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Introduction

Au début du présent manuscrit, il est importantabiér les motivations et les
principaux objectifs de ce travail de these. Noagsnconcentrons ainsi sur I'échantillon
sanguin en tant que riche source d’informationemtsile du point de vue du diagnostic et
de la recherche. Ceci implique un fort intérét uikets sur cet échantillon biologique et sur
les cellules sanguines en particulier. Parmi leémints composants du sang, les
lymphocytes représentent une fraction cellulaing@ue une des roles primordiaux dans le
fonctionnement de I'organisme humain. lls sont oesables des mécanismes de défense
immunitaire qui constituent la barriere de protactcontre les différents pathogenes. Les
acquis en immunologie montrent la complexité desmées immunitaires générées par les
lymphocytes et indiquent un réel besoin d’'une redhe plus approfondie sur ces divers
phénomeénes. Cette approche doit néanmoins faiee dade nombreux défis comme une
grande diversité des lymphocytes, leur faible gtéarmtans un échantillon de sang total
ainsi qu'une grande sensibilité aux variations awglitions extérieures.

Afin de découvrir les aspects fondamentaux de Ilimpologie, il est
particulierement intéressant d’examiner une pomrade lymphocytes bien définie. C'est
pourquoi nous avons besoin d’outils de recherchmldas de réaliser un tri cellulaire
efficace. Dans ce domaine, il existe de nombredsekniques utilisées en routine a
I'échelle du laboratoiree(g. FACS®) mais ces procédures sont souvent longues, caiteus
et nécessitent une quantité d’échantillon impodantn développement récent des
systemes miniaturisés ouvre de nouvelles voiesatgidnnement de cellules vivantes a
I'échelle micrométrique. L’exemple d’'une biopucé¢ @ssi proposé par ce travail de these.

En effet, ce projet vise a construire une micragtatne capable d'immobiliser
spécifiguement les cellules sanguines et par lte gieffectuer leur relargage contrélé
depuis la surface. Dans ce cadre, deux stratégtepéndantes seront ici explorées : la
premiere basée sur le clivage enzymatique et lxiglee exploitant une approche
originale de désorption par chauffage localiséeusN@émontrerons ainsi la faisabilité du
tri cellulaire a partir d’'un mélange de lymphocyf@snaires. Une technique basée sur la
résonance plasmonique de surfaGarface Plasmon Resonanoe SPR assurera la
détection de phénoménes moléculaires et cellulamgemps réel et sans marquage.
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Le travail de thése décrit par le présent manusest une approche
pluridisciplinaire qui touche a des domaines adiface entre la Chimie, la Biologie et la
Physique. En vue de cela, la bibliographie nécessala compréhension des résultats sera
introduite au fur et a mesure. Ainsi, suite a faaluction générale, le lecteur trouvera trois
grandes parties (chapitre 2 a 4) qui décriventréssiltats obtenus dans le cadre de ce
projet. Chapitre 2 sera principalement consacréa acdnstruction de I'assemblage
moléculaire formant la base de la biopuce propoBésuite, le Chapitre 3 détaillera la
stratégie de relargage contrélé par la voie enzgmatalors que le Chapitre 4 présentera la
désorption des protéines et des cellules vivardaesip faisceau laser couplé au SPR. Nous
terminerons avec les conclusions et perspectivesesquelles la biopuce capable de tri
cellulaire pourra s’ouvrir, notamment dans le dareadle la recherche immunologique.
Enfin, le lecteur aura connaissance de procédwiedrienentales et des références citées
dans le travail. Les informations complémentaires gésultats décrits dans le corps du
texte seront comprises dans la partie Annexes.
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Résumeé Chapitre 2

Concept de I'assemblage moléculaire sur biopuce

Ce chapitre sera consacré au développement derféage moléculaire sur lequel
s’appuie la fonctionnalité de la biopuce. Parmi tBérentes stratégies de relargage
contr6lé a multiéchelles proposées dans la litiéeatcelles qui impliquent l'utilisation de
molécules d’ADN offrent plusieurs avantages comnzefacilité de fabrication des puces
a ADN et leur stabilité dans le temps, l'accés a dembreuses séquences
d’oligonucléotides et finalement leur susceptiBilita la manipulation chimique,
enzymatique ou physique. Pour le besoin de cetideéinous proposerons une approche
particuliere qui permet de transformer une simpérivce d’ADN en une puce a anticorps
capable de réaliser la capture spécifique de esllula microplateforme en question sera
ainsi basée d'une part sur une surface d'or fonottisée par différentes séquences
d’oligonucléotides et d’autre part sur la conceptitune molécule hybride composée d’'un
anticorps (IgG) conjugué avec une courte séquermaplémentaire d’ADN. Cette
approche nécessite I'établissement d’'un protocelecalplage qui sera ici discuté. En
utilisant un agent hétéro-bifunctionnel, I'lgG se@valemment lié a 'ADN puis purifié
par la chromatographie échangeuse d’anions. Leugrdidal étant une molécule IgG-
ADN monoconjuguée sera ainsi isolé et par la statactérisé par mesure d’absorbance et
suivi d’un test de révélation en fluorescence.

Dans la partie finale du présent chapitre, leel@ctfera connaissance avec le
principe de détection utilisée et les détails unsientaux de limagerie SPR. Cette
technique servira alors a confirmer la fonctionéalile I'assemblage moléculaire sur
biopuce dont la construction étape par étape se@en évidence.
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Résumé Chapitre 3

Relargage contrélé par clivage enzymatique

Dans ce chapitre nous explorerons la premiéreégiiatie relargage contrélé basée
sur le clivage enzymatique réalisé dans le forneabidpuce. Cette approche repose sur
I'utilisation de I'assemblage moléculaire décriindde chapitre précédent. En effet, les
oligonucléotides utilisés pour le montage fonctieinrsur biopuce contiennent des
séquences qui peuvent étre spécifiquement recorparekes endonucleases (les sites de
restriction). En utilisant une série de séqueneegedtriction associées a des enzymes bien
définies, une libération spécifique de différentddes pourra avoir lieu.

Le concept sera dans un premier temps validé ssr dillles moléculaires
correspondantes a plusieurs séquences de restyictiacune conjuguée a un anticorps
modele — IgG du lapin. Ainsi, nous nous penchersunsl’optimisation des conditions
expérimentales afin d’établir un protocole pernmétide réaliser une digestion efficace du
substrat d’ADN immobilisé sur la surface. La speédi du clivage enzymatique sera mise
en évidence par suivi en temps réel permis pagdanique SPRi. Par la suite, le systéme
de relargage contrélé sera expérimenté lors de sestdes cellules vivantes.

Tout d’abord, nous adresserons les lymphocytes |aubiopuce a l'aide de
molécules conjuguées composées de l'anticorps fepexia I'antigene cellulaire bien
défini couplé a la séquence d’ADN. Des premiergissse désorption par les enzymes de
restriction seront menés sur des cellules-modetssies de lignées cellulaires (les
hybridomes des cellules du type B et T). A I'ocoaste ces tests préliminaires, nous
discuterons des conditions expérimentales qui sutiales pour limiter I'adsorption non-
spécifiques de cellules (traitement de surfacegarpatres hydrodynamiques). Un protocole
optimal sera ainsi développé et par la suite appl@ des tests avec des cellules primaires
— les lymphocytes B et T issues de la rate de souiette étude montrera une
reconnaissance speécifique des lymphocytes sur l@s poncernés et leur relargage
subséquent par clivage enzymatique. La SPRi paanain seulement de suivre les étapes
de l'expérimentation a I'échelle des biomoléculesismégalement de détecter les
phénomenes cellulaires.

A la fin de ce chapitre, une étude supplémentara présentée. Elle sera axée sur
I'application de la méthodologie développée a desiechantillons cellulaires. Ainsi, nous
montrerons une capture spécifique de bactéries edtrans ensuite en évidence leur
relargage contrélé par la voie enzymatique. Cdttdecest proposée comme une approche
originale a I'analyse d’échantillons pour des agiions microbiologiques.
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Résumeé Chapitre 4

Désorption par chauffage localisé

Le chapitre 4 présentera une approche originaldéderption de biomolécules et
d’objets biologiques immobilisés sur la surfacdalbiopuce selon le montage moléculaire
développé précédemment. Le relargage controlé désretites cibles repose sur la
dissociation des doubles brins d’ADN générée pachauffage localisé. Ce phénomene
résulte de I'effet photothermique induit par ursta@au laser sur la surface du métal (I'or
en l'occurrence) dans les conditions de SPR. Dan@emier temps, nous expliquerons ce
phénomene particulier en nous basant sur des egentipés de la littérature. L’effet
photothermique trouve notamment de potentiellesli@gmns dans les domaines des
nanobiotechnologies et la médecine qui seront én@nt décrites pour en apprecier les
potentialités. Le chauffage localisé assisté paldsmon de surface peut également étre
tres utile dans le champ des biocapteurs. Ainsie @oproche sera explorée dans le cadre
du présent projet.

Tout d’abord, nous détaillerons la configuratiorstinmentale que ce concept
nécessite. Par la suite, nous procéderons a I'expla de I'approche qui repose sur le
relargage controlé des especes moléculaires elaisds préalablement immobilisées sur
la biopuce. Cette stratégie est basée d’une pafesoploi d’'un faisceau laser focalisé sur
la surface d'or dont I'énergie est couplée aux mplass de surface et d’'autre part sur
I'exploitation du caractere thermolabile du doubtan d’ADN. Dans un premier temps, ce
concept sera utilisé lors de tests a I'échelle md#re ou I'optimisation des parametres
expérimentaux sera discutée. La spécificité deékworption de différentes protéines sera
confirmée par I'analyse en aval en spectrométriendese des échantillons relargués. Une
fois la capture et le relargage des biomolécules eni évidence, les résultats concernant
des objets de taille micrométrique seront préseiéas observerons d’abord les résultats
d’un test de désorption de microparticules captisée la surface de la biopuce et avant de
discuter des résultats obtenus lors d’'une étuddasienavec des cellules vivantes — les
lymphocytes en l'occurrence. La réversibilité dustéyne basée sur les propriétés
intrinseques de I'ADN sera également confirmée. telfules (ou les protéines selon le
cas) pourront en effet étre de nouveau immobiliefedes endroits ou la matiére aura été
précédemment décrochée par le faisceau laser.
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Résumé Chapitre 5

Conclusions et perspectives

Suite aux résultats obtenus dans le cadre de & thése, nous présenterons les
conclusions générales ainsi que les perspectivelesguelles ce travail peut finalement
s’ouvrir. A travers ce projet nous avons développeé biopuce permettant d’effectuer une
capture spécifique de lymphocytes et leur relargageséquent suivi en temps réel. Cette
étude propose ainsi un outil miniaturisé capableéddiser un tri cellulaire a partir d’'un
meélange hétérogene de cellules. Ici, nous avons amividence une séparation de
lymphocytes B et T qui ont été spécifiquement riépaur la surface de la biopuce selon
un montage moléculaire particulier. En effet, leButes ont été adressées sur une matrice
d’ADN via une reconnaissance avec des anticorpsifgpées aux lymphocytes conjugués
avec les oligonucléotides. Par la suite le relaegdes cellules ciblées a été réalisé selon
deux stratégies indépendantes.

Premierement, nous avons démontré que les difigssesibles immobilisées sur la
surface peuvent étre décrochées sélectivementegagrzymes de restriction. La multitude
de séquences d’oligonucléotides associees a desnaridases différentes ouvre la
possibilité d’élargir la désorption sur plusieurbles. Néanmoins, I'extension de ce
systeme peut engendrer 'augmentation des co($s @irentrainer un risque de réactivité
croisée. Une deuxieme méthode pouvant servir @i welectif de cellules a été également
développée. Elle consiste a une désorption depuisuiface basée sur les propriétés
thermolabiles du double brin d’ADN. Cette stratégist donc plus directe et peut
€galement étre étendue en utilisant des substr&®dNd avec un équilibre
thermodynamique différent e(g. mutations ponctuelles, séquences de différentes
longueurs). Cette deuxiéme approche nécessitefomitautilisation d’'une configuration
instrumentale sophistiquée qui comprend l'optiqURRE une source laser ainsi qu’un
systeme de pilotage du faisceau laser. Dans leecddrfutur développement de ce
dispositif expérimental, le laser travaillant endaacontinu pourra étre remplacé par un
laser pulsé et mis en place de facon a pouvoilisggakimultanément les étapes du
décrochage et de la détection.

Les deux méthodologies proposées par le préseailtadfrent plusieurs avantages
sur le plan de la réalisation d'un tri cellulairglles reposent sur la reconnaissance
spécifiqgue de cellules qui sont adressées surrlacgugrace a des anticorps pour étre
ensuite libérées de facon contrélée par clivaggraatique ou chauffage localisé. Toutes
les étapes sont réalisées dans le format d’'uneopiateforme basée sur une matrice
d’ADN et des molécules conjuguées IgG-ADN. L’'asskage particulier sur puce permet
la régénération et l'utilisation de la matrice angjle de nouveau. En outre, le systéme est
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accompagneé par la détection en temps réel et saruage. Ceci n’implique pas d’étape
de prétraitement de I'échantillon contrairementea théthodes de laboratoire utilisées en
routine comme par exemple FAE8u MACS®, et offre ainsi I'opportunité de travailler
avec des échantillons cellulaires bruts.

L’étude réalisée dans le cadre de cette thése mofise a de potentielles
applications dans les domaines de la recherche diagjnostic. En effet, le systeme de
biopuce que nous proposons permet de réaliseli dedrcellules sanguines qui ouvre des
perspectives d’études plus poussées sur une pigputies cellules du sang bien définie
(e.g. lymphocytes d'un phénotype particulier). Ceci dsies ainsi en une brique
élémentaire de la recherche avancée dans le champiminunologie humaine qui
permettrait d’avoir un apercu plus large sur lesplexes mécanismes de I'immunité (lors
d’'infection ou de cancer, rejet de greffe ou madadiauto-immunes). Les études
fonctionnelles des lymphocytes du méme type (Nététisécrétrice) ou les investigations
sous l'angle protéomique et transcriptomique camexer une famille individuelle de
lymphocytes pourront ouvrir des nouvelles voiesddeeloppement thérapeutique.d.
nouveaux vaccins) et du monitoring médiab(suivi de marqueurs cancéreux, de I'effet
des drogues).

Dans ce domaine, une approche permettant d’étudiercellule individuelle est
extrémement intéressante. En perspective, housrmis¥ens ainsi des études préliminaires
qui ont déja permis de capturer des lymphocytesvitaels dans un micropore
fonctionnalisé selon le montage moléculaire dévatopar ce travail de thése. Cette
meéthodologie exige néanmoins des étapes d’optimisajui feront I'objet de travaux
réalisés dans un proche avenir.
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Résumé Chapitre 6

Partie expérimentale

Ce chapitre constituera la partie expérimentalepdisent travail de thése. Elle
détaillera tous les aspects de I'expérimentatiarogqufait I'objet des chapitres précédents.
Une liste exhaustive des réactifs sera ainsi ptésertomprenant les séquences
d’oligonucléotides, les anticorps et autres pragjnles tampons utilisés ainsi que les
échantillons cellulaires testés. Par la suite,eleelur aura connaissance de protocoles
expérimentaux concernant differentes étapes dedi@xentation mentionnées dans le
corps du présent manuscrit : fabrication de pua®B, couplage et purification de I'lgG-
oligonucleotide, validation des produits conjugupar test dimmunofluorescence,
préparation des échantillons (microparticules, lgogytes, bactéries), capture et relargage
par clivage enzymatique et par I'effet photothemmgiganalyse en spectrométrie de masse.
La description détaillée des procédures expérinefzermettra de mieux comprendre les
résultats obtenus ainsi que leur éventuelle remtimudans le futur.
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Chapter 1

Project background
and state of the art
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At the beginning of the present PhD thesis, theleeavill be introduced to the
general scientific context that lays a motivation the given work. Firstly, the complexity
of a biological specimen will be stated by givingetexample of blood sample.
Significance of profound analysis of this particisample will be stressed in terms of its
utility not only for clinical diagnostics but aldor research purposes. A special attention
will be focused on studies carried out on complecesses of the immunological response
that are of a great interest in the field of biaded and medical sciences. Natural
complexity of immune defense mechanisms makes suuches difficult and we therefore
need novel high-throughput methods guaranteeing iderwinsight. Exhaustive
investigations of immune response phenomena caa thribetter understanding of various
processes that human body is involvedem(infections, cancer) and thus help to improve
existing methods of treatment and elaborate newiaimad or vaccines. An important step
in acquiring new knowledge on the functionalitydifferent immune cells consists in the
efficient out-of-sample extraction of lymphocytesplied in the immunological response.
This approach enables profound investigation asgieeific cell population level.

Several methods of cell sorting from heterogenesamples have been used for
many years but they frequently imply consideraldengle volumes, preparation steps,
long-time analysis or non-negligible costs. | villus make an overview of existing cell
analysis and sorting methods, giving the purposentgineer new and efficient devices. In
this matter, recent achievements in the field afrotechnologies arise as a solution in the
construction of new tools for cell sorting purpasgach microfluidic platforms or lab-on-
a-chip systems remain more interesting becauskeif attractive features represented by
rapidity, precise control of microenvironment, & parallelization, multiplexed
detection and finally tiny quantity of biologicalaterial needed. Therefore, the present
manuscript will describe the development of suckenagxlary micro-device capable of
specific isolation and sorting of B and T lymphaees/it The proposed biochip shall be thus
explored as a potential tool for advanced researchedical diagnostics.
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CHAPTER 1 PROJECT BACKGROUND AND STATE OF THE ART

BLOOD
as crucial sample in

clinical diagnostics
(1.1)

significance of blood sample assay
q/ for research puirposes

Attractiveness of
studies on blood cells

1.2
(1.2) particular focus on lymphocytes and
g immune response phenomena
[ Immunologic research ]
(1.3) complexity of immunologic mechanisms
e veals the need for investigation of
q indivigual subsets of lymphocytes

Cell sorting from
heterogeneous samples
(1.4)

great potential in development of

— microdevices capable of multiplexed
q and rapid sampiing of blood cells

PhD project:
conception of biochip for
blood cell sorting
(1.5 and 1.6)

Figure 1.1Flowchart of the introduction chapter
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1.1 BLOOD SAMPLE DIAGNOSTICS

1.1 Blood sample diagnostics

Common biological samples such as blood or biopegisnen are extracted from
living organisms as heterogeneous mixtures compo$e@rious molecular and cellular
components. Their qualitative and quantitative sssent is of great importance in the
field of clinical diagnostics and basic biologicasearch. Among many examples of
biological extracts, human blood represents a sp&tiof prime interest for medical and
scientific applications. Indeed, it is an esserg@lrce of extremely important information
concerning the functioning of the whole organisns. we all know, thanks to heart and
blood vessels this life-sustaining fluid circulatésoughout the body in order to deliver
oxygen and nutritional elements to all cells stdcig an organism. Among many
important functions, blood flow enables also anicedht transport of metabolism
substances produced by different organs to otksuds where they might be consumed
(e.g. glucose in brain) or removed from the body (asdidty lungs, kidney or liver).
Moreover, blood plays an essential role in humamime defense since it provides
distribution of the immune cells to different amatoal compartments where they might
produce specific immune responses or provide imraumeeillance function. That is why,

a guantitative and qualitative analysis of bloothgk is needed to access many elements
conditioning a patient’s state (pathological or )nd¥onitoring of blood component
concentration (cells, molecular entities) givesthes essential data concerning numerous
diseases and is of great importance for both medrzhresearch purposes.

Transport of the

respiratory gases

oxygen and CO.
Removal of - 2)

metabolites Coagulation
(e.g. urea)

Delivery of

nutrients BLOOD Temperature
(glucose, amino-acids, FUNCTIONS control
fatty acids)

Buffering

Immﬁgical
d e

Figure 1.2Main functions of blood in a human organism

The numerous functions of blood make this tissueexinemely rich source of
clinical and scientific information. The blood sdmgonsists of two main fractions: live
cells and plasma. The latter one is a water-basetlra containing various molecular
items such as antibodies, hormones or glucose andaonsidered as the largest
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CHAPTER 1 PROJECT BACKGROUND AND STATE OF THE ART

representation of the human protedhfeurthermore, whole blood volume is almost in a
half composed of cells predominating in erythrosytéed blood cells - RBC)
complemented by reticulocytes (immature RBCS), rtivocytes (platelets) and white
blood cells (WBCs) of different kind (leukocyte$§)lassical approach for blood sampling
relies on assessment of standard diagnostic pagesrgich as hemoglobin level, leukocyte
count or biochemical profilee(g. cholesterol level, hormones). However, currently
employed techniques of blood sample preparation wseally time- and sample-
consuming, and require laborious preparations. hathy, novel technological solutions
are being developed in order to provide high-thhgoug analysis in shorter time (several
minutes) and starting from barely few microlitrésacsample.

