Ultra Selective and Sensitive Electrochemical Detection of
Anti-Cancer and Anti-Viral Drugs by Optimized
Nano-Bio-Sensors

THESE N° 7402 (2017)

PRESENTEE LE 23 JUIN 2017
A LA FACULTE INFORMATIQUE ET COMMUNICATIONS
LABORATOIRE DES SYSTEMES INTEGRES (IC/STI)
PROGRAMME DOCTORAL EN MICROSYSTEMES ET MICROELECTRONIQUE

ECOLE POLYTECHNIQUE FEDERALE DE LAUSANNE

POUR L'OBTENTION DU GRADE DE DOCTEUR ES SCIENCES

PAR

Nima ALIAKBARINODEHI

acceptée sur proposition du jury:

Prof. C. Dehollain, présidente du jury
Dr S. Carrara, Prof. G. De Micheli, directeurs de these
Dr P. Estrela, rapporteur
Prof. S. Ingebrandt, rapporteur
Prof. M. GIJS, rapporteur

(Pr

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Suisse
2017






Acknowledgements

Firstly, | would like to express my sincere gratitude to my supervisors, Dr. MER Sandro
Carrara and Prof. Giovanni De Micheli, for the trust they put in me from the beginning, including
the preparation of my Masters thesis, and also for providing me with the opportunity of working
on a challenging, multi-disciplinary and innovative project. | thank them for their constant and
encouraging support during the preparation of my thesis, and for their efforts in creating a won-
derful and relaxed atmosphere at the work place.

For the same reasons | would like to thank Dr. Pedro Estrela, who managed PROSENSE so well that
he made it one of the most fruitful periods of my life in scientific, social and cultural aspects. | am
also grateful to him for patiently supervising me during my secondment in the University of Bath,
where | was introduced to the innovative world of biosensing.

| would like to thank the Marie Curie Initial Training Network-PROSENSE for the funding, and all its
members for their sustained guidance, patience, and encouragement throughout my research.

| would like to give special thanks to Prof. Sven Ingebrandt, Dr. Jan Tkac, Dr. Jaroslav Katrlik, Dr.
Virginia Chu, Prof. Joao Pedro Conde, Dr. Chris Allender, Dr. Bowen, Prof. O’Kennedy, Dr. Guido
Drago from the PROSENSE network for all the time and efforts they put on our intensive trainings
during PROSENSE workshops in their respective institutes.

Thanks to Christina Govoni, Marie Halm and Lucie Auberson for their help and patience with the
EPFL administration, and their willingness to manage unintentional difficulties.

| want to thank the members of my thesis jury: Prof. Catherine Dehollain - the president, Dr. Pedro
Estrela, Prof. Dr. Sven Ingebrandt and Prof. Martinus Gijs for accepting my invitation to evaluate
my thesis, and for the time and effort they put into reading it and providing useful feedback.

| would like to thank all my colleagues in PROSENSE and the LSI laboratory, and to show special
gratitude to the close friends who helped me face so many difficulties in completing my PhD. |
would like to thank my colleague and close friend loulia Tzouvadaki, with whom | have shared the
joy and the pain of PhD research during all these years, as well as her enthusiastic collaboration:
proofreading of the thesis, devoted discussions and unforgettable moments. | would like to
acknowledge her, especially, for her collaboration and intensive work on memristive biosensors
for drug monitoring. Thanks to Irene, for all the useful advice on the most complicated matters of
electrochemistry. Thanks to Dr. Hassan Ghasemzadeh for all the discussions and information, and
for always being ready to help. | would like also to thank Dr. Pawan Jolly and Dr. Nikhil Bhalla for
all their help and friendship, and acknowledge them for their collaboration on field-effect biosen-



sors. | would also like to acknowledge Dr. Anna Miodek for her collaboration on the same project.
Special thanks go to other close friends in the University of Bath, Nello Formisano and Pavel
Zhurauski, and to my great roommate Dr. Federico Angiolini for his intellectual discussions.

The years of my PhD have been the best of my life so far: fun, full of new experiences and trips
around the world in the company of great people: my friends and colleagues.

Special thanks to the Iranian community in Lausanne for all the fun, new experiences, outdoor
adventures, and for organizing great ceremonies.

My deep gratitude to my beloved wife Sahar Aliakbar, for all the experiences we are sharing to-
gether, her energy and enthusiasm, her flawless organization of everything, and for all the support
in my life. The same gratitude goes to my parents for their unconditional support and love.

8th February, 2017

vi



Abstract

Reliable, low cost, and accessible drug monitoring systems for individualized healthcare,
especially chemotherapy for malignant diseases like prostate cancer and AIDS, are highly desira-
ble. This is even more critical for drugs like abiraterone and TFV, with very narrow and low (submi-
cro-molar) therapeutic windows.

Point-of-care biosensors for drug monitoring offer a solution for this kind of therapy: bringing
treatments to the patient’s bedside and eliminating interfering factors in medical treatments like
interindividual differences (genetic profile, age, race, gender, etc.), environmental agents and the
influences of other drugs (drug-drug interactions, adverse effects, etc.). Moreover, point-of-care
biosensors provide access to reliable, fast and cheap cutting-edge technology for a large popula-
tion. In particular, such a novel chemical therapy will suppress the morbidity rate and treatment
time, as well as providing better screening of patients, and tighter monitoring of treatment. Con-
sequently, this would lead to an improvement in patients’ medical treatments and overall quality
of life. In other words, improved treatment efficacy and less side effects for patients.

The objective of this thesis is to investigate biosensors for the monitoring of drugs for chemother-
apeutic treatment for prostate cancer and AIDS. The first part of this work is devoted to the devel-
opment of biosensors to target three main groups of drugs : electroactive drugs, drugs that involve
an enzyme in their metabolic pathway and drugs that are neither electroactive nor interact with
enzymes in the body. The second part is devoted to offering a reliable solution for selective and
sensitive point-of-care biosensing for anti-prostate cancer drugs and anti-AIDS drugs.

Screen-printed based biosensors with nanofunctionalization are offered for electroactive drug
detection as a solution for prostate-cancer personalized medicine. Several steps of optimization
have been performed to boost their electrochemical performance towards detection of Etoposide
(a prostate cancer drug) in its therapeutic range, and also preparing the biosensor for the devel-
opment of an enzymatic biosensor. Furthermore, they have been used to observe the quantum
blockage in gold nanoparticles, and to investigate its impact on the biosensing performance.

Secondly, an enzymatic biosensor for monitoring drugs, which involve cytochrome P450 enzymes
in their metabolic pathway in the body, is presented as a second solution for prostate-cancer per-
sonalized medicine. This kind of sensor is produced by immobilizing the cytochrome P450 enzyme
over the already-mentioned optimized biosensor. The biosensor is utilized for investigating abi-
raterone electrochemistry, and subsequently the detection of abiraterone in buffer and human
serum are reported for the first time.
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Finally, affinity-based biosensors are proposed to address the detection of drugs that are neither
electroactive nor interact with enzymes in body. Tenofovir, an anti-HIV drug, is targeted in this
case to help find also a solution for HIV personalized medicine.

To this aim, an aptamer-based sensing surface is obtained and optimized after intensive optimiza-
tion, and the experimental testing of different possible surfaces. This surface is formed on the ac-
tive part of a field-effect transistor transducer, and also a memristive nanowire transducer as a
recognition element to develop the affinity based biosensors. At this stage, these two biosensors
were experimented successfully for Tenofovir monitoring.

In spite of the promising response of aptamer-based field-effect biosensors, the therapeutic range
of Tenofovir was still not within the limits of detection obtained, so a more sensitive biosensor
became necessary. To address this issue, and also to demonstrate a novel detection methodology,
a second biosensor was developed to push the performance of the biosensor to the very limits,
and to obtain the best-reported performance for drug monitoring. To this aim, a recently offered
memristive transducer was employed in drug monitoring for the first time. This also helped to
achieve a holistic detection approach with the possible applications over a wide range of drugs
with only small modifications. This is even more critical for therapeutic compounds with very low
concentrations in the circulatory system.

The discoveries in this thesis are of great importance of point-of-care therapeutic drug monitoring
and personalized medicine for prostate cancer and AIDS, with the possibility of extending the pro-
posed applications to a wide range of drugs.

Keywords

Biosensors, point-of-care, therapeutic drug monitoring, carbon nanotubes, cytochrome P450,
prostate cancer personalized medicine, AIDS personalized medicine, abiraterone, tenofovir,
etoposide, specific surface area, electroactive surface area, Coulomb blockade, field-effect trans-
ducer, memristive silicon nanowire, aptamer.
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Résumé

Il est important d’avoir des systémes TDM fiables, économiques et accessibles pour des soins de
santé individualisés, et particulierement, pour la chimiothérapie des maladies malignes comme le
PCa et le SIDA. Ceci est encore plus critique pour des médicaments comme |'abiraterone et le TFV
qui requiérent une fenétre thérapeutique trés étroite et faible (submicro-molaire).

Les biocapteurs « point-of-care » utilisés pour la surveillance des médicaments offrent une
solution pour les thérapies qui apportent des traitements prés du patient et éliminent les facteurs
interférents dans les traitements médicaux tels que les différences inter-individus (profil
génétique, age, race, sexe etc.), les agents environnementaux et d'autres drogues influences
(interactions médicamenteuses, effets indésirables, etc.).

De plus, les biocapteurs « Point-of-care » permettent d'accéder a une technologie de pointe fiable,
rapide et économique pour un grand nombre de personnes. En particulier, une telle thérapie
chimique supprimerai le taux de mortalité et la durée du traitement tout en fournissant un
meilleur dépistage des patients et une surveillance accrue du traitement. Ce qui, par conséquent,
conduirai a des améliorations dans les traitements médicaux et la qualité de vie des patients. En
conséquence, une meilleure efficacité du traitement et des effets secondaires moins élevés pour
les patients.

L'objectif de cette these est d'étudier les biocapteurs pour la surveillance des médicaments pour
les chimiothérapies du cancer de la prostate et du SIDA. Ce travail est divisé en deux parties
principales. D’une part le nous présentons développement de biocapteurs pour surveiller trois
groupes de médicaments principaux : les médicaments électro-actifs, les médicaments qui
impliquent une enzyme dans leur métabolisme et les médicaments qui ne sont ni électro-actifs ni
interagissent avec les enzymes dans le corps, et d'autre part nous proposons une solution fiable
plus sélective et sensible des biocapteurs « point-of-care » pour les médicaments contre le cancer
de la prostate et pour les médicaments contre le SIDA.

Trois types de biocapteurs sont présentés dans la premiere partie. Premierement les biocapteurs a
sérigraphie avec nano-fonctionnalisation sont proposés pour la détection électro-active de
drogues comme une solution pour la médecine personnalisée contre le cancer de la prostate.
Plusieurs étapes d'optimisation ont été réalisées pour amplifier leurs performances
électrochimiques en vue de la détection de I'étoposide (médicament contre le cancer de la
prostate) dans la gamme thérapeutique et aussi préparer le biocapteur pour le développement
d'un biocapteur enzymatique. De plus, nous avons pu les utiliser pour observer le blocage
qguantique des nanoparticules d'or et étudier son impact sur la performance des biocapteurs.



Deuxiemement, un biocapteur enzymatique pour surveiller les médicaments, qui impliquent
I'enzyme du cytochrome P450 dans leur métabolisme sur le corps, est présenté comme autre
solution pour la médecine personnalisée du cancer de la prostate. Ils sont produits par
I'immobilisation de Il'enzyme cytochrome P450 par rapport au biocapteur optimisé déja
mentionné. Ensuite, nous utilisons un biocapteur pour étudier I'électrochimie de I'abiraterone,
puis la détection de l'abiraterone dans le tampon et le sérum humain, démontré ici pour la
premiere fois.

Enfin, des biocapteurs basés sur I'affinité sont proposés pour traiter la détection de médicaments
qui ne sont ni électro-actifs ni interagissent avec des enzymes dans le corps. Tenofovir, un
médicament anti-VIH, est ciblée dans ce cas pour aider a trouver aussi une solution pour la
médecine personnalisée de VIH.

A cet effet, une surface de détection a base d'aptamere est obtenue et optimisée aprées des étapes
d'optimisation intensive et des essais expérimentaux de différentes surfaces possibles. Cette
surface est formée sur la partie active d'un transducteur a transistor a effet de champ et
également un transducteur a nano-fils memristif comme élément de reconnaissance pour
développer les biocapteurs basés sur l'affinité. A ce stade, ces deux biocapteurs ont été
expérimentés avec succes pour le suivi du ténofovir.

Dans un cas ou le premier biocapteur a effet de champ avait une réponse prometteuse, le
deuxieme biocapteur visait a pousser les performances du biocapteur a des extrémes, a obtenir la
meilleure performance rapportée pour la surveillance des médicaments et d’employer pour la
premiére fois un transducteur memristif dans le domaine de la surveillance des médicaments.
Puisqu'il y a toujours le besoin de biocapteurs plus précis et plus sensible, spécialement quand une
méthodologie proposée a la possibilité d'étre utilisée sur un large éventail de médicaments juste
avec de petites modifications, ceci est encore plus critique quand I'on considere que la gamme
thérapeutique des médicaments dans le corps humain est différente les uns des autres en fonction
de leur pharmacocinétique et pharmacodynamique et peut atteindre des valeurs trés faibles.

Les résultats de cette thése sont d'une grande importance dans le suivi médicamenteux
thérapeutique point of care et la médecine personnalisée du cancer de la prostate et du VIH, avec
la possibilité d'étendre les applications proposées a un large éventail de médicaments.

Mots-clés

Biocapteurs, point-of care, surveillance de medicaments, nanotubes de carbone, cytochrome
P450, cancer de la prostate, médecine personnalisée, VIH, abiraterone, tenofovir, etoposide,
surface spécifique, blocage quantique, transducteur a effet de champs, memristor a nanofil de
silicium, aptamer.



Contents

ACKNOWIEAZEMENTS......cceeeecciiiieiiecccccreeerie e ees e e ereas s see e s e e e nnasssseeeseeesnnsssssssseeesnnnsssnsnnnanenn v
LY 1 1 T ot vii
K@YWOIMS ...eeeeeeciiiiiiiiiisieeitteereneseeereeennnsssseeseeesnnssssssssseesnnnsssssssseesnnnssssssssesennnsssssssnneennn viii
3 =TT 3T ix
Y o o =N X
LISt Of FIUIES .euueeiiiieeieeeceeiriieeieneceeesseeennnssseeeseeennnnssssseseeesnnnsssssssseesnnnsssssssssesnnnsssnsssnsennnn Xiv
LI 0T I o = 21
Chapter 1 114 0 To [Tt d 1o ] 4 VOSSRt 23
1.1 Pharmacology and personalized mediCine ........cccoueeeieeiiiiieee e, 23

1.2.1 PharmacodyNamiCs .......ueeeivcuureeeiiiiieeeeesiireeeeeessireeeesesesreeesssssseeesssnnsseeeesns 24

1.1.2 PharmacokinetiCs ......ceervuiereiiieeiiieiee ettt 25

1.2 Therapeutic drug MONITOIINEG......cccoeiiiiieeeeiieee e et e eectree e e eeree e e e e aree e e e e eareeas 27

1.2.1 Cytochrome PA50 eXPreSSiON ....uiiiicurreeeeiiciieeeeeiicireeeeessirreeessssrseeessssssseeesas 28

1.2.2 Therapeutic drug monitoring for personalized medicine........ccccccceeeunneen. 29

1.3 Relevance of TDM for malignant diSEases.........cccccueeeeeeeiiiiieeeeeciieee e e 31

1.3.1 Prostate cancer and chemotherapy .....oooeeeeeieiieeeiicccciiiieeeeee e, 31

1.3.2 AIDS and chemoOtherapy....ccccoveeiieciiieie ettt arae e 34

1.4 Biosensors and healthCare ... e 37

1.4.1 Bench to bedside ........ccouiiiiiiiieiiieeee e 39

1.4.2 MArket STUAY .....oeeeeieeiiiiiee et e et e e e e e e et e e e e e esatrr e e e eeanaeeeesennrseeaeann 40

1.5 SUMIMAIY e ettt s e e e s e e e e e e e e e seeeeeeenenbsbsna e e ees 41

1.6 Objectives Of thesis .....ccuuiiiiicie e e e 42

1.7 Thesis organization and oUtliNg ... 44
Chapter 2 Detection of electroactive drugs .......cccceeireeenciireenciiieneneerenecennenssesnennneens 47

Xi



2.1

2.2
2.3
2.4
Chapter 3
31
3.2
33
34

3.5
Chapter 4
4.1

4.2

4.3

Development and optimization of direct-electrochemical biosensors................. 48

2.1.1 Background and state of the art.........cccceeieeiieeii i, 48
2.1.2 Characterization of the nanomaterials properties in use..........ccccceeeeenneee. 55
2.1.3 Optimization of detection method for electroactive drugs ........................ 66

2.1.4 Optimization of nanostructuring in terms of added EASA on electrodes ...69

2.1.5 Impact of GNP size and rising quantum blockage ..........ccccovvvieeeiiieeeeennee. 71
Drug detection using an optimized DiOSENSOr .......ccccviiiiiiicciiiiee e, 78
Direct electroactivity of abiraterone........cccevvciiiiie i 79
Original CoONtIIDULION .....ciiiiiiieeccee e e e e e e e e e 81

Enzymatic bioSeNSOrs.......civveuiiiiiiiiiinnnniiiiniiinessiiiniesssniesssesas 83
Background of CYP450 and enzymatic biosensors in drug detection.................... 86
Enzymatic biosensor development ...........oooiiiiiii i 89
Abiraterone electroChemistry......cccivciieiiiiiciee e 91
Abiraterone detection in buffer and human serum.........cccccceviiieniiinciieneee 94
3.4.1 Statistical ANalYSiS......ccecciiiiee e e 98
3.4.2 Comparison of performance with current literature ...........ccoeeevevvnvveneenn. 99
Original CoNtIIBULION .....eiiiiieiee e raae e 100

Aptamer-based bioSeNnsors ........ccccceeiiiieiiiiiiiiiiinienrcre e eenes 103
Background and state-of-the-art of aptamer-based biosensors..........c.ccceeuveenne 103
Aptamer-based field-effect biosensors for TFV detection..........cccceeeeevciieeeennns 107
4.2.1 Material and Method ..........ccoiuiiiiiiiiiiiiieee e e 108
4.2.2 Biosensing surface optimization.......ccccccoveeiiiiciiiieee e 111
4.2.3 Binding reaction investigation.........cccccceeeeiiieeeecccciree e 116
4.2.4 DOSe-response BENAVION........uiiiiiciiiiiiciiiiee e sereee e 118
4.2.5 Applications: in-plasma detection and real-time drug monitoring ........... 120
4.2.6 Statistical analySiS.....uuiiii i 123
4.2.7 Comparison of performance with the current literature ...........cccoeeuunnnne 123
An aptamer-based memristive biosensor for TFV monitoring.........ccccocevveeeenns 125
4.3.1 Memristive effECt ..cc.ii i 125
4.3.2 Material and Method .........ccoeeriieiiiriiee e 129
4.3.3 Surface characterization.........ccoceeiiieiiiniieeeeee e 133
4.3.4 TFV monitoring and TFV-aptamer regeneration .......cccccceeeevvcvveeeeencineeeenn, 135

xii



4.4
Chapter 5
5.1
5.2
5.3

References

4.3.5 Label-free, effective drug SCreening.......ccceeeeeecivieeeieciieee e 136

4.3.6 Statistical analySiS.....uuiiiiii i 138
4.3.7 Comparison with the current literature ......ccccocoveeeiivicieei e, 139
Original CoNTIIDULION .....eiii e e e raeee s 141

0o ol V11 o T N 143
RESUILS @ChIEVEM ...coueeiiiiiiiieie e 143
CONCIUSION .ttt ettt ettt e b e st e st e e be e sabeenbeesneenas 144
FUuture developmMENT ... it e e et e e s s ea e e e e 144
..................................................................................................................... 146

xiii



List of Figures

Figure 1. Examples of dose-response relationships. Left figure: compares the
efficacy and potency of 3 drugs. Drug 1 is more potent than drug 2 and drug 2
more potent than drug 3, while drug 3 has less efficacy compared to the other
two drugs. Right figure: relation between the concentration of the administered
drug and the percentage of population showing a specific response. The
difference between median effective dose (ED50) and the median toxic dose
(TD50) is the therapeutic index of the drug. NOEL/NOAEL and LOEL/LOAEL stand
for No Observable Effect/Adverse Effect Level, Lowest Observable Effect/Adverse
EffECt LEVEL. ittt 24

Figure 2. A typical concentration versus time curve for a generic drug
administered orally by the patient. Important factors such as time of activation
(onset time), maximum concentration (Cmax), and therapeutic window are
identified on the graph.......occeiii i 26

Figure 3. Qualitative illustration of the effect of interindividual differences on the
outcomes of medical treatments. One population of people with different
CYP450 phenotypes subjected to one dosing regime for medical treatment shows
normal therapeutic effects (white), no effect (blue) or even severe adverse effect
(red). Adopted with permission from www.dreamstime.com..................... 29

Figure 4, Androgen production and action. Reprinted with permission from [33].

Figure 5. Multiple ways to regulate androgen production. Reprinted with
PErmission from [33]. ...uuiiii i e 33

Figure 6. Basic structure and main components of retrovirus virion. Reprinted
with permission from Labome [42]. ...cccuvvieiiiiiiiiieiccieeeee e 35

Figure 7. Retroviral Replication cycle. A virus interacts with the cellular receptor
and enters the cell. The viral cDNA is produced through reverse transcribing the
RNA genome by RT. Viral DNA then enters the nucleus and is integrated into the
host genome by IN enzyme to form the provirus. Next, viral proteins and viral
genomic RNAs start to be synthesized, encapsulated and bud from the cell to
acquire a cellularly derived membrane. Finally, the particle matures when the
Gag and Gag-Pol polyproteins are cleaved by the viral protease. Reprinted with
permission from Labome [42]. ...ccoociiiiei it 36

Figure 8. Main elements of biosensor. Adopted with permission from
WWW.Areamstime.COM. . .ocuiiiiiiiiieee ettt et e e e e e e enre e e s e 37

Xiv



List of Figures

Figure 9. Examples of analytes under experiment. Top: pathogens (bacteria).
Below left: protein. Below right: drug. Adopted with permission from
WWW.AreamsStime.COM. ..uuiiiiiiiii it e e ee e e e re e e e e e e e e e sanens 38

Figure 10. Examples of biomolecules used as recognition element. From top and
left: DNA, Cell, and Antibody. Adopted with permission from
WWW.AreamstimeE.COM. .ooouiiiiiiiieiee ettt e e s rree e e e eanes 38

Figure 11. Rate of drug treatment efficacy. .....ccccocoveeiiiiciiiee i, 40

Figure 12. Block diagram of the driving/reading configuration of a three-
electrode redoX CeIl.. ..o 49

Figure 13. Left: Schematic of three-electrode electrochemical cell (reprinted with
permission from [73]). Right: a typical SPE used as an electrochemical cell.50

Figure 14. Impact of nanostructuring on electron transfer. Higher surface to
volume ratio means higher active sites for reaction and facilitated electron
transfer leads to higher affinity for reaction. .........cccoccoviiiiiiiiieeeeciee, 51

Figure 15. SEM images of the surface of working electrodes functionalized as
follows - left column: MWCNTSs, center column: BiO3 NPs, right column: Au NPs.

Figure 16. Left: schematic illustration of the arrangement of carbon atoms in a
graphene sheet. Right: concentric graphene shells of MWCNTs. Adapted from
L5 7] vt e e e e e e s eeeeeeeeeeteee e eeeeee e et ee e eee e e et e e e ee et e e et eeeeeeae 59

Figure 17. Recorded voltammogram of a MWCNTs-based biosensor for
Ferro/Ferricyanide 1 mM detection (red curve) in comparison with the response
of the bare biosensor (BIUe CUrve). ......oocovccvveiiiecieeee e, 61

Figure 18. CV response of nanostructures for the detection of H,0,—25 mM:
Bi,03—100 (blue curve), MWCNTs-4.8 (red curve), Au-13.5 (green curve).
Potential sweep: —1 and +1 V (versus Ag), scan rate: 100 mV s . .............. 63

Figure 19. Typical CA response of Au-13.5 biosensors. Injections are performed
some moments before the steps. ... 64

Figure 20. Calibration curves obtained by analyzing the CA response of the
nanostructured electrodes and bare SPE. The slope of the lines identifies the
sensitivity related to each nanostructure.......ccccceeeeeviiieccciiiinieeeeeeee e, 65

Figure 21. Qualitative relations between the scan rate of applied-potential and
the current amplitude ...ooooeiiiee i 66

Figure 22. SEM image of MWCNTSs deposited on W.E. of SPE. Top left: the surface
of a working electrode, which is covered by MWCNTs. Top right: magnification
of the area specified on the left figure showing MWCNTs with an average

XV



diameter of 10 nm. Down left: SEM image of GNPS deposited on W.E. of SPE.
Down right: TEM image of hydrophilic sample of GNPs with average diameter of
5.22 £ 0.01 nm. Inset: one spherical GNP is pointed out. ..........cccveeeeenneen. 67

Figure 23. Schematic of a nanostructured SPE-based biosensor used in
optimization experiments and for electroactive drug detection. ............... 68

Figure 24. Left: recorded voltammograms of MWCNTs-based biosensor for
different scan rates. 70 mV s exhibits highest peak amplitude. Right: baseline
type and the etoposide oxidation peak that were considered in scan rate and
EASA OpPtimizatioNns. ....cuuiuiuiiiiiiiiiiiiin e e e e e e e e e e e e eeeees 68

Figure 25. Left: optimum potential scan rate (vs. Ag) for MWCNTs-based nano-
biosensors equal to 70 mV s. Right: optimum potential scan rate (vs. Ag) for
GNPs-based nano-biosensors equal to 130 MV ™. ...ovveeveveeeeeeeeeeeeeeeeene. 69

Figure 26. Qualitative relation between adding EASA over W.E. by
nanostructuring and measured current amplitude........ccccceeeeeeeiieeeecnnnen. 69

Figure 27. Etoposide averaged-oxidation peak amplitudes for nano-biosensors
functionalized with different amounts of nanomaterials. Left: the maximum
response observed for biosensors equipped with 20 pg of MWCNTSs (4314 mm?
of EASA). Right: the maximum response observed for biosensors equipped with
104 pg of GNPS (6471 MM? OF EASA).....veeeeeeeeeeeeseeeeseeeeeeeeeeeese s 70

Figure 28. a) STEM image of the used nanoparticles. b) Size distribution of GNPs
inside the green rectangle in the STEM image. c) STEM image of the
nanostructured surface. An average diameter of 4.5 £ 0.7 nm was evaluated by
Imagel software analysis on STEM images of 5nm GNP samples. .............. 73

Figure 29. The gold nanoparticles stabilized by an organic coating behave as
quantum dots when the Au core of the particles is small enough to allow
Coulomb Blockade to occur at room temperature, and also the alkyl-tail behaves
as a quantum barrier. In this case, the electron-transfer from the drug
(etoposide) to the core of the particle happens through a hopping conductivity
along the alkyl chains, while the particle metallic core provides the quantum hole
that traps EleCtIONS. .....eei i e 73

Figure 30. SWV responses of etoposide oxidized in contact with GNPs of various
sizes. Two oxidation peaks of etoposide, and the baseline are pointed out on the
response of 10 NM SAMPIE. ....ovviiiiiiiiie e 74

Figure 31. SWV responses recorded during the detection of etoposide by
quantum devices, fabricated by using GNPs of different sizes indicated in the key.

Figure 32. First (blue) and second (red) oxidation peaks of etoposide as measured
with different quantum sensors obtained with nanoparticles of different sizes.
Error bars indicate here the typical measurement of standard errors obtained in



List of Figures

measurements series performed with several sensors fabricated with the same
PATLICIE SIZES. coieeiiieee it e e e e e 76

Figure 33. Coulomb Staircase observed in Cyclic Voltammograms. Particular cyclic
voltammograms acquired on the quantum device and showing typical staircase
due to coulomb trapping occurring in the nanoparticles when behaving as
guantum dots (red curve). In contrast, cyclic voltammograms of a normal
nanomaterial (MWCNTSs) with no quantum blockage effect (black curve). 77

Figure 34. Calibration curves related to MWCNT-based biosensors and GNP-
based biosensors. Nano-biosensors were prepared using 6471 and 4314 mm? of
additional-EASA, respectively, and were tested with CV to detect etoposide with
concentration varying in a range of 0 to 60 uM as is shown on the horizontal axis.
Scan rates were set to 130 and 70 mV s, respectively. Data points are shifted, to
provide more clarity on sensitivity differences, by 2.95 pA and 1.2 pA for MWCNT
and GNP curves, respectively. ......cccuveeeeeeeeeiicccccccre e 78

Figure 35. Direct electrochemical response of abiraterone and MWCNTs, with the
electrode-fouling effect caused by attachment of drug molecules on the surface.
Reprinted with permission from [184] .......cccevviiiiiiieiee i 80

Figure 36. Ribbon representation (distal face) of cytochrome P450s fold.
Substrate recognition sites (SRS), and a-Helixes are shown and labelled.
Reprinted with permission from [188]. ......ccccceveiiiiiiieeereiiiiee e, 84

Figure 37. Left: CYP450 catalytic cycle, and shunt reactions in dash-lines. Right:
msCYP450-POR system in endoplasmic reticulum. Adapted with permission from
[188, 193], ceiiiiiiee ettt ettt ettt et e e st e st e s abe e e st e e s bae e snteeea 85

Figure 38. A typical voltammogram obtained for the enzymatic monitoring of
abiraterone. Inset shows the acquired faradaic peaks after baseline correction
and the capacitive current removal. Reprint with permission from [184]..91

Figure 39. Left: response of nano-biosensor to different concentrations of target.
Right: A schematic representation of developed enzymatic biosensors for
studying electrochemistry of abiraterone, and its detection in buffer and human
serum. Adapted with permission from [184] .........ccccveeeeiiiiiiieee e 92

Figure 40. Identification of electrochemical peaks related to the interaction of
abiraterone with CYP3A4 and MWCNTSs. Adapted with permission from [184]. 93

Figure 41. Left: the gradual inhibition of CYP3A4 catalytic activity by increasing
abiraterone concentration; inset shows a complete voltammogram in buffer and
after interaction with 900 nM abiraterone. Right: averaged reduction peak of
CYP3A4 at different drug concentrations; Error bars are standard error of
triplicate measurements. Reprint with permission [184]...........ccccecvveeennn. 94

xvii



Figure 42. Dose-response curve of abiraterone in interaction with CYP3A4. The
relevant equation is shown. Error bars in the figure indicate the inter-sensors
variations, as each data point is an average of triplicate measurements carried
out on three biosensors. Red error bars indicate intra-biosensor deviation used in
the LOD calculation. Reprint with permission from [184]...........ccccvvveeeee.n. 95

Figure 43. Left: voltammograms recorded for the detection of abiraterone in
spiked human serum samples. The typical baseline used for analysis of Faradaic
peaks are indicate in the figure. Right: Faradaic peaks after baseline correction
using Nova software. The patterned yellow, red and violet peaks (not to scale)
indicate the different peaks observed in this figure and the peak positions.96

Figure 44. The dose-response curve of the nano-biosensor in interaction with
abiraterone in human serum. The relevant equation is displayed. Error bars in
the figure indicate the inter-sensor variations (on average RSD=26%), as each
data point is an average of triplicate measurements carried out on three
biosensors. Red error bars indicate the intra-biosensor deviation used in the LOD
(or- | [o{ U1 =1 4 [ o TSP P SPR 97

Figure 45. Schematic of AptaFET. The binding reaction is transformed to an
electric signal through FET and observed as I4-Vgs shift. TFV is indicated by red
(o1 ol [T O PO P PP OPPRIUUOPTUPPONt 105

Figure 46. Schematic structure of a linear array of five MOSFETs connected to
external gold electrodes as extended gold gates. Extended gates are exposed to
the electrolytes for biosensor protection. S, D1-5, and G1-5 are the on-chip
contact pads for source, drains, and gates, respectively. Reprinted with
PErmMission from [248]. .......cccciiiiiiiiieeeee e e e e e e e e ee e 109

Figure 47. Left: schematic of the sensing surface including ternary SAM of
aptamer, HDT and MCH. Right: an example of the EIS response of the sensing
surface in blank sOIULION. ......oiiiiiiiiiii e 111

Figure 48. Left: a schematic of the sensing surface including aptamers over a
layer of dendrimers that were immobilized over a SAM of MPA and MP. Top
right: an example of EIS response of the sensing surface to 500 nM, with TFV as
the specific target. Bottom right: the EIS response of the sensing surface to 500
nNM abiraterone as negative control.......cccccveeiiiiiieie e, 112

Figure 49. Left: a schematic of the sensing surface including aptamers over a
layer of dendrimers that were immobilized over a SAM of MOA and MCH. Top
right: an example of the EIS response of the sensing surface to 500 nM, with TFV
as the specific target. Bottom right: the response to 500 nM abiraterone, as
NEZATIVE CONTIOL. .uviiiiiiiiiie e e e 113

Figure 50. Left: schematic of the sensing surface including binary SAM of aptamer
and MCH. Top right: the response of the sensing surface to 500 nM, with TFV as

xviii



List of Figures

the specific target. Bottom right: the EIS response of the sensing surface to 500
nM, with abiraterone as negative control..........ccccoceeiiiiiiiiee e, 114

Figure 51. Binary SAM of TFV-aptamer and MCH as sensing surface of the
biosensor. Inset: chemical structure of TFV with red for Oxygen, purple for
phosphorus, light blue for carbon, white for hydrogen and dark blue for nitrogen.

Figure 52. Sensing surface optimization. Blue bars indicate EIS responses of
AptaFET to 500 nM of TFV exploiting various aptamer to MCH ratios. Highest Rcr
shift for 1:100 ratio. Error bars in this and the following figures represent the
standard error of triplicate measurements carried out on three electrodes.116

Figure 53. The specific interaction of TFV and TFV-aptamer (black line), and non-
specific interaction of abiraterone with TFV-aptamer (red line). The blank
response is illustrated in blue. 15 YRIU difference was recorded between specific
and non-specific INteractions. ........ccceeeeeeciieee e e 117

Figure 54. The current-Voltage characteristic of FET device before and after the
binding reaction. Inset illustrates the threshold voltage shift after the interaction
of the biosensor to 10 NM TFV solUtion. .....cccceveivciieee e 118

Figure 55. Dose-response curve of AptaFET biosensor. The specific response (blue
points) fitted to the hill function with linear range between 1 nM and 100 nM,
and EC50 of 5.8 £ 0.5 nM. Responses related to non-specific drugs and non-
specific aptamers as negative controls in purple, green, and yellow........ 119

Figure 56. AptaFET response comparison. The response of the biosensor to TFV
in PBS (blue), in human plasma (black pattern). Non-specific response to negative
controls: enzalutamide (red), abiraterone (green) and blank blood plasma
(orange). Non-specific response of TFV and PSA-aptamer interaction (purple bar).
All target concentrations are 500 NM. ........ceeiiiciiieeeeiiiieee e, 120

Figure 57. Real-time monitoring of the real part of the impedance at 10 Hz for an
electrode modified with the TFV aptamer, upon injection of TFV as the specific
target (blue) and abiraterone as the non-specific target (Abi; red). Baselines were
subtracted for better comparisoN. .......cccceeeeecciiiee e 122

Figure 58. Schematic representation illustrating the memristive biosensor, and
SEM micrograph depicting the Si-NW arrays anchored between the NiSi pads,
which serve as electrical contacts of the freestanding memristive nano-device.
Schottky-barrier junctions are formed between the Si and NiSi terminals. The
position of the current minima for the forward and the backward regimes
changes after the surface treatment, introducing a voltage difference in the
semi-logarithmic current to voltage characteristics.......c.ccceevveeeiicniennnn. 125

Xix



Figure 59. The four fundamental circuit elements: resistor, inductor, capacitor,
and memristor. Reprinted with permission from [272]. ......ccccceecvieeeenn. 126

Figure 60. Electrical characteristics of memristive biosensors before (1) and after
(2) bio-functionalization with antibodies. A double voltage sweep of the terminal
voltage Vys is performed, resulting in hysteretic behaviour of the device.
Reprinted with permission from [315]. ..cccccviieiiiiiiiiee e 129

Figure 61. Process flow of Si-nanowires fabrication. Reprinted with permission

Figure 62. SEM micrograph depicting the nanodevices anchored between the
NiSi pads, which serve as electrical contacts of the freestanding nanostructures.
The nanodevices are imaged directly after the silanization process (a). After the
DNA-aptamer immobilization on the surface (b). After exposure to TFV solution
of 10 uM (c). The mean width of the nanodevices changes accordingly, following
the conditions introduced by each surface treatment...........ccccveeeennnnen. 134

Figure 63. DNA-aptamer immobilization, target molecule binding and DNA-
aptamer regeneration cycle, illustrated through the electrical hysteresis
AV L= | o] o TSP 136

Figure 64. Typical hysteretic response of a memristive biosensor to increasing
concentrations of TFV from blank (A.) up to 1 UM (F.)cccueeeiiieeeniiiieiiieens 137

Figure 65. Analytical performance and effective drug detection through the
electrical hysteresis variations in buffer solution (a) and in human serum solution
o) TR PSPPSRI 138

XX



List of Tables

Table 1. Indication of most important cancer related mortality. [32]......... 31

Table 2. Electrochemical performance of nanostructured biosensors, with bare
biosensor for purposes of COMPaAriSON.......c.uveveiiiciiieeee e, 65

Table 3. Data obtained for amount of MWCNTs and GNPs in micro-grams to have
the SAME EASA 1N MM ..o eeen 70

Table 4. Data related to GNP nanostructuring to add 6471 mm?® of EASA..72

Table 5. Electrochemical performance related to each nano-biosensor and their
specific optimization information ........ccccceveeeeeeiiiiiiin e, 79

Table 6. List of recently reported enzymatic drug detection, up to the current

Table 7. Examples of recently published works on small molecule detection.124

Table 8. State-of-the-art list of reported drug detection to date as example.140

21






Chapter 1 Introduction

According to the President’s Council of Advisors on Science and Technology," "personal-
ized medicine refers to the tailoring of medical treatment to the individual characteristics of each
patient; to classify individuals into subpopulations that differ in their susceptibility to a particular
disease or their response to a specific treatment so that preventive or therapeutic interventions
can then be concentrated on those who will benefit, sparing expense and side effects for those
who will not.”[2] Therefore, personalized medicine is the science of distinguishing the interindi-
vidual differences in every population in terms of their susceptibility to a particular disease or their
response to a specific treatment, and It does not necessarily require the creation of new medical
treatments for a patient. In other words, the final aim of personalized medicine is to provide a
specific and optimized medical treatment for every individual by delivering the proper treatment
at the right time. Highly advanced personalized medicine incorporates personal genetics, protein
profiles or metabolomics (pharmacogenomics, transcriptomics, proteomics and pharma-
cometabonomics) to strengthen healthcare at a more personalized level, particularly aiming at the
classification of patients into subgroups, trying to predict their therapeutic response to chemical
treatments (chemotherapy). Despite their important role in shaping our insight into personalized
therapy, serious limitations have hampered their progress towards mass application in this field:
an inability to provide absolute certainty as a stand-alone approach, the need of invasive sample
preparation, a lack of sufficient knowledge about the correlation of protein profiles and drug re-
sponse and, finally, too much complexity. [3—9] On the contrary, personalized medicine needs an
accurate empirical technique with a corrective approach based on the quantitative monitoring of
drug response at any point in time after the administration.

