following conjugates were used as examples to verify the feasibility of the
fabricated aptasensors to be used in clinical studies towards the electrochemical
detection of PSA: GCE-gCNQDs@Aptamer, GCE-gCNQDs@Aptamer-CoPc(1) (nr)

and GCE-gCNQDs@Aptamer-CoPc(2) (nrx).

The obtained responses of the gCNQDs@Aptamer based sensors are shown in Fig.
6.4. The detection limits were determined as 0.054, 0.032 and 0.023 ng/mL, which
are as those obtained for PSA in buffer and are still below the cut-off value of 4
ng/mL of patients suspected to have prostate cancer. When CoPc complexes were
immobilized on the electrode surface and tested in a ferricyanide solution, complex
2 compared to complex 1 showed better electrocatalytic ability. In addition, a
higher surface coverage was calculated for complex 2 (Table 4.1) which would
indicate a larger surface area for aptamer immobilization. With a higher aptamer
concentration at the surface as well as better current output due to the substituents
complex 2 possesses, the aptasensor with complex 2 is expected to perform better.
The verification of the reliability and feasibility of these aptasensor was also done
by calculating the % recovery in the concentration range of 1.2-2 pM, using EIS. The
recovery was calculated as was done for previously discussed aptasensors. The
results obtained are shown in Table 6.5 corresponding to the aptamer-based
electrodes. The percentage recoveries calculated ranged within an 85 and 98 %
window in general for all sensors fabricated. Although the results obtained from EIS
indicate some interference due to the complexity of the serum which resulted in a
decrease in sensitivity (i.e., reduced Rt values obtained in serum analyses compared

to those done in the buffer solution), the differences in recorded values are minimal,
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making these aptasensors feasible for further use in clinical studies. Moreover, the

good recoveries also prove their reliability.
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Figure 6.4: Electrochemical impedance (EIS) Nyquist plots of (a) GCE-
gCNQDs@Aptamer, (b) GCE-gCNQDs@Aptamer-CoPc(1)(zrx) and (c) GCE-
gCNQDs@Aptamer-CoPc(2)(nr) in spiked human serum with PSA concentrations
ranging from 1.2-2.0 pM. Insert: Linear responses of currents and resistance to

changing concentration.
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Table 6.5: Summary of recovery measurements of PSA in spiked human serum
samples for the aptasensors. % RSD. (relative standard deviation) = standard

deviation/mean x 100; n = 3.

[PSA] added/ Rct (kQ)  [PSA] found/ Ret (kQ) % RSD % Recovery
pM in buffer pM In serum
in buffer In serum

GCE-gCNQDs@Aptamer

1.2 16.4 1.13 15.4 1.8 93.9
1.4 19.3 1.37 18.9 2.1 97.9
1.6 24.7 1.39 21.5 1.2 87.0
1.8 28.8 1.64 26.2 3.3 90.9
2.0 33.2 1.94 32.3 7.2 97.3

GCE-gCNQDs@AptamerCoPc(1)(nr)

1.2 26.7 1.16 25.8 1.4 96.6
1.4 30.5 1.35 29.5 2.6 96.7
1.6 37.9 1.38 32.8 1.8 86.5
1.8 44.9 1.54 38.4 3.8 85.5
2.0 51.6 1.96 50.5 6.2 97.9

GCE-gCNQDs@Aptamer-CoPc(2)(nr)

1.2 29.2 1.13 27.4 5.4 93.8
1.4 36.2 1.25 32.3 3.1 89.2
1.6 41.6 1.52 39.6 2.8 95.2
1.8 49.2 1.70 46.5 1.2 94.5
2.0 58.9 1.84 54.3 1.7 92.2
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6.3 Self-assembly, electrografting and click chemistry

The following electrodes were used after modification by self-assembly and
covalent linking, to show the synergistic effects of AuNPs combined with complex
2: GCE-AuNPs-Aptamer, GCEICoPc(2)-Aptamer and GCE-AUNPSDCoPc(2)-

Aptamer.