Cell type Average/pL Percent of WBC
BLOOD CELLULAR FRACTION

All leukocytes (total) 5000-10,000 100%

~ 9% Neutrophils 4000-8000 40%—66%

/platelets Monocytes 200-800 1% 8%

Eosinophils 50-300 19-3%

‘@‘ Basophils 0-100 O%—1%
TR Lymphocytes (total) 10004000 20%—40%
—— D4 4+ T Cell 400-1600 15%-20%

CD8 + T Cell 200-800 TG%—10%

.20 B-Cell 200-800 890126

leucocytes NK 100-500 %67

80%
erythrocytes

Figure 1.3 Composition of cellular fraction in healthy bloodThe images adapted from
www.sciencephoto.corand the table issued from Toreral.?

Over the last few years, a considerable progreshanfield of blood sampling
microsystems is made and prone to revolutionizentbdd of laboratory diagnostics, by
introducing in the near future “point-of-care” dees (available immediately at the site of
patient care§:* Among many potential candidates for such micrasyst we can point out
e.g.a microfluidic biochip capable of rapid blood tygP® a micro-platform providingn
situ profiling of plasma proteifis’ or a lab-on-a-chip system that enables fast and
simultaneous assessment of the hematocrit (erytteoeolume fraction) and plasma
protein profile® In terms of blood sample preparation for diagiessian interesting study
by E. Sollier (CEA Grenoble/LETI, France) exploresy microfluidic solutions allowing
efficient isolation of blood plasma from cellulasmponents.All these examples represent
an energetically developing domain that aims toceore novel blood sampling
technologies able to rapidly furnish the most int@ot diagnostic parameters. Apart from
giving a deep insight into physiological or pathgital state of the examined patient, these
data may be helpful to clarify functional aspectlmod (.g.immunological function)
and thus are attractive for scientific researchvels
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1.2 BLOOD CELL SAMPLES IN THE SCIENTIFIC RESEARCH SCOPE

1.2 Blood cell samples in the scientific research scope

Profound analysis of blood sample components isuaial point not only for
clinical needs but may also serve to understanterdifit physiological mechanisms,
especially those involving blood cells. That is wdell-based blood sampling is naturally
desired for research purposes. Isolation of puaetisns containing well-defined cell
populations is of particular interest but consétu challenging approach if large diversity
of blood cells and disproportionate cellular cont@nwhole blood are taken into account.
In fact, a normal blood sample is composed of al@renant fraction represented by
erythrocytes. Although RBC examination is precidumsn the biomedical point of view
(evaluation of the hematocrit, hemoglobin levelbbwod group typing), the erythrocyte
physiology is not widely explored in the scientifesearch. In this matter, more fruitful is
to assay white blood cells that are responsibldHerfunctionality of the human immune
defense characterized by a complex nature.

| | |

WRBC fraction RBC fraction Platelets
- prolein assay (2.g. CKT, TF) plastoia protein profile - hemnatocrit - platelet count
- mineral content analysis (e.g. research of - blood typing - mean platelet volume
- lipid balance (e.g. cholesterol) new cancer biomarkers - hemoglobin level
-lres, ghicnse - erythracyte sedimentarion rate
- hormones
|
RESEARCH SCOPE leukogyle counl
- tests of antibody specificity and 1 cell cytokine reactivity (neutrophils, monocytes,
- functional assays at lymphocyte level (monitaring of imrmune secretions) cosinophils, basophils,
- analysis at protenmic level (antihodys cytokine reperfoire analysis, TCR and RCR assessment) Tymphacytes)
- transeriptional profiling - immunodefticiency
OBJECTIVES diagnosis (e.g. HIV)

-better understanding of immune responses (induced by pathogen, cancer}
- new insight into auteimmunity disorders and transplant rejection phenomena
~develnpment of new vaccines for immnatherapy
- discovery of antigens/antibodies
-eslablishrnent of antibudy/vylokine library
CHALLENGES
- bicassay of wcll-defined lymphocytc phenotype
- single cell level sty

Figure 1.4 Exploration of the blood sample for diagnostic msgs (red-framed boxes) and biological
research (green-framed boxes).
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CHAPTER 1 PROJECT BACKGROUND AND STATE OF THE ART

Analytic strategies aiming to interrogate whitedaacells may appear problematic
if we consider the fact that leukocytes represarly @ small fraction of the total cell
number in whole blood. Furthermore, an extremelgllenging approach is to provide an
exclusive examination of the lymphocyte fractioesd than 0.1 % of whole blood),
especially because lymphocytes are themselvesetiviito several subpopulations. Since
they play a major role in the adaptive immune respoand their participation in
immunologic defense processes is complex, theskestare of great interest for modern
immunology and appoint main motivation of the prédehD work. Efficient isolation and
characterization of lymphocytes of a precise phgmtmay open up new horizons for
more exhaustive studies on immune functionalityttzd level of well-defined cell
populations. In the following section, we will tleéore discuss the significance of
profound studies on immune response phenomenomlympistified by its complex
character still not integrally discovered.
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1.3 EXPLORATION OF IMMUNE DEFENSE PHENOMENA

1.3 Exploration of immune defense phenomena

The immunologic system is undoubtedly of great ingoace for a living unit since
it plays an essential role in protecting host orgianfrom a whole gamut of pathogens
ranging from viruses and bacteria to infectiougyftand parasites. It is also responsible for
responding in presence of foreign molecukeg.(some vaccines), tumor cells or even own
antigens (autoimmunity disorders). Human defensesists in biochemical or cellular
mechanisms mediated by early reactions of the enfr@dtural) immune system or later
responses generated by the adaptive immune systuired over time® These reactions
are provided by different molecules.q. cytokines, antibodies) and cells of various types
(leukocytes). The innate immune system providesaaly line of defense against microbes
and is based on recognition of common pathogenrfesithanks to receptors encoded in a
germline). Although these natural mechanisms aeewed rapidly, they act in essentially
the same way and may be evaded by many pathogkmerts. Hence, each human
organism benefits from the adaptive immunity reawdi that provide protection from a
constant barrage of potentially large variety dhpgens.

The key elements of adaptive immune system arerdift populations of B and T
lymphocytes. These immune cells are able to rezegamnd distinguish a large spectrum of
antigens. Such particular ability lays the founolatior two main features of the immune
responsespecificity (high affinity to precise antigen) andemory (rapid response to
formerly encountered antigen). The functionalityyshphocytes is based on an extensive
outfit of cell surface receptors (B cell receptoos, BCRs; T cell receptors, or TCRS)
providing characteristic response to an antigeratershinant. The cellular membranes
within different lymphocyte populations are decethtwith an incredible diversity of
receptors. Unlike other leukocytes, B and T lymphes bear distinct cell receptors which
result from somatic recombination of receptor gergment$® The adaptive immunity
reactions are thus enabled by a large total reijperif receptors that can virtually
recognize any antigen. Complex nature of the imragical system is thus exemplified
by wide molecular diversity of antibodies and Tteeteptors which reflect a multitude of
mutual dependences and interconnecti@ng. signaling by cytokine networkf. Fig.1.5).
Furthermore, circulating lymphocytes may be divid®d several subclasses characterized
by a specific set of cell surface molecules idedifas cluster of differentiation (CD).
Presence of this distinct surface marker dependtheriunction of a single lymphocyte
(e.g.cytotoxic CD8+, helper CD4+), its differentiatigtate €.g.naive, memory) and even
housing tissueg(g. spleen, blood, thymus). Hence, such large diwers#ips to imagine
how multifaceted immune response process may bewricks an unquestionable need for
deep understanding of immunity mechanisms.
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CHAPTER 1 PROJECT BACKGROUND AND STATE OF THE ART

The recent years have brought many important aggincthe field of immunology
and point out the usefulness of research in thes an spite of funding challenges in
different countrie$?* For 2011, the National Institutes of Health (NIptpvided almost
$13 billion of financial support for research reldto immunology which is more than for
the general clinical research ($11 billidA)The main research scopes are therefore
focused on better understanding of such proceskesinfections (including emerging
infectious diseaseg.g. pandemic influenza virus H1N1), autoimmunity oansplant
rejection phenomenaas well as on development of new therapeutic nasci(AIDS,
cancery’ and discovery of new immunological biomark&tsDifferent immunity
phenomena can be studied by classical techniqguesadwanced high-throughput
technologies recently reported.

Cytokine Network

Figure 1.5 Complexity of the immune response process on ttemele of cytokine network. Different
immune cells mutually communicate by secreted dpEsk €.9. interleukins ILs or interferons IFNs) acting
in networks or cascades. Image adapted from QIAGENH (vww.giagen.com
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1.3 EXPLORATION OF IMMUNE DEFENSE PHENOMENA

As conventional methods used for assessment of memesponse, two approaches
of different level of study can be generally dises: molecular and cellulacf( Table
1.1). The first of the mentioned strategies malssaf standard biochemical techniques of
immunoassaying based on antibody titration to agan of interest. Classical ELISA
(Enzyme-Linked  Immunosorbent  Assay), Electro-Chamiinescence (ECL)
immunoassay or recently developed immuno-PCR (Imperacéf®tan be here
enumerated as exemplary methods. By dint of thesthadologies, antibody-antigen
recognition events can be detected, given by culeric read-out (ELISA), electric
energy transfer (ECL) or, as the most efficientpanential amplification of DNA in
immuno-PCR approact. The second family of currently employed immuno-moels is
directly founded upon lymphocyte assays and airegi#tection of cell specific secretions
(antibodies or cytokines) that are generated dummgune or inflammatory responses.
ELISPOT is a flagship technique developed by C.rkmsky and inspired from ELISA
test that enables indeed to measure single cytakiramtibody produced by T or B cells,
respectively’> 2 In order to assess multiple cytokines expressed bymphocytes, an
intracellular staining approach (ICS) can be pub iaction. This method exploits flow
cytometry technique to detect intracytoplasmatitokipes produced in permeabilized
cells®* 2> Even if such approach provides multiple detectbimmunologically involved
molecules, it is however harmful for physiologicategrity of cells that are eventually
submitted to death. As an alternative, whole livihgnphocytes of a particular
functionality may be characterized by means of ridsoence- or magnetic-activated flow
cytometry (FACS or MACS) according to secreted kiyte or expressed antibody%’

The spectrum of the above specified methods forunmwtogical investigation is
based on end-point analyses which give only puhcltata related to secretory activity of
assayed lymphocytes. Indeed, conventional immuagassuch as ELISPOT or ICS are
able to interrogate only a subset of lymphocytes fbroviding only partial immunological
information. Immunity mechanisms involve though malifferent molecules and/or cells
and therefore need thorough characterization arget scale. Taking into account the
heterogeneity of lymphocyte populations and thesipbs interdependence of their
functional properties, new high-performance immuwsags providing a wide insight into
human immunity aspects need to be established. éed might be achieved by the
development of miniaturized devices that emergevaasatile tools to conduct fast and
multiplexed studies on different lymphocyte populas.
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Technique Performance Features
molecular level (antibody-antigen titration)
colorimetric read-out of
ELISA : "
immunorecognition , _
— - end-point analysis
electro-chemiluminescence -
19 . . . - punctual data, limited
ECL signal upon antigen-antibody . .
. ) immuno-information
interaction
Immuno-PCR° DNA amplification
lymphocyte level (secretory activity)
- qualitative information
ELISPOT? 23 detection of single antibody| (number of secreting cell$)
(B cell) or cytokine (T cell) | - single cytokine/antibody
assayed within one assay
ot 25 detection of intracytoplasmatic - cell permeabilization
cytokines - loss of cell integrity
EAC P26 - need for pre-labeling of a
fluorescence or magnetic cellular sample
detection of secreted cytoking - limited amount of
MACS®’ or expressed antibody fluorescence or magnetic
tags
immunoassays at a micro-scale
microarra immunofluorescence read-out hioh-th "
y of T-cell secretory activif 2 | ~™9 _-t roug pyt assay
. . - multiparametric detection
L . ! real-time detection of ) i
biochip combined with SPR oytokined® & of several antibodies or
. . secreted cytokines
: .- simultaneous detection of . .
microfluidic platform - real-time detection (SPR)
several secretory produtis . .
. = - possibility of single-cell
, _ B-cell immunoassay :
single-cell immunoassay _ =% assaying
T-cell immunoassay

Table 1.1Tools for immunological examination used in bioksgiand clinical research

Recent review by Reddy and Georgiou reports onotgiate advances in the field
of high-throughput technologies amenable to stuglyémlaptive immunity process¥s.
Microscale platforms are stated as an attractivpodpnity to realize detailed and
guantitative characterization of lymphocyte funotib propertiesd.g. secretory activity),
up to acquisition of deep information at proteorf@@. serological profiling) or genomic
(e.g. sequencing of immune repertoires) level. For exampith help of antibodies
specific to lymphocyte membrane markers or to imensacreted proteins, the secretory
activity of a well-specified subset of lymphocytean be detecte®: *° Knowing that
lymphocyte functional activity may be altered iate®n to changing cell environment, a

36



1.3 EXPLORATION OF IMMUNE DEFENSE PHENOMENA

more attractive strategy is to follow kinetics gtakine or antibody production by immune
cells. Such solution offers rich and time-resolugdrmation concerning immune response
and generated in presence of a mitogenic agenéforedl pathogen. A potentially useful
tool capable of monitoring molecufir *° or cellulaf® interactions in real time is
represented by techniques based on optical phermmeh surface plasmon resonance
(SPR). Indeed, some groups report that label-fileR-Based analysis may be applied to
explore immune responses in a continuous way,by monitoring lymphocyte secretions:
B lymphocytes antibodids and cytokines €.g. interferon) produced by T-type
lymphocytes™ In this matter, further step is to provide simisandies at single cell level
which may open up to novel opportunities for dethicharacterization of immune cell
effector functiort>®

In conclusion, the understanding of immunologicddepomena at a greater
resolution is extremely attractive not only foreasch purposes but also from a biomedical
point of view. Among various applications, detail@hd quantitative immunologic
monitoring leads to reliable assessment of humamdl cell-mediated immunity and is a
crucial element of efficient immunotheraffy}” **High-throughput microscale platforms
are considered as versatile tools for clinical yssMicrodevice approach enables high-
informative evaluation of immune response provideg all individual subsets of
lymphocytes. Furthermore, recent findings evidertbat T lymphocytes result in
production of heterogeneous response in termsooétsal cytokines, even if they represent
similar T cell phenotyp& It proves therefore how intricate immune cell @sges are and
gives motivation for exhaustive investigations oélidefined lymphocyte populations.
Taking into account complexity of blood sample adlvas phenotypical and functional
diversity of lymphocytes, we thus need efficienthieiques to extract an exclusive
lymphocyte family in order to realize downstreanalgses. The approach of that kind will
certainly lead to a more comprehensive insight fioiledamental aspects of the human
immunology.
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1.4 Cell sorting methods

Taking into consideration the aforementioned stat@mone may realize that
development of reliable cell sorting methods isgogat demand when willing to extract
individual cellular subsets from a heterogeneowobical sample. Such approach needs
to rise to a few important challenges such as mdraliversity of blood cells (even
lymphocytes themselves) and their responsive ctarag the surrounding environment.
Cell sorting should fulfill the requirement of pree control of a cell microenvironment
and finally result in recovery of a cell samplehagh purity. Even if these conditions seem
to be demanding, this particular need for concaptibreliable cell sorting methodology
becomes a leading objective of the present PhD wdikre alternative strategies to
various existing methods are proposed. That is thtsysection makes an overview of cell
sorting approaches currently being developed a3 aslthose widely employed for
scientific or clinical purposes.

The cell sorting procedure is frequently an integri@ment of basic biological
research, advanced biotechnology and biomedicdicatipns. As a cell sorting technique,
it may be considered a procedure that allows thiention of defined cell subpopulations
from a heterogeneous sample and according to bgdigochemical, morphological or
physiological propertie¥. This analytical strategy results in separatiorlaison or
enrichment of a specific cell type and meets thquirements of several essential
applications such as screening at genetic or pmutelevel as well as further investigation
on a purified cell samplee(g.immunoassays). In general, cell sorting methotjsae the
individual characteristics of cells founded on paeters of mechanical nature.d.
density, size), reaction to the external environiméalectrical, magnetic or optical
stimulus) and more specifically on adhesion apétwgpecific to each cell typee.§.
immunoaffinity). Conventional filtration or centufjation methods, based on cell size or
density are frequently used in standard researchiamnedical protocols. They require
however large scale sampling and are thereforepnogpiate for small volume samples
and with a narrow distribution of cell size. Otrmmonly employed methods rely on
flow cytometry approach combined with fluorescen€@&ACS) or magnetic (MACS)
activation of a cellular sampfé.These analytical strategies often need laboriaes p
processing of specimens and the analysis itsetfoly and time-consuming. Hence,
recent progress in the development of miniaturgstems could bring new technological
solutions to efficient separation of cellular saepl

Cell-based system miniaturization has recently eettras an energetically
evolving concept of efficient bioanalytic tools thraay be widely applied for modern cell
biology goals® Miniaturized platforms offer numerous possibiktief multifunctional
analysis of cellular sample such as cultivationcontrolled conditions, monitoring of
metabolism and secretory activity up to cell cougtand separation to defined subsets. In
the last years several reviews appeared and relvealeltifaceted usefulness of
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microdevices in the field of cellomics — high-thghput studies of cell§*® “Lab-on-a-
chip” (LOC) systems have several advantages whielago attractive in the development
of micro-technologies for cell sorting. Apart froreducing cost and time input, other
benefits can be listed such as precisely contratéctoenvironment, gentle handling of
cellular samples and multiparametric sampling whpovides analysis of complex
biological specimens. Taking into account recerpgagsion of studies on novel micro-
scale cell sorting technologies, | herein proposestert overview of available
methodologies, accompanied by adequate literagfezances where detailed information
can be found.

The first family of microdevices capable of cellrtsay is founded on physical
separation events as an analogy to classicaltiiirasedimentation and centrifugation
methods. Functionality of such systems is mainliateel to size and density that
differentiate targeted cells from the others. Mioods of this type are exemplified by
microfabricated filters capable of mechanical aedppind® or microstructured fluidic
channels where selective sorting results from hyginamic flow conditioné’ Kim et al.
give a wide insight into microfluidic devices ofn@s geometries resulting in a set of
different mechanical constrains exercised on ceal&l potentially deployed in the
separation approaéfi.Physical-based cell sorting methodologies are kewémited to
morphological discrimination and are not suitaldeptecisely separate cells of similar
physical parametergg.B lymphocytes versus T lymphocytes).

In order to increase the level of precision in #eparation of well-defined cell
subsets, we may benefit from inherent reactivityivahg cells to external manipulation of
physical or chemical nature. One possible soluigoi® impose an electric stimulus being
relatively easy to produce in micro-scale devicethiw microfabricated electrodes. The
difference of the electric potential applied betwé&o electrodes may create localized and
switchable traps for cell sorting purposes. It barrealized by an electro-osmotic flow of
charged cellular entities within a microcharffiel® or dynamic dielectrophoresis (DEP)
when application of an external electric field désin generation of polarized partici&s.
The electro-osmosis approach has however limitezl insseparation of several cells
because most of them have similar electrophoretbility. DEP appears as a more
practical solution since it allows the separatiémlifferent biological cells in microfluidic
or microchip devices. This method is reported &elafriendly separation technique and
can be potentially employed for effective enrichingfirare cells?
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Figure 1.6 Development of microdevices devoted to cell sorpogposes.