1.1 Pharmacology and personalized medicine

The interindividual differences expressed by different genetic profiles of people alter the relations
between the drug concentrations in a patients’ body with therapeutic effects and the drug metab-
olism pathways in the body. This means a deviation of the estimated drug concentration over
time, and a different therapeutic response from what was expected. [10, 11] The behaviour of
drugs in the human body and the effect of the body on an administered drug needs to be under-
stood to explain the reason behind the significance of interindividual variability in chemical treat-
ment, and to highlight the significance of drugs concentration monitoring. Types of variability can
be classified as Pharmacodynamics and pharmacokinetics. These are important concepts in phar-

1 On April 27, 2009, President Obama announced the President's Council of Advisors on Science and Technology (PCAST). PCAST is an advisory
group of the nation’s leading scientists and engineers who directly advise the President of USA and the Executive Office of the President. PCAST-
makes policy recommendations in the many areas where understanding of science, technology, and innovation is key to strengthening our economy
and forming policy that works for the American people.[1]
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macology, explaining the relations between drug concentration and effect, as well as the parame-
ters that modulate drug concentration over time. Not considering their variability causes a lack of
efficacy and even unexpected harmful effects. [12]

1.1.1 Pharmacodynamics

Pharmacodynamics describes the effect of a specific drug and the magnitude of this effect on the
human body, the efficacy and potency of the drug. Efficacy describes the capability of drug to
produce a response and is expressed as the median effective concentration, while potency is the
required amount of drug concentration to produce a reponse of specific intensity.
Pharmacodynamics is also used to evaluate the safety of drugs by monitoring the concentration of
drugs in people and relating the dose of the drug to the percentage of people who show the
required response or side effect. The therapeutic index, or the difference between median
effective concentration and median toxic concentration, is a factor that determines the safety of
that drug. Figure 1 on the left presents an example of the relation between the dose and the
produced response of three generic drugs, the so-called dose-response curve, and on the right it
shows a relation between the drug concentration and its effect on the examined population. The
left graph is a comparison between the 3 generic-drugs in terms of efficacy and potency, and
shows that for a specific response intensity, for instance 60% of maximum, a higher concentration
of drug 3 and then drug 2 is required. Therefore drug 1 is more potent than drug 2 and and drug 2
is more potent than drug 3. In addition, drug 3 has not properly produced the required response,
meaning that it has less efficacy than the others.
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Figure 1. Examples of dose-response relationships. Left figure: compares the efficacy and potency of 3 drugs. Drug 1 is
more potent than drug 2 and drug 2 more potent than drug 3, while drug 3 has less efficacy compared to the other
two drugs. Right figure: relation between the concentration of the administered drug and the percentage of popula-
tion showing a specific response. The difference between median effective dose (ED50) and the median toxic dose
(TD50) is the therapeutic index of the drug. NOEL/NOAEL and LOEL/LOAEL stand for No Observable Effect/Adverse
Effect Level, Lowest Observable Effect/Adverse Effect Level..

Pharmaceutical companies estimate therapeutic drug index by experimenting a limited set of peo-
ple to obtain the drug concentration and effect on population curve. However these results are
not applicable on a word wide scale with a huge variability in terms of genetic profile, race, envi-
ronment, and food and nutrition habits.
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1.1.2 Pharmacokinetics

The second pharmacological factor that affects the drug monitoring is called “Pharmacokinetics”,
and explains the actions of the body on a drug that influences the speed of drug action (onset
time), intensity of effect and the clearance time (the time interval that drug is active). Pharmaco-
kinetics consists of four main phases: Adsorption, Distribution, Metabolism, and Excretion, abbre-
viated to ADME.

Absorption: the process by which a drug moves from the site of administration to the blood or site
of action, it explains how quickly and in what quantity a drug reaches its intended target (site) of
action.

Distribution: process of drug movement from the blood to and from the tissues. It is affected by
lipophilicity and the affinity of the drug to bind to plasma proteins.

Metabolism: bio-alteration of the drug in the human body that causes a biotransformation to an
inactive form of compound that is easier to be excreted from the body. Beside inactive forms,
there are some drugs that, after metabolic transformation, are equally active (e.g. 25luoxetine),
more active (e.g. iosartan), toxic (e.g. acetaminophen), or are transformed to a prodrug (e.g. co-
deine). Metabolism is carried out in two phases. Phase 1 involves oxidation, and hydrolysis reac-
tions on the external compound (xenobiotics) by means of enzymes such as cytochrome p450
(CYP450) monoxygenase system, NADPH-cytochrome reductase, esterases, and amidases etc.
Phase 2 is the conjugation of the drug to a water-soluble adduct using the polar handle from Phase
I. Phase 2 reactions include glucuronidation, sulfation, glutathione conjugation, amino acid conju-
gation, acylation and methylation. One of the most abundant enzymes in the human body (2.5% of
total hepatic microsomal proteins) are CYP450 that are responsible for ~ 75% of the metabolism of
drugs. The metabolism is highly affected by age, sex, pathology, food and nutrition status, envi-
ronment, tobacco and alcohol use, drug-drug interaction, pharmacogenetics and chromopharma-
cologyz.

Excretion: the process of removing the xenobiotics from body. Urine (kidneys; for hydrophobic
substances), Bile, faeces, lung (volatile substances), sweat, tears, reproductive fluids, milk etc. are
some examples of excretion pathways.

To have a successful chemical treatment it is important to maintain the concentration of drugs in
the circulatory system of the human body in the right range, called the therapeutic window: the
beneficial range of drug concentration without causing significant adverse effects. A typical plasma
concentration to time profile, after an oral drug administration of the drug, is shown in Figure 2.
[13] This identifies some important characteristics related to the behaviour of drugs in the body.
Cmax indicates the maximum concentration of drugs that is absorbed, and reaching body fluids.
Rate of absorption, tnay, is the time required to achieve maximum concentration. AUC, or area
under the curve, represents the overall systemic exposure to the drug, and is used to measure the

2

It is the study of how the effects of drugs vary with biological timing and endogenous periodicities.
3

A second medication to suppress side effects of main drug.

Prostate cancer is a malignant tumour of the prostate gland, a walnut-sized organ located in front of a man's rectum and below the bladder. The
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bioavailability of an administered drug. Bioavailability is the portion of the drug administered oral-
ly that reaches the circulatory system after passing several physiological barriers. A relative term
that compares the total amount of parent drug that is delivered to the central compartment by

oral, mucosal, parental, inhalation or percutaneous routes versus intravenous (i.v.) injection
C

(Bioavailability = Af]U_ ). Bioavailability for i.v. administration is = 1 (100% bioavailable), while

Lv.

for other routes it is less because of Incomplete absorption and first-pass metabolism. It is esti-
mated by comparing the AUC for a single i.v. dose and other routes of dosage. Clearance of the
drug can be observed with gradual diminishing of concentration after reaching the C..x caused
mainly by distribution, metabolism, and excretion. One of the most important parameters for
medical treatment is the therapeutic window (or range), defined as the optimum range of drug
concentration, where the probability of successful chemical treatment with low side effects is
highest. On the figure, it is described as the difference between the minimum effective concentra-
tion and the minimum toxic concentration. The last presented parameter is the duration of action,
or the time that the plasma drug level is within the therapeutic window, and is the time interval
during which the drug has the maximum therapeutic effect.
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Figure 2. A typical concentration versus time curve for a generic drug administered orally by the patient. Important
factors such as time of activation (onset time), maximum concentration (Cmax), and therapeutic window are identi-
fied on the graph.

The usefulness of pharmacokinetics lies in deciding the optimum dosage regimen for the admin-
istration of a given drug to achieve its therapeutic objective, for example, maintaining the concen-
tration within the therapeutic range. The dosage regimen defines the concentration and time in-
terval of drug intake to produce the required clinical response. Pharmacokinetics of a drug is ob-
tained by measuring its concentration in body fluids over time and following the path of the drug
along the ADME phases. However, expanding the results obtained for a small number of experi-
mented patients in clinical trials to a worldwide population does not necessarily result in the best
treatment for all.
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1.2 Therapeutic drug monitoring

Traditionally, drugs are administered in time intervals prescribed by clinicians based on
the pharmacokinetics and pharmacodynamics (PK) data of drugs obtained by pharmaceutical
companies, for a limited population of people.

The four basic PK parameters determining a dosage regimen are bioavailability, clearance, half-life
and volume of distribution. [13] Clearance is the volume of blood or plasma that is completely
cleared from the drug per unit of time, and it is a measure of the efficiency of drug elimination;
half-life (t;/,) characterizes the monoexponential decline in drug concentration after administra-
tion, and is the time required for the plasma concentration to decrease by one-half; volume of
distribution is a hypothetical concept that is a proportionality factor to relate the amount of drug
in the body to the concentration measured in plasma.

Therefore using these data on patients worldwide may reduce the efficacy and even the safety of
chemotherapy from expectations due to the interindividual differences (age, race, gender, genet-
ics, diseases) or other interfering factors like drug-drug interaction, diet, smoking, drinking habits,
etc. [10] Even traditional medicine prescription relies on the trial-and-error model. This means
making a diagnosis, prescribing a drug, evaluating patient response, and changing the medication
or dosage if the outcome is not effective. The overall performance of traditional dosing regimes
using data obtained from pharmaceutical companies and trial-and-error prescriptions by doctors is
very low and the consequences have a huge impact.

Adverse effects account for 4.2-30% of hospital admissions in the USA and Canada, 5.7-18.8% of
admissions in Australia, and 2.5-10.6% of admissions in Europe. [14] The Institute of Medicine
(IOM), in the United States, reports 98,000 deaths per year caused by preventable adverse events
that occur in the hospital setting, with annual costs (lost income, disability, and health care costs)
between U.S.$17 billion and U.S.529 billion. [15] Another study ranks adverse drug effect as one of
the top 10 causes of death and illness in the developed world, claiming 100 000 to 218 000 lives in
the United States annually with direct medical costs from USS$30 to $130 billion annually in the US.
These values are in the same order or even more costly than some of the high-cost diseases such
as diabetes (545 billion), obesity (570 billion), and cardiovascular diseases (5199 billion). [16] A
record-based study on about 57 000 hospitalizations between 2006 and 2007 in Germany reported
average treatment costs of approximately €2250 for a single adverse effect reaction and a total
cost of €434 million per year. [17] The traditional approach in Therapeutic Drug Monitoring (TDM)
costs the health-care system millions of unnecessary dollars in wasted therapies to cure the side
effects and extended lengths of stay in hospital, and still it is not efficient enough to cure the pa-
tients. In addition, an estimated 2.2 million adverse drug reactions occur each year in the U.S. ac-
counting for 6-7% of all hospitalization, and this includes more than 100,000 deaths, [18] costing
the health care system billions of dollars. Another study demonstrated that adverse drug events
caused by inappropriate therapy result in more than 770,000 cases of injury and deaths each year
in the U.S., and an average increase of length of stay in hospitals of 3.1 days. [19]
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To explain the importance of interindividual variations further, it is beneficial to consider cyto-
chrome P450 enzyme expression in people, as the main metabolizer of xenobiotics in the human
body.

1.2.1 Cytochrome P450 expression

Cytochrome P450 enzymes (abbreviated as CYP450s or CYPs) are a large group of enzymes in-
volved in the metabolism of over 1’000’000 different xenobiotic and endogenous compounds. [20]
Depending on the organism, they contribute to vital processes including carbon source assimila-
tion, biosynthesis of hormones and or structural component of cells, and also carcinogenesis and
degradation of xenobiotics. [21] More importantly, CYPs are the major enzymes involved in human
drug metabolism and bioactivation, accounting for about 75% of the total number of different
metabolic reactions. In humans, only 5 isoforms of P450 are responsible for the metabolisms of
95% of all known pharmacological compounds. [22, 23] CYP450s belong to the hemoproteins su-
perfamily. The letter P in P450 represents the word pigment, while the number 450 reflects the
wavelength of maximum adsorption in spectroscopy. More specifically, concentrated quantities of
protein appear red at sight due to the iron atom present in their active site. Cytochrome enzymes
have been identified in all domains of life. At present, more than 11500 distinct proteins are
known, but only 57 of them are present in humans. [22] Cytochromes P450 are classified in fami-
lies, subfamilies, isoforms and polymorphisms according to their amino acid sequence homology.
The nomenclature of the P450 enzyme indicates this information and includes the acronym CYP, a
number showing the family, a letter for the subfamily, a second number for the isoform, an aster-
isk sign (*) and finally a number for the polymorphism (e.g. CYP2B6*4). Cytochrome polymorphism
is one of the major causes in the differences of drug metabolism among individuals. It has been
estimated that 20 to 25% of all drug therapies lead to different therapeutic outcomes because of
genetic differences. [24] According to the differences in P450 expression, a population can be clas-
sified in 4 major phenotypes, as ultrarapid metabolizers, extensive metabolisers, intermediate
metabolizers and poor metabolizers. Ultrarapid metabolizers present 3 or more genes encoding a
specific P450, and therefore show an increased enzymatic activity, extensive metabolizers carry 2
functional genes and present standard enzymatic activity, intermediate metabolizers are deficient
in one allele and, thus, show reduced activity, while poor metabolizers lack the functional enzyme
due to a defective genetic profile, and they have a very low or no metabolism of the specific com-
pound.

Different rates of metabolism in people, based on their difference in CYP450 expression, are good
examples to demonstrate the significance of interindividual differences. Figure 3 illustrates a
graphic view of a population of patients with different genetic profiles subjected to a similar dos-
age regime for a standard medical treatment, as advised by a pharmaceutical company. Consider-
ing different metabolizing rates, a standard drug prescription for a population may cause the fol-
lowing responses: extensive metabolizers would respond as expected with most efficacy and a
minimum of side effects. Intermediate metabolizers would still show reasonable therapeutic ef-
fects. However, ultrarapid metabolizers would clear the drug from their circulatory system much
faster than expected and advised by pharmaceutical companies. Therefore, the following admin-
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istration of drug does not help to maintain an average steady-state concentration in the therapeu-
tic window of the drug, as expected. This means the medical treatment will not cure the patient.
Above all, the prescribed dosing regime for poor metabolizers will cause an accumulation of drug
concentration in the circulatory system that is more than the estimations of the pharmaceutical
companies. This means that the concentration will surpass the minimum toxic concentration and
can even reach lethal concentrations (refer to 1.1.1 and 1.1.2 subsections).

- v

»

Figure 3. Qualitative illustration of the effect of interindividual differences on the outcomes of medical treatments.
One population of people with different CYP450 phenotypes subjected to one dosing regime for medical treatment
shows normal therapeutic effects (white), no effect (blue) or even severe adverse effect (red). Adopted with permis-
sion from www.dreamstime.com.

1.2.2 Therapeutic drug monitoring for personalized medicine

TDM is the “clinical practice of measuring specific drugs at designated intervals to maintain a con-
stant concentration in a patient's bloodstream, thereby optimizing individual dosage regimens”.
[25] It is unnecessary or too costly to employ TDM in many medical therapies. However, it is used
for monitoring drugs with narrow therapeutic ranges, drugs with marked pharmacokinetic variabil-
ity, medications for which target concentrations are difficult to monitor, and drugs known to cause
therapeutic and adverse effects. These include antifungal, antiretroviral, anticancer drugs, anti-
convulsant and immunosuppressant drugs, theophylline, aminoglycosides, and psychotropic
drugs. [26] The process of TDM is established based on the assumption that there is a definable
relationship between blood concentrations and clinical effects (therapeutic, adverse or toxic ef-
fects). [25, 27] TDM is the basis of personalized medicine, since it has transformed the traditional
weight-based dosing regimes (or fixed dosing regimes) to a drug therapy based on individualiza-
tion by providing the ability to characterize sources of variability in drug disposition and response.
TDM formed the basis for personalized medicine, and has evolved to include pharmacogenomics
and other biomarker-driven strategies for patient segmentation. [28] The currently preferred ana-
Iytical method for monitoring the concentrations of targeted drugs in plasma are chromatographic
and immunochemistry methods. Combination of liquid chromatography with mass spectrometry
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(LC-MS) has resulted in a new potential tool for TDM applications that offers higher speed and
even selectivity with respect to the single MS detection method. [29] This selectivity has made it
easier to develop methods for new compounds and to use generic sample preparation proce-
dures. LC-MS/MS also offers the potential to use multi-component approaches for routine meth-
ods. One such example is the development and successful application of LC-MS/MS for the simul-
taneous analysis of several immunosuppressive drugs. [30] These methodological achievements
pave the way for the possibility of providing a broader service than in the past. TDM is requested
whenever patients present not-sufficient response to medical treatment, or they are suffering
from sever side effects that are beyond expectations (based on the PK data). Other applications of
TDM are for the assessment of patients’ compliance with the prescribed treatment regime, when
a new dosing regime is applied, in case of change in co-medication®, and at the times that the clin-
ical status of the patient is changed [27]. The clinical status of patients change due to age, preg-
nancies, other illnesses, infections, emotional and physical stresses, accidents, surgeries, or other
illnesses. This is even more relevant for chronic diseases and medications that are taken over a
long period.

TDM follows this procedure: After the request is assessed, sampling, analysis and interpretation of
results should be ideally reported within a single working day in order to ensure a quick and safe
regimen optimization. Samples are collected at a prescribed time after the drug administration to
capture the peak (or steady state) concentration, and the trough level. The blood sample timing
depends on the drug type, the route of administration and adsorption. Data is evaluated by a team
who are eligible to take the final decision on the modification of the medical therapy, taking into
account patient-related and drug-related variables, including the timing of sampling, dosage, pa-
tient demographic information (i.e. sex, age, concomitant disease, ethnicity, etc.), comedications
and the therapeutic range of the administered drug. The final decision might suggest a change in
the dosage, a change in the medication or the continuation of the therapy. [27]

As has been previously demonstrated in this study, TDM plays an important role in personalized
medical treatment and has brought many undeniable advantages to the field of medical treat-
ment. However, several limitations have hampered its progress and the expansion, inhibiting any
possible implementation for individual medical treatment. TDM is very complex and demanding in
terms of cost and time, so that it is not considered an efficient determinative solution for person-
alized medicine. For instance, currently used analytical techniques, like LC-MS, are costly and need
bulky and complicated instruments that require highly trained personnel. Therefore, TDM is cen-
tralized in a few laboratories or specific centers in a way that greatly decreases the accessibility of
this technique, and increases overall costs and time consumption. Moreover, human error in
blood sampling, potentially complex interpretation of the data and lack of knowledge about PK
data related to the specific drug decrease the accuracy and reliability of TDM. The other limiting
factors are the sampling of potentially significant amounts of blood, pre-analytical precautions,
thorough clinical data recording, shipment to a distant laboratory and delivery of results after a
significant delay. A study on the accuracy of TDM results for antidepressant drugs reveals that be-

3
A second medication to suppress side effects of main drug.
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tween 25% and 40% of requests for TDM were inappropriate and that the interpretation of the
results led to roughly 20% of therapeutic adjustments being incorrect. [31] The success of person-
alized medicine and TDM depends on having accurate, fast, automated, cheap and miniaturized
diagnostic tests with high accessibility for a worldwide population. In the following sections the
significance of better therapies for specific diseases will be investigated, and biosensors will be
introduced as an innovative solution to overcome the limitations of TDM.

1.3 Relevance of TDM for malignant diseases

Although drug monitoring is not an option for every medical treatment, it can provide critical ben-
efit for the highly invasive chemical treatment (chemotherapy) of malignant diseases such as can-
cer, HIV and Hepatitis B, which are mainly toxics. In these diseases the therapeutic windows of the
medications are very narrow, and as a consequence there is a high likelihood that the chemical
treatments show insufficient response or even cause adverse effects. In addition, the drugs used
in these therapies are very toxic and the side effects are severe, so maintaining the steady-state
concentration in the therapeutic window is critical for the quality of life of patients.

1.3.1 Prostate cancer and chemotherapy

Prostate cancer (PCa)®, with a predicted rate of 10.6/100,000 men death in 2016 (Table 1), has the
third cancer related morbidity among men in EU with correspondence of almost 10% of total can-
cer death. [32] In the United States, it is the most commonly diagnosed cancer in men, with
180,000 new cases and about 31,000 deaths occurring annually. [33] PCa has a very slow progress
without any observable symptoms during the first stages of the disease. This leads to late diagno-
sis of the tumour, and a higher probability of metastasis.

Table 1. Indication of most important cancer related mortality. [32]

EU Observed no Predicted no of Lower prediction Upper predic-
death 2011 death 2016 limit tion limit

sex cancer

Men Lung 185 707 183 800 181 553 186 115
Colorectum 90412 95 600 94 432 96 707
Prostate 72330 75 800 74 672 76 999
pancreas 39056 42 600 41974 43 250

Women  Breast 91291 92 300 91 060 93 544
Lung 79474 89 700 88 177 91 144
Colorectum 77 478 77 800 76 641 78 953

*European Union
PCa can be incurable and even lethal even if only diagnosed in the later stages. Diagnosis currently
relies on a histological analysis performed by collecting sample tissues through a biopsy. Different
types of treatment are available for patients with prostate cancer. Some treatments are standard

Prostate cancer is a malignant tumour of the prostate gland, a walnut-sized organ located in front of a man's rectum and below the bladder. The
prostate is a gland in the male reproductive system.
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(the currently used treatment), and some are being tested in clinical trials. There are seven types
of standard treatment for PCa: active surveillance (watchful waiting), surgery (castration), radio-
therapy and radiopharmaceutical therapy, hormone therapy, chemotherapy, biological therapy
and biophosphonate therapy. Hormone therapy through drugs and chemotherapy are more rele-
vant to drug monitoring:

Hormone therapy

The survival and growth of prostate cells and, more importantly, prostate tumour cells are directly
related to testosterone, and this is the reason that hormone therapy, with the aim of decreasing
the level of testosterone in the body, is one of the first and oldest active therapies against PCa.
The biological pathway that leads to the survival of PCa tumours is explained properly by [33] as
follows:

« In the hypothalamus, androgens bind to the androgen receptor (AR) to stimulate the production
of luteinizing hormone (LH)-releasing hormone (LHRH). LHRH travels to the pituitary where it in-
teracts with LHRH receptors (LHRH-Rs).

Growth and

sstosteror survival genes }

Adrenal gland

Figure 4, Androgen production and action. Reprinted with permission from [33].

This interaction stimulates the release of LH. LH that is released by the pituitary binds to LH recep-
tors (LH-R) in the testes, inducing production of testosterone, which is synthesized from choles-
terol. Testosterone enters prostate cells, where it is converted to dihydrotestosterone (DHT) by
the enzyme 5alpha-reductase. DHT binds tightly to AR, enters the cytoplasm, and the complex
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translocates to the nucleus where it
activates the transcription of genes that
regulate cell growth and survival. In-
creased testosterone levels can also
decrease LHRH and LH production
through negative-feedback-loops,
thereby maintaining serum testos-
terone at physiological levels. The ad-
renal gland can also produce andro-
gens.» The graphical explanation is il-
lustrated in Figure 4.

Hormone therapy tries to stops cancer
cells from growing by interfering in the
survival pathway of tumour cells.” For
instance, AR inhibitors block the nega-
tive feedback of androgens and LHRH
agonists elevate the release of LHRH
and LH. This eventually increases the
testosterone level (the 'testosterone
flare'). Prolonged exposure to LHRH
agonists, however, downregulates the
LHRH receptor, decreasing LH release
and inhibiting testosterone production.
LHRH antagonists, on the other hand,
directly inhibit the LHRH receptor, lead-
ing to decreased production of LH and
testosterone. Some inhibitors target
adrenal androgen production. 5-a re-
ductase inhibitors block the conversion
of testosterone to DHT. AR inhibitors
are also direct inhibitors of DHT in addi-
tion to their blockage effect on the
feedback loop.

Figure 5. Multiple ways to regulate androgen production. Reprinted with permission from [33].

Testosterone is not the cause of prostate cancer, but is considered an essential factor for the

growth of tumours. Although, over 90% of androgenic activity in the circulation is due to testos-

terone, there are other pathways parallel to the one mentioned at Figure 5, and there are many

other circulating androgenic compounds as a result, including androstenedione, dehydroepi-

5
Surgical castration also decreases testosterone levels by removing the source of production (testes).
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androsterone (DHEA) and dehydroepiandrosterone sulphate (DHEA-S). Many of these compounds
are adrenal products that can be converted to the metabolically active DHT. This is the main rea-
son behind PCa resistance to different types of hormone therapy. [34]

Abiraterone chemotherapy is a type of hormone therapy for patients suffering from metastasized
castration-resistant prostate cancer. Administration of this agent causes testosterone suppression,
thus shrinking the number of testosterone-sensitive tumour cells all over the body. The mecha-
nism of action is based on the inhibition of the steroidogenic enzyme “17a-hydroxylase/C17, 20
lyase (CYP17A1)” that catalyzes the 17alpha-hydroxylation of pregnenolone and progesterone,
and the subsequent formation of dehydroepiandrosterone and androstenedione, as precursors of
testosterone. [35]

Abiraterone acetate, a prodrug® of abiraterone, was developed to overcome poor bioavailability.
Abiraterone acetate is converted in the body to its active form abiraterone. It was approved by the
Food and Drug Administration (FDA) in United States on April 28, 2011, [36] and later in Europe
[37] and Canada [38] for the treatment of male subjects with metastatic castration-resistant pros-
tate cancer, who have received prior chemotherapy containing docetaxel, or chemotherapy-naive
patients.

The therapeutic range of abiraterone in circulatory system is up to 1 uM for a typical dose of 1000
mg injected per day. [39] In many cases, such a dose is the right one to maintain the concentration
of abiraterone in this range and, therefore, to achieve a successful chemotherapy, since lower
concentration cannot provide a medical benefit and higher concentrations will cause severe side-
effects due to overdosing.

1.3.2 AIDS and chemotherapy

AIDS stands for acquired immunodeficiency syndrome. AIDS is the final stage of human immuno-
deficiency virus, or HIV, infection. HIV attacks the body’s immune system, specifically the CD4 cells
(T cells), which help the immune system fight off infections. If left untreated, HIV reduces the
number of CD4 cells (T cells) in the body, making the person more vulnerable to infections or in-
fection-related cancers. Over time, HIV can destroy so many of these cells that the body cannot
control infections any more. The opportunistic infections or cancers take advantage of a very weak
immune system and signal that the person has AIDS, the last state of HIV infection.

According to the recent AIDS epidemic update of « The Joint United Nations Programme on HIV
and AIDS (UNAIDS) », there are around 33.4 million people living with AIDS all over the word,
among whom are 47% women and even 6% children. In 2008, 2.7 million new cases of AIDS, and 2
million AIDS-related deaths were reported; 850 000 cases of adults and children in 2008 living with
AIDS. In Western and Central Europe alone there are 30 000 new infections and 13 000 cases of
mortality. [40] Despite the success in HIV prevention and a decline in the numbers of new infec-
tions and annual reported death, AIDS is still a major global health priority. The number of people

6
A biologically inactive compound that can be metabolized in the body to produce a drug.
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living with AIDS is increasing and AIDS-related ilnesses remain one of the leading causes of death
between adults and children globally. HIV/AIDS is the fourth leading cause of death world-wide
(2.9 million deaths) and the leading cause of death in Africa. What is more, projections to 2030
indicate that major vascular diseases, including HIV/AIDS, will remain the leading source of the
burden of global disease. [41]

HIV is a lentivirus that is a subgroup and complex form of retroviruses. The virion structure of a
retrovirus is illustrated in Figure 6. Simple and complex retroviruses both contain two copies of
linear, nonsegmented, single-stranded RNA. They encode gag, env and pol genes. Gag is responsi-
ble for matrix, capside and nucleocapside proteins encoding (MA, CA and NC, respectively), env
encodes surface envelope (SU) and transmembrane envelope proteins ™, and pol is involved in the
encoding of enzymatic proteins as reverse transcriptase (RT), protease (PR) and integrase (IN). [42]
surface envelope protein (SU)
transmembrane envelope protein (TM)
membrane

matrix protein (MA)

capsid (CA)

RNA genome, bound by nucleocapsid (NC)
integrase (IN)

reverse transcriptase (RT)

protease (PR)

Figure 6. Basic structure and main components of retrovirus virion. Reprinted with permission from Labome [42].

Retroviruses are defined by their ability to reverse the normal flow of genetic information from
genomic DNA to mRNA. Figure 7 demonstrates a typical retroviral replication cycle that is the rea-
son behind the dangerous infectious nature of a virus, and a key for its survival. Retroviral replica-
tion is initiated by the intracytoplasmic penetration of the virion core, a process mediated by the
specific interaction of the viral envelope glycoprotein with a host cell surface receptor. Subse-
guently, the virion-associated reverse transcriptase transcribes the single-stranded viral RNA ge-
nome into a double-stranded linear DNA proviral intermediate. This proviral intermediate then
migrates to the nucleus where the viral integrase enzyme acts to covalently link the retroviral ge-
nome to the host chromosomal DNA, thereby forming the retroviral provirus’. After the integra-
tion, significant viral mMRNA are synthesized in nucleus that after reaching the cytoplasm encode
the HIV regulatory proteins, « Tat and Rev » (Figure 7).

7
The host cell chromosome Integrated with viral genome (by IN enzyme) is referred to as a provirus.
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Figure 7. Retroviral Replication cycle. A virus interacts with the cellular receptor and enters the cell. The viral cDNA is
produced through reverse transcribing the RNA genome by RT. Viral DNA then enters the nucleus and is integrated
into the host genome by IN enzyme to form the provirus. Next, viral proteins and viral genomic RNAs start to be syn-
thesized, encapsulated and bud from the cell to acquire a cellularly derived membrane. Finally, the particle matures
when the Gag and Gag-Pol polyproteins are cleaved by the viral protease. Reprinted with permission from Labome
[42].

Tat establishes a positive feedback loop in production of the Rev protein that results in the accu-
mulation of critical levels of Rev. This then stops the loop and encodes the viral structural proteins.
This process can then be divided into two steps of regulatory and structural phases. In the cyto-
plasm, two viral genomic RNAs associate with replication enzymes and the core proteins assemble
around them, forming the virus capsid. As it migrates towards the cell surface, the Gag and Gag-
Pol polyproteins are cleaved by the viral protease, resulting in a mature, infectious particle. The

mature particle then buds from the cellular membrane, thus acquiring its envelope. [42, 43]

Tenofovir (TFV) is an antiretroviral agent approved by FDA on 26 October 2001 for the treatment
of HIV-1 infection in adults and paediatric patients. [44] TFV is classified as a nucleotide analogue
reverse transcriptase inhibitor (NRTI). Reverse transcriptase, as explained above, is a crucial viral
enzyme in retroviruses such as HIV and hepatitis-B virus infections. Tenofovir acts as chain termi-
nator, following intracellular phosphorylation to the triphosphate form (in one or two steps), and,
after removal of the diphosphate group, incorporation at the 3’-end of the viral DNA chain, and
prevents, as a result, the elongation of DNA and the multiplication of HIV. It is administered orally
at a once-daily dose of 300 mg in the form of Tenofovir Disoproxil (prodrug of Tenofovir) to in-
crease the bioavailability. [44, 45] Based on the pharmacokinetics data after oral administration of
TFV the circulatory plasma concentration is in the range of some nano-molar up to 860 nM.
Tenofovir does not involve any CYP450 enzyme in its metabolic pathway, and is metabolized by
mitochondrial adenylate kinases. [44, 46, 47]
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1.4 Biosensors and healthcare

Reliable, low cost and accessible TDM systems for individualized healthcare, especially for chemo-
therapy of malignant diseases like PCa and AIDS are highly desirable. Such a therapy can improve
the morbidity rate and time of treatment by increasing the treatment’s efficacy, as well as provid-
ing a higher quality of life for patients under treatment, thanks to its suppression of side effects.
Improvements to the TDM in terms of the costs (economical and time-related criteria) of the pro-
cess in reducing the mortality and morbidity of the diseases are widely discussed. [48] Several at-
tempts are mentioned in the literature monitoring systems to support communication between
the TDM team members for optimum interpretation of the results to assure the reliability of the
whole system. [27, 49, 50] These aspects are even more critical for drugs like abiraterone and TFV
with very narrow and low (submicro-molar) therapeutic windows. Biosensors, as a solution for
such TDM system, are the combination of the following elements: Analyte, recognition element
and transducer (Figure 8).

ANALYTE
*Drugs
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*Nanoparticles

=Screen printed

Electrodes
*Evaporated
*Disc shape

TRANSDUCER

Detection method

*Voltammetry
*Impedimetry
*Amperometry

Figure 8. Main elements of biosensor. Adopted with permission from www.dreamstime.com.
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Analyte: the target molecule for sensing. It can be a pathogen (bacteria, viruses etc.), metabolite
(lactate, glucose, ascorbic acid, etc.), biomarker (DNA, RNA, mRNA, toxins, proteins, etc.), chemical
compound (drugs and other xenobiotics).

Figure 9. Examples of analytes under experiment. Top: pathogens (bacteria). Below left: protein. Below right: drug.
Adopted with permission from www.dreamstime.com.

Recognition element?®: it is the recognition element that enables the target to be sensed by the
transducer, and is the place that the interaction/reaction between analyte and the sensing surface
happens. It is normally a biomolecule that, based on the target molecule and application, can be a
DNA, aptamer, RNA, enzyme etc.

Figure 10. Examples of biomolecules used as recognition element. From top and left: DNA, Cell, and Antibody. Adopt-
ed with permission from www.dreamstime.com.

There are also biosensors for recognizing electroactive species that do not need any biomolecule on the sensing surface.
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Transducer: is a part of biosensor that senses and transfers the bioevent happening at recognition
element to an electrical signal that is measurable and can be analyzed and controlled by the user.
Typical transducers are voltammetric, amperometric, impedimetric, field effect etc.

Biosensors can be classified according to the type of recognition element, as immunobiosensors,
enzymatic biosensors, DNA-based biosensor, cell-based biosensors; and according to the transduc-
tion element, as optical, piezoelectric, electrochemical, thermometric, field effect and memristive
biosensors. The electrochemical biosensors are successfully commercialized, more prevalent and
more numerous. [51] These are further subdivided into amperometric, potentiometric and imped-
imetric biosensors. The history of biosensors began with the fabrication of enzyme electrodes by
Leland C. Clark in 1962. After that researchers from numerous fields of science have come togeth-
er to develop more sophisticated, reliable biosensors for medical practices specifically to detect
targets that have a relationship with diseases. They must do this effectively and quickly, this is
paramount for diagnoses of diseases by biomarker detection, drug discovery, and for developing
various research assays. In addition, therapeutic compounds may be considered to provide more
innovative, adapted technology for the improvement of TDM.

1.4.1 Bench to bedside

Among different biosensor technologies, point-of-care (POC) is one of the most promising
in daily hospital practice.

POC biosensors provide access to reliable, fast and cheap cutting-edge technology for a large pop-
ulation of people. In particular, the development of POC biosensors for cancer and AIDS therapy
will decrease the mortality and increase the quality of life of patients by providing better screening
of patients, and tighter monitoring of treatment. The main advantages of POC biosensors (e.g.
electrochemical based biosensors) over traditional optical techniques for TDM are their availabil-
ity, cost effectiveness, simplicity and portability. Drug biosensors are key to bringing treatments to
the patient’s bedside, and the complete renewal of the traditional dosing regimen as a mechanism
that administers the drug based on the patients’ characteristics (genetic profile, age, race, gender,
environmental agents, etc.), and drug influences, including pharmacodynamics, pharmacokinetics,
drug-drug interactions, adverse effects, etc. [10, 52—-54] In other words, patients take advantage of
point-of-care biosensors to control the circulating drug concentration over time themselves, and
to administer the necessary drugs.

The lack of proper POC devices has decreased the efficacy of the chemical treatment as reported
in [55]. Response rates of patients to medications from different therapeutic classes ranged from
25% for oncology to 62% for depression, as shown in Figure 11.
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Figure 11. Rate of drug treatment efficacy.

The adoption of biosensor technology and its emergence in health care applications, as demon-
strated by the increasing interest of the market towards the development of point-of-care biosen-
sors, is a direct response to the need of patients and national health care systems for better TDM.
The development of a POC, disposable or implantable, biosensor for drug monitoring would im-
prove the patients’ compliance and the TDM practice. The diffusion of cheap POC TDM procedures
can also improve the quality of drug production by providing accurate data about PK of drugs. Fur-
thermore, the automatic data collection can help discover unknown drug interactions; pharmaco-
kinetics and pharmacodynamics data obtained from TDM can be classified and used to predict
therapeutic outcomes in new patients with similar clinical history, or in the design of new com-
pounds. Finally, the introduction of implantable biosensors may be useful in preclinical research
on animals. Constant monitoring of pharmacokinetics during toxicology and efficacy investigations
could provide better information during the preclinical development of a drug.

1.4.2 Market study

Considering the drug monitoring biosensors that is more related to the scope of this work, the
only available biosensors in the market are screening tests for drug abuse without quantifying the
concentration, which can analyze both blood and urine samples. Drug tests such as Signify®ER
drug screen test, Triage®Drug of abuse Panel, Alere™ Toxicology drug screening system, Quick-
Screen™ Pro- Multi Drug Screening Tests and Rapid Drug Screen™, are some examples. [56, 57]
For instance, the Alere™ Toxicology system can measure up to 11 drugs with one device, such as
acetaminophen, amphetamines, barbiturates, benzodiazepines, methamphetamines, tricyclic an-
tidepressants, as well as narcotic substances (e.g. cocaine, marijuana, etc.). [58] In addition, Omni-
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ca co. have developed « PaperSpray Ambient lonization system™ » a prototype POC drug detec-
tion system that can analyze complex samples (whole blood, urine, saliva, and fresh tissue sam-
ples) in 3 to 5 minutes with no sample preparation. Their system uses disposable paper-spray cas-
settes and includes an lon source instrument connected to a miniaturized mass spectroscopy.
However, their system has not solved the issues of traditional TDM as it is still bulky and complex.
It needs trained personnel and is just suitable for clinics and not for the patients’ bedside. [59]
Another example is The Medimte MiniLab produced by Medimate Minilab company specific for
detection of Lithium ions, a drug for the people suffering from Bipolar Disorder, in urine or blood
samples. Although this device has most of the requirement mentioned for POC drug monitoring, it
is specific to just ions due to the capillary-conductivity detection methodology of biosensor. [60—
62] Therefore, it cannot be considered as an effective methodology for POC drug monitoring.

