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Introduction

This work was done in collaboration between four laboratories: the laboratory Interfaces et
Systémes Electrochimiques, LISE (UMR 8235 CNRS/UPMC Paris) with Jean Gamby for
the expertise in Electrochemistry in microfluidic systems, the laboratory Physico-Chimie des
colloides et Nanosystemes Interfaciaux, PHENIX (UMR 8234 CNRS/UPMC Paris) with
Vincent Dupuis for the expertise in magnetism and Jean-Michel Siaugue for the expertise
in design and fabrication of magnetic nanoparticles, I'Unité de Technologie Chimiques et Bi-
ologiques pour la santé, UTCBS (Chimie Paris Tech, INSERM, Université Paris Descartes)
with Mathieu Lazerges for the expertise in DNA biosensors and le Centre de Nanosciences
et de Nanotechnologies, C2N (UMR 9001 CNRS Univ.Paris-Sud) for the expertise in clean
room micro-and nano-fabrication. This thesis was co-funded by the MiChem LabeX and the
University Pierre et Marie Curie.

The challenge of the 21! century in molecular biology lies in the identification of
new specific biomarkers for cancer or infectious diseases and to push the detection
boundaries in order to treat patients even before the first symptoms of the disease
appear. In this optic micro Ribonucleic acid (miRNA) are promising candidates for
an early, rapid, precise and reliable diagnosis.

Powerful regulators of genetic expression with messenger RNA (mRNA) [1, 2],
miRNAs allow a highly specific human cancer classification and thus the diagnosis
of various cancers especially the diagnosis of liver diseases such as hepatitis C, B,
metabolic disorders or drug abuse with miRNA-122 [3]. However in order to detect
their in vivo change of molecular expression levels (under the femtomolar [4]) and
that the detection meets both the quantitative and selective criteria, current tech-
niques of detection (DNA chips, microarrays) need a previous amplification step
usually done by Polymerase Chain Reaction (PCR) inducing an increase in the pro-
cess frametime and quantification errors [5]. The selectivity of the detection is partic-
ularly crucial in the case of miRINAs as they are found in great number in the human
organism and with comparable sequences [6].

The turning point of a highly sensitive detection is the direct transformation of
a biologic event into an electric signal which will avoid the PCR step, a non neg-
ligible obstacle. Electrochemistry lives up to this expectation by directly transduc-
ing hybridization into a physical signal without labeling or further transformation.
Voluminous literature exists on hybridization-based biosensors for the detection of
specific oligonucleotides sequences that tends to optimize the limit of detection es-
pecially by playing on dimensions.

Not only the detection has to be quantitative and sensitive but also the detection
device has to be portable, cost per test must be low enough to be done routinely,
they have to integrate sample pre-treatment and parallel detection to meet needs
and specifications of clinicians. Indeed, in the miRNAs case, it is the determination
of the relative proportion of multiple miRNAs that will allow a reliable diagnosis. A
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number of unmet needs can be fulfilled by microfluidic devices due to their porta-
bility, short sample processing time and flexibility. A non negligible advantage of
miniaturization is the reduction of analysis time coming near the minute. Confine-
ment and flow circulation favor targets” collision with the sensor and thus decrease
limits of detection. Contamination by human manipulation are avoided between the
injection of the sample to the analysis result. Reagents consumption are decreased
(80% of analysis costs in bio-detection [7]).

Key points for performance efficiencies in biosensors are the transport of target
molecules to the sensor and the chemical reaction itself. It is thus desirable to quan-
tify surface binding within small fluids volumes (for precious samples or to get a
large number of measurements from one single sample). Miniaturized sensors espe-
cially fluidic sensors are appealing for efficient hydrodynamics kinetics to transport
targets [8] and automation [9]. But unraveling competing effects of diffusion con-
vection and reaction (especially with microfluidic and even more with nanofluidic
devices that have high surface to volume ratios and are thus sensitive to interfaces
and diffusion issues) seems essential. To know if with the sensor size and concen-
tration used, detection can take place and if at least one molecules is collected on the
sensor’s surface.

The coupling of a strong separation with a specific detection on a fully integrated
Lab On Chip for early detection of ultra-low concentration analytes remains up until
now the only way to conduct a complex analysis. Magnetic manipulation is a core
component of miniature biological sampling and an "easy" way to prepare and sep-
arate biomolecules from their biological matrix. Superparamagnetic nanoparticles
are, for that goal, appealing, due to their tunable magnetic properties.The challenge
is to incorporate the magnetic separator on chip and still to keep a high magnetiza-
tion with small objects and overcome fluid convection.

This manuscript is detailing the above mentioned scientific developments. It was
split into 4 chapters:

e Chapter 1 is introducing the healthcare context around miRNAs justifying the
research effort of this thesis. A panorama of electrochemical, microfluidic and
biomagnetic sensors will be presented as well as the introduction of the con-
cepts of mass-transport and magnetic manipulation on chip to allow the reader
to get an insight into the objectives of this thesis.

e Chapter 2 is devoted to the transposition into microfluidics of an electrochem-
ical hybridization-based biosensor and its optimization combining the exper-
tise of the UTCBS, LISE and C2N laboratories. This sensor lies on the princi-
ples of long-range electron transfer in DNA and Ultra-microelectrodes. This
microfluidic biosensor is a response to the needs of a rapid, highly specific,
portable detection. It allowed especially to characterize hydrodynamics and
mass-transport toward an electrode in microchannels. It also permitted to see
the influence of the electrode material used and probe density issues on the
efficiency of hybridization detection.

e Chapter 3 copes with the fabrication and characterization of a nanoplatform
for DNA capture and release via magnetic hyperthermia, a PHENIX expertise.
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The not so trivial influence of shape and size of particles on increased heat dis-
sipation will be approached. A proof of concept of the release of DNA targets
with magnetic hyperthermia will be given.

e Chapter 4 focuses on the transposition of DNA release with magnetic hyper-
thermia on a microfluidic chip with the challenge of the microfabrication of
the chip to meet magnetic field application criteria. The influence of hydro-
dynamic conditions and channel geometries on experimental time scale and
release efficiencies will be investigated. The coupling between the detection
and the release module on the same microfluidic chip will be discussed. This
multidisciplinary (physical, chemical and biological) chapter is the result of in-
tensive collaborations between PHENIX, LISE, UTCBS and C2N laboratories
and precisely reflects the interdisciplinary aspect of this thesis.

In order to make the reading of this manuscript easier, detailed calculations were
organized in Appendix A. As the chosen language for this manuscript is English,
a french summary was added, following this introduction, according to ED 388’s
specifications.

This work thesis resulted in four scientific publications under reading committee
and one ongoing invention declaration (DI) to the CNRS . Two articles are already
published, the two others are in the writing phase. These scientific works were pre-
sented to three international and one national conference (two orals and two posters)
except for the results obtained in the frame of the CNRS DI
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Electrochimie & Nanoparticules magnétiques en laboratoire-sur-puce
microfluidique pour le diagnostic médical. Détection du miARN-122.

Le challenge du 21° siécle en biologie moléculaire repose d’une part sur 'identification de
nouveaux marqueurs spécifiques pour le cancer et les maladies infectieuses, et d’autre part de
repousser les limites de détections de ceux-ci afin d’établir un diagnostic précoce, peu colteux,
précis, fiable et rapide de la maladie avant méme que les premiers symptomes n’apparaissent. Les
acides micro-ribonucléiques (miARNs) sont des candidats de choix, en particulier le miARN-122.

Régulateurs puissants de différents processus cellulaires (pathologies, remodelage tissulaire)'en
modulant I'expression des génes, les miARNs sont des petits ARN non codants d’une vingtaine de
nucléotides qui sont secrétés hors des cellules, dans le plasma, a la mort de celles-ci. Les miARN
permettent une classification hautement spécifique des cancers humains et donc leur diagnostic.
C’est en particulier le cas du miARN-122, sur lequel se concentre ce travail de doctorat, qui permet le
diagnostic de maladies du foie comme |’hépatite C, B et de maladies liées a I'action de médicaments.

Afin d’étre capable de détecter leurs changements de concentration in vivo du niveau moléculaire
(sous le femtomolaire?), de maniére quantitative et spécifique, les techniques de détection actuelles
(puces a ADN, microarrays) nécessitent une étape d’amplification réalisé par Polymerase Chain
Reaction (PCR). Cette derniére induit dans le cas du miARN une augmentation drastique du temps de
réaction et d’erreurs de quantification®. La sélectivité de la détection est particulierement cruciale
dans le cas des miARNSs car ils sont nombreux dans I'organisme, avec des séquences proches.

Afin d’éviter I'écueil de la PCR, une transformation directe de I’évenement biologique de
reconnaissance de la molécule d’intérét en signal électrique est le point clé d’'une détection sensible
et directe. L'utilisation de biocapteurs électrochimiques répond a cette attente en traduisant
directement I'hybridation de la cible (a détecter) en signal physique sans marquage ni transformation
supplémentaire. Une littérature conséquente est disponible quant aux biocapteurs basés sur
I’"hybridation pour la détection d’oligonucléotides spécifiques qui tendent a optimiser les limites de
détection.

Accéder a une limite de détection optimale ne suffit pas pour répondre aux besoins des cliniciens. Le
biocapteur doit étre portable, le colt par test doit étre suffisamment bas pour constituer un test de
routine. Un pré-traitement et une détection en paralléle sont aussi souhaités. Ce dernier point est
particulierement crucial dans le cas des miARNs car, c’est la détermination de la proportion relative
de plusieurs miARNs dans le sang qui va permettre un diagnostic fiable et localisé.

Un certain nombre de ces criteres sont remplis par l'utilisation de la microfluidique. Les puces
microfluidiques sont des puces portatives, avec un temps d’expérimentation court et une grande

Van Rooij, E. Circ. Res.2011, 108, 219-234.

2Corn, R.; Goodrich, T. T.; Lee, H. J.; Corn, R. M. 2016, No. March.

3Mo|dovan, L.; Batte, K. E.; Trgovcich, J.; Wisler, J.; Marsh, C. B.; Piper, M. J. Cell. Mol. Med.2014, 18
(3),371-390.



flexibilité due aux techniques de microfabrication en salles blanches. Le confinement dans des
canaux micrométriques et I’"hydrodynamique optimisée favorisent les collisions de la cible avec le
capteur et ainsi augmentent la limite de détection. Les possibilités de contaminations par
manipulation sont diminuées entre I'injection de I'’échantillon dans la puce et I’analyse du résultat. La
consommation de réactif est drastiquement diminuée (80% des colits d’analyses en biodétection).

Les points clés pour un biocapteur performants, sont le transport de molécules cibles sur le capteur
et la réaction chimique elle-méme. Les capteurs miniaturisés en particulier fluidiques sont attirants
pour leurs cinétiques hydrodynamiques, leurs propriétés de transport de cible et leur possibilité
d’automatisation. Mais décorréler les influences compétitives de la diffusion, convection et de la
réaction elle-méme est essentiel, notamment en microfluidique et d’autant plus en nanofluidique ou
capteurs ont des ratios surface sur volume élevés et sont donc extrémement sensibles aux interfaces
et problemes de diffusion. En effet, savoir si en tenant compte de la taille du capteur et de la
concentration utilisée, une détection peut étre possible et si au moins une molécule atteint le
capteur permet une vision cohérente sur les résultats expérimentaux.

Le couplage d’une séparation forte avec une détection spécifique sur un laboratoire sur puce
complet constitue la seule méthode jusqu’a présent pour une détection précoce d’analyses de
concentrations trés faibles. La manipulation magnétique est au cceur de la préoccupation du
prétraitement miniaturisé des échantillons biologiques et constitue une méthode « facile » pour
préparer et séparer des molécules d’intérét de leur matrice biologique. Le challenge est d’incorporer
un séparateur magnétique sur la puce elle-méme, de garder une aimantation suffisante pour des
nanoparticules, et de surmonter I'effet du flux.

Ce manuscrit détaille les développements scientifiques cités ci-dessus en quatre parties. Le chapitre 1
introduit le contexte médical autour du sujet des miARNs justifiant I'effort de recherche de ce
doctorat. Dans un premier temps, I'attention est portée sur notre cible d’intérét, I'acide micro-
ribonucléique (miARN) et en particulier sur le miARN-122. Un panorama des capteurs
électrochimiques est dressé et plus particulierement les biocapteurs électrochimiques basés sur la
détection de I’hybridation d’ADN, le moyen usuellement considéré comme le plus simple pour
détecter de I’ADN; avant d’aborder I'apport de la microfluidique sur les limites de détection, le
temps d’analyse et la miniaturisation. Une introduction aux concepts du transport de masse appuyé
sur I’étude de Squires et al.’est donnée. Finalement, la contribution des nanoparticules magnétiques
et de la manipulation magnétique sur puce est discutée avec un panorama rapide des propriétés
magnétiques et de leur application en biomédecine précédant un point clé sur la séparation
magnétique et I'hyperthermie magnétique. Le chapitre 2 est dédié a la transposition en
microfluidiqgue d’un biocapteur électrochimique basé sur la détection de I'hybridation et son
optimisation en combinant les expertises des laboratoires UTCBS et LISE. Ce capteur est basé sur le
principe du transfert d’électrons longue-distance dans I’ADN et tire profit des propriétés des Ultra-
microélectrodes. Ce capteur microfluidique répond aux impératifs d’'une détection portable, rapide
et hautement spécifique. Il permet notamment de caractériser I’hydrodynamique et le transport de
masse vers une électrode dans un microcanal. Il a aussi permis de voir l'influence du matériau
d’électrode et la problématique de la densité de surface en sonde sur I'efficacité de I’hybridation. Le
chapitre 3 traite de la fabrication et de la caractérisation d’une nanoplateforme pour la capture et le

*Squires, T. M.; Messinger, R. J.; Manalis, S. R. Nat. Biotechnol.2008, 26 (4), 417-426.



relargage d’ADN via I'hyperthermie magnétique, une expertise du laboratoire PHENIX. Une approche
de l'influence non triviale de la forme et de la taille des particules sur I'augmentation de la
production de chaleur est donnée. Ce chapitre constitue une preuve de concept du relargage d’ADN
cible par hyperthermie magnétique. Enfin le chapitre 4 se concentre sur la transposition en
microfluidique du relargage d’ADN par hyperthermie magnétique avec le défi que constitue la
microfabrication d’une puce adaptée pour la génération d’'un champ magnétique adapté aux petits
volumes. L'influence des conditions hydrodynamiques associées a la gé¢ométrie du canal sur la durée
de I'analyse et I'efficacité du relargage sont étudiées. Le couplage entre le module de détection du
chapitre 2 et ce module de relargage sur la méme puce microfluidique sera discuté. Ce dernier
chapitre purement multidisciplinaire (biologie, chimie, physique) est le résultat d’une collaboration
intensive entre le PHENIX, le LISE, 'UTCBS et le C2N et reflete d’'une maniére pertinente les aspects
interdisciplinaires de ce travail de doctorat.

De profondes disparités dans les signatures des miARN peuvent étre remarquées et utilisées pour la
détection selon le type de maladies infectieuses et de cancers, en particulier le diagnostic des
maladies du foie comme I’hépatite C, B, les désordres métaboliques ou I'abus de médicaments avec
le miARN-122°. Mais exploiter les miARN comme biocapteurs demande une rigueur méthodologique®
qui jusqu’a présent, était réalisé par la RT-PCR avec les erreurs d’amplification et le temps accru
d’analyse qui en découle.

Un laboratoire-sur-puce, ou lab on a chip (LOC) en anglais, comme son nom le suggére, se veut étre
une plateforme intégrée ol toutes les expériences de biologie moléculaire peuvent étre réalisées en
commencgant par l'injection directe de sang sur la puce et non d’ADN pré-purifié. Gervais et al.
donnent un apercu de ce a quoi ressemblerait le LOC du futur’. Leur dispositif se présente comme un
couplage entre plusieurs modules (préparation de I’échantillon, pré-concentration, détection) qui
utilise un volume d’environ 1 plL d’un échantillon non traité et qui peut traiter paralléle des centaines
de molécules (protéines, acides nucléiques et leurs contrbles négatifs) pour une détection dans la
minute. La limite de détection (LOD) serait sous le femtomolaire avec une large gamme dynamique,
et une grande sélectivité pour éviter les faux positifs. Une large gamme dynamique est
particulierement importante pour la détection des miARN pour lesquels la détection s’effectue par le
changement relatif de concentration de plusieurs miARN dans une gamme qui peut s’étendre sur 10°
ordres de grandeur selon que |'organe soit sain ou malade.

L'extraction, l'isolation, la purification et la manipulation de biomolécules sont des parametres clés
dans chaque analyse biochimique. Les protocoles classiques incluent I’électrophorése, 'ultrafiltration
ou la chromatographie. La séparation magnétique basée sur les nanoparticules magnétiques
présente une alternative attrayante pour la capture sélective de protéines spécifiques ou d’ADN en
utilisant des matériaux peu colteux et un procédé rapide et simple. La petite taille des
nanoparticules en font des matrices attractives du fait que la diffusion est réduite entre réactifs. Cela
entraine des réponses plus courtes, une gamme de réponse plus large et la possibilité d’atteindre des
seuils de détection moléculaires. Le schéma type d’une séparation magnétique repose sur la capture
d’'une molécule d’intérét dans son sérum d’origine par une nanoparticule magnétique

*Wang, X. W.; Heegaard, N. H. H.; Orum, H. Gastroenterology2012, 142 (7), 1431-1443.
®*Moldovan, L.; Batte, K. E.; Trgovcich, J.; Wisler, J.; Marsh, C. B.; Piper, M. J. Cell. Mol. Med.2014, 18
(3), 371-390.
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fonctionnalisée et I'isolation du complexe formé par rétention magnétique (décantation, aimant).
Cependant a cause de leur faible moment magnétique, le gradient magnétique d’un simple aimant
permanent ou électro-aimant est rarement suffisant pour capturer les nanoparticules magnétiques.
De nombreuses stratégies ont été proposées dans la littérature pour surmonter cet inconvénient.

Le magnétisme des nanoparticules sous champ appliqué est gouverné par la compétition entre deux
énergies : I'énergie d’anisotropie et I'énergie de Zeeman. L’énergie d’anisotropie tend a attirer le
moment magnétique selon I'axe de facile aimantation. L'énergie de Zeeman cherche a aligner les
moments magnétiques selon le champ. Afin de passer d’une direction de facile aimantation a I'autre,
la barriere K.V (K, constante d’anisotropie magnétocristalline ; V, le volume de la particule) doit étre
franchie. Les nanoparticules sont de faible volume, la barriére d’énergie est du méme ordre de
grandeur que l'agitation thermique. A 300 K, la probabilité que les moments magnétiques
commutent n’est pas nulle et le systeme relaxe selon une certaine période, lorsqu’il est soumis a un
champ magnétique alternatif, le systéme n’étant pas en phase avec ce champ®. Les ferro-aimants
exhibent une résonance magnétique pour des fréquences de I'ordre du gigahertz (le kilohertz utilisé
n’est qu’un optimum technologique).

Le calcul du temps de relaxation du systéme dépend de la rotation de la particule dans le solvant soit
externe (Brown) soit interne (Néel). La relaxation de Brown vient de la rotation physique des
nanoparticules dans le fluide porteur, le moment magnétique étant figé selon I'axe d’anisotropie
cristalline. La relaxation de Néel est induite par la rotation du moment magnétique de la
nanoparticule dans le réseau cristallin lorsque la barriere K.V est franchie. Comme les deux
mécanismes de relaxation ont lieu en parallele, le temps effectif de relaxation est une contribution
des deux phénomeénes de relaxation. Le temps le plus court étant déterminant. Fortin et al. ont
montré que le processus de pertes pour les nanoparticules de maghémite de diameétres inférieurs a
16 nm était gouverné par la relaxation de Néel’.

Les LOC sont des dispositifs intégrés qui cherchent a remplir les conditions du diagnostic clinique :
haute sensibilité, spécificité, portabilité, rapidité, bas colt. Les LOC sont des candidats prometteurs
pour détecter et quantifier les miARN. Mais la miniaturisation et le couplage de techniques tres
différentes sur une méme puce (échantillonnage, séparation, détection) apportent leur lot de
difficultés. Afin de remplir certaines spécificités du diagnostic clinique (rapidité, sensibilité,
spécificité, semi-portabilité), nous avons réalisé un LOC avec un module de détection et de
manipulation. Comme les miARN sont fragiles a manipuler, coQteux et facilement digérés par les
protéines de la peau humaine, nous avons utilisé des sondes et cibles d’ADN synthétiques de la
méme séquence que celle du miARN-122 et son complémentaire. Ce LOC décrit sur la Figure ci-aprées
est composé d’ :

- Une nanoplateforme pour la capture d’ADN : des nanoparticules coeurs-coquilles avec un
cceur de maghémite modifié et une coquille de silice fonctionnalisée avec groupements
amines couplés aux ADN sondes de maniere covalente ;

- Un module de relargage : une puce microfluidique contenant des nanoparticules coeurs-
coquilles soumises a un champ magnétique alternatif radiofréquence concentré dans
I’entrefer d’un électro-aimant (hyperthermie magnétique) ;

8Rosensweig, R. E. J. Magn. Magn. Mater.2002, 252, 370-374.
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- Un module de détection: un biocapteur électrochimique basé sur la détection de
I’hybridation d’ADN composé d’une Ultra-microélectrode (UME) en or ou en carbone
amorphe azoté (a-CNx) dans un canal microfluidique en configuration a deux-électrodes.

P oA
]

Vue artistique de notre LOC. A. Nanoplateformecceur-coquille magnétique pour la capture d’ADN. B. Module de relargage
par hyperthermie magnétique sur puce. C. Biocapteur microfluidique pour la détection électrochimique par hybridation.

DNA targets

Détection de I’hybridation d’ADN sur Ultra-microélectrodes (UME)

Afin d’améliorer les chances de traiter les patients avec succes, la détection de maladies infectieuses
ou de mutations génétiques a I’échelle moléculaire permet d’établir un diagnostic précis, fiable,
rapide et peu colteux avant méme que les premiers symptomes de la maladie n’apparaissent. En
combinant haute précision et rapidité, le diagnostic a I'échelle moléculaire est prometteur. Grace aux
avancées rapides en biotechnologies, le développement de méthodes rapides qui diminuent le temps
d’analyse et offrent une sensibilité et une spécificité suffisante pour la détection d’ADN sont
possibles par fluorescence, par microbalance a quartz (QCM) et par électrochimie. L’hybridation
d’ADN est la méthode la plus prisée car la plus simple par rapport au séquencage direct. Il a été
prouvé que I’ADN possédait un comportement conducteur méme si aucune fonctionnalité biologique
évidente ne requiert de I’ADN d’étre un conducteur d’électrons. Ce phénomeéne peut étre utilisé pour
détecter une hybridation.

Lors de I’hybridation d’ADN, la séquence cible est identifiée avec un ADN sonde qui posséde une
séquence complémentaire a celle de la cible (régles de Watson et Crick’s™). Un biocapteur est un
dispositif composé d’une couche biologique active, qui agit comme un élément de reconnaissance et
convertit I'interaction biologique en un signal qui peut étre mesuré. Dans le cas de biocapteur a ADN,
la couche biologique active est une couche d’ADN sonde. Plus précisément, le principe de la
détection électrochimique de I'hybridation est la conversion de I'appariement des bases d’ADN en
signal électrique. C’est la que I'électrochimie intervient. L’électrochimie est le seul moyen de traduire
directement un évenement biologique (I’hybridation d’ADN) en signal électrique sans autre
transformation du signal physique.

Watson, J. D.; Crick, F. H. C. Nature. 1953, pp 737-738.



Combinant une haute spécificité, un bas colt, une facilité d’utilisation, une portabilité et
compatibilité avec les procédés de microfabrication, les biocapteurs électrochimiques font
d’excellents candidats pour le diagnostic d’intérét clinique et ainsi peuvent challenger la RT-PCR. Des
travaux récents cherchent a optimiser les biocapteurs a ADN en termes de co(t, de rapidité et de
limite de détection.

Le choix de la technique d’'immobilisation dépend de I'élément biologique (ADN), de la méthode de
détection (I’électrochimie), du milieu dans lequel le biocapteur est plongé (aqueux, a température
ambiante), de la stabilité mécanique et chimique de la matrice biologique. L'or séduit comme
matériau d’électrode de par sa haute conductivité et ses nombreux procédés de fonctionnalisation
(adsorption physique, impression microcontact, polymérisation, capture a I'intérieur d’un polymére
conducteur). Des techniques plus spontanées sont préférées notamment |'adsorption physique car
elle maintient I'activité biologique du biorécepteur. L'or permet d’immobiliser une monocouche
d’ADN sonde bien définie et organisée, simplement et élégamment, via I'adsorption de fonctions
thiol en deux heures™.

Afin d’étre efficace, trois étapes clés doivent étre maitrisées dans une biopuce a ADN: (i)
I'immobilisation de la sonde sur son substrat solide, (ii) I’hybridation (ou reconnaissance) par le brin
cible complémentaire, (iii) la conversion de I'événement d’hybridation en signal physique.

Dans le chapitre 2, aprés un encart sur les ultra-microélectrodes et le transfert d’électrons longue-
distance, une reconstitution d’'un montage traditionnel & deux électrodes de Lazerges et al.’sur une
UME en or est faite suivie de la comparaison avec son confrére intégré dans une puce microfluidique.

L'utilisation combinée d’une électrode microbande et d’un canal microfluidique offre : une réponse
quasi-stationnaire rapide (autour de la milliseconde) grace a une couche de diffusion tres fine par
rapport a la couche de convection ; une amélioration drastique de I'efficacité du capteur en termes
de volume d’analyse et de dynamique du systéme (temps d’expérience) avec une manipulation aisée
des échantillons™. Grace aux temps de réponse de l'ordre de la microseconde, d’une résolution
spatiale de la taille de I'électrode et une haute sensibilité de mesure en temps réel, I'utilisation
d’UME permet l'accés a des milieux résistifs et I’étude de phénomenes tres rapides.

Les mesures sont effectuées en voltammétrie cyclique, technique stationnaire bien connue et en
spectroscopie d’'impédance électrochimique. Cette derniére est une technique non stationnaire qui
permet de séparer des réactions élémentaires si les constantes de temps sont suffisamment
distinctes. En appliquant une faible perturbation au systeme électrochimique en dehors de son état
stationnaire, les différentes réactions élémentaires n’évoluent pas a la méme vitesse, permettant de
disséquer le mécanisme électrochimique global. Dans notre cas, des réactions complexes
hétérogenes interagissent avec le phénomeéne de transport de masse (hybridation, transport d’ADN,
intercalation du bleu de méthyléne), la voltammétrie cyclique n’est pas suffisante pour tout analyser.

Quand une interface est sortie de son équilibre, un flux permanent de charges et de matériaux est
établi di a des réactions électrochimiques, au transport de charges électriques entre les électrodes

) ucarelli, F.; Marrazza, G.; Turner, A. P. .; Mascini, M. Biosens. Bioelectron.2004, 19 (6), 515-530.
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métalliques et I’électrolyte liquide. De plus, le transport d’espéeces réactives vers I'interface est induit
par des gradients électriques et des potentiels chimiques. Les lois élémentaires qui gouvernent les
cinétiques de transport de masse et les réactions électrochimiques forment des couplages complexes
générant des comportements non linéaires. Mais I'analyse locale de ce systeme non linéaire peut
rentrer dans le cadre de la théorie linéaire. D’'un point de vue expérimental, cela consiste en la
mesure de I'impédance d’une cellule électrochimique en utilisant un signal de faible amplitude le
long de la courbe de polarisation. L'impédance d’une électrode est fonction de la fréquence et du
point de polarisation. Entre la limite haute fréquence et la limite basse fréquence, la dépendance en
fréquence de I'impédance est due a une contribution capacitive de la double couche électrochimique
et a une contribution faradique du transfert électronique a linterface di a la réaction
électrochimique.

La détection est voltampérométrique. La rampe de potentiel est appliquée a I'électrode pour oxyder
ou réduire les espéeces électroactives d’intéréts. Le courant de transfert de charges (électrons) généré
par la réaction faradique sera proportionnel a la concentration des espéces impliquées.

Un couple rédox de concentration connue et ayant une cinétique rapide de transfert de charge
monoélectronique, le couple redox [Fe(Il)(CN)e]* / [Fe(Il)(CN)e]*, est utilisé comme référence de
potentiel d’équilibre (0 V) et de courant du fait que les deux électrodes sont dans le méme matériau
(or). Ce dernier est donc utilisé dans les étapes de caractérisation du systeme électrochimique,
d’'immobilisation de la sonde, et d’hybridation de la cible.. L’hybridation d’ADN est suivie par
voltammeétrie cyclique et par Spectroscopie d’Impédance Electrochimique (SIE) permettant une
analyse complémentaire de I'interface électrode/solution étant donné que la modification de surface
fait suite a des évenements de capture d’ADN cible a la surface du capteur.

Le comportement hydrodynamique de la puce est en adéquation avec la prédiction de Levich™ (ratio
1 entre le courant expérimental et le courant limite de Levich) sauf pour des valeurs de flux faibles,
lorsque la diffusion radiale et les effets de bord deviennent non négligeables, un phénoméne non
pris en compte dans la théorie de Levich. Au contraire, lorsque le flux est plus élevé (supérieur a 0.01
uL/s), la couche de diffusion est réduite par la convection forcée et la contribution radiale des bords
de I'électrode devient négligeable.

La géométrie des électrodes, particulierement dans un dispositif couplant électrochimie et
microfluidique, a une importance primordiale sur le comportement cité ci-dessus ainsi que sur le
temps d’utilisation de la puce. Notre capteur est composé de 3 jeux de 2 couples d’électrodes, une
électrode de travail et une contre-électrode avec une surface 70 fois plus grande. Cette configuration
permet, d’'une part d’utiliser la puce plus d’une fois si des électrodes sont endommagées et d’autre
part, d’utiliser ce montage en configuration a deux électrodes. De plus, cette configuration rend
possible la détection en paralléle et |le suivi du profil de concentration des espéces le long du canal.

Un ADN sonde de 23 bases est auto-assemblé en une monocouche sur les microélectrodes d’or par
adsorption de thiols dans un dispositif a deux électrodes classique et dans un dispositif intégré en
microfluidique. L'immobilisation de la sonde résulte en une perte de signal sur les
voltammogrammes, pertinent avec une couche dense chargé négativement (le squelette de
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phosphate des ADN est chargé négativement) qui empéche la diffusion du complexe redox de
référence aussi chargé négativement. Le transfert d’électron longue distance est choisi pour traduire
I’évenement d’hybridation. Cette traduction directe est visible sur les voltammogrammes par un
rétablissement du signal proportionnel a la concentration en cible introduite, di a I'empilement des
bases en m-stacking du duplex d’ADN, une configuration favorable au transport d’électrons. Le signal
est d’autant plus augmenté par I'utilisation du bleu de méthylene, intercalant redox de I’ADN.

La quantification de la cible est déduite du signal électrique des courbes Intensité/Potentiel obtenues
en soumettant le capteur a des concentrations décroissantes en cibles. La limite de détection pour
I’hybridation d’ADN est de 0.1 fM sans flux et peut atteindre les 1 aM avec un flux de 0.5 uLs™, une
valeur 10* fois plus faible que celle mesurée avec 'UME classique dans les mémes conditions
expérimentales. L'explication avancée repose sur I'apport accru de molécules vers I'aire de détection
par la convection forcée. Un équilibre doit tout de méme étre conservé entre la vitesse de collection
des cibles (volume d’échantillon utilisé) et le nombre de cibles qui atteignent le capteur. D’autant
plus, que la couche de sonde adsorbée ne résiste pas a des flux trop élevés. Ces résultats ont été
publiés dans Lab On Chip de la Royal Society of Chemistry™.

La densité de sondes immobilisées est calculée correspondant a un pourcentage de couverture de
80% soit 100 ADN cibles qui sont collectés sur un capteur avec 10* sondes, ce qui constitue une
efficacité faible mais cohérente avec la littérature pour des couches denses sur or.

Plutot que de nous pencher sur une stratégie de dilution de SAM, nous avons opté pour le choix d’un
autre matériau, caractérisé de maniére intensive au LISE et permettant une bonne réactivité
électrochimique et des groupements amines de surface pour un greffage covalent.

Les films de carbone amorphe dope azote (a-CNx, x=0.12) sont des matériaux populaires d’électrode
avec une large fenétre de potentiel et une composition en chimie de surface flexible. La structure de
surface peut étre modifiée par des activations anodiques ou cathodiques afin de faire varier le
nombre de groupements amines a la surface ainsi que la réactivité électrochimique en jouant sur le
ratio sp2/sp3.

Comme notre objectif est de pouvoir réaliser une hybridation d’ADN, donc de pouvoir différencier un
simple brin d’un double brin, nous recherchons des groupements amines de surface et une réactivité
chimique importante. Notre choix s’est porté sur le a-CNx dopé a 3% d’azote (ratio C/N de 0.12)
préparé par magnetron sputtering, activé en anodique dans du KOH (0.1M, 60s a 0.3 mA/cm?).

L’activation anodique des électrodes en a-CNx a permis d’augmenter la réactivité électrochimique,
avec une action supposée sur la structure de surface et une diminution des sites isolants sp3 et sur
I"augmentation du nombre de fonctions amines de surface. Cette activation est visible sur les
diagrammes de Nyquist par une réduction de la boucle de transfert de charge de 1.3 MQ a 900 kQ.

Soumis a des cycles d’'immobilisation de sonde/hybridation de cycles, la réponse du capteur est
conforme aux attentes. La couche immobilisée de sonde résiste parfaitement a un blanc dans NaCl

BHorny, M. C., Lazerges, M., Siaugue, J. M., Pallandre, A., Rose, D., Bedioui, F., ...& Gamby, J. (2016).
Electrochemical DNA biosensors based on long-range electron transfer: investigating the efficiency of
a fluidic channel microelectrode compared to an ultramicroelectrode in a two-electrode setup. Lab
on a Chip, 16 (22), 4373-4381.



sans diminution de I'impédance. Des cibles avec une concentration de 10 M sont détectées avec
une diminution de la boucle de résistance au transfert de charge indiquant le succes de I’hybridation
via le rétablissement du transfert de charge dans la double structure de I’ADN.

Ceci constitue une preuve de concept de la détection d’hybridation de cibles a trés faible
concentration sur une électrode de a-CNx, une optimisation nécessaire serait de soumettre ce
capteur a une mixture d’ADN de séquences et longueurs variables.

Dans l'optique de construire un LOC complet, I'étape suivante est de construire le module de
manipulation d’ADN. Pour ce, il s’agit de synthétiser la nanoplateforme qui permet la capture et le
relargage spécifique de I’ADN d’intérét.

Nanoparticules cceurs-coquilles y-Fe203@Si02, nanoplateforme pour la capture et le
relargage d’ADN

Les billes magnétiques deviennent trés populaires que ce soit pour des utilisations a I'échelle
macroscopique ou nanométrique comme agent de transport, de manipulation, et de contraste'®.
Parmi elles, les nanoparticules magnétiques, en dehors de leur évident ratio élevé surface sur volume
et d’une fonctionnalisation flexible, peuvent étre manipulées aisément sans contact grace a un
champ magnétique. Afin d’étre bien dispersées dans les fluides biologiques, la taille des
nanoparticules doit étre équilibrée entre un ratio élevé surface sur volume et une aimantation
suffisante.

Rares sont les systemes actuels de détection ou proches de la commercialisation, qui atteignent des
limites de détection sensibles sans module de concentration ou d’amplification. La petite taille des
nanoparticules en fait d’elles, une matrice attractive avec une barriére de diffusion réduite entre les
réactifs. Cela conduit a des réponses plus courtes, des gammes de linéarité plus grandes et la
possibilité d’atteindre des limites de détection moléculaires. Nous avons comparé et modélisé
I'efficacité de capture d’une assemblée de nanoparticules de 80 nm en diamétre (TEM) a la capture
sur une UME. Ces éléments justifient 'utilisation d’'une matrice de nanoparticules en amont d’un
module de détection sur UME. Le ratio entre les efficacités respectives est N, le nombre de
nanoparticules, N=10" dans notre cas. Les nanoparticules sont des nano-aimants idéaux pour la
capture d’ADN.
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De nombreux systemes magnétiques ont été proposés a travers la littérature 7,

La stabilité colloidale est la clé de nombreuses applications biomédicales. Grace a leur petite taille,
les nanoparticules ne sont pas ou peu soumises a I'attraction gravitationnelle. Sans champs appliqué,
la stabilité des nanoparticules dépend de I'équilibre entre forces attractives (dipole-dipole de Van der
Waals) et répulsives (forces stériques et électrostatiques). Le « design » de particules hybrides
combinant composants organiques et non organiques est prisé avec des agents d’enrobage comme
des polymeéres pour assurer la stabilité en solution aqueuse.

'®Chen-Wen Lu,Yann Hung,Jong-Kai Hsiao,Ming Yao,Tsai-Hua Chung and Yao-Chang Chen. Nano
Lett.2007, 7 (1), 149-154.
“Mauro Ferrari. Nat. Rev.2005, 5, 161-171.



La fonctionnalisation de nanoparticules magnétiques doit d’'une part, conserver leurs propriétés
magnétiques, et éviter |'agrégation, et d’autre part, en faire des plateformes biocompatible pour la
capture de biomolécules (ADN, enzymes, protéines, anticorps). Le type d’enveloppe détermine la
taille et les propriétés physico-bio-chimiques des nanoparticules. Les agents d’enrobage peuvent étre
des molécules organiques fonctionnelles (aldéhydes, hydroxyles, carboxyles, ou amines) ou des
polymeéres comme des polyéthylénes glycol (PEG) ou acides nucléiques peptidiques (PNA) qui
assurent la stabilité de la particule via des répulsions stériques agissant comme des barriéeres contre
les forces attractives.

La taille et la forme des nanoparticules sont des parameétres clés qui déterminent leur stabilité. La
taille a un impact important sur le moment magnétique et la réponse a un champ magnétique
appliqué. Pour une manipulation aisée avec un champ magnétique externe, I'aimantation totale doit
étre maximale. Les matériaux ferromagnétiques sont donc favorisés comme le fer, le nickel ou le
cobalt. Les oxydes de fer sont particulierement populaires sous leur forme maghémitey-Fe,0; ou
magnetite Fe;0, qui peuvent étre synthétisés avec une bonne stabilité chimique contre I'oxydation
et qui possedent des propriétés électromagnétiques intéressantes. Un contréle remarquable de la
taille des objets est permis par 'utilisation de coquilles de silice amorphe via le procédé sol-gel. Les
coquilles de silice, hydrophiles, sont particulierement stables en milieu biologique (pH < 9) et
peuvent étre encore plus stabilisés avec des groupements fonctionnels. La fonctionnalisation avec
des fonctions chimiques (amine, acides carboxyliques, thiols, époxydes) chargées a pH 7.4' et des
chaines de polyméres PEG est bien connue et est particulierement intéressante pour le couplage
avec des biomolécules. De plus, une couche de silice écrante les interactions dipolaires en écartant
les particules magnétiques les unes des autres.

Une autre raison de choisir les nanoparticules magnétiques est leur comportement chauffant
lorsqu’elles sont soumises a un champ magnétique alternatif radiofréquence. Dias et al. ont utilisé ce
procédé pour évaluer la température au voisinage des nanoparticules, en chauffant leur
nanoparticules d’oxyde de fer de 12 nm de diameétre fonctionnalisées avec de ’ADN de 10 a 12 paires
de bases. Une élévation de température jusqu’a 8°C a été donnée par rapport a la température de la
solution globale, a 5 nm de la particule. Cette élévation de température a I'échelle nanométrique est
la clé de nombreuses applications dans le traitement de cancers', d’activation de polymeéres
thermosensibles ou de biomédecine pour le relargage ciblé de médicaments. En effet, le chauffage
d’une solution biologique est un probléme délicat dans une logique d’amplification et /ou détection
d’une cible biologique. Outre, une dénaturation évidente des composants non compatibles avec les
hautes températures, une boucle de rétrocontrdle est nécessaire pour prendre en compte les pertes
thermiques et contréler précisément la température.

L’hyperthermie magnétique des nanoparticules de maghémite, c’est-a-dire le chauffage local généré
par la relaxation de Néel”® des nanoparticules superparamagnétiques sous champ magnétique
alternatif permet de s’affranchir de ces contraintes. Le voisinage de la particule devient plus chaud
qgue la solution elle-méme et refroidit a température ambiante en I'espace de quelques secondes
apres que le champ magnétique soit coupé.

8Georgelin, T.; Bombard, S.; Siaugue, J.-M.; Cabuil, V. Angew. Chem. Int. Ed2010, 49, 8897-8901.
YJordan, A. In Hyperthermia in Cancer Treatment: A Primer; Springer US: Boston, MA, 2006; pp 60—
63.

*Néel, L.; HEBD, C. Ann. Geophys. CNRS1949.



Notre objectif est de coupler les propriétés magnétiques et la stabilité colloidale sur le méme nano-
objet. Cela demande la fabrication d’objets pas trop petits pour conserver un moment magnétique
suffisant et pas trop grand pour rester dans un régime efficace de diffusion.

Afin de répondre a ces spécifications et de continuer dans la tradition du laboratoire PHENIX, nous
avons congu des nanoparticules cceurs-coquilles avec un coeur de maghémite y-Fe203, une coquille
de silice et fonctionnalisées avec des chaines de polymeéres PEG et des groupements amines ; la
chaine de polymeére pour la stabilité par répulsion stérique, les amines pour les interactions
électrostatiques et la possibilité d’un greffage covalent.

Les particules magnétiques silicatées constituent des agents de capture tres efficace pour
I’adsorption ou la capture de protéines ainsi que d’ADN a leur surface mais sont peu aisément
manipulables avec leur petite taille. Une modification de leur structure en particulier de celle du
cceur était nécessaire pour les manipuler plus facilement et augmenter leur pouvoir chauffant en
hyperthermie magnétique.

Dans le chapitre 3, une technique aisée et flexible pour relarguer les brins d’ADN cibles hybridés, de
la nanoplateforme est présentée. En utilisant I’hyperthermie magnétique sur des nanoparticules
super paramagnétiques cceurs-coquilles qui combinent biocompatibilité et flexibilité, tous les atouts
sont de notre cOté pour atteindre une efficacité maximale. Notre objectif néanmoins n’est pas de
créer les nano-objets les plus efficaces en terme de chauffage mais de présenter une méthode
robuste et reproductible pour synthétiser une nanoplateforme avec des propriétés magnétiques et
biologiques flexibles en solution aqueuse. La synthese proposée est simple mais efficace pour
I’hyperthermie magnétique.

La nanoplateformey-Fe,0;@SiO, synthétisée est stable a pH biologique et possedent des propriétés
nouvelles et flexibles. La syntheése et la fonctionnalisation est réalisée par condensation directe
d’organosilanes sur les nanoparticules d’oxydes de fer citratées et triées résultant en une distribution
de taille étroite (indice de polydispersité de 0.17) centrée autour de 11 nm.

En jouant sur la forme des particules, en agrégeant les coeurs de maghémite, et sur la taille de la
particule coeur-coquille, leur pouvoir chauffant sont augmentés. Le pouvoir chauffant est évalué en
terme de « specific loss power » (SLP) en soumettant les particules a un champ magnétique alternatif
et en enregistrant I’évolution de la température en fonction du temps. Pour les grosses particules,
(100 nm en diameétre TEM), la SLP est multiplié par 1.25 par rapport aux coeurs non enrobés.

Nos particules sont composées de plusieurs coeurs de maghémite monodomaine agrégés dans une
coquille de silice formant des chaines courtes plus ou moins bien définies. Dans une solution liquide,
les relaxations de Néel et de Brown sont en compétition. L’anisotropie effective est fonction de la
forme, du volume de la particule et des effets de surface. Pour de courtes chaines comme les nétres,
I'augmentation de la SLP vient majoritairement de la géométrie en chaine et d’un pseudo ordre
magnétique lorsque la géométrie de I'ensemble prend la forme d’ellipses. Les boucles d’hystérésis
sont plus rectangulaires pour les chaines que pour les sphéres™.

2ISerantes, D.; Martinez-boubeta, C. 2014, No. MARCH, 3-7.



Notre synthese a I'avantage de combiner une simplicité expérimentale et une augmentation de la
SLP correcte (1.4 m2nH/kg) par rapport a des systémes optimisés mais difficile en procédé
hydrothermal en batonnets par exemple (0.68 m2nH/kg).