A) Multitarget microMACS system. Magnetically taggeslls are sorted from a continuous flow by applying
magnetic fields at the level of microfabricated meaiic strips (MFS§? B) Ephesiasystem developed by
Salibaet al. Cells of interest are sorted from the microfluiflaw onto magnetic microbead columns covered
by a specific antibody* C) Microarray composed of individual dielectrophatgDEP) traps devoted to cell
sorting and imaging* D) Micro-scale optical tweezers. Cells are opticatigpped from a microfluidic
channel on a set of microlens8sE) MicroFACS platform capable of separation at singtl level.
Fluorescent cells are excited by a laser light edithrough a microfluidic channel and manipulatetha
sorting junction by a piezoelectric actuator (PZTF) Lymphocyte capture into individual microwells
coated with polyk-lysine (PLL)?" G) Capture and release of cardiac fibroblasts onigemhodified alginate
gel in a microfluidic channéf H) Spatial separation of lymphocytes onto an antibmityroarray — within
DNA-directed immobilization (DDIJ? 1) Isolation of circulating tumor cells (CTC) on arily-covered
microposts coupled to a microfluidic devite.
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Another group of stimuli-based cell sorting methodasists in the manipulation of
cell microenvironment by an external magnetic fielthis strategy can be readily
employed in microsystems since it does not reghigh power input and ensures
biocompatibility with living cell®* As an example, the cell sorting task may be
accomplished in a rapid and label-free manner biyngugerrofluids being colloidal
suspensions of ferrite nanoparticles. Applicatioin a0 magnetic gradient within the
microchannel enables therefore efficient separatfodifferent cells driven by differences
in their velocity®® A more frequent approach takes advantage of miagaetivated cell
sorting (MACS) realized in miniaturized format. MMMACS strategy involves
preliminary conjugation of cells with magnetic taghkich are subsequently introduced to
microfluidic chip where separated upon magnetitfigradient® % ®Target cells are
tagged by magnetic particles (having different nedignproperties for multiple target
sorting) coated with a cell-specific antibody. Tinee of non-modified cellular targets is
however more attractive since it allows samplingrfde biological extract. Accordingly,
Salibaet al. propose a particular cell sorting method callggthesiawhich provides the
separation of a desired cell type directly on macray by the means of magnetically
induced anchors (micro-bead columns) covered Hyspekific antibodies?

Apart from application of electric or magnetic fielsome other physical stimuli
may be deployed to perform cell sorting in biol@jisamples. An intriguing solution is
represented by acoustic stimulation capable of tcafiping and transporting throughout
microfluidic channel submitted to ultrasound fiefds®® Other more practical possibilities
of cell micro-manipulation are ascribed to optidatces®’ Sorting tasks may be thus
accomplished for example by using microscale optieeezers — focused laser beam
providing attractive or repulsive forces. This &gy can be illustrated by a sophisticated
optical microsystem relying on set of silica miemées arranged on a chAipApplication
of a laser focused by each microlens generatesipteuloptical tweezers creating a
steerable optical trap capable of cell capture frorarofluidic channel. Analogically to
large-scale cell sorting tool based on classiaal fcytometry assisted by fluorescence
read-out (FACS), microfabrication also opens anoofmity to realize similar protocols in
devices of miniaturized format. Indeed, microflgidgeometry may provide a robust
strategy based on optically mediated sorting orraohtannel junction® ®° An example of
highly developed Lab-on-a-chip FACS system is gibgnChoet al® They report on an
integrated microfluidic device capable of singldl devel separation provided by a
piezoelectric actuator installed at the sortingcjion. High-speed response generated by
the piezoelectric module as well as an excitatightlguided along microfluidic channel
makes this microFACS system a versatile tool fghkthroughput cell sorting, particularly
interesting for rare cell enrichment.

Although the aforementioned methods offer large cspen of potential
applications for cell sorting purposes, microdesioé this type require the integration of
microstructured chip or channels with external rpatation or detection modules made of
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optical, electronic or magnetic elements. They atso less flexible regarding to
multiplexed sampling and in some cases need pradirpipreparation of cellular sample
involving photo- or magneto-sensitive labels (WFA@Sd pMACS). That is why a
definitely more attractive strategy is to conceimerosystems based on adhesive surfaces
modified with ligands specific to each cell tyffe.

Hence, sorting of living cells of an exclusive tyjpem a complex sample may be
achieved in a label-free manner based on propenddecular interactions. This strategy is
achieved by immobilization of specific ligands atalized surfaces. A flagship model of
cell-ligand interaction is represented by recognitiof cell surface biomarker by a
molecule of specific antibody. When separatingdgatal cells, we can thus benefit from a
great diversity of the cell membrane decorationpprao each cellular type. One of the
first examples of cell separation founded on bigdim antibody was proposed by Wysocki
et al. as an efficient procedure to isolate B lymphocyitesn a heterogeneous mixtufe.
However since miniaturization has entered the fielld analytics, development of
immunorecognition-based systems for separationesmgthment of cellular samples has
gained impetus. Antibody micro-patterns are exploas effective cytometry platforms
capable of selective cell sorting to predeterminkip localizations® > They have been
reported to efficiently trap rare cells from complmedium as it was demonstrated on
example of circulating tumor cells (CTC) in wholedd *° Selective cell isolation on well-
defined regions of a microfluidic channel surfacayrbe also achieved with other adhesive
molecules. Indeed, different cells are reportedstpress a certain level of affinity with
such substrates like peptidésor even DNA-aptamef® which can be successfully
employed to isolate biological cells from microtlia flow.

As we can see, the miniaturization of cell-basexabalytic systems creates a wide
field for development of efficient and poorly inwaes procedures for cell sorting purposes.
The example of high-throughput devices might bdig@aarly assigned to strategies of
specific cell adsorption realized in a micro-arfaymat. By dint of parallelized proper
interactions with cells, these systems provideiapatganization of a few cellular targets
on high-density arrays. Furthermore, once themeéttopatterning has been accomplished,
target cells may be subsequently released from dhdace by using selective
biocompatible method¥: ”> "®Such approach permits to obtain fractions of imtlial cell
subsets from a heterogeneous biological sample.isihated well-defined populations of
immune cells may be potentially submitted to dowewn analysis in order to provide
better understanding of complex immunologic proesssThis particular concept of
specific on chip cell sorting and subsequent releaskes object of the present PhD
project.
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1.5 Presentation of the PhD project

This work is motivated by the fact that the immumsponse is an extremely
complex biological process and isolation of spedifpopulation of lymphocytes remains a
challenging step of sample exploration. That is wwhg present PhD thesis is devoted to
the development of an alternative methodology proding an efficient sampling of
lymphocyte mixture in a biochip format. The main gal is to enable SPECIFIC
CAPTURE of phenotypically different immune cells am their SUBSEQUENT
RELEASE under spatio-temporal control. This approad aims to perform the cell
sorting task at a microscale and thus generate isated fractions of individual subsets
of lymphocytes prone to become an object of furtheanalyses.Similar studies could
offer a priceless insight into various immunolodiinechanisms at molecular or cellular
level and are of great interest for clinical anskel@ch purposes.

More precisely, we herein explore two differenatgies leading to cell-specific
separation of B and T primary lymphocytes. A celbéd miniaturized tool is developed to
ensure addressing of defined B and T lymphocytés arDNA microarray. By means of
hybrid molecules composed of short DNA oligomermbmed with lymphocyte-specific
antibodies, cells are sorted into spatially restligeations of the functional matrix. In a
further step, we realize orthogonal release of tkeaptured cells which sequential
desorption potentially leads to obtain isolatectticms of B and T cell populations. To
achieve this final goal, two independent strategiesput forward and based on a proper
molecular assembly built on the biochip surfacethBaf the developed approaches take
advantage of intrinsic properties of the DNA suditlr underlaying lymphocytes
immobilized by dint of specified antibodies. Thesfiof proposed strategies makes use of
restriction enzymes capable of highly effectiveogeution of an exclusive nucleic acid
sequences and subsequent cleavage to separatemmtagnihe latter concept of controlled
release is driven by straightforward melting of theuble stranded DNA generated by
locally confined heating and produced by an exielaser source. Both of the explored
methodologies benefit from label-free detectionvted by Surface Plasmon Resonance
Imaging (SPRi). The technique here employed enahkyefore a real-time monitoring of
molecular and cell-involving phenomena that takacelin the vicinity of the biochip
surface.
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Figure 1.7 Schematic representation of the two strategiesldped by the present PhD thesis. Lymphocytes
are immobilized on a DNA biochip via specific amtity combined with a DNA complementary strand. Cell
sorting task is accomplished either through loesdting induced by a laser beam (on the left) oy®eatic
digestion (on the right).

The reported study requires evaluation of differelgments that are explicitly
introduced within the body of the present manuscrifi thus comprises: adaptation of
chemistry for biochip functionalization, elaborati@nd optimization of both proposed
release strategies, accommodation of experimeatalittons to work with living cells and
finally configuration of necessary instrumental-spt The reader may easily remark that
this work is focused on different aspects corredpunto various domains of competences
ranging from biomolecular engineering, cell sampéndling up to optical physics. In
order to provide high level of presentation claritydecided to introduce all necessary
information accompanied by adequate bibliograpreterences along with discussed
results and throughout the given manuscript. | tbpgecomposition will clearly guide the
reader to comprehensive understanding of the regavork.
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2.1 Introduction

2.1.1 Specific capture and controlled release methodology a micro-scale

This chapter is essentially devoted to explorentoéecular aspects of the biochip
system construction which constitutes a basic is$ulee biosensor functionality exploited
in the present work. The objective is to proposeagensing surface capable of selective
immobilization of cells and their sequential releaSuch achievement would fulfill the
need of novel methodologies ensuring controlledl cagbture and desorption steps in one
single micro-scale device. Though, an importantaseelated to this development is to
provide optimal operating conditions deprived oftemsive physical or chemical
perturbations that may possibly influence the ligell viability. The target cell
immobilization in a microarray or microfluidic forah can be achieved by cell-adhesive
surfaces of several types frequently reported & shbientific literature. Ones can be
therefore directed by the cell-specific biomolesuléke for instance proteins of
extracellular matrix€.g.fibronectin)!” " specific antibodie$> ° peptides;> ® aptamer§"

81 or even DNA if using cells tagged with complemeptstrand®® # Consequently, live
cells trapped on a solid substrate may be relefised their microenvironment and thus
achieve the final goal of such biosystem rangimgnfifundamental research to advanced
diagnostic applications. Straightforward methodscelf detachment may be exemplified
by enzymatic digestion of binding proteia.g. by using trypsin treatmentj,direct cell
removal by optical force¥ micromanipulatio> microfluidic shear force®  or evenin

situ cell lysis if further determination of genomic/peomic characteristics is need&d.
Nevertheless, when developing new cell sortingtestias, the key point is to realize
spatio-temporal control of capture/release stepdeurphysiological conditions. It is
particularly advisable to ensure the cell integhgfore running downstream analyses. To
attain these goals, multiple strategies are praposéhe literature and their short overview
is hereafter presented. These methodologies mdyafirapplication in micro-scale tunable
devices providing an efficient capture of livingllseand their subsequent recovery with
possibly minimal perturbation for cell viability driunctionality.

When engineering remotely tunable biomaterials reatgchallenge is to ensure
precise control of adhesive properties betweendiéneloped substrate and a cellular
sample. In order to allow controlled attachment dethchment of naturally adhesive or
non-adhesive cells, leading development is focusedhe design of specific molecular
motifs incorporated in the biosensing solid supfoff Different chemistries are therefore
worked out to generate stimuli-responsive surfaiteg are or may be subsequently
deployed for cell release. One of the solution tbimthe scientific literature is to perform
spatially controlled cell desorption from antiboohpdified self assembled monolayers
(SAMs) generated on gold microelectrode surfa8espplying reductive potential
difference of -1.2 to -0.9 V results in electrocheah desorption of cells captured by the
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underlying antibody layer that can be easily regseel with high level of
reproducibility’* Some other groups propose to introduce an elsemsitive modification
to SAMs forming the adhering surface. Electrocheaxidation/reduction is enabled by
incorporation of such redox-active functions liker fexample hydro(quinon&)® or
ferrocene” Therefore, the applied electrical potential figentle release of a live cell
previously trapped by the modified monolayer inte bulk medium. According to this
strategy, Mrksich’s group reports on an orthogorelease of two cellular samples
captured on a single micro-device, depending on dleetrical stimulus (positive or
negative potentiall® This approach is however limited to only two tdargpecies since
their release is enabled by either oxidation ouctdn process. Alternatively to electrical
stimulation, remotely triggered release may beeaad over other physical stimuli such as
electromagnetic field e(g. release from modified magnetic particles embedded
hydrogel)?’ temperature variation (by using designed thernpmesive surface®y*% or
UV illumination!® In each case, efficient cell detachment is obsemeon external
stimulation, although potential stress generateg.thermal or UV) may influence further
biomolecular investigations carried out on a callidample.

Some other strategies that might be potentiallylard for controlled cell
desorption are based on chemically or biochemicallyjtchable substrates. Indeed,
capability of a bioadhesive surface to smartly asée living cells for biosensing
applications is obtainable by an impulse of chefrocdiochemical nature. An example of
such approach, however not explored so far on raplsurface, exemplifies the release of
physicochemically bound target upon rising of thid palue that switches off the
electrostatic interactions with structured subsetf¥t Another interesting strategy may
provide cell detachment by addition of chelatingnoetal binding agente(g. EDTA,
imidazole) to a substrate based ofi"Non complexed in nitrilotriacetic acid (NTA) and
polyhistidine tag assembl{* 1**Employment of strong chelator is reported as amgte
of highly biocompatible strategy deployed to rekea$ibroblasts from peptide-
functionalized hydrogels formed with €aons>® However, these methodologies may be
hardly applied to design of remotely controlled teyss where high throughput
performance is desired.

Advanced approaches to tunable bio-adhesive s@wfa@efocused on a conception
of more developed chemistries that enable celliBpeaddressing and controlled spatio-
temporal release of several cellular targets boonda biochip. In this scope, a great
interest may be assigned to DNA-based substrateieet, a multiple choice of DNA
sequences, their automated synthesis and robashatent on solid surface make them
ideal tool for multiplexed analysis. Moreover, nodevices based on DNA matrix may be
exploited to realize selective and programmableas# of bound analyte — cellular target
in particular — by the means of enzymatic clea/ad® ®or thermal desorptiott. We
therefore benefit from the intrinsic propertiesdoluble stranded DNA that is susceptible to
be precisely cut by restriction enzymes or to digge if adequate temperature is reached.
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As we will see in the subsequent chapters, theseapproaches are explored within the
scope of the present work as potential strategiesdil sorting purposes.

2.1.2 DNA-driven cell capture

In the recent years, cell-based microsystems adotreenendous interest in the
field of modern biotechnologies aiming both reskaand biomedical applicatidi. *° A
decade ago, the very fist example of cell biochgs wublished, demonstrating that solid
support can be turned into a versatile miniaturigkdform capable of highly parallelized
investigations at cellular lev&!® Among efficient strategies to address biologiaglscof
multiple type on well-defined locations of a micn@y surface, many efforts have been
deployed for the fabrication of protein biochif8.The cell-specific immobilization is
mainly achieved within immunorecognition process digt of accessible repertoires of
antibodies produced for cell immunophenotypit-*?However, some recent works show
that DNA-based architectures may become a versagilg to achieve robust, fast and
reliable cell-based microarray fabricatih’™ 8% 82 8. 113. 14, grder to ensure specific cell
capture on a biochip provided by DNA hybridizatietep, we may generally proceed
according to two strategies. The first approacholves a preliminary synthetic
modification of the cell membrane by DNA motifs rioduced under surface
bioengineering protocol found in the literaftfré™® *2or proposed by a commercially
available methodologye(g. KODE™ technology):*®> Once the cell decoration with
oligonucleotides is achieved, their subsequent idation on a DNA-biochip may be
realized. The second approach relies on concemifoa protein-DNA conjugate (in a
covalent or non-covalent coupling) and its immdaaition on the microarray, followed by
incubation and specific capture of céfls''*By comparing these two strategies, the latter
one appears more straightforward since crude eeld@mple might be directly loaded on a
biosensing surface built out of properly organizedd functional -cell-specific
architectures.

The strategy based on protein conjugation to DNAy ha successfully used to
specifically address several cellular targets @NsA microarray. The on-chip capture of
living cells according to so-called “DNA Directedninobilization” (DDI}*** ¢ is
therefore achieved and assisted by regular hylatidizas between complementary strands.
Such approach is more suitable for biochip desigoabse it avoids direct grafting of
structurally fragile proteins (often antibodies) arsurface. The main advantage of DDI
method is the much higher stability of DNA micragrs, by comparison to protein
microarrays, and the infinite number of oligonutiee sequences potentially deployed to
fabricate dense microarrays. Niemeyer, who piomkénethis method?’ reports that
DNA-directed protein microarrays characterize shbomogeneity as well as intra- and
inter-experimental reproducibility in comparison responses issued from direct grafting
of proteins on a microarrdy®
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Figure 2.1 Schematic representation of living cell immobilinat on DNA-based biochip. The specific
capture is achieved by three-level molecular aechitre: 1) oligonucleotide probe immobilized on fwd
surface, 2) intermediate DNA strand, 3) hybrid IgBIA molecule bridging the target cell through al<cel
specific antibody.

Therefore, the protein-DNA conjugate approach (orarprecisely antibody-DNA
conjugate) is explored in the present study, ireotd develop biochip system suitable for
primary cell sorting. Briefly, we create a DNA matby deposition of an oligonucleotide-
modified conducting film of polypyrrole on a goldréace. ¢f. Fig.2.1) Subsequently, the
biochip molecular edifice is elevated with an imediate DNA strand and finally
completed by an antibody-DNA conjugate. Since thigbady molecule (IgG) is directed
to a precise marker situated on a particular cedimiorane, such biochip construction
provides specific immobilization of well-definedllcg/pes. In the final step, captured cells
are remotely released from the platform accordangrte of two programmable strategies
based on the properties of double stranded DNAhdrformer onedf. Chapter 3), cellular
target release is fired by dint of enzymatic clegvgrovided by DNA restriction site
which is precisely recognized by specific endonasbs (restriction enzymes). The latter
desorption approach is directly realized within NgD dissociation induced by local
heating and based on a photothermal phenomenonkbin Chapter 4. Moreover, both
strategies guarantee reproducibility of the cajptalease process thanks to DNA-based
construction that may be eventually regeneratedtlamariginal DNA matrix retrieved for
further use. In this chapter, the reader will thnexzome acquainted with the designed
biomolecular on-chip assembly involving constructiof the hybrid antibody-DNA
molecule addressed onto DNA-functionalized biocdgpording to complementarity rules.
Overall construction is monitored in a real-timalanlabel-free manner by using Surface
Plasmon Resonance (SPR) imaging.
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2.2 Fabrication of the DNA biochip

Nucleic acids as well as other biomolecules mayatidressed onto the surface
within many available functionalization methodsigang from one-step deposition by
contact to more developed lithographic technidd®n the scientific literature, we may
find many examples of solid substrates deploydalosensor applications like for example
glass, silicon, indium tin oxide (ITO), gold or everystalline carbone(g.diamond). The
immobilization of a probe matrix may be achievedhim covalent linking €.g. EDC-
mediated attachment) or physicochemical interactf&iMs° STV-biotin bridge).
Deposition of probe-modified conducting polymersais example of stable and robust
biochip fabrication methotf” *?! Therefore, for the need of the present study,obssr
modified DNA probes are specifically addressed atd gsurface in form of polypyrrole
films generated with help of an electrochemicaluisp.
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Figure 2.2Fabrication of a DNA biochip by the electrospottimgcess.

a) electropolymerization reaction: pyrrole-modifiedNB probe is copolymerized with pyrrole moieties
upon an electric pulse and deposited on the gafdain form of a polypyrrole film (~ 5 nm in thigess).

b) electrochemical microcell: 2 V potential differenis applied between the gold surface (WE - working
electrode) and platinum wire (CE - counter elea)omnmerged in the spotting solution (DNA-Py + Py
monomer). Spot size is determined by the plagtiotiening (400-1200 um in diameter) and spot positi
is controlled by external motors.

In order to immobilize the molecules of interesena metallic layer, a home-
made instrumental set-up is employ@d">which enables multiple deposition (spotting)
of several probes by dint of motile electrochemicall (cf. Fig. 2.2) The DNA biochip
matrix is fabricated on a solid material based gtaas prism or slide covered by thin gold
layer (~50 nm). In fact, gold is a support substi@tchoice for the biochip design because
of its interesting properties - the metal is poarkydable, chemically stable in the presence
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of biologic samples and easily undergoes functiaaibn by organic molecules.gQ.
thiol-based probes). Moreover, it can be readilgduas a working electrode (WE) which
constitutes an integral part of the electrodepmsitiystem here exploited.