1.5 Summary

While new, biosensors can be designed to be small, inexpensive, and easy to use. Moreo-
ver electrochemical biosensors provide an immediate reading of the substance of interest. Cost
reduction and simplicity of employment may allow the diffusion of TDM test from a small number
of specialized laboratories to a bigger number of medical centers or even the patient’s houses.
Home testing can simplify the life of patients and reduce the cost of hospitalization. The develop-
ment of automatic sampling procedures and remote data transmission can reduce the human er-
ror during analysis and data manipulation. An electronic device can automatically collect relevant
information regarding patient status, testing procedure and analyses results, and send this data
directly to a specialized center for clinical interpretation. Ideally a patient can self-test at home
and receive new therapeutic indications online.

At the moment, the market does not offer many options for drug detection, despite the fact that
the demand for such POC biosensors for TDM, and personalized medicine is increasing in the
market. The lack of suitable device on the market can be mainly due to the challenges in
developing reliable and enough sensitive drug biosensors with suitable cost and low complexity.
While, finding one methodology to be applied on all the drugs is difficult, it is affordable to classify
the drugs into subgroups based on their specific and common electrochemical properties and
provide a proper solution for their detection. It will help to pave the path for novel biosensors
emerging by suppressing the effort, time, and cost needed to target so many drug molecules.

This thesis will present a number of reliable highly sensitive and selective biosensors, which are

able to target a wide range of drugs according to their electrochemical properties. These biosen-
sors will be characterized and put to the test in the following chapters.
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1.6 Objectives of thesis

The objective of this thesis is to investigate biosensors for the monitoring of drugs for chemother-
apy for prostate cancer and AIDS. This work is divided into two main parts:

A) Developing biosensors to target three main groups of drugs: electroactive drugs (EAD),
drugs that involve an enzyme in their metabolic pathway and drugs that are neither elec-
troactive nor interact with enzymes in the body.

B) Investigate reliable solutions for selective and sensitive POC biosensing of anti-prostate
cancer drugs and anti-AIDS drugs.

To this purpose, one electroactive drug specific to prostate cancer treatment, one drug with en-
zyme interaction that is part of PCa chemotherapy, and a drug specific to AIDS treatment, without
any electroactivity or enzyme interaction, were chosen as model targets. Targeted drugs were:
etoposide, abiraterone and TFV, respectively. The direct electrochemical drug biosensor is pro-
duced based on well-established screen-printed technology. Screen-printed-electrodes (SPEs)
were purchased commercially to avoid complexity on a well-studied topic.

A crucial task at the start of this study was the optimization of these direct electrochemical bio-
sensors for drug detection. The sensing surface of electrodes were nanostructured to enhance the
performance of the biosensor in terms of sensitivity and detection limits, to resolve one of the
main challenges in sensing the drugs specific to malignant diseases: to cover the entire therapeutic
window. The circulatory concentration of these drugs is normally very low, so it is a challenge to
make sure that electroactive and enzymatic biosensors capture those low signals.

The performance of drug detection can be greatly improved by the innovative use of nanomateri-
als, characterized by nanostructuring and an increased applied potential scan rate:

1. This study started with calculating theoretically the gain of multiwalled carbon nanotubes
(MWCNTSs), bismuth oxide semiconductor nanoparticles (Bi,Os NPs) and gold nanoparticles
(GNPs) in terms of additional electroactive surface area on bare electrode (EASA). EASA
was considered as a common factor to all the biosensors, each with different nanostruc-
tures. When looking at the impact of the physical and electrical nature of nanostructures
on the performance of biosensors, this led to a much more reliable comparison.

2. The role of nanoparticle dimensions and quantum physics on performance was observed
and investigated.

3. The next step was to optimize the gain in terms of EASA by means of the nanomaterials.
The recorded signal would increase with more EASA, but it maximized at some point and
then decreased.

4. The same optimization was performed on the scan rate of applied potential in cyclic volt-
ammetry. Scan rate plays an important role in the amplitude of the Faradaic signal of inter-
est, and the amplitude of the capacitive signal of no interest (which will be explained in de-
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tail later). Scan rate also shows a compromising behavior, as it maximizes at some point
and then decreases.

Then the optimized biosensors, by means of two leading nanostructures, were tested for their
ability to detect Tenofovir, in a final comparison for EAD detection. The final results proved the
capability of the biosensors for etoposide detection with a superior performance than has been
seen in the literature.

When the optimization of the biosensor was performed and characterized, the optimized biosen-
sors were biofunctionalized with CYP450 enzyme to have a proper recognition element for enzy-
matic drug detection. Enzymatic biosensors were just nanostructured with MWCNTs thanks to
their physical properties, which are suitable for enzyme immobilization without attenuating their
catalytic activity. These properties can be classified as: first, their large available surface area for
enzyme immobilization; second, the large 3D form, full of features and voids on a surface that is
highly suitable for the immobilization of biomolecules; third, the hydrophobic surfaces that attract
hydrophobic sites on the surface of the enzyme. The enzymatic biosensors with optimized configu-
ration were experimented on abiraterone detection. The electrochemistry of abiraterone was ob-
served for the first time, and the leading performance of this enzymatic biosensor in buffer and
human serum demonstrated the quality of the enzymatic biosensor thus produced, for abi-
raterone detection and prostate cancer TDM as well as any other drug with enzyme interaction in
their metabolic pathway - with some modifications, of course.

The last part of this study involves the biosensing of compounds with no electroactivity and with-
out any enzyme in their metabolism, based on their pharmacokinetics data. The other object of
this part of the thesis is to enhance the selectivity and sensitivity of biosensing for drug detection,
and to reach new levels and standards in these areas for the first time:

1. An aptamer-based biosensor was developed, to take advantage of the sensitivity of
MOSFETs as signal transducers, and of their selectivity of DNA. An aptamer based field ef-
fect biosensor was successfully tested, detecting TFV in buffer and human serum with the
very high sensitivity and selectivity that were required for TFV detection. It was also tested
for real-time monitoring with positive results.

2. A memristor aptamer based biosensor was also characterized and tested to detect TFV for
the first time with the aim of boosting the biosensing performance to extreme degrees. Ex-
tending the application of a methodology to a class of small molecules, containing a vast
number of drugs, sometimes needs very low detection-limit, as the therapeutic range of
drugs in circulatory systems can reach very low values. In addition, it was beneficial to
demonstrate the application of this newly available detection method on drug monitoring
for the first time. In the end, regeneration of the recognition surface as well as the applica-
tions of the proposed memristive biosensor for in-serum detection was successfully
demonstrated, and the results proved the suitability of such methods for the detection of
TFV and many other drugs.
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The proposed biosensor exploited the optimized recognition surface of field effect biosen-
sors, while the transducer was an array of miniaturized silicon nanowires. This increased
the sensitivity, as the transducer was itself a nanostructure at the same scale of biomole-
cules. Using an array of nanowires for detection provided more reliable statistical data. The
performance of the memristor biosensor was superior, in terms of the limits of detection,
to all drug biosensors that have been reported, to the best of our knowledge.

1.7  Thesis organization and outline

Following on from the first chapter, which was an introduction to personalized medicine
and biosensing, the thesis is organized as follows:

Chapter 2 introduces biosensors for electroactive drug detection. It starts with an overview on the
theories behind electroactive drug detection and state-of-the-art concerning the use of nanostruc-
turing for biosensing applications. Theories about calculation of specific surface areas, and elec-
troactive surface areas added to the interface of biosensors are discussed with the aim of equaliz-
ing it between differently-nanostructured biosensors under experiment. Different nanomaterials
are studied with this technique to find out their catalytic properties and the physical phenomena
behind them (e.g. quantum blockage) and, consequently, their impact on enhancing the perfor-
mance of the proposed biosensors. This chapter goes on to describe a biosensor based on screen
printing technology, using nanostructuring with gold nanoparticles and multi-walled carbon nano-
tubes for the TDM of prostate cancer. To this aim, several optimizations are reported on biosen-
sors with the aim of monitoring etoposide (prostate cancer drug) in its therapeutic range, and also
preparing it for the development of the enzymatic biosensor that is the subject of the next chap-
ter.

Chapter 3 presents an enzymatic biosensor for monitoring the drugs that include the cytochrome
P450 enzyme in their metabolic pathway through the body. In this case, abiraterone is considered
as the target, another anti-prostate cancer drug. The biosensor is here obtained by immobilizing a
layer of the enzyme as a recognition surface over the already-developed and optimized substrate.
In this chapter, an overview of the state-of-the-art in the development of enzymatic biosensors is
presented. Considering that the target has been detected electrochemically for the first time, bio-
sensors of other targets are discussed and compared. Then the description and results related to
utilizing the biosensor for investigating abiraterone electrochemistry. Subsequently, abiraterone
detection in buffer and human serum is reported for the first time.

Chapter 4 proposes a new class of biosensors, so-called affinity-based biosensors, to address the
detection of drugs that are neither electroactive, nor can be detected by cytochrome P450. In this
section the targeted drug is Tenofovir, and two biosensors are proposed and tested in order to
detect it as a solution for the TDM of HIV. This is done to, first of all, push the limit of detection to
the extremes and obtain the best-reported performance for drug monitoring and, secondly, to
employ a recently offered transducer called memristor in drug monitoring, for the first time.
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This chapter includes a section about the background on aptamers as the biomolecule use as the
recognition probe in this part of thesis, and continues with introducing field effect and memristive
transducer, as well as, state-of-the-art on the biosensing approaches mentioned. The examples
explained in this section of chapter 4 are mostly about affinity-based biosensors targeting many
different molecules, since just a few works are published on Tenofovir detection. Then, the ap-
tamer-based field-effect biosensor is proposed and its sensitivity and selectivity for Tenofovir de-
tection in buffer is reported and compared with the literature. Its application for in-plasma and
real-time monitoring is also investigated, as a proof of concept. Above all, an ultra-sensitive affini-
ty-based biosensor is proposed and successfully demonstrated detecting Tenofovir in plasma and
human serum with high regeneration properties. It has been developed utilizing memristive silicon
nanowires as a novel transducer in drug monitoring.

Chapter 5 provides and overview on all the important achievements in this thesis, and indicates
the further efforts that need to be put into several aspects of this thesis in order to continue and
finalize what has been started.
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Chapter 2 Detection of electroactive drugs

Electrochemical voltammetric/amperometric biosensors are of great interest to point-of-
care electroactive drug detection, and also for the development of enzymatic biosensors. This is
achieved thanks to their low-cost of fabrication, simplicity, and their miniaturization possibilities.
Miniaturization and integration of the technology in a small device is essential for the develop-
ment of portable and non-expensive devices, and it can be achieved by microelectronic compati-
ble technologies.

In order to maximize the performance of a biosensor it is very important to characterize and opti-
mize the recognition and transducer element. One of the techniques to optimize the performance
is to increase the electron transfer rate and the conductivity of the sensing surface by taking ad-
vantage of the high electro-active surface area (EASA) of nanostructures. In this section a
nanostructured direct-electrochemical biosensor for detection of electroactive drugs will be pro-
posed, characterized and successfully tested, in order to detect H,0, (a simple electroactive com-
pound), and etoposide, an electroactive compound and a common cancer drug, as a model of any
electroactive therapeutic compound. This section of thesis has two main aims:

Firstly, to bring a deeper insight into the properties of nanostructures in improving the electro-
chemical performance of biosensors, and investigating the possible reasons behind them. To this
aim, the interface of the nano-biosensor is nanostructured with different nanomaterials, in order
to keep the added EASA. The performance of differently-nanostructured biosensors were tested
for a response to H,0, detection, and compared to obtain an insight into the impact of the nano-
materials in electron transfer (current amplitude).

Secondly, the nano-biosensors with better performance were optimized towards having maximum
electron transfer with the target molecule. Optimization was started with the best scan rate of
applied potential with cyclic voltammetry (CV) as the detection method, and followed by finding
the optimum additional-EASA on the electrodes obtained by means of nanostructuring.

The final aim of optimization was to create optimum enzymatic biosensors, so the electroactive
biosensors were not pushed to their ultimate electrochemical performances at this stage. Never-
theless, the response of electroactive biosensors resides well inside the therapeutic range of
etoposide (section 2.2), showing the suitability of the proposed biosensor for electroactive drug
monitoring.

Electrochemical bioelectrodes have shown to be a promising system to replicate the time-
consuming and costly laboratory experiments and analysis that are currently used for TDM,.
Therefore, they can be the connection between TDM and site testing, emergency room screening,
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bedside monitoring and home self-testing. [63, 64] Electrochemical bioelectrodes provide an inter-
face between the redox site of the target metabolite and the electronic part of the biosensors.
Most bioelectrodes act as transducers to convert biological events into electric current by applying
a fixed potential over the electrode and target (amperometry), or sweeping the applied potential
in a range (voltammetry) and measuring the current. Amperometry experiments are beneficial
because of their high sensitivity and large linear range, whilst voltammetry experiments provide
the option of multi-target detection. [65] Many different non-enzymatic [66—-68] bioelectrodes
have been proposed in literature that can be useful to this purpose. The role of nanostructuring in
enhancing the electrochemical performance of bioelectrodes is widely studied and reported, [69—
71] but to the best of our best knowledge there is not enough work done on the optimization of
nanostructured biosensors to facilitate the electron transfer with targeted drugs.

2.1 Development and optimization of direct-electrochemical biosensors
2.1.1 Background and state of the art
Redox reactions

Redox reactions are a family of reactions that are concerned with the transfer of electrons be-
tween species. Oxidation refers to the loss of electrons, while reduction refers to the gain of elec-
trons. Each reaction by itself is called a "half-reaction".

Kred
O+ e — R (1)
KOX
R—> 0+ e” (2)

Combination of half reactions is a complete redox reaction. An example of a redox reaction:
Cu(s) + 2Ag*(aq) » Cu?*(aq) + 24g(s) (3)

The chemical that causes other ones to lose electrons (that have been oxidized) is an oxidizing
agent named oxidant, and the compound that gives electrons to other molecules (have been re-
duced) is a reducing agent, or reductant. In the equation above, Ag+ is the oxidizing agent and
Cu(s) is the reductant. The reductive and oxidative currents related to Equations 1 and 2 are:

iO - FAKOXCR (4)
iR == _FAKredCO (5)

Where F = 96,500 C/mol is Faraday’s constant, A is the area that current passes through and Cg
and Cop are the concentration of reactants at the surface. [72, 73]
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Screen-printed three-electrode redox cells for electrochemical detection

Since reactions are generally detected only in close proximity to the electrode surface, the elec-
trodes themselves play a crucial role in the performance of electrochemical biosensors. Based on
the functionality of a specific electrode, its detection quality is influenced by the electrode materi-
al, its surface modification and its dimension. Electrochemical sensing usually requires a reference
electrode (R.E.), a counter or auxiliary electrode (C.E.) and a working electrode (W.E.), also known
as the sensing or redox electrode. The R.E. is kept at a distance from the reaction site in order to
maintain a known and stable potential. The W.E. serves as the transduction element in the bio-
chemical reaction, while the C.E. establishes a connection to the electrolytic solution so that a cur-
rent can be applied to the working electrode (block diagram in Figure 12). These electrodes should
be both conductive and chemically stable. Commonly used materials are platinum, gold, carbon
(e.g. graphite, glassy carbon), silicon or even carbon nanotubes (CNTs) ; the inks depend on the
analyte and application. They are ideal for low cost, disposable devices specially designed to work
with microvolumes of sample.

R

w

Figure 12. Block diagram of the driving/reading configuration of a three-electrode redox cell

The W.E. is the main substrate, which the electrochemical devices measure the current to obtain
the chemical activities within the analyte. This is also the place to deposit the nanostructures or
immobilize the enzymes to improve the electron transfer rate between the electrode and the tar-
get. In order to force the current to flow between the target and the carbon substrate we need to
apply a voltage over them, so the R.E. has been put in direct contact with the analyte and the de-
vice sustains a potential between R.E. and W.E. Nevertheless, due to the impedance existing in the
path of the electrons, there is a potential drop, which counters the stability of the potential. This
impedance is mainly due to the double layer at the interface between the sensing layer and the
background solution and then the resistivity of the solution. To solve the potential drop, the cur-
rent between the R.E. and W.E. should be zero, thus it must be collected by another electrode that
is C.E. [72, 73] A very recent work published by Trouillon et al. [74] used a needle sensor consisting
of a three-electrodes redox cell for the time-resolved electrochemical detection of dopamine in a
hybrid microfluidic/electrochemical. Taking advantage of electrochemical detection they have suc-
cessfully demonstrated the very first real-time and quantitative chemical investigation of dynamic
mechanisms at artificial cells-on-paper samples, with sufficient sensitivity down to nM concentra-
tions. [74]
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Conventional laboratory-based stripping measurements had relied on Hg-based electrodes. The
substitution of these electrodes for new disposable test strips is an alternative that presents many
advantages for these determinations. [75] Such strips are produced by printing planar films of
gold, silver, carbon etc. on an inexpensive plastic or ceramic support. The strip is considered as a
disposable electrochemical cell, onto which the sample droplet is placed. Since the 1990s screen-
printing technology, adapted from the microelectronics industry, has offered high-volume produc-
tion of extremely inexpensive, yet highly reproducible and reliable single-use sensors. [76] This
technique holds great promise for on-site monitoring, and the use of screen-printing technology in
the serial production of disposable low-cost electrodes for the electrochemical determination of a
wide range of substances. Screen-printed electrodes (SPEs) are devices that are produced by print-
ing different inks on various types of plastic or ceramic substrates. The pattern and number of sin-
gle electrodes can be designed according to their applications, and large compositions of materials
are available as inks for printing. Therefore, a wide variety of devices of this type are commercially
available. The schematic of a three-electrode electrochemical cell and an SPE version are depicted
in Figure 13.
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Figure 13. Left: Schematic of three-electrode electrochemical cell (reprinted with permission from [73]). Right: a typi-
cal SPE used as an electrochemical cell.

The great versatility allowed by the SPEs lies in the wide range of ways in which the electrodes
may be modified. The printed W.E. may be enhanced by depositing very different substances such
as nanostructures, enzymes, polymers, complexing agents, nucleic acids, etc. [77]

Nanostructuring

Functionalizing the surface of a working electrode with nanomaterials is an attractive approach to
facilitate the electron transfer between the electrode and reactant, thanks to their ability to mod-
ulate the energy bands at the interface (Figure 14). The coupling between W.E. of the biosensor
and the analyte is limited by a tunnelling barrier. [73] For instance, in the reduction of an electro-
active species the electron jumps from the fermi level of metal (electrode) to the lowest unoccu-
pied molecular orbital (LUMO) of the molecules. The LUMO is the first available orbital that ac-
cepts electrons. On the other hand, in oxidation reaction the electron from highest occupied mo-
lecular orbital (HOMO) of the molecules jumps to the Fermi level of the metal. HOMO is the last
occupied orbital releasing electrons. In CV experiments the electrons jump to/from molecular or-
bitals from/to the electrodes through a tunnelling barrier that suppresses the electron transfer
rate described by the following equation:
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2T 2
kET == 7 VT FC (6)
Where FC is the Franc-Condon-weighted density of states®, V;° is the electronic coupling between
the molecules and the electrode™ and h is Planck’s constant. Nanostructuring, as illustrated in
Figure 14, decreases this barrier and enhances the electron transfer rate by increasing the elec-
tronic coupling between the electrode and the analyte. [73]
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Figure 14. Impact of nanostructuring on electron transfer. Higher surface to volume ratio means higher active sites for
reaction and facilitated electron transfer leads to higher affinity for reaction.

Moreover, abundance of defects and sharp edges on the surface of nanomaterials provide affinity
sites for electron transfer with electroactive agents, as well as a proper immobilization site for
recognition probes. [78] There are specific properties related to nanomaterials that brings them
with extra advantages over their bulk stabs that makes them very interesting for biodetection ap-
proaches: [78, 79]

1. Small size: Nanoparticles often possess unexpected chemical, physical, optical and electri-
cal properties as they are small enough to confine their electrons and produce quantum ef-
fects. [80] For example, gold is an inert element, meaning it does not react with many

9
Weighted density of states is the integrated overlap of the wave functions at equal energies of molecules and electrode atoms, and is computed
from Marcus classical form of overlapping harmonic oscillators:
— 1 e—(AkT‘/—AGD—A)

" VamAkT ,
A is the energy arising from increased polarity of redox center, AG" is the Gibbs free energy between two electron states, and k is the Boltzmann

constant.

(0]
Electronic coupling is related to the tunneling distance:
VE = VZe F@)d

Vo is the maximum electronic coupling at null distance, g(¢) = ZTm(ﬁ(dJ) —eV) is exponential decay of the electronic coupling that depends on

potential applied across barrier V and electron mass m, ¢ is tunneling barrier.
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chemicals, whereas at the nanoscale, gold nanoparticles become extremely reactive and
can be used as catalysts to speed up reactions. Nanostructures melt at much lower tem-
peratures. [81] For example, GNPs melt at ~300 °C for 2.5 nm-sized nanoparticles that is
much lower than gold slabs melting at 1064 °C. Absorption of solar radiation in photovolta-
ic cells is much higher in materials composed of nanoparticles than it is in thin films of con-
tinuous sheets of material. In other words, the smaller the particles, the greater the solar
absorption. The most important small-size property of nanostructures in this work is their
enhanced electrical properties or their higher electron transfer rate with respect to their
macromaterial, or even compared to the nanoparticles of the bigger size. The quantized
electron energy levels in gold nanoparticles is observed and reported for some nanomolar
size nanoparticles as being similar [82] to the ones widely reported for semiconductor na-
noparticles such as cadmium selenide (CdSe NPs) [83, 84]. The bandgap between the con-
duction and valence band of nanometer-sized nanoparticles with quantized energy levels
increases as the size decreases, and this pushes the electrons in the conduction band to-
ward higher energies that makes them more and more excited. This means a higher driving
force and, as a result, a higher electrons transfer between nanoparticle and target mole-
cule. The small energy difference attained by decreasing the particle size is sufficient to in-
crease the electron transfer rate by nearly 3 orders of magnitude with decreasing particle
size from 7.5 nm to 2.5 nm. [83]

2. Large surface to volume ratio: The surface of materials is the place that reactions take
place, so the greater the surface of a e volume, the greater the reactivity. Surface to vol-
ume ratio of particles increases drastically as their size decreases. When a given volume is
divided into small pieces, and the surface area of the particles increases, a greater portion
of atoms is located at the surface compared to the interior of the particles. For instance, a
particle of 30 nm has 5% of the atoms on the surface. This number increases to 20% for 10
nm particles and 50% for 3 nm particles. A particle with a high surface area has a greater
number of reaction sites than a particle with low surface area, and thus, results in higher
chemical reactivity. [78] For instance, nanometer and micrometer sized magnetic beds
have attracted lots of attention as their large effective surface area offers efficient capture
of proteins. [85] Magnetic beads have many applications in POC biosensing, especially in
affinity-based biosensors, as they can be used in microfluidics and lab-on-a-chip applica-
tions, where they are manipulated and separated effectively using magnetic fields. [85, 86]

The level of activity of a nanostructure can be inferred from its specific surface area (SSA).
It is a property of solids equal to their total outer surface area per unit of mass, solid or
bulk volume, or cross-sectional area. [87—89] It is defined either by surface area divided by
mass (with units of m2/g), or surface area divided by the volume (units of m2/m3 or m™). It
has a particular importance for adsorption, heterogeneous catalysis, and reactions on sur-
faces. Several empirical approaches are utilized to measure the SSA of different materials,
including methylene blue (MB) absorption stain test, ethylene glycol monoethyl ether
(EGME) method, Brenauer-Emmett-Teller (BET) gas adsorption method and Protein Reten-
tion (PR) method. [87, 90, 91] The SSA can also be calculated theoretically, by dividing the
mathematical formula of the surface area by the mass, making some assumption about the
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particle shape. The drawback of this technique is that it does not take into account the sur-
face area associated with the texture of the particles’ surface. However, the simplicity of
this technique is very interesting for the application in this thesis. As SSA is the area over
mass, and the surface/volume increases as the size of the material decreases, then SSA is
inversely proportional to the size. Indeed, there is a double effect of the particle size on the
specific surface: as the particle size decreases, the SSA increases not only due to the in-
verse relationship between the specific surface and the size, but also because the shape of
the small particles tends towards platy and rod-like geometries. [89]

Tailorable properties: Tailorable physical properties are directly relate to size, composition
and shape, and are a very important aspect of nanomaterials. These properties have been
used widely in biology, such as in bioconjugation and cellular labelling, for the past four
decades. [92] Moreover, new synthesis, fabrication, and characterization methods for deli-
cate modulation of the nanomaterials size, shape, and composition allows exquisite control
of their properties. The ability to tailor the physical and electrical properties of nano-
materials carefully is essential for their application in biodetection. Specifically, varied siz-
es, shapes, and compositions of metal nanoparticles and quantum dots can now be
achieved that helps to produce materials with specific electrical, emissive, absorptive, and
light-scattering properties, [93, 94] which make these materials ideal for multiplexed me-
tabolism detection. Bandgap tunability and the resulting shifts in absorption/emission en-
ergies have been extensively researched in nanoparticles [95] and in homogeneous nano-
rods made of materials with reasonably large exciton Bohr radii, such as CdSe. [96] Some
recent advances in tailoring the nanostructures properties for biosensing applications in-
clude a composition of platinum nanopetals: platinum nanospheres are developed on bare
platinum electrodes, and used to electroactively screen glucose concentrations without in-
volving any enzyme thanks to highly increased EASA and, thus, electron transfer with the
glucose molecules. [97] Forming a combination of various shapes of nanostructures, called
nanocomposites, can be very useful for bioelectrochemical applications. [98, 99] A ternary
nanocomposite material based on rGO is a good example that was developed by the deco-
ration of AUNPs and polypyrrole (PPy) as a cross-linker for glucose detection. [100] Another
good example for the relevance of nanomaterial tailorable properties in biodetection are
the size-dependent electronic and photonic properties of some-nanometer particles, or
qguantum dots (QDs), that are considered as one of the most attractive features of nano-
materials for attaining a band gap gradient in quantum dot solar cells, [101-103] enzymatic
fluorometric biosensors, [104] QDs-based resonance energy transfer biosensor for food
monitoring, [105] drug monitoring [106] etc. For instance, a photoluminescence biosensor
was fabricated on the basis of multilayer shells CdSe/ZnSe/ZnS QDs for rapidly detecting
the residues of trichlofon pesticide with concentrations of 0.01 ppm to 5 ppm. [107] In
other work, metal oxide nanowires are developed by physical vapor deposition for chemi-
cal warfare agents and some selected toxic industrial compounds detection. [108]
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Widely used nanostructures

Many novel nanostructures are developed and exploited to enhance the electron transfer rate
between electrodes and targets, thus increasing the performance of the devices.

Semiconductor nanoparticles’ electrochemical and optical properties are tunable with their size.
Blue shift in the absorption edge of nanoparticles (NPs), while decreasing their size, is a well-
known example of this. [109] This and many other size dependent properties are the result of a
high amount of surface atoms and quantum effects. [110] Many applications in electronics, [111,
112] catalysis and sensing, [113, 114] solar-energy conversion, [115, 116] and optoelectronics
[117, 118] take advantage of these tunable behaviors. Bi;Os3 NPs [119, 120] present enhanced
catalytic and electrochemical activity given its bulky material. [121] These are induced by high sur-
face/volume ratio, high defect concentration on surfaces (porous morphology), and unique elec-
tronic properties. [122, 123] These properties as well as nontoxic nature and biocompatibility
make them a suitable choice for biosensing applications. [124]

Conductivity and nanoscale dimensions of metal NPs (mostly gold NPs) is utilized in many enzy-
matic [125, 126] and non-enzymatic [127] bio sensing applications. To this aim, they are deposited
on a wide range of substrates by electro-deposition, [127] self-assembly [128, 129] and precipita-
tion [125, 130] techniques. Strong adsorption band of metal NPs is another quantum scale effect,
which is absent in their either individual atoms or bulk materials. This and many other optical
properties of metal NPs are originated from surface plasmon resonance phenomenon. [131] Gold
NPs with negative net charge adsorb biomolecules without attenuating their bioactivity; [132] thus
offering many potential applications as bio-labels, [133] or enzymes’ immobilizing platform. [126]
Their size and surface chemistry, and consequently their optical and electrochemical properties,
are easy to modify. This feature has made gold nanoparticles one of the most widely used nano
materials in point-of-care medical devices and industrial products. [80, 125] The increment in sen-
sitivity with the decreasing dimensions of GNPs has also been reported. [134] The authors proved
an enhancement of the amperometric response (Imax) in a glucose detection system by decreasing
the size of GNPs from 13 nm to 6 nm and then to 3.5 nm (66.2 uA, 73.8 uA, and 76.2 uA, respec-
tively).

CNTs are one of the building blocks of nanotechnology. They are cylinders of one (SWCNTs) or
more layers (MWCNTSs) of graphene with open or closed ends. As mentioned before they have a
hundred times the tensile strength of steel, and the best thermal conductivity after pure dia-
monds. [79] Perfect CNTs have all carbons bonded in a hexagonal lattice except at their ends. Di-
ameters of SWNTs and MWNTSs are typically 0.8 nm up to 2 nm and 5 nm up to 100 nm (typically
10 — 20 nm), respectively. CNT lengths range from less than 100 nm to several centimeters, there-
by bridging molecular and macroscopic scales. On-going interest in CNTs as components of biosen-
sors and medical devices is motivated by the dimensional and chemical compatibility of CNTs with
biomolecules, such as DNA and proteins. Adsorption of target molecules on the surface of the
CNTs directly or through bioprobes alters the electrical (for instance impedance or current-voltage
characteristics) and optical response of the tubes. [135] Therefore, CNT-equipped biosensors with
promising performance can be developed with the functionalization of the CNTs surface used as
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recognition probes such as coatings, functional groups, proteins and nucleic acids, [136] and ap-
propriate sensor design (e.g., field effects, capacitance, Raman spectral shifts, and photolumines-
cence). [137, 138] MWCNTs, considering the applied synthesis method and surface treatment, can
display metallic, semi-metallic, or super-metallic conductivity. They provide hollow cores, useable
for immobilizing platforms, and 1D electron confinement with a very high mean free path. Conse-
quently, MWCNTSs play an important role in biomedical diagnostics by improving the electron-
transfer kinetics towards the redox center of enzymes or biomolecules. [139-141] MWCNTs are
grown on a vast variety of substrates by means of chemical vapor deposition, [142, 143] electro-
phoretic deposition, [144] arc discharge, [145] laser ablation (evaporation), [146] as well as some
new techniques including solar energy evaporation, plasma torch, underwater AC electric arc, and
microgravity environment. [147] All in all, MWCNTs with high surface to volume ratio, good me-
chanical properties, and great electrical conductivity provide improvements in terms of sensitivity,
selectivity and limits of detection (LOD). [141]

Crystal layers on the surface of materials have a great capacity to relieve stress, much more readily
than the same crystal material in bulk. The Hellmann-Feyman theorem in quantum mechanics ex-
plains that surface layers form an oscillatory-type relaxation behavior inwardly oriented toward
the regions of higher charge density, and this phenomenon is intensified in large surface to volume
ratio materials such as nanostructures. [148] For instance, CNTs are probably the strongest fibers
available. Several recent papers have shown that MWNTs are extremely rigid rods of very low
density with unique mechanical properties. [149] These properties depend critically on the ar-
rangement of the graphitic planes, which confirms that MWCNTSs, as long as the graphitic planes
are aligned with the tube axis, maximize the effect of the very high in-plane elastic constant of
graphite. The tensile strength, and Young's modulus, have been estimated to be 45 GPa and 1.2
TPa, respectively, for SWNTs and 150 GPa and 900 GPa, respectively, for MWCNTSs. [150-152]

2.1.2 Characterization of the nanomaterials properties in use

The gain in terms of Surface Area is one of the key advantages of nanomaterials. Howev-
er, it is not the only gain that biosensors can get from the use of nanomaterials. This section
demonstrates that different nanostructuring can offer different gains in terms of sensitivity, detec-
tion limit, and redox potential, albeit providing the same gain in terms of increased surface area.
Calculating and equalizing the additional EASA coming from nanostructuring will help to have a
more reliable comparison between nanostructures of different nature, size and shape. To this aim,
biosensors based on MWCNTs, GNPs and Bi,O3 NPs with similar EASA on W.E. are produced and
put to the test with cyclic voltammetry and chronoamperometry to detect hydrogen peroxide
(H20,).

Materials and methods

SPEs with carbon electrodes (model DRP-C110) and MWCNTs powder were purchased from
DROPSENS. The electrodes consist of a 0.12 cm?” carbon W.E., a carbon R.E. and a Ag C.E. Disper-
sion of dodecanethiol functionalized gold nanoparticles, with an average particle size of 4 nm and
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concentration of 2% (w/v) in toluene, was provided by SIGMA-ALDRICH (Spain), and diluted by
toluene to obtain density of 1 mg ml™. H,0, (weight 30%) was supplied by Reactolab SA (Switzer-
land) and was diluted with a phosphate buffer solution (PBS-0.1M, pH7.4) to get a 25mM solution.
Powder of multi-walled carbon nanotubes (diameter 10 nm, length 1-2um, 90% purity, 5% COOH
functionalization) was purchased from DropSens, and was dissolved in chloroform to the concen-
tration of 1 mg ml™. The dispersion was subjected to sonication for 1 hour to achieve a homoge-
neous solution. Bi,O3 NPs, developed in Politecnico di Torino (Figure 15-Center), were dissolved in
acetone to the density of 2 mg ml™ and sonicated to obtain a homogeneous solution. To function-
alize the sensing surface of biosensors, W.E. of electrochemical cells were nanostructured by cov-
ering the working electrode with 100 pg (50 ul) of Bi,O3 NPs, 4.8 ug (4.8 pl) of MWCNTs and 13.5
pg (13.5 pl) of GNPs in steps of 5 pl, 0.8 pl and 3 pl (four steps of 3 ul and one step of 1.5 pl), re-
spectively. The electrodes were allowed to dry after each step, and at the end were stored at
room temperature. [125]

Bi,O3 NPs were synthesized starting from a bismuth salt following the Metal Organic Chemical Va-
por Deposition (MOCVD) process. MOCVD was selected due to the possibility of optimizing various
parameters with the scale up from a few milligrams to kilograms. The metal organic precursor was
evaporated in inert atmosphere with regulated temperature, so as to form metal nanoparticles. By
varying the MOCVD experimental conditions, it was possible to tailor the properties of the crystals
at the atomic scale. Bismuth(lll) nitrate pentahydrate (Bi(NOs)3-5H,0; Aldrich, 98% purity) was
used as a bismuth and oxide atomic source for synthesizing Bi,O3 NPs. The first step of the process
was to get rid of the residual air using pure argon gas flow. Then the furnace was brought to a
thermal equilibrium at the required deposition temperature (600°C). In the furnace, the high tem-
perature leads to the pyrolysis of the starting material, Bi(NOs)s -5H,0, into a gas mixture, which
ultimately leads to the nanoparticle growth inside the glass vial. When the growth process ended,
the furnace was allowed to cool down to ambient temperature, while maintaining the inert gas
flow.

Electrochemical measurements (CA and CV) under aerobic conditions were carried out using Au-
tolLab Potensiostat/Galvanostat and functionalized electrodes as sensing elements. In voltamme-
try experiments the surface of the active element of the sensor was covered by 100 pl of 25 mM
H,0, solution and the device was configured to sweep the voltage in the range of -1 to +1 (vs. Ag)
with the scan rate of 100 mV s™. The peak positions of voltammograms (Table 2) were assessed by
curve fitting, using the IGOR Pro software (Wavemetrics, Lake Oswego, OR, USA). The best fit for
the voltammogram shapes was obtained when constant baseline and Gaussians were used. [153]

To perform the chronoamperometry the electrodes were immersed inside 10 ml of PBS (0.1M, PH-
7.4) in which H,0, was injected in steps of 100 uM to a total amount of 500 uM. The applied po-
tential was set slightly above the oxidation peak obtained from the voltammogram analysis. To
achieve a better evaluation, statistically, four SPEs were functionalized with one type of
nanostructure and tested using CA. Then the calibration curves were evaluated after removing the
blank measurements from the data obtained. In the next step, the slope of the calibration curve
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was divided by surface area of the working electrode to identify the normalized sensitivity. Stand-
ard deviations were calculated using Excel.

The LOD of linear calibration curves was calculated based on International Union of Pure and Ap-
plied Chemistry-lUPAC standards, using Equation 7, [154] where AD is the standard deviation of
blank measurements, S is the sensitivity (the slope of linear curve), and K=3 is a parameter ac-
counting for the confidence level (K = 1, 2, or 3 corresponding to 68.2 %, 95.4 %, or 99.6 % of sta-
tistical confidence, respectively). to calculate the LOD of dose-response curves fitted by nonlinear
functions, the method of Armbruster et al. [155] has been employed - as will be explained in de-
tail, in section 3.4.1.

KAD
LOD = — (7)
s
At this point in the study, responses of biosensors obtained from the four SPEs were averaged and
represented on an |-V curve to obtain the calibration curve, and then the linear range of the curve
was analyzed to obtain the sensitivity, and the LOD corresponding to the nanostructure. This pro-

cedure was repeated for every nanostructure and the results are summarized in Table 2.