Avec des diametres physiques de 42 a 86 nm, les nanoparticules coeurs-coquilles synthétisées
possédent une charge positive aprés fonctionnalisation avec des groupements amines et des chaines
PEG permettant une stabilité colloidale ainsi qu’un couplage avec des biomolécules. De 6 000 a
45 000 groupements amines sont disponibles, par particule, pour le couplage.

Une post-fonctionnalisation en greffant de I’ADN sonde, complémentaires a la cible, est réalisé afin
de la capturer, avec une haute sélectivité. Avec la répulsion stérique due aux chaines PEG et la
répulsion électrostatique entre les brins d’ADN, un maximum d’environ 200 ADN sondes a pu étre
greffé par particule.

Un protocole modifié pour le greffage, immobilisation d’ADN duplex au lieu de brins séparés, a été
effectué afin d’optimiser la quantité d’ADN sonde a la surface pour une meilleure efficacité de
I’hybridation. Le relargage subséquent d’ADN cible par chauffage a 95°C de la solution dans son
ensemble a permis de dénaturer 100 a 150 ADN cibles.

Soumis a un champ magnétique alternatif, les nanoparticules coeurs-coquilles de 80 nm de diamétre
TEM, sont aussi efficaces en chauffage local par relaxation qu’en chauffant toute la solution a 95 °C.
La solution est ainsi maintenue a 27°C, un point crucial pour un milieu biologique ou une efficacité
énergétique. Ce travail se veut une preuve de concept pour le relargage d’ADN a température
ambiante.

Nos résultats demandent a étre appliqués, pour une validation du procédé, a un schéma classique
d’'immobilisation de sonde, d’hybridation de cibles et de dénaturation. Afin de prouver la haute
spécificité de capture de notre nanoplateforme, cette capture doit s’effectuer en milieu biologique
complexe avec un mélange de séquences d’ADN de séquence et de longueur variable.

Nous avons donc construit avec succés une nanoplateforme efficace pour la capture et le relargage
d’ADN, modeéle du miARN-122. Transposer ce premier systéme en microfluidique, a permis de
diminuer le temps d’expérience, la quantité d’échantillons utilisée. En effet, dans un canal de
dimensions micrométriques, les collisions sont augmentées, amplifiant la dynamique des réactions.
De plus, ce module de capture peut étre couplé avec le module de détection du chapitre 2 afin de
constituer un laboratoire-sur-puce complet et d’éviter une détection par fluorescence qui, d’une part
perd des particules a cause des multiples filtrations hors puce et d’autre part est limitée en sensibilité
(10° m).

Vers un laboratoire-sur-puce complet

Dans la chapitre 3, il est démontré que I'hyperthermie magnétique peut étre utilisée pour relarguer
de I’ADN cible hybridé a sa sonde elle-méme greffée sur une nanoparticule magnétique. L’objectif du
chapitre 4 est, grace a la transposition de I’hyperthermie magnétique sur puce, de réduire d’une part
le temps d’expérience dédié a I'extraction, la purification et d’autre part, de coupler sur la méme
puce microfluidique un module de manipulation de la cible d’intérét avec son module de détection.



Il a été montré que la miniaturisation et le couplage de différents procédés de biologie moléculaire
sur le méme dispositif permettait de réduire le temps d’analyse, le volume de réactifs, de diminuer la
contamination en limitant le nombre de manipulation humaine. On peut citer des dilutions, dosages,
et quantification en paralléle®® ainsi que le couplage avec des captures magnétiques®.

Le module de manipulation de la cible présenté dans le chapitre 4 se focalise sur le relargage de la
cible par dénaturation thermique des brins d’ADN hybridés par I'hyperthermie magnétique sur puce.
La transposition en microfluidique permet de confiner les nanoparticules dans un canal de 200 nL
augmentant I'efficacité des cinétiques de réactions moléculaires. L'amplitude des champs
magnétiques peut étre diminuée ainsi que le volume d’échantillons. Cela ouvre aussi la porte a une
détection directe de I’ADN relargué sur la méme puce.

Dans le chapitre 4, plusieurs verrous technologiques sont franchis :

- La transposition de I'hyperthermie magnétique sur puce avec une optimisation du temps de
résidence des nanoparticules sous champ pour un relargage de cibles augmenté.

- La fabrication d’un dispositif microfluidique pour réaliser une hyperthermie magnétique
couplée a une détection électrochimique avec les points clés technologiques suivants : des
électrodes encastrées dans un canal micrométrique gravé, un collage verre/PDMS trés fin.

Ces résultats constituent les composantes d’un laboratoire-sur-puce complet pour le diagnostic
médical. Ce dispositif est donc une réponse a la problématique du LOC tout intégré. Ce dispositif
fluidique permettra une extraction sélective des cibles grace a I'appariement entre la cible et la
sonde. L’intégration sur la puce d’'un module de détection électrochimique en aval du module de
relargage rend possible la détection directe des cibles. La biocompatibilité et la fonctionnalisation par
chimie de surface est fournie. Des nanoparticules magnétiques avec une fonctionnalisation flexible
peuvent étre intégrées de maniére optimale pour I'extraction des cibles d’intéréts et leur relargage
subséquent.

L’hyperthermie magnétique sur puce jette les bases pour de nombreux ajustements en termes de
module d’extraction et de focus cellulaire ou moléculaire. Finalement la miniaturisation permet
I'intégration d’une technique in situ de détection prés des espéces relarguées permettant d’évitant le
chauffage global de la solution et en réduisant le temps d’expérience en supprimant les étapes de
filtration hors puce. Toutes ces optimisations vont d’autant plus augmenter lintérét de
I’hyperthermie sur puce et I'efficacité de la détection microfluidique. Pour cette partie, I'intégration
d’une microélectrode de type bande va permettre une quantification directe des espéces relarguées
par électrochimie®.

De nombreux systémes pourraient bénéficier d’'un chauffage local. En effet, le chauffage d’une
solution biologique est un point délicat d’'un processus d’amplification ou de détection de la cible
d’intérét. Un chauffage global nécessite I'utilisation d’une boucle de rétrocontrdle pour compenser

2Ferrigno, R.; Lee, J. N.; Jiang, X.; Whitesides, G. M. Anal. Chem.2004, 76, 2273-2280.

2saliba, A.-E.; Saias, L.; Viowy, J.-L. Proc. Natl. Acad. Sci. U. S. A.2010, 107 (33), 14524-14529.
*Horny, M. C., Lazerges, M., Siaugue, J. M., Pallandre, A., Rose, D., Bedioui, F., ...&Gamby, J. (2016).
Electrochemical DNA biosensors based on long-range electron transfer: investigating the efficiency of
a fluidic channel microelectrode compared to an ultramicroelectrode in a two-electrode setup. Lab
on a Chip, 16 (22), 4373-4381.



les pertes thermiques et peut induire la dénaturation des composants non compatibles avec les
hautes températures.

Le chauffage locale sur ou en dehors d’'une puce a déja été utilisé dans la littérature pour des
procédés cellulaires® ou moléculaires. La PCR, le protocole le plus utilisé pour amplifier des brins
d’ADN avant détection nécessite un contrble précis de la température sur une large gamme, a
chaque cycle d’amplification (90°C, 55°C, 70°C et 37°C), induisant un temps long d’expérience.

Actuellement, la PCR en goutte, la PCR isothermale (LAMP, NASBA, RCA)26 sont des alternatives a la
PCR classique. Un dispositif industriel de contréle de température Cherry Biotech fait état d’un
chauffage et refroidissement le plus rapide du monde pour la microscopie mais uniquement dans
une gamme de 5 a 45°CY. Mais tous ces dispositifs sont couplés & un module de contréle de
température extérieur et a une chambre de thermalisation que ce soit pour un chauffage par effet
Joule, Peltier, infrarouge ou microondes.

Notre dispositif est cohérent avec les innovations citées ci-dessus. Il permet la manipulation aisée de
fluides biologiques sans interférence (sans fuite, ni adsorption démesurée). Le verre est
biocompatible, transparent, non poreux; le PDMS biocompatible, transparent et avec une
adsorption réduite en biomolécules. La microfluidique permet un contréle fin de la dynamique de
I’environnement du microsystéme (concentrations, flux, temps de résidence dans le canal) tout en
gardant un volume de réaction adapté a l'utilisation d’échantillons biologiques précieux. L’utilisation
de I'hyperthermie magnétique permet d’éviter I'utilisation de controleur de température extérieur ;
I'inertie thermique n’est plus un parametre limitant le temps de réaction.

Notre dispositif peut s’adapter aux technologies citées ci-dessus: les nanoparticules sont assez
petites pour étre assimilées par des cellules et le protocole PCR peut s’effectuer sur des brins d’ADN
greffés a des nanoparticules.

Conclusion

Ce travail de doctorat s’inscrit dans le cadre des biocapteurs a ADN et des laboratoires-sur-puce pour
le diagnostic précoce des miARNSs. L'objectif est de challenger la RT-PCR, longue, avec des erreurs de
quantification et des cycles thermiques a contréler précisément. Ce travail cherche a aller au plus
pres des spécifications cliniques de spécificité, rapidité, portabilité porté par une citation de
Whitesides : "In the future, itiscertainly possible thathealthcarewill move fromtreating to
anticipatingdisease." Whitesides, 2006.

La force et I'originalité de ce travail vient de la collaboration et la mise ne commun de compétences
de quatre laboratoires : le Laboratoire Interfaces et Systéemes Electrochimiques LISE (UMR 8235
CNRS/UPMC Paris) avec Jean Gamby pour l'expertise en Electrochimie et Microfluidique, le

25Chen, T.; Gomez-Escoda, B.; Munoz-Garcia, J.; Babic, J.; Griscom, L.; Wu, P.-Y. J.; Coudreuse, D.
Open Biol.2016, 6 (8), 160156.

*®Chang, C.-M.; Chang, W.-H.; Wang, C.-H.; Wang, J.-H.; Mai, J. D.; Lee, G.-B. Lab Chip2013, 13 (7),

1225-1242.

?’Heater Cooler for Microscopy | Cherry Biotech http://www.cherrybiotech.com/heater-cooler-for-

microscopy http://www.cherrybiotech.com/heater-cooler-for-microscopy (accessed Apr 27, 2017).



Laboratoire Physico-Chimie des colloides et Nanosystémesinterfaciaux PHENIX (UMR 8234 CNRS/
UPMC Paris) avec Jean-Michel Siaugue pour le superparamagnétisme des nanoparticules, I’'Unité de
Technologie Chimiques et Biologiques pour la santé UTCBS (Chimie ParisTech, INSERM, Université
Paris Descartes) avec Mathieu Lazerges pour |'expertise en biocapteurs a et le Centre de
Nanosciences et de Nanotechnologies C2N (UMR 9001 CNRS Univ. Paris-Sud) pour les techniques de
micro- et nanofabrication en salles blanches.

Ce travail a commencé par s’appuyer sur un état de I'art conséquent pour définir les avantages et
inconvénients de I'énorme quantité de biocapteurs et de techniques de détection présents dans la
littérature pour justifier le choix de biocapteurs électrochimiques et des nanoparticules magnétiques,
tradition des laboratoires cités ci-dessus et la pertinence de la microfluidique pour la détection
moléculaire. Le choix est un choix de simplicité : une détection basée sur I’hybridation plutot que le
séquencgage directe pour détecter une séquence d’ADN, un capteur électrochimique pour convertir
un événement de reconnaissance biologique en un signal électrique sans autre transformation du
signal physique.

Des barrieres technologiques et des verrous de procédés de fabrication ont été levés afin d’obtenir
les composantes pour un laboratoire-sur-puce complet pour le diagnostic médical.

Premier verrou : la transposition en microfluidique d’un biocapteur électrochimique en configuration
a deux électrodes et la détection d’ADN par hybridation. Cette transposition a mis en évidence
I'importance de la géométrie des électrodes, du comportement hydrodynamique, des propriétés de
transport de masse, du matériau de I'électrode et de la densité en sonde sur la détection de
I’hybridation. L’utilisation d’une Ultra-microélectrode plane permet d’avoir une résolution spatiale et
temporelle pour étudier des phénomeénes rapides, avec une réponse quasi-stationnaire dans des
petits volumes ; un capteur trés local de concentration qui répond aux attentes de confinement pour
l'augmentation des performances d’un couplage électrochimie et microfluidique. L’électrolyte
support, un mélange équimolaire de ferro-ferricyanure avec du bleu de méthyléne dans du NaCl,
permet de différencier un simple brin d’'un double brin résultant en une limite de détection proche
de 1 aM sous flux avec un capteur robuste sur Ultra-microélectrode plane en a-CNx.

Deuxiéme réalisation : le design d’'une nanoplateforme adaptée pour la capture et le relargage
d’ADN. L’agrégation de cceurs de maghémite avant enrobage dans une coquille de silice
fonctionnalisée et stable a résulté en un pseudo ordre magnétique sous forme de courtes chaines
favorable a un pouvoir chauffant suffisant pour induire un chauffage local (en laissant la solution a
27°C) et relarguer autant d’ADN cible attaché a la sonde qu’un chauffage global a 95°C de la solution.
Un protocole modifié « double brin » a été développé pour optimiser la densité de surface en sonde
pour limiter les étapes de filtration et quantifier directement le relargage. Ce protocole a été mis en
place en réponse a la géne électrostatique des brins d’ADN chargés négativement en surface de la
particule en plus de la géne stérique des chaines de polymeres fonctionnalisées pour la stabilité de la
particule.

Troisieme avancée technologique : la transposition de I’"hyperthermie magnétique en microfluidique
permet de confiner les nanoparticules dans un microcanal et d’'y concentrer un champ magnétique
alternatif radiofréquence via I'entrefer d’un électro-aimant. La caractérisation des parametres
hydrodynamigues a montré que la réaction limitante était la réaction de déshybridation elle-méme
qui nécessitait un temps sous champ de dizaine de secondes. Ce microsysteme est une preuve de



concept pour le relargage d’ADN sur puce, il permet de collecter un nombre comparable d’ADN par
rapport a une stratégie de chauffage global a 95°C. Cette preuve de concept est I'objet d’une
déclaration d’invention au CNRS (phase de dépot).

Et enfin la conception d’un dispositif permettant le couplage de I’'hyperthermie magnétique et d’'une
détection électrochimique sur la méme puce, est I'objectif d’'un LOC complet. Dans cette partie, nous
avons été confrontés a l'utilisation de nouvelles technologies pour l'intégration d’une Ultra-
microélectrode plane dans un canal profond gravé dans le verre et le collage de PDMS trés fin sans
fuite et résistant a de forts flux (1 pLs™).

Ces réalisations et résultats constituent une avancée vers un laboratoire sur puce complet pour le
diagnostic médical. Ce dispositif fluidique permettra une extraction sélective de cible grace a
I"appariement spécifique des brins complémentaires. La miniaturisation permet l'intégration d’une
technique de dénaturation de cibles en laissant la solution a température ambiante en amont d’un
systeme de détection, une détection directe par électrochimie avec une haute sensibilité par rapport
a la fluorescence. A noter que biocompatibilité et fonctionnalisation de surface sont compatibles
avec le dispositif. La miniaturisation et la portabilité totale du dispositif sont possibles. On peut
envisager des générations de flux par gravité par exemple; la puissance nécessaire pour
I’hyperthermie magnétique n’excédant pas celle d’un transformateur de téléphone portable.

L’objectif de ce travail de thése n’était pas d’optimiser au maximum chaque brique du laboratoire-
sur-puce mais plutét de montrer l'influence de la transposition en microfluidique et son apport en
termes de limites de détection optimisées, et temps d’expérimentations réduits. Le Chapitre 4 se
veut une preuve de concept pour I’hyperthermie magnétique sur puce et devra étre confronté a une
solution biologique complexe d’ADN de longueurs et de séquences variables. On peut noter que le
dispositif dans son ensemble posséde une double barriere de spécificité, 'une a travers I’hybridation
sur nanoparticules, et I'autre a travers les sondes couplées a 'lUME.

Une stratégie a été proposée pour réaliser un module de capture complet (capture, immobilisation,
purification, relargage) en couplant une géométrie fluidique en coude avec des séquences
magnétiques en champ statique et alternatif afin d’immobiliser les nanoparticules magnétiques
taguées avec les molécules d’intérét, de les séparer de leur matrice biologique avant de les relarguer
par hyperthermie magnétique. Cependant dans la matrice d’origine des miARNs (sérum ou plasma),
ces derniers sont encapsulés dans la protéine AGO ne laissant visible que 7 nucléotides sur 23 pour
I’hybridation avec la sonde. Cela ne semble pas étre suffisant pour un évenement de reconnaissance
spécifique, d’autant plus qu’une large portion de miARNs ont des séquences similaires. Une solution
consisterait a fonctionnaliser les nanoparticules avec des anticorps spécifiques de la protéine
argonaute du miARN a détecter mais ce genre d’anticorps, a notre connaissance, n’a jamais été
synthétisé. Pour l'instant, le sérum et le plasma doivent étre traités par un kit Qiagen mentionnée
dans le chapitre 1 et c’est une mixture d’ARN qui serait injecté dans la puce.

Ce travail de these a été valorisé en quatre publications scientifiques et une déclaration d’invention
en cours au CNRS. Deux articles ont déja été parus, deux autres sont en phase d’écriture. Ces travaux
scientifiques ont été présentés dans trois conférences internationales et une conférence nationale
(deux oraux et deux posters).






Chapter 1

Bibliographic review

This opening chapter gives a general overview of this thesis work to justify the use
of each technology.

In the first instance, the focus will be given to our targets of interest, micro ri-
bonucleic acids (miRNAs) and in particular to the miRNA-122, to justify the research
efforts devoted to DNA biosensors. We will then provide a detailed investigation of
a particular class of DNA biosensors, electrochemical hybridization detection-base
biosensors, commonly considered as the easiest way to detect DNA. Secondly the
input of microfluidics on limit of detection, time of analysis and miniaturization will
be discussed. The concept of mass-transport in fluidic channels and the competitive
interactions of diverse phenomenon will be introduced. For this part we will rely
on the intuitive study from Squires ef al. that copes with diffusion, convection and
reaction competition [10]. Finally, seeking the manufacture of a fully-integrated Lab-
On-Chip, we will introduce the contribution of magnetic nanoparticles and magnetic
separation. A brief overview of magnetic nanoparticles” properties and their appli-
cations in biomedicine will precede our focus on magnetic separation and magnetic
hyperthermia.

This chapter will conclude on the coupling between all above mentioned tech-
niques and the presentation of our platform for DNA hybridization detection.
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1.1 miRNAs: the design of unique patterns of disease’s state

1.1.1 miRNAs: post-transcriptional regulators

Powerful regulators of various cellular processes (pathologies, tissue remodeling)
by modulating gene expression interference RNA (RNAi) can be decomposed in
two groups: short interfering RNA (siRNA) and microRNA (miRNA). miRNAs are
non coding RNA small from 20 basis or so. This special type of RNA, ribo-regulators
are able to switch off a gene activity by acting directly on the gene or on messenger
RNA (mRNA). It is a downregulation by either slicing mRNA or by a fixation on the
3’UTR area and blocking translation. Following we will start with the description
of the structure, biogenesis and action of miRNA then its regulator role. Finally the
detection will be discussed and the special case of our miRNA-122.

Primary structure of miRNA consists in a seed sequence from nucleotides 2 to
8. The seed gives the specificity of the miRNA target although supplementary nu-
cleotides 13 to 16 play also a role in miRNA specificity. It is the seed that recognizes
the 3’UTR mRNA area. A family of miRNA is a family with identical seed. Various
sequences corresponding to the same seed are possible (isoform) with a divergence
in the 3" area. The variation can be in the length of the sequence as well as in the
sequence itself. These variations are coming from the maturation process.
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Figure 1.1: Primary structure of a miRNA [11].

miRNAs are acting as surveillance agents of the genome and transcriptome (all
RNA generated from genome transcription) by targeting chromatine and transcripts.
They act on several levels from chromatine formation to mRNA degradation and
translation blocking [12].

miRNA are coming at 50% from intergenetic region of DNA (TU) or classe II
genic area (dedicated to RNA) or even from mRNA intronic (not coding) areas. Hu-
man genome is composed at 5% of miRNAs i.e. more than 1000 different miRNAs
regulating more than 30% of our genes. They control cellular growth tissues differ-
entiation, heterochromatine formation and cellular proliferation [13].

miRNA biogenesis

miRNA is transcribed by a type I RNA polymerase into long primary transcripts
(pri-miRNAs) either alone, from a unique gene, either in clusters (61% of miRNAs)
giving a polycistronic organization. A polymerase is an enzyme that synthesizes a
polynucleotide strand (DNA or RNA) from the 5" to the 3" end by using the comple-
mentary strand as a matrix and triphosphate nucleotides as monomers. Pri-miRNAs
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fold into hairpin structures containing imperfect base pairing due to less stringent
Watson and Cricks rules (G-U pairing for example). These loops are recognized by
the Drosha ribonuclease III enzyme that slice around the pri-miRNA to yield precur-
sor miRNAs (pre-miRNAs). A nuclease is an enzyme that cut phosphodiesters links
between nucleic acids and a ribonuclease is catalyzing RNA degradation in small
strands. Transported out of the nucleus by the Exportin complex 5, the pre-miRNA
is cut at the loop basis by another RNase III enzyme Dicer, to give a double-stranded
precursor. Only one strand will be chose to give rise to the mature miRNA and to be
placed in the Argonaute protein by a complex process, Figure 1.2.
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Figure 1.2: The miRNA biogenesis pathway.

Argonaute is part of a bigger complex, the RNA-induced silencing complex (RISC),
Figure 1.3. miRNAs can only interact with their targets after their integration in the
RISC complex.

When loaded with a guide strand (either siRNA or miRNA), it can inhibit mR-
NAs by two mechanisms as displayed on Figure 1.4.

If the miRNA is perfectly paired to the mRNA, it plays the siRNA role. Arg-
onaute 2 (AGO-2) slices the mRNA resulting in its rapid decay. If the target and the
strand are not completely complementary, miRNA through RISC initiates a cascade
of events to block translation and degrade the mRNA [2].

The miRNA strand recognizes the target then GW182 [1] communicates with the
PABP protein fixed on the adenylated tail of the mRNA. The miRNA is fixing itself
on the non coding 3" area (3'UTR) of the mRNA. This fixation blocks translation and
the further synthesis of proteins. Then mRNA is destabilize by disanylation and
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Figure 1.3: The RISC complex. The miRNA is numbered from its 5’
to its 3" end.
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Figure 1.4: siRNA and miRNA action on mRNA as
post-transcriptional regulators [14].
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slicing and lastly is degraded. This cascade of events is made possible by the circu-
lar and folded position of the miRNA inside RISC with its tail and head nearby. A
miRNA is able to recognize several mRNA and one single mRNA can be recognize
by several miRNA illustrating the extreme diversity of the living world.

miRNAs are targeting the cytoplasmic mRNA but can also act inside the nucleus
or be secreted outside the cell in budded phospholipidic vesicules or exosomes [15]
or apoptic material or with Argonaute protein [16] (90%), see Figure 1.5. The ori-
gin of these extracellular secretions are not well defined. It could be a mechanism
established for the cell death or a mean of intracellular communication translating
a pathology. For instance the death of an hepatic cell in the case of miRNA122.
miRNA-122 find themselves in the plasma and in serum wrapped in Argonaute.

A few words on Argonaute: Argonaute is the catalytic part of RISC [2]. Structural
architecture and function were intensely investigated. The guide strand is strongly
anchored and wrapped inside Argonaute making it difficult to be accessed. That’s
why to be able to study miRNAs sequence from blood, extraction is needed. Extra-
cellular miRNAs are usually less than 1% of the total RNA recovered [17] yielding
very low concentration levels.
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Figure 1.5: A model of secretion or release of miRNAs [18].

miRNAs: tumor suppressor or oncogenes ?

Mature miRNAs incorporated in RISC recognize a specific target and block tran-
scription. It is a negative regulation. Each miRNA regulates up to 1000 targets and
plays a role in various cellular process from proliferation to apotheosis [2]. So if they
are deregulated they can favor and even amplify oncogene genes production or on
the contrary destabilize mRNA corresponding to cancer suppressor genes [6]. Mul-
tiple miRNAs are showing a modification of their accumulation rate depending on
the development state or the organ, arguments in favor of their implication in cel-
lular differentiation and cell death [19, 20, 21]. The following table 1.6 is extracted
from the work of Gurtan et al. [2] and illustrates the extreme diversity of miRNAs
and of their actions. miRNAs are globally decreased in tumoral cells but some are
over-expressed making them candidate for oncogenes. Nevertheless it appears that
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the expression profile of miRNA are highly specific on tumor type and gives a char-
acteristic signature of each cancer [22].
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Figure 1.6: Tissue/ cell type-specific miRNAs [2].

1.1.2 The miRNA-122 key regulator for numerous pathways

First identified by Lee et al. in 1993 in C. Elegans [23], the miRNA-122’s loci is lo-
calized on chromosome 18. It derives from a non coding liver specific RNA, tran-
scripted from HCR gene. [24]. In order to be able to detect a liver injury e.g. a death
a hepatic cells long before the liver death, specific markers for liver are needed in
blood. Indicators that notably increases if the liver is suffering. Which is the case
of enzymes ASAT or ALAT but muscles and heart are also releasing some. Only
the miRNA-122 seems to keep up. Even if the concentration of circulating miRNAs
are around the attomolar for a healthy liver. Compared to an increase in alanine
aminotransferase (ALT) activity in blood (Figure 1.7) the changes in miRNA-122
concentrations appear earlier. Changes specific for liver injury directly correlated
with liver histology. Its concentration return to baseline before ALT. The circulating
miRNA-122 has a shorter circulating half-life which reflects dynamic changes in the
histopathology state of the liver with more accuracy than ALT.

miRNA122 is a promising biomarker to detect among others drug-induced liver
injuries (DILI) caused by obesity, alcoholism, HCV or HBV [26]. Indeed miRNA-122
is presenting a sequence mostly common between patients and its circulating level
is affected when liver is in a pathological state. miRNA-122 is accessible in serum
or plasma. It is highly liver specific and highly sensitive. Indeed, its level increases
by a 100 to 400-fold factor in case of liver injury [27, 28]. It is generally dominant
in liver up to 70% of the miRNAs population. It regulates lipids and cholesterol
metabolism. It protects indirectly the liver against inflammation and fibrosis. It acts
as hepatic tumor suppressor [26] and for hepatitis C (at the origin of cirrhosis, renal
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Figure 1.7: Comparison between alanine aminotransferase (ALT)
and miRNA-122 responses to ethanol gavage [25].

insufficiency and HCC) plays an important function in virus replication.

In 2002, shortly after miRNA recognition, Calin et al. showed the correlation
between miRNA abundancy and human pathologies [29]. Five years later by sup-
pressing Dicer, Chen et al. have caused a cardiac arrest [30]. miRNA was detected
in serum and plasma with stable and reproducible levels: in 2009 Ji et al. detected
a cardiac injury by finding miRNA biomarkers in plasma [31]. The same year the
over-expression of miRNA 122 was proven to protect against liver cancer.

The incredible enthusiasm for miRNAs as a novel class of biomarkers comes also
from the fact that miRNA levels can be modified in vivo and selectively targeted to
regulatory pathways. Nevertheless side effects, stability of the strand in vivo and
specific uptake by cells are not yet fully unraveled.

1.1.3 DNA chips and miRNAs detection

We will divide this section in two parts, the first short part focus on deep sequenc-
ing, Northern Blot Analysis and In Situ hybridization and the second on DNA chips
current and future designs that could detect miRNAs. But first, we will address the
issue of miRNAs extraction from blood.

miRNAs extraction

Extracellular miRNAs are stable in circulation [15, 32] reflecting tissue-and disease-
specific miRNA signatures [33]. However exploiting them as biomarkers requires an
extraction from the biological matrix. Indeed, in blood, miRNAs are associated with
proteins such as argonaute or contained in exosomes [5]. Multiple extraction proce-
dure with variable efficiencies are available [5]. Phenol:chloroform extraction takes
one night to be performed, numerous silica-based methods can be partly automa-
tized with the Qiagen QiAcube [34], they all extract RNA. Extracellular miRNAs
represent usually less than 1% of the total RNA recovered [17] yielding very low
concentrations, thus the need of performant methods of detection.
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Deep sequencing, Northern Blot Analysis and In Situ hybridization

Deep sequencing measures the absolute abundance and allow to discover new miRNA
but the process is long and expensive. Only a few studies are reported due to the
large amount of bioinformatic data generated [1].

Northern Blot Analysis is the most widely used technique although it’s time con-
suming (two days) and requires large amounts of RNA (more than 8 pg) [1]. The
process is composed of RNA isolation and fractionation by electrophoresis. The
small fragments are transferred and fixed into a membrane and left to be hybridized
on probes modified with a radio active ATP. The technique is specific up to 3 base-
pairs.

In Situ hybridization reports of tissue specific expression patterns only with long
RNA probes can be found [35].

DNA chips

Following electronic miniaturization, the increase of the number of components per
unit area and the costs reduction, the miniaturization of DNA "chips" (so called by
analogy with electronic chips) enabled the increase of analysis number notably cru-
cial in gene sequencing. Automation, reduced amount of reagents and reasonable
costs are promises arising from miniaturization.

The common ancestor macro-arrays are chips on which hundreds of probes (com-
plementary DNA, cDNA) are dropped and analyzed by systems like BD-Clontech”
for example. The reduction in sizes and the increase in the number of probes gave
rise to microarrays. In 2D geometry, or on more exotic templates, DNA chips and
microarrays are micron-size inert (to decrease interferences and adsorption) sub-
strate (plastic, glass or silicium less cheap) on which up to millions of probes are
grafted. Their principle are based on the hybridization (more or less complemen-
tary pairing according to Watson and Cricks’rules) between the probe and the stud-
ied target. Target are prior to use amplified by PCR and labeled. One can cite
some chips based on an original approach like MICAM® (CEA LETI/CisBio’*) or
NanoChip” (Nanogen”). Their devices are composed of hundreds of electrodes
engraved and individually addressable with a multiplex. The user can chose his
probes before grafting via pyrrole electrically-induced polymerization (MICAMF)
or biotin-streptavidin linking (NanoChip?). Sensibility is increased in the first case
by the porous nature (high surface to volume ratio) of pyrrole. In the second case the
electrical signal is used to attract and concentrate targets and probes on the detec-
tion area. One can also cite original geometries. Illumina’?™ designed a millimetric
bundle of optical fibers, each fibers modified with a microbead and a probe stuck at
their extremity. The fluorescence of various labeled targets can be detected simulta-
neously. Luminex?? designed two batch of porous beads different in color. OGN
are functionalized on their surface according to their color and left to hybridized
with fluorescent targets. A cytofluorimeter qualitatively (fluorescence) and quanti-
tatively (number of colored beads) analyzes the results that can be applied not only
for OGN but also for antigenes, antibodies, ligands, proteins.

Microarrays were reported to be used for miRNAs extracted from tissues [36]
and plasma [37] for the detection of heart disease [38].



1.1. miRNAs: the design of unique patterns of disease’s state 9

All these setup have a common point they have a feeble sensibility that comes
from their detection system. That is why they need to use amplified targets usually
done by PCR. The principle is the repeated replication in vitro of a DNA strand with
specific primers whose queen is the Polymerase Chain Reaction (PCR). Other tech-
niques are available NASBA (Nucleic acid sequence based amplification), TM for
isotherm target amplification, LCR (ligase chain reaction), Qp replication for probe
amplification or bDNA for signal amplification. Their development are complex and
their use is limited to commercial diagnostic kits. We will only describe PCR in the
next part. For others techniques the reader can find complete descriptions in the
book of Kaplan & Delpech (Molecular Biology and Medicine) [22] and in the work
of Chang et al. [39].

Filed in 1985, the patent for PCR of Mullis was in a short time used by all labora-
tories of molecular biology. Behind its easy realization and principle is hidden some
traps that are susceptible to taint results with some errors. The principle lies on the
DNA synthesis by a polymerase (Taq) from a synthetic primer that hybridizes on the
sequence to be analyzed. Amplification is exponential as the number of DNA copies
doubles after each cycle of denaturation/hybridization/elongation. First DNA is
denatured at ca. 90°C to separate the two strands. Then after cooling to ca. 50°C
the primer hybridizes on single-strand DNA. Finally around 70°C Taq replicates the
DNA sequence from the primer. Usually 30 cycles of 6 minutes are needed to get 23
copies.

For RNA sequences a reverse transcription into cDNA is needed so that Taq can
use it as a matrix [40]. In order to get a quantitative PCR, Real Time (RT)-PCR is
used [41, 42]. RT-PCR is based on fluorescence resonance energy transfer (FRET,
fluorescence quenching). A supplementary complementary sequence is introduced.
Fluorescence is quenched as long as the target and the sequence are hybridized. The
latter is destroyed as PCR goes on. The emitted fluorescence is proportional to the
number of destroyed sequences and thus to the number of targets. The costs of
RT-PCR can be reduced by using SYBR green that emits a green fluorescence when
linked to a double strand but lacks in specificity.

First obvious limitation in PCR is the need for rapid variation of temperature
with a 0.5 to 1°C precision that made PCR a long process (3 hours). To circonvain
this drawbacks a nanoliter PCR is reported (CEA LETI). A small serpentine is etched
on a silicium chip. Walls are dopped so that the circulation of an electric current in-
creases the heating of the silicium, controlled by sensors. The PCR is realized along
the temperature gradients of the serpentine resulting in quicker thermic exchanges.

Above all the small size (around 22 nucleotides, the size of a PCR prime) of
miRNAs makes PCR and all types of detection methods (out of deep sequencing)
challenging. With their small size, probe design is limited and more importantly
binding efficiencies are depending on temperature (melting temperatures Tm are
determined by GC contents) on top of the sequence. Moreover miRNAs differ in
sequence’s length. Binding affinity is miRNA specific. Different binding kinetics on
the same detection system make it difficult to perform quantitative measurements
and furthermore to amplify with efficiency and without errors propagating along
amplification cycles. Rather relative changes in concentrations between diseased or
healthy state can be detected [37]. miRNA are closely related and differs only from
a few basis making cross-linking with probes inevitable. The length of the probe can
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be engineered thanks to a LNA (locked nucleic acid) yielding more accurate results.

In the 2007 revised Edition of Molecular Biology and Medicine, Kaplan & Delpech
pinpointed the major challenge for highly sensible biosensors: transform a biolog-
ical signal (hybridization) into an electrical signal directly readable by a small and
portable near-patient equipment. Such a sensor would have an increased sensibility
and would allow to get rid of the PCR step, a non negligible obstacle even integrated
on a chip.

1.2 Electrochemical DNA biosensors.

1.2.1 Principle

Since the invention of the Clark Oxygen Electrode sensor, biosensors have demon-
strated their increasing ability to detect pathogenic and physiologically relevant
molecules for clinical use. Defined as "an independently integrated receptor trans-
ducer device, which is capable of providing selective or semi-quantitative analytical
information using a biological recognition element" according to IUPAC [43], biosen-
sors are composed of three key components: (i) the detector identifying the stimu-
lus, (ii) the transducer converting the stimulus into a useful output, (iii) the signal
processing system delivering the data in a readable format. A biological recogni-
tion element or bioreceptor consists of an immobilized component able to bind with
the specific target (antibodies, nucleic acids, enzymes, cells). The transducer is con-
verting the biochemical signal into an more or less as so readable signal. Usually
biosensors are classified either by type of biological signaling either by type of trans-
duction. Perumal ef al. provides an extensive overview on both types to which the
reader may refer [44].

probe-target

probe
hybridization signal
3, — —>
transducer

Figure 1.8: Schematic of DNA hybridization detection with
voltamperometry.

We will not cover all the state of the art of all biosensors but following the above-
mentioned consideration of Kaplan, electrochemical biosensors are compelling and
literature offers an array of possibilities. Indeed electrochemistry is the only way
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to directly transduce hybridization into an electric signal without further transfor-
mation of the physical signal and chemical modification of the target; an advantage
over fluorimetric and optical sensors.

1.2.2 Three key steps to master a DNA biosensor

Because of its simplicity, DNA hybridization is more commonly used in the diag-
nostic laboratories than the direct sequencing method. DNA hybridization detection
allies high efficiency and high specificity while the formation of the probe-target hy-
brid even in a mixture of many different, non-complementary nucleic acids. DNA
biosensors are composed of a biological active layer (recognition element, the DNA
probe) and converts the physical parameters of the biological interaction (hybridiza-
tion) into a measurable analytical signal. Especially DNA biosensors are convert-
ing the base-pair recognition event into a useful electrical signal. The fabrication of
an electrochemical biosensors is compatible with microfabrication technologies and
consists in three key step: (i) immobilization of DNA probes, (ii) hybridization with
target sequence, (iii) labeling and electrochemical investigation of the surface. The
optimization of each step may conduct to an overall improvement in the device per-
formance. The strategies to achieve probe immobilization, target recognition and
detection are numerous. A plethora of biosensors can be found in the literature,
which differ in the biological process followed, the choice of transduction exploited,
and the electrode material used. We will subsequently detail each step and report
particular achievements of the literature which conducted to an optimized LOD.

Probe immobilization

The strategy adopted in order to immobilize probes on a solid surface depends
highly on the material used. We will focus on gold and carbon as they were reported
to both provide different but both efficient approaches for probe immobilization.

Materials for electrodes: Gold versus Carbon

Electrode material is of crucial importance as currents have to be high enough
to be able to distinguish between two hybridization state. Gold is of higher inter-
est due to its conducting properties and it provides an elegant approach for well-
defined and organized surfaces [45, 46, 47]. Direct chemisorption of thiol-modified
DNA onto gold surfaces is the top of elegance. Sulfur coordinates strongly onto a
variety of metals (gold, silver, platinum, gold is the most inert of them) following
the equation:

RSH +Au=RS — Au+e +H" (1.1)

Dense monolayer assemble in less than one hour [48] and even displace con-
taminants [46] avoiding the need to have a perfectly cleaned surface. SAM on gold
were reported to be stable over -40 to 1400 mV (vs SCE) [49]. Full surface coverage
by a monolayer of thiol dericatized DNA (HS-ssDNA) can be achieved in 2 hours
with chemisorption enhanced at high salt conditions [50, 51, 52] hypothetically min-
imizing intermolecular electrostatic repulsions between DNA strands resulting in so
dense layers that [Fe(CN)g]*~ was electrochemically silent [53].

Pan et al. used a gold electrode to detect oligonucleotides via a streptavidin/biotin
binding [54]. To optimize the detection a mixed SAM of mercaptoundecanoic acid
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(MAU) and mercaptoethanol (ME) or 6-mercaptohexanol (MCH) [55] to get a better
coverage, a less dense SAM and higher difference of currents before and after hy-
bridization yielding a 1076 M LOD with LET.

Gold allows also the coupling between several techniques as considered by Manesse
et al. with the coupling between Electrochemical Impedance Spectroscopy and SPR
for single stranded DNA detection [56] on a SiOx/Au surface. Au-SH links are the
support of chemical and electrochemical reductions. SiOx layer adds a notable sta-
bility that allows 20 hybridization/deshybridization cycles without degradation and
a matrix for the immobilization of 10'? molecules per cm?.

Carbon-based surfaces for DNA sensing have also received their fair chair of at-
tention [57]: carbon paste [58], pencil lead [59], screen-printed [60], carbon fiber [61],
glassy carbon [62].

Concerning the probe layer built step, carbon allow the control of surface chem-
istry and coverage. Potential-controlled adsorption [58, 63, 64] asks for oxidative
pretreatment of carbon surface [65]. A positive applied potential enhances the sta-
bility of the probe through electrostatic attraction between the negatively charged
phosphate DNA backbone and the positively charged electrode [66]. Nevertheless,
adsorption does not resist stringent washing steps and favors dense layers that leave
probes poorly accessible for targets. On the contrary covalent grafting provides a
strong link to resist washing and regeneration steps. Among them, carbodiimide
covalent binding is a prized method. On activated surface [62] of electrochemi-
cally oxidized glassy carbon surfaces, N-hydrosulfosuccinimide (NHS) and water
soluble carbodiimide (EDC) reagents activate carboxylate groups [67]. Single-strand
DNA covalently bind to these activated groups through deoxyguanosin residues.
Optimized protocol involves modified carbon with steric acid and a DNA probe
elongated with dG at the 3’ end [68] or the direct immobilization of terminal amino
groups through amide bounds formation. It is also applicable to avidin-coated sur-
faces [63] or polymer coated surfaces that offers conductivity properties [69, 61].

Independently of the kind of material used, the use of peptidic nucleic acids
(PNA) probes instead of DNA showed enhanced selectivity and improved distinc-
tion between closely related sequences. PNA are DNA analogues but with un-
charged pseudopeptide backbones resulting in less electrostatic interactions. This
affirmation is leading to a key point for DNA probe immobilization enabling maxi-
mum hybridization efficiency. Probes have to be accessible for targets to hybridize,
it’s mainly going hand in hand with not to dense layers and favorable orientations.
It is problematic for gold and its dense layers of thiol adsorbed probes. Mixed SAM
were thus engineered with 2-mercaptoethanol (MCH) to increase target accessibility
up to 100%.

Target hybridization

Once association of two complementary strands has begin, fast zippering enables
formation of the duplex. Kinetics of hybridization reaction at solid surfaces are re-
ported to be slower than in solution [70] due to the lower accessibility of the probe.
Parameters such as ionic strength (salt conditions up to 3.2 M [71, 58, 72, 73], higher



1.2. Electrochemical DNA biosensors. 13

concentrations favor non specific adsorption of the target [74] and stabilize mis-
matched duplex), temperature (with an optimum of 20-25°C below Tm [71]), contact
time, length of the sequence play an important role.

The use of blocking agents to minimize non-specific adsorption has been pro-
posed [69, 75]. Hybridization with an applied potential [58, 72, 73] was also reported
to yield best results by bypassing the electrostatic repulsions between negatively
charged DNA strands.

Numerous pathways for hybridization detection

In the domain of probes grafted on a solid substrate for direct hybridization with an
unlabeled DNA target by using electrochemical transduction, a wide range of con-
centrations are reported in the literature from femtomolar to attomolar and even zep-
tomolar concentrations. We will further investigate the type of transduction used.

Direct DNA oxidation

Direct detection of DNA oxidation can be used per se [25, 76, 77, 78, 57, 79].
Indeed the faradic charge necessary for guanine oxidation is higher after hybridiza-
tion, see Figure 1.9. Both on carbon electrodes or on conducting polymers the LOD
reached is ca. 1071 M for classical target DNA and nanomolar for single mismatch
detection. For instance, Riccardi ef al. [80] achieved a 2.10~6 M limit of detection
by monitoring the changes in oxidation of gold polypyrrole due to DNA hybridiza-
tion. Differential pulse voltammetry (DPV) was used for direct DNA oxidation on
a conducting polymer leading to a 107" M [81] and a 10! M limits of detection
with genomic DNA on polydeoxycytidine [82]. However these biosensors can not
be regenerated due to the irreversible nature of oxidation.
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Figure 1.9: Oxidation based transduction [82].

Non-faradic biosensors

Another type of biosensors, the non-faradic biosensors [25, 76, 79] are based on
the shift of impedance due to the increase of charge density after hybridization. In-
deed DNA concentration and thus the concentration in counter-ions sodium shield-
ing DNA according to the double-layer model increases. The precise measure of
DNA hybridization via the impedance of the double layer is allowed thanks to this
technique. Impedance measurements as they are dynamic contrary to voltammetric
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techniques allow the double layer interfacial capacitance measurements and thus the
screening of interfacial properties modifications of electrodes induced by charged
molecules immobilization. Proof of the built of non faradic biosensors on carbon
nanotubes conducting polymers or semi-conductors (with a higher variation of po-
tential) can be found in literature. Their LOD reached atomic levels of detection.
Non-faradic biosensors coupled with impedance techniques for screening the inter-
face charge density have reached a 107'8 M limit of detection on GaN nanowires
[83] (Figure 1.10) and a 10~2° M limit of detection on boron-doped diamond with a
polyethyleneimine layer [84].
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Figure 1.10: Ultrasensitive in situ label-free DNA detection using a
GaN nanowire-based extended-gate field-effect-transistor sensor
[83].