The biochip surface is microarrayed with a few DNabes by using the microcell
composed of a micropipette tip equipped with a fhlatinum filament (counter electrode
or CE). The electrodes are connected to the extpotantiostat which generates a 2-V
potential diffference during the deposition stefediochemically driven synthesis of the
polypyrrole (Ppy) film lays a foundation for thebfication of DNA spots? Namely,
pyrrole (Py) molecules and 5’ pyrrole-modified aligicleotides are copolymerized upon
the electrical stimulation. The electro-oxidizatiohPy monomers is very fast and results
in a metal-adherent polymer film of nanometric kiness, deposited on the surface of
working electrode (gold)* Such strategy ensures efficient linkage of DNAbe® with
the biochip surface provided by high stability dfetPpy film and its resistance to
experimental conditions. Since the polymer growth gpatially defined by the
electrochemical cell size (400-1200 pm in diametrycessive polymerizations of several
oligonucleotide probes enable to obtain a funcliomatrix of DNA spots.
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2.3 Chemistry of antibody-DNA conjugate

2.3.1 Overview of protein-to-DNA conjugation methods

From the introduction to this chapter, we havereé#nat protein-DNA conjugates,
thanks to their combined properties, may becomsatiée molecular tools of great interest
for immunoassay and biosensing applications. Swethaligonucleotides have been
modified for years to bridge their intrinsic propes to those borne by partner
molecules?**** Therefore, we may discern many examples of asieffi conjugation of
semisynthetic DNA oligomers with polypeptides andteins of different sort (including
enzymes?’ % antibodie$®™ % and other functional proteinsy: 1% This
bioengineering approach finds an application inhsdevelopments like new biological
fluorophores for optical detection in nanobiotedogg,*** ***cell-based microarrays ***
or multiplexed immunoassays.§.immuno-PCRY® **" Thus, | would like to outline the
most pertinent strategies of protein-DNA conjugatwhich have been recently deployed
for biosensing needs and both for diagnostic aseareh purposes.

In general, we distinct two independent approacttesre protein-DNA conjugates
are generated according to either covalent cough®mistry or non-covalent molecular
assembly. Aiming DNA-protein conjugation proceduseyeral methods, which are not
based on direct chemical bonding, are proposecexample, we can benefit from metal-
complexing properties of the nitrilotriacetic adqidTA) and subsequent metal iom.g.
Ni?") interaction with polyhistidinee(g. Hiss) molecular tail. Therefore NTA-modified
DNA oligomers possibly complex nickel(ll) ion andrsequently interact with His
tagged protein in order to eventually form a stabMA-protein architecturé®® Another,
more prevalent non-covalent strategy is establisifgoh remarkably strong interaction
between biotin molecule and homotetrameric proteawsdin and streptavidin. Gentle
procedures of biotinylation and therefore the aklity of biomolecule-biotin derivates
(e.g. DNA, antibody) make molecular assemblies base®©¥Y-biotin couple useful for
the on-chip functional constructiéh. *** *® An exemplary protocol introduces a
streptavidin molecule covalently bridged to a shaigonucleotide as a first step of the
molecular assembly/ that constitutes a versatile platform for furthesnjugation to
biotinylated moleculdd® such as IgG in living cell microarray¥’ However, the
construction of such molecular assembly requireglsiometric control of DNA-protein
conjugation and the tetrameric structure of stnggia may thus become a barrier because
it provides multiple potential interactions wittolin-modified species.

Alternative solutions are brought by using covalemipling between well-defined
functional groups pending on the biomolecules ¢érst. If precise reaction conditions
are applied, an efficient linkage may be generatedlving such moieties like primary
amines or thiols naturally occurring.g.lysine or cysteine as protein building blocks) or
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synthetically introduced to biomolecules.d. commercially available oligonucleotides
modified by —NH or —SH). One of imaginable strategies may implyivaton of
carboxylic function €.g.by EDC) to enable its reaction with primary amitiejs forming
a stable amide borfd® The example of such straightforward conjugatiorhésvever
hardly found in the literature. It is because neatl proteins contain both —Ntas well as
—COOH functions and coupling strategy incurs a rk protein auto-aggregation
generating significant purification difficulties. h&€refore, common routes for covalent
coupling of oligonucleotide and proteins mainlyyredn protocol composed of two
separated steps and frequently involving bi-fum@laross-linking agent. The cross-linker
is introduced in the first step and bears eithen®®” **?or hetero-functionalitie¥® ***
135, 141

In the goal of DNA and protein (antibody in partex) coupling, commonly
applied cross-linking agents are composed of twatfonal groups providing efficient
amine-to-sulfhydryl conjugation such as amine-rigactester (N-hydroxysuccinimide
ester) and maleimide group (prone to react witbl$hi On the one hand, formation of
stable amide linkage is therefore enabled owinguodleophilic character of the amino-
groups that remain reactive towards high electiaphéarbon of NHS ester group
(provided that well-defined pH conditions are redpd). On the other hand, thioether
bond is generated according to nucleophilic additid thiol to an electron deficiemt-
carbon of the maleimide group. Many examples of BNétein conjugation published so
far report on efficient reaction between a thioléified short oligonucleotide and a protein
necessarily equipped with amino groups by the meémgsine residues:’- 128 130, 131, 138,
142.14350me other groups describe a reverse synthesisl loasthe NHS-maleimide cross-
linker which alternatively involves an amino-moddi DNA and a bioengineered protein
tagged by cysteine residues, exposing —SH funcfimnsoupling™* *** *However, this
approach can not be directly applied to conjugatbmative antibody molecules where
sulfhydryl groups are tethered in disulfide bon#®llowing a reduction step, only
fragments of immunoglobulin undergo the effectieiging’** **° Another alternative
strategy may benefit from the primary amine growgndging on antibody which is
chemically modified to either latent sulfhydryl gmand conjugated to a DNA-NH® or
disulfide bond eventually exchanged to anotherlfiigiinvolving DNA-SH moleculé®
Thioether bond is however more frequently deplogedause of its higher stability over
disulfides. All these strategies consist of twojogation steps - the former one providing
protein activation for coupling and the latter aféecting a modified oligonucleotide. In
the present study we firstly attempt to use a hafaobttional linker but such approach
does not result in satisfactory coupling, as itdiscussed below. Therefore the final
strategy providing conjugation of an antibody withort DNA oligomer is realized by
using cross-linking agent of NHS-maleimide type.
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2.3.2 Conjugation by using homobifunctional cross-linker

As a first approach to synthesize the hybrid mdee@omposed of an antibody
linked with DNA strands, we opted to use a homaixfional conjugation agent -
disuccinimidyl suberate (DSS). This chemical liniereported as a useful molecular tool
in protein bioconjugation procedures since it cor#aNHS esters that, in defined pH

conditions, are highly reactive to primary amings*?
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Figure 2.3 Antibody and DNA coupling reaction via DSS. Atslir an oligonucleotide is coupled to the
cross-linking agent which enables conjugation togéh molecule in the latter reaction step.

In the first step of the developed protocol, DSSlengle is coupled to an
oligonucleotide strand modified by an alkylamine3aend (excess of the cross-linker is
required to avoid DNA inter-linkage}® Reaction occurs rapidly (over barely few minutes)
and after DSS excess removal, NHS-activated DNAetgues subsequent coupling with
an immunoglobulin G bearing primary amine functiotigoughout lysine moieties.
(Fig.2.3) Purification of the final protein-DNA pdact is provided by size exclusiShor
anion exchange chromatograpfiy. ** In the present study, the second purification
method is chosen to separate the unreacted s@ss{tgG and oligonucleotide) from the
desired conjugation product (IgG—oligonucleotiddpwever, tests of coupling realized
between IgG from rabbit serum (rab-IgG) and différamine-modified oligonucleotides
(EcARI*, Nca* and Pvul*) show that DSS-based strategy does not giveeptable
results. It turns out that independently from theifpcation conditions and IgG/DNA
coupling ratio, the conjugated product is hardlgcdrned by chromatographic purification
(cf. Fig.2.4). It means that either DSS-driven conjisgatdoes not take place or the
coupling yield is very low. We speculate that thesmprobable reason explaining the
observed conjugation failure is that the intermedMHS-oligonucleotide degrades before
being coupled to protein molecule. This conclusi®rconfirmed by mass spectrometry
analysis kindly realized by C. Saint-Pierre fromchic Acid Lesions laboratory (LAN,
CEA Grenoble). Namely, the MS results obtained floe intermediateEcoRI-NHS
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evidence complete hydrolysis of the introduced suicidyl ester (Appendix A). The
efficient conjugation is neither revealed by moutfy the intermediate step conditions
(acid medium and low temperature) that are supptiseeduce further Nireactivity and
degradation of NH$!' Taking into account these findings, the couplitrgtegy based on
DSS cross-linker is not longer retained in the @nésstudy. An alternative solution is
proposed which as we will see hereafter, resultdeifinitely higher coupling efficiency
and this one is ultimately employed.
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Figure 2.4 Chromatographic purification of products issuadrirthe conjugation of rab-IgG amul*-NH ,

by using DSS coupling agent. HPLC profile evident®s main peaks corresponding to non-coupled
substrates: rab-IgGx(E 1.038 min) andPvul* (tr= 16.692 min) confirmed by independent purificatiarf
native 1IgG and DNA sample (upper images). Elutionditions: 1 ml/min flow rate, NaCl gradient 137 mM
— 1000 mM (pH 8.0). HPLC column: HiTr8) Q FF (GE Healthcare) 1 mL, 45-165 pum of bead &#é
highly cross-linked agarose modified by (RH;)s).

2.3.3 Efficient coupling by using a cross-linker of NHS-naleimide type

As a consequence of the above presented resuiisod@yrDNA coupling strategy
is finally switched to another conjugation chemjidtased on indirect amine linkage with
thiol groups. As explained in the introduction taist section, cross-linkers of NHS-
maleimide type are widely used in bioconjugationgedures since they enable proper
coupling between primary amines (with help of Nenimidyl-activated ester) and thiol
functions (by maleimide group). Considering 1gG amdigonucleotide chemical
interconnection, two possible synthesis paths ameceaivable: amine-modified DNA
coupling to IgG molecule or DNA-thiol conjugation nhative IgG (Fig.2.5). The first
alternative is however less suitable since IgGlthuoctions required for coupling are
mainly incorporated in disulfide bonds. Their cheahi reduction, even upon mild
conditions!** *°risks to destroy the functional structure of a Ighich is crucial for
immunoassays and cell-based microarrays. Thuseitend strategy is more rational since
nearly all 1IgGs bear several MHunctionalities and thiol-modified oligonucleotslare
commercially available.
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Figure 2.5 Strategies of IgG and DNA coupling by using a hatéunctional cross-linker composed of
maleimide group (prone to react with thiols) anchydiroxysuccinimide ester (sensitive to nucleophilic
substitution by primary amines).

According to the aforementioned statement, we @etidproceed in a two-step
protocol, firstly involving antibody activation byneans of the N-succinimidyl ester and
subsequent coupling to 3’ thiol-modified oligonuwatide through the maleimide-induced
nucleophilic addition.df. Fig.2.6 a)]. To do so, a heterobifunctional criisker based on
polyethylene glycol (PEG) structure is used (SM(PEG- succinimidyl-[(N-
maleimidopropionamido)-dodecaethyleneglycol). Coragato other reagents containing
purely hydrocarbon spacer arm&, *¢ 1*3linking reagents equipped with PEG chain are
rather more convenient alternat®’8. The PEG presence improves water solubility and
limits the risk of bioconjugate aggregation. It e an increased flexibility of the
bioconjugation reaction, resulting in reduced imgenic response potentially provoked
by the spacer itself. A hydrophilic character of thain structural chain ensures efficient
water solvatation of the reagent and final conjagablecule as well. Unlike PEG-based
reagents, cross-linkers built out of hydrophobiacgs arm require application of organic
solvents €.g. DMSO) which may affect biomolecule stability arehder purification step
difficult. By using SM(PEG),, an efficient purification and conjugation stepee a
performed in agueous solutions.
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Figure 2.6 Conjugation of IgG and thiol-modified DNA by usigM(PEG),.
a) cross-linking reaction schemig), flowchart of the synthesis and purification pratbc

In the present work, several cell-directed antibowjecules are coupled to 3’-thiol
modified oligonucleotides containing restrictiomesi EcoRI*-SH, Ncd*-SH and Pvul*-
SH). However, an optimization step of the croskihig reaction is performed by using a
representative 1gG antibody issued from rabbit meftab-1gG). Conjugation protocol and
purification procedure are therefore adapted, asdired from previously reported studies
as well as from SM(PE®) supplier recommendation& The overall procedure of here
developed 1gG-to-DNA covalent linkage is schemdfycddustrated on Figure 2.6 b). Our
goal is to obtain a conjugation product correspogdio one IgG molecule of interest
synthetically bound to one oligonucleotide strammbifoconjugated hybrid molecule). For
this purpose, the antibody loading with DNA is assel by UV absorbance measurement
executed on conjugation product fractions issuesnfifinal purification step!’ The
desired product is drawn apart by dint of anionhaxge chromatography which enables a
charge-depending separation of species. Thergholganionic oligonucleotide fragments
can be easily isolated from protein molecules mtedithat chromatographic purification
conditions are closely related to IgG isoelectranp (pl) where its overall molecular
charge is nearly zero. In the case of a human tlg€se conditions are estimated between
6.4 and 9.0 pH value and neighbor pH of neutralirenment*® Accordingly, the
protocol of chromatographic purification here apglputs in practice elution in a buffer of
pH 8.0.
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Figure 2.7 Purification of the IgG-DNA conjugation producty lanion-exchange chromatography.
Chromatographic profile evidences the followingguct fractions: FO (native 1gG), F1 (antibody maatif
by the cross-linking agent), F2 (the desired onrerte conjugated molecule), F3 (multiconjugated pobd
and/or free DNA oligomer). Elution conditions: 1/min flow rate, NaCl gradient 137 mM — 784 mM (pH
8.0). HPLC column: HiTral)! Q FF (GE Healthcare) 1 mL, 45-165 um of bead &2 highly cross-linked
agarose modified by -NCHs)s).

2.3.4 Optimization of the IgG—DNA coupling reaction

In order to establish an efficient antibody-DNA pting methodology several
parameters have to be considered. A major issughef reaction scheme is the
stoichiometric control of the amount of DNA stranctsvalently linked to each protein
molecule. Willing to obtain desired one-to-one loiojtigate, different substrate ratios are
tested and antibody loading with DNA evaluated. Timember of oligonucleotide
fragments grafted on IgG molecules is assignedHhsgnoatographic separation followed
by absorbance measurements of the discriminatetidns.

The first step of the coupling procedure relied@@ activation by SM(PEG). In
order to provide high reactivity of primary amintesvards NHS ester, this stage has to be
realized in delimited pH conditions — from 7.0 t® 9PBS buffer of pH 7.4 in our case).
Large excess of the cross-linking reagent is reguio ensure proper conjugation of the N-
succinimidyl-activated esters to primary amine fior@lities pending on IgG molecules.
Three values of the SM(PEfz)stoichiometric excess are tested (10, 50 and 106) a
resulting chromatographic profiles investigatedy(Ei8). Following the HPLC purification
step, we discern three major product fractions: detresponding to NHS-activated
antibody, F2 which is the one-to-one conjugatioodpict and finally F3 ascribed to free
oligonucleotides and/or multiple-conjugated molesutf. Fig.2.7). Fraction assessment
results from the absorbance measurements as wielinmsnofluorescence assay discussed
in farther part of the present chapter.
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From the registered HPLC profiles, we can concladethe coupling efficiency
obtained for the three tested SM(PEGatios. As observed, F1 fraction is slightly st
to higher retention timesgft if more of the cross-linker is employed. Knowititat the
elution of native IgG (FO) occurs in the first miawafter the injection to column (proving
neutral net charge), we deduce that F1 corresptmdse maleimide-bearing antibody,
interpreted as 1gG molecules with modified net geaMoreover, the maleimide groups
are randomly introduced on the antibody moleculg laigher cross-linker content results
in a larger relevant peak.

Concerning the remaining part of the observed chtographic profiles, one may
notice that the F2- and F3- corresponding peaksargerfectly resolved. These results
demonstrate that the more of SM(PEG3$ employed for coupling, the more F2 and F3
peaks overlap. This can signify that an increasenb of the linking reagent generates
considerable level of derivative compounds built ofilgG linked to an undetermined
number of DNA strands. Unfortunately, multiple cbog of DNA oligomers to single IgG
molecule can not be completely circumvented. Thdr&&ion can be however attributed
to the desired monoconjugated product. It is bexdhs fraction is characterized by an
absorbance ratio (AdJ/A2s0) of around 1.0 which is consistent with previousiported
findings!’ The three given experiments are performed forsésme molar quantity of
protein and therefore the F2 peak magnitude magpgm@oximated to coupling yield.
Taking into account this fact, we consider 100 egjeint excess of SM(PEG)cross-
linker as suitable for efficient DNA and IgG congimn. Higher excess is not attempted
because an extensive charging of the IgG molesub@t desired regarding to the antibody
functionality.

10 equiv. 50 equiv. 100 equiiv.

[Al]
20

+ 4 1] } + - + }
10 15 [min] 10 15 [min] ’ 10 15
— 230nm — 260nm — 280nm

Figure 2.8 IgG—DNA coupling performed in different IgG : cesbnker ratios. Stoichiometric excess of
SM(PEG), is evaluated (10, 50 and 100) for the conjugatibrab-IgG andNcd*-SH.

Once an IgG molecule is combined to the cross#igkagent and unreacted
residues of SM(PEG) removed by size exclusion chromatography, the imae-bearing
antibody undergoes coupling to a thiol-modifiedyohucleotide. As it makes up the latter
step of the coupling strategy, such reaction inmglvmaleimide functionality is more
convenient compared to final linkage through N-loxysuccimide estere(g. DSS
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strategy). It is because maleimide group is moablstin agqueous solution in contrast to
NHS ester that rapidly sustains hydrolytic degrimtiatMaleimide stability and reactivity
to sulfhydryls is however pH dependent as the grslapvly hydrolyses at pH values
greater than 7.5. Therefore the optimal conditimnghe second stage of coupling reaction
are placed between pH 6.5 and 7.5. In order toym®a@n efficient linkage by formation of
thioether bond, the use of maleimide demands fudfy&iryl groups as binding partner.
That is why thiol-modified oligonucleotides are mtied to chemical reduction prior to
their conjugation to the activated IgG molecules.

In the fields of biochemistry and molecular biolpgite most commonly used
reduction agents are dithiothreitol (DTT) and 2-ao&thanthiol. Apart from their capacity
to efficiently reduce disulfide bonds, as thioledscompounds themselves, they may
interfere in SH-involving reactions if they are moimpletely discarded. Thus, the protocol
evaluated here relies on an alternative reducingditions based on TCEP (tris(2-
carboxyethyl)phosphine). This reagent is an adWsaolution not only because of it
physicochemical properties (odorless, non-voladihel resistant to oxidation in air) but
mainly because of its capacity to selectively aothgletely reduce even the most stable
water-soluble alkyl disulfides over a wide pH ranBg using TCEP, the reduction side-
product is a phosphine oxide which is non-react@mpound to other functional groups.
After an oligonucleotide-SH is treated with TCEBduced sample is desalted on a size
exclusion column (NAP" 5) and subsequently recovered in EDTA-containingfelou
Presence of the chelating agent aims to hinder Imete to induce disulfide bond
regeneration before the DNA strand is coupled titbady. The acidic-basic conditions
(pH 6.8) ensure high reactivity of the maleimidendtionalities pending on the IgG
molecule towards thiol-modified oligonucleotides.

A key point of the cross-linking strategy here deped, is to provide appropriate
stoichiometric conditions in order to obtain mongogated IgG—DNA product with
considerable final yield. An important element herefore to establish optimal coupling
ratio between substrates involved in the ultimaép,s.e. maleimide-activated antibody
and reduced DNA-thiol. Literature references fredlyereport on equimolar quantity of
both biomolecular substrates which has been imtliti applied to the tests described
above'®® *3(Fig. 2.8) However, IgG and DNA are biomoleculdsdistinct nature and
contrasting structure mainly because of their stharge distribution and accessibility of
potentially reactive groups. lgG—maleimide molesulend DNA-thiol strands jointly
suspended in solution may engender covalent linkage statistically random manner.
Consequently, it is worth to optimize IgG/DNA ratémd evaluate the yield of desired
conjugation.
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Figure 2.91gG/DNA conjugation by SM(PEG)with different stoichiometric ratios of the sulades. Excess
of the IgG (rab-lgG) and oligonucleotidevul*) is hereby evaluated.