A MERLIN scanning electron microscope (Carl Zeiss, Germany) was used to perform Scanning Elec-
tron Microscopy (SEM) of the nanostructures. SEM images of MWCNTs with a diameter of 10 nm
and length of 1 — 2 um, Bi,O3 NPs of the size 64 nm and GNPs of the size 4 nm are presented in
Figure 15. SEM was used to confirm that the nanostructures had roughly the shape and size ex-
pected, and that the surfaces of working electrodes were completely coated. ImageJ software was
used to analyze the SEM images of Bi,O3 NPs (Figure 15) to measure the average diameter, as this
was a homemade sample. [156]

Figure 15. SEM images of the surface of working electrodes functionalized as follows - left column: MWCNTSs, center
column: Bi,O3 NPs, right column: Au NPs.
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Specific surface area calculation

SSA of Bi,O3 NPs: SEM images (Figure 15-Center) present a roughly spherical morphology of Bi,0s
NPs with an average diameter of 64 nm. The density of bismuth oxide is equal to 8.9 g cm™. The
SSA can be calculated as follows:

A 3

Vxp ;’XP r=32nm )
A=dogr? | SSA(Bi,0.) =10.5 M/
i ,0=8.9(<%m3):> (Bi,0;) ( g)

V=—-mr
3

S84 =

(8)

SSA of GNPs: GNPs can be also considered roughly as spheres, based on the SEM images (Figure
15-Right). Provider data sheets have an average diameter of 4 nm, and a density of 19.3 g cm™.
Thus, its SSA is equal to:

ssa=_A 3
Vxp rxp r=2nm ,
A=dozr® | A(GNPs)=71.1 m/)
4JL’ r =193 (% 3) = SSA(GNPs) ( f
V=—-mr’ o
3 (9)

SSA of MWCNTSs: The SSA of MWCNTSs is calculated following the work of A. Peigney, et al. [157]
CNTs are closed cylindrical geometries, so for calculation of the SSA it is enough to take the outer
surface into account. Also the high aspect ratio (>1000) gives us the possibility to neglect the small
surface area at both tips. MWCNTSs consist of several concentric shells inside with an inter-shell
distance of merely dss= 0.3400nm (Figure 16). In addition, the length of the C-C bonds in a curved
graphene sheet is equal to the planar sheets (d...=0.1421nm). As a result the SSA of CNTs is equal
to the SSA of one side of a graphene sheet (GS) :

SSA(CNT) = SSA(GS) =

Wi,
J3

1S, =3d>, = =5246x 10 m*> = SSA(CNT) = 1315m%

3 M/_ 23
w, =2 N—3.988x10 g (10)

Sh is the surface of one hexagon, which corresponds to two carbon atoms, and wy, is its atomic
weight (Mc=12.01 goz' Avogadro number N=6.023x10"mol ™).

m
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Figure 16. Left: schematic illustration of the arrangement of carbon atoms in a graphene sheet. Right: concentric gra-
phene shells of MWCNTs. Adapted from [157].

A MWCNT with an external diameter de, length L and n shell has an external surface of sy, =
nLd,. The weight of this external surface wyy, can be calculated as the multiplication of the sur-
face of one side of all graphene sheets (s;s) and its surface weight (w¢s). To find s;5, we need to
calculate the sy, of all the shells and add them:

Sgs = Smuw1 T Smwz2 + Suwsz T ** + Sywn (11)

The surface of all the graphene sheets which compose the MWNT is:

Ses=m-L-d,+mn-L(d, —2ds_s) +m-L(d, —4ds_s) + -+ m-L({d, — (n—
Dds_s) (12)

The different terms successively represent the surface of the external shell (number 1), of the first
internal shell (number 2) and so on up to the innermost shell (n). This expression can be simplified:

Sgs = - L[nd, — 2d,_s Y11 i], for n shells (13)

Number of shells (n) is calculated accordingly to the work of S. Haruehanroengra and W. Wang.
[158]

_ Dout—Din Din _l
Nshells =1+ 2%8 ,Dout ZD
D
=> Nshells = 1 + _4-X5 = 8 (14)

Where D = 10nm is diameter of the MWCNT, and § = 0.34nm is the van der Waals distance.
This result is in agreement with SEM results (Figure 15-Left), the current literature and DropSens
company sources. By knowing the number of shells (n = 8), the diameter (de = 10nm), 53, and
Wuyw, We can finally calculate the SSA of MWCNTSs:
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_ smw __ SSA(GS)d. n=28
SSAMWCNT) = = e Zr ] ’{de = 10nm
1315-d, _ m?2
=> SSA(MWCNT) = g 215.7 = (15)

Equal EASA

The SSA of nanomaterials is their outer surface area per unit of mass, while EASA is the total
amount of surface area that can be achieved by a specific amount of nanostructuring (in terms of
mass). In other words, the EASA is equal to the multiplication of deposited mass by characteristic
SSA that a nanomaterial offers.

EASAywent = Xuwent X SSAuwent (16)

Therefore, the calculated SSA (Equations 8, 9 and 15) was used to calculate the mass of nanostruc-
tures that needed to be deposited over the electrodes to have an equal EASA by means of each
nanomaterial, theoretically. To do so, additional-EASA over electrodes nanostructured with 100 ug
of Bi;03 NPs was considered as the reference (Equation 17), and the amounts of MWCNTs and
GNPs to achieve almost the same additional-EASA were calculated., as follows.

2
100x107XSSAg;, o, = 100><10_6g><10.5m? = 1050 mm? (17)

The amount of MWCNTSs and GNPs for the deposition was calculated according to Equation 18 and
19, respectively.

2
m

Xywent = 48 ug (18)

2
m
1050 mm2 = XGNPXSSAGNP => 1050 mmz = XGNPX777? =>

Xenp = 13.5 g (19)

SPEs were coated with an amount of nanostructures based on the above-mentioned values. They
are referred to hereafter as Bi,0s—100, Au—13.5, and MWCNTs—4.8.

Experimental evaluation of theoretically calculated EASA

As a proof of concept, the additional EASA by nanostructuring was also obtained experimentally,
following the work of Fotouhi et al. [159] by depositing 20 pg of MWCNTSs over W.E. of biosensors
and using them for the detection of a Ferro/Ferricyanide 1mM solution. This means that 4314
mm? of EASA was deposited, based on the theory descripted above (Equation 16; Table 3). The
recorded voltammograms are demonstrated in Figure 17.
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Figure 17. Recorded voltammogram of a MWCNTs-based biosensor for Ferro/Ferricyanide 1 mM detection (red curve)
in comparison with the response of the bare biosensor (blue curve).

The measured oxidation peaks were analyzed with Nova software to obtain the peak amplitudes
by removing the capacitive current from main Faradaic signal. Then using Randles-Sevcik equation
(Equation 20) [73] the EASA available on the surface (A in formula) is measured.

nFDv 1/

2
o ) (0,0 (20)

ipeac(0, ) o< nFA

Where n = number of electrons transferred in oxidation/reduction reaction, F = Faraday constant
in C mol™, A = surface area in cm?, D = diffusion coefficient in cm” s™, t = time, T = temperature in
K, R = Gas constant in J K mol™, C = concentration in mol cm™ and finally v = scan rate in Vs

The scan rate for this experiment was set to 100 mV s and the potential window was between -
0.45 and 1 V. The voltammetry was carried out until a stable and reliable signal was obtained (5
cycles). The diffusion coefficient of a redox couple is well known, and is equal to 6.20 x 10° cm?s™.
[159] Therefore, a measured EASA of 4385 mm?’ is obtained from the equation that is in full
agreement with the concept, and can be offered as a reliable proof of the proposed theory.

Electrochemical enhancement by means of MWCNTs, Bi,O; NPs and GNPs

Cottrell and Randles-Sevcik equations verify the direct relationship between the electrochemical
Faradaic current and the surface area of electrodes. Furthermore, it has been proven by Carrara et
al. [160] that the sensitivity (S) calculated from the Faradaic current versus concentration is direct-
ly related to the additional electroactive surface area. Equation 21 describes the relation between
the sensitivity of an electrochemical sensor, driven with fixed potential, and EASA.
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__ NF(44 +Ananostructure)VD

Ag\/r[t

S (21)

where n = number of electrons, F = Faraday constant, D = diffusion coefficient, t = time and A; =
surface area of W.E. of SPE. In addition, there is a factor, Ananostructure, representing the contribution
of additional-EASA due to nanostructuring of the substrate.

Redox-peak positions by CV - Nanostructured electrodes were tested using CV under the same
experimental conditions as those applied to detect H,0,—25 mM. The acquired voltammograms
are shown in Figure 18. A clearly detectable oxidation peak can be observed for Au—-13.5 at 386
mV, which is lower than 589 mV and 790 mV found with MWCNTs—4.8 and for Bi,03—100, respec-
tively. Oxidation peak positions in Table 2 show a negative shift of 302 mV and 99 mV for GNPs,
and MWCNTs, in respect to SPE, while a positive shift of 102 mV for Bi,O3 NPs can be observed.
The peak positions for fully-irreversible systems in thin layer models were proposed by Hubbard.
[161] Later, Streeter et al. [162] described that in the case of nanostructuring, semi-infinite planar
diffusion is not applicable, and the peak positions should be described by a thin layer model. The
following equation (where E; is the formal electrode potential or Nernst potential and | is the
thickness of the thin layer) defines the peak positions of such a system in CV:

RT
Ep = Ef + —Fln(

a

aFv

Flko) (22)

As | decreases, the amount of electroactive species trapped inside the thin layer is reduced, and
thus, the layer depletion is faster. This means that redox peaks shift toward lower values. Carrara
et al. [160] reported CV responses of some MWCNT-based electrodes not obeying this thin layer
model (layering effect). For example, ferricyanide, and etoposide did not show any layering effect,
and ifosfamide'! opposed it when metabolized by CYP450-3A4. In this work it is demonstrated
that Au—13.5 and MWCNTs—4.8 conform to the layering effect with an almost 300 mV and 100 mV
negative shift of the oxidation peak, while Bi;0s—100 opposes it with a 100 mV positive shift. The
same behavior was reported in the current literature. For instance, Yin et al. [163] and Yang et al.
[164] reported an approximately 100 mV and 50 mV negative shift of the redox peak in H,0, de-
tection after applying GNPs. Moreover, Hu et al. [165] demonstrated that Au nanostructuring de-
creases the ascorbic acid (AA) redox peak (345 mV) while the peak of uric acid (UA) was not af-
fected at all. Considering MWCNTSs, a 100 mV negative shift of the H,0, redox peak was observed
in the work by Woo et al. [166] Also, Habibi and Pournaghi-Azar [167] reported 348 mV, 374 mV,
and 450 mV negative shifts regarding the DA, AA, and UA redox peaks, respectively. To the best of
our knowledge, less work has been done on the electrochemical behavior of Bi,O3 NPs than has
been done on H,0,. Nevertheless, an approximately 100 mV positive shift was observed by Taufik
et al. [168] when using Bi,O3 NPs in a DNA biosensor.

11
Ifosfamide is a chemotherapeutic agent chemically related to the nitrogen mustards and a synthetic analogue of cyclophosphamide. It is active
as an alkylating agent and an immunosuppressive agent.
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Figure 18. CV response of nanostructures for the detection of H,0,—25 mM: Bi,03;—100 (blue curve), MWCNTs—-4.8 (red
curve), Au—13.5 (green curve). Potential sweep: —1 and +1 V (versus Ag), scan rate: 100 mV s

Various shifts reported in the literature for a specific nanostructure are caused by the difference in
the electrode preparation techniques (different working electrodes, size of nanoparticles, addi-
tional electroactive surface area, etc.). For example, a 500 mV negative shift of the H,0, redox
peak with MWCNTSs nanostructuring was reported; [160] this value is five times higher than that
reported here (100 mV). This is due to the difference in the amount of deposited nanostructures,
since almost six times as many (30 ug) MWCNTSs were used than in this study (4.8 ug).

The present study and the above mentioned examples prove that CV responses of sensors are in-
fluenced not only by the additional electroactive surface. In order fully to analyze and predict their
electrochemical behavior a combination of elements, including bare electrodes, nanostructures,
immobilized enzymes, and target molecules should be considered.

Electrochemical performance comparison by CA - Amperometric detection of electroactive tar-
gets was carried out to compare the various nanostructuring impacts on the electrochemical per-
formance of biosensors. To this purpose, the above-mentioned biosensors Bi,03—100, Au—13.5,
and MWCNTs—4.8 were put to use to detect several concentrations of H,0, (as explained in mate-
rials and method) with the applied potential fixed to 850 mV, 450 mV, and 620 mV, respectively. In
addition, a bare SPE was examined with an applied potential of 750 mV, as a reference. H,0, was
injected in PBS (pH 7.4) by 100 uM steps in the range of 0-500 uM. The system gave a clear step
response after each injection, with the amplitude directly related to the concentration of H,0;
(Figure 19).
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Figure 19. Typical CA response of Au-13.5 biosensors. Injections are performed some moments before the steps.

Steps related to each injection were averaged and converted to points in the calibration curve
shown in Figure 20. Standard deviations were calculated for each step and they are presented in
the figure as error bars. Blank measurements and system noise were averaged and removed from
the data for higher precision. [154] The calibration curve of GNPs represented on Figure 20 shows
a steeper slope than the other curves, as GNPs enhanced the sensitivity compared to the referen-
tial bare SPE, while Bi;O3 NPs and MWCNTs show lower improvement. Quantitative values of sen-
sitivity and the LOD in Table 2 present more than a three-fold sensitivity improvement by
nanostructured GNPs compared to the bare electrode. This is better than what is obtained by
Bi»O3 NPs and nanostructured MWCNTSs: an improvement of ~60%. This demonstrates the high
impact of GNPs in facilitating the electron transfer with an electroactive target. As a result, GNPs
were chosen as a candidate for the nanostructuring of biosensors for drug monitoring purposes.
Although the enhancement achieved by using GNPs is already reported, there is little work on the
impact of GNPs on H,0, detection in comparison with two other known nanomaterials. For in-
stance, Li et al. [169] have reported an increment in sensitivity by comparing calibration curves of
their electrodes for H,0, detection with and without GNPs.

The other two nanostructures show an electrochemical performance of the more or less same
level. However, the EASA related to Bi,O3 NPs nanostructuring (1050 mm?) were almost the maxi-
mum achievable with the drop-coating technique used in this study, but still much more EASA
could be gained through depositing more MWCNTSs on the surface (refer to 2.1.4 for more detail).
Therefore, MWCNTs were chosen as the second type of nanostructures for drug monitoring, the
final aim of this section being intended to provide a proper tool for enzymatic biosensors in terms
of maximum electrochemical performance and good biomolecule immobilization.
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Figure 20. Calibration curves obtained by analyzing the CA response of the nanostructured electrodes and bare SPE.
The slope of the lines identifies the sensitivity related to each nanostructure.

Electroactive compound detection by potentiometric/amperometric Bi;O3; NPs, GNPs, and
MWCNT-based biosensors demonstrated different sensitivity, LODs and peak positions despite the
fact that the electroactive area on their recognition interface was the same. These findings prove
that there are also some other factors contributing to the electrochemical behavior of nanostruc-
tures. Physical properties of the surface (such as the level of porosity and defects), the layering
effect, and size dependent properties such as quantum effects are some of these factors. The lat-
ter factor is more interesting since the electrodes functionalized with GNPs, with dimensions un-
der the limit of 10 nm (quantum dots), exhibit the best performance. This demonstrates the quali-
tative effect of dimensions on the electrochemical performance. Further details will be presented
in section 2.1.5.

Table 2. Electrochemical performance of nanostructured biosensors, with bare biosensor for purposes of comparison

Bare SPE* MWCNT-4.8 Bi,05-100 Au-13.5
Sensitivity (nApM™ cm?)  40+5 54 +2 74 +12 129 + 15
LOD (uM) 19.4+6.8 8.4+0.3 17.3+7.2 19.7+5.3
Peak positions (mV) 668 £ 7.9 457 +0.4 790+1.4 386 £ 0.6
Additional EASA (mm?) 0 1050 1050 1050

*W.E. surface area : 0.12 cm’

The optimization of the chosen nano-biosensors (MWCNT and GNPs-based), in terms of scan rate
and additional-EASA, are explained in detail in ensuing sections (2.1.3 and 2.1.4, respectively). The
aim of these two sections is to improve the sensitivity and the limit of detection of GNP and
MWCNT-based nano-biosensors to find out the best choice for quantifying the concentration of
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etoposide, and to prepare the biosensor for the biomolecule immobilization that will be explained
in Chapter 3.

2.1.3 Optimization of detection method for electroactive drugs

As a first optimization, CV as the detection method was optimized in terms of the scan
rate of the applied-potential. Increasing the applied-potential scan rate in CV increases the meas-
ured current amplitude at an interface that is explained by the Randles-Sevcik equation (Equation
20). [73] It represents direct proportion between the current peak amplitude and the scan rate.
Nevertheless, it does not continue forever, and at some point the current cannot keep up with the
scan rate increments, therefore it reaches saturation (Figure 21).

Electron-transfer rate not fast enough
to respond to potential changes

»

Current amplitude

fTTT>TI

Higher scan rate

Figure 21. Qualitative relations between the scan rate of applied-potential and the current amplitude

This can be explained by the double-layer effect at the interface of liquid and the electrode. The
ions in the solution create a double-layer phenomenon right in the vicinity of the interface. These
layers need to be charged/discharged before any electron transfer similar to a capacitance in elec-
trical circuits and, in fact, have been indicated in the equivalent circuits of the system electrical
behaviour. Therefore, at some point charging and discharging of the double-layer capacitance at
the interface cannot follow the potential scan rate. It looks like that rate of reaction is slow, com-
pared to the scan rate. Therefore, the current is no more a function of the scan rate, and it reach-
es saturation.

Material and method

Biosensors were fabricated using commercial SPEs manufactured by Metrohm (DRP-110) as de-
scribed in previous sections. Powder of MWCNTSs (diameter: 10 nm; length: 1 to 2 um; 90% purity),
functionalized with COOH was purchased from DropSens (Spain), which was dispersed in chloro-
form at a concentration of 1 mg mL™, and was sonicated for 1 hour to achieve a homogeneous
solution. Dispersion of hydrophilic GNPs (OD-1; 0.06 mg mL™), stabilized with Tannic acid, was
purchased from Sigma-Aldrich.

SEM images of the surface nanostructured with MWCNTSs (Figure 22-top) showed the quality of
the sample used, as well as its surface coverage. Transmission electron microscopy (TEM) was
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used to characterize the physical properties of the purchased sample. An selection of the TEM
images of the sample is presented at the bottom of Figure 22, alongside the SEM image of the
MWCNT sample after deposition (Figure 22-top). The TEM image clearly showed the spherical
shape of the nanoparticles used with an average diameter of 5.22 + 0.01 nm (Figure 22-bottom).
The presented TEM image was analyzed by Imagel software to find the average size.

PBS (100mM; pH-7.4) was procured from Sigma-Aldrich, dissolved in distilled water and stirred to
obtain the homogeneous solution. It was used as a supporting electrolyte in experiments. Etopo-
side powder was purchased from Sigma-Aldrich and was dissolved in dimethyl sulfoxide (DMSO) at
a concentration of 10 mM. TEM and SEM images presented in Figure 22 were taken using a Tecnai
Osiris device and a MERLIN device, respectively. All image analyses have been performed utilizing
Image) software. [156] Autolab potentiostat/galvanostat (PGSTAT128N) was used for CV under
aerobic conditions.

Figure 22. SEM image of MWCNTs deposited on W.E. of SPE. Top left: the surface of a working electrode, which is
covered by MWCNTSs. Top right: magnification of the area specified on the left figure showing MWCNTs with an aver-
age diameter of 10 nm. Down left: SEM image of GNPS deposited on W.E. of SPE. Down right: TEM image of hydro-
philic sample of GNPs with average diameter of 5.22 £ 0.01 nm. Inset: one spherical GNP is pointed out.

The functionalization of the SPEs with nanostructures was carried out using a drop-casting tech-
nique for ease of action, while also minimizing the interferences. For instance, to prepare SPEs
equipped with hydrophilic GNPs (GNP-SPEs), 290 pl of 0.06 mg mL™ stock dispersion was dropped
over the W.E. in steps of 10 pl to obtain an overall mass of 17.4 pug of GNPs. EASA have been calcu-
lated using SSA of each material, with the mass of deposited nanomaterials as explained in subsec-
tion “electro active surface area calculation” in section 2.1.2. As described before, EASA (in mmz)
has been used as the unit rather than mass (in pg) to provide reasonable comparison between
electrodes equipped with different types of nanomaterials.

In order to perform the scan rate optimization, biosensors were nanostructured with constant and
similar additional-EASA and were directed to detect a 70 uM solution of etoposide with various
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potential scan rates (vs. Ag) in the range of 10 mV s and 120 mV s™. At this step having the same
EASA was not necessary, as the detection responses were not compared. Thus, nanostructured
biosensors were functionalized with 30 pg of MWCNTSs (6471 mm? of EASA) to produce MWCNTSs-
based biosensors (named MWCNT-SPE-6471), with 69.6 ug of GNPs (4314 mm? of EASA) to pro-
duce GNP-based biosensors (named GNP-SPE-4314). The schematic of the biosensor produced is
illustrated in Figure 23.

R-OH
(Oxidized form)

Figure 23. Schematic of a nanostructured SPE-based biosensor used in optimization experiments and for electroactive
drug detection.

To obtain the voltammograms, the first 100 ul of etoposide 70 uM solution in PBS covered the
active part of the cell. The biosensor was configured to swap the voltage between -1 and +1 for 10
cycles to achieve a stable result. Typical voltammograms recorded during the detection of a 70 uM
etoposide solution by the MWCNT-based biosensor is presented in Figure 24. The right side of the
figure demonstrates the polynomial baseline that is used in analysis of the data, the peak ampli-
tude (with respect to the baseline) and the position, in both scan rate and EASA optimization ex-
periments.
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Figure 24. Left: recorded voltammograms of MWCNTs-based biosensor for different scan rates. 70 mV s exhibits
highest peak amplitude. Right: baseline type and the etoposide oxidation peak that were considered in scan rate and
EASA optimizations.

Recorded voltammograms were analyzed by Nova software to find and measure etoposide oxida-
tion peaks. The capacitive current of the voltammograms were removed and the baseline of oxida-

68



tion peaks were corrected to obtain only the Faradaic current peaks related to the oxidation of
etoposide. These peak amplitudes were averaged out, and are presented in Figure 25. Error bars in
the figure indicate the standard error related to triplicate measurement for each scan rate by
three separated biosensors.
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Figure 25. Left: optimum potential scan rate (vs. Ag) for MWCNTs-based nano-biosensors equal to 70 mV st Right:
optimum potential scan rate (vs. Ag) for GNPs-based nano-biosensors equal to 130 mV st

Recorded responses represent the optimum scan rate for voltammetric experiments equal to 70
mV st and 130 mV s respectively for MWCNT- and GNP-based biosensors. In the detection of
their electroactive target.

2.1.4 Optimization of nanostructuring in terms of added EASA on electrodes

The second optimization is in terms of additional-EASA by means of nanostructuring. In-
creasing the amount of nanostructures and, as a result, the added EASA on W.E. has been ex-
plained in detail in the section on Nanostructuring in 2.1.1. More EASA means a higher reaction
rate and higher affinity for reaction at the interface, as well as a higher recorded current ampli-
tude in an electrochemical detection. On the other hand, at some point the physical contact of
analyte with lower layers of nanostructures is interrupted. This means that the current will not
increase any more with more nanostructuring after that (Figure 26).

Amount of active area remains constant
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Figure 26. Qualitative relation between adding EASA over W.E. by nanostructuring and measured current amplitude
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Nanostructuring optimization started with MWCNT based electrodes production. To do so, elec-
trodes were functionalized with MWCNTSs ranging from 0 to 40 pg with a step of 5 ug (bare SPE,
MWCNT-SPE-1078, MWCNT-SPE-2157, ..., MWCNT-SPE-8628). Next, the additional EASA for each
electrode were calculated (2.1.2) and the opposite calculation was performed to find the mass of
GNPs that was needed for deposition in order to acquire same additional-EASA. This procedure is
summarized in Table 3. The GNP based biosensors were named as follows: bare SPE, GNP-SPE-

1078, ..., GNP-SPE-8628. For instance, 17.4 pug of GNPs were deposited over W.E. of an electrode
to produce GNP-SPE-1078.

Table 3. Data obtained for amount of MWCNTs and GNPs in micro-grams to have the same EASA in mm?

EASA 1078.5 2157 3235.5 4314 5392.5 6471 7549.5 8628
Amount of 5 10 15 20 25 30 35 40
Amount of GNPs 17.4 34.8 52.2 69.6 87.0 104.4 121.8 139.2

Nano-biosensors were then characterized with a voltammetric detection of 70 uM etoposide solu-
tion, with a scan rate fixed to 70 mV s and 130 mV s for MWCNTs and GNPs (refer to 2.1.3 or
more detail), respectively. According to graphs presented in Figure 27, the maximum electrochem-
ical performance for electroactive drug detection can be achieved utilizing MWCNT-based biosen-
sors with 4314 mm? of EASA and a potential scan rate of 70 mV s and GNP based biosensors
equipped with 6471 mm? of EASA and a scan rate of 130 mV s™.
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Figure 27. Etoposide averaged-oxidation peak amplitudes for nano-biosensors functionalized with different amounts
of nanomaterials. Left: the maximum response observed for biosensors equipped with 20 ug of MWCNTs (4314 mm?
of EASA). Right: the maximum response observed for biosensors equipped with 104 pg of GNPs (6471 mm? of EASA).

The next section deals with the relation between the NPs dimension and quantum phenomena
and their impact on enhancing the electrochemical performance of nano-biosensors. It has already
been reported that GNPs with decreasing diameter can provide electrochemical enhancements.
For instance, in [24] it is explained that by decreasing the size of GNPs from 13 nm to 6 nm and
then to 3.5 nm, the maximum current is increased to 66.2 pA, 73.8 pA, and 76.2 YA, respectively.
However, this is the first time that this phenomenon has been observed and characterized exper-
imentally on electroactive drug detection, to the best of our knowledge.
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2.1.5 Impact of GNP size and rising quantum blockage

Advances in nanotechnology have helped emerging new materials and devices that have
widely improved performances in electrochemical sensing. Electron transfer at the sensing surface
has been largely improved by using gold nanoparticles. [170] Moreover, the nano-size scale of
such electrochemical devices offers new phenomena, e.g., the non-enzymatic detection of glucose
[97] or the memristor effect for ultrasensitive aptamers-based sensing of cancer markers. [171]

However, the Coulomb blockade has been never exploited for electrochemical sensing, although
it promises an improved electron transfer due to the possibility of quantum confinement in a
limited region of space, if quantum particles of sufficiently small size are integrated in the
electrochemical sensing surface. The quantum phenomenon of the coulomb blockade, predicted
by Likharev and Averin in 1986, [172] had initially been observed only at very low temperature
(very low on the Kelvin scale) in point-contact junctions [173] and in metallic granules, [174] while
it has been discovered at room temperature, first in metallic particles, [175] and then in semi-
metallic ones, [176, 177] only in the 1990s - thanks to the nano-scale sizes of the structures used
(a very few nm).

The aim of this section is to present electrochemical sensing enhancement based on Coulomb
Blockade. The quantum device was fabricated by using SPE-based electrochemical sensors func-
tionalized with gold nanoparticles of enough small lateral size [82] in order to allow for the quan-
tum blockade phenomenon at room temperature. The device was realized in several versions by
changing the size of particles and demonstrating that only the right sizes for single-electron trap-
ping, as predicted by the theory of coulomb blockade, returned an improved device performance.
The electrochemical performance of the quantum device is compared to the response of a
MWCNT-based biosensor to demonstrate the superior performance of this new quantum-based
electrochemical detection.

The proposed quantum device is tested with the detection of an anti-cancer electroactive drug,
etoposide, to show its advantage as an electroactive-drug screening tool. Such a new kind of elec-
trochemical quantum-device paves the way towards novel and improved diagnostics in personal-
ized medicine, including but not limited to cancer therapy.

Material and method

Powder of MWCNTSs with diameter of 10 nm; length of 1 to 2 pm; 90% purity, functionalized with
COOH was purchased from DropSens (Spain), which was dispersed in chloroform to the concentra-
tion of 1 mg mL™, and was sonicated for 1 hour to achieve a homogeneous solution. Samples of
GNPs coated with dodecanethiol, were provided by NanoPartz™ (USA) in 20 mg mL" solutions, as
9 separated dispersions of GNPs with diameters of 1.8 nm, 3 nm, 5 nm, 10 nm, 15 nm, 30 nm, 50
nm, 100 nm. Electrochemical sensing quantum devices were fabricated based on the same com-
mercial SPEs as in the previous section, manufactured by Metrohm (DRP-110).

The functionalization of SPEs with nanostructures was carried out with a drop-casting technique,
following a well-known protocol. [125] Electrodes were stored at ambient temperature after each
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deposition for drying and for storage. EASA have been calculated using the specific surface area
(SSA) of each material and the amount of mass used for electrode preparation following the sub-
section “electro active surface area calculation” in section 2.1.2. As described before, EASA has
been used as the unit, rather than mass, to provide a reasonable comparison between electrodes
equipped with different types of nanomaterials. 6471 mm? of EASA was added over the working
electrode by GNP nanostructuring according to the results obtained for the etoposide-detection
optimization (please see 2.1.4 for more details).

GNPs with smaller sizes bring higher gain in terms of EASA, so to achieve the same amount of
EASA (6471 mm?) a small amount of them (in terms of mass) is sufficient. For instance, a SSA of
172.71 m? g* was calculated for 1.8 nm-GNPs, following the discussion in SSA calculation in sub-
section 2.1.2, so 1.87 pl of its 20 mg mL™ GNP dispersion was drop-cast on the surface to add the
optimum EASA, equal to 6471 mm?. The values related to other GNP samples are mentioned in
Table 4.

Table 4. Data related to GNP nanostructuring to add 6471 mm? of EASA

GNPs size (nm) SSA Mass of deposition (ug) Volume of deposition
1.8 172.71 34.47 1.87

3 103.63 62.44 3.12

5 62.18 104.07 5.2

10 31.09 208.14 10.41

15 20.72 312.31 15.61

30 10.36 624.61 31.23

50 6.22 1040.35 52.02

100 3.12 2074.04 103.70

A typical sample of GNPs with a diameter of 5 nm was analyzed to estimate the quality of the
commercially provided sample. To this aim, SEM and TEM were used to characterize the sample
and the acquired images, as represented in Figure 28-a (TEM image) and Figure 28-c (SEM image),
were analyzed by Imagel software.

This SEM image verified the complete surface coverage of the W.E. by the GNPs after nanostruc-
turing. The analysis of TEM image by Image) software gave an average diameter of 4.5 + 0.7 nm
that proved the quality of the purchased samples. The size distribution of the GNP sample is
shown in Figure 28-b. These particles present a coating that stabilise the particles and assure a
precise size of the particle core. That coating is not visible under the SEM imaging due to the alkyl
groups in the coating chain and, therefore, microscopy only returned the image of the metallic
core of the particle. In addition, SEM images acquired on the different sizes of the used GNPs have
confirmed the average size declared by the seller, as shown in Figure 28 for the case of the 5 nm
particles.
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Figure 28. a) STEM image of the used nanoparticles. b) Size distribution of GNPs inside the green rectangle in the
STEM image. c) STEM image of the nanostructured surface. An average diameter of 4.5 + 0.7 nm was evaluated by
Image) software analysis on STEM images of 5nm GNP samples.

If the metallic core of the particle is small enough to provide coulomb trapping at room tempera-
ture, then the particle core behaves as a quantum dot during the transfer of electrons from the
chemical specimen to the electrode surface of the sensing device during the redox processes that
allow the compound detection (Figure 29).

Etoposide g 884 &

Figure 29. The gold nanoparticles stabilized by an organic coating behave as quantum dots when the Au core of the
particles is small enough to allow Coulomb Blockade to occur at room temperature, and also the alkyl-tail behaves as a
quantum barrier. In this case, the electron-transfer from the drug (etoposide) to the core of the particle happens
through a hopping conductivity along the alkyl chains, while the particle metallic core provides the quantum hole that
traps electrons.

In this case, the quantum dot behaviour of the particle provides a kind of “electrons reservoir” to
the redox reactions and, therefore, it enhances the electron transfer from the detected drugs to
the electrode surface. In other words, the electrochemical-sensing interface now presents now a
series of quantum dots that support drugs detection by supplying a more efficient way to transfer
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electrons from the drug compound to the working electrode of the sensor. To verify this, a de-
tailed study on typical cyclic voltammograms has been performed.

An Autolab potentiostat/galvanostat (PGSTAT128N) was used to acquire Square Wave Voltamme-
try (SWV) measurements under aerobic conditions. To acquire the voltammograms, 100 pl of
etoposide solution with concentration of 200 uM (PBS as background electrolyte) had covered the
active part of the electrode, and voltage was swept between - 500 mV and 800 mV. Autolab device
was configured to perform 2 cycles for SWV to achieve a stable result. The step potential, stair
amplitude and frequency of SWV were set to 5 mV, 20 mV, and 10 Hz, respectively. Autolab NOVA
software (Metrohm) was utilized to correct the baseline of the voltammograms to provide a better
comparison between peak amplitudes. To this end, baselines were fitted with appropriate lines
and subtracted from the data. [178] One example of the acquired voltammograms is shown in
Figure 30, and two important peaks of etoposide, as well as the baseline used for subtracting the
background signal, are pointed out in the figure.
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Figure 30. SWV responses of etoposide oxidized in contact with GNPs of various sizes. Two oxidation peaks of etopo-
side, and the baseline are pointed out on the response of 10 nm sample.

Square wave voltammograms (SW-voltammograms) acquired in the voltage region from -0.4 up to
0.8 volts , are represented for comparison in Figure 31. These were achieved by using quantum
devices fabricated utilizing GNPs of different sizes after baseline correction. They clearly show two
oxidation peaks of the etoposide as observed and published in the literature by a range of authors
(Figure 30 and Figure 31). [179] As expected, the first oxidative peak (Peak 1) is observed at
around +80 mV while a second peak (Peak2) is located at around +300 mV. The different ampli-
tudes and relative positions of the peaks registered already show the different quantum efficiency
provided by the different quantum dots, despite the fact that the voltammogram looks very simi-
lar for all the particles used. The SW-voltammograms in Figure 31 clearly show a different layering
Effect (see Equation 22 in section 2.1.2) on the two oxidation-peaks of the Etoposide on our quan-
tum sensing devices. In fact, the shift in potential of Peak 1 caused by using, for example, GNPs
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with the size of 10 nm instead of 1.8 nm, is about 30 mV, while the same change of device results
in a larger shift, about 50 mV, on Peak 2. Therefore, with the same nanostructured surface, the
same redox species (but a different redox reaction) shows a slightly, but not negligible, difference
in the layering effect. Even more interesting is the fact that the electron transfer efficiency is
changing in a different manner for the two registered peaks, by changing the size of the nanopar-
ticles. For example, Peak 1 and Peak 2 have a very similar amplitude in devices realized with parti-
cles of 3 or 5 nm (in between 6 and 8 pA), while they present very different Faradaic currents
when registered with those devices fabricated with particles of 10 or 30 nm in size (Figure 31 and
Figure 32).
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Figure 31. SWV responses recorded during the detection of etoposide by quantum devices, fabricated by using GNPs
of different sizes indicated in the key.

Furthermore, it was stated in 2.1.2 that the current amplitude and sensitivity are directly propor-
tional to the electroactive area of the recognition element of the biosensor available to the ana-
lyte. However, all the quantum devices in this experiment are created by adding a certain amount
of nanomaterials in order to assure the very same EASA. Despite this effort, not only is the quan-
tum efficiency in the electron transfer during the redox reactions different on the different quan-
tum devices (e.g., different heights for the same peak in Figure 31), but the quantum efficiency in
the electron transfer during the different redox reactions is different even on the same device
(e.g., different Peak 1 and Peak 2 amplitudes related to one size of GNPs in Figure 31). Interesting-
ly, a quite evident peak current, in the range of tens of uA, is registered on those devices fabricat-
ed with an average diameter below 15 nm, while the current due to redox reaction related to
etoposide oxidation goes down for larger particles until it vanishes completely for a size larger
than 50 nm (Figure 32). This happened in opposition to the predictions of equation 18 that exactly
the same peak current would be observed, because the efficiency in the electron-transfer of the
surface is be only related to the increase of the EASA. This phenomenon is clearly unrelated to
sensitivity-surface area equations (Equation 21), and comes as a result of a different quantum effi-
ciency occurring for the two redox reactions.
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Figure 32. First (blue) and second (red) oxidation peaks of etoposide as measured with different quantum sensors
obtained with nanoparticles of different sizes. Error bars indicate here the typical measurement of standard errors
obtained in measurements series performed with several sensors fabricated with the same particle sizes.

Quantum efficiency is, indeed, related to coulomb blockade occurring in the particle core. In fact,
the theory of quantum blockade explains that the electron trapping that occurs inside a quantum
dot only when the trapping energy overcomes the thermal excitation (Equation 23) that usually
brings the electrons out of the dot. [172] This happens alongside the quantization of energy levels
inside the quantum dot., which means that electrons are trapped in these discrete levels of ener-
gy, waiting for a very small disturbance to move out, and this turns the quantum dot into a reser-
voir of electrons, waiting for the electroactive analyte.

eZ
— > KT (23)
2C

This equation imposes values at around 108 F to the equivalent capacitance C of the system, in
order to observe Coulomb Blockade phenomena at room temperature. Moreover, if Equation 23 is
satisfied, then a clear appearance of steps should be observed along the Current/Voltage curves in
specific conditions, as an echo of the electron-electron interaction inside the particle with respect
to the current flux passing through the dot. This phenomenon has been observed and reported,
under the name of Coulomb Staircase. It has been observed in Current/Voltage curves showing
steps like a stair both at a few kelvin [173, 174] and at room temperature. [175, 176] Observations
of the Coulomb Staircase have been registered, in 1997, in electrochemical experiments done with
a pair of electrodes with a size of 2.5 and 3.2 nm, immersed in an electrochemical solution. [180]
Very similar phenomena were observed in the current-voltage characteristics (voltammograms) of
quantum devices in a few experiments (Figure 33) in this thesis. Observations of a Coulomb block-
ade need extremely controlled conditions, and the possibility of other factors in forming these
observed stairs cannot be excluded. However, they can be considered as a signature of a Coulomb
blockade when put alongside the electrochemical efficiency observed, taking into account that
they happened for nanoparticles of just below 15 nm at similar conditions.
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The theory of the Coulomb Blockade says these steps are equally distributed in voltage by follow-
ing an equation that relates this voltage stepping to the equivalent capacitance of the quantum
system: [172]

4]

Vstep = E (24)

Considering the typical sizes of metallic cores of the proposed quantum dots and the typical length
of the alkyl chains in their stabilizing coatings, their equivalent capacitance can be computed at
the electrochemical interface as: [181]

CoA %r+d

particle

-
=4mee, —(r+d
. od( ) (25)

(€0 = 8.85x10-12 F m-1; € = permittivity of dodecanethiol = n3, = 2.13, from 14, = refractive index
=1.46 @ 20°C; r = radius of the Au core; d = length of the capped molecule), and we can conclude
that the particles embedded in this electrochemical interface behave as quantum dots with an
equivalent capacitance ranging from 0.3 up to 340 aF, which correspond to a voltage step from
500 mV down to 0.5 mV for the GNPs with sizes from 1.8 to 100 nm. The values of the equivalent
capacitance correspond quite well with the possibility of observing the Coulomb Staircase at room
temperature, [172] as well the step voltage-spacing observed in the experiments presented here
(around 50 mV in Figure 33).
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Figure 33. Coulomb Staircase observed in Cyclic Voltammograms. Particular cyclic voltammograms acquired on the
quantum device and showing typical staircase due to coulomb trapping occurring in the nanoparticles when behaving
as quantum dots (red curve). In contrast, cyclic voltammograms of a normal nanomaterial (MWCNTSs) with no quan-
tum blockage effect (black curve).