Long-range electron transfer toward a redox indicator

DNA, with its double-stranded structure is the seat of long-range electron trans-
fer through the 7-stacked aromatic cycles. A redox intercalator that increases elec-
tron transfer can be added as intercalant [57, 79, 85, 86, 87, 88, 89, 86, 90, 91]. Hy-
bridization can be detected by an increase in current signal of an electroactive indi-
cator that preferentially binds to the double-stranded DNA. This indicator can be a
small electroactive DNA intercalating compounds that posses higher affinity for the
hybrid than for single-strand DNA. The concentration of the intercalator increases
at the electrode interface upon hybridization resulting in increased electrochemical
signals.

Co(bpy)s™ was used for the detection of cystic fibrosis AF508 deletion sequence
(8 base pairs mismatch with healthy sequence) [68] along with Co(phe)gJr in chronopo-
tentiometry yealding a 0.05 g mL~! LOD. Daunomycin in linear sweep voltametry
reaches a 0.01 yg mL~! LOD. Dharuman et al. reported a 40% increase with the
use of methylene blue, negatively charged and proflavine, positively charged, both
redox intercalant [92]. Methylene blue has a strong association with free guanine
bases of single strand DNA and was reported to have the ability to detect single
mutation in short OGN [93, 94]. Chen et al. [95] have reported a 10716 M limit of de-
tection with their nanogap sensor with sandwich arrays of gold/ SiO,/gold using
long-range electron transfer toward the redox indicator.
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1.3 Microfluidics and Lab On a Chip

In the optic of always improving detection limits and reducing sample volume, mi-
crofluidic comes undoubtedly in mind. With microfluidics, volume of biological
fluids needed is drastically decreased to the microliter or even nanoliter, automation
is easier, kinetics are improved by flow circulation. But before diving into the ocean
of papers on microfluidic devices, the improvement given by size reduction and in
flow device are not that simple. Limits of detection hang on lots of variable obvi-
ously target concentration but also mass transport regime, probes densities, setup
geometry.

1.3.1 Mass transport inside a microfluidic channel.

One can ask itself if feeble concentrations and small sensors can be mixed. Feeble
target concentrations don’t ask for a large area to catch them all ? Divergent views
are found in literature. Sheehan et al. have shown that diffusive transport of subpi-
comolar concentrations of targets would take hours to days to reach small sensors
and that flow would not help [96] whereas on nanowires it takes minutes for a fem-
tomolar target solution to be collected [97]. On a similar note Avila et al. define
two regime for surface based sensors: a concentration limited regime (high volume
samples, low affinity probes) and a ligand-depletion regime (high efficiency bind-
ing, feeble concentrations in target, small volumes). The latter highly dependent on
probe densities yields an apparent Kp (equilibrium dissociation constant) that may
lead to misinterpretation of observed affinity and possible discrepancies between
LOD from two similar sensors [98].

Squires et al. provides an interesting intuitive approach to cope with competitive
mass transport process [10]. Their model is the following: a target (with a diffu-
sion coefficient, D) solution of uniform concentration Cy is flowing through a fluidic
channel of height, H, and width Wc (Wc » H) at a volumetric flow rate, Q. On the
floor of the channel lies the sensor of width, W, and length, L, functionalized with a
number of bm receptors per unit area (Figure 1.11).

Diffusion

Target molecules diffuse randomly and reach the sensor after a time t d2/D, d the
distance to the sensor and D the diffusion coefficient of the molecule. The depleted
zone grows thicker and thicker (with a § ~ v/D.t thickness) and extent infinitely into
the channel collecting targets at a jp collection rate, adapted from Fick’s law.

ip = D.%O (1.2)

When the depletion zone grows larger, diffusive flux gets smaller resulting in a
slower collection of the targets. ] p depends on the shape of the sensor, the collection

rate of sphere of radius L is given by J (DS) =4.7m.D.co.L [99].

Convection

Convection transports targets along with the flow Q/H.W.. We are taking the pressure-
driven Poiseuille flow case with a parabolic profile. Convection stops the growth of
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Figure 1.11: Squires’ model [10] : a target (with a diffusion
coefficient, D) solution of uniform concentration Cj is flowing
through a fluidic channel of height H and width Wc (Wc » H) ata
volumetric flow rate, Q. On the floor of the channel lies the sensor of
width, Ws and length, L, functionalized with a number of bm
receptors per unit area.

the diffusion layer. Equilibrium is reached at jp = @Q).co where the sensor collects ev-
ery target injected. Diffusion dominates near the sensor, convection wins far away.

Two Peclet numbers can be defined to characterize mass-transport depletion
zone around the sensor. The first Peclet number Pey [100] is used to distinguish
the domination of diffusion versus convection.

Q
D.W,

For Pey < 1, the diffusion layer propagates and targets can be collected. For
Pep >> 1, convection shrinks the diffusion layer, targets are swept away before they
can diffuse. Only a few enter the steady thin diffusion zone. The flow through the
depletion zone is given by:

Pey = (1.3)

D.
Jp ~ 6CO.WS.L (1.4)

The second Peclet number Peg tells if the depletion zone is thicker than the sensor
or otherwise.

L 2
Peg = 6. (H) Peg (1.5)

The couple (Peq, Peg) gives the mass transport regime in which the (channel,
sensor) of given dimensions operates. It is particularly important for scales as dif-
ferent as nano and microdevices. For example for a nanowire at a 10 fM target con-
centration, 3 hours have to be waited between binding events (the depletion zone is
way bigger than the sensor). For a microsensor with a similar Pey binding events
are happening every 7 s.

What about the chemical reaction?

In the first order Langmuir kinetics the surface concentration b(t) of receptors bound
by targets is the following [10]:
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With Kp=k,, /Kks¢ the equilibrium dissociation constant so that the number of
receptors bound in equilibrium is [10]:

= kon.Ch.(bm — b) — kopy.b (1.6)

bm.A.co
NE~ ——2 1.7
B (17)
with A, the surface of the sensor.
Giving a critical concentration under which no targets bind [10]:
Kp
e 1.
¢ bm.A (1.8)

To continue with the example of the nanowire and the microsensor with a Kp of
1nM, a c* of 1072 M is found for the nanowire whereas c* reaches ca. 20 aM for a
microsensor with an equilibrium time in the order of magnitude of inverse of the off

-1
rate k ;.
Unraveling the mass-transport regime

To put in a nutshell, two regimes can be distinguish:

e If convection and diffusion deliver targets so slowly that reaction time is neg-
ligible, the regime is mass-transport limited and Jp is given by Equation 1.9.

Jp ~ D.co.Wg.F, F = 0.81.Pe/* (1.9)
e If reaction time can’t be neglected, it’s the reaction limited regime and Jp is

written as stated by Equation 1.10.

JR ~ kon.bm.CQ.L.WS (110)

For efficient collection, diffusion must balance reaction flux. Jr=]p gives Equa-
tion 1.11.

o
Ce 8 ————— 1.11
1+ kon.bm.% ( )
Defining a third number, the Damkohler number Da:
0
Da = kop.bm.— (1.12)

D

If Da < 1, the system is reaction limited (nanowire), and if Da > 1, it is mass-

transport limited. Sensor’s saturation time is given by Equation 1.13.
D _ (1.13)

T=Ua.TR, TR = .
ko ff+ kon.-Co

An extensive number of chemical and physical parameters can be modified in
order to influence the mass transport regime. Electrostatic interactions between
charges molecules can increase binding through pH or salt concentration [101, 102]
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and thus reduce c*. Mass transport increase by decreasing the depletion zone thick-
ness. Mechanical/electrical/magnetic actions (stirring, mixing [103], waste chan-
nels, pumping [104], electroosmosis, Lab On CD where flow control is induced by
rotation [105]) can also actively act in this direction, hence an advantage of using a
microfluidic setup.

1.3.2 Insight into microfluidics, toward the ideal LOC

The advances in microfluidic technology are leading to more accurate and reliable
immunoassays through four keys points:

e a higher degree of control of the flow of liquids and thus interfaces
e the possibility of miniaturization and automation
e improvements of assay conditions (mixers, less contamination)

o a flexibility needed for point of care diagnostics (often change of analytes,
reagents and multiple operations with one sample).

From the willingness to detect in small volumes with high precision (gas/liquids
chromatography [106], electrophoresis [107, 108]) to precisely controlling fluids (print-
ing [109], micropumps, valves [110]) microfluidics emerged as an obvious and in-
valuable tool for analytical chemistry analysis. The panel of success is broad (Biosite
Tirage System for pregnancy tests [111], Caliper’™ (Agilent” ™) with the commer-
cialized Bioanalyser 2100# for multiple analysis (electrophoresis, cell sorting, RNA,
DNA, proteins separation and size detection)) and the methods are multiple. For a
complete review the reader can refer to the work of Gervais et al. [112].

A Lab On Chip as its name suggests seeks to become a fully integrated platform
on which all experiments needed in molecular biology could be performed starting
by the direct injection of blood on the chip and not only pre-purified DNA. Gervais et
al. provides a glimpse into the future of what should look like the ideal Lab On Chip,
Figure 1.12. Presented as a coupling between multiple modules (sample preparation,
concentration, detection) that uses a small volume of unprocessed sample taken di-
rectly from the patient (volume as low as 1 pL, lower that the 25 L drop from finger
prick). It should be a multiplex analysis of up to hundreds of analytes of a variety of
proteins and nucleic acids and negative controls for a detection in the minute. The
limit of detection (LOD) should be below the femtomolar with a large dynamic range
with a great selectivity to avoid false positives. A large dynamic range is crucial for
many detection scheme notably for miRNAs where a disease/injury is detected by
the relative changes in concentration of multiple miRNAs with a dynamic range of
10 order of magnitude between the healthy and the diseased state [27, 28]. Param-
eters such as long shell life, transparency of the sealing material, not temperature
sensitive and easy to use by non-technical experts should also be kept in mind.

Finally the ideal LOC should be able to analyze, detect, calibrate, record and
transmit wireless data for a one $ test in order to be used as a routine test.

Among other parameters, we will take a moment to consider the materials used,
crucial to participate to the efficiency of the test whether for flow control, sensitivity
or adhesion of biomolecules.
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Figure 1.12: Futurist scheme of a lab on chip imagined by Gervais et
al. [112].

Materials

Originally in silicon and glass [113], the latter was rapidly preferred to the first
one for costs and transparency reason. Poly(dimethylsiloxane) PDMS makes cur-
rently the majority [114] due to its transparency, porous character and easiness to
manufacture with its other counterpart PMMA (poly(methylmethacrylate)), PET
(Polyethylene Terephthalate) [115, 116], COC (cyclic olefin copolymer), or teflon
[117], paraffin [118], paper [119] patterned by photolithography and treated [120] to
repel biomolecules, increase sealing properties (plasma, chemical vapor adhesion)
or build self-assembled monolayers.

A one test chip ?

Most of the time, thermal or chemical try of regeneration results in desorption or
severe decrease in hybridization efficiency [121]. That is why disposable strips that
obviate the need for a regeneration step have currently the preference. Printed [122]
or photolithographed [123, 124] electrodes allowing the parallel fabrication of mul-
tiple electrodes facilitate biosensing protocols as lots of electrodes are required for
practical evaluation of real samples.

Pre-concentration of analytes

Detection biomarkers with extremely low abundance in pico- ,femto- even attomolar
levels can be challenging for biosensors. In order to increase sensitivity, biomolecules
can be pre-concentrated prior to detection. Accumulation using electrokinetic trap-
ping [125], filtration with porous silica membrane [126] or trapping at the inter-
section of perpendicular channels [127] can lead to 10° accumulation factors. As
previously mentioned PCR and other on chip amplification systems (LAMP, loop
mediated isothermal amplification or NASBA) also increase amount of targets prior
detection.
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Sample processing

Extraction [128], isolation, purification and biomolecules manipulation are key pa-
rameters in every biochemical analysis. Classical protocols include electrophoresis,
ultrafiltration, precipitation and chromatography. Among available methods affin-
ity chromatography is often preferred for its efficiency and selectivity. Neverthe-
less the use of a liquid chromatography is limited to pre-treated samples. Non-
homogeneous solutions like protein mixtures are incompatible with experimental
conditions of commercial columns that ask for medium without particles.

Magnetic separation based on MNP represents an attractive alternative for se-
lective capture of specific proteins or DNA while using cheap materials and rapid
and easy process. The small sizes of NPs make them attractive matrix as diffusion
is reduced between reagents. It generates shorter responses, a wider linear response
range and the possibility to reach biological detection limits.The principle of mag-
netic separation is the following: tagged MNP with a biological probe are mixed
with serum (cells, blood, plasma). After a necessary time of incubation target species
binds with a preferably strong link to probe molecules attached to MNP, the complex
are isolated with various magnetic devices (decantation, magnetic pillars, electro-
magnets...). Volumes are low thanks to a high surface to volume ratio, specialized
equipments such as spinner of chromatography are avoided. Automated systems
for nucleic acids separation are already available for nanoliter samples [129].

However due to their small magnetic moment, the magnetic gradient of a single
permanent or electro-magnet is rarely enough to trap MNPs. Various strategies have
been proposed in literature to overcome this drawback. In the following section the
manipulation of SPM particles and their use as separating agents will be discussed.
As a start a reminder of the magnetic properties of magnetic particles will be given
as well as a large overview of MNP capabilities in biomedicine.

1.4 Magnetic manipulation of superparamagnetic nanoparti-
cles

Precise control of synthesis and functionalization pathways is crucial as size and
shape of NPs are key parameters for stability and biological purpose. Size plays
a crucial role in magnetic moment and on the response to an applied magnetic
field. Magnetization is directly proportional, in a first approximation, to the volume.
For an easy manipulation with an external field total magnetization of the material
should be maximum. Ferromagnetic materials are thus favored as iron, nickel or
cobalt especially iron oxides under its magnetite Fe304 or maghemite y-Fe,O3 form
that can be easily synthesized with a better chemical stability against oxidation and
posses interesting electro-magnetic properties. MNP with corresponding properties
have been used for a wide range of applications such as drug delivery, hyperther-
mia, magnetic resonance imaging (MRI), tissue engineering and repair, biosensing
and biochemical separation.

In this section structural data for maghemite will be given as well as magnetic
properties. Finally the modifications generated from the dimensions changes to the
nanoscale will be discussed. We won’t describe here the various existing synthesis
pathways of MNP as it will be discussed in Chapter 3.
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1.4.1 Description and magnetic properties. Applications of magnetic nanopar-
ticles in biomedicine.

Ferrites are characterized by a spinel crystalline structure. Oxygen ions are defining
a cubic network where Fe?T cations are located at the interstices. FezO4 magneti-
zation comes from its antiferromagnetic coupling (superexchange through oxygen)
between Fe3* cations in octahedral and tetrahedral sites leaving the magnetic mo-
ment of Fe" cations (in octahedral sites) responsible for magnetization.

Magnetic properties of the iron oxide are defined by their purity and crystallinity
characterized by XRD (X-Ray Diffraction), AT, Mossbauer and Infrared spectroscopy
in solid phase or SAXS, SANS, EDX in liquid phase.

Magnetic materials with a permanent magnetic moment

The magnetic properties of a material are the result of local arrangements of mag-
netic moments. These local magnetic moments are commonly called spin and can
be viewed as little magnets. The interactions between atomic magnetic moments of
a same material generate a possible magnetic order below a certain critical tempera-
ture.

All materials are magnetic to some extent depending on their atomic structure
and temperature. A magnetic material placed in a magnetic field of strength H sees
its individual atomic moments contribute to the overall response, they are modifying
their orientation to be along the field and the material is acquiring a magnetization
M in m? A kg~! or emu g~! if normalized by magnetic mass in Equation 1.14:

M=.H (1.14)

with the volumetric magnetic susceptibility x [130] (for homogeneous and linear
materials).

For quasi non existing interactions between atoms and crystalline network the
arrangement is not ordered, spontaneous macroscopic magnetization is zero, as for:

e Diamagnetism (intrinsic property of matter): Electrons are paired, there is no
permanent magnetic moment, a small moment is induced by the field (x=-
1076-1071).

e Paramagnetism: electrons are not paired, there is a resulting permanent mag-
netic moment and magnetic moments perfectly align in the direction of an ap-
plied field for a positive magnetization (x=10"%-10"3).

For a spontaneous magnetic order, with no applied field, due to exchange elec-
trostatic interactions leading to a 10* times larger M, three behavior can be distin-
guished [131]:

e Ferromagnetism: exchange interactions are favoring parallel alignment of mag-
netic moments. Under a Tc temperature (Curie temperature), interactions are
higher than thermal motion and a spontaneous magnetization is present with-
out an applied field.

e Antiferromagnetism: below a Neel temperature (T ), magnetic moments align
with spins pointing in opposed and equal way resulting in a zero total magne-
tization. Above Ty, the antiferromagnetic behavior become similar to param-
agnetism due to thermal motion.
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e Ferrimagnetism: antiparallel spins with different force vector resulting in a
spontaneous magnetization below Tc (typically the case of a solid with a crys-
talline order characterized with multiple sub-networks).

Nanomagnetism

The transition to nanoscale modifies various properties. Contrary to bulk materials
where magnetic order is confined in multiple magnetic domains (Bloch walls), un-
der a critical size Dc, the creation of walls become adverse. Bloch walls vanish to
minimize magnetostatic energy and particles tend to be composed of a single do-
main [132]. The critical diameter is ca. 10-100 nm for maghemite [133, 134].

The permanent magnetic moment of monodomain particles is the sum of all
atomic magnetic moments constituting the particle.

Surface effects are also affected by size reduction. The reduction of the number of
atoms results in an increased contribution of surface atoms that do not have the same
environment than in volume generating surface spins with supplementary interac-
tions. The maximum magnetization for nanoparticles that can be reached under field
e.g. saturation magnetization My, is lower than bulk values due to these increased
surface effects [135]. 60 emu g~ ! is the agreed value for nanometric maghemite,
74 emu g~! for bulk maghemite.

Magnetism of nanoparticles under an applied magnetic field H is governed by
the competition between two energies: anisotropy energy [136] and Zeeman energy
as written in Equation 1.15.

E=KV.sin*0— i.H (1.15)

The first term refers to magnetocristalline anisotropy energy which tends to at-
tract the magnetic moment . (u=p0.Ms) along the easy magnetization axis. For mon-
odomain nanoparticles, anisotropy energy is generally uniaxial. K is the uniaxial
anisotropic constant, V the volume of the particle and 6 the angle between magne-
tization and the easy magnetization axis as pictured in Figure 1.13. The anisotropy
energy posses two minimum (6=0 and 7) split with a K.V energy barrier.

Energy (a.u.) K.V
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Figure 1.13: A. Uniaxial particle ; the easy axis of magnetization is
z’Oz. B. Representation of the barrier energy to be crossed to go
from a spin up to a spin down state.
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Anisotropy energy is in competition with Zeeman energy (second term of Equa-
tion 1.15) which tends to align the magnetic moment along the field H. To go from
one direction of easy magnetization to another, the barrier energy K.V has to be
given to the system. In view of the small size of the particles, the barrier energy is
small and can be of the same order of magnitude of thermal motion, k. T [137].

Quasi-static magnetic properties

The alignment type of magnetic moments with applied field depend on anisotropy
energy and temperature.

e For kgT > K.V (high temperature behavior), particles are called superparam-
agnetic. Thermal fluctuations are to high to maintain a stable magnetic order.
Superparamagnetic particles follow the Langevin model. The particle does not
possess a magnetic moment in the absence of an external field. However un-
der an applied field and for monodispersed particles, the magnetization curve
M-H can be described by Langevin function:

1 o H
M = M,.M(z) = M, [coth(x) - } withe = 2O (1.16)
T kg.T
(1 is the magnetic momentum of the single domain particle, y free space perme-
ability (uo=4m.10"7), M, saturation magnetization, kp the Boltzmann constant and T
the temperature. x is the ratio between magnetic energy, jio.1.H, and thermal motion

energy, kg.T.

Figure 1.14 displays the increase in magnetization with the applied field until
saturation magnetization Ms. This magnetic study does not show any memory or
magnetic remanence, characteristic of superparamagnetic objects.

M M,

Al

g 9 ¥ (0e/ K)

-

|

Figure 1.14: Magnetization curves of 45 A diameter iron particles in
mercury [136].

Various information can be extracted from the magnetization curve. From the
low and high field approximation of the Langevin model, the magnetic diameter
can be assessed. Ferrofluid samples e.g. a colloidal suspension of magnetic mon-
odomain particles of typical size 10 nm [138] are never completely monodisperse
and a log-normal distribution P is usually assumed [139]. For the diameter, d, of
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spherical magnetic particles, a median diameter, dy, and a polydispersity index, o,
the log-normal distribution is written according to Equation 1.17.

P(d) 1 _1ﬂ(d/6;0)2 1.17)
= —— 20 .
Vv2.mo.d ¢

The maximum of P(d) corresponds to a diameter drgas:

2

dTEM = do.e_" (118)

e Forkp.T < K.V, particles are in a blocked state, thermal motion is not sufficient
to overcome K.V. Particles follow the Stoner-Wolhfarth model.

Magnetization depend on the history of the material. The magnetic response to
an applied external magnetic field is characterized with an hysteresis loop as dis-
played on Figure 1.15.
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Figure 1.15: Theoretical hysteresis loops of a single domain particle
for various ¢ angle between the easy magnetization axis and the
applied field (m = M/Ms, h = H/Hc) [136].

At the application of an external field, H, the magnetic flux density increases un-
til a saturation value, B;,:. When H decreases the material keeps a remanent flux Br
at H=0 and a coercive field Hc at B=0. It is the needed field to apply in order to de-
magnetize the material. The competition between anisotropic energy and Zeeman
energy gives rise to the hysteresis loop. The opening of the loop is function of the
angle between the easy magnetization axis and the applied field. For parallel (zero
angle) and antiparallel (7 angle) situations, the hysteresis cycle has a rectangular
shape.

Dynamic magnetic properties

For T=300 K, the probability of commutation of magnetic moments from one
direction of easy magnetization to another is not zero, the system will relax with
a certain period 7. The consequence on magnetic measurements done in a time
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varying field will depend on the time of measurements 1/f. Thus, due to thermal
motion of the particle magnetic moment, the magnetization is not in phase with the
time varying magnetic field H [140].

e For f < 1/7, the thermal equilibrium may be achieved and the sample exhibits
an intrinsic superparamagnetic behaviour. The magnetization curve may be
described by a Langevin formalism.

e For f <1/7, the moment is locked to the particle and aligns along H in very
high fields. As the field is decreased, a remanent magnetization subsists and
the magnetization curve exhibits hysteresis (i.e. dissipation) [138].

Ferromagnets exhibit magnetic resonance at frequencies around 10° Hz [140],
thus a GHz-frequency should constitute a theoretical optimum, the kHz-frequency
fields (100 kHz) is a technological optimum. The calculation of magnetization relax-
ation time depends on the way the particle are rotating in the solvent of dispersion,
either external (Brown relaxation) or internal (Néel relaxation).

Brown relaxation comes from the physical rotation of nanoparticles in the carrier
fluid, the magnetic moment being locked onto the crystal anisotropy axis with a
characteristic time, 75, given by [141]:

B = 3'77'Vhydro
kT
where 7 is the viscosity of the carrier fluid, k the Boltzmann constant, T the tem-
perature, and V},4,, the hydrodynamic volume of the particle.

(1.19)

Néel relaxation is induced by the rotation of the magnetic moment of NP within
the crystalline network which occurs when the anisotropy energy barrier K.V (for an
uniaxial crystal) is overcome. The released energy by the spin relaxation is depen-
dent on the anisotropy energy of the NP i.e. the energy that imposes the direction
of the magnetic moment within the crystalline network. The characteristic time, 7,
for Néel relaxation is written as:

™ = To.eEa/kT (1.20)

where 7y is of the order of 10~ s and Ea=kpgT, the thermal energy.

As the two relaxation mechanisms take place in parallel, the effective relaxation
time 7 is given by the relationship: 1/7 =1/7x + 1/7p. The shorter time determines
the dominant mechanism of relaxation. Fortin et al. determined by using different
solvent viscosities (restriction of the particle orientation) that the loss process for
maghemite particles with diameters below 16 nm in water was governed by Néel
relaxation [142].

1.4.2 Magnetic manipulation

A magnetic field gradient is required to exert a force at distance on a magnetic mo-
ment. A uniform field only generate a torque. Magnetic force acting on a point-like
magnetic dipole, m, is given by:

F, = (m.V)B (1.21)
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For a weakly diamagnetic medium as water, m=V.M with, m, the total moment
of the particle. The volumetric magnetization is:
M = AxH (1.22)

with Ax=xm-xw, the effective susceptibility relative to water. It should be kept
in mind that, for nanoparticles, x=x(H). For dilute suspensions of nanoparticles in
pure water. The system NPs+water can be approximate by

B=pug.H (1.23)
So
Vin - Ax

Ho
With VxB=0, Maxwell equation without time varying electric fields or currents

Fp =

(B.V).B (1.24)

V(B.B) = 2Bx(VzB) + 2(B.V)B = 2(B.VB) (1.25)
1 B?

F,, =V AxV(zB.H) = Vi, AxXV — (1.26)
2 2410

With B2y, the differential of the magnetostatic field energy density. For Ay >
0, the magnetic force acts in the direction of steepest ascent of energy density scalar
field. This is the basis toward magnetic separation and drug delivery.

Examples of magnetic manipulation will be given in section 1.4.6.

1.4.3 Core-shells particles

When a core-shell particle is composed of several magnetic cores the particle has
also a superparamagnetic behavior. If interaction between magnetic cores are neg-
ligible, magnetic moment of the particle is in first approximation the sum of each
core’s magnetic momentum divided by the volume of the core-shell. A large suscep-
tibility could be expected when a core-shell is saturated with many cores. Currently
the trend is ca. 70% of filling for maghemite without losing its superparamagnetic
properties. An example of micrometer core-shells is given on Figure 1.24.

Primary magnetc
PanCaartic

Figure 1.16: Dynabeads core-shells: (a) and (b) their structure, (c)
SEM picture, physical diameter: 2.8 ym
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If all magnetic particles have reached their saturating magnetization the mag-
netic moment of the core-shell is given by:

4
m = Msat.g.w.d.m [Am™2 (1.27)

with My, saturation magnetization (when every spin vector of each domain are
colinear), R is the core-shell radius, d represents the volumic fraction of iron ox-
ide. Under an applied magnetic field moments align as for paramagnetic materials
but with a 10* times higher magnetization as each moment of each NP is aligning.
This property and the absence of remanent magnetization after the application of
an external field allow MNPs to keep their colloidal stability and avoid aggregation.
Well-dispersed particles are crucial for biomedical applications. On the shell of MNP
relies particle stability. The latter is possible if electrostatic repulsion, hydrophilic
particle-particle interactions and steric repulsion compensate [143].

1.4.4 Magnetic resonance imaging (MRI) contrast enhancement

MRI is a non invasive imaging technique providing high-resolution anatomical im-
ages. It can provide the diagnosis of soft tissues cartilage allowing the differentiation
between malignant and healthy cells.

Iron oxide NPs are the most commonly used SPM contrast agents because of their
enhanced proton magnetization relaxation at their sites of accumulation providing
better contrast [143]. They are also in most cases taken up by the reticuloendothelial
system (RES). MRI contrast relies on the differential permeation and uptake kinetics
of healthy and tumorous tissue. [144] The delineation of a tumor by particles relies
on the fact that a malignant tumor does not show any uptake of iron oxides because
a malignant tumor does not have an intact RES. RES uptake depends on the size and
surface charge of the particles. On the basis of these studies, specific magnetic iron
oxide particles have been designed that can escape uptake by the RES of liver and
spleen, and thus have a longer blood half-life. SPM particles have been used to vi-
sualize the vascular system [145], the nervous system [146], lymph nodes [147] liver
tumors [148], brain tumors [149] as relaxation times of tumor cells are not altered by
contrast agents. Iron oxide NPs lend themselves to encapsulation into target specific
agents such as liposome to localize bone marrow [150].

1.4.5 Drug delivery

MNP use in drug delivery decreases side effects in non-specific therapies (chemother-
apies) by targeting specific sites (cancer related) [151] generating a reduced amount
of drugs used and a reduced dosage. Drugs can be attached to a biocompatible
magnetic carrier usually a ferrofluids (NPs’ small sizes allow to cross physiologi-
cal barriers) injected into the patient blood. External high gradient magnetic fields
concentrate the complex at a specific site. Drug is released via either enzymatic ac-
tivity, pH, osmolality or temperature changes [152] to be taken up by tumor cells.
Efficiency depends on field strength, size and concentrations of particles, blood flow
rate, circulation time and distance from the magnetic source [153]. Larger particles
around 1 pm as agglomeration of SPM particles are more effective with higher mag-
netization.

The optimization of drug carriers go through coatings. Magnetic component
usually magnetite, maghemite or more exotic iron, cobalt, nickel, yttrium aluminum
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iron garnet [154] are coated with a biocomptible polymer (PVA, dextran) or inor-
ganic silica. Coatings are a shield from surroundings environment and a matrix for
functionalization (carboxyl groups, biotin, avidin, carbodiimide... [155]) and fur-
ther linking with drugs or biomolecules. Or either way a drug carrier can also be a
porous polymer with magnetic NP inside the pores [156]. Metallic coatings has also
been considered notably for immunosensing plateform, SERS, as contrast agent for
imaging and photothermal ablation [157, 158].

Not only drugs can be linked to magnetic NPs but also radionucleide that re-
main permanently attached to the particle avoiding the several limitations in terms
of accumulation in cells. Radionucleide doesn’t need to penetrate the cell to act ef-
fectively [159].

Great promise in the domain of gene therapy should also be cited. Holding a
viral vector carrying the therapeutic gene thanks to its magnetic carrier near a tissue
increases the efficiency of gene transfection and expression [160, 143].

1.4.6 Magnetic separation

Magnetic separation is a two step process. Firstly, the desired biomolecules have to
be labeled with magnetic material. Secondly, the labeled biomolecules have to be
carried away thanks to fluid based techniques. Labeling requires a chemical modi-
fication of the NP surface usually a coating with biocompatible molecules [161, 162,
163] with two advantages. The link between particles and target site and an increase
in colloidal stability.

The separation itself consists in the immobilization of labeled material by a field
gradient with the force F},, that needs to overcome hydrodynamical drag force acting

on NP in flow [164].
Fy=6.1.n.R,.Av (1.28)

With 7 the viscosity (water), R,, the radius of the NP, and Av=v,,-v,, the differ-
ence in velocity of NP and water [165]. From Equation 1.26,

Vi = %.W.an (1.29)
The velocity of the NP relative to the carrier fluid is:
2 A
Av = BmBX gopey & A(p2) (1.30)
9.p00-1 1o

With ¢ the magnetophoretic mobility the measure of how manipulable a mag-
netic particle is. Obviously a bigger NP has a higher ¢ than a smaller one.

Now, talking about the separator itself. The application of a permanent magnet
on the side of an eppendorf and the removal of the supernatant is a basic separa-
tor. But efficiency will be increased by the use of high field gradients to capture
magnetic NP as they flow. The general scheme of magnetic separation is the follow-
ing. The magnetically tagged entities are flowing through a column where magnetic
wires/beads are packed and magnetized with an external magnetic field. The tagged
entities are trapped, the untagged matrix flow through. The labeled material can be
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recovered by retrieving the applied field. Optimizations focus on avoiding adsorp-
tion of tagged material on the magnetic matrix.

Alternatives can be found by the manufacture of specific design field gradients
systems like quadrupolar arrangement [166], fluid flow fraction with a spatially
varying magnitude field gradient [167], or by playing on magnetiphoretic mobili-
ties with an applied magnetic field with a static flow and a permanent magnet [168].

Seeking to reach the maximum sampling capabilities literature report the use of
combined magnetic materials. Magnetic separation is generally only the first step
before a subsequent detection.

In this optic, as previously mentioned Teste et al. [169] trapped 35 nm in diam-
eter MNPs with an enhanced field gradient. Micrometric iron ferromagnetic NPs
concentrate magnetic field lines from a permanent magnetic immobilized on top of
their setup, Figure 1.17. Magnetic force to capture and manipulate the MNPs to the
wanted location is made easier. A 1 ng mL~! limit of detection for immunoglobulin
E was reached only consuming 5 L of reagents in 20 minutes on a fully integrated
chip.
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Figure 1.17: Teste et al. on chip immunoassays with 35 nm MNP
[169].

Choi et al. used a planar electromagnet with a serpentine coil and a semi en-
capsulated Ni/Fe permalloy to immobilize superparamagnetic micrometer beads in
a dynamic flow, Figure 1.18. The uniform field generates a 71 pN magnetic force
allowing the enhanced capability of capture and separation to perform a double an-
tibody/antigene recognition [170].

Rida et al. locally manipulated micron size ferromagnetic particles with an os-
cillating magnetic field transverse to the microfluidic channel and generated by soft
magnetic iron tips, Figure 1.19. This magnetic coupling build up open column struc-
tures that allows strong interactions with the fluid flow [171]. Similarly Lacharme et
al. achieved a complete on-chip immunoassay by using trapped self-assembled mag-
netic NP chains (Figure 1.20) and reached a 1 ng mL~! LOD for murine monochlonal
antibodies [172].

Smistrup et al. preferred to use a passive separation with array of soft magnets
to create several capture points for fluorescent magnetic beads, Figure 1.21. The use
of passive structures magnetized by an external magnetic field provides larger fields
and generate gradients inside the channel allowing to overcome a 5 mm s~! flow
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Figure 1.18: Serpentine conductors with semi-encapsulated
permalloy [170].

Figure 1.19: Schematic view of Rida’s experimental system: (1)
microfluidic channel, (2) embedded soft magnetic parts for magnetic
field focusing, (3) electromagnet, soft magnetic U-core and a coil.
The insert shows a schematic view of the magnetic field distribution
between the soft magnetic tips and magnetic superparamagnetic
particles [171].
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Figure 1.20: Lacharme lab-on-chip’s device. (a) Schematic view of
magnetic elements. Geometrically trapping of beads, schematic view
(b) and fluorescent view (c) [172].

with a 50 mT field. An advantage of their setup is that beads can be further released
and are not stuck [173].
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Figure 1.21: Smistrup’s magnetic separation chip showing the
position of the microfluidic channel and the passive soft magnetic
elements. The external homogenous magnetic field is applied
vertically in the plane of the paper [173].

Ramadan et al. showed, with a computation and then confirmed it with experi-
ments, that the optimized geometry for planar electromagnets (better than magnetic
fields generated by a coil as limited by Joule heating) is a spiral design. Spiral de-
signs generate up to five times stronger fields even if they are complicated to realize
(need an insulating layer and two layers of metal) [174].

With their dense dynamical fluidized bed, Tabnaoui et al. reached a 1 pM LOD
with two magnets in a 30° orientation on each side of a microfluic channel [175]. Kim
et al. performed a dual analytes detection on chip immunoassay with fluorescent
beads conjugates with superparamagnetic NPs. They detected simultaneously IgG
of rabbit and mouse over different range of detection (from pg mL~! to ng mL~!) by
playing on beads concentration [176].

As the objective of a Lab-On-Chip is to perform a complete sampling of a biologic
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sample, synthesis of the magnetic NP can also be incorporated on chip as did Cabr-
era et al.. On a three layers natural rubber based microfluidic device the decoration
of magnetite with a gold coating in aqueous media is done as well as magnetic sep-
aration with an incorporated permanent magnet [158]. On a similar note Digigow
et al. designed a microreactor to functionalize SPION (superparamagnetic iron ox-
ide nanoparticles) with PEG and amine groups. Their microreactor is composed of
a permanent magnet and a mesh to immobilize and separate SPION from the un-
bound molecules [177].

For instance, separation of specific biomolecules from their native environment
has been used for selection of tumor cells from blood leading to enhanced detection
of malarial parasites [178] or for cell counting [179]. Usually magnetic separation is
the first step in a more complex chain of detection that needs sample preparation.
We can cite pre-processing technology for PCR [180], localization of labeled material
for further detection [181] or the combination with sensing techniques (optical [182],
electrochemical (See Section 1.5.2)). Indeed the mobility of magnetic NPs allows a
shorter reaction time and a greater volume of reagent to be processed compared to
standard immunoassays.

1.4.7 Magnetic hyperthermia

Inducing malignant cell death by heating while keeping healthy tissues at biological
temperatures has led to new possibilities in cancerous treatments [183]. The pro-
cedure involves the application of an AC magnetic field of sufficient strength and
frequency to cause the heat of dispersed particles in target tissue. For clinical pur-
pose the challenge is to chose adequately the right amount of nanoparticles to heat.
Not to many otherwise the legal toxic levels are reached, not to few as efficiency will
be lost. The first papers on magnetic NP as hyperthermia mediator were published
as soon as 1957 by Gilchrist [184] and shortly after followed their effect on biological
systems especially to induce necrosis in cancer cells by increasing their temperature
[185, 186, 187]. Clinical trials of this method are underway in Germany in patients
with brain and prostate cancers [188].

Heating locally is not only a way to kill cancerous cells but can also be used for a
wide range of applications like triggering molecular or cellular process [189].

Therefore underlying physical mechanisms for heat generation by small NP un-
der alternative magnetic fields have to be understood. Not only the heat dissipation
rate in surrounding media (blood, tissues) has to be taken into account [190] but also
the intrinsic contributions of particle properties to heat induced mechanism has to
be discussed.

Under a radiofrequence alternative magnetic field (AMF) magnetic moment of
iron oxide nano-crystals oscillate and produce a local heating of the medium [191]
e.g magnetic friction. The AMF induces a dephasing between the applied field and
the magnetic momentum of the nanoparticle’s domain yielding dynamic hystere-
sis. The excited magnetic spins release energy in the form of heat while relaxing.
The heating effects are due to several types of loss processes (hysteresis losses, Néel
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and Brown relaxation), the relative contributions of which depend strongly on par-
ticle size. Nanoparticles with a core diameter less than 30 nm are supposed single-
domain particles. Their magnetization is thus governed by the combined effects of
the rotational external (Brownian) and internal (Néel) diffusion of the particle mag-
netic moment [192].

Ferrofluids are good candidate for hyperthermia. Indeed, from the first law of
thermodynamics applied to ferrofluids, the magnetic work is converted into internal
energy U when magnetization lags the field H according to the following integral,
expressed per unit of volume, [140]:

AU = —,uo./M.dH (1.31)

with M the magnetization and o, the permeability of free space. Following this,
the volumetric power dissipation P, is proportional to :

P ' H?f (1.32)

with x” the out-of-phase component of the complex ferrofluid susceptibility .
The highest heating rates are found for magnetite and maghemite, as shown on Fig-
ure 1.22.
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Figure 1.22: Comparative heating rate for various ferrite: 1. Barium
ferrite, 2. Cobalt ferrite, 3. Magnetite, 4. Maghemite. F=300 kHz,
B=0.09 T, »=0.07, 7o=10""s in tetradecone [140].

As showed by Equation 1.31 the maximum reachable heating phenomenon should
involve a rectangular hysteresis loop. This could only be achieved with an ensemble
of uniaxial particles perfectly aligned with H, a difficult configuration to achieve as
such, experimentally. With the advent of ferrofluids e.g. SPM NPs suspended in
water [193, 194] new roads for increased hyperthermia are open.

The heating capacity of NP is described thanks to the specific loss power SLP
(also called specific adsorption rate SAR) in W g~! according to the following equa-
tion
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SILP — Dissipat?d power _ Cp-Miot g (1.33)
Magnetic mass Mmag At

where ¢, is the specific heat capacity of the sample, m;,; the sample’s mass, and
Mypag=P.pmag-V is the mass of magnetic material in the sample (®, the fraction of
magnetic material and py,4,=5.07 g cm ™3, the volumic mass of iron oxide).

Multiplying SLP by the density of the particle yield P, the volumetric power dis-
sipation, for comparison with magnetic particles covering all size ranges [195, 194,
196]. Most real ferromagnetic particles require high applied fields (ca 100 kA m™1)
to generate saturated loops. In contrast, superparamagnetism in ferrofluids were
reported to give rise to mode efficient heating properties. Hergt et al. reported a
200 W g~ ! SLP at 14 kKA m~! [197].

It has been shown that SLP for monodispersed particles of maghemite increases
with frequency (see Figure 1.23).
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Figure 1.23: SLP of monodispersed particles of maghemite as a
function of particle diameter and magnetic field frequency [142].

Arising from the interaction between magnetic NPs and a static or time vary-
ing external magnetic field a lot of others applications are reported. To cite a few:
magnetic twisting cytometry to relate to mechanical properties of cell membranes
[198], tissue engineering for mechanical growth of cells [199] or magnetic biosensing
where a NP is coupled to analyte specific molecules to detect target molecules which
will be discussed in the following section.

1.4.8 Biomedical sensors based on magnetic NP

Ideal iron oxide MNP diameter for biomedical applications lies between the super-
paramagnetic threshold at room temperature e.g. 10 nm and the size of a magnetic
domain ca. 70 nm. MNP coating is a key element for specific binding of biomolecules
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or to avoid agglomeration but magnetic properties may or may not be affected de-
pending on the type of coating. Biological molecules exploit highly specific inter-
actions between molecular pairs for a mutual recognition and the trigger of signal-
ization pathways. If a biomolecular entity is immobilized on a MNP, the complex
can specifically bind to the biomolecular partner. Monitoring the selected target
localization by applying a magnetic field gradient and isolate the target is thus pos-
sible. Magnetic particles used in analytical biochemistry are composed of embed-
ded nanoparticles (cores) in a polymer glass or silica matrix (shell) with a core-shell,
shell-core or matricial design as displayed on Figure 1.24. The iron oxide MNP func-
tionalization have to on one hand keep magnetic properties and on the other hand
made them biocompatible platform of biomolecules (DNA, enzymes, proteins, anti-
bodies) capture.
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Figure 1.24: Various design of core-shells [200].

By coupling a click chemistry, enzyme-free, chain amplified (CCLCR) on gold
nanoparticles with a magnetic separation, Kato et al. proposed an ultra-sensible col-
orimetric technique to detect 20 nucleotides long DNA and RNA [201].
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Figure 1.25: CCLCR [201].

Target DNA is hybridized on its probe attached on a gold nanoparticle of 15 nm
in diameter reaching a 13 to 120 DNA strands coverage per NP. Targets are then
exponentially amplified via hybridization thermal denaturation and purification cy-
cles. Purification is done by magnetic separation on MNP beads functionalized with
streptavidin (targets are modified with biotin). Detection is done par spotting the
change in intensity of the 525 nm plasmonic band with a UV-Vis or visually. A zep-
tomolar 102! M LOD is reached after 40 thermal cycles. Single mismatch detection
is possible.
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There is also demonstration of hybridization detection on magnetic beads [202,
203]. The latter are used for magnetic isolation of the DNA-probe-target duplex
(removal of non hybridized DNA and mismatched sequences) usually to make up
for the fact that unmodified electrodes are used.

1.5 Devices using various coupling

1.5.1 Ferguson, a microfluidic electrochemical chip

Following miniaturization progress, electrochemistry adapted rather easily to the
micrometric scale thanks to standard photolithographic technologies and Ultra-microelectrodes
(UME) to fit into microfluidic devices [204, 205]. The coupling between electrochem-

istry e.g. an interfacial reaction, with microfluidics e.g. a microvolume issue [206]

rely on the control of geometries and hydrodynamical conditions to be performant

[207].

Ferguson et al. reported an Integrated Microfluidic Electrochemical DNA (IMED)
sensor coupling two biochemical functions on chip e.g. PCR and electrochemical
detection with an enzyme digestion in between to get a single-strand DNA. The
PDMS/glass chip is composed of a PCR chamber that perform 38 cycles of ampli-
fications in 1h40min (with the enzyme digestion) controlled by a temperature con-
troller regulating a platinum resistive temperature detector mounted onto a custom
thermofoil pad. Their device demonstrated a 10 aM LOD for non-purified genomic
DNA (17-basis) with a mixed probe layer on gold composed of a thiol adsorbed MB
redox labeled probe and 6-mercapto-1-hexanol [208].
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Figure 1.26: Assay overview with IMED sensor: (A) Template DNA
with primers. (B) PCR amplification with temperature control. (C
and D) Enzyme digestion to get a single-strand DNA. (E) Salt
concentration adjustment with MgCl, (50 mM) for optimized
hybridization conditions. (F) ACV hybridization detection: baseline
current, target hybridization, probe regeneration.
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1.5.2 Biomagnetic assays combining electrochemistry and magnetic par-
ticles

Not many devices were reported to couple the advantages of both electrochemistry
and magnetic separation. A few examples are reviewed below.