Accordingly, the coupling reaction is performed pyoviding a greater molar
content of the oligonucleotide-SH (1 and 10) or db#vated IgG (2, 5 and 10) in order to
examine the aforementioned concern. Following th&ubation, reactive solutions are
submitted to purification by anion exchange chrargedphy - the relevant chromatograms
are represented on Figure 2.9. From the obtaingdtse we may clearly conclude that
increased stoichiometric content of oligonucleotided in the reaction does not generate
higher rate of desirable IgG—DNA combined produat,priori represented by F2.
Proportionally to the applied oligonucleotide exx;emne may notice a magnification of F3
peak which retention time corresponds to the fréADnolecule. As to extension of the
antibody molar contribution in the coupling reaatioproportional amplification of
concerned peaks (F1 and F2) is similarly perceivéte mentioned peaks are not only
higher but also less resolved on chromatographadilerif an important excess of the
protein is used in the reaction. Considerable amgatien of the IgG/DNA ratio is able to
produce an extension of derivative products anthésefore baseless. In such case, the
registered absorbance signal reveals an elevag@a®f non-coupled antibody as well
(F1).

As observed on the obtained chromatographic psyflgG/DNA ratio equal to 2:1
yields a good resolution of F2 peak correspondmgnbnoconjugated product of our
interest. This stoichiometric proportion is consaafly proposed for the final coupling
protocol which is applied to conceive the progrardmantibody-oligonucleotide
conjugates (Table 2.1). Although a considerabletiiva of the antibody is still not coupled
(~18% of starting IgG amount in recovered F2 fiac)i the chosen protocol results in
good yield of the monoconjugated IgG—DNA (14% — 29%urther, confirmation of the
efficient coupling is brought by absorbance measerds referred to theoretical values
and described hereinafter. A proof for suitableleraty functionality is finally assessed by
immunofluorescence assay and SPR imaging.
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. IgG—DNA o coupling
antibody conjugate application vield
rab-lgG-EcaRI* 20%
conjugation reaction optimizatiof,——————
rab-lgG-Pvul* tests of biochip molecular 22%
IgG from rabbit serun assembly and enzymatic releage
rab-lgG-Nca* 16%
rab-lgG—Zip2* _ fraction assessment in 19%
immunofluorescence assay

rat IgG « | specific capture of B lymphocytgs 0
anti-mouse CD19 CD19-EcaR (CD19 membrane marker) 23%

rat IgG . specific capture of T lymphocytgs 0
anti-mouse CD90 CDI0-Pwul (CD90 membrane marker) 29%

mouse IgG . negative control 0
anti-HcB domain HcB-Ncd (non-relevant antibody) 14%

Table 2.1 Antibody-oligonucleotide conjugates synthesizethimi the framework of the present project. The
coupling yield is expressed as ratio of the IgG amidn fraction corresponding to the monoconjugated
product (F2) and starting quantity of the antibedyployed in the reaction.

2.3.5 UV absorbance measurements

Consequently to the IgG and oligonucleotide cowplieaction, followed by
purification on an anion-exchange chromatograpbiaran, four main product fractions
are discerned (FO, F1, F2 and F3). The relevanéntien times observed on
chromatograms give significant premises on the tyipine obtained conjugation products
(compared togregistered for native IgG or free DNA strand). Tikelated fractions are
however concentrated and their absorbance detedmate 260 and 280 nm light
wavelength. The measured absorbance ratigs/ff&sg are straightforwardly applied to
evaluate the average number of DNA strands loadeshoh antibody molecule (Appendix
B).}" 31 This is because the experimental values may begared to the theoretical ones
issued from Lambert-Beer absorbance law, knowiagdbsorbance maximum is placed at
260 nm for DNA and 280 nm for proteins.

63



CHAPTER 2 CONCEPTION OF THE BIOCHIP MOLECULAR ASSEMBLY

Az0/Rzg0
1.80 s
*
1.60 DNA
I Bl
1.40 T I F3
10 F2
1 [ ] #1yG-
- f » R 19G-DNA
1 B I +F1
0.50 olgG
£ 3
0.60 i F 3
0.40 T T
IgG-EcoRI* 1gG-Ncol* 1gG-Pvull*
IlgG—-DNA experimental Aped/Azgo calculated Asd/Asso
conjugate | F1 F2 F3 IgG | DNA IgG—-DNA
0.64 0.98 1.50 1.75
IgG—EcoRI* 1.10
gh=e (0.06) | (0.09) | (0.09) (0.02)
0.64 0.94 1.37 0.56 1.51
IgG—Pvul* 1.00
95 VU T (0.03)| (0.08) | (0.05) | (0.03)] (0.05)
0.65 0.98 1.36 1.71
IgG—Ncad* 1.09
95N 1 0.02)| (0.03) | (0.04) (0.03)

Figure 2.10 Estimation of the IgG loading by DNA molecules &&on 260nm and 280nm absorbance
measurements. Three fractions obtained from th@ugation reaction are considered (F1, F2 and FB& T

experimental Ag/Azgo values (in blue) are compared with the theoretma¢s (in red) assigned to the

monoconjugated IgG—DNA.

Figure 2.10 represents average absorbance ragissened for fractions F1, F2 and
F3 issued from conjugation of an IgG-type antibadth the relevant oligonucleotides.
These empiric values are assembled with those wixsdor native 1IgG and DNA as well.
Aosd/A2go ratio is obtained from independent absorbance wneasents and standard
deviation is given. The experimental data are fheabmpared to the values theoretically
assigned to the monoconjugated IgG—DNA. Deternonatf the theoretical value of
absorbance ratio is based on Lambert-Beer fornalkiag into account the additivity of the
absorbance law and assuming that the conjugati@s amt influence the extinction
coefficients of DNA and protein. Comparison of 260880nm absorbance ratios
determined experimentally with their theoreticalueglents enables estimation of
antibody loading level with DNA. Therefore, we atfi the presence of desired
monoconjugated product in the fraction F2 whichragpnates the calculated value at
most. Fraction F1 is thus identified as non-confjedalgG, unlike the fraction F3
composed of multiconjugation products that can betavoided (free oligonucleotide
might be present as well). These conclusions dtected by an additional examination
realized on each of the recovered conjugationifrastand based on a fluorescence signal
read-out.
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2.3.6 Fraction assessment by immunofluorescence assay

Fluorescence microscopy is a robust detection tgabrdeployed to identify DNA
entities on microarrays due to its high sensitivipd multiplexing capabilities?®
Therefore, an easy method for reliable assessménhe fractions collected from
chromatographic separation of the bioconjugationdpcts is to realize an on-chip
immunoassay based on the fluorescence read-outh Summunofluorescence test
conducted on a DNA microarray enables validatiohyddridizing capability of IgG—DNA
conjugates and their coupling efficiency. Accordyngthis control is led on an
oligonucleotide microarray functionalized with terprobe sequences. (Fig.2.11.). In such
configuration, Zipl constitutes a positive contsa@nal, Zip2 is devoted to fraction assay
and Zip3 serves as a negative control. After intohaof each fraction issued from the
rabbit-IgG conjugation to DNA (complementary Zip2¥9 secondary immunorecognition
antibody is introduced onto the biochip. The seeoyndanti-rabbit IgG conjugated with
biotin enables interaction with streptavidin-R-pbgcythrin protein (STV-PE) based on
high affinity of STV to biotin molecule (dissociati constant is around 10Mm).*** R-
phycoerythrin is a versatile fluorescence labehwgiirong light absorption (about 550 nm)
and emission peak in green-yellowish light area5(%#m). Upon STV-PE binding,
fluorescence signal may be directly observed.

a)
zipt Zip2 Zip3 . z N
| 1
;Zip‘f* ;ab—lgG—ZipZ* ?anﬁ-(rab-lgG)IgG * biotin “‘SW-PE
P
b)
Zip1
Zip2
Zip3

F1 F2

Figure 2.11Immunofluorescence assay for assessment of theDi®@. conjugation products.

a) schematic representation of the experimental podté - hybridization of the assayed fraction (a—
Zip2*) and positive control sequence (Zipl*-biotini) - incubation with biotinylated secondary amtity
(anti-rab-1gG), iii - incubation with streptavidiR-phycoerythrin (STV-PE) and fluorescence signatreut;
b) revelation of the fluorescence signal in threeepehdent tests of the fractions (F1, F2 and F8etérom
rab-1gG coupling to Zip2* oligomer.
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In consequence of the test here described, fracibndoes not show any
fluorescence compared to Zipl positive controtolfirms that the conjugation product is
not involved in this fraction which may be attribdtto the linker-activated IgG as it was
proposed before. Regarding to F2 and F3 fractibat) hybridize properly on the given
DNA-biochip resulting in strong signal from the Ziprobe. We notice that Zip2 spots
reveal enhanced fluorescence by comparison todh#at complementary strand injected
along each fraction (Zipl*-biotin). Unlike one hiotmoiety on the control Zipl*
sequence, numerous biotins pending on the secoralarigody (anti-rabbit IgG) are
capable of multiple interactions with STV-PE, résg in strong Zip2 fluorescence.
Although fraction F2 appears as a single well neswlpeak on the chromatogram, the F3
fraction is actually composed of multiple conjugatiproducts (or free oligonucleotide),
obviously due to possible covalent grafting of saleligonucleotides on the same IgG
molecule. These findings are consistent with tleeegthentioned considerations based on
the absorbance measurements at different wavekengtdnce, it confirms the presence of
the desired IgG/DNA monoconjugate in the fractidhtRat will be preferentially used in
further experimentation to build the designed bipassembly.
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2.4 Real-time monitoring of the biochip molecular asseinly

Molecular design of the biochip system here progpsequires a versatile tool to
follow construction of the assembly involving hydimation of short oligonucleotides and
antibody-DNA conjugates as well as further detectmf cellular targets in ensuing
experimentation. To do so, the present work takieamstage from an optical method based
on surface plasmon resonance (SPR) phenomenon.ahhigtical technique is widely
used in the field of biosensors and deployed farous biological and chemical sensing
applications” 2 Small sample volume, real-time monitoring and foky of
parallelized detection makes SPR-based method fal usel to investigate biomolecular
interactions of different natur®. **>***More recently, it has been shown that particular
technique of SPR imaging (SPRi) is also converfienthe label-free monitoring of living
cells immobilized on a solid suppdft.” For these reasons, the SPR imaging has been
chosen to track the biochip molecular build-up asll vas cell capture/release events
discussed in farther part of the manuscript. Toeustdnd the detection phenomenon, a
general insight to SPR features is hereafter pegh@sd followed by description of the
employed instrumental set-up.
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Figure 2.12 Surface plasmon resonance in Kretschmann’s canafiigmn. The gold layer SPs are excited by
an incident light beam in total internal reflectioanditions (TIR). The incoming photons are coupledhe
free electron oscillations on the metal/dielecinterface, provided that the corresponding elecfietd
components are parallel fR°"= k57 which is proper to TM-polarization. The evanesogave of surface
plasmon penetrates into local medium at around rifi0depth. The lateral resolution of the electradi
decay is ~7 um.

2.4.1 Surface plasmon resonance phenomenon

Surface plasmon resonance is an optical phenoméradrays the foundation of
particular biosensing systert§. SPR-based methods permit to follow variations haf t
refractive index in the neighborhood of a dielexinetal interface and thus enable to
observe specific biomolecular interactions. Thistdiee is a result of the energy coupling
that occurs between incoming photons (incidentt)igind free electron oscillations of the
metal surface (surface plasmons - SP). The supféasmmon waves are produced upon
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excitation by light wave and propagate along therface €f. Fig.2.12). Several conditions
are required to obtain an efficient photon couptimghe electrons.

The developed biochip system based on the SPRtetenmploys a gold-coated
glass prism (60° angle) according to configuratiwaposed by Kretschmar®. In such
geometry, an incident beam of light strikes a tjohd layer (here ~50 nm) deposed on the
prism in the conditions of total internal reflecti¢TIR). Willing to excite surface electron
waves, the incoming light must be polarized inan$verse magnetic (TM) mode. This
polarization ensures that the electric componergleétromagnetic wave is normal to the
interface and consequently parallel to the eledtsld vector of metal SPS® Under a
specific angle of incidencecfi Fig.2.13), the incoming photons undergo a resonant
coupling to the gold surface electron oscillationkjch results in decrease of the reflected
light intensity (resonance angi&). Hence, the generated evanescent wave of surface
plasmon remains sensitive to any refractive indeanges induced in the neighborhood of
the biochip surface. When working in fixed anguanditions (SPR imaging), the optical
index changes produced by molecular adsorptiong@hena are detected as a variation of
the reflectivity depending on the occurring intéi@ec. The SPRi instrumental set-up
provides a real-time monitoring of a large biochiga (about one square centimeter) and
allows simultaneous tracking of various biomolecuilateractions specific to several
immobilized probed®
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Figure 2.13Plasmon curves on polypyrrole-based DNA spots amd gold surface.

a) intensity of the reflected light (%) in functiorf the incident angle observed for grafted probes (z
Zip2 and Zip3), control oligonucleotide (NC) andrdagold (Au); b) principle of the SPR imagir
measurement upon complementary DNA hybridizatidPRiSmonitoring is performed at a fixed angle
incidene (working angle), biomolecular interactions aréedted as the reflectivity shift. The reflectiv
minimum is registered by CCD cameralatorresponding to the angle of resonance.
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2.4.2 SPR imaging instrumental set-up

The experiments demonstrated in the present warlbased on SPR imaging set-
up provided byHoriba Scientific-GenOptics(unless specified) and based on the
Kretschmann’s configuration (Fig.2.14) A DNA-furmtialized biochip is placed in the
optical detection system together with a flow ¢déscribed in farther parts) and supplied
with a running buffer by dint of proper microfluadi (syringe pump and injection valve).
The experimental buffer is transported through gadsing system and delivered to the
reaction chamber at a controlled flow rate. Samplesintroduced in the liquid flow by
using a 6-channel injection valve ensuring negleitead volume. Biochip and flow cell
set-up is housed in an incubator set at 37°C wahivhole experiment.

sample loop

(200 pL) MICROFLUIDIC SYSTEM

<{ —y - flow cell
: injection | l
s;:':,f:)e degassing valve )
cell =] — l:r waste

SRS

el wmme &S
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; . OPTICAL SYSTEM
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Figure 2.14 Surface Plasmon Resonance Imaging set-up. Sammemanually injected by a 6-channel
injection valve and driven to the reaction chamfilxw cell) through a proper microfluidic systemhd
running buffer is delivered by remotely controllsgiringe pump. The SPRi systerHofiba Scientific-
GenOpticyis equipped with a LEDA(= 660 nm) and the reflectivity is registered by CE€nera connected
to a computer and data acquisition is controllegimper software. The optical system is incubategi7aC
within the experiment.

A heart of the SPRi detection system is composestte¢ral elements of the optical
nature. The incident light wave (660 nm) is gerestdiy a light-emitting diode (LED) and
collimated by a biconvex lens. Farther optical peth is equipped with a rotating
polarizer providing TM (SPR detection) or TE (totedflection used as reference)
polarization mode. The incident light is reflectmd the biochip surface and resulting light
received by CCD camera (16-bit). An appropriatéveafe provided byHoriba Scientific-
GenOpticsis used to monitor reflectivity variations obsetvat well-defined zones
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corresponding to several assayed probes. Imagegegistered by the camera and
processed data are represented on kinetics cives reflectivity plotted in time).

2.4.3 SPRi monitoring of the DNA-based molecular assembly

As we have learnt, the SPR-based detection techsigifer great possibility to
investigate large variety of biomolecular interans. This is motivated by at least two
major characteristics: label-free detection of dgmolecular target penetrating in the
vicinity of a metal/dielectric interface (~100 nw@md real-time monitoring of target—probe
interactions. Such approach gives the access wi&iparameters, which usually can not
be retrieved by conventional end-point analysis hoe$™>° SPR imaging is hereby
employed to assess functional assembly of the nedidpiochip, relying on IgG—-DNA
conjugate hybridization which enables consequenisformation of DNA microarray to
an antibody pattern. Therefore three series of DidAtures are arrayed on the gold
surface according to the aforementioned electréisigottechnique. Each probe is
composed of a poly-T spacer arm on 5-end followsd 24 base-long hybridizing
sequencecf. Table 6.1). The relevant probe sequences are eofstime length and of
similar thermodynamic properties. Besides, differdrase sequences disable cross-
hybridization and enable probe-specific immobiliaatof designed targets. DNA-based
addressing of antibodies is hereby demonstrategdrelgninary step that evaluates the
biochip functionality for further applications.

The set of immobilized oligonucleotides serves asadrix to realize corresponding
three-component molecular architectures which bieptep erection is followed by SPRi
(Fig.2.15). Each of the three grafted Zip probesfiistly hybridized with longer
intermediate strand containing complementary Zigusace on 3’-end and a restriction
site on the 5’-end. Consequently, the relevantadt-DNA conjugates are introduced on
the biochip and immobilized according to the comatarity rules. Hence, the hybrid
protein-DNA molecules composed of the restrictitte-sontaining sequences combined
with 1gG are subsequently added to complete theecubdr edifice. The specificity of
successive hybridizations is confirmed by SPR imggdhat generates proper reflectivity
shifts consistent with the injections of each molac building block. For the clarity of
signal read-out, the background reflectivity ofamtrol non-relevant probe (the NC probe)
is subtracted from each SPR curve traced upon(#ppendix E).
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Figure 2.15 The biochip molecular assembly monitored by SPRgin@ In the first step, the
complementary intermediate strands are introdueed the Zip sequence matrix (ZipBedRl, Zip2*-Pvul
and Zip3*Ncd). 5uM and 10uM stand for the Zip concentrationtle electrospotting solution. The
molecular edifices are completed by successiveitligtions of the conjugation products composea of
rabbit IgG combined with the corresponding DNA oliger (IgG-EcaRl*, IgG—Pvul* and IgG-Ncd*). The
experiment is incubated at 37°C and driven in tiiefing running buffer: PBS, MggLOmM, pH 7.4.

As we may interestingly observe, the addition dbrny antibody-DNA conjugates
triggers much higher reflectivity shifts comparexthose registered for the underlying
intermediate strands. This may be explained byfdlke that reflectivity variation results
from local modification of the refractive index,ghly depending on the quantity of the
adsorbed material. Therefore, the observed signiérehce may be attributed to
molecular weight of the immobilized species whishabout 150 kDa for IgG molecules
and only 15 kDa for the intermediate DNA strandac& SPRi signal is proportional to the
mass of captured molecul®we opine that only one IgG—DNA conjugate is imnfiabil
per each three to five complementary DNA strandsgét anchoring to all the available
sites is hardly achieved probably due to steriatance effect related to the antibody
molecule size. Nevertheless, the obtained reswdtaodstrate that designed molecular
assembly may be successfully build-up and followeder construction by SPRi detection
technique. Moreover, thanks to the three componesiecular architecture strategy, the
DNA-microarray can be easily regenerated and acalginatrix eventually retrievelf?
The recycled microarray can be thus used for sesaxessive experiments without any

significant signal loss provided that suitable ag@ conditions are respected (data not
shown).
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2.5 Conclusions: transformation of DNA biochip to funcional
antibody microarray

When designing biosensing surfaces, a key eleneerib ienable efficient and
specific binding of desired targets on a modifietidssupport. The findings described by
the present chapter reported on the DNA-based maniayp that can be easily turned into
the antibody biochip. This feature is ensured byaecular tool composed of an IgG
molecule combined with an oligonucleotide strandccéxdingly, the antibody-DNA
conjugation reaction was hereby proposed. The médaproduct was consistent with the
monoconjugation scheme (one-to-one hybrid moleowtaih found confirmation in UV
absorbance measurements. Furthermore, an indepgema@nunofluorescence assay
demonstrated the functionality of the IgG combin@dhort DNA and evidenced that the
designed coupling protocol is not immunogenic. Aiddally to this end-point analysis,
the molecular assembly involving the antibody-atigoleotide conjugate (fraction F2) was
subsequently validated in real-time detection apgmno by using Surface Plasmon
Resonance imaging.