It has already been demonstrated that the appearance in the current/voltage curves of equally
spaced-in-voltage oscillations, instead of steps, is also related to the Coulomb Blockade. [176, 177]
Therefore, the current steps clearly observable in Figure 33 for potentials larger than 550 mV and
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the oscillations registered at lower potentials are both related to the Coulomb Blockade. The Cou-
lomb Blockade effect is clearly affecting the electrochemical detection in the proposed devices in
this thesis, as well. In fact, Figure 32 clearly shows quite an efficient electron-transfer in redox
reactions involving the detection of the etoposide for quantum devices built with particle sizes
well below 15 nm, the efficiency is highly reduced in between 10 and 50 nm, and completely lost
for particles larger than 50 nm. This is a strong signature that by moving towards 10 nm particles,
the Coulomb Blockade affects the electron transfer with the target, and as a result, boosts the
electrochemical performance of biosensors.

2.2 Drug detection using an optimized biosensor

Optimized MWCNT-based and GNP-based biosensors in terms of applied-potential scan
rate (subsection 2.1.3), nanostructuring (subsection 2.1.4) and NPs size (subsection 2.1.5) are used
to detect etoposide in order to compare their performance in terms of sensitivity and LOD. Three
electrodes were produced for each nanomaterial using optimum additional EASA and tested by CV
using optimum scan rate configuration. A concentration of target solution, etoposide (PBS as
background solution), was increased from 0 (blank measurement) to 60 uM in steps of 10 uM,
corresponding to the therapeutic range of etoposide. [182] Acquired voltammograms were ana-
lysed, as in the procedure for SW-voltammograms mentioned above (Figure 30) to measure the
Faradaic peak amplitude related to oxidation of etoposide. The peak amplitude obtained for each
concentration of etoposide was placed on a graph to form the calibration curve of the biosensor
(Figure 34). LODs were calculated using Equation 7. Quantitative data of sensitivity and LODs, as
well as the optimization configuration specific to each nano-biosensor, are indicated in Figure 34.
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Figure 34. Calibration curves related to MWCNT-based biosensors and GNP-based biosensors. Nano-biosensors were
prepared using 6471 and 4314 mm? of additional-EASA, respectively, and were tested with CV to detect etoposide
with concentration varying in a range of 0 to 60 uM as is shown on the horizontal axis. Scan rates were set to 130 and
70 mV s'l, respectively. Data points are shifted, to provide more clarity on sensitivity differences, by 2.95 pA and 1.2
UA for MWCNT and GNP curves, respectively.
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Nano- Biosensors showed a sensitivity of 0.98 + 0.41 pA uM™ cm™? and 1.43 + 0.26 pA pM™* cm?,
and an LOD of 1.52 + 0.89 uM and 1.29 + 0.48 uM for MWCNT and GNP based electrodes (Table
5). Presented data shows better etoposide detection performance for GNP-based biosensors with
a size of 10 nm (quantum devices) compared to MWCNT-based devices in terms of either sensitivi-
ty or LOD. Moreover, comparing the limit of detection achieved in this work with the therapeutic
range of etoposide (from 10s of uM to 100 uM) [66, 182, 183] verifies that both nano-biosensors
are qualified enough for etoposide detection. Low enough LOD, high sensitivity (even at very low
concentrations) and simple functionalization make the proposed GNPs a suitable option for the
detection of electroactive drugs such as etoposide. The enhanced electrochemical performance of
GNP-based biosensors (10 nm in diameter) over MWCNT verions in the detection of etoposide
cannot be explained without taking into account that both nanostructured biosensors were exper-
imented at their optimum configurations. In fact, it can be inferred that the size of nanoparticles
(that is under the 10 nm) and the proven quantum effect (refer to subsection 2.1.5) have taken a
significant role in improving the electron transfer and, as a result, a better biosensing perfor-
mance. Therefore, we have a direct proof of the key role of the Coulomb Blockade in the working
principle of our sensing devices. Their efficiency in the electron transfer in redox reactions involv-
ing a drug is therefore demonstrated. This definitely opens the way for the realization of improved
electrochemical quantum devices for applications in diagnostics for personalized medicine.

Table 5. Electrochemical performance related to each nano-biosensor and their specific optimization information

. Optimized scan Optimized Sensitivity
Biosensor type rate nanostructuring mass (MA pM™ em?) LOD (um)
MWCNTs-based nano- 70 20 0.98 +0.41 1.52 +0.89
GNPs-based nano-biosensors 130 104 1.43+0.26 1.29+0.48

In next section, a CYP450 enzyme will be immobilized on the platform as a recognition probe, to
create an optimum enzymatic nano-biosensor for personalized prostate cancer chemotherapy.

2.3 Direct electroactivity of abiraterone

As mentioned above (section 1.3.1) abiraterone is a recent and widely used anti-PCa drug.
The therapeutic range of Abiraterone in the circulatory system is up to 1 uM for a typical dose of
1000 mg injected per day. [39] Such a dose is the right one to maintain the concentration of abi-
raterone in this range and, therefore, to achieve a successful chemotherapy, since lower concen-
tration cannot provide a medical benefit, while higher concentrations will cause severe side effects
due to overdosing. Therefore, it is of high significance to monitor the concentration of abiraterone
in the patient’s body. However, it is not possible to provide a proper solution for such monitoring
without having enough information about the electrochemistry of the target. The electrochemistry
of abiraterone has not been explored, so in this thesis the direct interaction of abiraterone with an
direct electrochemical biosensor functionalized with MWCNTs was investigated for the first time.
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The electrochemical interaction of abiraterone with MWCNT without the involvement of any en-
zyme caused an increment of MWCNT peaks, as is demonstrated in Figure 35. This proved the di-
rect electron transfer between the drug and the MWCNT. In these experiments, the response of
MWCNTs-based direct electrochemical biosensors in a blank buffer and 30 uM abiraterone solu-
tion was recorded.

High drug concentration was used in this experiment to accelerate the fouling effect and make it
more observable. Electrodes were then washed with distilled water, and remeasured in a blank
buffer. This procedure was repeated several times. Results (Figure 35) showed a 15 pA increment
of MWCNT peak after interaction with abiraterone compared to with the blank buffer. The rec-
orded peak was reduced for only 5 uA compared to the peak obtained for a drug-spiked sample in
the buffer after the washing, while the original blank measure was 20 pA smaller. This demon-
strates that the drug remained attached to the surface of the MWCNTSs after the electron ex-
change. Furthermore, a stable response of ~32 YA was observed at the second cycle of experi-
ment. This shows that the surface was covered with drug residues that prevented the signal to be
increased to the previous detected amount for drug detection, and even prevented the signal to
be reduced after washing to the previous recorded amplitude in the blank buffer.
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Figure 35. Direct electrochemical response of abiraterone and MWCNTSs, with the electrode-fouling effect caused by
attachment of drug molecules on the surface. Reprinted with permission from [184]

Electrochemical responses of nonenzymatic biosensors clearly demonstrated the direct electroac-
tivity of abiraterone when reacting with MWCNT, as well as an electrode-fouling effect. The elec-
troactivity of abiraterone provides the possibility for the direct detection of this compound using
an EAD-biosensing approach; nevertheless the observed uptake of drug molecules over MWCNTSs
and the fouling effect caused is a significant interference for this application. In the next chapter,
an enzymatic biosensor will be introduced that solves this issue and offers a proper solution for
abiraterone monitoring in human serum.
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2.4  Original contribution

As mentioned earlier in the chapter many works have been carried out and documented
in the literature on characterizing the importance of nanostructuring in analyte detection. For in-
stance, etoposide detection has already been demonstrated with a lower LOD than this study. [66,
185]

However, this part of thesis aimed to optimize the nano-biosensors for enzymatic drug detection,
showing that the quality at this level of nano-biosensors for etoposide detection was satisfactory
in terms of LOD.

Above all, the following results are reported for the first time, to the best of our knowledge, in this
thesis:

First: The proper characterization of nanomaterial properties and their impact on electrochemical
performance. This is the first work that compares the electrochemical enhancement obtained by
means of nanostructuring while keeping an equal gain in terms of EASA.

To this purpose, similar EASA were added to active electrodes of commercial SPEs using MWCNTSs,
Bi203 NPs and GNPs, and they were set to sense H,0, in a PBS buffer. The amount of nano-
materials was calculated, taking into account the SSA with the aim of equalizing the additional
electro-active surface area. Chrono-amperometric investigations on MWCNTSs and Bi,O3; NPs-based
SPEs show closer behavior in terms of sensitivity, but better results for MWCNTSs in redox potential
and LOD. Electrodes nano-structured with GNPs show better sensing performance and less redox
potential (oxidative peak position).

Second: Demonstrating the high performance of GNPs-based nano-biosensors for H,0, detection
compared to two other nanostructures. In this work, the sensitivity of electrodes to H,0; in-
creased more than three-fold compared to a bare carbon electrode. Interestingly, the size of the
tested GNPs are 4 nm, under the limit of ~10 nm where the quantum effects are dominant.

Third: Optimization of nanostructured biosensors in terms of amount of deposited nanomaterial
(or additional-EASA achieved by that) and potential scan rate was performed, followed by a com-
parison of the electroactive drug detection response of optimized nano-biosensors.

Optimized MWCNT and GNP based nano-biosensors were compared using etoposide as a target.
GNP based electrodes exhibit better electrochemical improvements in terms of both sensitivity
and limit of detection.

Fourth: The impact of GNP size on electron transfer was demonstrated, as was its relation to
guantum phenomena such as the Coulomb Blockade, and its effect on drug detection.

A third step of optimization was performed on GNP based nano-biosensors in terms of NPs size. A
series of SPE based biosensors was developed with various sizes of GNP, and the results clearly
showed a change of performance according to the size of the GNPs, considering that the deposit-
ed EASA was always the same. An analysis of the data demonstrated the quantum blockage (cou-
lomb staircase) and its effect on boosting the electron transfer performance of the electrodes.

81



Chapter 2 DIRECT-ELECTROCHEMICAL BIOSENSORS FOR ELECTROACTIVE DRUG MONITORING

Fifth: Direct electron transfer between abiraterone molecules and MWCNTs was recorded for the
first time, and represented in Figure 35. An electrode-fouling phenomenon was also observed in
this direct interaction of the drug and MWCNTs, mainly due to the adsorption of drug molecules
on the surface. Therefore, abiraterone is classified as electroactive drug molecules with electrode-
fouling characteristics.

A comparison of the performance of optimized electrodes for etoposide monitoring in buffer
showed higher electrochemical performance of GNP based nano-biosensors for electroactive drug
detection. It should be pointed out that one of the aims of this part of thesis was to optimize the
performance of nano-biosensors, to make them ready for etoposide detection, so no effort has
been made to push the performance of optimized nano-biosensors to their extreme at this level.
Nevertheless, the LOD and sensitivity of both nanostructured biosensors fell sufficiently within the
therapeutic range of etoposide, proving the suitability of detection methodology for electroactive
drug detection.
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Chapter 3 Enzymatic biosensors

A biosensor, as explained earlier (section 1.4), is a device to sense a bioevent and convert
it to a signal that can be analyzed and observed. They consist of three main elements: Analyte,
recognition element, and transducer. The analyte is the molecule under experiment, the recogni-
tion element is the biosensing surface that includes a bioprobe that is needed for the specific de-
tection of an analyte, and can be a cell, a DNA, or an enzyme. Enzymes are catalysts of many bio-
chemical reactions. CYP450 enzymes are a big and multigene family of proteins (Figure 36), which
metabolizes over 1’000°000 different xenobiotic and endobiotic lipophilic substances. They are
also involved in the regulation of a wide range of metabolic activities that are essential to homeo-
stasis. Most of CYP450, as with other metabolizing enzymes, resides in the hepatocytes in the liv-
er. The main activity of CYP450 enzymes is to transform lipophilic molecules into hydrophilic mol-
ecules for easy excretion through kidneys and urine. [186] CYP450 enzymes metabolize ~75% of
all known pharmacological compounds. Over 7°700 individual CYP450 species have been identi-
fied, in which 57 have been identified in human hepatocytes, and only 15 metabolize drugs and
other chemicals in human body. Among these 15, five are involved in ~95% of biotransformation
reactions of drugs specifically. [23] Moreover, three CYP450 families of CYP450 1, 2 and 3 are
mainly responsible for the biotransformation of drugs and toxins in the human body. [11]

This ability of CYP450 enzyme to detect a specific class of drugs brings a great advantage to the
enzymatic biosensors proposed here. This makes it possible to detect multiple drugs simultane-
ously by using just one enzymatic biosensor. Therefore, they can be used for the monitoring of the
cocktails of drugs that are normally administered for chemotherapy of malignant diseases like
cancer. It is a significant property of enzymatic biosensors that they need to be employed with
extreme caution, choosing a proper CYP450 enzyme specific to all the drugs in the cocktail, and
proper strategies need to in place to identify different drug interactions. Multiple drug detection
by enzymatic biosensors has been reported in the current literature. [50, 66] They have used the
difference between the Faradaic peaks position, obtained due to the different interaction of tar-
geted drugs with the same CYP450, to distinguish different drug peaks.

As mentioned briefly before (subsection 1.2.1), CYP450 has a specific nomenclature that repre-
sents the name of enzyme (cytochrome), a number to indicate its gene family (CYP450 1, CYP450
2, CYP450 3, etc.), a letter indicating the subfamily (i.e. P450 1A, P450 2A, P450 2B, P450 2C, etc.)
and a number for the gene that identifies the isoforms. Isoforms are different proteins coded by
an individual gene within the subfamily. Different isoforms of a family, such as CYP450 3A1 and
CYP450 3A4, have 97% of their general sequence in common, to keep the same functionality and
exhibit high conservation of the protein structure. [187]
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Figure 36. Ribbon representation (distal face) of cytochrome P450s fold. Substrate recognition sites (SRS), and a-
Helixes are shown and labelled. Reprinted with permission from [188].

Figure 36 shows P450 enzymes common 3D-topology: A) a core is formed by a four a-helix bundle
composed of three parallel helices labelled D, L, and / and one anti-parallel helix E. [188] B) a heli-
ces hold in place the heme-iron group that is the active site of the enzyme. C) The heme moiety,
ferriprotoporphyrin-9, supports an iron atom, which is the core of the enzyme and is responsible
for the substrate oxidation. [186, 189] This core, in most CYP450s, is a relatively rigid part of the
protein structure, and because of the iron atom located in it the CYP450s are classified as metallo
proteins. D) The active site of enzyme is a very flexible region of structure that facilitates the con-
formational changes needed for accommodating substrates of different sizes. [186] E) Several
binding areas, or substrate recognition sites (SRS), inside their active site. [188] This multiple bind-
ing of sites, and as a result, the competitive binding of substrates cause some isoforms, including
3A4, 1A2, 2E1, 2D6, and 2C9, to exhibit atypical kinetics behavior due to conformational or chemi-
cal changes after binding a first substrate. [190, 191]

A substrate’s oxidation and reduction reactions are catalyzed by CYP450 thanks to the capability of
the metal atom in the heme group of CYP450 to receive or lose electrons easily. This is done ac-
cording to the NADPH (nicotinamide adenine dinucleotidephosphate) or NADH (nicotinamide ade-
nine dinucleotide) mono-oxygenation reaction, described by the equation:

RH + O, + NAD(P)H + H* - ROH + H,0 + NAD(P)" (26)

Where RH is a substrate that is hydroxylated through the insertion of one oxygen atom to form
ROH, while the second atom of oxygen is reduced to water. The substrate is, thus, transformed in
a hydrosoluble compound, easier to be excreted in urine. In summary, the electrocatalytic trans-
formation of a substrate is coupled to the electrocatalytic reduction of oxygen. [192]

All CYP450s have associated redox partners, such as cytochrome b5 and CYP450 oxidoreductase
(POR), to supply them with electrons for their catalytic activities (Figure 37). POR is a flavoprotein
complex with two flavins that act as electron carriers, FAD (flavin adenine dinucleotide) and FMN
(flavin mononucleotide). FAD moiety in POR takes electrons from NADPH to facilitate its cellular
transformation to NADP?, and, thus, is reduced to FADH,. Then FADH, reduces FMN to FMNH,,
which in turn passes its two electrons to the heme group of CYP450. [193] Cytochrome b5 is an
electron transport heme-protein the same as CYP450. This protein converts NADH to NAD® to
make proton gradients that, finally, stimulate the flow of electrons. [186] The reaction indicated
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by Equation 26, is a complex catalytic cycle, reported in Figure 37. In this cycle, RH is the CYP450
substrate, while ROH is its oxidized form. The first step is to bind the substrate (RH) to the CYP450
active site (no 2 in figure) followed by the first electron transfer, that causes the reduction of the
ferric heme Fe* to Fe”*, (no 3 in figure). The introduction of oxygen activates the heme group and
induces the creation of an intermediate, the oxy-CYP450 complex, (no 4 in figure). The second
electron transfer, the rate limiting step of the cycle, generates a peroxo-ferric intermediate (no 5a
in figure), and then its protonated form hydroperoxo-ferric intermediate (no 5b in figure). It fol-
lows the heterolysis of the O-0 bond that causes the release of a water molecule and the creation
of a highly active Iron(IV)-oxo ferryl intermediate (no. 6 in figure). This reactive intermediate drives
the transformation of an oxygen atom into the substrate, leading to the formation and release of
the ROH product (no 7 in figure), and, finally, the regeneration of the initial state of the heme
group (no 1 in figure). [188] Three instable intermediates or abortive reactions are illustrated on
the figure. Shunts lead to substrate dissociation and the production of intermediary products with
the regeneration of the active site to the initial condition (no. 1 in figure).
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Figure 37. Left: CYP450 catalytic cycle, and shunt reactions in dash-lines. Right: msCYP450-POR system in endoplasmic
reticulum. Adapted with permission from [188, 193].

In enzymatic SPE-based biosensors presented in this thesis, CYP450 enzymes are immobilized on
the surface of the W.E. electrode as the recognition element, where two electrons needed for the
completion of the monoxygenation reaction are supplied by the electrode. CV is used as a detec-
tion technique to activate/inactivate the redox center artificially, since it brings out the ability to
scan the desired voltage-interval, when looking for specific Faradaic peaks of CYP450 oxida-
tion/reduction.

In the absence of a substrate the immobilized enzyme gives peak-like signals resulting from the
reversible transformation of its redox center. This current flow will continue until all the immobi-
lized enzymes will have their redox center reduced, i.e. they are active. Therefore, a peak-shape
Faradaic current is generated. Ideally, a potential sweep in the opposite direction will regenerate
the active site, producing a symmetrical peak. In the presence of a CYP450 substrate, a catalysis
reaction occurs, and the electrons from the active site are further transferred to the substrate,
allowing the heme to accept new electrons from the electrode and producing a Faradaic contribu-
tion known as catalytic current. The recorded Faradaic current is associated only to the electron

85



Chapter 3 ENZYMATIC BIOSENSORS FOR DRUG MONITORING

transfer between the enzyme and the electrode - the analyte is not involved in it, since it is not an
electroactive species. On the other side, oxygen that exists in the sample solution is also a sub-
strate of the CYP450 enzyme, so the signal will increase in presence of CYP450 substrate, including
drugs, even oxygen. [125] In aerobic CV (oxygen present in solution) experiments the current peak
related to oxidation of CYP450 disappears. Adding the analyte to the sample increases the reduc-
tion peak while, in anaerobic conditions, oxidation and reduction peaks are both observable, but
the reduction peak is smaller than in the aerobic condition. [125] The potential for the heme group
at the core of the enzyme to go under oxidation/reduction reaction (peak positions) changes ac-
cording to the detection system configuration. This includes the type of electrode’s material,
nanostructuring, enzyme immobilization and type of enzyme, since all these factors can signifi-
cantly alter the electron transfer rate and affinity. [194, 195] Therefore, it is very important to
make a careful study, and identify the redox peaks related to CYP450 catalytic activity in interac-
tion with every specific sensing surface, as well as every specific drug that might be the enzyme’s
substrate.

In humans, only 5 CYP450 isoforms are responsible for the metabolisms of 95% of all known
pharmacological compounds. [22, 23] This makes the CYPs promising candidates for the construc-
tion of biosensors for TDM. In principle, a sensor bearing the 5 cytochromes altogether can be
used to follow the drug response of individuals in almost every kind of pharmacological treatment.

CYP-based biosensors have already been developed for a vast range of drugs [196] and they can
also be employed to measure drug metabolism reactions that are extremely valuable for the iden-
tification of drug-drug interactions in drug development. Recent review papers [196, 197] report
CYP450 biosensors based on many different techniques of protein immobilization, but also on sev-
eral enzyme preparations: purified CYP450, recombinant CYP450 or microsome systems.

3.1 Background of CYP450 and enzymatic biosensors in drug detection

Bacterial CYP450 has been used for biosensing applications in a solution or on bare elec-
trodes since the mid-1990s, including CYP450-based biosensors for the detection of drugs. [194]
The very first attempts at developing these enzymatic biosensors as a reliable and more portable
system were to employ amperometry techniques alongside electroactive mediators to eliminate
the need of NADH and NADPH cofactors and their necessary regeneration steps. Cobalt (Il) sepul-
chrate trichloride was used as a mediator for the electrocatalytical reduction of proteins contain-
ing different CYP450s and NADPH-CYP450 reductase to catalyze the hydroxylation of steroids and
the N-demethylation of drugs. [198] Further, mediators such as flavin mononucleotide, flavin-
adenine dinucleotide or riblofavins [199, 200] were covalently bound to cytochrome CYP450 2B4
and 1A2 cross-linked onto a screen-printed rhodium graphite electrode for the direct amperomet-
ric measurement of cholesterol or aminopyrine. However, these redox mediators, used in conjunc-
tion with redox enzymes, raised other problems like complexity, and low specificity due to stimu-
lating less interesting interfering reactions alongside the main reaction between the enzyme and
the electrode.
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More advanced enzymatic biosensors offered mediatorless electron transfer from electrode di-
rectly to the active site of the enzyme. These biosensors usually showed better selectivity, because
they are able to operate in a potential range closer to the redox potential of the enzyme, becom-
ing less exposed to reactions with interfering species coexisting in samples. In this approach, the
electrode is used as electron source for the CYP450 cathodic reduction that is coupled with the
analyte transformation. The generation of cathodic current and its measurement is therefore the
direct indicator of CYP450-dependent analyte transformation. This means that in this mediatorless
approach, without the existence of electron donors like NADPH or NADH, it is very important to
enhance the electron transfer to very high extents in order to facilitate the redox reaction at the
heme group, considering that the heme group is deeply ensconced in the heart of the CYP450
structure. Moreover, immobilization of the enzyme on the sensing interface must maintain the
natural form of the enzyme and, as a result, its catalytic activity. To this purpose, the orientation
of immobilized enzymes on the surface needs to be considered in order to have proper electron
movement and active sites available for drug binding.

Recently published reviews [196, 197] describe the progress made in the last 20 years on the
strategies for P450 immobilization on electrode surfaces, for their successful biotechnological ap-
plications and commercial exploitation. The main progress has been made possible through a
combination of both enzyme and electrode engineering methods.

Recognition element: Many efforts have been made to improve the immobilization of enzymes on
the sensing surface as recognition probes, and to prepare microsomal or recombinant enzymes
with optimized configurations. As has been explained in detail in recent reviews [194, 196, 197,
201] the most common Immobilization techniques include using biomembranes or vesicles, en-
capsulating in polymers (using polypyrrole polymer, agarose, chitosan and sol-gels), Layer-by-Layer
(LBL) or Langmuir-Blodgett (LB) films'?, Covalent bonding on self-assembled monolayers (SAMs),
nanostructuring (electrostatic attractions, hydrophobic attractions). A recent work has proven that
a hydrophobic surface can improve the immobilization of microsomal CYP450s (msCYP450s)
thanks to the abundance of hydrophobic regions on the surface of CYP450, and the lipids that
compose the microsome. [66, 202]

An alternative approach is to work on the enzyme structure itself to improve its functionalities. An
interesting approach, described as Molecular Lego [197], is based on the construction of recombi-
nant enzymes using domains taken from different proteins that own improved functionalities. Ex-
amples of domains are special amino acids anchoring the protein to the plasmatic membrane,
amino acids responsible for the interaction with other proteins, and more efficient reductase do-
mains. [203] This protein-engineering method promotes not only a correct covalent-oriented im-
mobilization, but also the modulation of the catalytic performance of CYP450s. Alternatively, it is
possible to include the natural redox partners with the P450 in vesicular systems, called micro-
somes or microsomal systems (msCYP450) containing CYP450 and POR. A microsome is obtained
from the fragmentation of the endoplasmic reticulum of the proteins (P450, POR, cytochrome b5),

12 Multiple layers of oppositely charged polyelectrolytes were adsorbed as a multi-layer film via electrostatic attrac-
tion.

87



Chapter 3 ENZYMATIC BIOSENSORS FOR DRUG MONITORING

and its reconstruction in vesicles that can be isolated by centrifugation. These protein/membrane
systems are used by pharmaceutical companies in assays for drug research due to their low pro-
duction costs with respect to recombinant CYP450s. Microsomes provide a natural environment
for both CYP450s and their natural redox partners. As presented recently in a study, [204] immobi-
lized msCYP450s on a polycation-coated electrode facilitated the direct electron transfer according
to the natural electron transfer path from electrode to POR and then the to active site of CYP450.
As indicated above, the improvement in immobilization of msCYP450s by hydrophobic forces is
demonstrated, and the catalysis of a substrate was successfully detected, [66, 202] proving that
microsomes offer a better environment for the enzyme, as the presence of POR improves the effi-
ciency of the enzyme.

Baj-Rossi, C., et al. have conducted a deep study on immobilization of msCYP450 on MWCNTSs us-
ing LBL technique, [66] where they demonstrated the hydrophobic residues on the surface of en-
zymes formed by N-terminal residues, [205] and also by the C-terminal end of an F-G loop. [206]
They have proven theoretically and experimentally the success of immobilization of one protein
layer on the surface of CNTs with an average size of 3 to 6 nm that corresponds to the thickness of
the CYP450 enzyme. Later, in other work [207] they have identified the reduction peaks related to
the interaction of their immobilized enzyme and the surface. Furthermore, they have employed
the system to detect a range of drugs such as cyclophosphamide13, ftorafur', ifosfamide and
naproxen®® using proper CYP450 isoform (Table 6). They have also studied the stability of micro-
somal CYP450 1A2 enzyme in continuous monitoring. [208] To do so, an enzyme was immobilized
on MWCNTSs by drop-coating, and was incubated in 100 mM PBS (pH 7.4) for 36 h. Cyclic voltam-
mograms were continuously acquired every 90 min, to reduce the scans applied to CYP and saving
its catalytic activity. Cyclic voltammograms were recorded in aerobic conditions and in the absence
of any substrate. The peak showed good stability for the first 16 h, and then started to decrease
gradually. It reached about 70% of its initial amplitude after 22 h, and about 20% after 36 h.

The storage stability of the CYP450 enzymatic biosensors has been extended up to 3 weeks with-
out attenuation of catalytic activity using aqueous silicate (Ludox solution) [209] and agarose gel.
[210]

Nanointerface: The impact of nanostructuring to the enhancement of electron transfer and, thus,
its vital role in developing nano-biosensors was explained in detail in Chapter 2. The advances and
efforts made on preparing the Nanointerface between the electrode and the target (drug or stabi-
lized probe) were also pointed out. In addition to that, nanostructuring offers other advantages in
enzymatic biosensing. They prevent the formation of an insulating layer of proteins on the surface

13 Used in chemotherapy of lymphoma and leukaemia as the precursor of an alkylating nitrogen mustard antineo-
plastic and immunosuppressive agent that must be activated in the liver to form the active aldophosphamide.

14 It is a chemotherapeutic fluorouracil prodrug used in the treatment of cancers, normally administered in combina-
tion with other drugs: tegafur/uracil and tegafur/gimeracil/oteracil. When metabolised, it becomes 5-fluorouracil.

15 An anti-inflammatory agent with analgesic and antipyretic properties. Both the acid and its sodium salt are used in
the treatment of rheumatoid arthritis and other rheumatic or musculoskeletal disorders, dysmenorrhea, and acute
gout.
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that suppresses the electron transfer, due to the adsorptive denaturation of proteins onto bare
metal electrodes. [211] Electrochemical measurements have also been carried out with CYP450s
immobilized on bare electrodes, showing poor electron transfer with the target in the system.
[194, 212]

Improving the stabilization of enzymes without loss of their initial catalytic activity is of primary
importance for the development of enzymatic biosensors. Targeting the binding properties of na-
nomaterials for the immobilization of enzymes provide the means for the development of a more
reliable analytical biosensor in terms of the accuracy of measurements, the sensor-to-sensor re-
producibility and the shelf and operational lifetimes. The stabilization of enzymes using certain
additives such as electrolytes, polyelectrolytes, polyols has proven to be a very efficient method in
the preparation of stable biosensors. At the same time, the immobilization of enzymes by either
entrapment into inorganic, organic or polymeric matrices, or by covalent bonding on solid sup-
ports, has also been very effective. The primary purpose of all these immobilization methods is to
decrease the tendency of the enzyme to unfold, by increasing its rigidity. For instance, porous car-
bon is an activated carbon that consists of mesopores and has been proven to be an excellent im-
mobilization matrix for the stabilization of enzymes. [213] Recently, glassy carbon electrodes were
nanostructured with graphene, gold nanorod and polythionine, on which DNA, specific for the
human papillomavirus, was immobilized as a recognition probe. [214] An amperometric acryla-
mide biosensor with remarkable sensitivity and selectivity was fabricated by immobilization of Hb
onto a nanocomposite of cMWCNT and Fe,04 nanoparticles (NPs), electrodeposited onto gold
electrode through a polymer chitosan film. [215] The sensor presented a quick response, wider
linear range, lower limit of detection (0.02 nM), good reproducibility, and long stability. Recently,
an immunosensor was reported for cancer detection utilizing poly (diallyldimethylammonium
chloride) (PDDA)-functionalized CNTs for the assembly of HRP and concanavalin A (ConA) on the
gold electrode. Utilizing the biospecific interaction between HRP and ConA, PDDA modified CNTs
form a complex of CNTs/PDDA/HRP/ConA which, later on, combined with Ab labelled HRP and
form a sandwich. The immunosensor exhibits a good linear range from 0.05-5 ng/mL to 5-200
ng/mL and a detection limit of 0.018 ng/mL. [216] A fresh glucose biosensor was fabricated using
free CNTs and an enzymatic electrode immobilizing glucose oxidase (GOx), GOx coating and GOx
precipitate coating. This sensor showed a remarkable improvement in sensing, stability and elec-
tron transfer. [217]

3.2 Enzymatic biosensor development

In this section, an enzymatic biosensor will be proposed and characterized that was de-
veloped and successfully used for abiraterone detection in a buffer and in human serum. The bio-
sensor was produced based on electrochemical screen-printed electrodes (SPE) functionalized
with CYP450 enzyme. CYP450 enzymatic biosensors have been very attractive for developing POC
drug monitoring systems, thanks to their simplicity, low cost and feasibility for miniaturization.
However, despite the body of related research available, there is no commercially available device
based on this system, to the best of our knowledge; mainly because of the difficulties to reach the
sub-micromolar limit of detection needed for the drug monitoring of malignant diseases, such as
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cancer. In this work, an optimized enzymatic SPE based biosensor is then presented and success-
fully tested to detect abiraterone in human samples below the micro-molar level.

The enzymatic biosensors developed for this thesis are produced based on commercially available
SPEs (Metrohm; DRP-110) functionalized with MWCNTSs (DropSens; diameter: 10 nm; length: 1 to
2 um; 5% COOH activation) to enhance the recorded signal, and biofunctionalized with cyto-
chrome P450 3A4 enzyme (Sigma-Aldrich; Microsomal; stored at -80°C; CYP3A4) as recognition
part (cSPE/MWCNTs/CYP3A4 biosensor). The SPEs include a carbon working electrode (W.E.; area:
0.12 cm2), a carbon counter electrode and a silver reference electrode. MWCNTs were dispersed
in chloroform to the concentration of 1 mg mL?, and were sonicated for 1 hour to achieve a stable
homogeneous solution.

Optimization of this kind of biosensor for drug detection in terms of scan rate and additional-EASA
has been already mentioned at subsections 2.1.3 and 2.1.4, respectively. Nanofunctionalization of
SPEs with MWCNTSs was carried out by a drop-casting technique to enhance the electroactive sur-
face area by 4314 mm” following subsection 2.1.4. In the drop-casting procedure 20 uL of MWCNT
dispersion (in steps of 4 uL) were dropped over the working electrode by pipette and allowed to
dry after each step. Nanostructured SPEs were then stored at ambient temperature. The final elec-
trode was stable and robust, as MWCNTs were attached over the W.E. by Van der Waals attach-
ment and hydrophobic interactions. To form the biosensing surface, nanostructure electrodes
were coated by 9 ul of CYP3A4 enzymes and incubated at +4°C overnight to immobilize the en-
zyme molecules on the surface through physical adsorption and hydrophobic attractions. Finally,
electrodes were washed with distilled water to remove any loosely bound proteins, and stored at
+4°C for further use. Optimized nanostructuring enhances the performance of the biosensor in
terms of sensitivity and the limit of detection. MWCNTs immobilize CYP3A4 molecules by physical
adsorption due to attraction between the hydrophobic domains. MWCNTSs also help to stabilize
enzyme molecules and maintain their shape and catalytic activity by forming a 3D porous structure
over the surface and a large effective surface area for CYP450 adsorption.

Electrochemical detection was performed on spiked human serum (Sigma-Aldrich; used as re-
ceived) and spiked PBS samples to record the biosensor response to a varied range of drug con-
centration. To do so, abiraterone powder (Medchemtronica, Stockholm, Sweden) was dissolved in
dimethyl sulfoxide, initially at a concentration of 10 mM, to be used as a stock solution.

To acquire the biosensor CV responses to abiraterone in PBS buffer solutions, bioelectrodes were
immersed in a beaker containing 10 ml of buffer, and gently stirred. This stirring will help to main-
tain the redox environment, and assures that the observed response is due to a drug-enzyme reac-
tion. For different concentrations of drugs, an adequate amount of abiraterone stock solution (10
mM in DMSO buffer) was added to the beaker solution. In case of in-serum abiraterone detection,
abiraterone was added adequately to the samples of human serum to the final concentrations of
250 nM to 3 uM, and the W.E. of bioelectrodes were covered with 100 pL of spiked serum. An Au-
tolab potentiostats/galvanostats (PGSTAT128N, Metrohm, Netherlands) was used for CV experi-
ments under aerobic conditions. Optimization of CV in terms of the best scan rate versus Ag and to
achieve the highest sensitivity for drug detection is explained in detail in subchapter 2.1. To follow
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that, the scan rate was fixed to 70 mV s™ (versus Ag) and the potential was scanned between -0.8
V and +0.6 V. In order to obtain a stable response for all the tested electrodes, the process was
repeated 10 times. Acquired voltammograms were analyzed with the Nova Software (Metrohm)
for baseline correction and to remove the faradaic current from the capacitive background. Reduc-
tion peaks were considered for investigation, having performed the acquisitions in the presence of
oxygen. For data interpretation, a suitable baseline was set for the faradaic current of the reduc-
tion peaks. A sample voltammogram obtained in this work, with the corrected baseline, is illus-
trated in Figure 38.
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Figure 38. A typical voltammogram obtained for the enzymatic monitoring of abiraterone. Inset shows the acquired
faradaic peaks after baseline correction and the capacitive current removal. Reprint with permission from [184].

3.3 Abiraterone electrochemistry

The unexplored electrochemical behaviour of abiraterone in interaction with the cyto-
chrome P450 3A4 (CYP3A4) enzyme is investigated in this section. The direct electroactive reduc-
tion of abiraterone in interaction with MWCNTs was explained in section 2.3, where an electrode
fouling effect related to abiraterone was registered as well. Taking advantage of an immobilized
enzyme over the optimized biosensors of the previous section not only provides a solution that
can be used for drugs that need an enzyme, but also solves the problem of electrode fouling for
abiraterone detection, as it prevents the direct interaction of abiraterone and nanomaterials on
the surface.

The immobilization of the CYP450 enzyme over MWCNTSs, using the same protocol of this thesis,
has been already investigated by Baj-Rossi et al. [66] They have used Monte Carlo simulation, and
also SEM to propose and prove their concept that this protocol covers all the available surface of
MWCNTSs with one layer of protein (10 = 4 nm).

Electrochemical analysis started with the identification of different peaks detected on the volt-
ammograms. Several different biosensors were fabricated by changing the nanostructuring and
enzyme in the biofunctionalization of SPEs, including: carbon electrode biofunctionalized with
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msCYP3A4 (Carbon/msCYP3A4), MWCNT nanostructured electrodes biofunctionalized with
msCYP3A4 (Carbon/MWCNT/msCYP3A4), MWCNT nanostructured electrodes biofunctionalized
with pure CYP3A4 (Carbon/MWCNT/pureCYP3A4) and not biofunctionalized MWCNT nanostruc-
tured electrodes (Carbon/MWCNT). Then, it continued with investigating the abiraterone impact
on catalytic response of CYP3A4 utilizing Carbon/MWCNT/msCYP3A4 electrodes and CV as detec-
tion method (Figure 39). At last, the direct electroactivity of abiraterone in interaction with
MWCNTs-nanostructured sensing surface of Carbon/MWCNT nanosensors is studied without in-
volving any enzyme.

The results reported in this work are significant for personalized medicine and point-of-care chem-
ical treatment, especially to improve the life expectancy and quality of life of patients with pros-
tate-cancer.
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Figure 39. Left: response of nano-biosensor to different concentrations of target. Right: A schematic representation of
developed enzymatic biosensors for studying electrochemistry of abiraterone, and its detection in buffer and human
serum. Adapted with permission from [184]

msCYP3A4 reduction peaks identification

Four reduction peaks were clearly observed in the response of abiraterone and CYP3A4 interac-
tion: they are located at -430 mV, -270 mV, -140 mV and 61 mV. In order to identify these peaks,
electrochemical responses of different biosensors working on 900 nM drug solutions were com-
pared (Figure 40). These peaks were identified by comparing the response of these different bio-
sensors with each other and with independent observations published in the current literature by
other authors. [207] A comparison of behavior in the presence and absence of abiraterone is pre-
sented in Figure 41.
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Figure 40. Identification of electrochemical peaks related to the interaction of abiraterone with CYP3A4 and MWCNTs.
Adapted with permission from [184].