The aptasensors based on AuNPs and complex 2 were also verified in spiked serum
samples. The real sample tests were run using DPV and EIS. The obtained responses
are shown in Fig. 6.5(a) (DPV) and Fig. 6.5(b) (EIS) as examples of the plots used
to extract the validating data from. The best performing aptasensor was the one
where the AuNPs and CoPc(2) were coupled, as expected with detection limits
determined as 0.028 ng/mL (EIS) and 0.027 ng/mL (DPV), Table 6.1. These values
are similar to those determined from analyses done in PBS and are still well below
the cut-off value of 4 ng/mL (13.3 nM) of patients suspected to have prostate cancer.
The % recovery in the concentration range of 1.2-2 pM, using EIS was also
determined. The results obtained are shown in Table 6.6, 6.7 and 6.8 for GCE-
AuNPs-Aptamer,  GCE@CoPc(2)-Aptamer and  GCE-AuNPs@CoPc(2)-Aptamer,
respectively. All experiments were run in triplicate and the recorded values are an
average of the values recorded for each run. The percentage recoveries were higher
and more reliable for the aptasensor in which the AuNPs and CoPc(2) are coupled.
This shows that the results obtained from detecting PSA in buffer are feasible.
Moreover, these results obtained from EIS also indicate some protein-protein
interactions which results in a decrease in sensitivity hence the reduced R¢t values

obtained in serum analyses compared to those done in PBS.
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Table 6.6: Summary of recovery measurements of PSA in spiked human serum
samples for the GCE-AuNPs-Aptamer aptasensor. % RSD (relative standard deviation)

= standard deviation/mean x 100; n = 3.

[PSA] added/ R (kQ) [PSA] found/ R (kQ) % RSD % Recovery
pM In buffer pM In serum
In buffer In serum

1.2 0.586 0.26 0.127 2.79 21.7

1.4 0.602 0.30 0.131 1.53 21.8

1.6 0.776 0.31 0.145 3.62 18.7

1.8 0.877 0.31 0.153 1.43 17.4

2.0 1.25 0.25 0.155 2.67 12.4

Table 6.7: Summary of recovery measurements of PSA in spiked human serum
samples for the GCE@CoPc(2)-Aptamer aptasensor. % RSD (relative standard

deviation) = standard deviation/mean x 100; n = 3.

[PSA] added/ R (kQ) [PSA] found/ pM R (kQ) % RSD % Recovery
pM In buffer In serum In serum
In buffer

1.2 0.854 0.82 0.587 2.73 68.7

1.4 0.861 0.95 0.600 1.63 67.7

1.6 0.868 1.12 0.617 2.36 71.1

1.8 0.877 1.31 0.637 3.35 72.6

2.0 0.892 1.45 0.647 2.35 72.5

241



Table 6.8: Summary of recovery measurements of PSA In spiked human serum
samples for the GCE-AuNPs@CoPc(2)-Aptamer aptasensor. % RSD. (relative standard

deviation) = standard deviation/mean x 100; n = 3.

[PSA] added/ R (kQ) [PSA] found/ pM R (kQ) % RSD % Recovery
pM In buffer In serum In serum
In buffer

1.2 24.9 1.18 24.6 5.46 98.7

1.4 27.2 1.39 27.0 6.80 99.3

1.6 29.4 1.57 28.9 6.68 98.3

1.8 31.7 1.73 30.5 2.94 96.2

2.0 33.5 1.98 33.2 1.62 99.1

242



6.4 Conclusions

The aptasensors fabricated in this work showed good performance in spiked serum
samples with low detection limits. Moreover, they showed good recoveries and the
results verified their feasibility to be used in clinical studies. Comparing the
performances of these fabricated aptasensors, the GCE-NGQDs-CoPc(1)(nr)-
Aptamer showed the lowest detection limits in serum and buffer where the QDs
were concerned using where EIS was used. The GCE-AuNPs@CoPc(2)-Aptamer
fabricated sensor showed improved performance when AuNPs and CoPc(2) were
combined and the best performance when compared to all the sensors fabricated
in this work. This proves the combination of MPc with other nanostructures is ideal

for the fabrication and development of stable, efficient, low cost aptasensor.
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7. Summary, conclusions, and
prospects

This chapter summarizes all the work discussed in this thesis and highlights
again the novelty of the work and the new perspective it has brought to the

fabrication and the development of PCa early diagnostic tools.
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7.1 Overview of the thesis.

This thesis reported for the first time, the combination of graphene-based quantum
dots, AuNPs, MPcs and an aptamer for the fabrication of electrochemical
aptasensors, towards the detection of PSA. The nanostructures were synthesized and
fully characterized prior to being used as electrode modifiers. Capillary
electrophoresis coupled to mass spectrometry was used for the first time in this work
so as to help elucidating these nano-structures, as the synthesis theoretical allows
for various sizes and functionalization rates, and the structuration can lead to multi-
layers.Then the synergistic effects of the quantum dots, AuNPs and CoPcs were
proven using electrochemical methods. Glassy carbon electrodes or plates were
modified and characterized at each modification step. Where covalent linkage was
employed, XPS analyses verified the success of the formation of new bonds. Using
adsorption and click chemistry as surface modification techniques yielded stable
electrochemical sensors. The aptasensors were used to detect PSA in buffer solution
and proved to be efficient, selective, and specific and showed low detection limits
which were compared to reported literature values. The best performing
aptasensors that were fabricated herein were then used to detect PSA in spiked
serum samples to verify their feasibility and potential use in clinical studies. The
results agreed with those obtained in buffer analyses and some performed slightly
better in serum analyses. In addition, the sensors were stable, reproducible, and
proved to be reusable for several experiments before having to refabricate them. It
is important to note that the combination of MPcs with other nanomaterials
contributed greatly to the enhancement of the signal output of the fabricated