In the developed chemical approach, DNA moieties abitrarily coupled to the
IgG, owing to statistic distribution of many amigeoups on an antibody molecule. This
kind of molecular engineering does not certainlyovile a non-modified antigen
recognition site (Fab region). Unlike a biochipeasbly ensuring antibody orientation (by
using immunoglobulin-binding proteins expressedbicteria and exhibiting specific
interaction with Fc portion of an antibody moleduft'% the synthetic IgG—DNA
conjugate offers a random orientation of the IgGjmpe to a desired target. Nevertheless,
the DNA-Directed Immobilization remains a versatiggrategy in construction of
biosensing platforms capable of efficient addresso different targets ranging from
proteing>® to whole living cells:** The designed molecular assembly is hereby appiied
specifically immobilize several cell types whichlivae explored in the following chapters.
Controlled release of the bound cells from the Dbised biochip will be subsequently
attempted, taking advantage from the presence eofehtriction sites or thermosensible
character of the DNA duplex. The feasibility of botell sorting strategies will be
demonstrated by using a label-free technique of BiRiging. SPRI is therefore shown to
follow in real time the biomolecular phenomena &nel capture/release steps at cellular
level as well.
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3.1 INTRODUCTION

3.1 Introduction

DNA molecule exemplifies a type of biopolymer tlcain be easily manipulated in
a desirable manner in standard molecular biologytogpls as well as for biosensing
purposes. In the preceding chapter, we reportedlesign of the particular molecular
assembly based on the oligonucleotide microarray tian be turned into an antibody
pattern. We hereby exploit this molecular constamctor further applications that aim to
provide a versatile strategy of programmable reled¥e benefit from the intrinsic
properties of the double stranded DNA and its sutmiéity to enzymatic manipulation, in
this particular case relying on digestion of oligoleotide sequences.

o>8\
o

Figure 3.1 Schematic representation of cell release strateiygm by restriction endonucleasdscadrl
enzyme specifically recognizes Zipl-based constngZipl + Zip1*EcoRl + IgG-EcaRI*) and Pvul
cleaves Zip2-based assembly (Zip2 + Zig2ml + IgG—Pvul*). B- and T-type cells are captured by
proper antibodies (anti-CD19 IgG and anti-CD90 rg&pectively).

The enzymatic cleavage of a nucleic acid subsisateported as a specific and
controllable reaction, thus desirable in developmeh new platforms for various
biosensing goal®* * A particular example of biosensor concept is w@lize selective
and enzymatically driven removal of an analyte irbitized on a solid suppotf®> An
approach of this kind shall provide mere cleavafieDNA substraté® ® or, more
interestingly, trigger localized release of more plasticated objects such as
nanoparticle®” °® or living cells> ® as well. Because cells are highly fragile and
sensitive to any variation in their environmentlt(sancentration, pH, temperaturetc),
we propose a mild enzymatic cleavage process asategy for tunable cell sorting
purposes. We make therefore use of restriction mntleases capable of site-specific DNA
digestion, ensuring fast reaction times and easgllpazation of target releasing events.
The enzymatically driven desorption of cells frorhetmicroarray is enabled by
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conjugation of cell-specific immunoglobulin G (Ig®) short oligonucleotides containing
restriction sites. (Fig. 3.1) After full moleculbuild-up, the DNA-based sensor is indeed
shown to efficiently capture living cells, whosethmrgonal release is subsequently fired
directly from the biochip.

When conducting the enzymatic digestion step, amsallle detection strategy is to
enable real-time monitoring of enzymatic reactioereised on DNA in order to get an
insight into process kineticdn situ assessment of cleavage phenomena may be for
example performed by continuous measurement ofrdaaence intensity” or an
electrochemical signdl? In the present study, where target biomateriaklsased from
proper molecular architecture previously built ba tnicroarray, we make use of label-free
detection method based on surface plasmon resomqdm@®mmenon as described in the
previous chapter.
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Figure 3.2 Enzymatic cleavage of double stranded DNA at wefined restriction siteEcoRl and Pvul.
Upon enzymatic digestion, the relevant sequencatimto two separate fragments characterizedibiysor
blunt ends. Three-dimensional structures of endeases are represented according to Protein Datl Ba
(EcoRl is reported under PDB ID: 20XV abul as 3KSK)!"2

Restriction enzymes employed for the need of threeati work EcaRl andPvull)
are small homodimer proteins (MW ~70 kDa) capalbleecognition and cleavage of short
(4 — 8 bp) palindromic DNA sequence$They are characterized by a high specificity to
recognize well-defined restriction sites. To pra&vidn enzymatic cleavage event, at first
endonuclease molecule randomly binds to encountés®NA and is linearly diffused
along the nucleic acid molecule. It is an efficibmchemical machinery that eventually
locates its target sequence and produces hydraf/smo opposite DNA backbones. Thus,
enzymatic cleavage generates two separate DNA &atm{3’-hydroxyl and 5’-phosphate
ends) equipped with so-called stickycERI) or blunt endsRvul). (Fig. 3.2) Within this
simplified mechanism concerning DNA substrate imilimdd on a gold surface, we tend
to realize target-specific release from biochipr @tiention is not in reality focused on
exploring the enzymatic reaction kinetics but mgaioh the final effect of precisely
programmable desorption strategy which is heredfsmussed.
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3.2 Enzymatic cleavage of microarrayed DNA strands

3.2.1 Optimization of the enzymatic digestion in biochipformat

Restriction enzymes are proteins of fragile natlemanding proper handling and
storage. In order to achieve the optimal digestibnucleic acids, several key factors, such
as buffer content, temperature, reaction time, tewluvolume and finally amount of
enzyme, have to be considered and adapted in &umofi proper application. In standard
enzymatic digestion protocols, the activity of resion enzymes is executed on DNA
material suspended in aqueous solution. Howeveresgmups report on the use of
different proteins with hydrolase activity in therfnat of a microdevice where targeted
molecules are immobilized on a solid suppg6tt!’® The work here presented, benefits
from oligonucleotides containing various restrintisites which are arrayed on a biochip
surface and employed as molecular tools fin colelotapture and release purposes.
Feasibility of the designed strategy needs theeefar detailed insight into several
experimental conditions of the microsystem herestiped.

Previously realized studies have shown that tentperas a crucial parameter to
ensure high efficiency of enzyme-catalyzed cleavéigeen in a biochip formdf® The
highest enzymatic activity was registered at 37°@intained during whole digestion
reaction time. Indeed, this is the optimal tempemtecommended by the enzyme supplier
for the given endonucleases. Here employed SPRiumsntal set-up is housed in an
incubator that enables remote temperature corfymdrt from the optical equipment, the
main part of microfluidics system is therefore @ddn the incubator set at 37°C within all
experimentation steps. These conditions exactlyespond to further objectives, since
they are compatible with cellular sample that v loaded into the system in order to
achieve the final goals. Even if the injection walis installed externally to main
experiment ambience, microfluidics system is basedmall diameter tubing (ID of ~250
pm) and the incoming liquid phase is thus suffitieoonditioned at the right temperature
prior to get in contact with the biosensing surfdoéeed, upon biochip positioning and a
few minutes incubation, SPRi signal remains stakithin hours (providing that any
external perturbation comes about) at constant fete (up to 100uL/min). Another issue
is however related to the material structuring theerofluidic system that has to be
compatible with all injected biomaterials includiegzyme molecules and living cells as
well.

Proteins are generally very sensitive to theiraumding environment and readily
sustain irreversible denaturation when getting itdatact with solutions or surfaces that
are not entirely biocompatible. Such contact migétrisky for their functional structure
and generate perturbation or complete depletiorbiological task of an antibody or
enzyme for instance. The biochip system here dpeelorequires therefore to use such
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material for construction of injection and micraflics equipment that is harmonious to
protein samples. In very preliminary studies, wenaeked denaturation effect upon
enzyme injection into flow cell made of polytettadtoethylene (PTFE). The effect was
observable as macroscopic white flocs of denatymedein on the surface of biochip
removed from SPRi. PTFE commonly knownTaglon®is a highly hydrophobic material
based on fluorocarbonic solid structure. Proteighhboring a material of such properties
incur risk of their structure and functionalityeatation. That is why teflon-based modules
and tubing should be avoided in enzyme bioassagnceéforward, the present study
benefits from microfluidics entirely built by usirgher polymer - polyether ether ketone
(PEEK) which is reported as a biocompatible maltenmmaployed in various biomolecular
analysis methodse(g. bioanalytical HPLC column}® and for medical applications as
well.*"®

Apart from the aforementioned considerations of rofloidic material, such
experimental parameters like pH or ionic strengllvehto be pointed out as important
factors in enzymatic digestion strategieSWilling to realize a successful cleavage in
biochip format, the working conditions need to blagted to ensure optimal activity of the
restriction enzyme. Here, the composition of emgtbipuffer is one of the essential issues
related to functionality of an enzyme. Accordingtibhe supplier (New England Biolabs),
optimal conditions for commonly used endonucleasesrought by buffers characterized
by pH ranging from 7.0 to 7.9 and salt molarityvibetn 60 and 150 mMe(g. sodium
chloride, potassium acetate, Tris-HCI). A cruciaiponent of enzyme-destined buffers is
magnesium chlorid&® Mg?* ions are essential co-factor of the endonuclesaetivity and
use of other metal ions is not suitable. The forstedy reports on the use of an enzymatic
reaction buffer whose composition merely corresgotedone commercially availabté&®
When several experimental steps are concernegutteess of SPRi-based assays relies on
design of a well adapted running buffer appliedhia course of a whole experiment. The
project here reported, needs application of sueltien environment that is adapted not
only to enzymatic cleavage but also ensures optiD&A hybridization and
biocompatibility with cellular sample. Within thegudy, any extended optimization of the
enzymatic reaction buffer is however not attem@ed proposed conditions might not be
ideal for both of herein assayed enzymBsul, EcdaRl). We consider that providing
physiologically adequate environment is an esskeoatiacern of great importance in here
developed microsystem finally applied to cell as@yIn this scope, the designed running
buffer is based on PBS — a well known saline sotuemployed in biological research
because of its isotonic to living cells characlidre buffer is however supplemented with
MgCl, (10 mM) which, as we will see, triggers specifitl® hybridization signals and
yields a satisfactory restriction enzyme activisyveell.

When considering enzymatic reaction of any kindjmportant issue is to assign
the amount of enzyme needed to catalyze the canoweo$ concrete quantity of DNA in
optimal conditions. In the field of biochemistryfumctional parameter used to express the
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enzymatic activity is number of enzyme units (U).the particular case of a restriction
enzyme, one unit is determined as the amount oétizgme required to digest 1 pglof
bacteriophage DNA in one hour, in total reactiotuwee of 50 pl and at 37°C. Therefore,
protocols established to digest other DNA subsirateed to be adjusted by taking into
account the amount of target substrate and numbernzyme-specific site¥.
Accordingly, minimal number of units that should ®vided, in relation to quantity of
oligonucleotide material immobilized on gold sudag¢estimated to 2 pmoles), is
approximated to barely few units. (Appendix D) Tgreviously reported work states that
250 U of the restriction enzyme is the optimal eata achieve fair cleavage in a biochip
format*® However, those results concern digestion of mitayed DNA realized in static
bulk solution merely placed on the biochip surf&&8BRi optical technique combined with
proper microfluidics system provides proper dynanflow conditions. This is
characterized by different mass transfer phenongcengpared to static experiments based
on end-point analysise(g. fluorescence read-out) where enzyme is generatiybated
within 1-2 hours’® Therefore, the kinetics of enzymatic reaction obse in both cases is
different and can not be directly referred.

The flow cell used in SPRi experiments is of srmalume (~15 pL) and a sample
introduced to bulk solution sustains particular sntansfer conditions strongly depending
on the running buffer flow rate. A crucial elemenit digestion driven by restriction
endonucleases is their binding to DNA polymer anddr diffusion along it, until target
restriction DNA sequence is reached. Such mechanimsplies spontaneous enzyme
association with substrate, followed by DNA molecatanning and enzyme dissociation
which frequency depends on the applied flow paramsetn fact, when imposing low flow
rate, we increase the probability of enzyme intioacwith several dsDNA, as opposed to
a higher flow rate that generates faster proteishivey away from the biosensing surface.
Indeed, when loading the enzyme sample (even @20@dJ) at a flow rate applied during
injections of the molecular specimens (20 uL/mBPRi signal remains unchanged after
the enzymatic solution is washed off the reactbis Theans that the protein molecules can
not efficiently act on DNA strands and thus theyenatic digestion does not take place.
Satisfactory result may be registered not untihiag flow is decreased enough, allowing
enzyme molecules to sufficiently interact with thlemobilized substrate. Cleavage
efficiency is therefore conditioned by dynamic flparameters and also, as we will see
below, by the amount of enzyme entities introduoéal the bulk solution.
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Figure 3.3Enzymatic reaction efficiency in the biochip formatenzymatic cleavage yield (Y) observed for
different enzyme contenE€dRI in red,Pvdl in blue); b) estimation of cleavage efficiency as ratio of SPRIi
signal triggered by enzyme loadingRg) to reflectivity shift upon IgG—-DNA hybridizatio@IRys). Enzyme
injections are performed at 7 pL/min flow rate.

To execute enzymatically driven release of molactdegets, we injecEcarl or
Pvul sample at decelerated flow of 7-10 pL/min, thrsviding 20-30 min of reaction
time. Figure 3.3 demonstrates a comparative stidpe enzymatic cleavage efficiency
depending on a number of the enzymatic units loddetie biochip system. These data
evidence cleavage yields corresponding to diffe@mbunt of the injected restriction
enzyme ranging from 10 to 200 U. The yields areasgnted as percentage of the relative
reflectivity signal lost upon enzymatic digestiam ¢comparison to the reflectivity shift
previously triggered by the relevant IgG—-DNA hylzation. As we may note, cleavage
efficiency increases with number of enzymatic ungsd in the experiment and the highest
yield is observed at 200 U (up to even 93%). Thisi@ is significantly higher compared to
one suggested by theoretical calculations whichtimemnly few enzyme units required to
digest the given amount of DNA substrate. It isbhatdy because the designed biochip
molecular assembly relies on antibody addressingMA substrate (via IgG—DNA
conjugate) which may induce certain level of stdrindrance and possibly reduce the
probability of enzyme interaction with the targdigonucleotide strand. Even if cleavage
is not complete, we consider the yield of 80-85%@aaatisfactory result and consequently
opt to apply the evaluated enzyme content in digessample (200 U). Taking into
account further application of the developed systenth solution additionally seems
correct, since DNA/antibody surface-density willt i@ the only parameter regarding to
enzyme accessibility to the substrate. Indeed, battan of cellular targets may
additionally reduce direct access to underlyingriet®on sites because of the cell size and
probable physicochemical interactions with the emzyNeed for high enzymatic content
may be furthermore explained by the fact that coons of the designed experiment are
not exactly corresponding to enzyme supplier recenuations in terms of reaction time
(20 min instead of 1 h), bulk solution volume (barfew microlitres, hydrodynamic flow)
and optimal buffer composition (PBS + Mg{lI
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3.2.2 Real time monitoring of enzymatically driven releas

The aforementioned considerations are taken intowad in order to realize
successful cleavage of different target DNA stramdmobilized on gold surface by
polypyrrole chemistry. As we learnt before, SPR gimg technique is a versatile tool to
observe in real time the construction of probe-Bgeassembly on the biochip. It allows
us not only to follow step-by-step generation oflecalar architectures but also their
programmable degradation produced over enzymagiestions. Molecular target release
may be straightforwardly registered by relevantexivity signal decreases and cleavage
efficiency therefore properly assigned. In the caké¢he present study, three particular
molecular assemblies are built in order to acheveyme specific release of two antibody-
DNA targets in two separate steps. Consequently, ékperimentation scheme will be
extended to programmable desorption of cellularpasncaptured on appropriate biochip
molecular build-up.

Analogously to the previously reported on-chip asslg, we herein make use of
DNA-biochip arrayed with four oligonucleotide prabalevoid of cross-hybridization
possibility: Zipl, Zip2 and Zip3 as well as a nabevant negative control probe (NC).
Experiment is entirely carried out at 37°C and BSRpH 7.4) supplemented with 10 mM
of MgCl,. The running buffer is delivered at 20 pL/min floste during molecular
assembly construction and 7-10 pL/min when resbricenzyme is injected. Prior to target
injections, biochip is incubated with PBS solutiohl % BSA within 15 min, formerly
reported in enzyme-based assays realized in a DiNéhip format'?® It seems to be a
good blocking solution regarding to restriction ymes used in the present study if we
take into account the values of their isoelectomts (pl). This parameter may be easily
found with help of an online calculation t68l based on primary structure of desired
enzyme or protein that can be, as to it, retrivech Protein Data Bank websit& Thus,
EcoRI enzyme results in pl ~ 6.2 aRyul one is approximated to ~ 6.5. It means that in
the condition of running buffer pH, injected enzym®lecules are characterized by
negative total charge similarly to the adsorbedyold BSA (pl=4.7) and we may expect
their repulsion from surface.
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Figure 3.4Enzymatic cleavage of the biochip molecular assgmnitored by SPRi. {X Zip1, Zip2 and
Zip3 probes grafted on the gold surfacg) {intermediate strand hybridizations (ZipFedRl, Zip2*—
Pvul, Zip*3—Ncd); (t,) immobilization of IgG—DNA conjugates (rab-lg&edR1*, rab-IlgG-Pvul*, rab-
IgG—Ncad*); (t3) EcoRI enzymatic cleavage;JtPvul enzymatic cleavage. All SPRi signals are reetifi
by a subtraction of NC signal (negative controllj@)p

As previously described, the first step of the ¢hcemponent molecular assembly
is given by hybridization of an intermediate straominplementary to Zip sequences and
the final one by injection of an IlgG—oligonucle@tidonjugate. (Fig 3.4) The independent
molecular assemblies are equipped with three @éifierestriction sites corresponding to
different enzymegcaRl, Pvul and Ncd, where the last one is actually not used in the
enzymatic release strategy and serves as contriose§uently to successive hybridizations
and complete molecular build-up, the enzymaticvdega is fired by consecutive injections
of two endonuclease€¢oRl and Pvul enzymes, 200 U each). Incubation wiacoRI
enzyme results in reflectivity signal drop observied Zipl probe which correctly
corresponds tdecaRl restriction sequence. SPRi responses simultateaonfirm the
integrity of Zip2 and Zip3 molecular assemblies dzh®n Pvull and Ncd sequences,
respectively. The latter step of the enzymaticdliyen release is performed by injection
of the second restriction enzyrReull in analogous experimental conditions. Once again
control Ncd-containing hybrid architecture remains intactp@i whereasPvul-based
signal probe (Zip2) exhibits similar negative SP&ponse as Zipl probe formerly
concerned by cleavage. We may thus state thatehelaped biochip conditions provide
target-specific enzymatic cleavage amenable togosiplied in tunable strategies.
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Kinetics of enzymatic reaction is a parameter tiratthe case of here proposed
biochip system, can not be properly studied. Thibacause injection of enzyme solution
generates global refractive index change obseryesFiR imaging as an abrupt reflectivity
rise. (Appendix E) Such effect results from abundamposition of the enzymatic sample
(protein, up to 5% of glycerol) which strongly afte optical properties of the reaction
medium neighboring the biomolecular features imriwdal on the surface. Consequently,
subtraction of the negative control (NC signaluitsin over-correction of the SPRi signal
mainly due to the lack of its linearity in the catmhs of considerable refractive index
change (SPRi signal saturation). Thus, a straightficd interpretation is disabled during
the enzymatic incubations and enzyme functionakty not be assigned as long as it is not
washed off the reactor. Nevertheless, the cleagpegeificity is unanimously proven by
differential images issued from SPRi monitoringg(R.5) Together witlAR signals, they
confirm high level of enzymatically driven releabat is estimated to about 85 %. These
findings are conclusive when considering programmahrget release which will be
consequently explored in living cell assays.

Zipl =——
Zip2 =——
Zip3 =——

NC ——

Figure 3.5Differential SPR images registered upon molecutsaembly and enzymatic release steps.
(t) hybridization of intermediate strands on ZiplpZiand Zip3 probes;Jjtcomplete molecular build-up
involving 1IgG-DNA conjugates (rab-lg@&EedRI*, rab-IgG-Pvul*, rab-lgG—Ncd); (t3) EcCOoRI enzymatic
digestion directed to Zipl substrate) @vul enzymatic cleavage executed on Zip2 moleculaeambly.
The observed spots are of 800 um in diameter.
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3.3 Specific capture and controlled release of livingatls followed by
SPR imaging

3.3.1 Cellular samples

The designed biochip capture—release strategynallyi applied to live cells —
lymphocytes essentially, involved in immune resgonshenomena. Such approach
provides an important development in the mattemafel research tools employed in the
field of immunology and hereby fulfill the objectis brought by the present PhD thesis. At
first, we conduct a proof-of-concept study with laggfined cells issued from established
cell lines. Consequently, we make use of the ennagally driven release strategy to
primary cells directly issued from a living orgamis

The initial study is realized with B- and T-typemphocytes originating from
regular cell lines: 3A9 and LS-102.9, kindly proetiby P. Marche from Institut Albert
Bonniot (IAB) in La Tronche (France). The first ledghr type corresponds to T cell
hybridomas whereas the latter one is representeB hynphocyte hybridomas. Hybrid
cell lines, so-called hybridomas, are bioengineerts produced by fusion of a specific
cell of interest €.9. antibody-producing B lymphocyte or activated Tl)ce&lith parent
tumor cells €.g.myeloma or thymoma cells). This technology wagia&lly developed to
produce high amount of monoclonal antibodies froable and rapidly dividing cell lines.
Indeed, hybridomas have the capacity to grow sp@atasly in standard culture conditions
devoid of stimulating components and are thereftieresting tool for biological research.
Hybrid cells are featured by their intrinsic prajges established from the original cell and
may, for instance, secrete a specific antibodyytokine. Here employed 3A9 and LS-
102.9 cell lines are characterized in terms of nramdr marker expression and
demonstrate high-level expression of CD19 markerL8rA102.9 (CD19+ CD90-) and
CD90 by 3A9 (CD90+ CD19-). These phenotypes entblealize controlled addressing
of living cells on microarray by using cell-specifintibodies?