The analysis of those peaks shows that:

A. The first peak (-430 mV) was recorded only for biosensors with msCYP3A4. It did not exist
on voltammograms of Carbon/MWCNT, so it is related to biomolecules. Moreover, it does
not appear on voltammograms related to pure CYP3A4-based biosensors, so it belongs to
CYP-reductase molecules that coexist with CYP3A4 protein in the microsome.

B. The Second peak (-270 mV) belongs to CYP3A4 protein, which is confirmed by the fact that
it was observed in the response of all CYP3A4 based biosensors.

C. The third peak (-140 mV) appears only for the nanostructured biosensors, but not in the
response of Carbon/msCYP3A4 biosensors. Therefore, it is identified as a MWCNTs peak.

D. The fourth peak (61 mV) was increasing over time, and was stabilized with increasing the
number of cycles, so it was identified as a background peak, as confirmed by our group in
other similar electrochemical systems. [207]

Abiraterone — CYP3A4 enzyme interaction

Voltammetric responses for each cytochrome-drug pair were first acquired in the absence of drugs
(the blank signal), and then in presence of the drug, at increasing concentration within the phar-
macological range. The inhibition of CYP3A4 by increasing the concentration of abiraterone was
observed in voltammograms acquired by the Carbon/MWCNT/msCYP3A4 biosensor. The CYP3A4
Faradaic peak (-270 mV) is related to the reduction of the active site of the enzyme (heme group).
This peak would increase/decrease in the presence of a substrate/inhibitor of the enzyme. The
acquired response of the biosensor to 300 nM, 600 nM and 900 nM abiraterone showed a gradual
inhibition and suppression of catalytic activity of CYP3A4. Background-subtracted reduction peaks
are shown in Figure 41 (left), and their measured amplitudes are presented in Figure 41 (right) for
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comparison. This inhibition reaction can be explained by the chemical structure of the drug and its
interaction with enzyme molecules on the surface.
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Figure 41. Left: the gradual inhibition of CYP3A4 catalytic activity by increasing abiraterone concentration; inset shows
a complete voltammogram in buffer and after interaction with 900 nM abiraterone. Right: averaged reduction peak of
CYP3A4 at different drug concentrations; Error bars are standard error of triplicate measurements. Reprint with per-
mission [184].

The abiraterone structure harbors three main features, including the aromatic nitrogen-containing
heterocycle (pyridine moiety), the hydrophobic steroidal core, and the hydroxyl group that all con-
tribute to the high affinity of the drug for irreversible binding to cytochrome P450 enzymes. [218-
221] This inhibition, which is mainly due to the complexation of the Fe*? of the heme group of
CYP3A4 and the sp2-hybridized nitrogen that exists in the pyridyl group, is described already in the
literature. [220, 222] However, this is the first time that this phenomenon is presented utilizing
electrochemical techniques. The redox reaction of CYP3A4 follows the Randles-Sevcik equation
(Equation 20) that explains how the current depends directly on the scan rate. The scan rate used
in this work was 70 mV per second, optimized for MWCNTs-based biosensors, as explained above.

3.4 Abiraterone detection in buffer and human serum

The dose-response curve of Carbon/MWCNT/msCYP3A4 in interaction with a wide range
of abiraterone concentrations in buffer and in human serum was obtained to investigate further
the effect of drugs on the catalytic activity of CYP3A4, and, above all, to calibrate the nano-
biosensor for the detection of abiraterone in biosamples (Figure 42 and Figure 44).

Abiraterone screening in buffer

The interaction of abiraterone with CYP3A4 is investigated by experimenting Car-
bon/MWCNTs/msCYP3A4 biosensors to detect abiraterone in PBS solutions as a proof of concept.
In-buffer abiraterone concentration monitoring mainly aims to study the catalytic behavior of
CY3A4 and the possibility to exploit this behavior in a biosensor for drug monitoring in biological
samples. The diminishing of the catalytic activity of CYP3A4, observed before, was considered as
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the response of the nano-biosensor. Different concentrations of abiraterone (250 nM up to 1000
nM with steps of 250 nM, then up to 3000 nM with steps of 500 nM) were detected to form a
dose-response curve representing the msCYP450 catalytic reaction in contact with abiraterone.
This curve is presented Figure 42.

A clear inhibition of CYP3A4 was observed in the response, in the diminishing of its reduction peak
as the drug concentration was increased. The dose-response curve also presented two significant
properties of this reaction. First, an exponential decay of the CYP3A4 peak was observed for drug
concentrations between zero and 1 uM. This range completely covers the therapeutic range of the
targeted drug (therapeutic range is up to 1 uM), proving the capability of Car-
bon/MWCNT/msCYP3A4 for abiraterone concentration monitoring after proper optimization of
the sensing system. Furthermore, by increasing the concentration from 1 uM to 3 uM, suppression
of the reduction peak was saturated by an irreversible inhibition of majority of CYP3A4 proteins,
after a reaction with abiraterone concentrations beyond 1 uM.
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Figure 42. Dose-response curve of abiraterone in interaction with CYP3A4. The relevant equation is shown. Error bars
in the figure indicate the inter-sensors variations, as each data point is an average of triplicate measurements carried
out on three biosensors. Red error bars indicate intra-biosensor deviation used in the LOD calculation. Reprint with
permission from [184]

The principle source of the response variations observed as error bars is the biosensor develop-
ment procedure, including nanostructuring and enzyme immobilization by Van der Waals attach-
ment and hydrophobic forces. This procedure is very effective in avoiding complexity and, more
importantly, the denaturation of the enzyme that both are essential factors in POC biosensing.
However, controlling the amount of immobilized enzymes on the surface is difficult, and this leads
to inter-biosensor variations due to different amounts of probe proteins on the sensing surface.
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The data points on Figure 42 follow an exponential decay equation (Equation 27). Where Yo =
8.482 UA is the start point, Plateau = 4.877 pA is the saturation region, and K = 0.002263 is the
decay rate, and has the reciprocal of X-axis unit (1/nM).

Y = (Y, - Plateau)e™ + Plateau (27)

Analysing these data leads to an LOD of 36.09 nM for in-buffer detection.

Abiraterone screening in human serum

Interaction of abiraterone with CYP3A4 in a PBS solution that caused an inhibition of catalytic ac-
tivity of the enzyme was presented and discussed above. This diminishing of the catalytic activity
of CYP3A4 was also observed as a response of the Carbon/MWCNTs/msCYP3A4 biosensor to abi-
raterone in human serum samples (Figure 43, left).
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Figure 43. Left: voltammograms recorded for the detection of abiraterone in spiked human serum samples. The typical
baseline used for analysis of Faradaic peaks are indicate in the figure. Right: Faradaic peaks after baseline correction
using Nova software. The patterned yellow, red and violet peaks (not to scale) indicate the different peaks observed in
this figure and the peak positions.

Different concentrations of abiraterone (250 nM up to 1000 nM with steps of 250 nM, then up to
3000 nM with steps of 500 nM) were observed, by the proposed biosensor, to obtain the dose-
response behavior of the biosensor in human serum as explained earlier. Figure 43 presents the
recorded responses of the biosensor after baseline correction. The reduction peak of CYP3A4 pro-
tein has been suppressed until the 1000 nM sample (pink curve), where further increments of drug
concentration did not show further inhibitory effects. At this drug concentration most of the
CYP4503A4 proteins are inhibited by the binding of abiraterone to their heme group. By increasing
the concentration beyond 100 nM, and up to 3000 nM, the electroactive nature of abiraterone
became dominant, as can be observed in the increase of the MWCNTSs peak in Figure 43.
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Reduction peak amplitudes of CYP3A4 in Figure 43 (right) corresponding to different abiraterone
concentrations were measured in Nova software and were demonstrated on a graph (Figure 44) to
obtain the dose-response curve of the enzymatic biosensor for in-serum abiraterone detection.
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Figure 44. The dose-response curve of the nano-biosensor in interaction with abiraterone in human serum. The rele-
vant equation is displayed. Error bars in the figure indicate the inter-sensor variations (on average RSD=26%), as each
data point is an average of triplicate measurements carried out on three biosensors. Red error bars indicate the intra-
biosensor deviation used in the LOD calculation.

The data points show an exponential decay following Equation 27 with an increase in the abi-
raterone concentration in human serum. Where Yo = 4.8 pA is the start point, Plateau = 3.064 pA is
the saturation region, and K = 0.002233 is the decay rate, and is the reciprocal of the X-axis unit
(nm™).

A limit of detection (LOD) of 230.26 nM has been calculated for the ¢cSPE/MWCNTs/CYP3A4 bio-
sensor as described in following section (section 3.4.1), according to the method described by
Armbruster et al. [155] The dose-response curve shows a dynamic range up to 1 pM, while in-
creasing the concentration beyond 1 uM demonstrated a plateau in the curve that means biosen-
sor is saturated as a result of the irreversible inhibition of the majority of CYP3A4 proteins. The
LOD and dynamic range are within the desired therapeutic range of abiraterone in the circulatory
system of patients taking this drug, demonstrating the feasibility of developing CYP3A4-based bio-
sensors for abiraterone detection in oncological treatments.

The suppression of the biosensor response by increasing the concentration of abiraterone has
been observed in all the biosensors used for both in-buffer and in-serum detection. However, the
observed standard deviation can be related to the different levels of catalytic activity of immobi-
lized CYP3A4. It can also be the result of the different amount of immobilized enzymes on the sur-
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face. The inter-electrode response variations are further improved for in-serum experiments
thanks to changing the setup to cover just the active area of the electrode with a spiked sample
for detection, rather than immersing the electrode in a beaker with a stirrer.

3.4.1 Statistical analysis

The method of Armbruster et al. [155] has been employed to analyze the dose-response
curves fitted to nonlinear functions, and to calculate the corresponding LOD:

The first LODay deviation of response was calculated using Equation 28 and 29, [155] and then it
was converted to concentration, using the relevant equation (Equation 27).

LOB = mean,,,, +1.645(SD,,,,) (28)

LOD,, = LOB=1.645(SD,

owest—concentration) (29)

In analysis of the abiraterone monitoring dose-response curves the standard deviation between
triplicate blank measurements carried out by one electrode were used (intra-electrode), rather
than the standard deviation of 3 different biosensors (inter-electrode; demonstrated on Figure 42
and Figure 44 as error bars). Intra-electrode standard deviation was used in these calculations,
because of the unique nature of developed enzymatic biosensors due to electrode-electrodes var-
iations happening in production steps like nanostructuring and enzyme immobilization. These var-
iations caused a big difference between the amplitude of different biosensors’ response, while all
of them followed a similar trend (exponential decay), and showed high sensitivity respect to blank
signal. Therefore, they were considered to be more appropriate in demonstrating the real sensitiv-
ity of biosensors to the lowest detectable concentration of drug.

In order to calculate the LOD for in-buffer detection, the average of intra-electrode blank meas-
urements, meanyank = 8.99 WA, the standard deviation between intra-electrode blank measure-
ments, SDpjank = 0.21 PA, and the standard deviation of intra-electrode measurements on the low-
est concentration of abiraterone tested (250 nM abiraterone), SDjowest-concentration = 0.27 WA, were
used. Then, a limit of blank (highest blank measurement response), LOB = 8.63 pA, and conse-
qguently a LOD,y = 8.19 YA were obtained using equations 28 and 29. Finally, by substituting the
LOD,y in the appropriate equation of dose-response curve for in-buffer detection (Figure 42 - in-
set) the LOD = 36.1 nM was calculated.

To calculate the LOD for in-serum detection, the corresponding intra-electrode parameters:
meanpank = 4.8 A, SDpjank = 0.22 pA, and SDjowest-concentration = 0.7 WA (for 250 nM abiraterone detec-
tion) were used. Then, a LOB = 4.438 A, and consequently a LOD,y = 4.158 pA were obtained ex-
ploiting equation 28 and 29. Finally, by substituting the LOD,y in the fitting equation of dose-
response curve for in-serum detection (Figure 44-inset) the LOD = 230.26 nM was calculated.

The reproducibility of the biosensor is indicated as the relative standard deviation percentage
(RSD%), calculated by dividing the inter-electrode standard deviation by the mean value, multiply-
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ing by 100 for each specific concentration, and then averaging them. Therefore, a reproducibility
of 26% was calculated for this enzymatic biosensor.

3.4.2 Comparison of performance with current literature

Table 6 summarizes some recent advances in drug monitoring, utilizing enzymatic nano-
biosensors suitable for POC applications. An amperometric biosensor based on CYP450 2B4
(isoforms named as CYP2B4 for simplicity) has been developed and successfully applied for co-
caine determination. [223] The enzyme has been directly screen-printed onto the surface of SPEs.
The ink was prepared by thoroughly mixing carbon ink with CYP2B4 (7% v/w) and immediately
screen-printing it to form W.E. of redox cells. Their procedure has shown a good reproducibility,
and a capability of detection down to 0.2 mM of cocaine. Carrara et al. [50] have reported a multi-
panel drug detection system based on MWCNTs nanostructuring and CYP2C9 and CYP3A4 for
naproxen and cyclophosphamide detection, respectively. In a more recent work by Baj-Rossi et al.
a continuous and real-time monitoring of naproxen was reported that took advantage of a
MWCNTs-nanostructured CYP1A2 based nano-biosensor for detection with a stable response for
16 hours. [208] An amperometric SPE-based biosensor with CYP2C9 in polyacrylamide hydrogel
films as the sensing surface has been developed for bisphenol A determination. [224] The direct
electrochemistry of CYP1A1 in a nano-Na-montmorillonite (nano-SWy-2) and dihexa-
decylphosphate (DHP) composite film on an edge-plane pyrolytic graphite electrode (EPG) has
been obtained and the catalytic activity of the enzyme to benzo[a]pyrene has been investigated by
the cyclic voltammetry. [225] In another publication, a CYP3A4-containing biosensor has been
demonstrated for voltammetric caffeine detection, [226] constructed by adsorption of alternating
layers of sub-nanometer gold particle-modified PAMAM (poly-amido-amine) dendrimers of gener-
ation 4.0, along with the enzyme in a layer-by-layer assembly technique. An amperometric meth-
od has been described and characterized by [227] for the determination of cocaine using SPE-
based enzymatic biosensors. The enzyme CYP2B4 was covalently attached to screen-printed car-
bon electrodes. Experimental design methodology has been performed to optimize the pH and the
applied potential, both variables that have an influence on the chronoamperometric determina-
tion of the drug. This method showed a reproducibility of 3.56% (n = 4), and good stability of the
biosensor response.

Table 6 compares our results obtained in PBS and in serum. As expected, due to the presence of
several proteins in the serum, the system exhibits better performance in PBS than in serum, alt-
hough the limits of detection are within the pharmacological ranges for all the tested drugs, prov-
ing the feasibility of CYP450-based biosensors for measurements in a complex biological fluid. The
decrease in sensitivity obtained in serum can be reasonably attributed to plasma proteins, such as
albumin, bilirubin or hemoglobin, which can bind and interact with drug molecules, reducing the
free drug concentration at the electrode surface. Plasma proteins can also be non-specifically ad-
sorbed on the electrode surface, partially blocking the binding site of the enzyme, thus further
reducing the signal.
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Table 6. List of recently reported enzymatic drug detection, up to the current date

Target drug Enzyme LOD" (uM) Linear Range Ref.
Buffer Serum (nM)
Cocaine CYP2B4 200 - 200-1200 [223]
Naproxen CYP2C9 82 - 21-515 [50]
Naproxen CYP1A2 16 33 9-300 [208]
Cyclophosphamide CYP3A4 12 33 10-75 [50]
Cyclophosphamide CYP3A4 4.9 10.8 10-70 [66]
Ifosfamide CYP3A4 2 7.1 20-140 [66]
Ftorafur CYP1A2 0.7 0.8 1-8 [66]
Bisphenol A CYP2C9 0.58 - 1.25-10 [224]
Benzo[a]pyrene CYP1A1 0.58 - 3.3-16.56 [225]
Caffeine CYP3A4 0.5 - 0.5-100 [226]
Cocaine CYP2B4 0.023 - 0.019-0.166 [227]
Abiraterone CYP3A4 0.036 0.23 Upto1l Present
work

* LOD: limit of detection

The optimized biosensor presented and characterized in this thesis is the very first electrochemical
detection of abiraterone, and shows a superior performance in terms of limit of detection com-
pared to other cytochrome-based biosensors for a wide set of molecules reported in the litera-
ture, based on our knowledge. A list of state-of-the-art enzymatic biosensors is presented in Table
6 as an example. The only work that has shown better performance is reported by Asturias-Arribas
et al. [227] for detection of cocaine in a buffer. Nevertheless, their experiments have been per-
formed in a buffer solution while this thesis has reported LOD for detection of the target drug in
human serum that would suppress the performance due to the interference of many biomolecules
also present in the sample.

3.5 Original contribution

An enzymatic electrochemical screen-print based biosensor (SPE/MWCNTs/msCYP3A4)
suitable for POC detection of abiraterone in buffer and human serum is presented and successfully
demonstrated in this thesis, to the best of our knowledge, for the first time.

The electrochemical characterization of abiraterone in interaction with the CYP3A4 enzyme was
characterized in this thesis. Electrochemical responses of enzymatic biosensors exhibited the in-
hibitory effect of abiraterone on CYP3A4 proteins that is observed for the first time by an electro-
chemical method (CV). In addition, a comparison of the responses of various biosensors function-
alized with different nanostructures and biomolecules identified the electrochemical peaks ap-
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pearing in the responses of abiraterone: -430 mV for CYP-reductase, -270 mV for CYP3A4, -140 mV
for MWCNTSs and 61 mV as background peak (Figure 40).

Enzymatic electrochemical responses in buffer (Figure 41 and Figure 42) presented an exponential
decay till 1 uM that is consistent with the abiraterone therapeutic range in the human body. This
inhibition behavior saturates at concentrations beyond 1 uM.

Furthermore, the same system was exploited to detect abiraterone in human serum at therapeutic
concentration. The observed dynamic range of response (Figure 44) for concentrations below 1
UM alongside the LOD of 249 nM proves the capability of the proposed biosensor for in-serum
abiraterone detection, since they are consistent with the desired circulatory concentration range
of drugs up to 1 uM in a patient’s body. The comparison of the LOD of a biosensor in this study
with the current literature confirms the superior performance of cSPE/MWCNTs/msCYP3A4 for
drug detection in human serum (Table 6).
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Chapter 4 Aptamer-based biosensors

For the continuous monitoring of therapeutic compounds, enzymatic biosensors that uti-
lize CYP450 as specific bio-probes and amperometric detection as the analytical method have
been developed as drug detection systems thanks to their simplicity and their compliance with
POC TDM requirements. [208] CYP450-based electrochemical sensors present an optimal sensitivi-
ty and detection limit that addresses therapeutic ranges for many drugs, especially once coupled
with multi-walled carbon nanotubes. [66, 196, 228] However, they enable lower selectivity com-
pared to affinity-based biosensors considering that each CYP450 enzyme can have a wide range of
substrates or inhibitors. The lifetime of this type of biosensors is also still fairly short, thus limiting
their application to continuous monitoring. [208] The need for more robust electrochemical bio-
sensors for continuous drug monitoring, with one specific target, is still not yet fully addressed. To
overcome the above-mentioned issues, an n-channel metal-oxide semiconductor field-effect tran-
sistor device (n-MOSFET) with an extended gate functionalized with a drug-specific DNA aptamer,
as well as a nanowire-based nano-biosensor with memristive behaviour are investigated in this
section.

TFV is an antiretroviral drug that was approved by the FDA in 2001 for medical prevention and the
treatment of patients with Human Immunodeficiency Virus (HIV) infections and treatments for
Hepatitis-B. It is administered orally at a once-daily dose of 300 mg and in the form of Tenofovir
disoproxil (prodrug of tenofovir) to increase the bioavailability. [44, 45] Based on the pharmacoki-
netics data after oral administration of TFV, the circulatory plasma concentration is in the range of
from a few nano-molar up to 860 nM. Tenofovir does not involve any CYP450 enzyme in its meta-
bolic pathway, and is metabolized by mitochondrial adenylate kinases. [44, 46, 47] Therefore, the
proposed enzymatic biosensors biofunctionalized with CYP450 cannot be used for TFV monitoring.
In addition, reaching such a low LOD that it would be possible to detect TFV is still a challenge for
enzymatic biosensors. Therefore, to address this issue, affinity-based biosensors were proposed,
developed and characterized in this thesis as a solution.

In the next section a brief background about different elements of the proposed affinity-based
biosensors is presented, using DNA-aptamers as a recognition probe, as well as a review of the
state-of-the-art.

4.1 Background and state-of-the-art of aptamer-based biosensors

Label-free TDM by means of electrochemical [229] and field-effect [230-232] biosensors
has gathered significant interest in the last decade, since it can lead to personalized POC therapy
applications. [63, 233—235] At the same time new detection methodology is emerging, to take
advantage of memristive devices. [171] The affinity-based biosensor used in this thesis for TFV
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detection relies on DNA-aptamers as a recognition element, and Field-effect and memristive Si-
nanowires as a transducer. It is therefore worthwhile explaining more of these different ap-
proaches, while describing at the same time the most recent related advances in biosensing.

Aptamers are short oligonucleotide sequences that can strongly bind to their targets with high
affinity and specificity thanks to specific conformational changes. Aptamers have several ad-
vantages compared to antibodies. For instance, a selection of aptamers is performed through an in
vitro process. Once the aptamers are selected, they can be further synthesized in a controlled
fashion with high purity and reproducibility. Additionally, aptamers are chemically more stable and
retain most of their functionality even after multiple regeneration steps. [236, 237] Such a regen-
eration step is advantageous for continuous monitoring studies. For example, Ferguson et al. [233]
have proposed a novel selective and sensitive real-time small molecule monitoring method that
uses aptamers as recognition elements, and prevents the interaction of blood molecules with the
sensing surface by a continuous flow diffusion filter in order to suppress sensor fouling. As oligo-
nucleotides can be easily modified with different reactive chemical groups, their immobilization on
surfaces can be easily controlled. Thanks to such flexibility, aptamers are very popular for the de-
sign and optimization of novel biosensors. [238] Such probes, e.g. DNA aptamers, are gaining sig-
nificant attention for the detection of several small molecules. [239] One cutting-edge approach to
mitigate the biofouling of sensing surface and decrease the non-specific response is protein im-
printing [240, 241] and protein epitope imprinting. [242] Molecular imprinting is one of the few
general, nonbiological methods for creating molecular receptors. In this technique functional and
cross-linking monomers are co-polymerized in the presence of the target analyte (the imprint
molecule), which acts as a molecular template. The functional groups of monomer-imprint mole-
cule are held in position by polymerization, and following the removal of imprint molecule the
complementary binding sites are maintained that is capable of rebinding the analyte with high
selectivity (like a molecular memory). Epitope imprinting is an alternative to protein imprinting
that uses just the reactive part of probe protein (epitope) in imprinting process rather than the
whole protein and, thus, reduces the complexity due to large size of whole protein. Vibha et al.
have used epitope imprinting approach to detect prostate specific antigen (PSA) in human plasma
with high specificity and sensitivity (LOD = 0.1 pg mL™). [243] A highly specific aptasensor with
strong antifouling properties is reported by Jolly et al. taking advantage of sulfo-betain as a zwiter-
ionic*® brush in recognition of its ability to repel interfering substances that are attracted due by
electrostatic force. Using the novel sensing surface, they have achieved a remarkable LOD for PSA
of 1 ng ml™. [244] Field-effect nanowires have also been recently developed and employed for
POC detection of biomarkers as ultimately-scaled long-channel ISFETs. [231, 232, 245, 246] Inge-
brandta et al. have reported an array of silicon nanowires, which were fabricated in a top-down
process from silicon-on-insulator (SOI) substrates with a high yield for the label-free detection of
proteins and DNA. [245] In other recent work of the group, [247] they have presented a scalable
array consisting of 32 high-aspect ratio Si-nanowires such as nanolSFET. NanolSFET arrays de-
ployed as pH sensors, which demonstrated exemplary sensor characteristics with pH sensitivity as

16
Zwitterions (or dipolar ions) are neutral molecules containing both positive and negative electrical charge.
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high as 43 + 3 mV pH" and a device-to-device variation of 7% on the wafer scale. They have also
exhibited POC application of the sensor by coupling it with a hand-held readout system for real-
time pH measurement in liquids.

The field-effect aptamer-based biosensors proposed in this section rely on the well established
and industry-friendly technology that is Metal-Oxide-Semiconductor Field-Effect Transistor
(MOSFET). To produce the biosensor a typical MOSFET is manipulated by physically connecting the
gate of the transistor to an external gold electrode, which is used for functionalization with an
aptamer specific to a drug and exposed to the measurement sample. When the potential applied
across the gate and the source (V) is larger than the threshold voltage (Vi) of the device
(Vgs>Vin), @ conducting channel is formed between the source and the drain. Additionally, if a volt-
age is applied between the drain and the source (V4s>0), then a current (lg) begins to flow through
the induced channel under the gate dielectric. This condition of the device is known as turn-on
state, where the electron (lg) enters the drain and exits the source. Any changes across Vg can
modulate the conductivity of the channel and alter lq4. If molecular interactions take place at the
gate of the transistor, such as when negatively charged small molecules (for instance drugs) are
captured by recognition probes (aptamers in this work), the minimum Vg required to bring the n-
MOSFET in the turn-on state is increased (gating effect). This is used to quantify the binding event
by monitoring the shift of the transfer characteristic (l4 vs. Vgs curve) of the transistor after the
target molecule binding. [248-251] The schematic of the AptaFET proposed and characterized for
TFV detection is presented in Figure 45.

NN N\ SH NotBound aptamer

< : >O < ~SH Bound aptamer

~AAL SH - 6-mercapto-1-hexanol

* Not specific target

@ Tenofovir (specific
target)

Q © ©

© o
0® ~©
ly
A

Source

Figure 45. Schematic of AptaFET. The binding reaction is transformed to an electric signal through FET and observed as
I4-Vgs shift. TFV is indicated by red circle.
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A recent work has reported a MOSFET-based biosensor for the label-free detection of pathogens
with a limit of quantification equal to 1.9 x 10° colony forming unit per ml. They have taken ad-
vantage of the electric charge of bacteria binding to the glycosylated gates of a MOSFET for quan-
tification in a straightforward manner. [252] Some applications where MOSFETs are employed for
biosensing include: cancer therapy, [253] drug screening, [254, 255] POC disease detection [256]
and diabetes management. [257]

In a very recent work, Pawan Jolly et al. [258] have reported a highly sensitive dual-mode biosen-
sor for electrochemical detection of miRNAs. They have used uncharged peptide nucleic acid
(PNA) bioprobes to increase the stability of the biosensing surface and to reduce the interferences
of DNA-probes at the interface. Electrodes were washed after the incubation in a solution of tar-
geted miRNA, and incubated in positively charged GNPs, and subsequently a ferrocene based re-
dox maker. This approach facilitated a dual mode detection, as electrochemical impedance spec-
troscopy (EIS) was used to monitor the binding reaction, while square wave voltammetry (SWV)
was exploited to detect the binding of GNPs that were electrostatically bound to just PNA-miRNA
duplex and the redox marker of GNPs. This dual-mode detection provided a limit of detection of
0.37 fM and a wide dynamic range from 1fM to 100 nM, along with clear distinction from mis-
matched target miRNA sequences. [258]

In addition, structures like semiconductor nanowires demonstrate great potential in bioassays
miniaturization. [171, 245, 259-262] Thanks to their tuneable electron transport properties and
their electrical response , strongly influenced even by minor perturbations. Nanowires offer the
possibility for a direct and highly sensitive electrical readout thanks to their high surface-to-
volume ratio obtained when designed at the nanoscale. [263] Memory effects, which already exist
in nature, [264—266] are also observed in electronic-based devices as pronounced hysteresis with
special features in their electrical characteristics. [267, 268] Nanoscale devices exhibiting memris-
tive behavior have been theoretically conceived and presented for the first time by L. Chua in 1971
[269-271] and physically implemented in 2008 by HP laboratory. [272] They can be fabricated by
various materials nowadays, and show immense potential in a plethora of applications. [273, 274]
Such applications for nonlinear dynamical memory devices include computation and logic opera-
tions, [275-277] as well as storage applications. [278] Further use of these devices in biophysics
and temporal dynamics has been observed. Nevertheless, so far the main focus is in the field of
bio-inspired computation and neuronal systems. [279-283] The very first application of memris-
tive nanowires for cancer diagnostics is reported by Tzouvadaki et al., [171] where they have ex-
ploited the hysteretic voltage gap for PSA detection. Memristive properties of silicon nanowires
are used to develop an ultrasensitive PSA biosensor based on DNA aptamers. They have studied
the impact of charged macromolecules binding on the surface on the electrical-conductivity hyste-
resis of nanowires. The nanofabricated memristive devices were then used to obtain an ultrasensi-
tive electrochemical biosensor for the label-free detection of PSA with LOD of 23 aM, well below
the clinically relevant range of detection for PSA in patient samples.

As a summary of the first section, two affinity-based biosensors have been introduced with poten-
tial applications in highly sensitive and selective therapeutic monitoring of anti-HIV drugs. The first
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one is an aptamer based biosensor for continuous monitoring of drugs in buffer and plasma
(named AptaFET), based on the combination of aptamers for target recognition and field-effect
transistors for the transduction of the drug-probe interaction to an electric signal. The second bio-
sensor takes advantage of DNA-aptamer regeneration, coupled with the memory-effect caused by
the DNA-aptamer anchoring to the surface of silicon nanowires (Si-nanowires) for drug detection
applications in human serum. An application of memristive Si-nanowires in drug monitoring is
demonstrated here for the first time. Therefore, the second part of this section actually bridges
the memristive effect and the hysteretic electrical properties expressed by nanoscale devices, and
also with the DNA-aptamer natural and physical functions.

This ultrasensitive and selective label-free screening of TFV is initially shown in buffer and then
efficaciously demonstrated in human serum in the following sections. The proposed field-effect
and memristive approaches, based on such unique and definitively innovative nanoscale devices,
holds great promise for the continuous monitoring of drugs in real time, paving the way for new
integrations and multiplexing aspects in diagnostics and personalized medicine.

4.2 Aptamer-based field-effect biosensors for TFV detection

FETs and MOSFET have attracted much attention as they offer rapid, label-free, and cost
effective detection of the analyte. In digital electronics MOSFET acts as a switch where, two elec-
trodes (source and drain) are used to connect a semiconductor material (channel) and current
flowing through the channel is electrostatically controlled by the gate. [248] In the case of an ex-
tended-gate MOSFET the external electrode of biosensor is functionalized with specific receptors
for selectively capturing of desired biomolecules. In this work a n-MOS device has been used as
the signal transducer that in combination with the gold extended gates, biofunctionalized with TFV
specific aptamer (named TFV-aptamer), formed the AptaFET biosensor specific for TFV detection.
A schematic of the biosensor is illustrated in Figure 45. The detail of the structure and MOSFET
production is mentioned in the work of Formisano et al. [252] As explained earlier, the charged
biomolecules when captured by probe molecules produce a gating effect, which is transduced into
a readable signal in the form of change in electrical characteristics of the MOSFET such as drain-to-
source current or channel conductance. [248, 249]

In this work the quality of specific and non-specific drug-aptamer interactions, at different buffer
conditions, was measured by surface plasmon resonance (SPR). EIS was used to optimize the bio-
sensing interface, by finding the best ratio between aptamer to 6-mercapto-1-hexanol (MCH) con-
centrations. To obtain the dose-response behavior of the system, the AptaFET biosensor was
measured upon interaction with different concentrations of TFV in PBS buffer. Control experi-
ments were carried out using abiraterone and enzalutamide’ (non-specific drugs) and PSA-
aptamer (non-specific aptamer). AptaFET application for drug monitoring in human plasma was
investigated by detecting 500 nM of TFV in human plasma.

17
A widely used anti-prostate cancer drug.
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Real time drug monitoring is of great importance in POC TDM to pave the path towards vital appli-
cations in drug monitoring that enhance the efficacy of treatment and the patient’s quality of life.
For instance, many chemical treatments for cancer therapy are administered by the continuous
intravenous infusion of a prescribed dose of medicine over a long period of time that lasts up to
several hours. This is a time that the patient can be observed with real-time monitoring of the
drug concentration, to stop the chemotherapy whenever the concentration has reached the re-
quired therapeutic range. This improves the efficacy and the time consumption for chemotherapy.
Another important application is to develop implantable biosensors that are inserted in the body
of the patient to monitor the concentration over time, and continuously to prevent the concentra-
tion passing beyond the minimum toxic concentration or decreasing to lower than the minimum
effective concentration. This increases the efficacy of chemotherapy as the maintained concentra-
tion is assured to be in the proper range.

In this study, real-time impedance was used to investigate the performance of the sensing inter-
face under flow conditions, enabling the application of the biosensor to real time drug monitoring.

4.2.1 Material and Method

Materials

Thiolated TFV-aptamers (5’-Aptamer-C6 Thiol-3’) were commercially provided by BasePair Bio-
technologies (Pearland, Houston, USA). Thiolated PSA-aptamer (5'-HS-(CH2)6-TTT TTA ATT AAA
GCT CGC CAT CAA ATA GCT TT-3’), Human serum, MCH, potassium phosphate monobasic solution
(KH,PQy), potassium phosphate dibasic solution (K;HPQ,), potassium sulphate (K,SO4), potassium
hexacyanoferrate (lll), potassium hexacyanoferrate (Il) trihydrate, magnesium chloride (MgCl,),
DMSO and phosphate buffer saline (PBS; 10 mM; pH-7.4) were all purchased from Sigma-Aldrich
(UK). Aptamers were unfolded by heating them at 90 °C for 5 minutes and leaving them to cool
down to room temperature. TFV, abiraterone and enzalutamide powders were purchased from
Medchemtronica (Stockholm, Sweden) and were dissolved in dimethyl sulfoxide (DMSO) to the
concentration of 5 mM as stock solution. Phosphate buffer (PB; 0.1 M pH-7.0) was prepared by
adding 17 mM of KH,PO,4, 33 mM of K;HPO,4 and 500 nM of K;SO4 to distilled water. Polyamidoam-
ine (PAMAM) dendrimers (4™ generation) were purchased from Dendritech, Inc. (Midland, Michi-
gan, USA). All other reagents were of analytical grade. All agueous solutions were prepared using
18.2 MQ cm ultrapure water with a Pyrogard filter (Millipore, Feltham, UK).

Biosensors development

The sensing surface was developed for specific interaction with TFV, while MCH was used as a sur-
face blocking agent and a spacer between aptamers (Figure 2). Gold disk working electrodes (radi-
us 1.0 mm, CH Instruments, Austin, TX, USA) were cleaned based on the procedure published by
Keighley et al. to provide a properly flat and contaminant-free surface for biomolecule immobiliza-
tion. [284] Then they were biofunctionalized with sensing surfaces and were exploited in EIS ex-
periments for sensing surface optimization (section 4.2.2).
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Our innovative AptaFET biosensor consists of a home-designed n-MOSFET structure combined
with an extended gate (Figure 45). Detailed information on the specifications of the n-MQS chip
have been reported elsewhere. [248] Single-crystalline Si MOSFETs were fabricated using a CMOS
0.7 um process at IMEC. The devices have no electrostatic discharge (ESD) protection elements in
order to minimize their gate leakage current. Each chip contains five n-type MOSFETs with a com-
mon source contact. Different sized transistors have been used with widths (W) and lengths (L)
ranging from 1340 to 3860 um and from 2.0 to 0.7 um, respectively, while keeping the W x L
product at approximately 2700 pm?. The chip was glued on a glass substrate containing evapo-
rated gold electrodes (100 nm Au with 10 nm of Cr as an adhesion layer) consisting of a bonding
pad connected to a 500 um x 500 um pad. The on-chip gate contact pads and the source, drain,
and substrate contact pads were wire-bonded to a printed circuit board (PCB). The gates were
then connected to the external Au electrodes as shown in Figure 46, The chip was first passivated
with Glob-Top (Amicon) epoxy encapsulant.
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Figure 46. Schematic structure of a linear array of five MOSFETs connected to external gold electrodes as extended
gold gates. Extended gates are exposed to the electrolytes for biosensor protection. S, D1-5, and G1-5 are the on-chip
contact pads for source, drains, and gates, respectively. Reprinted with permission from [248].

To produce the extended gates, arrays of gold electrodes (180 nm Au thickness on 20 nm Cr) were
deposited on a glass substrate, using thermal evaporation. Electrodes were cleaned by acetone,
ethanol and ultrapure water, sequentially and repeatedly, and then they were functionalized with
the sensing surface described earlier. The extended gate was, then, fabricated by connecting the
biofunctionalized Au electrodes, fixed in a reaction cell, to the gate of the n-MOSFET via a metal
wire. When the glass chip is immersed in an electrolyte, only these exposed Au areas are in con-
tact with the solution.
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Apparatus and setup

Surface plasmon resonance (SPR) measurements were performed using a Reichert SPR 7000DC
(USA) dual channel flow spectrometer at 25 °C. 50 nm gold coated SPR gold chips, supplied by
Reichert Technologies were used for studying the reaction on SPR. Prior to their modification, the
chips were cleaned using piranha solution (3:1 H,S04:H,0,) for 20 seconds and rinsed thoroughly
with MilliQ water and dried using nitrogen gas. Modification of the SPR chips with DNA aptamers
was performed in the same way as described earlier (Biosensor development). All buffers were
filtered through 0.2 um filters and degassed for 2 h by sonication prior to the experiment. To per-
form the experiment, 500 nM solutions of TFV and abiraterone were channelled over the biofunc-
tionalized chips for 20 minutes with a flow rate of 25 pL min™, and followed by 5 minutes of a dis-
sociation step to remove all the unbound residues.

For EIS experiments a HAUTOLAB IlI/FRA2 potentiostat (Metrohm, Netherlands), and a three-
electrode cell setup consisting of biofunctionalized gold working electrode, Ag/AgCl reference
electrode (via a salt bridge filled with 0.1 M PBS pH 7.4) and platinum counter electrode (ALS, To-
kyo, Japan). The measurements were carried out in a PBS buffer solution containing 10 mM fer-
ro/ferricyanide [Fe(CN)6]3'/4' redox couples (hexacyanoferrate 1I/111), applying a 10 mV a.c. voltage
superimposed on a +0.2 mV of d.c. potential (formal potential of the redox couple), in the fre-
guency range 100 kHz to 0.1 Hz (61 frequency steps). After a stable signal was observed with blank
solutions, the biofunctionalized electrodes were incubated in a 500 nM solution of TFV for 30
minutes and washed in buffer before the EIS spectra was measured.