Wang et al. coupled a detection approach to magnetic separation. The capture of
the target was realized by magnetic spheres, unbound material was eliminated by
magnetic separation. The target was released and detected with oxidation detection
reaching a 0.01 ug mL~! LOD [202]. They also linked with a streptavidin-biotin link
beads with probes and detected BRCA1 with a 0.01 ug mL~! LOD [209]. By moni-
toring silver precipitation on gold nanoparticles BRCA 1 was detected with a 0.2 ng
mL~! LOD. Palecek et al. reached a 5 nm mL~! LOD by using paramagnetic beads
coupled with guanine oxidation [203, 210].

Significant changes of miRNAs’ signatures occur in various diseases especially
cancers [211, 212, 213] especially the diagnosis of liver diseases such as hepatitis C, B,
metabolic disorders or drug abuse with miRNA-122 [3]. But exploiting miRNAs as
biomarkers requires methodological thoroughness [5] that was until now completed
by RT-PCR, with all the limitations of amplification errors and long time of analysis
that comes with it.

Lab On Chips are fully integrated devices that seek to meet clinical diagnosis
specifications: specificity, increased sensitivity, portability, rapidity, cheapness, mak-
ing them promising candidates to detect and quantify miRNAs. But the miniaturiza-
tion and the coupling of various techniques (sampling, separation, detection) don’t
come without issues and surprises. In order to meet quite a few specifications (ra-
pidity, sensitivity, specificity), cited in this first chapter, we realized Lab-On-Chip
devices for a detection module and a capture module. miRNAs are fragile to manip-
ulate, are easily digested by human proteins and expensive. We thus used synthe-
sized DNA probes and targets matching the miRINA-122 sequence and its comple-
mentary.

Following scheme 1.27 describes the plateform:

e Nanoplatform for the capture of DNA: Magnetic core-shell nanoparticles with
a modified magnemite core and a silica shell functionalized with amines an-
choring groups linked to DNA probes.

e Release module : Microfluidic chip filled with the magnetic CS nanoparticles
subjected to a radiofrequency alternative magnetic field concentrated in the
gap of an electromagnet to perform magnetic hyperthermia.

e Detection module: Electrochemical DNA hybridization detection-based sen-
sor: UME in gold or nitrogenated amorphous carbon in a microfluidic channel
in a two-electrode setup.
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Figure 1.27: Artistic view of our Lab-On-Chip device. A. Magnetic
core-shell nanoplatform for DNA capture, B. Magnetic hyperthermia
release module, C. Electrochemical hybridization detection-based
Sensor.
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Chapter 2

DNA hybridization detection on
Ultra-microelectrode

In order to improve the chances of successfully treating patients, the detection of
infectious diseases or genetic mutations at the molecular scale allow to establish a
cheap, precise, fast and reliable diagnosis even before the appearance of the first
symptoms. Combining high precision and speed, the diagnosis at molecular scale is
promising. Thanks to the fast breakthroughs in biotechnologies, the development of
fast methods that reduce the time of analysis and offer sensibility and specificity for
DNA detection were made possible in fluorescence [214], Quartz Crystal Microbal-
ance [215] and electrochemistry [78]. DNA hybridization is the most prized method
as the simplest regarding a direct sequencing. Even more now that it was recently
proven that DNA base stack exhibits "wirelike" behavior even if there is no obvious
biological function that requires DNA to be a conduit for electron tunneling. This
phenomenon can be used to detect hybridization.

orobe probe-target

hybridization signal

— —

transducer

Figure 2.1: Schematic of DNA hybridization detection.

During DNA hybridization, the target sequence is identified with a DNA probe
which posses a complementary sequences to the one of the target DNA (Watson and
Crick’s rules [216]). A biosensor is a device composed of a biological active layer act-
ing as a recognition element and converting the biological interaction into a signal
that can be measured. In the case of a DNA biosensor an immobilized DNA layer is
the biological layer. More precisely the principle underlying DNA electrochemical
biosensors is the conversion of the matching of DNA base pairs into an electrical
signal. This is where electrochemistry takes action. Electrochemistry is the only way
to directly transduce a biological event (e.g. DNA hybridization) without any other
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transformation of the physical signal.

Combining high specificity, cheapness, easiness to use, portability and compati-
bility with microfabrication processes, electrochemical biosensors are excellent can-
didates for diagnosis of clinical interest and so to challenge RT-PCR. Recent works
seek to optimize DNA biosensors in terms of cost rapidity and limit of detection.

The choice of the immobilization technique depends on the biological element
(DNA) the transducer (electrochemistry) the medium in which the biosensor will
evolve (aqueous medium at room temperature) the mechanical and chemical stabil-
ity of the matrix. Gold is widely used as electrode material due to its high conductiv-
ity and numerous techniques of functionalization (physical adsorption, microcontact
impression, polymerization, trapping inside a conducting polymer). Spontaneous
techniques are the most valued especially physical adsorption as it maintains the
biological activity of the bioreceptor. Gold provides an easy and elegant way to im-
mobilize a probe DNA well-defined and organized monolayer via thiol adsorption
in two hours [57].

In order to be efficient, three key steps have to be mastered in a DNA biochip:

e probe immobilization on a solid substrate,

e hybridization (or recognition) of the complementary target strand,

e conversion of the hybridization event into a physical signal (i.e. transduction).

In this chapter, after an insight on Ultra-microelectrodes and long-range elec-
tron transfer a reconstitution of the traditional two-electrode configuration setup of
Lazerges et al. [77] on gold UME will be done followed by its comparison with its
counterpart integrated into a microfluidic system.

The combined use of a microband electrode and a fluidic channel termed a chan-
nel microelectrode offers:

o a fast steady state current response (around one millisecond) due to a very thin
diffusion layer limited by the convection regime,

e a drastic improvement in the efficiency of the sensor in terms of the volume of
the analytes and system dynamics (time of experiment) with easy manipula-
tion of samples [115, 217, 218, 219, 220, 221, 222].

The detection is voltamperometric. A potential ramp is applied to the electrode
to oxidize or reduce electroactive species of interest. As a result, the charge (elec-
trons) transfer current generated by the faradic reaction is proportional to the con-
centration of the specie of interest.

An electroactive species is thus needed: we used the [Fe!//(CN)g]?~ /[Fe!/(CN)g]*~
redox couple associated with the one electron transfer Equation 2.1 on a channel mi-
croelectrode during the immobilization and hybridization steps.

[Fe(CN)g]>™ 4+ e~ = [Fe(CN)g)*™ (2.1)

The equilibrium potential was set at 0 V as both microelectrodes are in gold.
DNA hybridization is followed by cyclic voltammetry (CV) as well as Electrochem-
ical Impedance Spectroscopy (EIS) with the redox couple allowing surface property
analysis, such as surface modification, when binding events of target DNA occur
on the sensor surface. The selectivity of the electrochemical DNA biosensor using
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an UME was already verified in a previous study using the same protocol scheme
where a double-stranded DNA (miRNA-122) had a single mismatch in the sequence
[223]. Finally a last improvement will be done by changing the electrode material
into amorphous carbon nitride for reasons that will be explained along the way.
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2.1 Methodology

2.1.1 DNA

The DNA used mimics the fragments of interest miRNA-122 and its complementary.
First DNA are used because of RNA's fragility. Indeed the RNAse presents on our
tingers is sufficient to destroy miRNAs asking thus for precautionary measures such
as specialized material. DNA-DNA hybridization or DNA-RNA hybridization are
similar due to their close association constants DNA /RNA hybrids are slightly more
stable [?].

2.1.2 Long-electron transfer (LET) in DNA

Electron with their feeble mass can tunnel through high electron volts and nanome-
ter wide barriers in less than a second leading to wide applications from semicon-
ductors to respiratory chains. Semi-classical theory for chemists (Marcus [224] and
Levich [225]) unraveled electron transfer through the following Equation 2.2 [226] for
two weekly interacting redox centers at fixed distance and orientation (described by
the standard free-energy change AG®).

4.3 ) (AG® + \)?
Y P — - TN _a TA 22
et =\ sk TAB mp( ANkp T (2.2

Nuclear reorientation and reorganization are described by the parameter ). Elec-
tronic coupling strength between reactions and products is described by Hsp and
H? ; is the probability of electron tunneling from donor to acceptor. For biologists
evidence of LET was proven by measures of intramolecular ET in protein crystals
[227].

In 1953, the discovery of the double structure of DNA not only reveals its role of
support of the genetic information but also its unique physical and electronic prop-
erties. The heart of the double helix of DNA is composed of cyclic aromatic base
pairs stacked and wrapped in a negatively charged phosphate backbone. Double
stranded DNA structure is a 7 stacking as an aromatic crystal. A structure enabling
a conductive behavior [228, 229] particularly efficient (3 < 10 nm~! [226], kgra1010
s~1 [230]). The high concentration of aromatic bases stacked in the double helix fa-
cilitates ET due to smaller tunneling energy gaps than in proteins [231].

Indeed it has been demonstrated thanks to photochemical and photophysical
methods that the double structure of DNA is in fact the efficient support of charge
transfers. These studies uses the quenching in fluorescence. Figure 2.2 shows a
donor and an acceptor trapped inside the DNA duplex. The fluorescence of an in-
tercalator, here ethidium (red), is quenched by the rhodium intercalator (yellow)
localized 20 Aaway. Double stranded DNA is perfectly ordered and basis overlap
thus red and yellow are in position of quenching. The quenching of ethidium is in-
hibited in the case of a perturbation in the 7-stacking inducing less overlapped basis
(here a pink mismatch). From photochemical and pulse radiolytical measurements
the efficiency of LET can be described by a rate constant at close contact kg7 and
the exponential distance decay constant in the following relation:

kgr = k%T.e_ﬂ'(T_TO) (2.3)
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Figure 2.2: Photochemical studies of quenched fluorescence.

Biochemical studies of which ultra fast spectroscopy have shown that charge
transport happens at the femtosecond time scale and is very sensitive to changes
in the conformation of DNA and to the orientation of base pairs. The fluorescence
quenched studies have shown that the charge transport has an oscillating behavior
with a period of 4 base pairs (altered by temperature). Barton has proposed a model
in which the charge is transiting through the delocalized © domains [232, 233] and
highlights the importance of intra-strands H-bonding contacts for long range re-
activity. Harriman et al. checked with high resolution time resolved fluorescence
spectroscopy that DNA is an effective pathway for electron transfer by looking at
the fluorescence lifetime of intercalated EBT and DAP?* [229].

2.1.3 LET in Fe’//Fe’///MB systems

Barton et al. [53] designed for the first time a DNA biosensor based on the principle
of charge transfer through DNA. A monomolecular self-assembled layer of DNA of
15 base pairs is immobilized on a gold electrode of 200 ym in diameter. Thanks to
thiol adsorption DNA forms a dense monolayer with DNA helices in the upright
direction on a height of 45 A [234]. In order to improve the sensibility of the electro-
chemical cell, Barton has associated to the elecrocatalytic process a redox intercalant,
methylene blue (MB). MB is an organic intercalant with a k~10° M~! affinity con-
stant. Its reduction is reversible with a 0 V redox potential (vs NHE) lower than the
one of [Fe!//(CN)g]?~.

Electrons are transiting from the gold electrode to the intercalated MB and are
accepted by the ferrocyanate in solution. The oxidized MB is again available for
electrochemical reduction. The cycle goes on until the gold electrode potential is
sufficiently negative to reduce MB. The Fe(CN):~ reduction eases the diffusion of
the complex along the helix while the intercalator takes part to the electron transfer
through the base stacking.

MB allows to increase the sensitivity of the signal measurement. Inserted inside
the base pairs the structure of DNA becomes more open and thus more accessible
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[Fe(CN)g* . 2e

+
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Figure 2.3: Electron transfer with oxido-reduction of ferrocyanate
and MB intercalant [232].

to ions in solution [55]. The influence of the location of the intercalator has been
investigated [232] resulting in a lack of dependency. With a negative global charge
Fe(CN)s~ is electronically inactive at the DNA monolayer surface, itself negatively
charged. A single-stranded probe DNA in thus hindering the electron transfer be-
tween gold and electrolyte. An other intercalant Daumyocine (organic intercalant
covalently linked to G bases of DNA) has a better affinity with DNA than MB. The
exchange dynamic would be slower which would hinder the electron crossing. A
unique non complementary base do not affect the general structure of the helix
but disturb subtly the electronic structure of the stacking. With a mismatch, less
molecules of MB are catalyzed, the concentration of catalysis is decreased.

In double stranded DNA the basis are perfectly arranged in parallel plans with
a partial overlap. An helix well stacked has shown to exhibit fast electron transfer
[235]. On the contrary single-stranded DNA does not have an ordered structure.
This difference in structure has been verified by measuring the optical density at
260 nm. The extinction coefficient of single stranded DNA is higher due to its lack
of structure thus lack of quenching due to the overlap [?].

We have chosen the principle of gold electrode with an organized monolayer via
alkanethiols which efficiency was proven many times and with a possible regener-
ation [236]. Now a coupling with the benefits of the UME is described in the next
section.

2.1.4 Ultra microelectrodes (UME)

This UME description was largely inspired from the courses from Frederic Lemaitre,
doctor in the P.A.S.T.E.U.R Laboratoire, Department of chemistry in Ecole Normale
Supérieure, Paris.
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In the fifties and the sixties, electrochemical detection methods flourish including
voltammetry and techniques probing small signals. Twenty years later, the discov-
ery of the original properties of Ultra-microelectrodes [237, 238, 239] opens the gate
to novel possibilities of analysis. The modifications of mass transport conditions
give rise to high current densities at the surface of these UME while the current
itself is kept very low. These characteristics allow electroanalytical analysis impossi-
ble until now with classical electrodes especially for low electrolyte concentrations.
Multiple factors allow to study fast process: the spatial resolution that offers the pos-
sibility to study concentration changes in micrometer volumes, the change in time
scale and the decrease of the effects of the ohmic drop due to the reduction in the
UME's size [207].

Faradic and capacitive currents

During a classical electrochemical analysis, a current is flowing through an elec-
trode dipping into a solution generating a polarization of the electron/solution in-
terface with a particular organization of charges at the interface. With electroactive
species and a potential E > E7 ,, the current flowing through the electrode is a
contribution of two process. The faradic current is associated with the redox reac-
tion and the capacitive current is generated by the reorganization of charges at the
electronic double layer.

The faradic current (due to the electrochemical process), I reflects the transport
of electroactive species in solution towards the electrode if a sufficient potential is
applied. This transport can be achieve by diffusion (the electrochemical reaction in-
duces a concentration gradient), migration (electrical field) and convection (solution
movement). When a potential Eypiied > Eos/Rreq 18 applied the oxidation process is
limited by transport especially the diffusion of electroactive species.

The double layer, in the Gouy and Chapman model [240, 241], is composed of
counter-ions organized in the Debye layer. The potential at the electrode surface is
decreasing exponentially with the distance. The electronic double layer is behaving
like a capacitor with a capacitive current ic:

AFE At

Z.C = Ris.e_ Rg-Cq (24)

Diffusion regime

For millimetric planar electrodes, the thickness of the diffusion layer is very low
compared to the size of the electrode. The transport of the species is described by a
semi infinite linear diffusion (no radial diffusion). Currents and concentrations are
predicted by Cottrell’s Equations 2.7 solution to Fick’s laws.

J= —D.gr_ddC

and
— =D.AC (2.5)

with D, the diffusion coefficient.
The concentration profile is given by:

Cr(z.t) = Ch.(1~ erfc(w%w» (2.6)
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() — n.F.A.Cj/Dr
with n the number of electron exchanged, F, the Faraday constant and A the area
of the electrode.

Cottrell’s equation predicts high current for short times thus inaccessible as the
maximal measurable current is limited by instrumentation. Moreover a capacitive
current is added to the faradic current. For a longer timescale the diffusion layer is
ruined by convection.

2.7)

For Ultra-microelectrodes (from 1 to 25 pum in radius), the establishment of a
stationary regime and a spherical symmetry is expected. A change in the regime
of diffusion near the electrode is induced by the transition from millimetric to mi-
crometric sizes. The diffusion layer thickness and the size of the electrode are now
around the same order of magnitude with non negligible border effects (radial dif-
fusion).

Four types of UME can be differentiated: spherical, cylindrical, disk or band.
Current and concentrations can only be calculated analytically for the spherical elec-
trode.

Fick’s laws give the following current prediction:

. L1 1

/12
For short times, t < B’—R, Cottrell’s equation is still relevant:
Ckr
V7T Dp.t

The diffusion layer thickness d=v/7.Dg.t is small compared to the radius of the
electrode making the edge effects negligible and the regime of diffusion planar. Dif-
fusion layer thickness and current are time varying, this is a transitional regime.

i~ nFADg (2.9)

12
For long times, t > B—R, the current is stationary:

Cr

i~ nFADR—]
To

(2.10)

The typical duration of an electroanalysis experiment goes from a few seconds to
hundred of seconds. The spherical regime would be never reached for a millimetric
electrode contrary to a UME (around 30 ms for a radius, r’g, of 1 um).

Even if the experiment will be lasting several thousand of seconds the steady
state would never be established because of the convection layer. On the contrary,
the thickness of the diffusion layer is far larger than the one of the convection layer
for UME. The small size of the latter is allowing thus to reach a spherical regime of
diffusion and a stationary current rapidly (around few milliseconds). The thickness
of the diffusion layer is a few times 1’g. Gradients of concentration generated by
the disturbance are located near this value. The UME is only sensitive to changes in
concentration near its active surface making UME great local concentration probes.
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Time constant, ohmic drop and signal to noise ratio

The electrical double layer is the source of the electrical noise. From the Equation
2.4, it is proportional to C4. An electrode in a solution of resistance Rg can be mod-
eled with a RC circuit with a Rg.C, time constant. The latter acts as a filter which is
limiting the electrode potential variations. The capacitor is charged for ca. ten times
the time constant e.g. 30 us for a millimetric electrode.

Faradic and capacitive currents flow are generating a ohmic drop (ic+ir).Rg in-
troducing a dephasing between the real potential and the measured /imposed value.

The signal on noise ratio (5/N) is proportional to ir/ic.

As the surface of the counter electrode is larger than the surface of the working
electrode (Sy ), current lines are contained in a conic volume and the following
relations are deduced for UME:

1
Rg o — (2.11)
To
Cdl 0.8 SWE (2.12)
T X T, (2.13)
1
S/N o< — (2.14)

0

Contrary to the case of the millimetric electrode where S/N is independent of

the size. From Equation 2.14, it is thus possible to detect very small currents (up

to 0.1 pA [242]). The experimental setup is also simplified as there is no need of a
reference electrode to decrease the ohmic drop.

The case of the planar microband UME

For planar electrodes the situation is identical to the spherical ones, at short time
scales, the current is becoming quasi-stationary and is proportional to the width L.

2nFrCh

i=—""R T 2.15
In(64251) (2.15)
Rs o+ (2.16)
5 X I .
Cyqox L (2.17)

The ohmic drop is thus minimal and independent from the size of the electrode.
If L decreases, 7 is dropping and S/N is increasing.

Thanks to their microsecond time of response, a spatial resolution around the
size of the electrode, a spherical regime of diffusion, high sensitivity measurements
in real time, UME allow the access to highly resistive media and the study of fast
phenomenon. We will finish this section with a quote of C. Amatore on the UME
name:
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lp= pm

Figure 2.4: Diffusion layer behavior: A. Spherical millimetric
electrode, B. Spherical UME, C. Planar UME. Dotted line are
displaying the diffusion layer.

"The electrochemical behaviors of the electrodes not only are related to their dimensions
but also depend on the time scale of the experiment and the thickness of the convection-
free layer. It stresses once more the futility of trying to propose an absolute definition of
ultramicroelectrodes based on the objects themselves. Indeed, the same electrode may behave
as a microelectrode or an ultramicroelectrode, depending on these parameters.”

C. Amatore ef al. in Analytical Chemistry 2010, 82, 6933-6939.
Differences between ultramicroelectrodes and microelectrodes.

We will use and describe our own UME in the following sections.

2.1.5 Electrochemical Methods

The manufacture of such a sensor asks for a stable and specific surface chemistry and
thus the understanding of molecular interactions of the electrode/liquid interface.
The use of both Electrochemical Impedance Spectroscopy and Cyclic Voltametry, the
main electrochemical methods used in this work, allows to describe precisely the in-
terface.

Cyclic Voltammetry (CV)

CV is well described in literature [243]. It is a simple technique to study reactions
occurring as a function of a potential. It can be used as a preliminary method in or-
der to obtain a quick overview of the relevant potentials. Also it can be used to be
sure to deal with a reversible response and to measure reaction kinetic parameters.

For this technique a triangular sweep potential E(t) is imposed on the WE result-
ing in a oxidant and reductive current. As a convention a positive current (anodic)
tits to an oxidation and a negative current (cathodic) fits to a reduction. For a re-
versible nernstian reaction (peaks separated by 2.22 RT/nF) the intensity Ip of the
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peak current as a function of the sweep speed v is given by the following Equation
[244]:

Fu\/2
r)

with, n, the number of exchanged electrons, CY, the concentration of electroac-
tive species, F, the Faraday constant (96 485 C mol~1), D, the diffusion coefficient (m?
s, T, the temperature in K, S, the surface of the electrode (cm?) and, R, the perfect
gas constant (8.3144 K~ mol1).

Ip = 0.4463.n.F.C°.S.D'/?. ( (2.18)

Electrochemical Impedance Spectroscopy (EIS) [245]

EIS is a non-stationary technique that allows to separate the elementary reactions
when the time constants are sufficiently distinct. By inducing a small perturbation of
the electrochemical system outside its stationary state, the diverse elementary pro-
cesses do not evolve at the same rate. The global electrochemical process can thus
be dissect. In our case complex heterogenous reactions interact with mass transport
(hybridization, electrolyte consumption, transport of DNA, redox reduction and in-
tercalation of MB).

Under flow, the effect of diffusion can be avoided at the potential of equilibrium.
An as important point is this possibility to only look at a feeble JE decreasing the
time of measurement whereas CV needs to sweep a large potential range.

For linear systems, in the sinusoidal regime, the relation between current and
potential can be expressed by a Z ratio between effective value of current and ten-
sion and its ¢ dephasing. The impedance Z(w) of an electrochemical interface is a
complex number that can be displayed either in polar (1Z 1, ¢ (module, argument))
either in Cartesian coordinates (Re Z(w), Im Z(w)):

Z(w) = |Z|expjo = ReZ + jImZ (2.19)

With 1Z12 = (Re Z)? + (Im Z)?, ¢p=arctan(Im Z/Re Z), Z real part Re Z=|Z|cos¢
and Z imaginary part Im Z=1Z1sin¢. Two types of graphs, Nyquist diagram or
Bode plots, can be used to describe these relations as displayed on Figure 2.5 for an
electrical equivalent circuit:

1
Z(w) = Re + 1w (2.20)

The behavior of an electrochemical interface which current is limited both by
the electrochemical reactions speed and mass transport is described by differential
equations for the kinetics and partial equations for mass transport.

When an interface is brought out of its equilibrium a permanent flux of charges
and matter is established due to electrochemical reactions for electrical charges trans-
port between metallic electrodes and the liquid electrolyte. Moreover the transport
of reactive species toward the interface is driven by gradients of electrical and chem-
ical potentials. Elementary laws governing the kinetics of mass transport and the
electrochemical reactions with complex couplings between these laws generate a
non linear behavior of the electrochemical system. But the local analysis of a non lin-
ear system can be limited to the linear theory. From an experimental point of view,
it consists of the measure of the impedance of the electrochemical cell by using a
disturbance signal of feeble amplitude along the current-tension polarization curve.
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Figure 2.5: Representations of the impedance Z in the complex plane
(Nyquist graph B.) and equivalent electrical corresponding circuit
(A). Re stands for the electrolyte resistance, Rt the charge transfer

resistance and Cd the double layer capacitance.

The behavior at the interface can be resolved in linear regime. As displayed on Fig-
ure 2.6 a sinusoidal tension of feeble amplitude V(t)=AV.sinwt is superimposed to
the continuous tension Vg of polarization. A sinusoidal current of feeble amplitude
I(t)=AlLsin(wt-¢) is added to the continuous current I5 resulting in a Lissajous ellipse
on X-Y. The measure of Z along the polarization curve allow a complete description

of the interface.

_QUA_IS

ls + Al.sin(wt-¢)

I /4//

polarization
point

Vs + AVsin(wt)

A4

Figure 2.6: Principle of the analysis of a non linear system.

This technique is measuring the response of the system when a small sinusoidal
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current or potential perturbation is applied. In order to induce a potential perturba-
tion, a DC potential is set until a steady response is reached. The potential pertur-
bations are run at a given amplitude for a given set of frequencies. If the potential
perturbation is of the form:

E(t) = Ey+ 0 E(t)
with
0 E(t) =0 E|sin(wt) (2.21)

with w the pulsation in rad s 1.
The electrochemical impedance is linked to the response in current with

Z(w) = Elw) _ |Z| .7 (2.22)
I(w)
with j?=-1 and §E and 61 the complexe amplitude of JE(t) and §I(t).
|Z| is the module and ¢ the argument of the impedance.
AsTand E are w dependant, Z is a function of frequency. Z can be expressed with
a real and an imaginary part with the following equation:

Z(w) =Z'(w) +j.2" (w) (2.23)

Z’ and Z"” expressed in ohms.
Thus Z can be plotted in the complex plane by a vector with Z” and Z” Cartesian
coordinates. This plot is called Nyquist diagram. It can also be plotted by a Bode

diagram |z | as a function of log f.

With

"

—)

The impedance of an electrode is a function of both the frequency and of the
polarization point P (I, Eg). The high frequency limit of the diagram gives the ohmic
resistance Re. As for the low frequency limit, it matches (Re+Rp), Rp the polarization
resistance. Rp is defined as a slope Rp=dE/dI at the polarization point corrected by
the ohmic drop.

Between these two limits, the dependency according to the frequency of Z(w)
comes from its non-resistive behavior:

|Z| = \/Z’(w)2 + Z"(w)? and ¢ = arctan( (2.24)

e the capacitive contribution of the electrochemical double layer. The charges
are lacking or in excess (electrons on the electrodes or ions in the electrolyte).
It modifies the repartition of charges at the interface.

e the faradic contribution linked to the electron transfer at the interface com-
ing from the electric current and the electrochemical reaction. The analysis of
impedance data can be either fitted with equivalent electrical elements giving
parameters with more or less electrochemical significance or the whole system
can be modeled and the EIS derived from: it.

The double layer capacitance is represented by a capacity Cd (in F cm?). As for
the faradic process it is described as a faradic impedance Zr(w). If capacitive and
faradic currents are supposed added, the interface metal/electrolyte is represented
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with an electrical equivalent circuit named the Randles circuit. In the complex plane,
the impedance of the electrode can be calculated, as follows:

Zj(w)

7 =
(w) e + 1+ jw Cd.Zf(w)

(2.25)

The faradic impedance is a mix of several impedances. It comprises a resistive
term called charge transfer resistance, Rt, and impedance of concentrations of elec-
troactive species in solution (diffusion-convection) and absorbed.

Experimentally the impedance measurements are done on two setups. The first
is a setup comprising a frequency response analyzer (FRA 1255) coupled to a dielec-
tric interface Solartron (DI1296). The dielectric interface is controlled by the SMART
software. The dielectric interface is characterized by a large frequency range from
1 mHz to 20 MHz. The second,is a Biologic potentiostat equipped with a low current
module.

The measure of impedance depends on several physical and chemical parame-
ters. Thus the nature of the surface on which impedance is measured will have an
effect on the global response of the studied system notably on the dependence in
frequency of the double layer capacitance.

2.2 Detection of DNA hybridization on gold UME in macrosys-
tem

Materials and Methods

Electrochemical measurements were done with a mini portable ammeter. The 25
pm ultra-microelectrode (UME) was homemade using 99.99% pure Goodfellow gold
wire sealed in glass capillaries as sketched on Figure 2.7. The counter electrode was
a 2 mm diameter gold wire sealed in a Teflon cylinder (Metronic, France). The gold
UME was polished with 3 ;im silicon carbide disks and rinsed with deionized water.
Methylene blue (MB, Sigma-Aldrich), KzFe!!!CNg (NormaPur), KoFe!/CNg (Sigma-
Aldrich) and NaNO3 (NormaPur) composed the electrolyte and are used as pur-
chased. The composition of the electrolyte is detailed in Table 2.1.

Table 2.1: Electrolyte composition.

Component Concentration
MB 1075 M
ferri/ferrocyanide 3mM

NaCl or NaNOs 05M
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— WE
Electrolyte Droplet WE ¢=25um
W=25uL
—CE

Figure 2.7: Schematic representation (not to scale) of the
conventional working UME (¢ = 25 um) dipping into Fe!! /Fe!!! and
methylene blue (MB) electrolyte on top of the counter electrode (¢ =

2 mm).

DNA probes, (P), DNA complementary targets, (T), and mismatched DNA (M)
23 basis long were purchased from Eurogentec (France). Their structures are de-
scribed in Table 2.2.

Table 2.2: Sequences of Oligonucleotide Strands

Oligonucleotide Sequence (5" to 3)

Probe (P) 5’-Thiol C6-CAA ACA CCA TTG TCA CAC TGC-3’
Target (T) 3’-G TTT GTG GTA ACA GTG TGA CG-5’
Mismatch (M) 3’-G TTT GTG GTA AGA GTG TGA CG-5’

Probe (P) immobilization

After rinsing the UME is dipped into a 500 yL probe solution at 10 ug mL~! in
0.5 M NaCl for 2 hours then the UME is rinsed for 10 seconds under ultra pure water
(18 MS2). Before the measure the UME is dipped into an eppendorf containing 1 mL
of the electrolyte for 30 seconds. Each measurement (-0.1 V, 0 V and 0.1 V) is done
after 1 minute of stabilization.

Hybridization with the target (T)

After the measurement the UME is rinsed 10 s with ultra pure water and dipped
into a 500 uL target solution at 10 ug mL~! in 0.5 M NaCl for 30 minutes. After
hybridization the UME is rinsed three times with 1 mL of 0.5 M NaCl .



54 Chapter 2. DNA hybridization detection on Ultra-microelectrode

Results

First, the diameter of the home-made UME was checked by comparing the current
from a commercial platinum UME of 15 ym in diameter as sketched in Figure 2.8.
By following the path of equations below the diameter, D 4,,, has been deduced.

I%T _ Dau (2.26)
Igf Dei
So
rlim
D= Dpr 7 (2.27)
Pt

For the platinum I and gold I4™ currents, the stationary currents of diffusion
were taken. I is equal to 7 nA and 14" is equal to 13 nA giving a diameter of D ,,
equal to 28 um which is near the 25 ym value sought.
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Figure 2.8: Electrochemical responses of our home-made gold UME
and a commercial platinum UME of 15 ym in diameter dipping in
the electrolyte solution.

Figure 2.9 compares the current intensity before and after hybridization and on
a bare gold electrode (without any DNA probe immobilization). Electrochemical
measurements are done on a narrow potential range (from -0.1 to 0.1 V) to avoid any
unwanted faradic reaction from the biological matrix, on one hand, and to reach the
maximal meaningful current for currents differentiation on the other hand.

As described above, DNA detection is based on LET through the 7 stacking of
double stranded DNA. The redox couple Fe!! /Fe!!! is used as it prevents electron
transfer before hybridization. Negatively charged, it can not diffuse through the
layer of probe DNA due to electrostatic repulsions with the negatively charged phos-
phates from the DNA backbone. MB is catalyzing Fe!! /Fe!!! oxido-reduction both
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redox specie and DNA intercalant. However, current before hybridization is not
equal to zero due to leakage current coming from UME edge effects.
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] —8— DNA target a f
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Figure 2.9: Electrochemical response of the biosensor in NaCl 0.5 M
of the bare UME (green triangles) of the UME covered with single
stranded DNA probes (blue squares) and double-stranded DNA
target at 1.5 M (red dots).

After hybridization we observe a net increase in current, sign of the success of
hybridization.

The stability of the SAM in NaCl is then probed. Figure 2.10, layout A, depicts
the electrochemical response to a biosensor after 30 minutes in NaCl compared to its
response before and after hybridization.

A large increase in current after dipping into NaCl should be noted. The SAM is
breaking down and leaving holes in it. It can be explained by the attack of the gold
electrode by chlorides. Equations governing the reaction between gold and chloride
anion are the following with a standard redox potential of 1.0 V [246]:

Au = Au®t + 3e”

Audt +4C17 = [Au(IIT)Cly)~ (2.28)

A change in electrolyte is needed. NaNOj; will replace NaCl. Na™ cations of
NaNOs are shielding, as well, the negative charges of DNA phosphate backbone.
Hybridization and probe immobilization remain in NaCl, as it is the condition to
obtain a dense SAM, crucial for reproductibility and biosensor efficiency (dense films
prevent the intercalators diffusion inside the monolayer).

Figure 2.10, layout B, shows the electrochemical response before and after hy-
bridization and after extended immersion in NaNOs to test the stability of the SAM
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Figure 2.10: A. Electrochemical response of the biosensor after probe immobilization (blue
squares) after a 30-minutes immersion in NaCl 0.5 M (grey dotted lines) and after DNA hy-
bridization with the target at 1.5 M (red dots). B. Electrochemical response of the biosensor
after probe immobilization (blue squares) after a 20 (grey dotted line) 30 (black line) and 40-
minutes (pink crosses) immersions in NaNO3 0.5 M and after DNA hybridization with the
target at 1.5 M (red dots). C. Electrochemical response of the biosensor after probe immobi-
lization (blue squares) after a 30-minutes immersion in 0.5 M NaNOjs (grey dotted lines) after
detection of a DNA with one mismatch M (pink crosses) and after DNA hybridization with
the target at 1.5 M (red dots). D. Electrochemical response of the biosensor after submission
to decreasing concentrations of DNA targets.
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after the change of electrolyte. No SAM damage can be noticed, current is even de-
creasing after immersion in NaNOs. The choice of NaNOj is validated.

Mismatch detection

Figure 2.10, layout C., shows the electrochemical response after the hybridization
of a target DNA with a mismatch in the middle of its sequence. A large decrease in
current compared to the fully complementary DNA can be noted. Indeed the mis-
match is a rupture in the stacking of DNA bases preventing the electron transfer.
The detection of the mismatch is more precise for Fe!! oxidation (e.g. E=+0.1 V).
Indeed the mismatch current is closer to the current before hybridization implying
that there is no electron transfer through DNA structure.

Figure 2.10, layout D, shows the response of the biosensor submitted to decreas-
ing concentration of DNA target solution.

The detection limit reached for now on is 107° M for an hybridization current
still near its initial value for 1.5 uM.

We immobilized a DNA monolayer of 23 bases on a gold UME of 25 ym in di-
ameter and we detected the hybridization of a DNA target thanks to LET in an elec-
trolyte of Fe!!! /Fe!! redox complex, Methylene Blue redox intercalant and NaNOj
electrolyte. Our biosensor thanks to charge transfer is very sensitive to base disrup-
tion (mismatch) allowing to detect down to one unique mismatched DNA basis. The
LOD reached the 0.1 nM. This simple biosensor with its rapid , cheap and precise de-
tection is a promising candidate for the follow-up of our project.

The results on the detection of DNA hybridization on this sensor outside mi-
crofluidics were presented during a speech at the Meeting of the Electrochemical
Society, May 2016 in San Diego and documented into a ECS paper [247].

Reported LOD with this "classical" UME setup lies around 1079-10710 M [77]. It
is clearly not low enough to detect miRNAs in basal concentrations and to challenge
RT-PCR with its below 1078 M LOD (See Chapter 1 Section 1.5.1). This is where
microfluidics comes in.

The association between an UME and microfluidics provides a good temporal
and spatial resolution as well as a confined environment effect increasing the local
concentration. A microfluidic setup implies the use of microfabrication techniques
and clean room facilities. The electrodes will be design using optical lithography
which will ensure that the UME will be manufacture in a well-controlled system
with a perfect reproducibility. Minute sample volumes decreasing costs and reduced
contamination are valid advantages for a microfluidic setup.

In the following section, the description of our microfluidic device and a compar-
ison with the "classical" setup will be done in a Lab On Chip (HORNY, M.-C., LAZ-
ERGES, Mathieu, SIAUGUE, ].-M.,, et al. Electrochemical DNA biosensors based on
long-range electron transfer: investigating the efficiency of a fluidic channel micro-
electrode compared to an ultramicroelectrode in a two-electrode setup. Lab on a
Chip, 2016, vol. 16, no 22, p. 4373-4381.) article from the Royal Society Chemistry
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Journal included.

To be thorough in the comparison, I used the same apparatus (Biologic potentio-
stat with low current module) for the setup outside and inside the microfluidic chip
(measurements of Section 2.2 were reiterate using the potentiostat instead of the am-
meter).

As opening for the LOC article, I am proposing a more detailed process for the
microfluidic device fabrication and a Comsol modelling of the electrochemical pro-
cess on a gold electrode in a microfluidic channel.

2.3 Detection using microfluidics

2.3.1 Microfluidic device

The microfluidic device (Figure 1C in the LOC article) was made in the clean room
facilities of the Center of Nanosciences and Nanotechnologies (C2N, Marcoussis,
France). The key steps of the microfabrication are sum up in Figure 2.11. To get
more details on the fabrication techniques please refer to Appendix B.

All lithographic masks were designed using L-Edit software (Tanner EDA, Fig-
ure 2.12). The device was microfabricated by assembling an upper PDMS part with a
microchannel and a lower part containing gold microelectrodes patterned on a glass
substrate.

The electrodes were prepared on clean glass slides, cleaned in a piranha solution
(H2504/H202, 1:1) and rinsed in water, acetone and then isopropanol and finally
dried in N2 gas. The AZ-5214 photoresist was spin-coated (30 s, 1000 rpm, 250 rpm
s~1) and baked for 90 s using a hot plate (125°C). Subsequently, the photoresist was
exposed to UV light (10 mW, Siiss MicroTec MJB4) baked for 90 s and flood for 30 s
and developed for 45 s. Afterward, the slides were rinsed in water, and cleaned by
using a reactive ion etching (RIE Nextral NE100, 180 s, 50% O2, 10 W) to remove
all resin residues. An evaporator (Pfeiffer Vacuum Classic 500) was used to deposit
a 20 nm titanium layer for contact and 200 nm of gold followed by a classic lift-off
process in acetone.

The PDMS channels were made from a channel master made of SU-8 on a Si
wafer. The master was fabricated by applying photoresist SU8-2002 as adhesive
layer (MicroChem Corp.) by using a spin-coater (30 s, 1500 rpm s, 200 rpm s~2).
After spin coating, the wafer was baked on a hot plate (65°C for 3 min, then 95°C for
5 min) and finally 2 h at 110°C.

Then a 16 pm thick layer of SU8-2050 was applied using a spin-coater (30 s, 3700
rpm s~ !, 200 rpm s72). The photoresist was baked on a hot plate (65°C for 3 min,
then 95°C for 5 min) exposed to UV light (25 s, 16.5 mW), developed using SU-8
developer for 120 s and baked on a hot plate (65°C for 2 min, then 95°C for 7 min).

The PDMS was fabricated by mixing silicon elastomer base and silicon elastomer
curing agent in a 10:1 proportion. A 1 cm thick layer of PDMS is poured onto the
SU-8 master mold to obtain a negative replica after degassing and curing the fluidic
network at 70°C overnight. The channels were cut out with a scalpel and the holes
for the inlets and outlet tube (0.75 mm diameter) were made by a hole punch.
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Figure 2.12: L-edit drawing of the channel mask (green) and the
electrodes mask (red) at their rightful place.
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The PDMS and the glass substrates with the electrodes are washed with iso-
propanol and dried with nitrogen. The electrode slides and the PDMS channel
were mounted together by activating the PDMS and the glass surface with a plasma
cleaner (Nanonex Ultra-100, 60 s, 100% Oz, 20 W) to favor adhesion. The manual
alignment of the PDMS and electrodes is performed under binocular conditions for
the correct electrode alignment on the microfluidic channel (see Figure 2.12). This
was followed by a heat treatment step for 15 min (95°C). For the electrical connec-
tions to the electrochemical equipment either wires were soldered onto the gold elec-
trodes either a home-made wafer carrier as drawn on Figure 2.13 was used. The cells
produced have three sets of (WE, CE) couples.

Figure 2.13: The home-made wafer carrier. A. Artistic global picture
of the wafer carrier. B. Zoom on the contacts with the electrodes
(artistic view).C. Picture of the electrodes and the channel inside the
wafer carrier (bottom view).

2.3.2 Modeling with Comsol Multiphysics Finite Elements

By using the transport of diluted species module of Comsol Multiphysics modeling
the hydrodynamical behavior of our sensor allows to get some current values and
thickness of the diffusion layer. The model used is widely inspired from the work of
Faure et. al. [248] and adapted for our geometry and material.

MF is the mass flow density on the WE. That corresponds to the number of moles
arriving on the WE per surface unit per time unit.

Mp = Cow-Kf = Crea-Kp (229)

aa.n.F.n

Kf = k‘}wt.e R.T (230)
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ac.n.F.n

Kb = k;het-e R.T (2.31)

with, 7, the surtension, kj, the constant of standard rate of electron transfer
(taken equal to 0.007 cm s 1), a, and a, the anodic and cathodic charge transfer
coefficients. The flow on WE are respectively, -Mp, for C,.q and, +Mp, for C,,. The
current is calculated from the mentioned flows by integration on the surface. The
flow on the counter electrode is the current divided by the surface of the counter
electrode the Faraday constant, for C,.4. For C,;, the current is multiplied by (-1).
The conditions inside the microchannel are the following:

e a convection along x axis due to the flow,
¢ a zero flow on all domains except on electrodes,

e an initial value of the concentrations Cred and Cox on all domains,

e a flow of increasing value starting from static: 0.08, 0.2, 0.5 pL s 1

e a10 mV s~! sweep rate.

The diffusion coefficients for Fe(Ill) and Fe(Il) were respectively 6.0 and 5.7.10~¢
cm? S71 [249]. And the mesh was chosen finer on the WE.

Figure 2.14 shows the concentration of redox species in the channel. At the inlet,
concentration is maximal. In the vicinity of the electrode, oxidative specie is con-
sumed (blue) by the WE and produced by the CE (green yellow orange). The trail
is due to the flow that brings the species. The diffusion layer thickness (blue green)
can be estimated and compared between a no flow situation and a 0.5 uL s~ flow.

Figure 2.14: Simulated Fe(II) flow and display of diffusion layer. A.
Static conditions (no flow). B. Dynamic conditions (0.5 uL s~ flow
rate). The maximum (red) and minimum (blue) concentrations of Fe
(IT) corresponds to the minimum and maximum respective
concentrations of Fe (IlI) with ¢ the thickness of the diffusion layer.

2.3.3 Transposing a gold UME on a microfluidic chip for DNA electro-
chemical hybridization detection in a two-electrode setup.