Excepting lymphocytes issued from cell lines, wesaguently assay the developed
biochip system on primary cells retrieved from n@gpleen. In a living organism, this
organ plays an important role in active immune oasps. Apart from red blood cells,
spleen is built out of lymphoid tissue aggregatesnposed of a large variety of B and T
lymphocytes and other accessory cells (monocy®sjritic cells). Here used splenocytes
are a mixture of B and T lymphocytes (with largganéy of B type cells) that is collected
from C57BI/6 adult mice and directly provided frd&B. Manipulation of primary cells
issued from a living organism is more demanding parad to well-established cell lines
because of their fragility and culture requiremenisleed, splenocytes freshly isolated
from mouse spleen need to be cultured in enrichitdire medium in order to stimulate
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specific marker expression and ensure efficiertareliferation. Therefore, prior to use in
the biochip assay, the mixture of primary B andyphocytes is incubated for 24 — 48
hours in complete culture medium at 37%. ection 6.2.7). The incubation solution is
supplemented with antibiotics and concanavalin Aa-mitogenic agent particularly
increasing T cell division’”® Even if working with cell lines seems to be a mpractical
solution, studies on primary cells constitute arpaemant advance. In this case, cells
originate from a physiologically independent orgami and are not obtained from
biotechnological manipulation. Such approach gitresefore the opportunity to precise
determination of immunological response in relatiora specific biological subjece.g.
patient).

3.3.2 Adaptation of the experimental conditions to livingcells

When working with living cells, an important congers to ensure that the
experimental conditions are compatible with theldgecal sample. The parameters
formerly optimized for enzymatic digestion purpdiséairly well with the prerequisites of
a biochip system where cell injection and incubatoe performed. Namely, microfluidic
set-up is built by using biocompatible PEEK materisighly adapted to cell-based
microsystems. Besides, experimental protocol enghdifficient enzymatic release from
the biochip surface is designed to maintain bulkutemn temperature at 37°C and
anticipates use of PBS-based running buffer — ¢mmdi closely related to physiological
environment. Biocompatibility of PBS buffer supplenmted with 10 mM of MgGl is
assessed empirically. Indeed, primary lymphocytas,priori more susceptible to
unfavorable environmental conditions in comparismistable cell lines, demonstrate high
level of viability when incubated in the proposeshming buffer within a few hours. (Fig
3.6) Noteworthy is the fact that commercially aable buffers optimized for enzymatic
reaction are hardly adapted to cell-based assaysieSof commercial buffers might
contain a particular supplementation providing eneystability and activity. Such
formulation which may also influence cellular plotegy and reduce viability of celle Q.
surfactant Triton X-100 added &caR| buffer). Application of PBS buffer supplemented
with magnesium ions providing efficient enzymatigestion is therefore a well-grounded
solution. Therefore, PBS + 10 mM MgQ@brmulation is implemented as a running buffer
all along the experiment,e. molecular assembly construction, lymphocyte captamd
incubation, and finally enzymatic cleavage step.
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Figure 3.6 Monitoring of splenocyte viability in different inbation media. Cells are incubated within 3
hours at 37°C in the conditions of 95% humidity &% CQ. The assayed buffers are: RPMI culture
medium (supplemented with 10% FBS, 50 U/mL periciéind 50 ug/mL streptomycin), PBS (pH 7.4),
PBS + MgC} (10 mM), EcoRl commercial buffer (50 mM NaCl, 100 mM Tris-HCLO mM MgCl,
0.025 % Triton X-100, pH 7.5). Considerable losssiability is observed in th&coRI buffer unlike the
other solutions. The increase of viability in timesults from eradication of dead cells.

a) Surface blocking optimization

Introduction of a cell suspension on the biosensugace implies an important
optimization step aiming to establish an adequtdte of surfaces of contact. Alike the
aforementioned enzymes, there exists an imporeed to provide proper treatment of the
biochip surface in order to reduce non-specificogason of cells which may occur
independently from the hydrodynamic conditions. gmliving cells are decorated by a
large variety of biomolecules (lipids, proteins awbars) and can thus interact with their
surrounding environmente(g. biochip surface) by the means of physicochemical
interactions of different nature: electrostaticdiophobic, dispersiore(g. Van der Waals
interaction), by hydrogen bondstc. From the cell micropattern point of view, surface
modification is therefore a key requisite in orderensure proper cell immobilization
assisted by the absence of any non-specific inierec

In this matter, many approaches are based on ploj§éme glycol) self-assembled
monolayers (PEG-SAM) that are stable in time anowshto efficiently inhibit protein
adsorption?® '8! Chemically modified PEGs are characterized by mioyerophilic
properties and thus increased cell-repellent gt **Good results are observed as well
with PEG chains covalently linked to surface in tbem of microgels capped with an
adequate protein. Therefore, PEG-microgels cappd8iSA exhibit an efficient resistance
to cell adhesion in contrast to bovine fibrinogeped coating®*

Apart from PEG chemistry, high-molecular-mass oogglane compounds
equipped with perfluoroalkyl groups are proposedaasalternative solution for protein-
and cell-repellent surface modificatiotfs. ** However, these are examples that mainly
require precise surface engineering provided byafabrication methods in combination
with molecular assembly techniques. It makes obgctan extensive review by D.
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Falconnetet al’®” In our approach we do not benefit from such adedrntechniques to
elaborate biosensing surface which is based omppolyie chemistry. That is why for the
need of our study, we will use a simple alkanelthlocking (1-dodecanethiol) combined
with protein backfilling. Application of this protol, as we will see, results in a
satisfactory effect.

The present work relies on biochip fabrication tisdbunded upon electrochemical
deposition of probes over hydrophobic gold surigeeerated by former incubation with 1-
dodecanethiol solution. In order to produce a wdulsing layer, common strategies
involve surface backfilling with proteins. For célhsed assays, one of the solutions is to
realize surface passivation by using running buierven culture medium) supplemented
with fetal bovine serum (FBS). FBS is prenatallylexied from calf and contains a large
variety of proteins (mainly BSA). It is frequentiged as component of the culture medium
employed forin vitro cell cultures. In a protocol proposed by S. MilgrdCREAB),
blocking solution consists of RPMI medium suppletednwith 10 % of FBS and is
applied prior to introduction of cell samples oe thicroarray surfac®.

Preliminary tests realized within the frameworktloé present study show that the
protocol cited above may not be suitable. Namgbpnuincubation with 10 % FBS in PBS,
considerable decrease of hybridization signalsoseoved. We speculate that this may be
due to phenomenon of surface over-loading or eegmadiation of DNA probes. However,
this can not be certainly concluded because FB8ebsslution was attempted point-wise
and no regular studies confirm the unfavorable tmw$. Consequently, we decide to
switch to blocking solutions based on bovine sealbumin previously employed in the
enzymatic cleavage experiments.

Several tests with BSA-containing solutions realizeinder microscopic
observations evidence that a longer incubation{49 min) with blocking buffer exhibits
lack of the non-specific cell adsorption (images-available). Optimal effect is observed
with PBS-based solution containing 10 uM of BSA angplemented with cytochronee
at 5 pM of final concentration. In practice, thes®o proteins have different
physicochemical properties. Namely, BSA is a 620& lcommonly used protein with an
isoelectric point of 4.7 whereas cytochromeé a smaller protein (12.4 kDa) with more
basic isoelectric point of about 10. It means thahe conditions of the running buffer pH
(7.4), the two proteins demonstrate divergent \&lak net molecular charge: BSA is
negatively and cytochrome positively charged. Regarding to these charatiesjswe
may consider that these two components differeintigract with biosensor surface and
thus provide higher backfilling of out-of-spot sacé. That is why, the BSA/cytochroroe
blocking solution will be preferentially used iretkell-based assays.
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b) Microfluidic parameters in regard to cellular saple injection

The complexity of cellular samples leads us to mersnot only physicochemical
concerns as buffer content or blocking strategynplgocytes introduced into the biochip
system are of microscopic size (~ 10 um in diameterd therefore submitted to
mechanical constraints when channeled through therosystem. Owing to their
volumetric properties, cell diffusion in a micraflic system is particularly conditioned by
mass transfer parameters such as the running bwiffeosity, microfluidic tube cross-
section, flow rate and presence of counter ionsapd&dd microfluidic system should be
based on tubes of sufficient internal diameter ideo to reduce risk of shear forces
possibly exercised on the injected cells. For tieef the present study, the cell-destined
tubing is characterized by ID of about 760 um w60 um ID of microfluidic tubes
providing molecular sample flow through (buildindotks of the biochip molecular
assembly and restriction enzymes). To do so, teeesyis additionally equipped with a
switchable 200 uL secondary loop devoted to injedtiof lymphocyte samples. Cell
injection loop is installed directly over the flogell (so incubated at 37°C during whole
experiment) and separated from bulk solution bynalsdead volume (less than 10 uL).
(Fig 3.7) Injected cells promptly arrive over fuioctalized surface and are not retained in
tubing for a long time (sample loop is loaded jnsfore the injection to reactor). Such
approach enables moreover to physically isolatedig@ps of the experiment: specific cell
immobilization and enzymatically driven cell reledsom the surface.

cell sample
loop

[\t : {200 uL)
molecular sample P @‘
loop
(200 L) "y
& et
—-

syringe pump injection valve ‘

{10 — 500 pL/min) degassing cell biochip

flow cell

Figure 3.7 Microfluidic set-up with two separate injection vas. Secondary injection loop is engaged in
the flow exclusively during cellular sample injexts.

Apart from the employed microtubing, flow cell iher essential element of fluidic
system set-up. Design of a flow cell modulee.(volume, shape) imposes proper
hydrodynamic constrains that are responsible fossnteansfer in the liquid environment
directly surrounding the biosensing surface. Reacthamber construction conditions the
diffusion profile of ions and small molecules, aparticularly influences bigger entities
like biomolecules and living cells. We observe tlyhphocytes introduced to bulk
solution exhibit different behaviors depending ¢owf module dimensions conditioning
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bioreactor volume and cell distance from specilychlnctionalized interface. Use of deep
reaction chamber (600 — 1000 um in depth) requeraployment of low flow rates (10
pHL/min) in order to ensure sufficient sedimentatadrcell entities in the neighborhood of
specific antibodies situated over DNA biochip matiHowever, such approach hardly
enables to control specific addressing of cellssarface and mainly incites their non-
specific adsorption registered by SPRi (Fig. 3'®)at is why, a suitable solution is to
implement reaction chamber module of smaller voluhs allows driving cells closer to
their recognition site and makes cell capture foymamic flow easier.

flow cell design

FLOW DIRECTION

|

Figure 3.8 Non-specific adsorption of lymphocyte hybridomason-adequate flow conditions. Applied
flow rate is too slow (10 pL/min) and flow cell taleep (here 600 pum) which correspond to a very weak
linear velocity (0.03 mm/s at the central crosgiseg. Cells are mainly adsorbed near the inlethef
reactor. Observed halo effect results from insigdfit adjustment of micro-pipette tip to the goldface
during electrospotting process (proper spot dianisté00 um).

In the present experimentation, two PEEK-made ftels are employed ensuring
reaction chamber of an approximate volume of 15apd 100 um in depthcf( Fig. 3.9
and Appendix F) In these conditions, we opine teehiaminar flow with a cone-shaped
streamline by taking into account aqueous charadtédre running buffer, the small cross-
section and relatively low flow rate. This featumeay be indicated by non-specific
adsorption of injected cells depending on flow abods. Indeed, at certain value of flow
rate, hybridomas have tendency to non-specificadisorb in lateral zones of the flow cell
whereas central biochip reveals specific on-spanhamilization of the introduced cells.
From this example, we see that velocity of runridfer stream is a crucial element and
has to be individually adapted to each injectetitgpk.
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Figure 3.9 Schematic design of the PEEK-made flow cells apgliethe study.

a) hexagon-shaped flow cell used for the experimavitis hybridomas;b) oval flow cell employed in
assays with hybridomas and primary cedlsgentral cross-section of the reaction chanieren In order
to enable efficient immobilization of lymphocytdgw cells work at linear flow rates of 0.33-1.67nfs

(observed at the central cross-section), deperatirthe injected cell type.

Generally, optimal flow rate needs to be suffidighiigh to minimize non-specific
adsorption of cells on surface and low enough susncell interactions with specifically
binding antibodies. In practice, during injectionfsthe cellular samples a compromised
flow rate is applied in order to generate a voluimenass transport adequate to injected
cell sample. We remark higher values for hybridsamples (50 — 100 pL/min) than for
primary cells (20 — 60 puL/min), which may be exp&d by different levels of surface-
marker expression determining the probability ahjphocyte capture. An average linear
flow rate observed at central cross-section oflid@ pum deep bioreactor is estimated to
1.25 mm/s for hybridomas and 0.67 mm/s for primgnyphocytes. Alternative solution to
aforementioned type of flow cell may be exemplifieg serpentine-type PEEK module
where injected samples are directly flown over fiomalized spots.(Fig. 3.10) In the case
of hybridoma injection, such system exhibits speatapture of lymphocytes devoid of
side-adsorption at low running buffer flow rate \(doto 10 puL/min which corresponds to
0.83 mm/sof flow velocity).

a)

2mm

: & B Q o ] @

Figure 3.10Serpentine-type flow cell potentially used in tied capture experiment.

a) Photograph of PEEK module with serpentine shape fupper caption details the dimensions of the
flow channellumen); b) SPR differential image upon injection of T lymphte hybridomas (3A9) at 10
puL/min; cell are specifically immobilised on ZipRats (on red) without significant side-adsorption.
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3.3.3 Specific immobilization of murine cell lines and tkeir subsequent
enzymatic desorption

The study here described is carried out with B-&#igpe hybridomas (murine cell
lines) that are specifically addressed to biochigase by dint of specific antibodies (IgG
anti-CD19 and IgG anti-CD90). Once 3A9 and LS-10@fphocytes are captured, we
proceed to their sequential release through anneatzy digestion protocol. The test
realized on cells issued from well-established loadis is interpreted as a proof-of-concept
approach that defines necessary experimental stipebthe biochip strategy is finally
applied to primary lymphocytes. For this purpose, CENA-microarray with
electrochemically generated Zip spots is place8R®Ri configuration and turned into cell
capturing antibody microarray in the course of #xperiment. Accordingly, following
antibodies are introduced onto the biochip: anti!@DgG covalently coupled tBcaR1*
sequence and having great immunoaffinity to B (e8-102.9¥%® as well as anti-CD90
IgG combined withPvul* oligomer which corresponds to T-cell (3A9) rapotion (cf.
Fig.3.1)*° On-spot cell immobilization phenomena are reggstelby proper reflectivity
shifts observed on Zipl and Zip2 signals which egpond to specific capture of B and T
lymphocytes respectively. (Fig 3.11) It is demaositsid that the injected cells are not
recognized by non-relevant antibody tethered orirobZip3 spots. Furthermore, we can
notice that SPRi signals triggered upon the inpmsi of lymphocytes hardly attain a
plateau We suppose that this may be the effect of celsmot flattening, generated by
membranar marker recruitment near the site of ggécific recognition. Condensation of
the plasma membrane at the site of lymphocyte atitin'® is driven by the intrinsic
dynamics of the bilipidic layer which enables d#fon and organization of
transmembranar domain¥.

a) —cipl  —zip2  =—zip3 b) 190 min 220 min
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Figure 3.11SPRi monitoring of specific immobilization of B afidhybridomas.

a) SPR signals observed upon injections of T cellridgimas 3A9 (red arrows) and B cell hybridomas
LS-102.9 (blue arrows)y) differential images registered after each cellt@agpstep (800 um of spot
diameter). T lymphocytes are captured on Zip2 prabé B cells on Zipl probe thanks to specific
molecular assembly (anti-CD90 IgG and anti-CD19 igSpectively), whereas no cell is observed on
control Zip3 probe.
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CHAPTER 3 SPECIFIC RELEASE BY ENZYMATIC CLEAVAGE

As a consequence of stepwise injections of cellséanples, we however observe
slight decreases of SPRi signals that are not eoadeby factual cell incubation.
Declining reflectivity results from subtraction tfe negative control probe signal (NC)
which is probably more affected by refractive indexiations of the background solution.
We speculate that hybridoma samples may contaidues of culture medium that are
susceptible to interact with spots equipped wittedaNA strands. Nevertheless, B and T
lymphocytes are correctly trapped on correspondspgts which is confirmed on
differential images obtained from the SPR imagimpaaatus. Apart from accurate
construction of the biomolecular assembly, we nis tclearly identify zones of specific
lymphocyte recognition. Observations of differehitaages evidence efficient addressing
of hybridoma cells on appropriate molecular aratitees which furthermore confirm the
high expression of membrane markers: CD19 on LS9182d CD90 on 3A9.

Interestingly, specific capture of B- and T-typenphocytes takes place even at
very low density of grafted DNA probe and consedlyermmobilized antibody. High
level of immunorecognition is proven by many cathehment events observed on spots
grafted with barely 0.2 uM solution of oligonucletg or even registered on characteristic
“comet tail” resulting from inappropriate rinsingtep (realized directly after the
electrospotting process). (Fig. 3.12) It is note¥wprto point out that immobilization of
living cells on a microarray, in reality dependsdemsity of antibodies grafted throughout
DNA matrix. In the present study, DNA matrix obtathwith low spotting concentration
(oligonucleotide probe at 0.2 — 1 uM) results itisfactory capture of hybridoma. As we
will see later on, grafting density needs to beeased in case of primary cells that express
less cell-specific markers in comparison to wetdbkshed hybridoma.

Zip3 Zipl Zip2
(rab-IgG) (anti-CD 19) (anti-CDQO_)

Figure 3.12 Immobilisation of B and T lymphocyte hybridomas @ots exhibiting “comet tail”. Comet
effect is evidenced by SPRi and caused by inapjaitgprinsing step following the electrospotting qess.

Interestingly, cells are captured on comet taivad, which may prove high expression level of sfiec

membrane markers. Spots have a 400 um diameter.

In order to complete biochip system performanceceortymphocytes are
specifically trapped on the microarray, subsequemtymatic digestions are fired and
followed in real time by SPRi. Restriction endomades are introduced into reactor in
separate steps by using the primary injection valveé not the one accessorily installed
and devoted to cellular samples. (Fig. 3.7) Theesfproperly loaded enzyme arrives to
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the reaction chamber in about 1 min and flow ratéhén decreased to the desired value of
7-10 puL/min. Such proceeding provides sufficientuipation time to ensure efficient
biomaterial release. Even if during this time SBRjnal can not be directly interpreted,
once enzyme is washed off from the bulk soluticgsaiption events are evidenced (Fig.
3.13)
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Figure 3.13Real-time monitoring of subsequent release of B Brigmphocyte hybridomas specifically
immobilized on the antibody-DNA matrix. 0—60 mirylhnidization of IlgG-DNA conjugates (anti-CD19—
EcoRI*, anti-CD90-Pvul*, rab-IlgG-Ncd*); 60min: injection of 3A9 hybridomas; 75min: &gtion of
LS-102.9 hybridomas; 120-150min: digestion BgoRl enzyme; 190-215min: digestion Wyvul
enzyme. Differential image captions represent Ziptl Zip2 spot (800um of diameter) before and after
the enzymatic cleavage steps BgdRl and Pvul, respectively. All SPRi signals are rectified by
subtraction of NC signal (negative control probe).