For real time impedance monitoring, a three-electrode flow cell was connected to a CompactStat
potentiostat (lvium Technologies, The Netherlands), and immersed in flow of ferro/ferricyanide
solution for measurement. The impedance was monitored every 0.2 s at a single frequency of 10
Hz with a 10 mV amplitude superimposed on a 0.2 V d.c. bias potential. Solutions of TFV and abi-
raterone were injected once a stable baseline was reached, to obtain the total concentration of
400 nM in the flow.

To operate the field-effect measurements using the AptaFET, a Vy4s of 50 mV was applied across
the drain to source and Vg5 was swept from 0 to 4 V. These settings limited the I4 to less than 75
MA to avoid any false measurement due to device heating effects. Biofunctionalized electrodes
were stabilized in PBS buffer, and then incubated for 30 minutes in 100 pM, 1 nM, 2 nM, 5 nM, 10
nM, 30 nM, 100 nM, 500 nM, 1 uM and 10 uM solutions of TFV in PBS-MgCl,. They were then
washed and measured in PBS to obtain the dose-response curve. The AptaFET was further
measured with 500 nM of abiraterone and enzalutamide as negative controls using the same
procedure. Finally, a PSA-aptamer with length (32 nucleotides) and two-dimensional structure
similar to the TFV-aptamer was used in order to investigate the interaction of TFV with a non-
specific sensing surface of the same length and structure. For the experiments on plasma samples,
blank human plasma was injected with solutions of drugs to the final required drug
concentrations.
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4.2.2 Biosensing surface optimization

The procedure to find out the best sensing surface in terms of the sensitivity, selectivity,
and level of complexity will now be explored. The focus of the optimization was to improve the
performance of the TFV-aptamer interaction to enhance the specificity of the response. In addi-
tion, stability and reliability of the biosensor was tested using different chemistries for building the
biorecognition surface. Several different sensing surfaces were practiced until, finally, a binary
self-assembled layer of TFV-aptamer and MCH was chosen to be fabricated on the interface as
sensing surfaces (Figure 47-50). To do so, different sensing surfaces were formed on the surface
and tested by EIS.

The following sensing surfaces were examined in this optimization step:

1. Sensing surface: Ternary SAM of Aptamer, MCH and 1,6-Hexandithiol (HDT)

To form the sensing surface, first, a homogeneous SAM of Thiolated Aptamer and HDT with a ratio
of 1:3000 was formed by incubating the completely-cleaned gold electrodes in the solution of the
mixture overnight. Electrodes were then completely washed with ethanol and distilled water to
remove any residues and unbound molecules. Electrodes were then incubated in an MCH solution
to backfill any empty areas. Figure 47-Left demonstrates the schematic of the final ternary-SAM
formed on the surface. Produced electrodes were washed with ethanol and water for the last time
and kept in blank experimenting buffer (PBS) for 1 hour to reach stability.
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Figure 47. Left: schematic of the sensing surface including ternary SAM of aptamer, HDT and MCH. Right: an example
of the EIS response of the sensing surface in blank solution.

Finally, the biosensors were tested by EIS, as described in the Apparatus and setup section. How-
ever, the recorded responses of biosensors showed some instability at the sensing surface.
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2. The sensing surface: Aptamer over SAM of Mercaptopropainic acid (MPA)-Mercaptopropanol
(MP)

The second tested sensing surface included a SAM of MPA and MP with tested ratios of 1:50 and
1:200, respectively. Again, a solution of mixture with the mentioned ratios was produced, in which
cleaned gold electrodes were incubated overnight to form a homogeneous SAM. The surface was
then incubated in PAMAM dendrimer solution (30 minutes)'?, glutaraldehyde (10 minutes) and 1
UM amine-terminated aptamer solution (30 minutes), subsequently. Finally, ethanolamine was
used for backfilling (30 minutes) to block any unbound carboxyl group on the SAM. The surface of
electrodes was washed with ethanol and distilled water between each incubation step and dried,
gently. Therefore, the final sensing surface included aptamers that were immobilized over the
SAM layer through dendrimes, as is illustrated in Figure 48 (left). The EIS responses of the biosen-
sor showed a same level of sensitivity to the specific target and the negative control. This showed
a low specificity of the sensing surface towards the specific target (Figure 48 right).
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Figure 48. Left: a schematic of the sensing surface including aptamers over a layer of dendrimers that were immobi-
lized over a SAM of MPA and MP. Top right: an example of EIS response of the sensing surface to 500 nM, with TFV as
the specific target. Bottom right: the EIS response of the sensing surface to 500 nM abiraterone as negative control.

18 Polyamidoamine (PAMAM) dendrimers are hyperbranched polymers with unparalleled molecular uniformity, narrow molecular weight distribu-
tion, defined size and shape characteristics, and a multifunctional terminal surface. These nanoscale polymers consist of an ethylenediamine core, a
repetitive branching amidoamine internal structure, and a primary amine terminal surface. Dendrimers are “grown” off a central core in an iterative
manufacturing process, with each subsequent step representing a new “generation” of dendrimer. Increasing generations (molecular weight)
produce larger molecular diameters, twice the number of reactive surface sites, and approximately double the molecular weight of the preceding
generation. PAMAM dendrimers also assume a spheroidal, globular shape at Generation 4 and above. Their functionality is readily tailored, and
their uniformity, size, and highly reactive “molecular Velcro” surfaces are the functional keys to their use.
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3. The sensing surface: Aptamer over SAM of Mercaptooctanoic acid (MOA)-MCH

The third tested sensing surface was a SAM of MOA and MCH with tested ratios of 1:50 and 1:200,
respectively (Figure 49 left). The sensing surface was formed following the same procedure used
for surface number 2, the only difference being the SAM layer. Then produced electrodes were
tested by EIS again to detect 500 nM TFV and 500 nM abiraterone in PBS buffer containing 10 mM
ferro/ferricyanide solution. As is presented in Figure 49-Right, measured EIS signal related to TFV
measurement showed a 10% shift compared to baseline recorded in blank solution, and the nega-
tive control experiment had almost null shift after incubation with abiraterone.

Although these results showed a promising stability and specificity for the recognition element
prepared by the mentioned procedure, the complexity and the long time required to form the
layer were drawbacks that suppressed the potential of this surface to be chosen as the final sens-
ing surface.
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Figure 49. Left: a schematic of the sensing surface including aptamers over a layer of dendrimers that were immobi-
lized over a SAM of MOA and MCH. Top right: an example of the EIS response of the sensing surface to 500 nM, with
TFV as the specific target. Bottom right: the response to 500 nM abiraterone, as negative control.

4. Sensing surface: binary SAM of Aptamer-MCH

The gold electrodes were cleaned and then incubated in a solution of tenofovir-aptamer and MCH
in PB buffer for 16 hours to form the biosensing surface. This step was followed by 50 minutes of 1
mM MCH backfilling to complete the surface blockage and lifting of the aptamers lying down on
the surface. [285] These bioelectrodes were tested by EIS to detect 500 nM TFV for sensing sur-
face optimization. The immobilization solution consisted of 1 uM of aptamer and 10, 50, 100 and
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150 uM of MCH, in order to obtain different aptamer surface coverages (1:10, 1:50, 1:100 and
1:150 ratios of Aptamer:MCH, respectively).

EIS responses to negative control (Figure 50) were null, while specific response to targeted mole-
cules (TFV) were approximately 15% of signal shift on average (Figure 50). Finally it was concluded
that this biosensing surface exhibits higher sensitivity, higher specificity, and also makes a saving
of time and effort, based on these measurements, compared with the response of other biosen-
sors. Therefore, the binary SAM of aptamer:MCH was chosen as the proper sensing surface for
highly selective TFV detection.
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Figure 50. Left: schematic of the sensing surface including binary SAM of aptamer and MCH. Top right: the response of
the sensing surface to 500 nM, with TFV as the specific target. Bottom right: the EIS response of the sensing surface to
500 nM, with abiraterone as negative control.

In order to achieve good sensitivity and specificity in our TFV aptasensor, an optimization of the
sensor surface is fundamental. Changing the ratio of aptamer to MCH in the immobilization solu-
tion gives the possibility to modify the surface coverage of the aptamer and alter the interaction
between the molecules on the surface. A balance is required between the amount of aptamers
available on the surface and avoiding steric hindrance effects, due to the conformational changes
of the aptamer required for the binding. This helps to increase the sensitivity and selectivity of the
biosensor toward the TFV, which provides sufficiently low LOD and minimum non-specific interac-
tions.
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A schematic diagram of the fully formed sensing interface, containing the chemical structure of
TFV, is presented in Figure 50-A. Upon binding of the aptamer to the drug, the aptamer undergoes
a conformational change, increasing the charge density closer to the electrode, hence increasing
the electrostatic potential barrier to the negativelly charged redox marker — in other words, an
increase in R is observed.
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Figure 51. Binary SAM of TFV-aptamer and MCH as sensing surface of the biosensor. Inset: chemical structure of TFV
with red for Oxygen, purple for phosphorus, light blue for carbon, white for hydrogen and dark blue for nitrogen.

The average of R shifts for each aptamer:MCH ratio is presented in Figure 52. It is observed that
the optimized ratio in terms of specific response is 1:100, showing 15.0 = 5.5 % of R shift with
respect to the baseline (blank measurement). This value is ~2.4 times higher than 6.3 = 0.9 % of
shift corresponding to 1:50 ratio. Although in this experiment a large deviation was observed in
the measured response, the trend of the recorded responses was the same for all samples and
following the averaged signal.

The optimized ratio of 1:100, achieved in this work, was consistent with results reported by
Formisano et al. [285] for a prostate specific antigen aptamer (PSA-aptamer):MCH binary layer.
This PSA-aptamer had similar length (32 nucleotides) and two-dimensional structure as the TFV-
aptamer used in this work. They also reported a surface density of aptamers equal to 1x10*
molecules cm™ in their work for the similar sensing surface formed on a gold electrode of the
same size and shape as in this work.
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Figure 52. Sensing surface optimization. Blue bars indicate EIS responses of AptaFET to 500 nM of TFV exploiting
various aptamer to MCH ratios. Highest R¢r shift for 1:100 ratio. Error bars in this and the following figures represent
the standard error of triplicate measurements carried out on three electrodes.

The EIS response presented in Figure 52 shows a signal loss with either high and low aptamer to
MCH ratio. This proves that too high a quantity of aptamers immobilised on the surface will pre-
vent the binding and folding due to steric hindrance, as well as strong electrostatic repulsion be-
tween the aptamers. This will reduce the response amplitude of the system in terms of R varia-
tion or lower l4-Vgs characteristic shift for field-effect measurements. On the other hand, too high
a ratio of aptamer to MCH leads to too few aptamers on the surface and, consequently, fewer
recognition elements and reduction of the response. The latter also increases the possibility of a
non-specific response of the system due to possible interactions of proteins with MCH.

4.2.3 Binding reaction investigation

SPR experiments were carried out as a primary study utilizing two parallel channels on
each biofunctionalized chip, simultaneously, in order to verify the functionalization of the sensing
surface. Consequently, binding targets to the sensing surface at different buffer conditions was
studied using an SPR experiment, while one channel was used for a drug infused sample and the
other one for blank buffer of the same type. The sensing surface was modified with MCH and TFV-
aptamer, as is described in the bioelectrode development section (4.2.1 and 4.2.2). TFV and abi-
raterone solutions with a concentration of 500 nM were injected, and the variation of reflectivity
angle was measured during the incubation cycle. This was followed by washing steps to remove all
non-bonded residues. Abiraterone was used as a negative control to study specificity of detection.
Experiments were carried out in PB (pH 7.0), PBS (10 mM; pH 7.4), and PBS containing 1 mM MgCl,
(named PBS-MgCl,). A washing step was carried out using the blank buffer as the same as the one
infused with the drug. The recorded signals exhibited a much lower target binding effect for exper-
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iments performed in PB and PBS with respect to PBS-MgCl,, (Figure 53) in which binding reactions
were clearly observed for both TFV (as target molecule) and abiraterone. Results of SPR experi-
ments showed positive binding interaction for both experimented drugs that was observed as an
increment of refractive index unit (RIU) in the SPR signal. Nevertheless, abiraterone molecules
were removed from the surface during the dissociation cycle, while TFV molecules kept the bind-
ing to aptamers. After 20 minutes of incubation, specific interaction of aptamer/TFV resulted in a
variation of the reflectivity angle of ARIU = 15 pRIU with respect to non-specific interaction and
ARIU = 22 pRIU with respect to buffer.
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Figure 53. The specific interaction of TFV and TFV-aptamer (black line), and non-specific interaction of abiraterone
with TFV-aptamer (red line). The blank response is illustrated in blue. 15 uRIU difference was recorded between spe-
cific and non-specific interactions.

While examining the issue of the selectivity of the presented sensor, we also observed with SPR
some non-specific binding when passing a flow of abiraterone over the sensing surface (Figure 53 -
red line). However, at the dissociation cycle, when the surface was washed with blank buffer, the
majority of abiraterone molecules were washed away, while the TFV molecules maintained their
uptake. This caused the abiraterone signal to be 15 pRIU lower than for TFV at the dissociation
cycle. This non-specific interaction was expected, considering the chemical structure of abi-
raterone and the molecules on the surface. The abiraterone structure harbours three main fea-
tures, including the aromatic nitrogen-containing heterocycle (pyridine moiety), the hydrophobic
steroidal core, and the hydroxyl group that together make a high affinity of abiraterone for cyto-
chrome P450 enzymes. On the other hand, they increase the non-specific binding of abiraterone
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through unintended hydrophobic forces, or hydrogen binding to electronegative species that exist
in the aptamer structure and on MCH. [219-221]

4.2.4 Dose-response behavior

In order to study the sensing performance of the system, the AptaFET biosensor was used
to detect various concentrations of TFV. A typical response of AptaFET to 10 nM TFV solution
respect to the blank baseline, and the Vinreshold (I-V characteristic) shift is demonstrated in Figure
54,
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Figure 54. The current-Voltage characteristic of FET device before and after the binding reaction. Inset illustrates the
threshold voltage shift after the interaction of the biosensor to 10 nM TFV solution.

The incubation procedure and other detailed information are described in section 4.2.1. In
addition, the same experiment was carried out using 500 nM abiraterone and enzalutamide
solutions as negative controls, on separate electrodes, without having preceeding reactions with
TFV, to examine the selectivity of the AptaFET for TFV. To study the interaction of TFV with a non-
specific sensing surface, electrodes were functionalized with a binary layer of PSA-aptamer and
MCH (1:100 ratio), and tested by 500 nM TFV solution. The average voltage shift responses versus
the logarithm of concentrations was illustrated on a graph to form the dose-response curve of
AptaFET (Figure 55). Controls were also presented on the graph for comparison. The curve
followed a sigmoidal behavior with a linear range between 1 nM and 100 nM, and showed
saturation after 100 nM. A limit of detection of 1.2 nM was calculated for the biosensor as
described in 4.3.6. Abiraterone, enzalutamie and PSA-aptamer experiments exhibited 1.3 + 4.7
mV, 3.3+ 0.9 mV and 2.7 £ 0.3 mV of I4-V,;s shift (current-voltage characteristic of MOSFET device),
respectively. These are negligible when compared to the 22.3 + 1.8 mV shift obtained for TFV at
the same concentration (500 nM).
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Figure 55. Dose-response curve of AptaFET biosensor. The specific response (blue points) fitted to the hill function
with linear range between 1 nM and 100 nM, and EC50 of 5.8 £+ 0.5 nM. Responses related to non-specific drugs and
non-specific aptamers as negative controls in purple, green, and yellow.

The calculated LOD of the AptaFET is 1.2 nM (statistical analysis in 4.2.6), which is lower than what
has been reported with usual electrochemical sensors, for example, on cytochromes P450. [66] As
mentioned before, pushing the LOD to some nM range by means of the enzymatic biosensors pro-
posed in a previous chapter is a challenge that is addressed at this part of the study, taking ad-
vantage of the sensitivity of field effect devices. This shows an extremely good performance for
this innovative AptaFET in applications such as a TFV monitoring system. The LOD of the AptaFET
falls well within the therapeutic range of TFV. In addition, the dose-response curve (Figure 55) ex-
hibits a highly sensitive linear range between 1 nM and 100 nM. The linear range of the AptaFET is
lower than the therapeutic target range, and the system saturates before the maximum range (~ 1
KUM). This difference is an advantage for drug detection in human fluids, as it gives the possibility
of sample dilution that will decrease the non-specific interactions and interferences related to the
various metabolites that coexist in human plasma. To compare non-specific and specific respons-
es, a high concentration of a non-specific drugs was used to show that, even at such high concen-
trations, the response of the biosensor is negligible. The aptamer used in this work has been char-
acterized by Kammer et al. [286] using backscattering interferometry with a K, value of 9 £ 1.4 nM.
They have presented the specificity of the aptamer to its target by using penicillin as a negative
control. The response of the AptaFET presented in this work is consistent with the data published
by Kammer et al. The EC50 = 5.8 + 0.5 nM, (section 4.3.6) which is calculated based on the dose-
response curve for the biosensing surface, alongside the K4 value of 9 £ 1.4 nM [286] demon-
strates a high affinity of the aptamer towards TFV and, thus, strong drug-aptamer bonding. The
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possibility of setting loose bonded drugs without extensive efforts is very low. Nevertheless, we
expect a small amount of drug dissociation and association on the surface that reaches equilibri-
um, and does not produce significant interference in biosensor response.

4.2.5 Applications: in-plasma detection and real-time drug monitoring

In-plasma TFV detection

The performance of the TFV AptaFET was also assessed using human serum. To start off with, the
interference of non-specific coexisting proteins of human serum on the biosensor was measured.
To perform the experiment, biofunctionalized electrodes were incubated in blank plasma (after
stabilizing and taking the baseline in buffer) for half an hour and tested in PBS to obtain the re-
sponse of plasma proteins and biolayer interactions. This interaction caused either small positive
or small negative shifts as output, depending on the electrode, with an average response of -1.9 +
4.6 mV. Secondly, AptaFET response in human plasma spiked with 500 nM of TFV was recorded,
and compared with the baseline recorded for blank plasma. TFV binding reaction in human plasma
produced a response of 16.3 + 4.8 mV compared to a baseline in blank plasma — see Figure 56.
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Figure 56. AptaFET response comparison. The response of the biosensor to TFV in PBS (blue), in human plasma (black
pattern). Non-specific response to negative controls: enzalutamide (red), abiraterone (green) and blank blood plasma
(orange). Non-specific response of TFV and PSA-aptamer interaction (purple bar). All target concentrations are 500
nM.
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Figure 56 shows high selectivity achieved for the AptaFETs, both in PBS buffer and in blood plas-
ma. Negligible non-specific binding responses are observed for controls such as enzalutamide and
abiraterone, as well for the interaction of the target with non-specific sensing surfaces (anti-PSA
aptamer). The data shows an AptaFET response for TFV detection in blood plasma comparable to
the one obtained in buffer.

Exposure of the sensing surface to blank human plasma shows high resistance to fouling by plasma
proteins, since the response of biosensors to non-specific plasma proteins was negligible com-
pared to the specific response to drugs (orange bar in Figure 56). In addition, there is the possibil-
ity of exploiting the same detection system for a wide range of targets just by exchanging the TFV-
aptamer with an aptamer specific to the new target, thanks to the low non-specific binding reac-
tions between the biomolecules in the sample and the sensing surface. The possibility of extending
the application to a wide range of targets has been reported before for other types of aptamer-
based biosensors. [233]

The small positive and negative shifts of the FET output in response to plasma interaction was ex-
pected, since blood plasma contains various proteins with different charges that can bind to the
surface and modulate the channel in different and contradictory ways. Moreover, abiraterone has
also presented opposite signal shifts, which is due to the nature of its chemical structure; different
interactions with the SAM layer causes different channel modulation and, therefore, opposite sig-
nal shift in the output.

Real-time TFV monitoring

The possibility of real-time monitoring with the proposed AptaFET was investigated as a proof of
concept by using EIS to verify the binding reaction between TFV and the sensing surface at flow
conditions. Real-time impedance measurements were used to investigate the TFV and aptamer
interaction. Cleaned gold disc electrodes were functionalized with the optimized ratio of ap-
tamer:MCH.

The real-part (Z’) of the impedance at 10 Hz was then monitored in a flow of 10 mM fer-
ro/ferricyanide solution. Once a stable signal was observed, TFV (in 10 mM ferro/ferricyanide) was
injected to the flow to a final concentration of 400 nM. Z’ started to increase after some seconds,
and it stabilized at 123 £ 16 Q after 2 minutes. The same experiment was performed using abi-
raterone as a non-specific target, which yielded null resistance increment in flow conditions. The
results are shown in Figure 57 after baseline correction.
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Figure 57. Real-time monitoring of the real part of the impedance at 10 Hz for an electrode modified with the TFV
aptamer, upon injection of TFV as the specific target (blue) and abiraterone as the non-specific target (Abi; red). Base-
lines were subtracted for better comparison.

Comparison of the Real-time impedance responses of AptaFET to specific and nonspecific targets
(Figure 57) in flow conditions shows the quality of TFV binding to the specific aptamer, and mini-
mum non-specific interference at flow conditions. The recognition surface is the interface be-
tween the biosensor and the sample and, thus, has the main role in such an application. There-
fore, successful drug detection in real time and at flow conditions using the same sensing surface
of AptaFET can be considered as a proof of concept for the capability of AptaFET for this applica-
tion.

The non-specific interactions of negative controls recorded by SPR, FET transducer and real-time
EIS shows discrepancy that has been expected. This is mainly because SPR response is an indica-
tion of a binding reaction (or non-specific electrostatic interaction) between the target and the
sensing surface (direct binding effect), while field effect and electrochemical impedance responses
are due to the induced effect of binding reaction on the transducer (indirect binding effect).
Therefore, they are related to the same bioevent, but the response of the biosensors has a differ-
ent meaning. Secondly, the response of SPR is affected by all the molecules attached on the sur-
face after the dissociation cycle by specific or nonspecific interaction, but in indirect response of
FET and EIS the effect of specific interaction (combination of the binding of charged molecules and
the resulting conformational change) induces more significant effect compared with the electro-
static attachment of small non-specific molecules on the surface. Considering the real-time exper-
iment, performing the detection under flow format decreased the capability of non-specific target
interaction with the surface, while the specific target bound on to its specific aptamer with high
efficiency.
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4.2.6 Statistical analysis

Nonlinear regression was used to fit a modified version of the Hill function (Equation 30)
as an empirical model to the dose-response data obtained for the AptaFET presented in Figure 55.
This model was prefered to the normal Hill function, because it correlates the recorded effect
(response of biosensor) to the binding reaction (analyte concentration), while the conventional Hill
function describes the relation between the binding reaction and the concentration of the
occupied binding sites. [287, 288] The nonlinear regression analysis was performed using the
requisite tools of Origin 8.5 (OriginLab, USA).
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To obtain the LOD of the biosensor, the LOD,y was calculated using Equations 28 and 29, and then
it was converted to concentration using the appropriate equation (Equation 30).

The parameters used in Equations 28 and 29 (section 3.4.1) for this analysis include meanpjank = 1.8
MV, SDpjank = 1.2 mV, SDjowest-concentration = 4.3 mV (100 pM in this work). LOB = 3.8 mV, LOD,y = 10.8
mV, and ECsg = 5.8 £ 0.5 nM as the calculated concentration that produces half the maximum
binding response. The calculations result in a LOD of 1.2 nM for the AptaFET, an extremely good
performance for an electrochemical sensor. The average reproducibility measured for the dose-
response curve beyond the limit of detection is equal to 36.5%.

Although the dissociation constant (Ky) can be considered to be roughly equal to ECs, it is not pos-
sible to calculate its exact value directly, using the appropriate model of this work. [288]

4.2.7 Comparison of performance with the current literature

A list of recent publications (after 2013) on small molecule monitoring is summarized in
Table 7. The performance of the AptaFET in terms of the LOD and the linear range is better or
comparable to other biosensors that are suitable for POC analytical applications (Table 7), or even
the ones utilizing very complex and time consuming sample preparation or complex analytical pro-
cesses. [289-294] These techniques are less suitable or not suitable at all for POC drug monitoring.
For instance, fluorescent-based analytical methods need laboratory-labelling processes, which are
complex and can interfere with the functionality of the biomolecule. Some label-free optical and
mass spectrometry methods require professionals for their operation, in other cases their applica-
tion is limited to a specific class of biomolecules (not all the molecules are ionizable).

Although low LODs have been obtained for some small molecules using different techniques, the
LOD of this work is the lowest one in the literature for TFV detection, fully suitable for clinical ap-
plications. Comparing the data presented in this work with the literature shows the main ad-
vantage of our novel AptaFET with respect to many of the reported small molecule analytical
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methods suitable for POC applications. This work compared well with other works in the literature
[233, 239, 295, 296] in terms of sensitivity and selectivity. It works very well in human plasma with
an extremely good detection and the capability to provide real-time monitoring.

Table 7. Examples of recently published works on small molecule detection.

Target Analytical+ LOD Linear range References
POC-compliant detection methods

Acetaminophen Amperometry 2.1nM 5 nM to 800 uM [297]
Adenosine EIS 20 fM 0.05 pMto 17 pM [298]
Bisphenol A FET 56 pM 1to 10* fM [299]
Chloramphenicol SWV 5nM 40 to 1000 nM [300]
Cocaine DPV 0.13 nM 0.1to10nM [301]
17B-estradiol FET 50 nM 50 nM to 1.6 uM [295]
Etoposide DPV 5.4 nM 20nMto 2 uM [185]
Etoposide SWV 1.29 uM 10 to 60 uM [302]
Glucose SWV 4 mM 4t020 mM [97]
Glucose FET 2 mM 2to 8 mM [303]
Kanamycin SWV 14 pM 10 nM to 2 uM [304]
Naproxen cv 16 uM Up to 300 uM [208]
Oxytetracycline SWv 0.22 nM 1.1 pMto 110 nM [305]
Rifampicin Amperometry 50 nM 2to 14 uM [306]
Streptomycin SwWv 10 nM 50 to 1000 nM [300]
Tenofovir FET 1.2 nM 1 nM to 100 nM This work
Tenofovir SWCAdSV 1.3 uM 1.7to0 17.4 pyM [307]
Theophylline cv 50 nM Up to 120 uM [308]

TCV = Cyclic Voltammetry; SWV = square wave voltammetry; FET = field effect transistor; EIS = electro-
chemical impedance spectroscopy; DPV = differential pulse voltammetry; EMAT = electromagnetic acoustic
transducer; LSV = linear sweep voltammetry; SWCAdSV = square-wave cathodic adsorptive stripping volt-
ammetry; UV = ultraviolet; Vis = visible; BSI = backscattering interferometry.

At the end of this section of thesis, there were still a need to push the LOD to even lower values in
order to cover the entire therapeutic range of TFV, even after the promising performance of this
field effect biosensor. This also helped to offer a holistic methodology for monitoring a wide range
of drugs, thanks to the possibility of extending the application of the proposed methodology to
other targets just with small modifications. To achieve this aim, an innovative affinity-based bio-
sensor was developed based on a miniaturized memristive Si-nanowire signal transducer with very
high sensitivity, and aptamers as recognition molecules with high selectivity. The detailed infor-
mation about this nano-biosensor, and the drug monitoring results it achieved are explained in the
next section.
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4.3  An aptamer-based memristive biosensor for TFV monitoring

DNA-aptamers are ideal candidates for absolutely new, ultrasensitive, highly specific and
selective biosensors design. They also pave the way for real-time monitoring applications, thanks
to their restorative properties. In this thesis we present the world’s first reported DNA-aptamer
regeneration achieved through a memristive technique, for drug detection in human serum. Sili-
con nanowires (Si-nanowires) anchored between Nickel Silicide (NiSi) pads, exhibiting memristive
electrical characteristics, have been used in this part of thesis as an innovative approach for label-
free, ultrasensitive drug monitoring. The SEM image in Figure 58 represents the structure and veri-
fies the quality of the Si-nanowires used in this thesis with a length of 1 um and a width of ~ 80
nm. The particular electrical response of these very special memristive nanodevices, modified by
surface treatments, leverages the hysteretic properties exhibited by the memristive effect. The
hysteretic loop in the electrical characteristic (I4-Vgs) in the proposed memristive biosensor is ob-
served, when it is subjected to a double voltage sweep (V4s sweep), and also along the complete
cycle consisting of DNA-aptamers immobilization, target binding and DNA-aptamers regeneration.
It is then applied for the effective, ultrasensitive, label-free detection of tenofovir. After reporting
the biosensor development (4.3.2), and casting more light on the binding mechanism as a proof of
biomodifications methodology by SEM (4.3.3), the biosensor was tested with recognition surface
regeneration (4.3.4) and, finally, TFV monitoring in buffer and human-serum (4.3.5).

Figure 58. Schematic representation illustrating the memristive biosensor, and SEM micrograph depicting the Si-NW
arrays anchored between the NiSi pads, which serve as electrical contacts of the freestanding memristive nano-device.
Schottky-barrier junctions are formed between the Si and NiSi terminals. The position of the current minima for the
forward and the backward regimes changes after the surface treatment, introducing a voltage difference in the semi-
logarithmic current to voltage characteristics.

4.3.1 Memristive effect

In circuit theory, the three well-known basic elements are the resistor, the inductor and the capac-
itor (Figure 59). Those elements are defined as relationships between the four fundamental circuit
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variables, which are the current i, the voltage v, the charge g and the flux ¢. The forth fundamen-
tal element, the memristor, was introduced in 1971 by Leon Chua [309] linking charge and flux, by
introducing a new parameter « M - memristance ». Memristor nomenclature, or resistor with
memory effect, comes after the main property of these devices that is changing their resistance
according to the charge flowing through them: [309]

dp = Mdq (31)

In the case of the constant M in linear elements, memristance is identical to resistance, but in
memristive devices M is itself a function of g, yielding a nonlinear circuit element. [272]
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Figure 59. The four fundamental circuit elements: resistor, inductor, capacitor, and memristor. Reprinted with permis-
sion from [272].

The electrical model of the memristor element and its relationship with 3 other common elements
of electrical circuits is illustrated in Figure 59.

In 1976 Chua and Kang [269] generalized the memristor concept to a much broader class of non-
linear dynamical systems they called memristive systems, which look like a nonlinear time-
dependent version of Ohm’s law.:

v=R(w,t)i (32)

dw

—=f(w,t 33
= fwD 33)
Where v and i denote the port voltage and current, w is the variable state of the device - the state
of the system - and R is a generalized resistance that depends upon the internal state of the de-
vice. Both R and function f are explicit functions of time. Equation 32 describes the memristor rela-
tion with time-dependent state variable « w ». The state of the device varies with time (Equation
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33), and this means the system has a memory. In other words, the resistance will vary with the
amount of charge passed through the element and is not a constant. [269, 272]

Voltage gap

Memristive nanowires are obtained via top-down techniques based on chemically-assisted etching
processes, such as reactive ion etching, which are very aggressive and often result in surface
roughness and silicon surface defects. Surface defects are usually associated with dangling bonds
created by loose Si crystal atoms at the surface that leave unsaturated bonds behind them. These
unsaturated bonds at the surface allow energy states within the forbidden energy gap, that are
referred to as surface states. These energetically active surface states are continuously distributed
in energy within the silicon band-gap with a charge state that is Fermi-level dependent. This
means the surface states are associated with either acceptor-like or donor-like energy levels, and
act as electron acceptors or electron donors, respectively.

Puppo et al. [310] have characterized a physics-based compact model that describes the occur-
rence of voltage-gaps on memristive nanowires. Their observations suggest that voltage gap based
sensing is mostly based on the phenomenon of charge imbalance at the surface of the device,
where charge traps continuously change their state if perturbed by an external bias, modified
through exposure of the surface dangling bonds to different concentrations of biomarkers.

They have introduced three main contributors in the current-voltage characteristic of nan-
owires, including the surface current, bulk current and current component from Schottky con-
tacts :

The dominant contributor is the surface current that includes two drift and diffusion components.
Drift surface current is created by the hopping of charges, driven by an external voltage bias, from
one surface trap to another, as well as a diffusive surface current caused by the concentration
gradient of charged surface states. The bulk component of current is described by drift and diffu-
sion components. Drift bulk current can be expressed as a function of the wire resistance and the
voltage drop across it, while the diffusion component depends on the concentration gradient of
the net charge into the nanowire. Nevertheless, the current in bulk nanowire is mostly diffusive, as
drift current in the nanowire core seems to be negligible due to the full depletion of the channel,
as a consequence of the NiSi Schottky barriers at both ends. The last factor affecting the electrical
behavior of the device is the metal-semiconductor interface introducing a Schottky barrier. Posi-
tive and negative carriers see this barrier in their path, and with a proper forward bias, thermally-
excited carriers can flow through the barrier and form the current (thermoionic emission). Under
reverse bias the current is stopped as just a small fraction of carriers have enough energy to pass
the barrier (leakage current).

The environmental modifications and surface functionalization alter these three components dif-
ferently, leading to the modification of the current-voltage characteristic of the device. In other
words, they finally change the pinch-off of the hysteresis loop, and form the so-called voltage gap
(Figure 60). Thanks to its high dependence on external charges coming from the surrounding envi-
ronment, the voltage gap can be used as a biosensing parameter.
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As the surface currents are the main element of current voltage characteristics, the major altera-
tion comes from the dynamic occupations of the nanowire surface state energy bands, enabled by
the incoming external charges from the bio-species. Moreover, the surface charges induce a low-
ering of the Schottky barrier on the junctions of the device, that further modifies the voltage gap.
This effect is similar to the impact of dopant atoms introduced in semiconductors at metal-
semiconductor effective barrier height.

In the case of this thesis, the appearance of the voltage gap is mainly defined by charging phe-
nomena at the surface of the nanowire, where the donor states (positively charged) trap the nega-
tive charge of the aptamer. Therefore, immobilization of a surface layer of aptamers carrying a
negative net charge on the memristive device implies the loss of the pinched loop, and the ap-
pearance of the voltage gap at the electrical response of the nanowire. This leads to an accumula-
tion of negative charge and thus a surface charge imbalance that is reflected by the different zero
crossing points of the current in its forward and backward path, and finally an increment of the
voltage gap. The further increment of net negative charge, from the uptake of a negatively
charged target, for instance a drug, will increase the voltage gap more.

Practical realization and applications

In addition, to the theoretical definition, Chua also suggested a practical realization of a memristor
using complex combinations of FET (field effect transistor), BJT (bipolar junction transistor) and
operational amplifiers to obtain a circuit that behaves like a memristor. However, the first physical
implementation of the memristor was proposed in 2008 by HP lab. [272] Using a simple analytical
model called the Drift model, this work showed that memristance arises naturally in nanoscale
systems where ionic transport and solid-state electronics are coupled under external bias. In 2011,
Chua published a further work arguing that all two-terminal non-volatile memory devices based on
resistance switching are memristors, regardless of the device’s material and physical operating
mechanisms [270] opening new perspectives in the study of memristive behaviour and in new
applications involving memristive systems.

Memristive devices are two-terminal devices that present this kind of memory effect, and have
been implemented in many applications, particularity in the field of memories and logic design.
Furthermore, implementations of memristive devices include dense logic programmable circuits,
[311] artificial synapses, [312] cellular nanoscale networks [313] and two-terminal Resistive RAMS
(ReRAM) for standalone memories, Field Programmable Gate Arrays (FPGA) and Generic Memris-
tive Structure (GMS) for 3D-FPGA. [314] Moreover, freestanding, two-terminal, Schottky-barrier,
silicon nanowires anchored between NiSi pads, exhibiting memristive electrical characteristics,
have been reported as a novel approach for label-free, ultrasensitive bio-sensing applications.
[171, 315-318] As mentioned before, a hysteretic loop in the 14-V4s characteristic of the nanowire,
when subjected to a double V4 sweeps, is reported for those particular nanowire structures. Nev-
ertheless, upon bio-functionalization of the nanowire surface with a probe molecule (e.g. antibod-
ies or DNA-aptamers), a difference in zero current crossing according to the sweep direction ap-
pears (forward and backward sweeps), giving rise to the voltage sweeps split, the voltage gap, in
the semi-logarithmic electrical characteristic of the device (Figure 60). The target molecule uptake
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(e.g. specific antigen) changes the value of the voltage gap by masking or enhancing the effect of
the probe molecule, depending on the type and the concentration of the reagent introduced.
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Figure 60. Electrical characteristics of memristive biosensors before (1) and after (2) bio-functionalization with anti-
bodies. A double voltage sweep of the terminal voltage Vs is performed, resulting in hysteretic behaviour of the de-
vice. Reprinted with permission from [315].

As described above, the appearance of the voltage gap is attributed to the effect of the extra
charges surrounding the channel of the device, leading to simultaneous occurrence of molecule
gating effects and the lowering of the Schottky-barrier at the junctions, as a consequence of the
surface modification first with the bio-functionalization molecules, and, thereafter with the in-
creasing uptake of target molecules. Thus, the voltage gap value gives rise to a label-free detection
method. However, there are some interfering factors, such as temperature, humidity, and charges
from dissolved ions in the solution, that can alter the /-V characteristic of a memristor and result in
a fouling effect. [315] This happens mainly as a result of disturbance of the surface charge states
by exposure of the surface dangling bonds to environmental factors. Thus, it is important to keep
them constant between different experiments, to minimize the effect and the resulting false re-
sponses.

A detailed explanation and discussion on the processes required and results obtained for the fab-
rication, experimenting and response analysis of the proposed memristive nano-biosensor for HIV
personalized medicine is reported below.

4.3.2 Material and Method

Materials

Amino group terminated TFV-aptamers (5’-Aptamer-C6 Amino-3’) were commercially provided by
BasePair Biotechnologies (Pearland, Houston, USA). Human serum, magnesium chloride (MgCl,),
DMSO and PBS (10 mM; pH-7.4) were all purchased from Sigma-Aldrich (Switzerland). PBS buffer
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were always filtered through 0.2 um filters before use. Sodium hydroxide solution (NaOH) were
purchased from Sigma Aldrich (Switzerland) and diluted to the concentration of 1 M. Silane (3-
Glycidyloxypropyl)trimethoxysilane (GPTES) were purchased from Sigma-Aldrich (Switzerland) and
used as received. TFV, enzalutamide powders were purchased from Medchemtronica (Stockholm,
Sweden) and were dissolved in dimethyl sulfoxide (DMSO) to the concentration of 5 mM. All other
reagents were of analytical grade. All aqueous solutions were prepared using 18.2 MQ cm ul-
trapure water with a Pyrogard filter (Millipore, Feltham, UK).