aptasensors, thus obtaining low detection limits. Moreover, the characteristics of
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these nanostructures, also contributed to the increased sensitivity, stability, and

reproducibility of the sensors.

7.2 Future prospects and final remarks.

If more work and optimization is invested in advancing this study, where MPcs are
conjugated to graphene-based quantum dots and AuNPs for the development of
aptasensors, this work has the potential to contribute greatly to the accessibility of
medical care, especially early cancer diagnostics of various diseases. The materials
used have a high shelf life, are stable and cost less than current systems in place;

therefore, further exploration in this area of study would be greatly beneficial.
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RESUME

Dans ce travail de doctorat, des capteurs électrochimiques a base d’aptameres, appelés aptacapteurs, ont
été concus et optimisés pour le diagnostic de I'antigéne spécifique de la prostate (PSA). Pour cela, des
nanocomposites (des points quantiques a base de graphéne non dopés ou dopés, des nanoparticules d'or)
et des métallophtalocyanines (MPcs) asymétriques innovants ont été synthétisés et caractérisés physico-
chimiquement par diverses méthodes analytiques classiques et un couplage innovant de séparation
électrocinétique avec la spectrométrie de masse. Cette caractérisation a permis d’améliorer les protocoles
de synthese des points quantiques de graphene, afin d’atteindre les propriétés attendues de ces objets, en
termes de taille, densité de charge, stabilité colloidale, fonctionnalisation ultérieure ou interaction avec les
surfaces d’électrodes. Ces nanocomposites ont ensuite été fonctionnalisés par des aptameres et/ou MPcs,
et les combinaisons ont été caractérisées par les méthodes précédentes. Les nanocomposites
fonctionnalisés ont été déposés sur la surface d'électrodes en carbone vitreux par adsorption, auto-
assemblage, greffage électrochimique et chimie click, afin de générer des aptacapteurs électrochimiques
pour la PSA. La quantification a été effectuée par spectroscopie d'impédance électrochimique et
voltampérométrie différentielle a impulsions. Ces aptacapteurs ont montré de bonnes
sensibilité, sélectivité et répétabilité, avec des limites de détection de I'ordre de 1,2- a 2,0 pM dans des

MOTS CLES

Aptasenseurs électrochimiques, phtalocyanines, points quantiques de graphéne, nanoparticules
d'or, aptameres, antigéne spécifique de la prostate, synthése, caractérisation physico-chimique.

ABSTRACT

In this PhD work, electrochemical sensors based on aptamers, called aptasensors, were designed and
optimised for prostate specific antigen (PSA) diagnosis. For this purpose, first innovative nanocomposites
that were either undoped or doped graphene-based quantum dots, and gold nanoparticles; as well as
asymmetric metallophthalocyanines (MPcs) were synthesised and characterised physico-chemically by
various classical analytical methods (in solid state or in solution) and an innovative coupling of
electrokinetic separation with mass spectrometry. This characterisation has allowed to improve the
synthesis protocols of various graphene quantum dots, in order to achieve the expected properties of these
nano-objects, in terms of size, charge density, colloidal stability, and to help for their subsequent
functionalisation or the generation of specific interaction with electrode surfaces. These nanocomposites
were then functionalized with aptamers and/or MPcs, and the combinations were characterized by the
previous methods. The functionalized nanocomposites were deposited on the surface of glassy carbon
electrodes by either adsorption, self-assembly, electrochemical grafting or click chemistry to generate
electrochemical aptamers for PSA. Quantification was performed by electrochemical impedance
spectroscopy and differential pulse voltammetry. These sensors showed good sensitivity, selectivity and
repeatability, with detection limits in the range of 1.2- to 2.0 pM in model buffers and spiked serum
samples, compatible with early diagnosis of prostate cancer. In addition, the synergistic effects of AuNPs
and CoPcs-based quantum dots were demonstrated using electrochemical methods.

KEYWORDS

Electrochemical aptasensors, phthalocyanines, graphen quantum dots, gold nanoparticles,
aptamers, prostate specific antigen, synthesis, physico-chemical characterization
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