We chose to keep the article and present it in its integrality as its structure reflects
with consistency the parallel between the classical and microfluidic setup, parallel
we want to pinpoint in order to shine lights on the input of microfluidics. (i) the
characterization of hydrodynamics, (ii) hybridization schemes, and (iii) the quantifi-
cation of the number of targets reaching the sensor will be presented and discussed.
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1. Introduction

Electrochemical DNA biosensors based on long-
range electron transfer: investigating the
efficiency of a fluidic channel microelectrode
compared to an ultramicroelectrode in a two-
electrode setupt

M.-C. Horny,®® M. Lazerges,® J.-M. Siaugue,© A. Pallandre, D. Rose, F. Bedioui,?
C. Deslouis,® A.-M. Haghiri-Gosnet® and J. Gamby*2

Here, we describe the transposition of an ultramicroelectrode (UME) setup into a microfluidic chip configu-
ration for DNA biosensors. The hydrodynamic properties of the fluidic channel microelectrode were scre-
ened with an [Fe(n)(CN)gl* /[Fe()(CN)el*™ redox couple by cyclic voltammetry to provide a basis for further
biological processes. A 23-base DNA probe was self-assembled into a monolayer on gold microelectrodes
both in classical configuration and integrated in a microfluidic setup. Special interest was focused on the
DNA target mimicking the liver-specific micro-ribonucleic acid 122 (miRNA122). Long-range electron
transfer was chosen for transducing the hybridization. This direct transduction was indeed significantly en-
hanced after hybridization due to DNA-duplex n-stacking and the use of redox methylene blue as a DNA
intercalator. Quantification of the target was deduced from the resulting electrical signal characterized by
cyclic voltammetry. The limit of detection for DNA hybridization was 0.1 fM in stopped flow experiments,
where it can reach 1 aM over a 0.5 uL s flow rate, a value 10*-fold lower than the one measured with a
conventional UME dipped into an electrolyte droplet under the same analytical conditions. An explanation
was that forced convection drives more biomolecules to the area of detection even if a balance between
the speed of collection and the number of biomolecules collected has been found. The latter point is
discussed here along with an attempt to explain why the sensor has reached such an unexpected value for
the limit of detection.

tion of cheap and portable biosensors, biomolecules present
in vivo at physiological levels have to be detected quickly

A key consideration for biosensors is the limit of detection
imposed by the molecular level changes in the expression of
biomolecules to be able to perform reliable diagnostics before
symptoms of a disease appear. In the context of a new genera-
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while maintaining high specificity.

In recent years, research studies have focused on micro-
ribonucleic acids (miRNAs) as they have been detected in se-
rum and plasma of humans at stable and reproducible levels.*
Indeed, being specific regulators of gene expression under
baseline conditions, miRNAs have more pronounced func-
tions in case of stress or disease, decreasing or increasing
their levels in serum and plasma,> thus opening the possibil-
ity of using miRNAs as diagnostic biomarkers of various
diseases.’® They have also been shown to allow precise differ-
entiation and classification of cancers.®” For instance,
miRNA122 is only produced by liver cells in case of injury
(hepatitis, alcoholism, obesity).® Commonly, miRNA detection
studies use real-time PCR (polymerase chain reaction).’ Al-
though PCR is a powerful technique, it has limitations due to
protocol times, cost, accurate quantification, and the need for
complete fine tuning of the temperature during multiple

Lab Chip
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stages of hybridization/denaturation; thus it still requires fur-
ther development to improve its robustness.>%°

DNA hybridization is more and more chosen as the most
prized method compared to direct sequencing due to a better
understanding of the long range electron transfer mechanism
through DNA duplex n-stacking.'® The electronic coupling
within its inner core of a stacked array of heterocyclic aro-
matic base pairs is very sensitive to local disruptions such as
mismatches, making a DNA biosensor particularly sequence
specific. In a DNA biosensor, the target sequence is recog-
nized by a complementary DNA probe and hybridized. The
hybridization of two basis according to Watson and Crick's
rules'” is converted into an electrical signal.

In order to be efficient, three key steps have to be con-
trolled in a DNA biochip: (i) probe immobilization on a solid
substrate, (ii) hybridization (or recognition) of the comple-
mentary target strand and (iii) conversion of the hybridiza-
tion event into a physical signal (i.e. transduction). The strat-
egies to achieve probe immobilization, target recognition and
detection are numerous. A plethora of biosensors can be
found in the literature, which differ in the biological process
followed, the choice of transduction exploited, and the
electrode material used. The literature has a significant num-
ber of papers that classify and compare different kinds of
biosensors. In the domain of probes grafted on a solid sub-
strate for direct hybridization with an unlabelled DNA target
by using electrochemical transduction, a wide range of con-
centrations are reported in the literature from femtomolar to
attomolar and even zettomolar concentrations. For instance,
Riccardi et al."® achieved a 2 x 107'® M limit of detection by
monitoring the changes in oxidation of gold polypyrrole due
to DNA hybridization. Differential pulse voltammetry (DPV)
was used for direct DNA oxidation on a conducting polymer
leading to 1077 M (ref. 14) and 10™"> M limits of detection
with genomic DNA on polydeoxycytidine.'” Non-faradic bio-
sensors coupled with impedance techniques for screening
the interface charge density have reached a 10™** M limit of
detection on GaN nanowires'® and a 107°° M limit of detec-
tion on boron-doped diamond with a polyethyleneimine
layer.’” Chen et al.'® have reported a 107'® M limit of detec-
tion with their nanogap sensor with sandwich arrays of gold/
SiO,/gold using long-range electron transfer toward the redox
indicator.

In this work, a traditional two-electrode configuration
setup comprising a gold ultramicroelectrode (UME) and a
large counterelectrode inspired by the work of Lazerges
et al'® is compared to its counterpart integrated into a
microfluidic system. The combined use of a microband
electrode and a fluidic channel termed a channel microelec-
trode offers (i) the obtention of a fast steady state current re-
sponse (around one millisecond) due to a very thin diffusion
layer compared to the convection layer and (ii) a way to dras-
tically improve the efficiency of the sensor in terms of the
volume of the analytes and system dynamics with easy ma-
nipulation of samples."®** These aims are achieved by the
use of an [Fe(m)(CN)q]* /[Fe()(CN)s]*~ redox couple in a chan-
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nel microelectrode during the immobilization and hybridiza-
tion steps in order to set an equilibrium potential at 0 V as
both microelectrodes are in gold. DNA hybridization is
followed by cyclic voltammetry (CV) with the redox couple
allowing surface property analysis, such as surface modifica-
tion, when binding events of target DNA occur on the sensor
surface. The selectivity of the electrochemical DNA biosensor
using an UME was already verified in a previous study using
the same protocol scheme where a double-stranded DNA
(miR122) had a single mismatch in the sequence.*®

2. Materials and methods
2.1. Chemicals

Sodium chloride (NormaPur), methylene blue (Alfa Aesar),
potassium ferricyanide(m), and potassium hexacyanoferrate(u)
(Sigma-Aldrich) were used in the experiments without further
purification. The thiol-labeled DNA probe (P) and comple-
mentary target (T) were purchased from Integrated DNA
Technologies (Belgium). Their sequences are shown in
Table 1. The target DNA used mimics the fragment of interest
miRNA-122 for the diagnosis of liver cells in case of injury
(hepatitis, alcoholism, obesity).

2.2. Microfluidic chip fabrication

All lithographic masks were designed using L-Edit software
(Tanner EDA). The device was microfabricated by assembling
an upper PDMS part with a microchannel and a lower part
containing gold microelectrodes patterned on a glass sub-
strate. Glass substrates were cleaned with a piranha solution
(H,SO4/H,0,, 1:1) prior to use. The glass slides were then
spin-coated with AZ5214 resin followed by inverted lithogra-
phy on an MJB4 aligner. Substrates were then cleaned by a re-
active ion etching (RIE) process to remove all resin residues
and then metallized with a 200 nm layer of gold on top of a
20 nm titanium layer followed by a classic lift-off process.

The fluidic circuit is obtained from a master mold made
of SU-8. Fabrication of the mold starts with the cleaning of
the silicon wafer and lithography of a 16 um thick layer of
SU-8. A 1 cm thick layer of PDMS is poured onto the SU-
8 master mold to obtain a negative replica after curing the
fluidic network at 70 °C overnight. The PDMS and the glass
substrates with the electrodes are washed with isopropanol
and dried with nitrogen. Then, the PDMS part is treated with
nitrogen plasma to favor the adhesion of the PDMS onto the
glass slide. The manual alignment of the PDMS and
electrodes is performed under binocular conditions for the
correct electrode alignment on the microfluidic channel (see
Fig. 1C).

Table 1 Thiol-labeled DNA probe (P) and target (T) sequences

Name Sequence
P 5'-thiol C6-CAA ACA CCA TTG TCA CAC TGC-3'
T 5-GCA GTG TGA CAA TGG TGT TTG-3'

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic representations (not to scale). A. Conventional
working UME (p = 25 um) dipped into Fe'/Fe" and methylene blue
(MB) electrolyte on top of the counterelectrode (p = 2 mm). B.
Microchannel electrode configuration. Detection area and fluidic
channel microelectrodes with their dimensions. WE stands for working
electrode (width, w = 300 um, length x. = 30 um), CE stands for
counterelectrode (w = 300 um, x. = 2 mm), and h and d represent the
fluidic channel height and width, respectively. Note that here w = d. C.
Global picture of the microfluidic device comprising several pairs of
two-microelectrode networks for multi-detection possibility. The flu-
idic microchannel (filled with a red colour dye) with two inlets allows
the injection of the sample and the redox couple.

This journal is © The Royal Society of Chemistry 2016
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2.3. Ultra-microelectrode fabrication

The 25 um ultra-microelectrode (UME) was home-made using
99.99% pure Goodfellow gold wire sealed in glass capillaries.
The counterelectrode was a 2 mm diameter gold wire sealed
in a Teflon cylinder (Metronic, France). The gold UME was
polished with 3 pm silicon carbide disks and rinsed with de-
ionized water.

2.4. Probe immobilization and target hybridization

The DNA probe immobilization was performed by incubating the
UME electrode for two hours in a 500 uL volume of 10 ug mL™
DNA probe diluted in 0.5 M NaCl. Then the UME electrode was
rinsed with deionized water. Between probe immobilization and
target recognition, the UME is in contact for 30 minutes with
0.5 M NaCl to test the stability of the self-assembled monolayer
(SAM). Target hybridization was performed in a 500 L solution
of DNA target of decreasing concentration in 0.5 M NaCl solution
for 30 minutes followed by rinsing with 0.5 M NaCl solution. An
[Fe(mm)(CN)e]* /[Fe()(CN)s]*~ redox couple and a methylene blue
(MB) redox catalyst were added to a 0.5 M NaCl solution for
electrochemical detection.

ss-DNA probe immobilization in a microfluidic chip was
performed by circulating a 0.15 pM DNA probe in 0.5 M NaCl
and then stopping the flow for two hours. The flushing and
the test of stability of the SAM are the same as for the UME.
High frequency electric impedance spectroscopy (HFEIS)
measurements were performed to estimate the probe density
(see the ESIT). A value of 1.1 x 10" mol cm™ SAM coverage
was found to roughly match the 4.47 x 107*° mol em™ experi-
mental value found for close-packed short-thiol SAM on gold
by Rouhana et al.””

Hybridization was performed under various flow condi-
tions with samples of target DNA of increasing concentra-
tions in 0.5 M Nacl for 30 minutes.

2.5. Electrochemical detection

For the electrochemical measurement, the UME was im-
mersed in a 25 pL electrolyte drop, while for the microfluidic
chip, a flow of 0.2 uL s™* was selected.

Cyclic voltammetry was performed using the two-electrode
setup displayed in Fig. 1A. For simplicity, this design will be
called the conventional UME setup (Fig. 1A) in contrast to
the microfluidic setup (Fig. 1B and C).

Please note that the thiol-gold bond is formed spontane-
ously on the surface of both the WE and CE, and thus both
electrodes are functionalized with ss-DNA probes. However,
for several reasons, the measured current at each step (bare
gold, ss-DNA immobilization or ds-DNA hybridization) will be
mainly attributed to the WE current response (see Fig. 2).
First, the CE was intentionally positioned after the WE (vs.
flow), in order to favour DNA-probe immobilization and then
DNA-target hybridization on the WE. Second, as the counter-
electrode (6 x 10~ cm?® surface area) in the fluidic channel is
about 66-fold larger than that of the working microelectrode
(9 x 107° em?), it can be considered as a pseudo reference
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Fig. 2 Sigmoidal voltammograms of an equimolar solution of 3 mM
[Fe(n)(CN)el*/IFe()(CN)g]* and 0.5 M NaCl centred at zero potential
with the two configurations (see Fig. 1). The current densities of the
working electrode (WE, left axis in blue) and the counterelectrode (CE,
right axis in red) are normalized according to each electrode area. (A)
Conventional UME set-up as illustrated in Fig. 1A. Cyclic voltammetric
response of an UME as a WE electrode using 10 mV s as the scan
rate. B. Microfluidic setup as illustrated in Fig. 1B. Cyclic voltammetric
response of a WE microband electrode using 0.05 pL s™ as the fixed
value of the flow rate and 10 mV s™* as the scan rate.

since its current density variation is lower compared to that
of the working microelectrode.

2.6. Apparatus

Cyclic voltammetry measurements were performed using EC-
lab software from Biologic SP-300 electrochemical station.
Both setups have a two electrode configuration. The scan rate
was set to 10 mV s* for the microfluidic setup to obtain
quasi-identical forward and backward waves. For the conven-
tional configuration, a scan rate of 25 mV s was selected.
High frequency electric impedance spectroscopy (HFEIS)
measurements were performed by coupling a frequency re-
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sponse analyser (Solartron FRA 1255B) with a dielectric inter-
face (Solartron DI 1296A) to the apparatus. The frequency
range used for measurements was varied from 1 MHz to 0.1
Hz. The sinusoidal AC signal excitation between microelec-
trodes is set to 100 mV peak to peak, since DC was fixed at
oVv.

The microfluidic setup was connected to a programmable
syringe pump allowing a flow rate in the range from 0.01 pL
stto5pLs .

3. Results and discussion

3.1. Hydrodynamic conditions in the microfluidic channel
and mass transport to the microelectrode

The high aspect ratio (d/h) of the fluidic channel (7 and d are
the height and width of the channel, respectively) ensures a
quasi one-dimensional Poiseuille flow. The only velocity com-
ponent is v, in the flow direction, which depends on y, the
coordinate orthogonal to the two parallel planes with a well-
known developed parabolic profile, as follows:

LQ[”__ }.-2] (1)
2uixvl 4

where y varies between —h/2 and +h/2, dp/ox is the pressure
gradient along the flow direction, and g is the dynamic
viscosity.

One can define the volumetric flow rate Q as follows:

d Sp i

Q= dJ- ,: ]_ vy = e s (2)
and the wall velocity gradient S as follows:
s 2 ik ®)
T R 2
This results in the following relation between Q and S:
o M4 (@)

8]

The concentration distribution of a solute obeys the mass
transport equation:

{,._( lv-¥e  DAe (5)
ot

cpe . . o
The diffusion-convection term is reduced to v,— and
X

Al

. . [oa S
the diffusion term to — .

The solution of eqn (4) when the electrode acts as an ideal
mass sink is obtained with the boundary conditions ¢ = 0 on
the electrode and dc/dy = 0 on the insulating areas.

This journal is © The Royal Society of Chemistry 2016
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Given these conditions, L. P. Reiss and T. J. Hanratty®®
have predicted the limiting diffusion current to a thin rectan-
gular microelectrode of width w and length x. placed cross-
wise to the flow direction:

Lim = 0.807nFc,.D**x.2Pws*? ©

where n is the number of electrons exchanged, F is the Fara-
day constant (96485 C mol "), ¢, is the concentration of
electroactive species (mol cm™) and D is the diffusion coeffi-
cient of the electroactive species (cm® s™). x., w, & and d are
the dimensions (um) shown in Fig. 1B.

Eqn (6) implies that the diffusion layer thickness is small
enough with respect to & so that v, within is approached by
its linear approximation, as follows:

v,=v (r=0)+ 1[?—'} o= 1[ %] =S (7)
u oy Lo

or

For consistency, y is taken here as a local orthogonal coor-
dinate from the wall (i.e. y and v, are null at the wall).

Compton®® has proposed an equivalent expression as a
function of the volumetric flow rate (see eqn (1)):

!

T

0.925nke, 1 -=“.( Y ) ®
e

Note that here w = d.

Therefore, for both eqn (6) and (8) to be valid, it is re-
quired that the diffusion layer which develops from the lead-
ing edge of the microelectrode (i.e. for x = 0) remains very
small at its leaving edge, i.e. for x = x,.

The local diffusion layer thickness is defined as fol-

lows:%31

Iz
3=3" r(4.-‘3)[%} 9)
where I, the Gamma function, is the factorial function.

In Nernst layer approximation and using Fick's law, eqn
(6) or (8) can be obtained from eqn (9) by a straightforward
integration.

Therefore, from eqn (9) and (4), one can also check
whether the used microelectrode fulfills the condition of a
sufficiently small diffusion layer thickness at x = x..

As an example, for Q = 10 ecm?® s™* corresponding to the
higher imposed volumetric flow rate, and with D = 107 ¢cm?
s!, xe =30 pum, k= 40 pm and d = 300 um, one obtains Ox, ~
2.5 pm.

This value corroborates the above assumption of a linear
velocity profile within the diffusion layer. For much lower Q
values, this assumption could not be justified.

In a first step, a test experiment was conducted with a fast
redox system. To this end, an equimolar solution of 3 mM
[Fe(mm)(CN)e]* /[Fe(m)(CN)e]'™ and 0.5 M NaCl was introduced
into our designed microchip flow channel containing the

This journal is © The Royal Society of Chemistry 2016
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two-microelectrode setup under laminar flow conditions. The
results are displayed in Fig. 2.

Sigmoid shape voltammograms are observed as expected
for a laminar flow. They are centred at zero potential. Indeed,
in this two-electrode setup, the working electrode and the
counterelectrode are made from the same metal and are im-
mersed in the same electrolyte containing the redox couple.
Indeed, the 2 mm gold counterelectrode (very high area com-
pared to the 30 um gold working electrode) can be consid-
ered as a pseudo-reference electrode allowing a feeble poten-
tial drift during measurements.

In order to compare the currents from the conventional
setup and the microfluidic setup, the obtained current
curves, Iy, were normalized with the surface of each work-
ing electrode (Sconventional = 1.96 x 107> em?® and Smicrofiuidic =
9.0 x 107 c¢m?) resulting in a comparable current density,
Jwe, at a given potential (in mA cm™) as shown in Fig. 2.
Moreover, in each configuration, the current density, Jwg, on
the working electrode is compared to the one on each
counterelectrode, Jcg, which is negligible. The scan rate was
optimized at 10 mV s to obtain a steady state current re-
sponse and to minimize the gap between the forward and
backward current curves. Moreover, the qualitative differ-
ence in the fluidic voltammogram (non-symmetric), where
the reduction current is slightly higher than the oxidation
current, is due to the difference between the diffusion coef-
ficients of [Fe(m)(CN)s]*” (D = 6.6 x 10° cm® s) and
[Fe(u)(CN)e]*™ (D = 5.6 x 10°® cm?® s™") in NaCl as supporting
electrolytes. For instance, the theoretical ratio between the
diffusion coefficients ((Dge(uy/Drew)””) is equal to 1.12 that
is close enough to the 1.15 experimental ratio between the
limiting current in reduction (jim reduction at 0.4 V) and the
limiting current in oxidation (Ijimoxidation at +0.4 V)
according to eqn (6).

To analyse the hydrodynamics in the fluidic channel
microelectrode, a flow rate of increasing value was imposed.
The results are shown in Fig. 3. The limiting current plateau
is flow dependent as the diffusion layer near the microelec-
trode is controlled by the forced convection. While the
voltammogram of the UME (Fig. 2A) shows the expected S-
shape, the one corresponding to the fluidic channel micro-
electrode (Fig. 2B) indicates an apparent more sluggish reac-
tion. The cathodic plateau current for example is attained be-
low -0.4 V, whereas this is achieved at —-0.1 V for the UME.
The more plausible explanation is the larger value of the
ohmic drop between the WE and CE in the fluidic channel.
High frequency electric impedance spectroscopy (HFEIS)*?
measurements were performed to estimate the ohmic resis-
tance (see eqn S2 in the ESIY).

In Fig. 4, the intensity of the reduction plateau current
that has been normalized with eqn (6) is plotted against the
volumetric flow rate, (Q)">. It can be observed that the devia-
tion with respect to the value given by eqn (6) in the low flow
rate range is significant. A similar behaviour was observed by
Ordeig et al.*® in their simulation with a gold microelectrode.
They ascribed this low flow rate behaviour to the effect of
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Fig. 3 Limiting current intensity response of a WE microchannel
electrode vs. volumetric flow rates (see Fig. 1B). The channel is filled
with an equimolar solution of 3 mM [Fe(m)(CN)6]3’/[Fe(||)(CN)5]4’ and
0.5 M NaCl. The scan rate is fixed at 10 mV s, and five flow rates are
shown here: (i) 0.05, (j) 0.08, (k) 0.1, (1) 0.2, and (m) 0.5 uL s™.
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Q™ fem'sM™
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Fig. 4 Limiting current ratio between experimental current, /ey, and
Levich equation current, /| qich, as a function of the 1/3 volumetric flow
rate for the microfluidic setup.

edge diffusion at the microelectrodes and channel wall ef-
fects which were not taken into account in eqn (6) or (8) at
lower flow rates.

3.2. DNA hybridization protocol with the conventional UME

Thiols adsorb on gold substrates building self-assembled
monolayers (SAMs) according to eqn (10).>*

(10)

2R'SH(aq) + ZAU(S) - ZRS'AU(S) + Hz(g)
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The use of thiol micromolar concentrations minimizes the
contributions of any added impurities to the adsorption ki-
netics®* onto which reproducibility and stability of the mea-
surements are critically dependent. Moreover, with a micro-
molar concentration, a full monolayer is built within two
hours.”” A value of 1.1 x 107" mol cm™ SAM coverage was
found (see the ESIt). DNA hybridization detection is based
on long range electron transfer through the DNA double
strand via mw-stacking as described previously. The
[Fe(m)(CN)e]> /[Fe()(CN)e]*~ redox couple was use to discrim-
inate a single strand DNA immobilized from a double
strand hybridized. Indeed, DNA is wrapped within a nega-
tively charged sugar phosphate backbone which prevents dif-
fusion of the also negatively charged redox complex inside
the SAM. However, the current density before hybridization
(red curve, Fig. 5A) is not zero probably due to edge effects
and holes in the SAM. After hybridization (blue curve, Fig.
5B), the current-voltage slope is steeper indicating that hy-
bridization occurred. The DNA hybridization response sensi-
tivity was obtained with the use of a MB redox intercalator.
In brief, methylene blue (MB) is used as both a redox catalyst
and a DNA-duplex organic intercalator having an affinity con-
stant of 10° M™*. The MB reduction step is reversible with a
redox potential of 0 (vs. NHE) that is lower than that of
[Fe(m)(CN)e]*~ reduction. The electrons jump from the gold
electrode to the intercalated MB and are then accepted by the

ferrocyanate in solution. The MB oxidized form is
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Fig. 5 Effect of hybridization on cyclic voltammetry current with the
two configurations. A. Two electrodes in the UME configuration where
the kinetic current on a 25 um diameter microelectrode is obtained for
Fe(n)/Fe() (3 mM) MB (1078 M) in 0.5 M NaCl in the absence and in the
presence of a DNA target. B. LOD determination using the
conventional UME set-up (see Fig. 1A) recorded at —0.1 V (see panel A).
C. Effect of increasing hybridization target concentrations on the
microchannel electrode sensor for a working flow rate of 0.5 uL s™. D.
LOD determination using the microfluidic set-up (see Fig. 1C) with sev-
eral pairs of microelectrodes (blue circles) recorded at -0.2 V (see
panel C).
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regenerated for a further electrochemical reduction. The LOD
determination and standard deviation on measurements will
be discussed in section 3.3.1.

3.3. Hybridization detection in the microfluidic setup

3.3.1. Modelling and theoretical calculations. In order to
clarify the mass transport competition between convection
diffusion and reaction Kkinetics, the rules of thumb
established by Squires et al** from Newman's works®> were
revealed to be very wuseful in parallel with Comsol
Multiphysics modelling. The description of hybridization re-
action relies on a simple chemical kinetics: DNA targets (T)
can hybridize on DNA probes (P) immobilized on the gold
surface according to eqn (11).

P-DNA, + (T-IDNA) — S{IDS-DNA) (11)
The hybridization rate is expressed as follows:
Thyb = kb T p[T]o (12)

where [T], and I (b,,/Na) are the concentration of T-DNA at
the wall and the surface concentration of P-DNA on the
sensor.

As shown in eqn (11) and (12), the partial order of reac-
tion for each reactant is one and the global order is two. As a
consequence, the observed hybridization rate, r,ps, between
T-DNA and P-DNA can be viewed as a second order reaction,
with r4ps in M s and kops in M™' s representing the ob-
served hybridization kinetic rate constant.

We consider, from time ¢ = 0, the concentration of T at
the wall which is lower than the concentration of T in the
bulk, ie. 0 < [T]y < [T]pux, because the hybridization reac-
tion is considered as slow. However, at infinite time ¢, (i.e.
30 minutes at least for the hybridization time step in our ex-
periments), the concentration at the wall tends to the bulk
concentration, [T]y = [T]pu, and because any P was hybrid-
ized (I'p)=o, the hybridization rate tends to zero.

As a consequence, the concentration of DS at infinite
time, [DS]..., is equal to the initial concentration of (I'p)xo,
and then the measured current corresponding to the hybridi-
zation step at infinite time becomes proportional to the ini-
tial concentration, (i)=., < (/p)so.

The dehybridization rate of DS, r4.s, is proportional with
the double stranded DNA concentration and it is considered
as a zero order reaction since the amount of the adsorbed
DS-DNA on the gold microelectrode can be considered as
unchanged:

T'des = kdes (13)
with k4es in M s representing the dehybridization kinetic
rate constant.

As a consequence, the ratio (kges/knyn) is defined as the
equilibrium dissociation constant, Kp, which is given in M.

This journal is © The Royal Society of Chemistry 2016
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We also consider that the dehybridization rate is negligible
in comparison with the hybridization rate, as follows:
Tdes < Thyb (14)

The transport of target T is described in the analyte
stream according to eqn (5) with the obtained value for the
diffusion coefficient of T-DNA being around 10™'" m® s™*
which is much lower than that of the redox probe, that is in
accordance with an expected thin diffusion layer (Dr.pna <
DFe(m))'

The flow entrance on the sensor is described as a radial
velocity vector. At the outlet, the outflow condition used is
given as follows:

n(-DVC) = 0 (15)

The hybridization of target DNA at the functionalized sur-
face gives rise to a net flux at the corresponding boundaries
as follows:

Np = ~Thyb + Tdes = ~Thyb (16)

The hybridization rate depends on the target concentra-
tion in the stream and it was taken into account in numerical
calculations where two Comsol Multiphysics modules were
coupled (surface reaction and transport of diluted species).
In other words, hybridization of targets on the probe creates
a concentration gradient which permits the diffusion of spe-
cies to the surface. Indeed, diffusion dominates near the sensor
while convection predominates further. The analytical resolu-
tion of this problem gives a diffusion layer thickness for x = x,
that varies with the flow rate using eqn (9) and (4) as follows.

The calculation reveals that the depletion zone is thinner
than the sensor surface, as follows:

|
(.): _ 33 .r[iJ U.\'uf!.fd B
: 3| 60

As listed in Table 2, the J, value corresponding to each
imposed volumetric flow rate can be deduced.

Finally, the flow through the depletion zone can be ap-
proximated as follows:

(17)

e,
Jy=—1Nc= #'-‘L W
I

A

(18)

An example of calculation is tested below for 10 fM as ini-
tial concentration, 0.2 uL s™* as flow rate, a binding-site den-
sity, bm, equal to 6.7 x 10" sites cm™> calculated from the
value of SAM's coverage given in section 3.2 and, the equilib-
rium dissociation constant of DNA at room temperature that
is taken equal to Kp = kog/kon = 107" M.?® Consequently, one
can estimate that 4.1 molecules per second will reach the
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sensor surface at this working concentration and this flow
rate. In other words, 0.24 seconds between binding events
can be estimated. As the dehybridization rate constant was
supposedly negligible due to the strongly bound DNA duplex
at room temperature,’’ the expected number of target mole-
cules to be bound to the sensor is given by eqn (19).

Ny =Jpt (19)
with ¢ being the hybridization time step.

By taking into account these data, a number of molecules
(7.6 x 10*) can be estimated during a hybridization time step
of 30 minutes. Moreover, the target molecules collected are
only those in the thin diffusion layer. The goal is to select an
accurate flow in our device configuration that will allow a suf-
ficient number of DNA targets to be captured and sensed in
30 minutes reaction time. Although taller channels enable
faster flows and quicker measurements, they reduce the rela-
tive fraction of biomolecules collected and thus increase the
volume of reaction (V) needed. It is obvious that the detection
limit imposed by the sensor is related to the local concentra-
tion at which one molecule will be bound to the sensor. To
this aim, the theoretical number of targets for different ini-
tial concentrations and various flow rates are calculated and
then listed in Table 2.

As shown in Table 2, it is necessary to strike a balance be-
tween a slow flow where all target molecules could be col-
lected and a fast flow where target molecules are swept away
before they can enter the diffusion layer and be collected. It
is obvious that a fast flow increases the volume of solution
discarded which is a disadvantage when expensive biological
samples are used. Another reason for the choice of an inter-
mediary flow rate is that the SAM on gold (thiol-Au) is a frag-
ile system. Indeed, the risk of SAM degradation could in-
crease and distort the probe current measurement. As a
consequence, for the next experiments, a flow rate of 0.5 pL
s™' was selected because it discards less than 1 mL of solu-
tion with an expected theoretical LOD between 1 x 10™*® and
1x10'° M.

3.3.2. Experimental LODs and comparison. According to
the previous calculation, hybridization run experiments were
performed for an optimized flow rate of 0.5 uL s'. The
immobilized SAM of single-stranded DNA results in a low
current level (red line, Fig. 5C) for which the slope increased
with the working concentration of its complementary strand

Table 2 Theoretical estimation of the number of targets bound to the
sensor (Ng), volume of solution (V) discarded, and thickness of the diffu-
sion layer (d,) for various flow rates (Q) and initial concentrations (co)

Ng (number of targets)

Q O, 14

(L s™) (nm) (nL) 107 M 107'°M 107 M
Static 31.2 0.009 4.2 x 10* 4.2 x 10* 4.2

0.2 0.91 360 1.4 x 10° 1.4 x 10° 14

0.5 0.67 900 1.9 x 10° 1.9 x 10° 19

0.8 0.57 1440 2.3 x 10° 2.3 x10° 23
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Table 3 Comparison of the limits of detection (LODs) according to the
setup (conventional or microfluidic) and flow rate (Q)

Conventional Microfluidic stopped Microfluidic with
Setup UME flow flow
Q(uLs™") — — 0.5
LoD (M) 10 107 1078

(blue lines, Fig. 5C). When working with thiolated SAM
absorbed on gold substrates, the risk of SAM's desorption
must be taken into account. The control experiment has to
be periodically recorded because the measured current in-
creases after a 30 minute immersion in the background
electrolyte. This deterioration of the SAM might come from
the gold substrate attacked by the chlorides. For this reason,
the probe immobilization and target recognition were prefer-
entially conducted in saline solution (0.5 M NacCl solution) in
order to reach a dense and compact SAM to ensure reproduc-
ibility and biosensor efficiency (to prevent diffusion of redox
species through the DNA monolayer).

To gain confidence with the experimental results, the stan-
dard deviation (SD) on each experimental point was calcu-
lated using the definitions established by Armbruster et al.*®
In our case, blank current density measurements, Jsspna, Were
recorded (30 minutes in the presence of single-stranded DNA
in 0.5 M NaCl without target DNA). Then, the current density,
Jaspna, Was measured after the hybridization of the double
stranded DNA (30 minutes in 0.5 M NaCl with target DNA).
Finally, the difference between Jqspna and Jsspna Was plotted
with the DNA target concentration, and the LOD was esti-
mated by taking the intersection between the linear section
of the experimental data and 3-fold of the SD line. As shown
in Fig. 5B and D, the error bars were generated using the
standard deviation of the means of the difference between
the ssDNA current density and the blank current density
obtained with the conventional and microfluidic configura-
tions. The obtained experimental LODs are summarized in
Table 3 where a subfemtomolar and an attomolar concentra-
tion can be reached as it was theoretically estimated for
stopped flow and with flow, respectively (see Tables 2 and 3).

Conclusions

We describe here the transposition of a conventional two-
electrode set-up into a microfluidic one allowing the increase
in the system's dynamics and thus the increase in the num-
ber of DNA targets hybridizing on the sensor achieving 1 aM
as the LOD. This unexpected LOD is due to a forced convec-
tion which diminishes the diffusion layer thickness and re-
sults in a faster collection of the DNA targets toward the sen-
sor. Thus, more targets are collected and contribute to the
increase of the hybridization signal.

The advantages of the microfluidic setup in comparison
with the UME conventional setup are an easy to use two-
electrode configuration for fast screening and a more

This journal is © The Royal Society of Chemistry 2016
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efficient control of the distance between electrodes. Indeed,
there is less risk of damage to the SAM of single-stranded
DNA by manipulating the microelectrode, thus decreasing
the standard deviation of blank measurements. Another ad-
vantage of the electrobiochip described here is the possibility
of multi-detection for parallel analysis of numerous miRNAs
especially relevant in the case where a cancer manifests
through multiple miRNAs, generating a map of miRNA con-
centration changes.
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Following this article that highlights the advantages of transposing UME in a
microfluidic chip, I propose below a discussion on the importance of the geometry
of electrodes on hydrodynamical properties and a discussion on the probe density
for hybridization efficiency.

2.3.4 On the importance of the electrodes’ geometry

The geometry of the electrodes especially in a device coupling electrochemistry with
microfluidics has a crucial importance in terms of electrodes” integration inside the
fluidic channel, hydrodynamical behavior and ratio time of manufacture versus life
time of the chip. The principle of channel-electrode was described by Reiss and
Hanratty [250] and was then exploited by Compton leading to a limiting diffusion
current as a function of the volumetric flow rate [251]:

/
1Q ) v (2.32)

Tiim = 0.925nF o D*322/30 <h2d

The two-electrode setup.

Traditionally, detection setups are designed with three electrode using millimet-
ric electrodes. Such systems are not well-adapted to DNA detection in microliter
samples and to miniaturization. In section 2.1.4 the benefits of using UME have
been extensively justified. Moreover, the manufacture and the integration inside a
microfluidic channel is made easier.

Our setup is composed of multiple planar pairs of 30 um working electrodes and
2 mm counter electrodes. The counter-electrode of 2 mm in width can be considered
as a pseudo-reference electrode as its area is high (70 times higher) compared to the
30 pum of the working UME yielding to a small current density variation and so on
to a small potential drift during potential sweep.

Without a reference electrode the signal in CV is centered at the axes origin as
displayed on Figure 2, explained in the LOC article.

Levich prediction

The location of one electrode from another has also its importance .

The hydrodynamic behavior of our chip matches the Levich prediction with a
good adequacy (ratio 1) except for small flows (<0.01 uL s!). Indeed Levich equa-
tion does not take into account either channel edge effect or radial diffusion on the
edge of microelectrodes. When the flow is increasing, the diffusion layer is shrink-
ing, radial contribution of microelectrodes’ edges become negligible [252, 253].

But, other similar systems reported a smaller ratio (around 0.3), see Figure 2.15,
layout B even if the hydrodynamical conditions put the sensor in a pure Levich
regime (Xe/Pe < 0.04 and Xe.Pe > 15, Pe the Peclet number, Xe=x,./h) [222]. The dif-
ference comes from the location of the working electrode in relation to the counter
electrode. Indeed when using a two-electrode setup, there is a generator collector
effect with small gaps between electrodes [205]. With an inserted WE inside a T
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counter electrode (layout A), the upstream CE may collect the redox species and de-
creasing their concentration in the surroundings of the WE. Plateaus with smaller
intensity are thus obtained. On the contrary, with our geometry, the WE is located
upstream of the CE, and may have the role of generator. Our electrodes are also sep-
arated with gaps higher than 100 .
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Figure 2.15: Geometry (A) and Levich curve (B) of Faure et al. setup
[222]

Electrode arrays

The sensor is composed of 3 sets of 2 pairs of electrodes, a working electrode and
its 70-fold larger counter electrode. This configuration allows the use of the same
microchip more than once and to have always a working (WE, CE) couple even if
an electrode is damaged. Moreover it was planned to perform parallel detection at
different location on the chip to follow mass-transport inside the channel. Arrays of
electrode have higher performance due to increased mass-transport [205].

2.3.5 Probe density

High frequency electric impedance spectroscopy (HFEIS) measurements were per-
formed to estimate the probe density and the ohmic resistance in the microdevice.
The instruments used are a frequency response analyser (Solartron FRA 1255B) cou-
pled with a dielectric interface (Solartron DI 1296A). The frequency range used for
EIS measurements was varied from 1 MHz to 0.1 Hz. The sinusoidal AC signal exci-
tation between the two microelectrodes is set to 100 mV peak to peak, since DC was
fixedto O V.

One can supposed that defects in a thiolated ss-DNA monolayer (ss stands for
single stranded) allow electroactive molecules to reach the gold electrode surface.
Assuming that all the current is passed by holes on the SAM electrode, the electrode
coverage can be estimated by measuring the charge transfer resistance (R.:) and by
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comparing the R, ratio between a bare gold surface and the surface blocked by the
ss-DNA thiol immobilized.

The probe density was determined from the percentage of the coverage surface
0, as follows

Rct,tz(]
Rct,t

with, Re =0, is the charge transfer resistance of the bare gold electrodes and,
Ret,1, is the charge transfer resistance of the surface blocked by the SS-DNA thiol im-
mobilized.

1-0= (2.33)

The charge transfer resistance, can be estimated as the difference on the real-axis
between the asymptotic resistance limit at low frequency, Ry, and that as frequency
tends towards co , Rgp, (Figure 2.16). As one can observe on real-axis, Ry, tradi-
tionally name the ohmic resistance, Re, is negligible in comparison with Rz r.

Ry = Rip — Re (2.34)

From data displayed on Figure 2.16, the ohmic resistance is estimated around
4.1 kS, the charge transfer resistance for the bare Au electrode and for the thiolated
ss-DNA electrode over 2 hours are found equal to Ry ;—o= 210 k2 and R ;—25=1.1
M, respectively.

According to Equation 2.33, a total coverage of 80% of the electrodes with ss-
DNA probes was obtained. By taking into account that the surface of the WE and the
CE gold electrodes is S, = 6.09 1073 cm?, we deduce that the surface covered by ss-
DNA is Ass_pya =4.9 1072 cm?. Moreover, if we assume that the DNA strands are
in upright position [234] the DNA head surface, Aj¢qq, can be calculated as follows,

Apead = T.d2 0y (2.35)
With, djcqq, the diameter of a DNA head estimated around 2 nm.

As a consequence, the number of DNA probes, Ng;_pna, immobilized is esti-
mated around 3.92 10'° molecules and thus the binding site density (6.44 10'? sites
cm~2) can be calculated as follows:

Nss—pna

bm A (2.36)

Similarly, 'p, the surfacic concentration (1.07 10~ mol em 2 is given by bm/Na,

with Na being the Avogadro’s number. This value of 1.1 107! mol cm~2? SAM cover-

age was found to roughly match the 4.47 10~!° mol cm 2 experimental value found

for close-packed short-thiol SAM on gold by Rouhana et al.[254]. Lazerges et al.

found a 67 to 69% of coverage with disulfide bounds using quartz crystal microbal-
ance [255, 256].

These close packed DNA probe layers are not an optimal strategy for hybridiza-
tion. Indeed if we compare the 10'® DNA probes grafted on the sensor and the 1400
target molecules evaluated to be bound to the sensor (Table 2 in LOC, 0.2 uL. s~ flow,
C%.10716 M) it is rather low. Accordingly around 40% of hybridization ratio can be
found in literature [256, 255]. Lazerges et al. achieved to increased this value up to
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Figure 2.16: Nyquist representation of HFEIS data between the two microelectrodes filled
with 3 mM equimolar concentration [Fe!//(CN)s]>~ / [Fe!!(CN)s]*~ in 0.5 M NaCl. The
applied potentials are Vpc =0V and V 4¢ = 100 mV for frequencies from 1 MHz to 0.1 Hz.
The diameter loop allows a quick estimation of ohmic resistance, Re ~ 4.1 k2, and of the
charge transfer resistances, R.; ~ 210 k2 and 1.1 M2 for bare gold and thiolated ss-DNA
electrode (after 2h), respectively.

90% with a diluted monolayer by decreasing the repulsive interactions between the
negatively charged DNA strands. They used a modified probe by adding a non com-
plementary sequence [255]. Other strategies prescribe to use a mixed SAM such as
the addition of 6-mercaptohexanol [257]. Mixed thiols with various terminal groups
and chain length are more stable and more reactive by limiting sterical hindrance
[258].

Multiple solutions are reported to both dilute the SAM and fill the holes left by
thiol desorption. Regarding thiol reductive desorption under a negative potential:
the stability of the SAM not only depends on the thiol chosen (short long alkyl-thiols
[259], aromatic thiols [260] or thiolated DNA [261]) but also on the metal surface
crystallinity [262] and the adsorption site [263]. For more information on the fate of
thiols after desorption see the work of Casanova et al. [264].

Confronted to thiol desorption, another material widely investigated in the LISE
laboratory was under our attention for covalent grafting. Amorphous carbon nitride
was used as protective coating for many hard disks or read heads bears promis-
ing properties. Carbon surfaces have been exploited for molecular architectures for
biosensors molecular electronics or coatings [265, 266].

2.3.6 Detection on amorphous carbon nitride a-CNx

a-CNx films are popular electrode materials with a large potential window (3 V-4 V
[267]) interesting electrochemical reactivity [268] and chemical surfacic composition
[269]. The surface structure, surface properties, number of grafting sites available



2.3. Detection using microfluidics 75

are tunable according to the atomic percentage of nitrogen in the a-CNx. What's
striking is that this grafting sites are also reactive sites for electrochemical reactiv-
ity. High surface reactivity are highly dependent on the surface state and can be
affected by synthesis (by varying the sp?/sp? ratio), pretreatment (electrochemical
or plasma) and dopant.

Diamond like carbon, boron nitrogen doped diamond show this kind of prop-
erties (rate constant of electron transfer, ko around 107%-1072 c¢cm s~ ') as well as
amorphous carbon nitride [270]. The latter has been used for a wide range of ap-
plications, from the covalent grafting of heparin [271] to the detection of heavy ions
in cancerous therapies [272] or metallic ions detection [273] with increased sensitiv-
ity compared to boron doped diamond.

Materials and Methods

Microfabrication

The microfluidic device for sensing on amorphous carbon nitride is roughly the
same as described in section 2.3.1. Instead of a gold layer, a platinium layer is used
for a-CNXx, x=0.12, adhesion and conductivity. Above the working electrode, an a-
CNx, x=0.12, layer of 220 nm (checked in SEM) is deposited (mask on Figure 2.17
with DC magnetron sputtering (MP300s Plassys, t=20 min, 200 W, P<2.10~" Torr)
with a graphite target (¢=75 mm, e=5 mm, 99.99% of purity), 7 cm far from the
sample under a flow of nitrogen (%N2=3%, P 4,4 n,=0.4 Pa). The main steps of the
microfluidic device fabrication are summarized on Figure 2.18.

Figure 2.17: L-edit mask for second layer fabrication (purple) on top
of the first one (green).

Conducting AFM characterization

AFM observations were carried out in air using a Molecular Imaging instrument
in the contact mode. For this purpose, silicon nitride triangular cantilevers bearing
pyramidal silicon nitride tips and possessing a 0.38 N m! spring constant were used.
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Figure 2.18: Microfabrication key steps: inverted optical lithography,
Ti/Pt metallization, a-CNx magnetron sputtering, PDMS fabrication
and bonding.
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Potentials between -10 and 10 V (up) and 10 and -10 V (down) were imposed. Satu-
ration currents were imposed at -10 and 10 nA.

Apparatus

The apparatus used are a frequency response analyser (Solartron FRA 1255B)
coupled with a dielectric interface (Solartron DI 1296A) or a potentiostat Gamry
(reference 600+). The frequency range used for EIS measurements was varied from
1 MHz to 0.1 Hz. The sinusoidal AC signal excitation between the two microelec-
trodes is set to 100 mV peak to peak, since DC was fixed to 0 V.

Pretreatments

a-CNx substrates were electrochemically activated either with a potential cycling
at 50 mV s~ ! between -1.0 V and 0 V/Pt (10 cycles) in a 0.5 M H2SO, with 10-2 HCl
solution (cathodic activation) or in a 0.1 M KOH solution (galvanostatic, 1=2.7.10~°

mA, 0.5 uL s~! flow) cathodic activation.

Probe grafting and target hybridization

ss-DNA probe immobilization in a microfluidic device was performed via a two-
step protocol. First carboxyl groups on the a-CNXx surface were activated by pouring
a2.10~" M EDC and NHS solution inside the chip for 20 minutes. Then by circulat-
ing a 0.15 M DNA probe in 0.5 M NaCl and stopping the flow for three hours. The
flushing was done with deionized water and the test of stability of the SAM is done
in 0.5 M NaCl, 0.5 uL s~ flow for 30 minutes. Hybridization was performed under
various flow conditions with samples of target DNA of increasing concentrations in
0.5 M NaCl for 30 minutes.