Electrical and Morphological Analysis

The electrical characteristics of the nanofabricated memristive structures are acquired using a
probe station and a configuration of contact probes in the semi-logarithmic scale, using a Keithley
6430 semiconductor characterization system in a two terminal configuration by double sweeping
the source to drain voltage between -2.4 V and +2.4 V. These measurements allow the
observation of the changing hysteresis properties of the memristive biosensors as a function of
the surface treatment that leads to a charge variation. Electrical characterization performed on
wires after the nanofabrication process indicates a hysteretic loop at zero voltage for the forward
and the backward scans of the current. The memory effect observed depends on the charge
carrier rearrangement at the nano-scale, according to external disturbances, such as an applied
voltage bias. The hysteresis modification after the surface treatment is studied in terms of voltage
difference calculated between the forward and backward current minima of the electrical
characteristic curves. All of the measurements were carried out at room temperature, in a stable
environment of humidity and temperature. This helped to prevent interferences due to
environmental effects, as nanowires had shown sensitivity to these environmental changes. The
electrical experiments were performed in dry condition to increase the sensitivity of the
biosensor. Therefore, after the incubation of nanowires in target samples they were washed by
distilled water and dried gently by nitrogen gas flow. In addition to the electrical validation,
morphological analysis of the memristive biosensors is carried out using a Scanning Electron
Microscopic MERLIN, from Zeiss. The imaging is performed at 1.7 kV (Figure 58), 15 kV and staged
at 34.9° (inset Figure 58) and 1.2 kV (Figure 62 and Figure 65). Due to the top-down
nanofabrication process used, the width along the structures is not perfectly homogeneous.
However, this can be considered as an asset, since it increases the freely available area for DNA
aptamer binding, which increases DNA aptamer loading and hence better performance of the
biosensors.

Memristive Nano-Biosensors Fabrication

Development of the proposed nano-biosensor combines a top-down nanofabrication approach for
the realization of the memristive nanowires, as well as bottom-up strategies for the acquisition of
the finalised memristive nano-biosensors.

Silicon nanowire devices are fabricated through a top-down fabrication process performed on
(100) oriented Silicon-On-Insulator (SOI) wafers with low boron concentration (NA = 10" atoms
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cm™). SOI substrates are used in semiconductor manufacturing, for example in microelectronics,

to isolate the active part of devices. The complete process flow for the fabrication of the device, as

represented in Figure 61, has 8 steps:

a)

b)

d)

e)

f)

The first step consists of the patterning of the S/D regions by E-beam lithography (EBL sys-
tem; Vistec BPG5000+, running at 100keV) on a positive photoresist for subsequent metal
deposition and lift-off. After 5 min of dehydration on the hotplate (180°C), the wafer is spin
coated with 120nm thick polymeric PR, the Poly(MethylMethAcrylate) (PMMA). First, low
molecular weight PMMA-495K is spin coated (4000 rpm) on the wafer; then, after 10 min
of PR baking on the hotplate, the substrate is spin coated (4000 rpm) with a second layer of
high molecular weight PMMA-950K, and subsequently baked at 180°C for 10 min for resist
polymerization.

The PR is then exposed on the electron beam (dose of around 220 puC/cm?), developed in
MiBK(Methyl isobutyl ketone):IPA(isopropanol) 1:3, and used for Ni deposition.

Before Ni deposition, the coated wafer is processed in an Oxford PRS900 oxygen plasma
tool for PMMA descum (= 15 sec). This step is typically used for removing final portions of
exposed resist, and minimizing the surface roughness features for metallization. In addi-
tion, in order to guarantee a good adhesion of the deposited metal to the substrate, the
exposed Si surfaces are thoroughly cleansed of native oxide in a BHF bath for 15 sec, and
immediately transferred to an Alliance-Concept DP650 sputtering tool. The sputtering tool
provides the possibility of performing short non-aggressive Ar ion plasma cleansing steps
to the substrate to remove any native oxide before the actual metal sputtering without
breaking the chamber vacuum. Then, a 45 nmNi blanket deposition step is performed by
sputtering.

Lift-off consists of the dissolution of the sacrificial layer (PR) together with the parts on the
substrate that are covering it. In other words, after this process, only the Ni parts deposit-
ed in the exposed surfaces of the wafer, where the resist has been removed by EBL, will
remain. Lift-off is performed by leaving the coated wafer immersed in acetone overnight,
for dissolution of the sacrificial layer.

The substrate is processed with a three-step annealing procedure in forming gas (H>—N)
atmosphere, with a 25°C/min ramp-up from room temperature. In three steps, the tem-
perature is maintained at 200°C for 20 min, 300°C for 20 min, and at 400°C for 20 min, re-
spectively. In this process, the Ni is allowed to consume fully while diffusing in the Si, and
the final NiSi layer thickness is determined via the initial metallic Ni layer thickness.

A negative tone photoresist, namely Hydrogen SilsesQuioxane (HSQ) at 2% concentration,
was chosen for the high resolution and pattern requirements. This PR has good dry etching
selectivity to Si and allows for a thin, =50 nm layer by spin coating. Moreover, HSQ allows
for a fast exposure (negative tone) and high resolution.

131



Chapter 4 | APTAMER-BASED MEMRISTIVE BIOSENSORS FOR DRUG MONITORING

g) After spin-coating, the photoresist is exposed to an electron beam (dose of 1800 uC/cmz),
and subsequently developed for 30 sec in MF-CD26.

h) Finally, vertically stacked and suspended silicon nanowire (Si-NW) arrays, anchored be-
tween two NiSi pillars, are assembled. EBL is used to pattern the nanowire mask on a high
performance resist. After the patterning of the HSQ mask, the nanowires are defined
through a single etching step comprising multiple DRIE cycles. DRIE is performed in the Al-
catel AMS 200 SE plasma Si etcher, with a 22 sec long etching.

a= b= C= d=

€ & e

- u

Si SiO, PMMA

Ni NiSi  HSQ

Figure 61. Process flow of Si-nanowires fabrication. Reprinted with permission from [316].

Morphological analysis by SEM (Figure 58 and Figure 62) verified the successful fabrication of Si-
nanowires with length of ~ 1 um and width of ~ 80 nm.

Biofunctionalization

Biofunctionalization started with forming an absolutely homogeneous layer of GPTES molecules on
the surface of silicon nanowires in a clean room, through a gas phase Salinization (CVD). To this
aim, bare silicon nanowires were first activated by oxygen-plasma treatment for 15 minutes (Har-
rick Oxygen-Plasma, 200 mTorr, 29 W). This bombardment of the surface with high-energy oxygen
ions formed a layer of hydroxyl groups on the surface (hydroxylation). Then, activated nanowires
were placed in a desiccator in normal vacuum conditions along with 500 uL of the silane-solution,
for 2 hours. Chemical reactions between hydroxyl groups and methoxy groups on silane molecules
in gas phase formed durable and homogeneous binding (covalent bonds) of GPTES across the nan-
owire surfaces. [319, 320]

TFV-aptamers were functionalized with the amino group at their 3’ terminal to be used as a handle
for immobilization. For folding the aptamers to their active form, first, they were diluted to the
final concentration of 2 uM in 10 mM PBS solution and 1 mM MgCl,; then they were unfolded by
heating them at 90 °C for 5 minutes and let them to cool down to room temperature (approxi-
mately 30 minutes). To finish the process, a sensing surface was formed over the silane-coated
nanowires (described above) by incubating them in this solution of 2 uM TFV-aptamer, for 30
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minutes. This interval assures the complete forming of the sensing surface by covalent binding
between amino groups of aptamers and glycidyl groups of GPTES. After that, nanowire chips were
washed with PBS and distilled water to remove any unbound aptamers and salts. Finally, the chips
were dried by nitrogen gas, and stored at room temperature.

Regeneration procedure

A series of denaturation, pH shocking and refolding was used for surface regeneration (unbinding
the target from the aptamer and restoring the aptamers to the unfolded and functional form they
had before the conformational change): Nanowires were thoroughly washed with deionized water
to remove any drugs or salts; they were then incubated in NaCl 2M solution at 85°C for 10 minutes
in order to denature the aptamers and, thus, unbind the target from the aptamer; we then im-
mersed them in NaOH 1M solution to give a pH shock to eliminate any remaining drug-aptamer
binding, followed by deionized-water rinsing; finally they were inserted in a PBS-MgCl, 1mM solu-
tion at 85°C for 2 minutes and left to cool down for 15 minutes. This last step caused any dena-
tured or collapsed aptamer to be refolded, and thus the sensing surface was functional for a new
detection.

4.3.3 Surface characterization

The alterations of the surface morphology of the device during the consecutive treatment
steps is a further proof of the efficiency bio-modification methodology that was applied. It is worth
mentioning that surface analysis is performed immediately after each modification step, and no
other intermediate step or treatment is applied to the devices than the treatment with the mole-
cules of interest. This means that the morphology of the surface is clearly changed due to the rea-
gents under experiment.

For morphology analysis, SEM images were taken after each functionalization step and the aver-
aged width were measured at several parts of nanowires along the structure and on different de-
vices to obtain good statistics. When analysed, the data depicted a mean-width increase equal to
3.25 £ 1.22 nm upon the immobilization of DNA-aptamers on the silanized surface compared to
the mean-width of 82.78 + 1.08 nm that was registered just after silanization. This value repre-
sents the binding of one layer of DNA-aptamers over GPTES molecules, since this increase is com-
patible with the length of DNA-aptamers that are reported in the current literature. For instance,
Zhao et al. [321] have reported sizes in the range of 2.6 - 4.5 nm or 4.8 - 4.9 nm for DNA molecules
immobilized over Au surfaces in salt and in aqueous solutions, respectively. In the literature, the
aptamer height is also indicated with a value of 4-5 nm for aptamer hairpin loops immobilized on
DNA crossover tiles [322] and of 4.15 nm for DNA-aptamers bound on the surface of Si-nanowires.
[323]

It worth mentioning that, according to the literature, the binding of large molecules such as pro-
teins on recognition probes increases the height of the biological assay that is a well-expected
consequence of the presence of the large bio-molecules (e.g. proteases or proteins). [322—325]
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Nevertheless, an opposite effect has been reported when up-taken molecules are small molecules
such as adenosine. [321] This decrement can be explained by the conformational change in ap-
tamer structure after the binding reaction. This phenomenon is observed in this study in the case
of TFV binding, as the performed analysis on the SEM images of nanowires (Figure 62) after incu-
bation in TFV solutions exhibited an average reduction of 1.95 * 2.42 nm in the width of nanowires
to only 84.08 £ 2.36 nm. The average difference after the drug binding, compared to the width just
after aptamer immobilization (86.03 + 0.57 nm), corresponds to the aptamer bending. This is
mainly due to the folding effect that follows the drug up-take. Similar values have been reported
in the literature for the DNA-aptamer conformational changes after the drug binding. [325] A good
example is the work of Zhao et al. [321] that have presented a comparison between the initial
heights for the unfolded DNA-aptamers of 4.8 nm, height of folded aptamer of 3.8 nm in the pres-
ence of adenosine (a small molecule at the size range of drugs) and, even, the case of unbounded,
unfolded but largely collapsed aptamers due to the present of a salt solution. Their findings, con-
sequently, resulted an average aptamer height of 2.6 nm. According to their work, aptamer
heights differ between 1 nm to 2.2 nm based on different scenarios happening after the exposure
to the small molecules in solution containing salt.

Sllanization: GPTES

Aver. Width: 84.08 + 2.36 nm

Figure 62. SEM micrograph depicting the nanodevices anchored between the NiSi pads, which serve as electrical con-
tacts of the freestanding nanostructures. The nanodevices are imaged directly after the silanization process (a). After
the DNA-aptamer immobilization on the surface (b). After exposure to TFV solution of 10 uM (c). The mean width of
the nanodevices changes accordingly, following the conditions introduced by each surface treatment.

In the present study a combination of these phenomena occur as well, a fact that is also demon-
strated by the average mean width difference value upon the exposure of the device to the drug
solution, that indeed arises within the above-mentioned range. Upon the device exposure to the
drug solution, part of the DNA-aptamers is folded after successfully binding with the target drug.
However, not all DNA-aptamers finally bind efficiently with the TFV, and, as a consequence, those
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aptamers remain unfolded or collapsed due to the presence of salts and positive substances that
are included in the buffer or the serum solution. This phenomenon is well reflected through the
standard error hereby presented. Namely, the value of the average difference varies from the
height of a full standing aptamer on the silanized surface, to the height of folded aptamers. This is
due to the drug binding that is desired for the system, and in some cases to a completely collapsed
system on the surface.

4.3.4 TFV monitoring and TFV-aptamer regeneration

The whole sensing cycle, consisting of aptamer immobilization, TFV binding reaction,
sensing-surface regeneration, and TFV re-binding, is efficiently recorded by monitoring the varia-
tions of the electrical hysteresis of the memristive nanostructures.

The voltage gaps are illustrated in Figure 63, after analysis of the hysteretic responses®. Figure 63
shows that, after treatment with DNA-aptamers, the electrical response of the nanodevices
indicates a voltage difference of 116 + 34 mV. Furthermore, as hypothesized, following the
exposure of the nanodevices to the target drug solution of 100 nM, an increase of the voltage
difference occurs as an aftereffect of the drug binding, reaching the value of 156 * 24 mV -
indicating an increase of 34.5 %. This change is caused by the charge-density modification at the
surface of the device, due to the introduction of negatively charged drug molecules on the sensing
surface. However, the most promising outcome was in the electrical response after the
regeneration of the sensing surface, after the drug binding. Interestingly, it is demonstrated that
the voltage difference decreases after the regeneration process to a value of 120 + 15 mV, that
coincides with a value corresponding to the voltage gap after aptamer immobilization on the
surface.

The very same nano-devices are exposed to the drug solution once again, after regeneration, to
verify the nano-biosensor reliability further, in repeated measurements, as well as the capability
for further capture and detection of the target molecule. This time, a higher concentration, equal
to 1 uM, is introduced. Higher concentration of reagent implies higher charge density and, as
expected, their uptake results in a more pronounced modification of the voltage-gap. The
recorded voltage difference indicates a value of 240 + 23 mV - twice (100 % increment) the signal
exhibited by DNA-aptamers, and 53.8 % more than the hysteretic response related to 100 nM TFV.

Finally, a further regeneration step is carried out to illustrate the nano-biosensor’s repeated-
regeneration character. It is indeed demonstrated that the voltage difference of 121 + 39 mV
registered after this further regeneration process coincides with the value achieved initially for the
aptamer immobilization on the surface. It also replicates the one obtained after the first
regeneration.

9
Differences between the hysteresis of recorded signals observed as a voltage gap between the signals of nanowires recorded during forward
and backward voltage scans.
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That means that the biosensor is reproducible after any regeneration process, down at the original
value of the voltage-gap, and, therefore, ready for a new measure of the target molecule
concentration. The reproducibility of the hysteretic response after the two regeneration steps
(compared to a blank response) were calculated to around 3.4 % and 4.3 %, respectively. The
difference between percentages are negligible, even in comparison with measurement errors
usually obtained in the detection of drug binding.
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Figure 63. DNA-aptamer immobilization, target molecule binding and DNA-aptamer regeneration cycle, illustrated
through the electrical hysteresis variations.

4.3.5 Label-free, effective drug screening

Having demonstrated the direct and highly efficient response of the nano-biosensor to
various steps of drug detection and regeneration, we make further use of this holistic approach for
label-free, ultrasensitive TFV monitoring in buffer and in human serum. A typical I-V characteristic
of a single memristive Si-nanowire array, such as the hysteretic response of a memristive nano-
biosensor, is presented in Figure 64. The voltage gap increased from 80 mV for blank measure-
ment to 24 mV for detection of 1 uM of TFV.
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Figure 64. Typical hysteretic response of a memristive biosensor to increasing concentrations of TFV from blank (A.) up

to1luM (F.)

The average voltage differences while increasing the concentration of TFV in buffer and human
serum samples are recorded and presented in Figure 65. Solutions of TFV are prepared with con-
centrations in a range from 100 aM to 1 uM. This range is within, and slightly below, the clinical
range of TFV, opening up the possibility for other future applications with diluted serum, as well as
assuring an economy of reagents, thus requiring a minimum amount of clinical samples.

To show the performance of the proposed new biosensors more clearly, firstly TFV detection is
attempted in PBS solutions, as a proof of concept. Secondly, effective drug detection in human
serum is attempted and carefully characterized. In both cases, the successive uptakes of negative
charge at the nano-device surface leads to an increasing trend in the voltage gap that follows the
increasing concentration of the detection target drug - see Figure 65.
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Figure 65. Analytical performance and effective drug detection through the electrical hysteresis variations in buffer
solution (a) and in human serum solution (b).

In case of in-buffer detection, an average voltage gap of 29 + 6 mV was obtained for 100 aM
TFV.An increasing trend of this parameter of the hysteresis is depicted, after the dose increase, in
Figure 65(a), up to a value of 193 + 51 mV for 100 nM TFV solution, the maximum concentration
implemented. In case of in-serum detection, a hysteretic response of 49 £ 35 mV is initially indi-
cated for a concentration of 10 fM, that reached a final value of 295 + 61 mV for 1 uM (see Figure
65 (b) ). Both curves in Figure 65 are obtained by applying the data to third-order polynomial
curves (Equation 34; 4.3.6). Further analysis of the data showed a promising LOD of 3.3 pM and
3.4 nM for in-buffer and in-serum detection, respectively.

As a positive control, in-serum detection of an intermediate TFV concentration (1 nM) was per-
formed at the end of in-serum detection cycles, after the regeneration of the sensing surface. The
hysteretic signal of the biosensor that was observed, as is depicted in Figure 65 with green mark-
ings, was 97 + 31 mV. This was applied to the value predicted by the trend of the dose-response
curve. This is quite an important result, demonstrating clearly the reliability of the proposed nano-
biosensor, as well as the efficiency of the proposed method for continuous monitoring of thera-
peutic compounds. Furthermore, the implementation of a negative control drug, enzalutamide, is
performed as an additional step, following the positive control. Importantly, the 89 + 35 mV volt-
age gap obtained for the negative control detection brought no significant hysteresis modification
(<9 % difference) for the very same drug concentration of 1 nM, therefore no drug binding oc-
curred for the negative control case, exhibiting the specificity of the methodology applied.

4.3.6 Statistical analysis

The dose-response data obtained for the range of TFV concentrations in buffer and in
human serum were analysed with Origin software, and were applied to a typical polynomial curve
with equation of third-order, as is shown in Figure 65. The appropriate equation is:
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y = Intercept + ax® + Bx? + yx (34)

With a root-mean-square value (R-Square) of 0.96 and a Residual Sum of Squares (RSS) of 1.33.
The parameters in the appropriate equation of in-buffer detection mean that the Intercept =47 +
3 mV, and other coefficients are equal to:

a =459 x10 * £+ 1.85 x10 ~*,B = 0.0024 + 3.4024 x10~*,y = 0.0063 + 0.0026

While for in-serum detection R-Square = 0.99, RSS = 0.19, Intercept = 112 + 12 mV and other coef-
ficients are equal to:

a= 9.39x107* £+ 3.42 x107*,B = 0.0081 + 0.0016,y = 0.0291 + 0.0034

A very low LOD = 3.3 pM for PBS buffer and LOD = 3.4 nM for human serum are calculated from 9
independent samples, as described in section 3.4.1, following the work of Armbruster et al. [155],
whereas for in-buffer experiments meangank = 0.048 mV, SDpjank = 0.0179 MV, SDjowest-concentration =
0.02 mV is the standard deviation of hysteretic responses related to the lowest concentration
drug. The calculated LOB and LOD,y (Equations 28 and 29) are equal to 0.077 mV and 0.11 mV,
respectively. For in-serum experiments meanpjank = 0.12 mV, SDpjank = 0.1 MV, SDjowest-concentration =
0.35 mV, LOB = 0.28 mV and LOD,y = 0.34 mV. Finally, the appropriate equations were used to
obtain the corresponding LOD.

4.3.7 Comparison with the current literature

A list of cutting-edge drug monitoring systems, recently reported in literature, is summa-
rized in Table 8. The LODs demonstrated in this study for a memristive nano-biosensor are com-
pared in the table, and they are highlighted as the best ever obtained, to the best of our
knowledge, as reported in the literature for drug detection in general, and for TFV in particular
(Table 8).

The LOD presented here demonstrates a sensitivity 10 times higher for in-buffer drug detection
with respect to the literature, and shows a performance twice better for drug sensing in human
serum than the best ever obtained. The best case reported so far in human serum is mentioned in
the work of Radhapyari et al. [326], which reached 0.035 nM, but in 10 times-diluted human se-
rum, while we reached 3.4 nM in undiluted serum — a far better performance. It is worth repeating
the point that we worked with undiluted human serum, further indicating the higher sensitivity
and efficiency of our suggested methodology, with respect to the best ever presented in the litera-
ture.
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Table 8. State-of-the-art list of reported drug detection to date as example.

. LOD (nM)
Target drug Method  Surface Linear Range Ref. = Comments
Buffer Bio-matrix (nM)

6-mercaptopurine Voltam Graphite/Polypyrrole/MW - 80 200 - 100000 [327] Diluted human urine
CNT sample
Gleevec Conduc Si-nanowire - - Up to 100 [328]
Paracetamol Voltam MWCNT’ 2.9 - 5-1000 (329]
Penicillin Voltam Boron-dopped diamond - 320 400 - 100000 [330] Human urine sample
Tamoxifen Voltam Enzyme/Polyaniline/Pt 0.2 - 27 -297 [331]
Clenbuteral Voltam Benzedithiol-GNPs’ - 43.96 100 - 800 [332] Diluted rat urine
sample
Chloramphenicol Ampero Cds NPs/GNPs 0.14 - 0.15-2.94 [333]
Artesunate Ampero Gr-Polyaniline 0.031 0.035 0.13-1 [326] Highly diluted human
Nanocomposite serum
TFV BSI Glass chip 2.5 - Up to 20 [286]
TFV LC-MS - - 680 1360 to 350000 [334] Human urine
TFV Voltam HMDE" 450 870 Up to 17000 [307] Diluted and precipitat-
ed human plasma
TFV LC-uv - - 10.4 35 to 3480 (335]
TRV LC-MS - - 7 35 to 3480 [335]
TFV Field effect MOSFET 1.2 - 1to 100 Present  PBS buffer
work
TFV Memristive  Si-nanowire arrays 0.0033 3.4 0.001 to 1000 Present  Human serum
work

Voltam: voltammetry; Conduc: conductance; Ampero: amperometry; BSI: back scattering interferometry; LC: liquid chromatography; MS: mass spectroscopy; UV:
ultra violet; MWCNT: multiwalled carbon nanotubes; GNP: gold nanoparticle; HMDE: hanging mercury drop electrode

The final performances of two proposed affinity based biosensors are presented in Table 8. The
comparison between the LOD and the linear range shows that changing the transducer from field
effect to memristive effect has drastically changed the biosensing performance. Taking advantage
of the memristive nano-biosensor, the LOD for in-buffer detection of TFV was improved by 3 or-
ders of magnitude, while a leading LOD for in-serum detection of TFV was also obtained. In addi-
tion, the dynamic range of the affinity based biosensor has been increased from 1-100 nM to
0.001-1000 nM. The superior performance of the memristive affinity-based biosensor provided
the ultra-sensitivity and ultra-selectivity (presented by negative and positive controls) that was
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expected in this study. This superior performance completely covers the therapeutic range of TFV
and can be considered as the proper solution for POC TDM of AIDS, as well as most of the drugs
that fall within the third class of drugs introduced in this thesis.

4.4  Original contribution

This chapter proposed and characterized a POC drug monitoring system (Figure 45) suita-
ble for drug detection in human plasma (Figure 55) and real-time monitoring (Figure 56). In this
section the possibility of human diagnostics by an aptamer-based field effect biosensor was suc-
cessfully demonstrated. Biorecognition surface was optimized to maximize the specific and sup-
press the nonspecific interaction on the recognition surface, by testing many different chemistries
and surfaces, as well as optimizing the aptamer to spacer agent ratio by EIS. The LOD and linear
range of the biosensor (1.2 nM and 1 to 100 nM, respectively) fell inside the physiological ranges
of the target (from a few nM up to 1 uM). The sensitivity and selectivity of the biosensor for the
specific target was successfully tested (Figure 55). In addition, this method can be used for moni-
toring new biomolecules by exchanging the TFV-aptamer with another aptamer that is specifically
produced for the new target. This proves the capability of the detection method being proposed,
for use in the continuous monitoring of a wide range of small molecules in human plasma.

In order to improve the performance further, and to be able to cover the entire therapeutic range
of TFV, a novel affinity-based biosensor is developed, based on miniaturized memristive Si-
nanowire signal transducers with very high sensitivity. The binding reaction at the recognition sur-
face of the biosensors induces a change in the voltage gap that is observed on the hysteretic |-V
characteristic of memristive Si-nanowires. this modification can be used as the response of the
biosensor.

An innovative application of the memristive effect is presented for the first time, in this thesis, as
suitable for POC drug monitoring. The potential applications, such as continuous and real time
monitoring, were investigated by portraying the regeneration capabilities and reusability of the
nano-biosensor without degradation of its DNA-aptamer recognition properties.

The hysteretic electrical properties displayed by biofunctionalized nanofabricated silicon nanowire
arrays are put to use successfully for drug monitoring. Moreover, a complete set of experiments,
essential in the demonstration of the biosensor’s capabilities, were successfully performed - in-
cluding DNA-aptamer immobilization, target binding and DNA-aptamer regeneration.

The increment of the voltage gap - as registered in the hysteretic curves - occurs during the drug
binding, after exposure of the nano-bio-devices to the target drug solutions. This change is as a
consequence of the change in the charge density at the devices’ surface. This increase is found to
be strongly related to the concentration of the target detection molecules.

This also demonstrated that, after the regeneration step, the values achieved for the hysteresis
voltage gap coincide with the value achieved initially just after the aptamer immobilization on the
surface. This proves the general capability of this new memristive biosensor for continuous moni-
toring and reusability. Therefore, the successful label-free screening of TFV is demonstrated here
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by achieving a superior LOD of 3.4 nM - a leading performance in state-of-the-art POC drug moni-
toring systems for in-human serum detection (Table 8).

This innovative approach holds great promise for the real time continuous monitoring of thera-
peutic drugs. Moreover, the application of this paradigm can be expanded to detect a wide range
of different molecules by choosing the specific aptamer probes accordingly. This offers a potential
for integration in more complex platforms for many different applications.
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Chapter 5 Conclusion

5.1 Results achieved

The main objective of this thesis has been biosensor development for therapeutic drugs
monitoring, with special focus on chemotherapy of prostate cancer and AIDS. To this aim, biosen-
sors were classified into three different categories based on the electrochemical and biological
properties of targeted drugs: A) SPE-based biosensors for electroactive drug monitoring. B) Enzy-
matic biosensors for the monitoring of drugs involving cytochrome p450 in their biological meta-
bolic pathways. C) Affinity-based biosensors to target non-electroactive and non-enzymatic drugs.
The latter also offers a reliable solution for highly selective POC drug monitoring. Three model
drugs have been targeted and successfully detected in this study: etoposide, abiraterone, and
tenofovir. The main achievements of this thesis can be classified in the following nine points:

First: Proposing a new methodology for the theoretical calculation of the electroactive surface
area, and proving the concept in experimental conditions. The effective characterization of nano-
material properties and their impact on electrochemical performance, making use of this method-
ology.

Second: Demonstrating the high performance of GNP-based nano-biosensors in contrast to the
ones functionalized with MWCNTs and Bi,O3; nanoparticles, with three times the sensitivity of bio-
sensors that are not nanostructured.

Third: Optimization of nano-biosensors in terms of nanostructuring and the detection method,
and detection of etoposide in the therapeutic range.

Fourth: Demonstrating a quantum phenomenon, the Coulomb blockade, and its impact on boost-
ing the electrochemical performance of nano-biosensors, for the first time.

Fifth: Characterizing the electrochemistry of the anti-prostate cancer drug, abiraterone, in direct
interaction with MWCNTSs, and in interaction with cytochrome P450 3A4, for the first time. Show-
ing the electroactive and electrode-fouling characteristics of drug, as well as, its inhibitory effect
on cytochrome P450 3A4.

Sixth: Development of an optimized enzymatic nano-biosensor for prostate cancer in personalized
medicine, with superior performance between enzymatic biosensors for abiraterone detection.

Seventh: Extensive optimization of the recognition surface to maximize the binding reaction be-
tween tenofovir and its specific aptamer, and minimizing the biofouling effects. The study clearly
demonstrates the importance of aptamer surface density on the drug-monitoring performance.
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Furthermore, simple but effective chemistry suggests that a translational strategy can be easily
applied to extend the application to other drugs by using their specific probe.

Eight: Development of an aptamer-based field-effect biosensor suitable for point-of-care personal-
ized medicine for HIV, with a promising performance in detection of tenofovir, an anti-HIV drug.
Demonstrating its applications for in-plasma detection and real time monitoring.

Ninth: Development of a novel memristive nano-biosensor for HIV personalized medicine and
TDM. Demonstrating its outstanding performance as a reusable nano-biosensor by characterizing
the superior regeneration capabilities of this memristive nano-biosensor. In-buffer and in-plasma
detection of tenofovir with the best ever reported performance for drug monitoring.

5.2 Conclusion

The results of this study, and its implications for the POC TDM of malignant diseases, can be divid-
ed into 3 categories:

A direct-electrochemical biosensor was developed for the detection of Etoposide. The transducer
element of the biosensor was optimized to reach sub-micromolar detection limits. The optimized
nano-biosensor was then successfully used to detect etoposide in its therapeutic range.

An enzymatic biosensor was developed for the detection of abiraterone based on the optimized
transducer. It was used to detect abiraterone in its therapeutic range in human serum with record
performance levels.

An affinity-based biosensor was developed using memristive Si-nanowires as transducers for TFV
detection. It was used to detect TFV in human serum successfully, with extremely high sensitivity
and selectivity.

5.3 Future development

Many of the promising methodologies reported in this thesis were proposed for the first
time, and they can benefit from further optimization and modification before reaching their final
potential, and being made ready for industrialization. This is mainly because: firstly, offering solu-
tions for all classes of drugs for a specific disease, as is done in this thesis, is very intensive and
requires a lot of time and effort, while at the same time it provides broader advances and deeper
insights into biosensing. Secondly, a deep investigation has been done in this work to study in de-
tail the physics behind many phenomena that have been used for many years in electrochemical
detection, such as the Coulomb blockage. Thirdly, very few data or no data have been available
about the drugs targeted in this thesis and, thus, basic study on the electrochemistry of the tar-
geted drugs was performed on them in this thesis, often for the first time. Therefore, some possi-
ble future studies to push forward the solutions proposed here are as follows:

* The integration of nanostructured sensors with miniaturised custom-made microelectron-
ics on a single chip. Miniaturised medical devices require the combination of microfabri-
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cated electrochemical platforms with ad hoc low-noise electronics on a printed circuit
board.

The integration of different solutions proposed here on a single multiplexed platform for
multisensing. Simultaneous measurements of more than one analyte, for instance a cock-
tail of drugs used for prostate cancer treatment, is possible. Taking into account the infor-
mation reported in this work about nanostructuring a proper multiple detection can be
achieved within adequate concentration ranges. The chemical crosstalk between different
platforms on a device, or resulting from multiple measurements within one platform, and
the influence of interfering species can be suppressed by the appropriate nanostructuring
of each electrode.

The integration of the system with proper microfluidics for real-time and in-human plasma
detection, taking advantage of the proposed methodologies in this work for real time and
under-flow monitoring applications. This can help to suppress the chemical crosstalk, and
also provides the possibility for developing Lab-On-Chip biosensing systems.

Many different nanomaterials can be deposited simply, using a drop-coating technique,
keeping the additional electroactive area the same, and investigating the boosted impact
on the biosensing performance and, more importantly, the physical and chemical reasons
behind it.

The results achieved are promising for realizing a fully operational implantable device in
human subjects. To this final aim, recognition surfaces should be formed in such a way that
they provide stable catalytic or binding activity for several months, at least. Further exper-
iments are needed to understand for how long the proposed biosensors retain their activi-
ty when they are immobilized in a substrate, or when they are in prolonged contact with a
biological fluid. In this respect, some strategies to improve an enzyme’s immobilization and
protection, such as entrapment in a matrix, or confinement behind a protective membrane
should be investigated and optimized. However, a loss of activity in the recognition surface
is inevitable in the long term, due to the denaturation of biomolecules. Therefore, an addi-
tional back-up methodology for refreshing the sensing surface, such as the implementation
of an “enzyme reservoir” in the implantable sensor, can be considered. Moreover, other
techniques can be employed to assure a long-lasting implantable biosensor including test-
ing the long-term endurance of the device with corrosion tests before implantation, or the
development and implementation of long-lasting protective membranes to prevent the
electrodes from biofouling. Providing adequate vascularization around the implant by
proper packaging, to prevent the blockage of analyte diffusion by the formation of fibrotic
tissue around the implant. Nanoscaling to help the host to tolerate the implant with less
body response. A very deep and sophisticated investigation into the long term biocompati-
bility of the implant.
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CORE COMPETENCIES

A.  Electrochemical bioassays for pathogens/metabolites/drugs

monitoring

B. Modeling and simulation of MEMS sensors/actuators

C. Nanofabrication and functionalization of microelectrodes in

cleanroom

D.  Surface functionalization by nanostructures

E. Digital electronics engineering
F. Fostering teamwork and collaboration
EDUCATION

Oct 2013-Present

Sep 2010-Mar 2013

Sep 2004-Feb 2010

PhD in Biotechnology with focus on Biosensing
and research fellow of Marie Curie European
Program (PROSENSE-ITN)

Integrated Systems Laboratory (LSI), Ecole polytechnique
fédérale de Lausanne (EPFL), Switzerland

Thesis: Ultra Selective and Sensitive Electrochemical

Detection of Anti-Cancer and Anti-Viral Drugs by Optimized

Nano-Bio-Sensors

« Electrochemical, field effect, memristive etc. analyte
detection

» Surface nanostructuring by carbon nanotubes and
nanoparticles

» Surface biofunctionalization with enzymes, DNA, antibody

» Topography and metrology

» Nanofabrication of microelectrodes in clean room

« 3 papers published, 1 submitted, 2 under preparation

MSc in Electronic Micro and Nanosystems
(MEMS), (GPA: 27.73/30),
Politecnico di Torino, Italy

Thesis (at EPFL): Electrochemical Properties of
Nanostructures for Biosensing: Bismuth Nanoparticles
versus Carbon Nanotubes & Au Nanoparticles

» Piezoelectric accelerometer design and simulation by
CoventorWare
 Microfluidic channel simulation in COMSOL multiphysics

BSc in Electrical Engineering, Major: Electronics,
(GPA: 14.52/20), Mazandaran University, Iran

Thesis: Design and implementation of mixed-signal
electronic circuit of an answering machine
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PROFESSIONAL EXPERIENCE

Electronics and Automation Engineering
Eshtad Company (Eshtad Co.), Tehran, Iran

Working as an electronics engineer to design circuits, draw
PCB layout and implement circuits.

Electronics and Automation Engineering
Faraz Danesh Asia Corporation (FDA Co.), Tehran, Iran

1-month internship to design micro controllers & VHDL-FPGA
based circuits, and PCB design.

TECHNICAL EXPERTISE

Cyclic/Square Wave Voltammetry, Chronoamperometry,
Electrochemical Impedance Spectroscopy, Field Effect and
Memristive effect, Quartz Chrystal Microbalance

COMSOL, CoventorWare, Matlab

Templated-Nanoporous Film Electrodeposition, Drop-coating,
Inkjet Printing, Chemical Vapor Deposition, oxygen plasma

AFM, SEM, FTIR & ATR spectrometry, UV spectrometry

AVR micro-controllers

Photolithography, wet etching, chemical vapor deposition,
oxygen plasma

SCIENTIFIC ACTIVITIES

Data analysis
Nova software, Igor Pro, ImageJ,
Excel, OriginLab, Prism

Electronic circuits design

and analysis
Orcad, Multisim

Programming
C, C++

Computer

Microsoft Office (Word, Excel,
Power point, Visio), Windows (XP,
W7, W10), Macintosh (OS X
Yosemite, El Capitan)

Related PhD Courses

Electrochemical nano-bio-sensing and bio/CMOS

interfaces, Lecturer(s): Carrara Sandro. Oral presentation

http://edu.epfl.ch/coursebook/en/electrochemical-nano-bio-sensing-and-bio-cmos-
interfaces-MICRO-614

Theoretical Microfluidics, Lecturer(s): Gijs Martinus, Lehnert

Thomas. Oral exam
http://edu.epfl.ch/coursebook/en/theoretical-microfluidics-MICRO-718
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Mavrch 2014

Jan 2014

November 2013

)}

Pharmacology and pharmacokinetics, Lecturer(s): Firsov Dmitri, Kellenberger Stephan.

Written exam and oral presentation
http://edu.epfl.ch/coursebook/en/pharmacology-and-pharmacokinetics-BIO-478

Reliability of MEMS, Lecturer(s): Herbert Shea. Oral exam
http://edu.epfl.ch/coursebook/en/reliability-of-mems-edoc-MICRO-615

Scanning Electron Microscopy Techniques, Lecturer(s): Cantoni Marco, La Grange

Thomas. Written exam
http://edu.epfl.ch/coursebook/en/scanning-electron-microscopy-techniques-a-MSE-636-A
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CCMX Winter School Surface Science and Coatings, Lecturer(s): Brune Harald, Various
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11th Conference on PhD Research in Microelectronics and electronics, Lecturers:
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PROSENSE Initial training network events, Lecturers: various lecturers, Poster and Oral

presentation
http://www.prosense-itn.eu/page-91788-en.html

» Conference: Prostate Cancer Diagnosis, September 2016, Bath, UK

 Spring school: Lable-free techniques for electronic sensing of biomolecules, April 2016,
Zwebrucken, Germany

» Winter School: New nano-bio-sensing tools for theragnostics, February 2016, Lausanne,
Switzerland

» Workshop: Integration of biosensing in multiplex lab-on-a-chip devices, July 2015, Lisbon,
Portugal

» Workshop: Biosensor construction, January 2015, Cardiff/Pontypool, UK

» Workshop: Clinical perspectives and commercial forces on biosensor devices, September
2014, Bath, United Kingdom

» Workshop: Application of lectins in various format of analysis for glycoprofiling, January
2014, Bratislava, Slovakia

Secondment and Visits

April 2015

2015 — 2016

Royal United Hospital, Bath, UK, 3 days visit: discussion on most modern anticancer drug
compounds to be considered

University of Bath, Bath, UK, 4 months secondment: development of aptamer based
biosensors for tenofovir (HIV drug) detection
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