Surface characterizations

Interfaces between a-CNx and electrolyte were screened in our two-electrode
setup (Pt/aCNx, x=0.12, 30 pm working electrode and Pt 2 mm counter electrode,
Figure 2.19) in the electrolyte made of an equimolar (3 mM) mixture of Fe(II) and
Fe(I1I) in 0.5 M NaCl and 10~® M MB with the use of Electrochemical Impedance
Spectroscopy (EIS) and Cyclic Voltametry (CV).

Carbon electrode materials

Regarding the surface state

In amorphous carbon nitrides deposit, multiple configurations of the a-CNx bond
are possible. Carbon possess four valence electrons, nitrogen five. Nitrogen stands
in the donor position e.g. a type n dopant. Three types of sp® bonds, five types of
sp? bonds and one type of sp1 bond (See Figure 2.20).

Sp? bounded networks are delocalized 7 bondings. N favor interlayer bondings.
N in sp? C breaks 7 bonds to get an unpaired electron disposable for o bonds [274].
N bears an unpaired electron for doping. N induces 7 bonds and sp? clustering
in C [274]. a-CNXx films with high fractions of sp? are obtained by radiofrequency
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Figure 2.19: Optical microscopic image of the a-CNx WE with the CE
platinum electrode.
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Figure 2.20: The main bonding configurations of nitrogen in carbon
nitrides. Lines represent a covalent bond, dots represent unpaired
electrons.
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sputtering.

Ferrari et. al. compared the properties of a-CNx films according to the technique
of deposit [274] . They can be classified in two families: chemical deposit in the va-
por phase (CVD) and physical deposit in the vapor phase (PVD).

e For CVD, the chemical deposits are enhanced with a plasma thanks to a ra-
diofrequency generator with methane and nitrogen as precursor gas. A graphite
target and Ny as precursor gas can be used as well both at room temperature
and at higher temperatures [275, 276].

e Regarding PVD, a wide range of techniques are available from photoablation
to laser pulses under a nitrogen pulse or cathodic pulverisation in radiofre-
quencies at 13.56 MHz [277, 267].

According to the synthesis, various surface properties can be obtained. The type
of nitrogenated deposit has to be chosen according to the presence of absence of hy-
drogen and according to the percentage of sp?/sp? sites . For a-CNx films, lots of
sp2 are present, tetrahedral (t)-a-CN, above 80% in sp?® and a-CH,N,, and ta-CH, N,
obtained by chemical deposit.

Electronic conductivity and electrochemical reactivity are linked but not in an
obvious way. Electrochemical reactivity, which can be enhanced by pre-treatments
(H2SO4, AE,=72 mV, ko=1.1.10"2 cm s~! [278, 279]) is depending on the surface
composition and thus on the percentage of atomic N at the surface which is linked
to the nitrogen bulk contents tuned during the thin film deposition. It was showed
that (C, N) compositions changed from (87%, 13%) to (91%, 9%) respectively after
anodic pretreatment [280].

Jribi et al. compared the influence of bulk nitrogen contents, x, on the percentage
of superficial nitrogen atoms and electrochemical reactivity in a-CNXx films [278] by
grafting a fluorocarbonyl terminated ferrocene based redox probe on various amor-
phous carbon nitride (a-CNx, x=0.12 < x < 0.27) samples. By using spectroscopic
and voltammetry techniques, they proved the spontaneous formation of surface
amine groups and they showed that the lower the atomic nitrogen content in the
bulk of the film, the higher is the corresponding surface coverage from 1.1% (x=0.27,
Pn,=30%) to 6.5% (x=0.12, Py2=3%). These amine sites could partly result from the
presence of residual hydrogen or be produced from the dissociation of water as an
impurity in sputtering gas. Amines sites are rare, they concluded that further ami-
nation was necessary.

Concerning electrochemical reactivity, low N2 contents are expected to produce
higher amounts of sp?/sp? type. They noticed that AE, values were lower for x=0.19
and x=0.12. The increase of electrochemical reactivity with reduced nitrogen content
can be partly explained by the varying charge carrier in a-CNx samples [281].

As our aim is to immobilize DNA and distinguish a single strand from a double
strand, we seek both amines anchoring groups (for covalent grafting of the probe)
and a high electrochemical reactivity. Thus we chose an amorphous carbon nitride
with a 3% of nitrogen content (x=0.12) prepared by magnetron sputtering technique
that will be activated to increase surface amination.
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Characterizations

XPS were not used in this study as it was done before [222, 279]. Moreover XPS are
screening ca. 10 nm of the surface yet the modifications of surface reach only a few
nanometers. Atoms surfacic contribution to XPS spectrum are small compared to
the volumic contribution and a-CNXx, contrary to other materials like diamond, have
around the same composition (C, N, O) as the grafted moieties.

The material chosen as substrate (here platinum) is relevant. Figure 2.21 shows
an increased conductor behavior between a-CNx, x=0.12, deposited on platinum
(Ti/Pt, black curve) compared to a-CNx deposited on bare glass (gray curve) illus-
trated by steeper curves. This behavior was consistent with previous observations
[268].
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Figure 2.21: AFM conducting measurements on a-CNXx, deposited
directly on glass (grey curves) or with a Ti/Pt adhesion layer (black
curves).

Potential window

A large potential window is required for biological applications of a-CNXx films.
A potential window is characterized by the application of an overpotential which
differs from the equilibrium potential that does not induce a change in the inter-
face chemical composition, no faradic current is flowing through, no oxidation or
reduction potential will be seen.

On Figure 2.22, the potential window of the deposited a-CNx film can be seen,
without a redox couple, with a 3.5 V range consistent with literature [280]. In prac-
tice, a small faradic current comes from residual Oy dissolved in the buffer. The
potential window is limited by H»O reduction and H2O or CI™ oxidation.

Surface activation

a-CNy 12 films prepared by magnetron sputtering techniques show moderate re-
activity as prepared but can be electrochemically activated to finally work towards
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Figure 2.22: Potential window of an a-CNXx, x=0.12, film in 0.5 M
NaCl.

a metallic behavior [280]. Usually cathodic pre-treatments consist in a 0.5 M H3SO4
cycling, but we preferred to use an anodic activation in 0.1 M KOH, reported to
result in increased electrochemical reactivity and increased oxygen amounts at the
interface, especially under the carboxyl groups form [282].

Figure 2.23 shows cyclic voltammograms performed on the as-grown electrode
(layout A) and after their electrochemical activation (layout B) in a 3 mM Fe(CN)g™
/ Fe(CN);~ solution. In both cases, the steady-state current given by the Levich
equation, Equation 2.37 for each flow reaches the same value.

4. Q 1/3
Liim = 0.925.n.F.C°.D?/3 223 w. (h?d) (2.37)
where, n, is the number of electron exchanged, F the faraday, D and CO the dif-
fusion coefficient and the bulk concentration of electroactive species, w and h, the
width and height of the channel, x. the width of the WE and Q the flow rate. w is
equal to d, in our case.

The analysis of steady-state voltammograms according to the Mirkin et al. proce-
dure [283] allows extraction of the standard rate constant, k”. The activation proce-
dure increases the standard rate, displayed by straightened slopes. Before activation
kY is equal to 5.6.10~* cm s~! and after activation k° reaches 1.3.1072 cm s~! consis-
tent with previous observation in anodic activation [279].

As for the variation of the limiting current, I versus flow rate, it matches
rather well the Levich prediction (layout C). The ratio between experimental current
value and limiting current versus flow rate 1/3 is yielding a ratio of 1, for medium
and high flow rates, consistent with the shrinking of the diffusion layer under con-
vection. At lower flow rates, edge and wall effects are not taken into account in
Equation 2.37.
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Figure 2.23: CV curves (10 mV s ) of the a-CNx microelectrode in Fe(CN);~ / Fe(CN);~
(3 mmol L~1)+NaCl (0.5 mol L™!) under various flow rates (static (i), 0.2 (j), 0.5 (k), 1.0
(1), 1.5 (m) puL s~ ') before (A.) and after (B.) activation. C. Limiting current ratio between
experimental current, I.,,, and Levich equation current, I7yich, as a function of the 1/3
volumetric flow rate. The dotted line displays the mean of experimental values.
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Figure 2.24 shows EIS diagrams in Nyquist representation on an as-grown elec-
trode (red circles) and after its electrochemical activation (black squares) in an equimo-
lar ferri/ferrocyanide solution at the equilibrium potential. The flattened semi-
circles are generally explained by a distribution of interfacial reactivity. Before ac-
tivation, the charge transfer resistance is about 1.3 MQ2 whereas after activation its
value drops to 900 k(2 indicating an increased electrochemical reactivity.
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Figure 2.24: Nyquist EIS diagrams of the impedance response of the
a-CNx microelectrode in Fe(CN);~ / Fe(CN);~ (3 mmol L~1)+NaCl
(0.5 mol L™1) before (red circles) and after (black triangles)
activation.

At the equilibrium potential, the kinetic constant k° value can be deduced from
the measurement of the charge transfer resistance R, that displays electron transfer
at solution/a-CNx interface, as written in Equation 2.38.

B R.T
~ F2.8.R,.CO

where R is the molar gas constant (8.314 ] mol! K!), T the thermodynamic tem-
perature (K), F the Faraday constant (96,485 C mol!), S the area of the electrode, C
the redox species concentration (3 mM), and Rct the charge-transfer resistance (€2).

Amorphous carbon nitride electrodes without pretreatments give kinetic con-
stant between 1.6 and 5.4 10~* cm s™!. Those activated with anodic KOH pretreat-
ment yield kinetic constant values between 2.3 and 9.4 10~ cm s™! according to
several electrodes tested. KOH anodic pretreatments are undoubtedly increasing
electrochemical reactivity. The variability in the electrochemical reactivity may come
from the deposition process of a-CNx thin films. Indeed, it is difficult to precisely
tune such a low flow of nitrogen (0.27 sccm) and this flow is varying during the

ko (2.38)
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magnetron sputtering leading to slightly different nitrogen contents for each chip.

A more thorough investigation with XPS shows that activation decreases the con-
tent of superficial N atoms involved in C-N sp? bonds [280, 270]. The influence of
activation on the microstructure of a-CNx films [284] results in a substitution of C
atoms in the graphite clusters by N generating a clustering of sp? sites. N-C sp?
and N=C sp? increases whereas C=C sp? decreases. C contents goes from 87% to
91% and N contents from 13% to 9% (removal in C-N bonds into NHj3). This is in
good agreement with higher reactivity as C sites are the preferred sites for electron
exchange.

These results are in good agreement with cathodic pretreatment that reveals elec-
trophilic terminations that increase ET for most sceanarii [285, 286, 287] whereas an-
odic pre-treatment reveals carbonyl and carboxyl endings. As they are nucleophilic
they decrease ET for redox couples.

DNA hybridization detection on a-CNx by EIS

DNA hybridization detection is based on long range electron transfer through the
DNA double structure via 7 stacking. Figure 2.25 shows the EIS response of the
biosensor subjected to a DNA-target solution.
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Figure 2.25: DNA hybridization detection (EIS). Probe immobilized
(black curve), target hybridization (green curve).

The DNA probe layer (DNA modified with a -NH; ending) is covalently grafted
to the a-CNx carboxyl groups activated with EDC/NHS [288]. It is a repulsive layer
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for the negatively charged Fe(CN)2~ complex. DNA is also negatively charged hin-
dering the diffusion of the complex inside the probe layer. The result is an increase
in the impedance loop up to a R.: of 600 k€2 (green circles on the graph).

The stability of the grafted monolayer was checked by flushing a blank solution
in hybridization conditions (0.5 M NaCl at 0.5 uL s~! for 30 minutes). No deterio-
ration of the probe layer can be seen as indicated by an unchanged Z value (grey
dotted line). This observation is consistent with a covalent grafting. It is obviously
an optimization with respect to the results of probe immobilization on gold.

The hybridization with target DNA reestablishes the electron transfer via LET
increased by the use of MB indicated by a decrease in impedance (blue squares) up
to 157 k€2, a value lower than the one of bare a-CNx (black curve, 300 kf2) showing
the success of hybridization.

Such an high electrochemical reactivity value after hybridization could be ex-
plained by the insertion of ions inside the a-CNx structure. Insertion of cation inside
indium tin oxide (ITO) was reported when performing electrochemical reduction
leading to Na* insertion and a drastic morphological change decreasing, in that
case, electrode conductivity [289]. Ions insertion were also reported in graphene
[290].

Electrochemical reactivity after hybridization may also come from the self-assembly
of double-strand DNA on a-CNx electrode. Ciesielski et al. reported the self-assembly
of G-based structures on flat surfaces generating highly ordered nanostructured ma-
terials inspired from the self-association of natural nucleobases. These structures
constituted building blocks for electrically /optically active units [291].
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Figure 2.26: Chemical grafting and DNA hybridization detection
scheme.

Concerning the critical density of probes on the surface.

One can calculate the number of immobilized DNA probes on the UME with a
similar calculation as in Section 2.3.5 except that DNA probes are only grafted on
a-CNx working electrodes and are rather in a lying position than in an upright po-
sition (SAM on gold are more dense). The ratio between the ss-Rct and Rct of bare
a-CNx (Figure 2.25, with a 100 ug mL~! probe concentration introduced) is giving a
50% surface coverage giving 3.10% DNA probe grafted and yielding a 4.10'2 groups
cm~2 density (6.107!2 mol cm~2) compared to the 2.2.10!* available grafting sites
[278]. We assume that those amine sites obey a random and even distribution [292].

Figure 2.27 displays the impact of increasing concentrations of DNA probes from
10 to 10 000 ug mL~! introduced on the grafting density. The curve reaches a plateau
that may indicate the saturation of the amines groups available for grafting. We took
for the optimum value the half high of the plateau e.g. 500 ug mL~! for further graft-
ing. We believe that it will result in a medium density of probes on the surface, that
will leave enough space to targets to approach [56].
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Figure 2.27: Biosensor response in EIS subjected to increasing
concentrations of DNA probe solution.
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Limit of Detection

Limit of detection curves were plotted on Figure 2.28 to determine the behavior
of the sensor submitted to target solution of decreasing concentration.
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Figure 2.28: Biosensor response in EIS subjected to decreasing
concentrations of target solution.

The sensor’s response for non activated a-CNXx (crosses) is smaller even non ex-
isting in regard to the activated electrodes (circles). It may come from the number
of amines sites available for grafting with the probes and thus the number of probes
available for target hybridization. Negative values for Z(ss)-Z(ds) come from exper-
iments that resulted in larger loops after hybridization (larger than the loop corre-
sponding to the probe grafting) perhaps an influence on single strand adsorption on
the surface rather than hybridization. These values were kept anyway for accuracy.

For small concentrations of targets e.g. 1072!-107!° some linearity in the sen-
sor’s response can be found resulting in a pseudo limit of detection of 1 aM. The
sensor based on a-CNx electrodes is able to detect concentrations down to the at-
tomolar range. Variations in linear slopes may come from the variability found in
electrochemical reactivity, electrodes with higher reactivity tend to better detect, in
terms of impedance, double-stranded DNA compared to single-stranded DNA in
that case.
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Conclusion

Here, we described the transposition of an ultramicroelectrode (UME) setup into
a microfluidic chip configuration for DNA biosensors. First the behavior of a gold
UME in a two electrode setup was studied with the [Fe(III)(CN)g]3~ / [Fe(I)(CN)g)*~
redox couple outside a microfluidic chip. Hybridization detection schemes were per-
formed taking advantage of the spatial and temporal resolution of UME allowing the
study of molecular phenomenon in microvolumes with a S/N optimized ratio and
the detection of small currents with a high sensitivity (ohmic drop is kept minimal).

Seeking reproducible measures with precise positioning of the electrodes and
higher dynamics due to confinement, this first biosensor was integrated in a mi-
crofluidic channel. The hydrodynamic properties of the fluidic channel microelec-
trode were screened by cyclic voltammetry matching the Levich predictions.

A 23-base DNA probe was self-assembled into a monolayer on gold microelec-
trodes both in classical configuration and integrated in a microfluidic setup. Spe-
cial interest was focused on the DNA target mimicking the liver-specific micro-
ribonucleic acid 122 (miRNA122). Long-range electron transfer was chosen to trans-
duce hybridization. This direct transduction was indeed significantly enhanced after
hybridization due to DNA-duplex w-stacking and the use of redox methylene blue
as a DNA intercalator. Quantification of the target was deduced from the result-
ing electrical signal characterized by cyclic voltammetry. The limit of detection for
DNA hybridization was 0.1 fM in stopped flow experiments, where it can reach 1
aM over a 0.5 uL s~! flow rate, a value 10*-fold lower than the one measured with a
conventional UME dipped into an electrolyte droplet under the same analytical con-
ditions. An explanation was that forced convection drives more biomolecules to the
area of detection even if a balance between the speed of collection and the number
of biomolecules collected has been found.

The switch to a-CNx material for working electrode was a response to the insta-
bility of the DNA layer along with a high density of probes. A strong grafting with
a stable DNA probe layer of 3.10° strands (against 4.10'° on gold UME) that allowed
thorough water rinsing at 2 uL s~! was obtained yielding successful hybridization
down to 1 aM.

In this chapter we achieved successful electrochemical microfluidic biosensors
taking advantage of electrochemistry and microfluidic coupling and the extensive
properties of UME. The optimized electrochemical microfluidic sensor on a-CNXx al-
low quantification measurements in a 30-minutes protocol.

Without losing sight of the overall ideal goal to test a mixture of DNA in a fully
integrated LOC, the following step is to design a capture platform to separate our
target DNA of interest from the biological matrix.



89

Chapter 3

v-FeoO3@S5109 core-shell
nanoparticles, nanocarriers for
DNA capture and release

Magnetic beads are becoming very popular both in the nanometric and the micro-
scopic range as carriers, manipulating agents or contrast agents [293]. Magnetic
nanoparticles beside their obvious high surface to volume ratio and a flexible func-
tionalization can be easily handled without any contact thanks to a magnetic field.
To be well dispersed in biological fluids, the size of nanoparticles has to be balanced
between a high surface to volume ratio and a high magnetization.

All current detection systems or soon to be commercialized ones do not reach
sensitive limits of detection without a concentration or amplification module. The
small size of NP make them an attractive matrix as the barrier of diffusion is reduced
between reactants. It leads to shorter responses, increased linear range and the op-
portunity to reach molecular limits of detection. We compared the uptake efficiency
of an assembly of nanoparticles of 80 nm in diameter to the uptake on an electrode
of 30 um (see Annexe A for the detailed demonstration). These elements justify the
use of an assembly of nanoparticles upstream to a module of DNA detection via an
Ultra-microelectrode. The ratio between the respective efficiencies is N, the number
of nanoparticles, N = 10'? in our case, making nanoparticles ideal nano-magnets for
DNA capture.

Lots of magnetic systems were proposed through the years [294, 295, 296, 297,
298]. However the challenge is to keep an homogeneous magnetic fluid without
limitation of the mass transfer and the particles needs to have a sufficient magneti-
zation to be handled and to be able to perform various grafting.

Colloidal stability is the key for biomedical applications. Thanks to their nar-
row size nanoparticles are little or not at all submitted to gravitational pull. With-
out any field the nanoparticles’ stability depend on the balance between attrac-
tive forces (dipole-dipole Van der Waals interactions) and repulsion forces (sterical
and electrostatical forces). Hence the design of hybrid particles combining organic
with inorganic [299, 300] and the need of coating agents like polymers for stability
[301, 302, 303].

Magnetic nanoparticles’ functionalization has to maintain their magnetic prop-
erties to avoid any aggregation and to make them biocompatible plateforms for the
capture of biomolecules (DNA, enzymes, proteins, antibodies). The type of enve-
lope determines the size and the physico-bio-chemical properties of the NP. Coating
agents can be functional organic molecules (aldehydes, hydroxy, carboxy or amines)
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or polymers such as PEG, PNA [304] or PEI that ensure the stability of the particle
via sterical and electrostatical repulsions acting as a fence against attractive forces.

Size and shape of nanoparticles are key parameters to determine their stabil-
ity. Size has an heavy impact on magnetic moment and the response to an applied
magnetic field. For an easy manipulation by an external field the overall magne-
tization has to be maximum. Ferromagnetic materials are thus favored as iron,
nickel or cobalt. Particularly popular is the iron oxide under its magnetite Fe3Oy
or maghemite y-Fe;O3 form that can be synthesized with the best chemical stability
against oxidation and possess the interesting electro-magnetic properties. A remark-
able control of the size of the objects is allowed with amorphous silica shells via the
sol-gel process. The silica coating, hydrophilic, is especially stable in biological me-
dia (pH < 9) and can be even more stabilized with functional groups: the function-
alization with chemical functions (amine, carboxy acid, thiol, epoxy) charged at pH
7.4 [305] and polymer PEG chains is well-known and interesting for a coupling with
biomolecules. Moreover a silica layer shields dipolar interaction by taking away
magnetic particles from one another [306].

Another reason why choosing MNP is their local outstanding heating behavior
subjected to a radiofrequency alternative magnetic field (AMF). Dias et al. achieved
by heating iron oxide nanoparticles functionalized with DNA under an AMF to as-
sess roughly the temperature in the vicinity of a magnetic nanoparticle. They as-
sessed an increase of 8°C compared to the bulk solution at 5 nm of a nanoparticle
[189]. This increase of temperature at the nanoscale is the key of many applications
in cancer treatment [307, 308] using thermosensible polymers or biomedecine for
targeted drug delivery [309]. Indeed the heating of a biological solution is a tricky
issue in an amplification and / or detection of a biological target. Beside an obvious
denaturation of the parts non compatible with high temperature, a feedback loop is
needed to take into account the thermal losses and precisely tune the temperature
[39].

Magnetic hyperthermia on maghemite nanoparticles e.g. local heating by Néel
relaxation of a super paramagnetic nanoparticle under an alternative magnetic field
overcome these constrains. The interior of the nanoparticles becomes much hotter
than the macroscopic solution and cools to the temperature of the ambient fluid on
a time scale of seconds after the magnetic field is turned off [310].

Our aim is to couple magnetic properties and colloidal stability on the same
nano-object. This asks for not to small objects to obtain sufficient magnetic moment
[311] and not to big to stay in an efficient regime of diffusion.

To complete all the needed specifications and to continue with the PHENIX lab-
oratory tradition, we designed core-shell nanoparticles with a maghemite y-Fe;O3
core, a silica shell and functionalized with polymer chains and amine groups ; poly-
mer chains for NP stability e.g. steric interactions, amines for electrostatic interac-
tions and covalent grafting [312, 313].

Magnetic silica particles are very efficient in adsorbing/capturing proteins and
DNA on their surface but are very hardly available with a small size distribution and
an ideal spherical shape. A modification of their structure and shape particularly
their core was needed to handle them more easily and to perform higher magnetic
hyperthermia.
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In this chapter, an easy and flexible way to release hybridized DNA targets from
their nanocarrier module is presented. By using magnetic hyperthermia on super
paramagnetic core-shell nanoparticles that combine biocompatibility and availabil-
ity all the odds are in our favor to reach the maximum efficiency. Our focus is not
on creating the most powerful nanoheaters but to present a robust and reproducible
way to synthezise a nanoplatform with flexible properties both magnetic and bio-
logic in aqueous solution. This synthesis is simple although efficient for magnetic
hyperthermia.

First in this chapter, we will describe and characterize our synthesized maghemite
core-shell nanoparticles as stable and magnetic efficient particle. Then the nanopar-
ticles will be characterized in terms of surface properties as a capture unit for DNA.
Finally an original and efficient way of releasing the DNA mimicking miRNA-122
captured, with magnetic hyperthermia, will be described.
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3.1 Materials & Methods.

3.1.1 Materials

N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC); N-Hydroxy-
sulfosuccinimide sodium salt (NHS); 3-(N-Morpholino)propanesulfonic acid sodium
salt (MOPS); tetraethoxyorthosilicate (TEOS); 3-(aminopropyl)triethoxysilane (APTS)
were purchased from Sigma-Aldrich (St Quentin Fallavier, France). Citric acid was
purchased from Merck (Nogent sur Marne, France). 2-[Methoxy(polyethyleneoxy)
propyl]-trimethoxysilane (PEOS), containing 3-6 ethylene oxide groups, was pur-
chased from Gelest (Morrisville, PA, USA). 30% H>05, HCl and NaOH solutions
were obtained from VWR (Strasbourg, France). The oligonucleotides were pur-
chased from Integrated DNA Technology (Belgium). The probe is 21-basis long and
is modified with a carboxy-end. The target is an unmodified DNA sequence of 20
basis as written in Table 3.1.

Table 3.1: Sequences of Oligonucleotide Strands

Oligonucleotide Sequence (5" to 3)
Probe (P) 5’-Carboxy C6-CAA ACA CCA TTG TCA CAC TGC-3’
Target (T) 5’-GC AGT GTG ACA ATG GTG TTT G-3’

3.1.2 Synthesis of core-shell nanoparticles
~-Fe; O3 cores synthesis.

Maghemite y-Fe3O4 nanoparticles were synthesized following the Massart co
precipitation synthesis [314]. First, weight 180 g FeCl; with 100 mL of HCl and
500 mL of distilled water. Weight 715 mL of FeCl; in the latter preparation with 3 L
of distilled water under agitation. Add 1 L of NH3 22.5%. The washes are done
in distilled water under magnetic decantation. Add HNO3 52.5% to pass in acidic
medium. Then in order to oxidized the NPs synthesized weight 323 g of Fe(NOs)s3
in 800 mL of water and bring to boil. Add to the latter preparation and heat until
change of color. Add 360 mL of HNO3 52.5% diluted in 2L of water to pass in acidic
medium. Three cycles of washes in acetone and two cycles in ether are needed. The
final nanoparticles are dispersed in 1L of ultra-pure water.

NPs’ sorting

To size-sort the biggest MNP, 5 mL of HNO3 68% was added to induce destabiliza-
tion [315]. The dense phase (flocculate) with the bigger particules is separated from

the supernatant by magnetic decantation. Keep the flocculate and repeat this cycle
with 5 mL then 3 mL of HNOs.
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Citration

To stabilize the MNPs by electrostatic repulsion in aqueous medium at pH 7, they
are citrated to give them negative charges. Add citrate with a 0.13 ratio against num-
ber of iron moles. Heat at 80°C for 30 minutes and wash with magnetic decantation
using acetone and ether. Disperse in ultra-pure water.

Silica shell synthesis and functionalization

Classical synthesis of NPs A

This classical synthesis stems from a procedure developed and optimized by the
PHENIX group [312, 313, 316].

For 700 pL of sorted citrated ferrofluid ([Fe]=1.02 M), add 50 mL of water, 100 mL
of ethanol 99%, 900 uL of TEOS, 1.88 mL of N Hj3 30% and leave to react under
agitation for two hours.

For the functionalization add 300 uL of TEOS, 350 uL. PEOS and 150 ul. APTS
and leave to react 24 hours. Wash in ethanol and ether with a 15:1 ratio and dis-
perse in 50 mL of a sulfonic acid (MOPS) pH 7.4 buffer. The suspension is stable for
months.

Modified synthesis (NPs B, C , D).

Before their coating within the silica shell, increasing concentrations of a NH4Cl
salt ((NH4Cl1]=2.5 ; 4 ; 5 mM) were added to the solution in order to more or less ag-
glomerate the cores. Then proceed to the adding of coating agents and redispersion
as described for the classical synthesis.

3.1.3 Characterization of core-shell nanoparticles
Iron concentrations

Precise iron concentrations in the samples were needed for later magnetic and graft-
ing experiments. Atomic adsorption spectrometry was performed to access the iron
concentration. Previously the samples were allowed to incubate in HCl 37% and
diluted in distilled water.

Transmission Electron Spectroscopy (TEM)

TEM examinations were obtained after placing a single drop (6 L) diluted 1/1000
of the aqueous solution of MNPs onto a copper grid coated with a carbon film. The
grid was left to dry in air for several hours at room temperature. TEM analysis was
carried out in a Jeol 100cx electron microscope model working at 100 keV. Transmis-
sion Electron Spectroscopy allow the observation of the surface morphology with a
deep field. TEM gives a good resolution up to the 10" of nm.

Dynamic Light Scattering (DLS)

DLS and ¢-potential measurements were performed on a Zetasizer 3000 HS Malvern
at room temperature. Each sample was diluted in MOPS at pH 7 and was measured
three times, combining 10 runs per measurement.
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Magnetostatic SQUID measurements.

Magnetostatic measurements were performed on a SQUID magnetometer. SQUID
measurements on liquids were done on 10 times concentrated solutions and on pow-
ders (dehydration in an oven at 70°C).

AMEF assays

The AMF assays were performed on the Magnetherm from Nanotherics with a fre-
quency around 535 kHz and a field of 10.56 kA m™!. The ferrofluid sample (V=500 xL)
is introduced into a copper coil, which is part of a resonant RLC circuit producing
an AC magnetic field in the frequency range 300-550 kHz and with amplitudes up to
10.56 kA m~!. The coil is cooled by a water circulation to get rid of the influence of
thermal gradients. The bulk solution temperature was measured with a nonmetallic
optical fiber (Fluoroptic, Luxtron Corp.) placed in the center of the sample. The rise
in temperature was approximated by a linear increase as a function of time dT/dkt.
The Specific Loss Power of the nanoparticles was calculated according to Equation
3.1.

Mtotal ar

SLP = (3.1)

Mimag © “dt
with ¢, the specific calorimetric capacity of water and my,; and my,q4 the total
mass of the sample and the mass of magnetic material, respectively.

Quantitative measurements of the NH; groups functionalized

The NHj coverage was quantified with the fluorescamine test in fluorescence. The
fluorescamine solution was prepared with 5.6 mg of fluram in ethanol 99%. The
standards were prepared with 0.56 g of APTS in ethanol 99%. The five standards
respectively made with 0, 20, 80, 160 and 260 pL of the APTS solution in 10 mL
graduated flask and then 20 pL was withdrawn in each, poured in all transparent
spectrophotometer cuvettes and completed with the stock solution. The standards
were then allowed to incubate 2 h in the dark.

Amino concentrations were measured with a fluorescence spectrophotometer
Cary Eclipse (Aezcitation=390 nm ; Aemission = 480 nm).

3.1.4 DNA grafting
Single strand protocol

Our DNA probe to be loaded has been modified with a carboxy tail in order to be
coupled to the NHy NPs via a peptidic EDC/NHS coupling. The chosen process
was a two step process after optimization. First, in a total 1 mL MOPS/NaCl 0.5 M
solution, COoH-DNA were activated in a 100 equivalent of EDC and NHS solu-
tion for 20 minutes (0.05 g of each were dissolved in 5 mL of dionized water and a
volume corresponding to 100 equivalent of the introduced amount of DNA-probe
was withdrawn and introduced in the reacting medium). Then 78 L of NPs were
introduced in the medium and left to react overnight. Separation between loaded
nanoparticles and ungrafted DNA was done using Miltenyi MS Columns with a
double MOPS/NaCl washing.
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Double-strand protocol

First the target DNA was put to hybridize with the probe during 30 minutes in a
1 mL MOPS buffer with 0.5 M NaCl. Then 100 equivalent of EDC and NHS was
poured into the solution during 20 minutes to activate the carboxy functions of the
probe DNA. Finally the nanoparticles were added and left to react overnight. Sepa-
ration between loaded nanoparticles and ungrafted DNA was done using Miltenyi
MS Columns.

DNA quantitation measurements

All DNA quantitation measurements were done using fluorescence spectroscopy
performed on a Cary Eclipse fluorimeter (Aczcitation=480 nm, Acrission=520 nm) with
the Quant-iT Oligreen ss DNA Assay Kit from Invitrogen [317]. Calibration curve
of Quant-i7TM Oligreen was realized with standards of our own DNA as shown
on Figure 3.1 for the probe and target calibration. Samples in 4mL cuvettes were
excited at 480 nm. The fluorescence emission intensity was measured at 520 nm us-
ing a Cary Ecplise Spectrofluorometer and plotted as a function of oligonucleotide
concentration.
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Figure 3.1: Linear quantitation of our DNA probe (A) and target (B)
using the Quant-iT Oligreen ssDNA reagent.
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3.2 Synthesis and characterization of Core-shell Nanoparti-
cles

3.21 Maghemite cores
Numerous iron oxide MNP process roads

Numerous synthesis processes allow a precise control over size and shape of iron
oxide NPs in solution. Some physical methods exist as gas phase decomposition
or electronic lithography but can not control any sizes at the nanoscale. Chemical
methods (sol-gel, oxidation, co-precipitation, nanoreactors) have proven their value
to produce NP under 15 nm in diameter in terms of easiness to control the shape and
the composition. To obtain bigger NP (30 to 100 nm) for easy magnetic manipulation
or heating power literature is less prolific. The most interesting methods are reported
in Table 3.2.

Table 3.2: Various iron oxide MNP process roads.

Method Conditions  Time  Solvent Size (distribution) Reference
Co-precipitation Easy Minutes  water <20 (+) [314]
Thermal decay Difficult Days organic <20(++) [318]
Microemulsion Difficult Hours  organic <50(+) [319]
Polyol Easy Hours  organic <10(++) [320]
Hydrothermal Easy Days  water <103(++) [321]

In the lights of this rapid overview chemical precipitation of Fe?* and Fe3*
cations is without doubt the easiest and quickest way to synthesized NP according
to our expectations (size below the SPM barrier 50 nm and below the monodomain
critic value 18 nm, high yield, synthesis in water, flexible post functionalization).

Co-precipitation benefits are numerous. We can cite cheap reactants, mild condi-
tions possible in water, final concentrated solutions in iron and a flexible synthesis
both for size and surface properties of the NP. Two of the few limitations stands on
the number of parameters and the relatively large size distribution that can be com-
pensated with a sorting.

Maghemite NP synthesis via co-precipitation

The reaction is done in an aqueous single phased liquid allowing to control germi-
nation and growth of iron hydroxide seeds. The synthesis consists in iron oxide
precipitation by adding a base in Fe!! and Fe!!!. The precipitate is isolated with
magnetic decantation and stabilized by adding concentrated acid and base. Size
shape composition and reproducibility depends on the type of salt used (chlorates,
sulfates, nitrates), on the Fe?T /Fe3" ratio, the temperature of the reaction, the pH
value, the ionic concentration of reactants and the nature of the base. Massart and
Cabuil [314] were among the first to precisely determine the key parameters to con-
trol the yield and the size of magnetite or maghemite NP (between 3 and 20 nm) by
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playing among other parameters on pH and the nature of the base. Conversion in
magnemite is easily realized by chemical oxidation of magnetite.

Figure 3.2 describes the different steps of the synthesis of maghemite nanopar-
ticles y-FesO3 from colloidal magnetite obtained by co-precipitation in a ferric and
ferrous basic chloride solution.

1 2FeCl,, 6 H,0 + FeCl,, 4 H,0

NH,OH l
2 Fe O,
Anionic
magnetite
HNO, j’

3 Cationic
magnetite

Fe(NO); l
4 y-Fe,0; &

Figure 3.2: Scheme of the maghemite synthesis (inspired from
Mornet et. al. [191].

The synthesis starts with an inorganic polycondensation resulting in the forma-
tion of two precursor Fea(OH)4 and Fe3(OH)s. The molar fraction in Fe?t leading
to the best yield in maghemite is the one of the stoichiometric conditions e. g. 0.33.
When the precursor concentration reaches a limit value, magnetite germs are formed
(nucleation) and grow according to the Oswald mechanism (germs growth). The
germs formation is controlled by the precursor concentration that blocks nucleation
when reaching an inferior limiting value and leading to maturation and ageing of
germs. This process in four steps (precursor, nucleation, growth and ageing) was
described by La Mer in 1950 [322].

Size and shape are tuned by the ratio of Fe!! /Fe!!!, temperature, pH and the na-
ture of the base. For small and monodispersed particles, a high speed of nucleation
and a low speed of growth is needed. Magnetite nanoparticles are oxidized in acid
medium leading to the formation of maghemite y-Fe>Os.

Magnetic properties of fine particles are size dependent and influenced by the
polydispersity of the sample [323]. Size sorting with nitric acid destabilization al-
lows to separate the dense phase (where all the biggest nanoparticles are) from the
supernatant [315].

For biological applications, nanoparticles need to be dispersed in a pH 7.4 with
an ionic strength of 100 nM. At pH 7, maghemites are at their zero charge point
(ZCP) and thus foculate due to the lack of electrostatic repulsions. That is why they
are citrated to give rise to nanoparticles charged between pH 4 and 10. They are
negatively charged at pH 7.
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Characterizations of the synthesized maghemite superparamagnetic nanoparti-
cles

After synthesis, we obtain a batch of size-sorted maghemite nanoparticles, which
polydispersity will be assessed by Transmission Electron Microscopy (TEM) in this
section, with an iron concentration of 1.0 M, determined by atomic adsorption spec-
troscopy (see section 3.1.3) .

Two techniques are widely used to characterize the size and the aggregation state
of nanoparticles as well as their surfacic charge: Dynamic Light Scattering (DLS)
and Transmission Electron Microscopy (TEM). The latter gives information on the
size and the morphology of the particles. The principle of this technique is based
on the interactions electron-material. An incident beam of electrons is sweeping the
surface of the sample. The inelastic diffusion of these electrons through the material
brings out the emission of secondary electrons from the core levels of the atoms. The
emitted quantity is function of the surface topography and the atomic number of
the atoms. The image reflects the composition of the surface. However TEM does
not reflect their dispersion state as particles are dried out. DLS is complementary to
TEM insofar as it informs on the size distribution of the particles dispersed in aque-
ous medium. The mean hydrodynamic diameter measured differs from the physical
diameter as it reflects the solvated particles with their double layer and changes
strongly with the flocculation state of the system.

Size distribution

Ferrofluid samples e.g. a colloidal suspension of magnetic monodomain parti-
cles of typical size 10 nm [138] are never completely monodisperse and a log-normal
distribution P is usually assumed [139], see Chapter 1 Section 1.4.1. The mean diame-
ter d of spherical magnetic particles and polydispersity index o from the log-normal
distribution can be extracted from the log-normal fittings as shown on Figure 3.3.

frequency
/

P(d)

diameters

Figure 3.3: dy and o parameters extraction from log-normal fitting
curves.

First a comparison was made between sorted and non sorted MNP as shown on
Figures 3.4 and 3.5. A histogram P, (d) of the size distribution is realized by par-
ticles” counting on TEM images by Image ] on about 200 particles. Size numbering
were fitted (red line) with the log-normal distribution. The aggregation state of the
particles were investigated in the form of DLS measurements (green sticks).

Figure 3.4 displays polydispersed particles with a mean physical diameter d7g
of 7 nm (0=0.27). Particles are well dispersed according to the measurement of their
mean hydrodynamic diameter (green stick) of djyar, 13.5 nm. The hydrodynamic
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Figure 3.4: Initial MNPs obtained by a classical Massart Synthesis in
Transmission Electron Microscopy and size numbering fitted with
the Langevin model. Particles counting was done by Image ] on 200
particles

diameter differs from the physical diameter as it reflects the solvated particles with
their double layer.

In order to have more efficient particles regarding their magnetic properties,
cores were sorted to retain the biggest particles in order to decrease the polydis-
persity index. Indeed particularly for magnetic hyperthermia, it has been observed
that size dispersion strongly weakens the heating efficiency of samples between 12
and 17 nm diameters [142]. Size selection with nitric acid to induce destabilization is
causing larger particles to precipitate and leaving smaller and nearly monodisperse
particles in the supernatant. Results are shown on Figure 3.5.

0 10 20 30 40
100 nm Diameters (nm)

Figure 3.5: Sorted MNPs of 11 nm in diameter obtained by a Massart
Synthesis and sorting in Transmission Electron Microscopy and size
numbering fitted with the Langevin model. Particles counting was
done by Image J on 200 particles
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3.5 TEM image displays spherical particles with no sign of aggregation corrobo-
rated with a DLS diameter of 18.1 nm in diameter indicating well dispersed particles.
The size histogram show a narrower distribution with a mean physical diameter of
11 nm (0=0.17) indicating the success of our sorting.

Following is a magnetic characterization of sorted cores to provide a basis for
further magnetic investigations of the future encapsulated system.

Magnetostatic measurements

As discussed in Chapter 1 section 1.4.1, one striking characteristics of the ferroflu-
ids is their superparamagnetic behaviour. On Figure 3.6 the magnetization curve of
both MNP in powder and in liquid state are displayed. Their magnetization curves
show no hysteresis cycle at 290 K, a superparamagnetic characteristic. As far as the
ferrofluid solution is diluted (magnetic interactions between grains are negligible)
and that the suspension is monodisperse, magnetization can be described as a sym-
metric sigmoid described by Langevin:

x

1
M = Mgy (cothx — ) (3.2)
with
. ,uo.mS.V.H
kT
o the vacuum magnetic permeability, Mg,; the saturation magnetization of the

solution is equal to m,.¢, m, the saturation magnetization of the magnetic material,
¢ the volume fraction of particles in suspension and k.T the thermal motion energy.
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Figure 3.6: Magnetostatic measurements on sorted bare cores MNP
in powder (dotted line) and ferrofluid state (black crosses).

On 3.6, the saturation magnetization of MNP in liquid state and powder state
yield around the same saturation magnetization My,; value 57 emu g~ 1. mg=Mg,:/
(¢ the volumic fraction of magnetic material) can be compared to 77, the saturation
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magnetization of bulk y-Fe;O3 (85 emu g~!). These values are lower compared to
the bulk maghemite but reach the reported value for nanometric maghemite (60 emu
g~ 1) due to surface effects.

The measurement of the saturation magnetization M,,; of powders allows to ex-
tract the My,; value and the magnetic concentration through ¢, the volumic fraction
of particles in suspension, yielding a 0.077 M iron concentration. This value differs
from the 0.1 M concentration determined by atomic adsorption spectroscopy, the
difference may come from a titration imprecision. We will keep the 0.077 M value
for the following analysis. From the sigmoid of fluids a magnetic stability can be
noted and the magnetic size of the particles and their polydispersity can be assessed
[324].

Measurements under an alternative magnetic field (AMF)

As discussed in Chapter 1, magnetic hyperthermia on maghemite nanoparticles
e.g. local heating by Néel relaxation of a superparamagnetic nanoparticle under an
alternative magnetic field exhibit heating properties.
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Figure 3.7: Magnetic hyperthermia on sorted bare cores MNP
against water heating due to heating of the coil.

Figure 3.7 displays the increase in temperature of the sorted MNP of 11 nm
(physical diameter). The rise in temperature is not a straight line due to thermal
losses of the non adiabatic chamber. We thus took only the 30 first second to calcu-
late the dT/dt from which we subtracted the initial slope corresponding to the water
heating (dotted line) yielding a a* corrected slope. With the massic specific heat ca-
pacity of water c,, (4185] kg_1 K1) and Mpq (Equation 3.4, Vi is the total volume
of the suspension, p;,q4 their volumic mass, equal to 5.07 g cm ™3, ¢ their volumic
fraction in suspension), the SLP is given by Equation 3.3.

Mtot dT
c

SLP = .Cp.——
Minag Pt

(3.3)

Mmag = ¢ Viot -Pmag (3.4)

Equation 3.3 can be simplified in
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P ar
®-Pmag Ut
by replacing m,;,q4 by its expression from Equation 3.4 and my.; by po. Vo with pg

the volumic mass of the sample, diluted. The volumic fraction of magnetic material
can be further expressed in:

SLP =

(3.5)

Vina
¢ = Ttg (3.6)

with the volume of magnetic material V,,,,4 equals to myqg/ pmag- The mass of
magnetic material m,,,, can be expressed with the molar concentration in iron in
solution c(Fe):

MF€203
7
. 67)

with Mpe,0,/2 the molar mass of magnetic material. Equation 3.7 is leading to:

Mmag = ¢(F€).Vior.

Vmag MF6203
= —* =¢(Fe).—2= 3.8
¢ V;‘/ot ( ) 2-pmag ( )

Numerical application in Equation 3.8 can lead to further simplification:
160
2.5070°

with 2.Mp.,0, equals to 160 g mol~! and py,,4 equals to 5070 g L.
Finally the volumic fraction of magnetic material in percent is given by:

o=

c(Fe) =0.0158.c(Fe) (3.9)

&(%) = 1.5.¢(Fe) (3.10)

with c(Fe) the iron concentration of the solution in mol L.

Our sorted cores reach the value of 57 W g_l consistent with the reported 60 W g_1
value of maghemite for our experimental conditions (535 kHz, 10.56 kA /m).

3.2.2 Core-shell Nanoparticles

The use of nanoparticles for manipulation and loading purposes are conditioned
by their hydrodynamical size, morphology and magnetic size. Once our core-shell
nanoparticles were fully characterized with Transmission Electron Spectroscopy (TEM),
Supra Quantum Interferometric Device (SQUID) and Diffusion Light Scattering (DLS)
their heating efficiency were assessed with magnetic hyperthermia.

Encapsulation, a modified synthesis with pre-aggregation

Even if it has not been clearly demonstrated that an increase in magnetic material
induces an increase in heat dissipation observations tend to point in that direction.
In any case, an increase in size comes with an increase in DNA loading. We thus
turned our focus on increasing the cores ’sizes of our particles and along with it the
size of the global particle with its coating. The simplest way to increase core size is to
put together several maghemite cores together thanks to an aggregation with a NHy4
salt by playing on the destabilization of the nanoparticles induced by an increase in
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ionic strength i.e. screening of electrostatic repulsion. It should be noted that, so far,
no one reported the increase of SLP through core aggregation.

Before encapsulation, the agglomerated cores were screened by DLS to be seen
on Figure 3.8.

Snuuluu | T P .
E. D
& 60 =
[T
E 3 o
it .

Eq-ﬂ_: B C 3
E 1 A F
2 3

- 204 ~
=] . s
= 3 C
T

D"I" T L L L L

o 2 4 & 8 10
[NH,CI] (mM)

Figure 3.8: DLS of agglomerated cores vs the concentration of
NH,Cl salt introduced.

Nanoparticles functionalization

Protection of the iron oxide nanoparticles with a silica shell remains a classical pro-
cess in the context of biologic applications. Chemically stable in aqueous medium
(pH <9), silica is easily functionalizable with various chemical functions (amines,
carboxy acids) allowing a covalent grafting of the molecules of biological interest. Fi-
nally silica allows to shield dipolar interactions by pulling away the magnetic cores
one from another.
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Figure 3.9: Scheme of the maghemite encapsulation with silica and
subsequent functionalization with PEG chains and amine groups.

Two main synthesis roads are available for silica functionalization of nanoparti-
cles. Sol-gel [325] and microemulsion in a micellar microreactor [326]. For this work,
the sol-gel process was chosen as it is easy, without surfactants and allows high scale
synthesis.
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The sol-gel process starts with the condensation of a silica monomer (RSi(OR)3
alkoxysilane) on the surface of iron oxide nanoparticles. Follows a two-step pro-
cess: hydrolysis and condensation initiated in an acid or basic medium in a mixed
medium water/ethanol [325]. During hydrolysis, silanol are formed and give rise
to siloxane by intermolecular condensation. Siloxane condense on hydroxyl sites on
the surface of iron oxides resulting in a silica layer as pictured on the Figure 3.10 of
our maghemite cores encapsulated in a silica shell of ca. 15 nm. pH, temperature,
solvent, alkoxysilane are sensitive parameters to play on in order to tune the silica
shell [306, 312]. The grafting of functionalized organosilane to introduce covalently
a reactive chemical function on the silica surface is preferred to the alternative of
chloration (no secondary toxic products) [327].

L. |

100 nm

Figure 3.10: TEM picture of encapsulated cores in a silica shell.

Silanol groups then condense on silica and reticulate to give rise to the silica
network. TEOS, first to be added, start the reticulation of the silica network and
facilitate condensation of APTS and PEOS. APTS is introduced lastly as its autocat-
alytic properties make its condensation speed higher than the one of the PEOS and
so let it condensate on silica germs. The reaction is stopped by ether that precipitate
nanoparticles by decreasing the dielectric constant of the medium. The liquid phase
and organosilanes that have not reacted can thus be eliminated. Final redispersion
is realized in MOPS pH7 4.

Colloidal stability

The colloidal state is characterized by a large specific surface compared to the vol-
ume. The particles chemical behavior is thus governed by the surface properties.
Colloidal interactions are particularly crucial for nanoparticles as they overcome
gravity. Two types of interparticular interactions can be distinguish: the forces de-
scribe by the DLVO theory and sterical repulsions.

Van der Waals attractive forces are issued from the electronic charge fluctuation
around atoms. It is mostly an induced dipole-induced dipole interaction in r=5 (r,
atomic radius) with an action area from 0.2 to 10 nm.

Two types of repulsive interactions are at work: electrostatic forces and steric
hindrance. Electrostatic repulsion corresponds to the net charge at the surface of the
particle (adsorption of charged ions, dissociation or ionisation of surface groups). It
is described by the double layer model (Figure 3.11).
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Figure 3.11: Scheme of the Stern and diffuse layer around a particle.

The intern Stern layer is composed of counter ions strongly adsorbed and solvent
molecules. The external layer of diffuse layer is composed of counter ions subjected
to the electronic potential of the surface and to thermal motion. Internal radius of
this layer corresponds to the hydrodynamical radius (electronic potential ®d ~ (,
potential zeta) and is delineated by the shearing plane of the solvent when the parti-
cle is in motion. When two charged particles are interacting, their diffusive layer are
interpenetrating. Local concentrations in counter ions are locally increasing, leading
to a repulsive potential. For short and long distances, Van der Waals interactions are
dominating but for a distance near the Debye-Huckel shielding length, electrostatic
repulsion prevails. Debye-Huckel length imposes an energy barrier which depends
on surfacic charges and ionic forces and have to be compared to the thermal motion
energy kpT.

To conclude, more ionic forces are weak and surfacic charges high, more the
particles are stable in solution.

A third type of interaction to note is steric hindrance. The presence of organic
molecules adsorbed or chemically linked allows to decrease the approach distance
between molecules (higher than the action field of Van de Waals forces).

Colloidal stability is an interaction game (attractive and repulsive) between par-
ticles in solution [328]. Magnetic dipolar interactions and Van der Waals forces
tends to aggregate the particles. Steric (PEG) and electrostatic (presence of ionis-
able groups) repulsions maintain the balance.

Number of objects in solution

A spectrometric dosage of atomic adsorption gives an iron concentration of the final
suspension of 15 mM.
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Using the volumic mass of iron oxide ppqy = 5.07 g cm ™3 and its molar mass
Mpeo, ;=80 g mol ™1, the volumic fraction of nanoparticles in suspension can be writ-
ten according to Equation 3.11.

&(%) = 1.5.c(Fe) (3.11)

From the volume filled by the nanoparticles in 700 L of maghemite

Vinag = ¢-Viot (3.12)
and the volume filled by one nanoparticle:

v, — gmmaf (3.13)
The number of maghemite nanoparticles in 700 L is obtained by:

Niag = V;Zg (3.14)

And by counting the number of cores in each silica shell N.,., the number of
core-shell N¢g is obtained by dividing N, by the number of cores.

Npg = —mag (3.15)

From an iron concentration of 15 mM, a value of ca. 2.6.10'6 Core-shell nanopar-
ticles can be deduced.

TEM measurements: From spherical to elliptical morphology

The size distribution of both core and core-shell particles are following a log normal
law. Particles are defined as A, B, C and D for reading clarity as their diameter is
increasing.
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Figure 3.12: Transmission Electron Microscopy pictures of CS A. Size
numbering fitted with the Langevin model and DLS measurements.

CS A are spherical particles as depicted on Figure 3.12. A majority of one encap-
sulated cores per silica shell can be seen.

The red line corresponds to the best fit of log-normal distribution P(d) yielding a
physical diameter of dghsys =42 nm for the total core-shell (¢=0.19) and 17 nm (0=0.17)
for the cores. Particles counting was done by Image ] on 200 particles. Particles are
well-dispersed both as MNP and encapsulated particles indicated by their hydrody-
namic diameters (25 and 45 nm respectively).
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Figure 3.13: Transmission Electron Microscopy pictures of CS B. Size
numbering fitted with the Langevin model and DLS measurements.

CS B are spherical particles as depicted on Figure 3.13. In average, three magnetic
cores are encapsulated in a single silica shell.

Particles are yielding a physical diameter of dg};28=44 nm for the total core-shell
(0=0.22) and 22 nm (0=0.10) for the cores. Particles counting was done by Image J on
200 particles. Particles are well-dispersed both as MNP and encapsulated particles
indicated by their hydrodynamic diameters (36 and 57 nm respectively).
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Figure 3.14: Transmission Electron Microscopy pictures of CS C. Size
numbering fitted with the Langevin model and DLS measurements.

CS C have a more elliptical shape forming short chains as depicted on Figure
3.14. In average, five magnetic cores are encapsulated in a single silica shell.

Particles counting was done by Image ] on 150 particles with an elliptical fitting.
CS chains length is 80 nm in average and the length of the aggregated cores in their
silica shell reaches 49 nm.

Particles are well-dispersed both as MNP and encapsulated particles indicated
by their hydrodynamic diameters (32 and 82 nm respectively). One should note a
smaller hydrodynamic diameter for the cores compared to the TEM diameter. DLS
is measured on aggregated cores before encapsulation. Cores may have aggregated
even more during the functionalization step.
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Figure 3.15: Transmission Electron Microscopy pictures of CS C. Size
numbering fitted with the Langevin model and DLS measurements.

CS D show also elliptical shapes forming short chains as depicted on Figure 3.15.
The shape are more blurry and its rather difficult to count the number of cores inside
a shell, which is itself difficult to distinguish one from another.

Particles counting was done by Image J on 150 particles with an elliptical fitting.
CS chains length is 86 nm in average and the length of the aggregated cores in their
silica shell reaches ca. 55 nm.

Even if TEM images displays not well defined particles, DLS measurements are
indicating well-dispersed particles both as MNP and encapsulated particles indi-
cated by their hydrodynamic diameters (62 and 112 nm respectively) near from their
physical diameters.
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Obtained core-shell nanoparticles are to be seen on Figure 3.16. Table 3.3 sum-
marizes the salt conditions used and the resulting TEM physical diameters.

-y

100 nm
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Figure 3.16: TEM images of A, B, C and D nanoparticles as their
diameter increases.

Table 3.3: Particles and their TEM sizes.

Particles | TEM diameters (nm) | [NH4CI] (mM)
Spheres deore diotal

A 17 42

B 22 44
Ellipses | lcore Liotal

C 49 80

D 55 86

The CS particles are characterized by a mean hydrodynamic diameter from 45 to
112 nm. Diffusion light scattering gives the dispersion state in the aqueous medium
and the hydrodynamical size. The latter matches the size of the particles with their
double layer solvated so increased compared to the physical TEM diameter.

The physical size range achieved is shifting from a spherical morphology (45
to 57 nm in diameter) to an elliptical morphology (up to 86 nm of the chain length)
where maghemite sorted cores form short chain-like structures inside the silica shell.
This property was attributed to an alignment of the magnetic domains during the
synthesis and will be further discussed in Section 3.2.2.

For the biggest nanoparticles (C and D), a sampling has been done to test the
robustness of our Image J counting especially in the case of elliptical particles where
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the enumeration of each individual particle is a challenge (see 3.17 and 3.18). To do
so, each list of size counting was divided into 3 and reorganized in an ascending
order thanks to the generation of a random number. From each list, a size histogram
was created and the Langevin model applied.
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Figure 3.17: Sampling of core C (A) and CS C (B) on Transmission
Electron Microscopy data and size numbering fitted with the
Langevin model. Particles counting was done by Image J on 150
particles

The leore, liotar and o values are sum up in Table 3.4.

Table 3.4: Mean length 1y and polydispersity index ¢ variations in
sampling of C and D particles.

. TEM core diameters (nm) | TEM shell diameters (nm)
Particles
leore g liotal g
46 0.60 81 0.37
C 62 0.28 73 0.38
43 0.88 76 0.43
52 0.58 85 0.60
D 51 0.50 91 0.39
60 0.34 64 0.10

The l.ore and lgpens values obtained for both C cores and shells respectively,
matches the mean diameter of the global counting with consistent o values vali-
dating our Image ] counting. For CS D, it is rather unclear, mainly due to the fact
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that TEM images do not display well-defined particles.

To conclude, pre-aggregation of maghemite cores before encapsulation allows to
play on the morphology and the size of the CS particles even if bigger particles (D)
are not that well defined and TEM pictures show some polydispersity. Anyhow the
synthesis is easy robust and efficient.

Magnetic characterization of the capture unit

When core-shell particles are composed of multiple magnetic cores they also exhibit
a super paramagnetic behavior. In an initial approximation we assume magnetic
cores have few interactions between them. The magnetic momentum of the particle
consist in the vectorial sum of each magnetic momentum divided by the volume of
the core-shell.

Magnetostatic behavior: SQUID measurements:

Figures 3.19 and 3.20 display the magnetostatic signature of each core-shell sys-
tem (A, B, C and D compared to the bare MNP).
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Figure 3.19: Magnetization of all particles in liquid state versus field.
The M4 values were corrected by calculating the mass of magnetic
material from powder measurements.

The layout of the curves are indicating stable solutions in the liquid phase. Mag-
netization measurements are corrected with their iron content. Saturation magne-
tizations are reaching unexpectedly high values due to a under-estimation of the
iron concentration in core-shells (under-estimation of iron concentration may come
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from titration imprecision due to multiple dilutions). They should gather around
the 60 emu g~ value.
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Figure 3.20: Magnetization of all particles in powder state versus
field.

On Figure 3.20 magnetization measurements were corrected with samples” mass
yielding small saturation magnetization values for core-shells mainly composed of
silica (see ratio of magnetic material in Table 3.5).

Each core-shell type can be described with a magnetization at saturation value
My, and a susceptibility value x. The magnetic susceptibility correspond to the
measure of how magnetizable a substance can become in the presence of a mag-
netic field. It is an intrinsic parameter of the material. The magnetization saturation
M;q=m;.¢ is the maximum induced magnetic moment that can be obtained in a
magnetic field. Beyond this field no further increase in magnetization occurs. The
magnetization of the bulk maghemite of 85 emu g~! is not reached, this means that
the magnetic order is not perfect in the whole particle. This lack of magnetization
may be supposed localized in the nonmagnetic surrounding layer (surface effect dis-
orders) [142].

In combination with measurements in powder states (Figure 3.20), the fit of the
theoretical expression (Langevin formalism [138]) to the experimental magnetization
curve, weighted by the size distribution, allowed the determination of the character-
istic magnetic diameter d,,,y and the polydispersity index o for each sample. The
mean value of the magnetic diameters can be calculated in order to take into account
the polydispersity with the following Equation 3.16 :

M = dypag.c” /2 (3.16)
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The M, value of each A, B, C and D was divided by the saturation magnetiza-
tion of the bare MNP (black crosses on 3.20) giving the ratio of maghemite (ms ratio).
Details values can be found in Table 3.5.

Table 3.5: Magnetic diameters and magnetic materials ratio

Particle dpe,(nm) o m(nm) ME2P% (emug~!) ms ratio (%)

MNP 10.9 0.37 11.7 56.53 ND
A 94 0.30 9.83 8.63 15.3
B 10.3 0.42 11.2 8.98 159
C 8.5 0.41 9.25 8.99 159
D 8.3 0.30 8.68 10.15 18.0

m is found to be roughly the same and independent of the particle’s size (Table
3.5). o values of polydispersity in magnetic domains were consistent with the values
of standard laboratory-synthesized ferrofluids polydispersity index of about 0.35-0.4
[142]. Indeed as SQUID is a magnetostatic method there is no dissipation e.g. Nél
mechanism. The data show an individual behavior.

The complexity of the magnetic behavior of SPION and the myriad of parameters
(size, shape, aggregation, iron concentration, surface effects) affecting this behavior
make their build for a precise goal complex. Papers detailing numeric computations
and mathematical models have predicted with more or less efficiency the behavior
of individual non interacting particles before synthesizing them [329, 330]. But silica
plays a role and the existence of multiple SPION in a cluster can affect the field of
nearby SPIONSs constructively of destructively depending on their proximity (silica
shield) and orientation.

Magnetic hyperthermia of CS particles:

In order to have a rough understanding of the effect of the core diameter on the
heating efficiency of our particles we subjected them to a 535 kHz and 10.56 kA m™!
magnetic field for a few minutes in concentrated solutions. The description of the
setup can be found in Section 3.1.3.

On Figure 3.21 is drawn the increase in temperature for particles C. The specific
loss power is calculated by taking the dT/dt measure (straight line) on a 13 second
linear portion of the increasing slope (50 points of measure, initial slope method
[331]) and by deducing the slight increase of a pure water solution induced by the
heating of the coil ("cor" in dotted line).

On Figure 3.22, SLP is drawn versus physical diameter of the core of particles.
The SLP is first drawing a slightly rising plateau for maghemite cores, samples A, B
and C between 60-80 W g~ then the SLP of D (TEM core size 55 nm and large size
distribution) was increased by ca. 1.25 times reaching 100 W g~1.

In order to be able to compare with commercial particles and AMF setups that
don’t use the same frequency f and magnetic field magnitude H the Intrinsic Loss
Power (ILP) has been calculated according to Equation 3.17.

SLP

ILP = 0

(3.17)
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Figure 3.21: Example AMF measurements (increase of temperature
vs time) and dT/dt calculation and correction for C.
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Table 3.6: Comparison with commercial intrinsic loss powers

Particles dprs(o)mm) m' [Fe]T ILP*
Nanomag-D-spio 91 (0.13) 13.8 59 3.12
Resovist 61 (0.19) 131 278 3.1
Fluidmag-D 39(0.08) 143 147 267
Nanomage-D-spio 84 (0.15) 133 6.0 231
MNP 26 11.7 616 1.1
A 48 983 554 1.1
B 63 112 549 1.2
C 80 925 536 14
D 100 8.68 296 1.7
f Mean magnetic diameter

¥ (mg mL~1))

*(m?nH kg™1)

with SLP the specific loss power of particles in W g~!, H the intensity of the
magnetic field in A m~! and f its frequency in Hz.

Our home made nanoparticles are around the same order of magnitude of the
commercial ones.

Our particles are composed of multiple single domain maghemite cores aggre-
gated inside a silica shell forming more or less well defined short chain-like aggre-
gates. In a liquid solution, both Neel and Brown relaxation occur, the dominant pro-
cess being the shorter characteristic time (1/7 = 1/7y + 1/7p). For a monodomain
core the time necessary to jump over the magnetic anisotropy energy barrier K.V
is governed by Neel relaxation time with 7 in the order of magnitude of a few
nanosecond. For bigger particles there is a contribution of Brown relaxation.

As discussed in Chapter 1 section 1.4.1, effective anisotropy is tunable through
shape and surface modification. In answer to the yielded heating capacities of spher-
ical magnetite or maghemite, Das et. al. designed Fe3O4 nanorods reporting a
0.68 m? nH kg ! [332] SAR value compared to particles with similar volume (0.11 m?
nH kg~! for spheres, 0.25 m? nH kg~! for cubes). Their work pinpoints that SAR of
iron oxides can be increased and tuned by playing on their aspect ratio and that the
latter is crucial even if volumes are similar which is not obvious in Neel’s descrip-
tion. Reported chainlike formation for nanocubes [333] or biomimicking magneto-
tactic bacteria chains [334] increases SAR compared to randomly oriented systems
up to 2.7 m? nH kg~ 1.

For short chain-like structures, the increase in SAR may come from two contri-
butions. A major contribution from the chain geometry. Hysteresis loop is more
rectangular for a chain than for a sphere, see Figure 3.23. And a minor contribution
from texturization effect. The released energy by the spin relaxation is dependent on
the anisotropy energy of the NP that is to say the energy that imposes the direction
of the magnetic momenta against the crystalline network. The magnetic energy of a
chain is dominated by anisotropic dipole-dipole interactions. The latter favors lon-
gitudinal alignment of the magnet to crystalline easy axes during chain formation.
If the MNP magnetic anisotropy axes are aligned parallel to the chain axis it results
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in higher effective anisotropy due to a magnetic order as despicted on scheme 3.24.
Although these predictions cannot be strictly extrapolated to our case as magnetic
cores are randomly brought together, the existence of a certain magnetic order be-
tween chains should not be discarded [335].

M/M,

Figure 3.23: M(H) hysteresis curves corresponding to different spatial arrangements (bidi-
mensional chain, hexagonal lattice, and ring; 3D cube) of the same amount of particles, N =
8, and for the easy anisotropy axes randomly distributed into a cone of angle =90. The black
line stands for the case of noninteracting particles [334]

K
Z y

=
=l

Figure 3.24: Effect of texturization: if crystalline easy axes of the chain is parallel to ac field
hysteresis loop is rectangular (no texturization) whereas non colinear magnocrystalline axes
result is a decrease in hysteresis losses and a magnetic signature without hysteresys.

Our synthesis combine easiness and efficiency. Indeed nanorods present a better
cristalinity but the synthesis is a difficult hydrothermal process (in organic phase,
controlled pressure, high temperature, and long time of synthesis. See Table 3.2.)
[336, 332].The increase of SLP with the core diameter in our case could be explained
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by considering the magnetic order inside a nanoparticle when the morphology is
shifting from spherical to elliptical with aligned chains.

In conclusion, nanoparticles appears to efficient nano-heaters under an AMF. Yet
DNA strands, to dissociate, needs a substantial increase in temperature. As the ob-
jective of this work is to capture and release short DNA strands, iron oxide nanopar-
ticles allow to consider a denaturation of DNA via magnetic hyperthermia. The A
and C particles have been selected for DNA grafting to be able to compare between a
"little" spherical particle and a "big" elliptical particle. CS D, even if the suspension is
stable, needs to be redispersed with ultrasounds before usage. That’s why we prefer
to focus on CS C, more stable. All the more that the heating efficiency of magnetic
nanoparticles in biological conditions remains poorly understood, especially regard-
ing the influence of their dispersion state .

Post-functionalization: DNA grafting

It is necessary to characterize the surface state of particles after functionalization
with -NH2 and polymer chains and before DNA grafting. The presence of polar-
izable functions at the surface of nanoparticles can be characterized by a measure-
ment of the effective charge e.g. the resulting charge of particles after condensation
of counter-ions. For the structural charge, a quantification of the number of surfacic
amine groups with a chemical titration is needed.

The effective charge is governing interactions with DNA and take part to the
keeping of f stability. It is characterized by zetametry which is a measure of the
eletrophoretic mobility and thus of the zeta potential (). ( is characterizing the
charge state of particles at the shear plane of the electrical double layer that is to
say between the compact layer and the diffuse layer. Laser zetametry is calculating
the speed of the particles under an electrical field by characterizing the laser beam
diffusion of nanoparticles under field. Their movement generates a frequency shift
of diffused light of the incident wave (Doppler). This shift is linked to the elec-
trophoretic mobility.

Quid of amine groups on the surface

From the concentration of NH, functions [NH3] in solution, the surfacic density
of amine functions can be calculated.

These calculations do not go without an estimation of the number of objects in
ferrofluids (N¢s) calculated from the volume filled by one nanoparticle (see section
3.2.2).

The number of amines groups per core-shell is obtained with Equation 3.18.
d— Namines _ [NH2}NAV
Nes Ncs

The number of amine functions per nm? can be written according to Equation
3.19.

(3.18)

[NHy).NA.V

3.19
Ne¢s.Scs (3.19)

AdNH, =
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with N4 the avogadro number, V the volume of solution, Scs the surface of the
particle. Results are sum up in Table 3.7.

Table 3.7: TEM diameters, { potential measurements, density and
number of amine groups on the surface of CS A, B, C and D.

Particles | d7gy (nm) | ¢ (mV) | -NH; per nm? | -NH, per NP
A 42 13.1 1.1 6 000
B 44 14.4 2.6 16 800
C 80 13.3 1.8 25000
D 86 12.7 2.3 45 000

Consistent with the increase in size of CS particles, the number of amine func-
tions available for post-functionalization at the surface of each CS is increasing up
to 45 000 amines functions per NP for CS D.

Zeta potential measurements

Zeta potential measurements at pH 7 as shown on Table 3.7 corroborated the
presence of NHj functions (+13 mV vs -30 mV for non functionalized particles. The
values of +30 mV and -10 mV can also be cited for particles functionalized with only
-NH2 and PEG respectively [312]) as the modification makes the (-potential of the
functionalized nanoparticles more positive as expected. Without amine functions,
only hydroxyl functions are present, deprotonated at pH 7.4. Primary amines posses
a pKa around 10 and are protonated at physiological pH.

Grafting of DNA

The grafting method and the matrix used for probe grafting to capture the molecule
of interest are key parameters in the conception of a biosensor especially in the case
where high sensibility selectivity and stability are sought.

The grafting of a DNA probe both on nanoparticles or electrodes ask for a strong
bound while keeping intact DNA properties and integrity. Various methods are re-
ported in literature: physical or electrochemical adsorption [337, 338, 74], electro-
chemical trapping [339], covalent grafting [215].

Covalent graftings and biotin/streptavidin bindings provide strong links to keep
stability. Covalent grafting generally implies the use of functional groups to estab-
lish the link between the matrix and modified DNA. Among others succinimides
[340], aldehydes [341] or maleides [125] should be cited.

DNA grafting on NP is widely done on gold NP as it allows to densely pack the
surface with DNA-probes modified with a thiol end. Table 3.8 summarizes literature
results on the loading of DNA on nanoparticles according to the type of beads and
the functionalization process.

The probe number has a direct impact on the test time and the sensibility of the
measure. In this optic Hurst et al. investigated the factors for the highest coverage
percentage of a thiol modified DNA probe on gold. NaCl concentration (by decreas-
ing particles interactions), spacer type and the size of NP are playing a leading role in
DNA /NP interaction [343]. Ultimately they chose PEG spacers and a [NaCl]=0.7 M
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Table 3.8: Loading efficiencies (number of DNA per NP) according
to the type of beads, the modification of the probe and the type of

grafting.
NP type DNA-probe Grafting DNA/np Reference
Acrylic microspheres DNA-NH; covalent ND [342]
N-acrilosuccinimid

Au (15 nm) DNA-SH adsorption 250 [343]
Au (250 nm) 25.103 T
Au (16 nm) DNA-SH adsorption 158 [344]
Au@SiO5(90 nm) DNA-COHR covalent 10.103 [345]
Glass (1 m) carboxy-DNA covalent 4x10"2 [346]

via UV-Vis measurements. Always keeping in mind the increase in the sensitivity of
detection of OGN on NP Demers et al. tried maximizing hybridization with the com-
plementary DNA strand. Only 4% of hybridization could be reached (against 33%
on thin films[50]) due to sterical and electrostatical hampering, an order of magni-
tude also observed by Liu et al. on silver NPs. This hybridization efficiency can be
increased up to 44% with co adsorbed molecules like mercaptoethanol and spacers
[344,347]. Walsh et al. reached a 90% efficiency on glass beads for immobilizing their
20 basis DNA probe and a 58% hybridization efficiency.

With -NH> functional groups on our surface an obvious covalent coupling im-
ply the use of DNA modified with a carboxy end and a peptidic coupling with
EDC/NHS. This kind of coupling is more complex than a classical chemical reac-
tion. The kinetic parameters have to be considered together with the stability of
the link biomolecule — nanoparticle. Buffer concentration, amount of reagents, time
of reaction and morphology of the nanoparticles have to be kept in mind to avoid
agglomeration.

EDC is a catalyzer very soluble in water. It stabilizes the reaction intermediates
to increase the final yield. NHS increase even more the yield and maintain some
links stable [348]. EDC reacts with carboxylate groups forming an activated ester
intermediate. This latter react with primary amines to form a peptide bound and
with water to hydrolyze the initial carboxylate.

Theoretical considerations

Prior to the use of NP in sensor format, the covalent immobilization of oligonu-
cleotides to allow hybridization has to be optimized. To roughly get an order of
magnitude of reactants to introduce, the maximum DNA probes that can be immo-
bilized according to surfaces considerations was calculated.

All calculations are based on the nanoparticle TEM diameter. Calculation of the
maximal loading of each class of NPs was done by considering steric repulsions. The
average diameter of a base pair of DNA is 0.7 A(d DN A)- So the maximum loading of
the DNA probes on each nanoparticles is given by the following equation:

Scs

_oes (3.20)
m.dpna®

NDNAmaw =

with Scg the core-shell surface.
For C and D, the surface (Scs) was calculated as an ellipse with
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1 _ .
6 = 5.major awis

and
1 )
b= —.minor axis

The eccentricity is given by Equation 3.21.

A Ll (3.21)

a

Considering that the axis of rotation is the major axis, the area of the ellipse is
given by Equation 3.22.

T.a.b

A=271b%+2.

o arcsin e (3.22)

Table 3.9 shows the results of Equation 3.22 for CS A and C. Consistent with in-
creasing TEM size, the number of DNA that can be grafted is substantially higher
for CSC.

Table 3.9: Surfacic densities in -NH; groups and in probe DNA
according to each TEM diameter

Particle drgy(nm) -NH; groups/NP DNA-loading /NP

A 42 6 000 440
C 80 25 000 1100
DNA grafting

Our DNA probe to be loaded has been modified with a carboxy tail in order to
be coupled to the NHy NPs via a peptidic EDC/NHS coupling (see section 3.1.4 for
protocol). Fluorescence detection was used to detect unbound DNA with the Oli-
green kit (See Section 3.1.4 for protocol). As fluorescence is partly quenched on iron
nanoparticles as reported in different studies [349], the quantitations were indirect
measurements collected in the filtrate after magnetic separation process, Figure 3.25.

The rate of immobilization of A particles was tested with various DNA /NP ra-
tios as displayed on Figure 3.26. The Table below details standard deviations.

The curve reaches quickly a plateau when introducing from 50% to 100% of the
maximum steric number calculated with Equation 3.20 (200 to 400 DNA introduced).
Apparently it is enough to saturate the nanoparticle’s surface and to graft ca. 150
DNA per nanoparticle. This value is in good agreement with our theoretical calcu-
lations regarding the order of magnitude.

Even if a lot of -NHj> groups are functionalized on the nanoparticles surface car-
boxy modified DNA can not occupy all of it due to sterical consideration. The num-
ber of DNA possible to couple is far below the number of amine groups available.
To reach the highest efficiency for later hybridization DNA probes should not be
too densely packed. Indeed both strands are negatively charged and enough space
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Figure 3.25: Single strand protocol scheme and subsequent
fluorescence detection.
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Figure 3.26: Number of DNA probe actually grafted on one
nanoparticle (orange dots) versus number of DNA introduced per
nanoparticles of 42 nm in diameter (A) and mean curve fitting (red

line).
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should be left to let the target come near the probe to be hybridized.

An efficiency and a rate of DNA-probe immobilization can be defined as follows:

Nd
E=_DbNA (3.23)
NDNA
d
R = Nbna DA (3.24)
NDNA

with N4\, the number of DNA per NP detected in fluorescence and N, 4 the
number of DNA per Np introduced. N'547, is referring to the maximal theoretical
number of DNA that can be grafted on the surface on a nanoparticle given its size.
See section 3.2.2 for computation. The efficiencies and rate of DNA-probe immobi-
lization only for chosen values of introduced DNA are summarized in Table 3.10.

Table 3.10: Number, efficiency and rate of immobilization of DNA
on A according to the ratio DNA per nanoparticles introduced.

Ny ya/NP | 30 50 100 150 200 250 400

N /NP |29 44 80 128 143 146 177

() 0) (44) (NA* (30) (5.5 (65) (NA)
Ef 97 8 8 8 71 58 44
RT 7 10 18 29 32 33 40

T Efficiency of grafting %
T Rate of grafting % * Not applicable

The more DNA is introduced the more DNA-probes are grafted on the sur-
face (R increases) until a 40% of surface saturation. The most reasonable value of
DNA-probes to introduce, in terms of DNA modified -CO2H consumption, an ex-
pensive reagent, is given by the plateau value. Rather than using 400 DNA /NP
to graft 200DNA /NP, it is more reasonable to use 200 DNA/NP to graft around
150 DNA /NP (143 DNA /NP precisely). It corresponds to a better efficiency (70 %
against 44%) and a reasonable consumption of DNA modified -CO2H.

Our nanoplatform is now fully functionalized and characterized to proceed to
the capture of DNA targets and their subsequent release.
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3.3 Capture and release of DNA targets

Following the classical procedure grafting /hybridization/deshybridization we pro-
ceed once the probe grafted to the hybridization with the target and subsequent de-
naturation according to the steps described on Figure 3.25. Corresponding methods
and calibration curves can be found in Section 1 under simple-strand protocol.

Classical road

Release of DNA, a Tm issue

DNA strands are attached in a reversibly way by hydrogen bounds between nu-
cleotides DNA base-stacking interactions among aromatic nucleotide bases with a
DNA strand that is covalently bound to the NP surface.

Be Tm the melting temperature of our complex e.g. the temperature when the
half the targets are dissociated from their complementary probes. If T>Tm the hy-
drogen bounds break brutally as it is a reaction from a cooperative nature (as a zip-

per).

Due to the dissociation-characteristics of double-stranded DNA during heating,
the energy required to break the base-base-hydrogen bonding between two strands
of DNA is dependent on their length l;,s;s, the saline concentration of the medium
[Na™] and the composition in G and C bases %GC [350]. Tm is given by the follow-
ing Equation 3.25:

675

basis

Tm = 16.6.log[Na™] + 0.41(%GC) + 81.5 — (3.25)

With our target of 21 basis (7.14 nm in length) a saline buffer concentration of
0.5 M and a GC composition of 47.6 % the melting temperature of our complex
should be 55°C but the melting temperature of immobilized double stranded DNA
tends to be higher than melting temperature of DNA in solution [351] as the strands
are less accessible. According to Dias et. al. calculations [189], the melting tempera-
ture on the surface should approach the melting temperature in solution by 5 to 8°C.

We subjected our particles A, grafted with 150 DNA /NP to decreasing concen-
trations of DNA targets followed by their deshybridization (20 min, 95°C).

The captured DNA amounts to be seen on Figure 3.27 are feeble compared to the
one attached (around 150 DNA /NP) roughly 4% and subsequent deshybridization
is quasi non existing. In order to check if the feeble hybridization noticed is due to
an overgrafting of the probes on the surface and thus hindering the approach of the
target (as reported in literature with feeble hybridization ratio and seen on UME in
Chapter 1), we proceeded to the double-stranded protocol.

Proof of concept of DNA release on nano-heaters under an AMF

In order to optimize the DNA-probe loading on the nanoparticles a two-step pro-
tocol was performed (See section 3.1.4 and Figure 3.28) with a prior hybridization
between probe and target. So the surface grafted will be saturated with duplexes
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Figure 3.27: Hybridization with target on particles A and
subsequent deshybridization by a global heating (20 min, 95C).

of DNA increasing the number of targets captured. The duplex will be grafted via
the modified carboxy tail of the probes. As we are in presence of a mix of probe
and target with different molar masses, subsequent fluorescence detection will not
be possible. Thus the captured target will be assessed when deshybridized. In order
to get the maximum duplexes grafted on the surface, 440 probes per particles for A
and 1100 for C were left to hybridize with 10 equivalent of targets.

AMF measurements were done on nanoparticles loaded according to the dou-
ble strand protocol. The goal is triple: reach the maximum loading of DNA du-

plex; avoid multiple filtrations and the loss of many nanoparticles in the Miltenyi
columns.
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Figure 3.28: Double strand protocol scheme and subsequent
fluorescence detection.
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Check of double stranded protocol success, 95°C global heating

Before subjecting our loaded particles to an AMF, we wanted to be sure that
DNA-duplex could be denatured by heat on the surface of particles. We thus sub-
jected them to a global 95°C heating. Figure 3.29 shows the resulting amount of
DNA released.

3004
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Figure 3.29: 95°C (20 minutes) global heating on particles A and C.

Ca. 100 DNA /NP could be detached for particles A and 140 for particles C. It is
far from the introduced values (440 and 1100 respectively) but parameters such as
electrostatic repulsions between both negatively charged DNA strands and rehybri-
dation of DNA targets after denaturation could intervene. We took these values as
references for further denaturation experiments.

DNA release under an AMF, a local heating

The release of DNA target rely on a local heating in the surroundings of the par-
ticle (e.g. a few nanometers [189]) while leaving the solution at room temperature.
We subjected A and C to an AMFE.

Figure 3.30 compares the release in an AMF on CS A with a global heating (lay-
out A) while keeping the solution at 27°C (layout B). The AMF is only about half
efficient than a global heating.

Figure 3.31 displays the release in an AMF on CS C and its comparison with a
global heating. We assume that the 20 minutes 95°C heating is sufficient to release
all hybridized DNA. One hour magnetic hyperthermia on the C NPs (local heating,
solution is kept at 28°C) is 88% as efficient as a 95°C heating to release all hybridized
DNA. 150 DNA per nanoparticle have been hybridized according to this deduction.
This value seems consistent with the single strand grafting where the electrostatic
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a macroscopic heating of 95°C and B. monitoring of the temperature
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and steric interferences of a rigid double-strand structure[346] and the steric hin-
drance of the PEG chains kept strands from being too densely packed. Walsh et
al. found up to 50% uptake divergence between OGN hybridized and OGN probes
grafted.

We compared heating on both particles in Figure 3.32.

100+
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60-

DNA release %
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Figure 3.32: AMF heating on NPs measured by the corresponding
fluorescence of the filtrates for particles A and C. Release efficiencies
were calculated after determination of the total DNA denatured
where the samples were heated up to 95°C for 20 min.

A local heating is 88% as efficient as a macroscopic heating at 95°C as shown on
Figure 3.32 while keeping the temperature at 27°C with advantages in terms of tem-
perature control (no feedback loop needed) and integrity of temperature sensible
components. As a comparison AMF heating has also been done on A with an effi-
ciency only reaching 50%. Figure 3.29 brings forward the impact of size as at 95°C,
deshybridization is at its highest. CS C has a larger size resulting in increased DNA
loading and thus increased DNA release. Figures 3.30 and 3.31 are showing the effi-
ciency of magnetic hyperthermia. CS C is reaching the maximum deshybridization
level and is 88% as efficient as a 95°C global heating whereas A is only reaching
50% of this value. Magnetic hyperthermia on CS C results in higher DNA release
efficiencies due to both size increase and magnetic hyperthermia increase (related to
their short-chain like structures).
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Conclusion

The synthesized y-FeosO3@SiO core-shell nanoplatform stable at biological pH
bears novel and tunable properties. Synthesis and functionalization was done by
direct condensation of organosilanes on citrated iron oxide nanoparticles. Playing
on the shape of the particles via maghemite core aggregation allows to increase both
core-shell size and heating power.

With physical diameters from 42 to 86 nm, synthesized core-shell particles posses
a positive effective charge after functionalization with amines groups and PEG chains
allowing both colloidal stability and coupling with biomolecules. 6 000 to 45 000
amines groups per NP were available for coupling.

A post-functionalization by DNA grafting was performed in order to capture
with high specificity DNA targets complementary to the probe. With the steric hin-
drance of PEG chains and electrostatic repulsion between DNA strands a maximum
of ca. 200 DNA probes were grafted per NP.

A modified protocol for grafting (immobilization of the DNA duplex instead of
each separate strand) was conducted in order to optimize the DNA probe loading
for hybridization. The subsequent release of DNA targets with a global heating was
successful to release 100 to 150 DNA targets.

Subjected to an alternative magnetic field, 80 nm in TEM diameter CS particles
were as efficient in local heating as a 95°C global heating while keeping the solution
at 27°C crucial for biological media or energy efficiency. This work seeks to be a
proof of concept for tunable DNA release at room temperature.

Our results should be applied in the future with a classical probe immobilization,
target hybridization and target release scheme. In order to check the high specificity
capture of our nanoplatform, capture should be done in a more complex biological
solution with a mixture of various DNA sequences and length.

We successfully built a nanoplateform to efficiently capture and release DNA
mimicking the miRNA-122. Transposing this system in microfluidics will allow to
decrease reaction time and reactant used especially DNA. Indeed in a narrow chan-
nel collisions are increased increasing the rate of reactions. Moreover this capture
module do not go without a detection module in order to reach sensitivities from
the attomolar and avoid a fluorescent detection with limitations of losing nanopar-
ticles through filtrations and obvious limited sensibility (1076 M).
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Chapter 4

Towards a complete Lab-On-Chip

In the previous chapter, it has been demonstrated that magnetic hyperthermia could
be used to release a DNA target attached to its probe immobilized on a magnetic
nanoparticle. Microfluidics needs no introduction. The aim of this chapter is, through
the transposition of magnetic hyperthermia on a chip, on one hand to reduce analy-
sis time devoted to extraction, purification and on the other hand, which goes with
it, to couple on the same microfluidic chip the module of target manipulation and
the detection module.

Miniaturization and coupling of various process of molecular biology on the
same device was reported to decrease analysis time, reduce the volume of reactants
and decrease contamination by reducing the number of human manipulation steps
that may lead to an optimized LOD. Ferrigno et al. decreased experimental time
frame by conducting serial dilutions and parallel potentiometric titrations on chip
[352]. On the same note, Stephan et al. chose a parallel approach for amperometric
quantifications with on chip calibration curves and on chip addition method with
networks of sensors [353]. Saliba et al. combined an efficient 94% magnetic trapping
with functionalized beads on magnetic arrays with cell culture and typing with ten
times less volume than without the use of microfluidics [354].

The module of target manipulation presented herein focus on the release of the
target by thermal denaturation of DNA strands with magnetic hyperthermia on
chip. The changeover to microfluidics allow to confine the nanoparticles in a 200 nano-
liter volume hence increasing the efficiency of the thermal exchanges. Magnetic field
amplitudes can be reduced as can be the volume of the samples. It opens also the
door to a direct detection of the released DNA targets on the same chip.
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4.1 Materials and Methods

4.1.1 Microfluidic chip fabrication
Glass/Glass setup

The glass/glass setup bearing only the fluidic channel was comprised of a lower
glass part with a 50 um high channel etched in the glass. First glass was cleaned with
H202/H2S04 (1:1) prior to Plasma Enhanced Chemical Vapor Deposition (PECVD)
deposit (20 sccm SiH4, 10 W, 40 minutes) of a thick, 600 nm layer of amorphous
silicium (aSi), the mask for the etching. The aSi deposit was followed by a 400°C
annealing for 4 hours to decrease mechanical constraints (notching effects). UV pho-
tolithography with AZ4214 was used to draw the mask pattern. Two different chan-
nel geometries are used, see Figure 4.1. The pattern was transferred to the aSi layer
with Reactive Ion Etching (RIE, 10 W RFE, 10 mTorr, 10 sccm SF6, 230). Finally the ob-
tained substrate is exposed to a solution with a low dilution of HF (HF/HC1/H20,
10:3:20, 27 min). HCl input allows to reduce microchannel’s floor rugosity [355]. The
upper glass part served as cover bounded hermetically to the lower part (glass/glass
bounding patent [356]. The total thickness of the device did not exceed 1 mm.

]

—

é

Figure 4.1: L-edit masks of the two channel geometries A and B
used.

Glass/PDMS setup

Two design of microfluidic setup were tested. One with a microfluidic channel
etched into the glass substrate, electrodes patterned inside and a thin PDMS layer
as cover. The second with electrodes patterned on a flat glass substrate and a thin
PDMS layer bearing the microfluidic channel as cover.

Electrodes insertion

Embeded electrodes

The first layer of electrodes was photolithografted with a change in resin (AZ-
NLOF 2070, 36 s UV3 insolation, 1 min development in MF26 A) followed by a RIE
clean (60 s, 10 W). Electrodes were then metallized on a Plassys 550S (C2N, Orsay)
in a tilted way. First, the deposition platform was tilted at a 30° angle for titanium
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(20 nm) and platinum (100 nm) sputtering then the substrate was tilted at a - 30°
angle for a second platinum layer (100 nm) followed by lift-off to remove the metal
outside the patterns.

Classical electrodes’ patterning

For the setup without embeded electrodes, electrodes were obtained according
to the process detailed in Chapter 2.

Before the cover bounding, a-CNx WE were inserted on top of the Ti/Pt elec-
trodes according to the same process detailed in Chapter 2. The L-edit masks are
shown on Figure 4.2 (geometry B¥).

Thin PDMS layers with or without the fluidic channel were obtained by pouring
a small amount of mixed base and curing agents on a silicium wafer, degased under
vacuum and at 70°C. Obtained layers were about 400-600 yzm thin. Both the PDMS
layer and the glass slides were subjected to an oxygen plasma for bounding.

B*

|

Figure 4.2: L-edit masks for the fluidic channel (green, geometry B)
and the network of electrodes (red, geometry B*).

4.1.2 Setup for performing on chip magnetic hyperthermia

The setup was inspired from Lacroix et al. [357]. A picture can be seen on Figure
4.3. The microfluidic setup was connected to a programmable syringe pump allow-
ing flow rates from 0.01 to 5 uL s™!. In this homemade set-up, the homogeneous
radiofrequency magnetic field is produced inside a 1.5 mm gap (in which the chip is
inserted), cut in a low loss ferrite ring on which 55 turns of Litz wire are wound. This
magnetizing coil is coupled to a 1 nF capactitor to form a series LC circuit whose res-
onance frequency is about 180 kHz. The resonant circuit is excited at the resonance
frequency by a signal generator coupled to a RF power amplifier and produces mag-
netic field amplitude of 370 Oe (measured using a single turn pick-up coil).
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Figure 4.3: Picture of the setup composed of the microfluidic chip
with an inset and outset of solution inserted in the gap of a magnetic
tore with ferrite.

4.1.3 DNA grafting, release and detection
Double-strand protocol

80 nm in diameter (TEM) nanoparticles functionalized with the DNA-probe were
used.

The protocol is detailed in Chapter 3. After DNA duplex immobilization on mag-
netic nanoparticles, they were introduced in the microfluidic chip at a specific flow
with the use of a programmable serynge pump.

Fluorescence detection

After the passage in the microfluidic channel, the output solution was collected and
filtrated on magnetic columns prior to fluorescence detection. The fluorescence de-
tection is the same as in Chapter 3 on a Cary Eclipse fluorimeter (Aczcitation=480 nm,
Aemission=D20 nm) with the Quant-iT Oligreen ss-DNA Assay Kit from Invitrogen
[317].

Electrochemical detection

a-CNx electrodes were screened in our two-electrode setup (a-CNx 30 ym working
electrode and platinum 2 mm counter electrode) in an equimolar (3 mM) mixture
of Fe(II) and Fe(IIl) in NaCl 0.5 M and 10~® M in MB with the use of Electrochemi-
cal Impedance Spectroscopy (EIS) (Gamry). The WE are functionalized with DNA-
probes (1 g L) thanks to an EDC/NHS two-step protocol (Chapter 2).

4.2 Results and discussion

The originality of this LOC comes from the design of a microfluidic device adapted
to its insertion into the millimetric gap of a toric inductance with a ferrite core. The
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device takes thus advantage of an optimal field (field magnitude increases with the
inverse of the gap size) and an increase of the reaction due to confinement. How-
ever, in order to be able to fit into the ca. 1 mm gap of the torus generating the field,
the microfluidic chip fabrication has to be modified. Indeed, the chip with its PDMS
slab bounded used in Chapter 2 has a total thickness of ca. 3 cm. A glass/glass setup
was needed with glass slides ca.500 pm thick each. The glass/glass bounding was
performed by the Klearia start-up [356].

Two different devices were used in this chapter. In a first instance, a microfluidic
chip, composed of two glass slides bounded with a channel of geometry A was used

(See Figure 4.4) to transfer the magnetic hyperthermia technology of Chapter 3 on a
microfluidic chip.

I =50 pm

| t- He=800 jwm

Figure 4.4: Scheme of the first setup used: two glass slides bounded
together with an engraved 50 ym deep fluidic channel.

4.2.1 Magnetic hyperthermia on chip
Inductance with a gap, induced magnetization

The setup is taking advantage of the use of an electromagnet with a millimetric gap
(ca. 1 mm) with a winding composed of n spires in which is flowing a current I. The
gap can be seen as a layer of thin air perpendicular to the median line of the circuit
and with a thickness far below the mean perimeter of the tore. In these conditions
edge effect can be neglected and it is commonly admitted that the magnetic lines are
parallel to the median line of the torus.

The field, He, in the gap, e, can be written as:

I
H, =" (4.1)
e

with n, the number of spires, I the current intensity in the spires. The magnetic
flux, ®, transiting through the circuit, especially in the gap, is given by:

~ po-n.d.S

o 4.2)

e
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with p the vacuum permeability and S, the spires surface.

Equation 4.2 shows the possibility to get a high field by focusing in a small gap
the field produced by an inductance with dimensions far above the one of the gap
[131].

First, nanoparticles used are the core-shell nanoparticles synthesized and char-
acterized in Chapter 3. As a reminder their TEM physical diameter is 80 nm with a
core of 49 nm (See Figure 4.5). Their heating power is 1.3 m? nH kg~!. After sub-
mission to the double-stranded protocol and filtration on magnetic columns outside
the microfluidic chip, nanoparticles are introduced in the microfluidic device with
a chosen flow. The nanoparticles are subjected to the alternative magnetic field on
their journey under the inductance, bathing in an homogeneous field of 370 G. Then,
the obtained solution at the output of the microfluidic device is filtrated on magnetic
columns and analyzed by fluorescence. See section 3.1.4 for complete description of

the detection.
200 nm
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Figure 4.5: TEM pictures of core-shell nanoparticles C and size
distributions.

Figure 4.6 is describing the key steps of the protocol.

Optimization of NPs’ residence time under AC field

Two flow rates (0.11 and 0.01 pL s~!) with channel A geometry were used to in-
vestigate the NP residence time under the AC magnetic field thus the time of DNA
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Figure 4.6: Hyperthermia protocol to release target DNA on magnetic nanoparticles. 1.
MNP were synthesized and functionalized with DNA duplex outside the chip. 2. Grafting
of double-strand DNA via peptidic coupling on NPs (outside the chip). 3. Introduction of
functionalized NP in the microfluidic device for magnetic hyperthermia. 4. Filtration step

on Miltenyi columns previous to fluorimetric detection (outside the chip).
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heating. Table 4.1 summarizes the experimental condition used in terms of flow
rates, time of residence, volume of detection and time of experiment. Flow rates and
time of experiment were calculated so that the final volume recovered after At con-
tains enough single-strand DNA to perform a reliable fluorimetric detection. The
tore has a 1 cm? section. The path length of a NP under the tore in the serpentine
configuration of geometry A is thus 1 cm. Residence time is given by Equation 4.3,
as follows:

_d.haw
o

t

(4.3)

where t is the residence time of the suspension of nanoparticles under the mag-
netic field, w.d the section of the channel under the electromagnet (w, the width of
the channel, d , the length under the magnet), v the flow rate, i the height of the
channel.

Table 4.1: Comparison of optimized parameters for flow rates and
residency time under AC field with fluidic geometry A for on-chip
magnetic hyperthermia and fluorimetric detection.

Optical detection v (uLs™!) Residence time Volume of detection uL. At

Geometry A 0.11 3s 400 2h48

Geometry A 0.01 12's 100 2h48

T minimum time of experiment to get a sufficient volume V for fluorimetric detec-
tion.

Figure 4.7 shows the results in terms of released DNA targets according to the
two flow rates used in geometry A. The maximum number of released DNA is de-
termined by a global heating at 95°C during 20 minutes (100%).

Blanks are made as control experiments without the magnetic hyperthermia heat-
ing to quantify the noise background. With a 0.11 gL s~! the amount of released
DNA is in the blank level range. The amount of released DNA with an optimized
flow is comparable both to a global heating, and to magnetic hyperthermia outside
the chip or on-chip. Proposed mechanism involves the heating of the vicinity of
nanoparticles submitted to an homogeneous alternative magnetic field in the gap
of the electromagnet. The heating induces a denaturation of double-stranded DNA,
releasing the target single-stranded DNA collected at the output of the setup. The
difference between experiments with flow rates 0.11 and 0.01 uL s™! lies in the time
while the nanoparticles are subjected to the alternative field (see Table 4.1). Indeed
the time needed to the denaturation of the DNA duplex to take place (diffusion and
zippering) is within a time scale of tens of seconds consistent with an increased re-
lease of target DNA with a lower flow and thus a longer residence time under field.
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Figure 4.7: Comparison of the results with fluorimetric detection of
released targets according to the two flow rates used in geometry A.

The transfer of magnetic hyperthermia on chip was successful yielding as effi-
cient levels of DNA release as in the setup outside microfluidics and as a global
heating.

The magnetic hyperthermia technology transfer on a microfluidic chip and the
optimization of flow rates in order to get target DNA released amounts comparable
to other heating protocol global or local are subjected to a CNRS invention declara-
tion.

4.2.2 Coupling of magnetic hyperthermia on chip and electrochemical de-
tection

Microfabrication of the fluidic device

In a second phase, the technology of fabrication had to evolve from a whole glass
setup to a PDMS/glass setup with a thin layer of PDMS [358]. Indeed the electric
connections for electrodes (pads) has to be apparent and the fluidic channel has to be
closed. The width of the cover slide is thus reduced to ca. 1.5 mm. A glass bounding
may be difficult to provide an hermetic covering as edge effect are more important
than for the PDMS. So a thin layer of PDMS (<500 pm) has to be bound to the glass
slide with the fluidic channel engraved and the two levels of electrodes metallized.

The microfabrication of the engraved channel with a wet etching, the electrodes
lithography and metallization and PDMS bounding are detailed in section 4.1.1.

Embedded electrodes
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A change in the photoresist was needed to get a thicker layer of resist that could
cover the sides of the channel. The photoresist used was the NLOF with a thickness
of 5 um instead of e=1.4 ym for AZ5214. A picture of the enducted glass slide can
be seen of Figure 4.8. Even with NLOF resin, covering all sides of the channel to
avoid an unwanted metallization that could short-circuit all electrodes constitute a
tirst technological knock down. A thin layer of uncovered glass slide around chan-
nel geometry can be seen on Figure 4.8.

Figure 4.8: Picture of the glass substrate after channel engraving and
enduction, development lithography steps.

PDMS

The advantage of using PDMS over a whole glass setup are, beyond the easier
bounding procedure with less edge effects, the reduce adsorption of biomolecules
on its surface due to its low surface energy and its capacity to adsorb variations in
highs particularly pertinent with structures surfaces and metalized electrodes. The
whole PDMS/glass setup, that will be used in following experiments is shown on
Figure 4.10. The network of electrodes, the engraved microfluidic channel with the
geometry B¥, the thin PDMS cover and PDMS layer for inlet and outlet can be seen.

Before performing magnetic hyperthermia and electrochemical detection, elec-
trodes were screened with an equimolar (3 mM) mixture of Fe(II) and Fe(IIl) in 0.5 M
NaCl with 107 M MB. Currents for these embedded electrodes are smaller com-
pared to the ones obtained on electrodes fabricated with classic techniques (Chapter
2) but still measurable. Out of six couple of electrodes manufactured only two (WE,
CE) couples are working (e.g. not short-circuited). This may come from the thin
layer of uncovered glass slide on the edge of the channel, visible on Figure 4.8.
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Figure 4.9: Scheme of the final setup in side view. A. Schematic top
view of the device. B. Cross section view (along the dotted line on A)
with PDMS cover over Ti/Pt and a-CNXx layers on top of the
engraved channel.

Figure 4.10: Picture of the final PDMS/glass microfluidic setup for
magnetic hyperthermia and electrochemical detection coupling.
Microfluidic channel is colored in lightred.
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Optimization of the time of experiment by playing on the geometry of the fluidic
channel

In order to reduce the time of experiment, one way is to play on the geometry of the
channel notably by increasing the volume under the AC field. We chose to increase
the path length of the serpentine giving rise to geometry B with a serpentine of
5.7 cm in length instead of 1 cm. Table 4.3 shows the updated parameters.

Table 4.2: Comparison of optimized parameters depending on the
different geometries of the fluidic channel for on-chip magnetic
hyperthermia and fluorimetric detection.

Optical detection | vi(uL s™1) Att

Geometry A 0.01 2h48

Geometry B 0.056 30 min

T maximum flow speed so that DNA un-
dergo a T temperature during 15 s.

¥ minimal time of experiment to get a
sufficient volume V (100 uL) for fluo-
rimetric detection.

A 0.01 uL s! flow was chosen for geometry A to get a 12 s time of heating.
Concerning geometry B, to get a 12 s time of heating, to compare with geometry A,
a flow of 0.056 uL s~ is needed.

The time of experiment At should be estimated, in order to collect a sufficient
volume for fluorescence detection ca 100 pL according to Equation 4.3. The calcula-
tion times were found to be 2h48min for geometry A and 30 minutes for geometry B.

Coupling with the electrochemical on-chip detection

Figure 4.11 is describing the key steps of the modified protocol integrating electro-
chemical detection.

The intrinsic limit of detection of fluorescence cannot reach below the 10~% M
with standards of our target DNA.

Table 4.3 gives the flow used, the total reaction time At (release and detection)
and the limits of detection (LOD) according to the detection technique.

The advantage of electrochemical on-chip detection compared to fluorescence is
easily pinpointed in Table 4.3. The LOC of such a device with Ultramicroelectrodes
in microfluidics with a quasi-static flow is 107! M on gold (Chapter 2) whereas it
is 107% M for fluorescence. The channel geometry used is the one optimized (geom-
etry B) so that the NPs sees the magnetic field during 12 s (flow of 0.056 uL s™1).
Ultramicroelectrodes in carbon were added to perform electrochemistry (geometry
B*, see section 2.1.4 and 4.1.3). Thus, contrary to fluorescence detection where the
solution has to be retrieved at the outset of the chip, filtrated and diluted in cu-
vettes, the electrochemical detection is direct. As soon as target DNA strands are
detached due to the magnetic hyperthermia heating of the NPs, they are captured
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Figure 4.11: Hyperthermia protocol to release target DNA on magnetic nanoparticles and
their electrochemical detection. 1. MNP were synthesized and functionalized with DNA
duplex outside the chip. 2. Grafting of double-strand DNA via peptidic coupling on NPs
(outside the chip). 3. Introduction of functionalized NP in the microfluidic device for mag-
netic hyperthermia and release under alternative magnetic field. Released targets hybridize
on the sensor functionalized with complementary probes 4. Electrochemical detection in
Fe! !CN}~ /Fe!/CN;~, MB, 0.5 M NaCl electrolyte.

Table 4.3: Comparison of optimized parameters depending on the
technique of detection for on-chip magnetic hyperthermia.

Detection v(uLs™1h) At LOD (M)

Optical (geometry B) 0.056  30minY 1076

Electrochemical (geometry B*) 0.056  30minf 10716

9 minimal time of experiment to get a sufficient volume V
(100 pL) for fluorimetric detection.

T time to perform the electrochemical hybridization detection
protocol.
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by the probe-functionalized microelectrodes downstream according to the protocol
detailed in section 4.1.3. So, the same flow is used for hyperthermia protocol and
electrochemical detection. The protocol corresponding to the 1071 M LOD is the
one for a hybridization step of 30 minutes e.g. the time for which a sufficient amount
of targets is reaching and hybridizing on the UME. This hybridization time can be
decreased but will impact the LOD as the latter is flow dependent.

Figure 4.12 is a picture of the experimental setup to perform both hyperthermia
and electrochemical detection. The microfluidic chip (A) is inserted in the gap of an
electro-magnet (C) coupled to a signal generator (D) coupled to a RF power amplifier
producing an homogeneous radiofrequency magnetic field. The microfluidic setup
was connected to a programmable syringe pump allowing flow rates from 0.01 to
5 uL s=! (B). Global temperature in the vicinity of the electromagnet was checked
with a thermic camera (E). The microfluidic device was connected to a Gamry po-
tentiostat (F) to perform electrochemical measurements (CV and EIS).

Figure 4.12: Picture of the final instrumental setup for magnetic
hyperthermia and electrochemical detection on a chip.

Magnetic hyperthermia conjugated with electrochemical detection was performed
according to the scheme depicted on Figure 4.11, in a 30 minutes protocol (0.056 L /s
flow). Results for electrochemical detection after probe immobilization (blue curve)
and after target hybridization (green curve) on a a-CNx working electrode screened
by EIS in Fe!//CNZ~ /Fe!/CN§~, MB, 0.5 M NaCl electrolyte are showed on Figure
4.13 for the first microfabricated setup (embeded electrodes).

Although a small current was visible before DNA probe immobilization, after
single-stranded DNA grafting an impedance component of high resistivity can be
seen. A high resistivity curve is consistent with probe grafting as it inhibits re-
dox complex diffusion towards electrodes. After target hybridization, electrochemi-
cal conductivity is increasing, resistivity is decreased indicating the success of both
the magnetic hyperthermia protocol in geometry B* and the subsequent target hy-
bridization on a-CNx electrodes in 30 minutes. However, resistivity is too large to be
able to quantify the amount of target DNA and to compare it with previous results
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Figure 4.13: EIS graph of electrochemical behavior of a-CNx
electrodes after probe immobilization (blue curve) and after target
hybridization (green curve) from 1 MHz to 0.1 mHz.

(Chapter 2).

This high resistivity may come from the fabrication of embedded electrodes. Due
to the depth of the microfluidic channel, the edges and the floor of the channel are
less accessible to metal deposition resulting in poorly adhesive platinum layer and
thus less conductive electrodes. In order to perform quantitative measurements, a
switch to the previous working technology is necessary, that is to say, a flat substrate
bearing electrodes on one hand and a PDMS layer bearing the microfluidic channel
on the other hand. The key point here lies in the realization of a microfluidic channel
inside a 500 pm thick PDMS layer.

Results are shown on Figure 4.14. On frame A the success of activation and
functionnalization with DNA probes can be seen with a respective decrease down
to 13 cm? and increase up to 30 cm? of the impedance. On frame B, the coupled
sequences of hyperthermia and hybridization with target DNA released from the
nanoparticles lead to a decrease of impedance down to 14 c¢m? indicating the suc-
cess of hybridized DNA targets and thus their detection. These results consist a
proof of concept of the technique, repeated experiments have to be done to check
the repeatability.

4.3 Perspectives

4.3.1 Optimizations
For now on some optimizations have already been done:

e The flow has been optimized according to the channel geometry so that NPs
are under the field influence for ca 12 s, the time necessary for the molecular
phenomenon of duplex deshybridization may take place efficiently,
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Figure 4.14: EIS graph of electrochemical behavior of a-CNx
electrodes after probe immobilization (blue curve) and after target
hybridization (green curve) from 1 MHz to 0.1 mHz according to the
second microfabricated setup. A. One experiment of a-CNx
activation followed by functionalization with probe DNA. B. Second
experiment of fonctionnalization with probe DNA followed by
magnetic hyperthermia and electrochemical detection.

e the microchannel geometry was optimized so that a maximum of fluidic vol-
ume stays a maximum time under the field decreasing to 30 minutes the time
of experiement,

e Magnetic hyperthermia was coupled to elecrochemical detection.

Some more optimization could further increase efficiency:
e Decreasing sensor’s resistivity to perform quantitative measurements,

e Move toward a miniaturized setup to meet clinical criteria of portability.

4.3.2 Miniaturization toward a portable equipment

Our device is well adapted to biological samples, with volumes of a few micro-
liters even nanoliters. Micro and nanofabrication techniques for the realization of
microdevices are well mastered. Our device could be entirely miniaturized and
portable. Indeed, the power needed for heating (17 W, measured on the RF am-
plifier) is as powerful as a portable phone transducer. For electrochemical detection
a portable ammeter could be enough (see Chapter 2). The generation of the flow re-
mains. Only a small flow is needed (around 0.01uL s~ 1). A residual flow by serynge
injection could be enough or the introduction of a plug progressing by capillarity
and gravity [352, 359] in the microfluidic channel.
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4.3.3 Towards a capture/denaturation setup

The current setup is only performing magnetic hyperthermia on chip. For future ap-
plication such as, pre-concentration, purifications, there is a need of capturing and
immobilizing nanoparticles while a solution is passing through.

With one eletromagnet, in the current geometry (2D), it is rather compromised.
A 1D geometry should be needed, in order to perform capture along one direction
and release along the other. For capture aims, the field has to be static and the op-
timized form for the electromagnet should be a tip. But we can take advantage of
the geometry of the fluidic channel and its serpentine by playing on the magnetic
gradients induced by the field. Three pulses will be needed : 1 pulse for a capture
and purification (long quadratic pulse) in an area of the channel where the magnetic
force (e.g. B.grad.B) is at its highest, 1 pulse for magnetic hyperthermia release (si-
nusoidal signal, where the magnetic field is maximum) and the last pulse for further
confinement on the detection area, as pictured on Figure 4.15.

Pulse 2

' Pulse 3

Figure 4.15: Pulse 1 : confinement (static), pulse 2 : release ( AC field,
alignment with the area of higher magnetic field)., pulse 3 :
confinement (static).

For the capture pulse, the confinement has to be done in the are of higher mag-
netic force (static field), for the release if it is done by focusing the field of an electro-
magnet in its millimetric gap.

The need for local heating is everywhere

Many systems could use local heating. Indeed the heating of a biologic solution is a
crucial point in an amplification process or detection of a biological target. A global
heating asks for a feedback loop to compensate thermal losses and can induce a de-
naturation of components, non compatible with a high temperature.

Local heating in or outside a chip was already used in literature whether it is for
a cellular or molecular process. Chen et al. analyze with cellular imaging the direct
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effect of a thermosensible inhibitor on cell division [360]. Their biocompatible mi-
crofluidic setup is coupled to a temperature controller module.

There is also the issue of the PCR protocol used to amplify DNA strands before
detection. A precise control of temperature over a large range is needed for each step
and cycle of the amplification procedure (90°C, 55°C, 70°C and 37°C [208]), which is
time consuming and quantification errors can be made notably for short sequences
[5]. It is important to stress that the direct detection of DNA sequences without PCR
is a major challenge for in vitro molecular diagnosis.

Currently PCR in droplets, isothermal PCR (LAMP, NASMA, RCA [39]) are alter-
natives to the classical PCR. Houssin et al. have demonstrated a molecular amplifica-
tion of a non isothermal chip with an ultra rapid thermalization speed [361]. Cheng
and Houssin are quoting the temperature controller Cherry Biotech, the " the fastest
heat cooler worldwide for microscopy" in the 5 to 45°C temperature range [362]. But
all these technologies need a heating system with a thermalization chamber and a
feedback loop for temperature whether it is a heating via Joule effect (nanoheaters),
Peltier, infrared or microwaves [39].

Our device is consistent with previous innovations. It allows easy manipulation
of biological fluids without interference (no leakage through materials and reduced
adsorption). Glass is biocompatible and transparent and non porous. Microfluidics
allows a fine and dynamic tuning of the microsystem environment (concentrations,
flow, time of residency) while keeping a reduce volume of reaction well adapted to
the used of biological precious samples. The use of on-chip magnetic hyperthermia
is a major step in the way it avoid the use of a complex external temperature module
(complex chain of system calibration between water inset, heating induced by imag-
ing devices and temperature compensation). With magnetic hyperthermia thermic
inertia is no more the limiting parameter allowing to further reduce times of reac-
tions.

Our device can adapt to the above-mentioned technologies: nanoparticles are
small enough to be up-taken by cells and the PCR protocol can be made on nanopar-
ticles. PCR protocol for nucleic acids amplification is well established, extracted
amount of nucleic acids are small, all current detection system commercialized or
soon to be need an extraction and amplification module. Our LOC is thus a re-
sponse to the issue raised. Biocompatibily and chemical surface fonctionalization
are assured. The use of magnetic nanoparticles with a flexible functionalization op-
timally integrate in the device and contribute to its efficiency.
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Conclusion

In this chapter, the knock down of several technological barriers is presented:

e The transposition of magnetic hyperthermia on chip with an optimization of
the residence time of magnetic nanoparticles for an increased DNA release,

e A microfabricated fluidic setup to perform magnetic hyperthermia coupled to
an electrochemical detection with several technological key points: electrodes
embedded in an engraved channel, thin PDMS bounding.

These achievements constitute building blocks towards a complete on chip med-
ical diagnosis. The designed LOC device is thus an answer to the issue of fully inte-
grated LOC. The fluidic device will allow a selective extraction of targets thanks to
the specific DNA hybridization. Integration of an on chip electrochemical detection
below the release of the targets is possible. Biocompatibility and functionalization
of surface chemistry are provided. The use of magnetic nanoparticles with a flexible
functionalization can be optimally integrated for extraction of specific targets and
their further release.

On chip magnetic hyperthermia is thus paving the way for many adjustments
in terms of extraction module and cellular and molecular focus. Finally, miniatur-
ization allow the integration of an in situ technique of detection near the released
species avoiding both a macroscopic heating of the medium and by reducing exper-
imental time frames of separation outside the chip. All of that will increase even
more the interest and efficiency for magnetic hyperthermia and microfluidic detec-
tion. Regarding this part, the integration of planar microelectrode in the fluidic sys-
tem will allow a direct titration of released species via on chip electrochemistry [363].
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General conclusion

This thesis work focus on DNA biosensors and laboratories on chip for the detection
of the miARN122’s sequence for an early diagnosis. The aim is to challenge its cur-
rent detection through PCR, long lasting with multiple steps of heating and inducing
quantification errors. This work seek to meet molecular clinic diagnosis specifica-
tions of rapidity, portability, specificity and sensitivity and relying on a Whitesides’
quote:

“In the future, it is certainly possible that healthcare will move from treating to antici-
pating disease.” Whitesides, 2006

The originality and the strength of this work thesis lie on the pooling of skills
from four laboratories : Laboratoire Interfaces et Systemes Electrochimiques LISE
(UMR 8235 CNRS/UPMC Paris) with Jean Gamby for the expertise in Electrochem-
istry and microfluidic, Laboratoire Physico-Chimie des colloides et Nanosystemes
Interfaciaux PHENIX (UMR 8234 CNRS/ UPMC Paris) with Vincent Dupuis for the
expertise in magnetism and Jean-Michel Siaugue for the expertise in design and fab-
rication of magnetic nanoparticles, 'Unité de Technologie Chimiques et Biologiques
pour la santé UTCBS (Chimie ParisTech, INSERM, Université Paris Descartes) with
Mathieu Lazerges for the expertise in DNA biosensors and le Centre de Nanosciences
et de Nanotechnologies C2N (UMR 9001 CNRS Univ. Paris-Sud) for micro and
nanofabrication skills in clean room.

This work relied on a consequent bibliographic review to better define advan-
tages and drawbacks of already existing techniques and show the relevance of mi-
crofluidics for molecular detection. Several technological and process barriers were
knock down, building blocks towards a complete LOC for medical diagnosis:

e the transposition in microfluidics of an electrochemical biosensor in a two-
electrode configuration and the subsequent DNA detection through the char-
acterization of hydrodynamics and mass-transport toward an electrode in mi-
crochannels. It also permitted to see the influence of the electrode material
used and probe density issues on the efficiency of hybridization detection,

e the application of magnetic hyperthermia to DNA deshybridation and its trans-
position on a microfluidic chip,

e the manufacture of a device coupling magnetic hyperthermia spectifications
and electrochemical detection.

We will sum up here each achievement according to the above mentioned key
points.
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DNA hybridization detection on Ultra-microelectrode (UME)

In order to get a device easy to set up, the focus is on simplicity: hybridization
based biosensors compared to direct sequencing and electrochemical transduction
as it is the simplest way to convert a biological recognition event into a readable
electrical signal. More precisely, the detection is amperometric with a faradic signal
proportional to the concentration of the specie of interest.

The sensitivity of the detection relies on the use of a planar UME. A temporal
and spatial resolution allow this local probe of concentration to measure small cur-
rents (ohmic drop and S/N decreased) and study fast process due to planar diffu-
sion regime. Three key step are mastered for an optimized detection: 23-base DNA
probe immobilization on gold via thiol adsorption in two hours, target hybridization
in a 30-minutes protocol, transduction into an electrical signal in cyclic voltammetry
with an electroactive specie [Fe!!/(CN)s]*>~ /[Fe!/(CN)s]*~ redox couple thanks to
long-range electron transfer through the double strand DNA. The sensor is able to
differentiate between a single strand and a double strand DNA thanks to Methylen
Blue, DNA intercalant, and redox specie.

Quantification of the target was deduced from the resulting electrical signal char-
acterized by cyclic voltammetry. The limit of detection for DNA hybridization was
1079-1071° M consistent with previous works. The transposition into a microfluic
channel composed of a glass slide with photolithographed array of electrodes and
a PDMS cover bearing the fluidic channel allowed to couple electrochemistry with
microfluidics. With the decrease in dimensions, the reactions are confined for in-
creased performances tuned by the hydrodynamical control of the flow on diffusion
and convection layers. The geometry of electrodes, working electrode in generator
position and counter-electrode in collector position, allows to reach a behavior com-
patible with Levich prediction. The limit of detection for DNA hybridization was 0.1
fM in stopped flow experiments, where it can reach 1 aM over a 0.5 L s! flow rate,
a value 10*-fold lower than the one measured with a conventional UME dipped into
an electrolyte droplet under the same analytical conditions. An explanation was that
forced convection drives more biomolecules to the area of detection even if a balance
between the speed of collection and the number of biomolecules collected has been
found.

SAM probe coverage was found to be 80% of the electrodes’ surface. These close
packed DNA probe layers are yielding low rates of hybridization (10% hybridiza-
tion). These results supported the decision to find a easier and better way to con-
trol the surface fonctionnalization instead of playing on the dilution of the SAM,
by switching to nitrogenated amorphous carbon. a-CNx electrodes provide an im-
proved electrochemical reactivity and amines anchoring groups for covalent grafting
of the probes. By playing on the amount of DNA probe grafted, the efficiency of hy-
bridization can be tuned.

To conclude, gold and a-CNx electrodes in microfluidics can play the role of de-
tection system of our molecule of interest with a 0.1 aM limit of detection. It is
important to note that our choice of electrodes was rather driven by the stability of
the probe layer and its robustness rather than on a maximal decrease of limit of de-
tection.
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~v-Fe303QSi0 core-shell nanoparticles, nanocarriers for DNA capture and re-
lease

In order to manufacture a fully integrated lab on chip, a module of extraction
of the molecule of interest is needed. The first step towards that module is the
design of a plateform, a nanoplateform that may capture, manipulate and release
DNA. Magnetic hyperthermia on core-shell nanoparticles bears promising achieve-
ments in biotargeting especially. Here, we take advantage of the y-Fe;O3 cores and
the loading capacity of the submicrometer diameter particles to release by a local
heating a DNA target mimicking the liver specific oncotarget miRNA-122. The syn-
thesized y-Fe,O3@SiO, core-shell nanoplatform stable at biological pH bears novel
and tunable properties by playing on the shape of the particles via maghemite core
aggregation yielding a 1.3 to 1.7 m? nH kg ! high ILP compared to the ILP reported
with magnetite nanorods 0.68 m? nH kg_1 [332]. A range of diameters from 42 to
86 nm was achieved, with a positive effective charge after functionalization with
amines groups and PEG chains allowing both colloidal stability and coupling with
biomolecules allowed up to 150 DNA probes to be grafted per NP.

Probe density is a constant problem for hybridization efficiency. By comparing
the pseudo optimized probe density on the surface of UME and nanoparticles, it ap-
pears to be quite the same as the number of probes introduced in the case of double
strand protocol for NP e.g. 1.5x10~® mol for nitrogenated amorphous carbon UME
and 1.8x10~® mol for 80 nm NP (TEM diameter). The study of this nanoplateform
allowed to better grasp the dynamics of hybridization especially the influence of
electrostatic repulsion due to densely packed DNA strands.

A modified protocol for grafting (immobilization of the DNA duplex instead of
each separate strand) was developed in order to optimize the DNA probe loading
for hybridization. The subsequent release of DNA targets with a local heating was
successful to release 100 to 150 DNA targets. Subjected to an alternative magnetic
field, 80 nm in TEM diameter CS particles were as efficient in local heating as a 95°C
global heating (while keeping the solution at 27°C), crucial for biological media or
energy efficiency.

Towards a complete Lab-On-Chip

The transposition of magnetic hyperthermia on chip takes again advantage of
microfluidics, the common thread of this thesis work with confined nanoparticles
under magnetic alternative radiofrequency field. By playing on hydrodynamics pa-
rameters, the influence of magnetic particles’ residence time was highlighted, pin-
pointing what may be the limiting reaction in this system, the denaturation process
of DNA happening in a few dozen seconds.

The microsystem to perform magnetic hyperthermia on chip successfully re-
leased DNA strands in an amount comparable to global heating and AMF outside a
microfluidic chip. Following these results, a CNRS patent application was filed.

A complete lab on chip seeks to couple its various modules on the same chip.
Several technological barriers had to be overcome to couple a microfabricated fluidic
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setup to perform magnetic hyperthermia and an electrochemical detection : elec-
trodes have to be embedded in an engraved channel and the bounding of thin layers
of PDMS has to be mastered.

These achievements constitute building blocks towards a complete on chip med-
ical diagnosis. The designed LOC device is thus an answer to the issue of fully inte-
grated LOC. The fluidic device will allow a selective extraction of targets thanks to
the specific pairing of Watson and Cricks. Integration of an on chip electrochemical
detection below the release of the targets is possible. Biocompatibility and function-
alization of surface chemistry are provided. The use of magnetic nanoparticles with
a flexible functionalization can be optimally integrated for extraction of specific tar-
gets and their further release.

On chip magnetic hyperthermia is thus paving the way for many adjustments
in terms of extraction module and cellular and molecular focus. Finally, miniatur-
ization allow the integration of an in situ technique of detection near the released
species avoiding both a macroscopic heating of the medium and by reducing ex-
perimental time frames of separation and purification outside the chip. All of that
will increase even more the interest and efficiency for magnetic hyperthermia and
microfluidic detection. For that part, the integration of planar microelectrode in the
fluidic system will allow a direct titration of released species via on-chip electro-
chemistry.

Conclusion

The aim of this wide thesis work was obviously not to optimize each section but
rather to show that the transposition in microfluidics could lead to optimized limits
of detection and decreased experiment time towards increased performances. Chap-
ter 4 intends to be a proof of concept for magnetic hyperthermia on chip and should
be further confronted to a more complex biological solution with a mixture of var-
ious DNA sequences and length. One should note that the process bears a double
barrier of specificity, the first one through hybridization on nanoparticles and the
second one while hybridizing on probes coupled to the UME.

Strategies have been proposed to build a fully operational capture module cou-
pling a fluidic geometry with bends and magnetic pulses to immobilize tagged mag-
netic nanoparticles bearing the target of interest and retrieving it from its biological
matrix prior to magnetic hyperthermia. However in serum and plasma miRNAs
are encapsulated in the Argo protein leaving only 7 nucleotides visible out of 23 for
hybridization on the probe. It may not be sufficient for specific binding even more
that a large proportion of miRNAs have similar sequences. The solution should be
to functionnalize nanoparticles with an antibody specific to the argonaute protein
of the miRNA to detect, but this kind of antibody wasn’t engineered yet. For now
on, serum and plasma have to be treated with the Qiagen kit mentioned in chapter
1 and the mix of RNAs could be injected to the fully integrated Lab-On-Chip.
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Appendix A

Capture kinetics:
Ultra-microelectrode vs
Nanoparticles

Here, we compare the efficiency uptake of our assembly of nanoparticles of 40 nm
in radius in experimental conditions compared to the uptake on a planar Ultra mi-
croelectrode of 30 pum.

An aqueous solution contains DNA targets with a concentration Cy,x(t) and a
diffusion coefficient D (1.0x10~!* m? s~!). The UME and the nanoparticles are func-
tionalized with the complementary probe as depicted on Figure A.1.

A.1 Diffusion dynamics of DNA targets on an Ultra-microlectrode

The computation of the diffusion on a planar microelectrode does not have any an-
alytical solution. The spherical microelectrode is the best approaching analytical
method. The time constant is depending on the width of the band against its radius
for a spherical electrode which is sensibly the same value.

The molar number of DNA targets that collides with a spherical UME of radius
r1 per unit of time at stationary state is:

0
a—j = 4.D.Cpyi(t).11 (A1)

DNA target

5

C(t),D

DNA probes

r

Figure A.1: Modeling of the capture dynamics of DNA targets
(green) on an UME and on nanoparticles (blue).
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In our case, concentrations of DNA targets are feeble (from 10712 M to 10~¥ M)
giving a rate of hybridization on probes grafted negligible. Equation A.1 becomes:
on

—— =4.D.C°. A2
5% . C"ry (A.2)

As the layer of diffusion and the electrode are around the same size diffusion
is spherical in the vicinity of the electrode. According to Nernst approximation the
concentration gradient induced by the perturbation remain mainly restricted to a
distance near their radius.

The flux is defined according to Fick laws:

oC(r,t)
or

J(r,t) = —D.

along with the bulk concentration:

oC(r,t) D 9*C(r,t) +g oC(r,t)
ot ot? r or

UME are reaching rapidly (around a millisecond) a stationary current propor-
tional to r; and is not affected by what happens inside the solution giving a station-
ary solution for the bulk concentration:

C(r o) = CV. {1 - TO}

r

And for r=r;
oC(r) B QO

825 r=ri N T1

To continue with the molar number of DNA targets reaching the UME (r=r)

CO
dn = Jy—p,.S.dt = D.— 4.r3.dt

r1
Finally
dn 4.?”1.D
AdChuis = — = .C.dt
bulk Vv Vv
With
by — 4.7’1.D
74
giving
dC
— = ky.dt
C 1

The solution is
Cuir(t) = C°.eM?

To finish a multiplication by Avogadro number Na gives the number of target
DNA reaching and hybridizing on the UME:

Niarget = Na.V.C0.eF1-A1 (A.3)

with
4.7’1.D

k1 = v
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where 1y, is the radius of the UME, D, the diffusion coefficient of DNA in aqueous
media and V, the volume of the solution.

A.2 Nanoparticles, nanomagnets for DNA capture

The molar number of target DNA that collide with a spherical nanoparticle with a
radius r at stationary state per unit of time is:
on

57, = 4mD.C(t).r (A.4)

For N nanoparticles in solution, we assume that the volume V in solution is way
bigger than the total volume of nanoparticles. The expression (dn/dt), becomes:
N
ZT; = N.A4.7.D.C(t).re (A.5)

The second Fick law in spherical coordinates gives:

oC(r,t) 9?C(r,t) 2 0C(r,t)
pran D. 52 + o (A.6)
And 9C(r.1)
r
t)= —p. Y
‘](T7 ) 8T

Concerning the boundary conditions, at the surface of the nanoparticle C(r = 5,
t=0) as we assume that all target hybridize as it collides with a probe. Far from the
nanoparticle the bulk concentration is the initial concentration such as

lim C(r,t) = C°
r—00
and at t=0 the concentration is C° everywhere.
The concentration in the bulk change significantly more slowly than the concen-

tration in the vicinity of the nanoparticle as the diffusion is spherical the stationary
time is around one millisecond. So the solution is given by:

C(r o) = C°. [1 - ﬂ (A7)
50 oC(r) CO
r N
= — A.
ot r2 (A8)
And at r=ry .
oC(r) C
= —— A.
at r=r9 9 ( 9)
dn is given by
dn = J.S.dt = 4.7.C%ry.D.dt (A.10)
Following Equation A.5

dn®™ = 4.7.C(t).ro.D.N.dt (A.11)
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To continue with the concentration
dn _ 4m.re.D.N

dC = — dt A.12
C=3 - C (A.12)
We set
4m.re.D.N
ko = 2T (A.13)
leading to
e
— = ko.dt A.14
o =k (A19)
The solution is
Churi(t) = CO.ek2t (A.15)

To finish Equation A.5 multiplied by Avogadro number Na gives the number of
target DNA reaching and hybridizing on N nanoparticles:

Niarget = Na.V.C0.r2A (A.16)
with
by — 4m.re.D.N
S Ve

where 1 is the radius of the nanoparticle D the diffusion coefficient of DNA in ae-
quous media, N the number of nanoparticles and V the volume of the solution. This
expression is only valid for a variation of Cp,,;(t) negligible and a rate of hybridized
probe negligible. This is the case as the diffusion is spherical and the concentration
of DNA targets feeble (from 10712 M to 1078 M).

The following Figure A.2 compares different reaction times A t according to each
initial target concentration C? in our experimental conditions. That is to say a mi-
crochanel volume of 440 nL and a number of nanoparticles N of 3.7x10'3.

L1 00E1E

= 1 00E+14
B N (ume]

= M{np]

= 100E+10
b1, D0E406

r 1,00E+DF

Figure A.2: Comparison between the number of DNA captured by a
30 ym wide UME and N nanoparticles of 80 nm in diameter.
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Table A.1: Number of target DNA captured on an UME and N

nanoparticles

At CO Ngz&{qgt Ngfget
1072 | 41x10° | 1.7x10%°

30min | 10715 | 4.1x10% | 1.7x10'7
10718 | 4.1x10! | 1.7x101

10712 | 4.1x10° | 1.7x10%Y

10min | 1071% | 4.1x10? | 1.7x10'7
10718 | 4.1x10* | 1.7x1014

10712 | 4.1x10° | 1.7x10%Y

1min | 1071 | 4.1x10% | 1.7x10%7
10718 | 4.1x10* | 1.7x1014

Nanoparticles of 80 nm in diameter appear to be outstanding assets in order to
capture small unit of DNA. Thus it seems trivial to use an assembly of nanoparticles
upstream of a module of DNA detection via an Ultra-microelectrode. The factor
between the respective efficiencies is r” times N, with r” the difference between the
two radius and N the number of nanoparticles, N = 3.7x10'3 in our case.
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Abstract

Electrochemistry & magnetic nanoparticles on a microfluidic Lab-On-Chip for
medical diagnosis. Detection of the microRNA-122.

by Marie-Charlotte HORNY

English version

Here we report on an experimental study of a microfluidic Lab-on-Chip composed of
two modules for the detection of a 23 basis DNA sequence mimicking the miRNA-122. The
downstream module is devoted to highly sensitive, highly specific and rapid diagnosis.
Gold and a-CNx Ultra-microelectrodes were characterized in a [Fe(CN)g]?>~/[Fe(CN)g]*~
/ MB /NaCl electrolyte in a two-electrode configuration to reduce congestion of the chan-
nel. Hybridization schemes were performed yielding a 1 10~!® M limit of detection , in
a 30-minutes protocol under a 0.5 yL s™! flow. The surprisingly low LOD was attributed
to the shrinking of the diffusion layer under forced convection that allowed bringing more
biomolecules on the sensor. The input of a-CNx layers provided covalent grafting and a
probe density compatible with hybridization efficiency. The upstream module is a target-
DNA release module. It operates in magnetic hyperthermia, transposed in microfluidics to
increase performances through confinement. The obtained results on the magnetic nanoplat-
form that carries DNA showed an increase in target release arising from the superparamag-
netic nature of the particles due to both heating efficiencies under an alternative magnetic
field and increased loading consistent with short-chain like structures and larger dimensions
respectively.

French version

Nous présentons ici, une étude expérimentale d’un laboratoire sur puce microfluidique
composé de deux modules pour la détection d'une séquence courte d’ADN, modele du
miARN-122. Le module en aval est un module hautement sensible et spécifique, pour un
diagnostique précoce et rapide. Les ultra-microélectrodes d’or et de a-CNx utilisées comme
électrodes de travail sont caractérisées avec une électrolyte composée de [Fe(CN)g]>~ /[Fe(CN)g] 4~
/ MB /NaCl en configuration & deux-électrodes afin de diminuer I'encombrement du canal.
Des schémas d’hybridation sont effectués menant a une limite de détection de 1 107! M
en 30 minutes sous flux de 0.5 uL s~!. Cette LOD trés basse est attribuée a la réduction
de la couche de diffusion sous convection forcée, permettant a un plus grand nombre de
molécules d’atteindre le capteur. L'apport des couches de a-CNx permet un greffage co-
valent et une densité en sondes compatible avec une hybridation efficace. Le module en
amont, est un module de relargage de cibles par hyperthermie magnétique. Ce module a
été transposé en microfluidique pour augmenter les performances par confinement. Les ré-
sultats obtenus concernant la nanoplateforme magnetique transportant I’ ADN montrent un
relargage augmenté de cible, provenant d’une part d"une efficacité plus grande sous champ
magnétique alternatif et de nanoparticules pouvant capturer plus de cibles ; résultats co-
hérants avec, respectivement, des structures en courte-chaines et des diametres de particules
plus élevés.
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