Indeed,EcaRI-specific signal drop is observed on Zipl andoiwkd by a negative
reflectivity variation registered on Zip2 up®&vul enzyme injection. Responses induced
by enzymatic cleavage steps are however not pteotsmsistent with those triggered
upon cell capture. We may thus think that cell as&eis not complete or even that the
released lymphocytes are non-specifically retainear biochip surface in the conditions
of decreased flow. Confirmation of specific cellease is however brought by analysis of
SPR differential images registered after the entzygmaeavage steps. Indeed, we can
clearly remark localized desorption of biologicdljects as soon as the accelerated flow
washes out the enzymatic sample. Differential irsageove individual lymphocyte
detachment events that are referred to microsaoglleprints, observed after the relevant
digestion steps. B-type hybridomas are shown tddserbed irEcoR| step as opposed to
T-type hybridoma release bRvul driven digestion. The obtained results meet the
requirements of proof-of-concept approach and aumesetly allow us to execute this
programmable release strategy on more fragilesegfiples, such as splenocytes.
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3.3.4 Capture/release strategy employed to primary cell ssay

Application of the designed capture-release biodygtem to primary cells is a
challenging approach. Cells used in the presemtysawe retrieved from the spleen of a
wild-type mouse (C57BI/6) and defined as a mixtwk various B- and T- type
lymphocytes in different ratio. In contrast to weditablished cell lines, splenocytes are less
regular regarding to expression of the specifickaaand more troublesome in culture
because they do not divide spontaneously unlessulstiion protocol is applied. Non-
stimulated primary cells are small and, as expegeshows, hardly observable when
introduced to SPRi-based biochip. We speculateftbahly isolated from spleen cells are
resting lymphocytes characterized by low level @futar metabolism. Possible features of
such state are reduced cytoplasmatic volume as agellow exposition of membrane
domains which disable efficient on-chip capture &RRi detection. In order to disrupt this
kind of “stand-by” physiology, the splenocytes mhstactivated prior to injection. This is
realized by incubation in complete culture medivnpm@emented with concanavalin A
(ConA). ConA is a growth factor particularly indogi proliferation of T lymphocyté§’
which fraction is minor in the assayed cellular pen Cells are incubated in controlled
atmosphere (37°C, 95% humidity, 5% g@or 24 - 48 h and their accurate stimulation
assigned by classical microscopy observations ivatet! lymphocytes appear bigger and
form aggregates. Prior to injection into biochisteyn, cultured splenocytes are recovered
in the cell-compatible running buffer (PBS + 10 nW\gCl,).

Analogously to the study realized on hybridomas;edtep-by-step process of the
multi-spot building-up as well as cell capture egeare monitored in real time by using
SPR imaging. (Fig. 3.14) The ability of designectmoarray to specifically immobilize
primary cells is therefore investigated. To dowe,execute DNA-directed immobilization
of antibodies specific towards membranar markeggressed by different immune cell
populations: anti-CD19 IgG targeting immune B lyropites and anti-CD90 IgG directed
to T lymphocytes. Three-component architecturesbark, containing anti-CD19 or anti-
CD90 on Zipl and Zip2 probe, respectively. Alike peevious tests, Zip3 probe is
deployed as a negative control to both enzymaeawidge Ncd restriction site) and
immobilization of living cells. In the present sydip3 probe is indirectly assembled with
IgG—Ncd* conjugate obtained for a non-relevant monoclaaibody. Namely, anti-HcB
mouse IgG, kindly provided by L. Bellanger from CHREB (Marcoule, France), is
directed to a non-relevant HcB domain. The usenefrton-specific monoclonal antibody
instead of a classical polyclonal IgG is requiredavoid improper cell binding. In fact, a
polyclonal IgG €.g.isolated from rabbit serum) is not advisable beeaof its unknown
affinity to cells originated from a wild-type orgam.
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Figure 3.14B and T lymphocyte capture and sequential relegsnbymatic cleavage

a) SPRi monitoring curves: Step 1 - intermediate DNvarsd hybridization (Zip1l*EcadRl, Zip2*—Pvul,
Zip*3—Ncd); Step 2 - IgG—DNA conjugate immobilization (a@D19-EcoRI*, anti-CD90-Pvul*, anti-
HcB-Ncad*); Step 3 - injections of splenocytes (containibgth B and T lymphocytes); Step 4 -
lymphocyte T specific release withPvul enzymatic cleavage; Step 5 - lymphocyte B specilease
within EcoRl enzymatic cleavage. All SPRi signals are reatifby subtraction of NC signal (negative
control probe)b) microscope images (x4) of the captured celsSPRi differential images registered at
the end of step 3 to 5 (reference images are takéime beginning of each step in order to highlitet
capture/cleavage specificity).

Consequently to correct molecular on-chip erectigplenocytes are introduced
onto the microarray. In this case B and T cellsjairgly injected and signal generated by
lymphocyte immobilization may be solely differetéid from Zip3 negative control. The
stepwise loading of the cellular sample surprigingdsults in only slight increase of
reflectivity signal which contrasts to signals alveel for B- and T-type hybridoma. We
attempt however to explain this finding by the fewGit splenocytes expose probably fewer
specific markers compared to the cell lines. Theeoled SPRi signal is weak since a
small amount of primary cells is captured but dscause only minor fraction of cellular
volume penetrates within the detection layer (tgsglfrom 100 nm evanescent wave).
Nevertheless, specific on-biochip capture of thedied lymphocytes is confirmed by SPR
images and microscopic observations realized inndependent assay. Analogously to
previously reported detection of hybridoma, primbmphocytes are clearly visualized as
discrete objects confined to anti-CD19 and anti-GBPots. (Fig. 3.15)
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Specifically immobilized B and T lymphocytes areestually submitted to
orthogonal release from the biochip surface, peréa by incubations withPvul and
EcoRI endonucleases. Similarly to former findings)eetivity variations confirm fast and
specific cleavage precisely restrained to spotsppgd with the relevant restriction sites.
Once again, important drops of reflectivity areisegred on the Zipl and Zip2 signals, and
specificity of the enzymatic digestion is proven tye integrity of non-concerned Zip3
control signal. Even if the reflectivity variatiormse mainly related to loss of molecular
assembly, withdrawal of the individual cells frohetmicroarray is clearly monitored by
zooming in on the individual spot features (Fid.53. We may thus identify well resolved
cellular entities and validate their prompt detaehin(over barely few minutes) in the
enzymatically driven release step. This experinsgiows that specific capture of primary
cells can be followed by their programmable orthajorelease in the format of the
proposed biochip system.

Figure 3.15 Magnified views of a single Zipl spot duriffcoRl enzyme incubation. Image sequence
shows spot evolution in time (0s image is the exfee). Release of the individual cells is evidenogd
dark imprints on the differential images. The die-shape of the individual cells observed on SPR
images is due to optical aberrations of the expembal set-up (see Appendix G). Image treatment is
performed in Image(/Nayne Rasband, National Institutes of Health, JJSA

3.3.5 Cell recovery upon the enzymatic release steps

An important feature of cell sorting system is woly to provide programmable
selective fractionation of cell populations butcakfficient recovery of the discriminated
fractions. The biochip here designed biochip rebesDNA-directed immobilization of
cells on the microarray, thus providing their sggtiinto distinct spatial locations and
guided by cognate antibody-oligonucleotide assemtlilyis therefore an example of
versatile platform for multiplexed sorting purpoS&Successive enzymatic cleavage steps
enable the controlled release of proper cell pdmria from well-defined biochip locations
with the help of restriction endonucleases highbedific to the corresponding DNA
sequences. Recovery of lymphocyte fractions dedorbestep-by-step process of the
enzymatic digestion is subsequently attempted.

Efficient collection of individual cellular fracties forming a part of more complex
biological sample €.9. blood) offers a priceless possibility for downsire analysis of
specifically recovered cell types. Moreover, denti@t®n of functionality and viability of
sequentially released cells is of great importainmceghe development of cell sorting
strategies. That is why the released lymphocytesaltected in fractions desorbed in two
separated enzymatic digestion steps. Accordinghjls are retrieved directly from the
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outlet of microfluidics and in total volume of aliloB00 pL. Taking into account fair
content of B and T lymphocytes in the released $anipis extremely difficult to detect
the eluted cells in such important sample volumeeéd, visualizations of concentrated
fractions reveal poor quantity of the recoveredscg@nly four cells were identified within
three independent trialsf. Fig. 3.16 b). This remains an important issuedownstream
characterization.

Figure 3.16 Lymphocytes observed over microscog. Surplus of injected to biochip splenocytes
observed in sample retrieved from the outlet ofroflaidics during injectionp) individual cell detected
in a sample recovered upon enzymatic cleavage.

In regard to encountered difficulties to performeasy detection of cellular entities
issued from designed cell sorting experiment, frrtiwvork should be carried out in this
matter. As imaginable solution to increase the gbdity of cell disclosing in desorbed
sample, we may imagine to extend the range of Bpemll micropatterning or adapt
microfluidics system to generate small sample vesit? An example of integrated set-up
could enable on-line identification of releasedIdgical cells directly in the flow by
guiding the sample through a narrow channel wheged¢ad-out of cell-specific signal can
be doneé.g.by optical or electrical meaf?d).

Putting aside so sophisticated developments, we meagrtheless summarize that
the overall findings reported in the present sectjve sufficient premises to suppose
viability of lymphocytes introduced in the develdpbkiochip configuration. Namely, we
state the biocompatibility of running buffer andoshthat hydrodynamic flow conditions
are harmonious with cellular sample which can bgeoked after being flown throughout
microfluidics set-up (Fig. 3.16 a). Living cells esgifically captured on biochip are
additionally detected as discrete objects on SP&y&s and their morphological integrity
may be furthermore confirmed by observations urmdassical microscopy. Moreover,
lymphocytes trapped by interaction with specifidilaody and incubated within several
hours on a microarray surface demonstrate propeatifinality registered for example as
high level of secretion activity’ *° Here developed biochip strategy of “cell catch and
release” may be hence considered as a promisingoagp for cell sorting purposes
realized on complex biological samples.
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3.4 Application of the controlled capture-release straggy to bacterial
sample analysis

3.4.1 Biosensors devoted to microbiological assay

Previous sections have shown that sequential enkyntdeavage of DNA
substrates immobilized on solid support may be ddrto programmable procedure
providing selective release of several cell popoiet captured on a DNA microarray. In
the scope of applying such strategy to analyzeouaricellular samples, we evaluate the
designed biochip system on cells other than lymptescand potentially devoted to other
research areas.

Development of micro-systems capable of multipatamerapid and precise
analysis of bacterial samples is of great intefestboth health and food safety issues.
Standard protocols employed nowadays in this fe&mainly laborious and require long
preparations. That is why micro- and nanotechne®gmerge as desirable solution for
novel research and diagnostic tobfsApart from many studies reporting on eukaryotic
cells assayed in micro-devices (neurons, tumoscblbod cellstc), bacteria may be also
introduced to similar systems of miniaturized fotrttaus providing parallelized and high-
throughput screening of the sample of interest. Gnthe rapidly growing trends in the
field of microarray technology is focused on depah@nt of microbial whole-cell arrays
where bioengineered bacteria are patterned onic sgbport and exploited as functional
biosensing layer$>'%" Usefulness of similar systems is oriented to lsim®logical
applications €.g. gene expression analysis) or to environmentalispet characterization
(e.g. contamination monitoring or toxicity testing). Qe other hand, microarray
technologies are explored as sensitive platformedbze fast and quantitative detection of
bacterial strains, mainly for food safety purpodeblA- or antibody-based biochips are
employed to identify characteristic bacterial pas®®2°° or accurately detect bacteria
of a specified typé®" %2 Among others, SPR is reported as a label-free odefbr real-
time and qualitative assaying of bacterial sampién the present work we combine SPR-
based technique and IgG—DNA conjugate chemistrprtwvide efficient detection and
release of bacterial cells of interest. This apgphos therefore an example of biosensing
system potentially devoted to analyze samples ofahiological nature.
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3.4.2 Bacteria capture and desorption from DNA-based bidgip

In the present assay of cell capture and release,use the bacterial strain
Streptococcus pneumoni@e6) provided thanks to collaboration with T. Vetrirom the
Institut de Biologie Structurale (IBS) in Grenolgferance). This bacterium is reported to
be an important source of invasive infections iman and responsible for several diseases
such as pneumonia or meningf4.Choline-binding protein E (CbpE) is one of the
proteins from the Cbp family exposed 8mpneumoniasurface. CbpE is shown to be a
virulence factor playing a major role in host/paén interactiond® 2®® This bacterium
may be therefore recognized and trapped on a lsoggsurface with the help of a CbpE-
specific antibody. In the present experimentatiwa, use the anti-CbpE immunoglobulin
obtained at the IBS, kindly purified and charactedi by S. Bouguelia (CREAB). We
realize efficient addressing of bacterial cellssoDNA microarray by the means of IgG—
oligonucleotide driven assembly. On-chip capturfe tlee injected cells and their
subsequent desorption from surface by enzymatestign are followed by using real-time
SPRi technique. (Fig. 3.17)
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Figure 3.17SPR monitoring ofs.pneumoniaeapture and subsequent release. Step 1: interradolidi
strand hybridization (Zip1*EcoRI, Zip2*-Pvul); Step 2: IgG—-DNA conjugate immobilization (anti
CbpE IgGEcaRI*, rab-lgG-Pvul*); Step 3: injections of bacteria suspended BS?P Step 4: enzymatic
release ofS.pneumoniaby EcoRI cleavage; A repeated injection of bacterial s@nf@50 min) confirm
that anti-CbpE 1gG is efficiently removed. Eventyathe DNA biochip is regenerated by NaOH washing
(260 min). All SPRi signals are rectified by subtian of NC signal (negative control probe).
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rab-1gG
(Zip2)
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The provided antibody (IgG anti-CpbE) is covalenttgnjugated toEcadRI*
oligonucleotide sequence according to syntheticagmgh described in the Chapter 2. The
obtained product assigned to monoconjugated IgG—-D&NAmployed to realize proper
molecular assembly capable 8tpneumoniaeapture on biochip. Prior to use, DNA
functionalized gold surface (Zip1, Zip2 and Zip8)saturated with PBS solution of 10 uM
BSA/5 uM cytc. The whole experiment is driven in PBS buffer (p¥) and incubated at
37°C. Stepwise on-chip construction is monitoredSBRi and evidences correct signals
triggered by molecular build-up steps. Followingeafic immobilization of anti-CbpE—
EcoRI* conjugate, bacterial sample fl@ells per mL) is consequently loaded in the
bioreactor by using the secondary injection vaR@0(uL). Two successive incubations of
appreciatively 20 min result in positive variatioh reflectivity observed for Zipl probe
which is ascribed td.pneumoniaeesponding antibody. Bacteria can not be however
discerned as discrete objects on concerned spaialided by SPRI, as it was the case of
lymphocytes, because single bacterium size (~1 igns)naller than the optical system
resolution. Nevertheless, specific capture evengscanfirmed by comparison of Zipl
signal to control Zip2 probe equipped with nonvelet IgG and characterized by
insignificant reflectivity shift (interpreted as ajlal change of background solution
refractive index). Phenomenon of proper on-chiptwap of S.pneumoniadacteria is
additionally confirmed by microscopic observatiaeslized in an independent tesf. (
Fig. 3.18).

\

# f it

Figure 3.18Specific capture o6.pneumoniadacteria on Zipl probe
(anti-CbpE IgG) visualised under microscope.

Once bacteria are immobilized on the biosensorasarfthe desorption step is
realized by injection ofEcAaRI enzyme specifically directed against DNA sulistra
underlying S.pneumoniaecells. As expected, it results in specific deceead Zipl
reflectivity signal confirmed by images issued fr&RRi. After enzymatic digestion step,
sample is recovered at final point of microfluidexsd evidences considerable number of
isolated micrometric objects that may be ascriledhe released bacteria (microscopic
images not available). Apart from that, accuratentaterial desorption from proper
biochip locations may be additionally confirmed hyrepeated injection of bacteria,
realized by the end of the described experimertk lcd specific interaction represented by
absence of SPR signal related to this injectiovgsdhat antibody layer and consequently
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bacteria have been efficiently removed. These figsliillustrate once again a proof-of-
concept study, showing that the developed stratégyrogrammable biochip system may
be successfully applied to bacterial specimenghénfuture, such approach may enable
multiplexed sample analysis from the angle of iterabiological content, leading to
identification of characteristic bacterial straiegent in sample of various provenances.

3.5 Conclusions and perspectives

The findings presented in this chapter illustrdte example of programmable
strategy that may be potentially employed to charaation of cellular samples. This
approach relies on highly biocompatible procesgesontrolled release from the biochip
generated with help of specific endonucleases. aBerffunctionalization and proper
molecular assembly are the key elements of the adetbgy here proposed. As
demonstrated, DNA-based biochips can be easilyetumto cell capturing microarrays by
the means of cell-specific antibody combined wikiors oligonucleotide sequence. The
biosensing interface is in consequence able toifsgaly address living cells of different
types to well-defined locations on the microarrdysing SPRi label-free detection
technique, we provide the opportunity to assayveatells originating from a crude
biological sample. Since no cell labeling is regdirsuch biochip system is therefore a
promising tool to realize universal characterizatod cells issued from complex mixtures.
Therefore, the designed methodology can find atiGgion to sort different type of cells
(e.g.lymphocytes and bacteria) providing that accuirataunorecognition is ensured.

As we have evidenced, once living cells are speadifi captured on the microarray,
they can be subsequently released by site-spemifigmatic digestion. The approach of
enzymatic cleavage has been herein explored imibdevice format, giving concluding
results at molecular and eventually cellular levdie designed biochip system based on
DNA matrix may be furthermore upscaled and accomateedmany different
oligonucleotide sequences bearing various regiricites. We could therefore benefit
from a large repertoire of corresponding restrictendonucleases that are commercially
available and easily handled in microarray appbeet Such approach would extend the
range of possible cellular targets that can beesddd on surface and specifically released
by successive enzymatic digestions. The suggesbedilplity of multiplexed analysis
could consequently drive to realization of celltsw task on complex biological samples.
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Chapter 4

Local heating by the
photothermal effect as a tool
for controlled release
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4.1 INTRODUCTION

4.1 Introduction

4.1.1 The photothermal phenomenon and its applications

This study explores an original approach to achidwe controlled release of
molecular and biological targets previously fixed a biochip surface. The developed
strategy is based on the physical desorption bgl loeating generated with the use of laser
beam. Before we examine this particular approachenstosely, let us learn more about
the photothermal effect which lays a foundationtfer here proposed methodology. By the
present introduction, we will thus get familiar vithis phenomenon from the angle of its
multiple interesting applications in modern bioteclogies.

ENxC] 4.

evanescent wave of
surface plasmons
X [um]

bulk solution

g[cm 2]

laser beam intensity

P [mW]

Figure 4.1 Schematic representation of laser-induced photothkeeffect assisted by gold surface plasmons
(in Kretschmann configuratiod)’ The energy of incoming photons is absorbed byaserfelectron
oscillations and converted into heat which is giagd to local medium. Local confinement of thermal
energy generation is due to the laser beam fodimliza

In scientific literature, one finds various exanglef similar processes that are
jointly associated with the photothermal phenometiorf®®?'° Generally, the term
photothermal effeds applied to particular events when an electrametig wave induces
photoexcitation of a material thus generating ttedremergy,.e. heat. In the specific case
of a metal surface exposed to a laser beam placderwa certain angular incidence, the
heating phenomenon can be enhanced owing to tlsemme of surface plasmons. Heat
generation arises from the energy transfer betwbenincident light photons and the
electron oscillations occurring on gold or othebleometal surfaces. This happens only in
the conditions of surface plasmon resonance wherelectric field vector of the incident
light wave is parallel to the vector of surfacespi®ns generated on a metal surfate.
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Hence, a major fraction of the enhanced surfacenpda energy is converted into heat by
the means of a non-radiative relaxation to a neighly medium (Fig. 4.1+

The laser-induced thermal effect assisted by serfdasmon resonance has been
considered in detail by X. Xiaet al*** Authors report on a phenomenon of temperature
increase in the bulk medium in regard to possiblerdor SPR measurements assisted by
a laser. Indeed, considerable elevation of temperas evidenced when metal surface is
exposed to laser illumination within a certain tinjgrovided that surface plasmon
resonance conditions are establistfed).?’® This effect is therefore interpreted as
conversion of the energy from the surface excitattgo heat and a subsequent dissipation
of the following to the surrounding medium. Thedkwf thermal energy dissipation at the
metal-solution interface depends on a few factah sas hydrodynamic parameteesg(
solution flow rate), compactness of the adsorbegkrleor power of the laser beam.
Noteworthy is to underline the fact that in theeca$ plane surfaces, temperature increase
occurs in a very small area where the laser beamamentarily focused. Beyond
significant influence on SPR measurements, thuergéed thermal effect may in some
cases become useful and intentionally producededadit turns out that the surface
plasmon-assisted photothermal effect can find swerg interesting applications which
have been particularly explored in the field of olaimtechnology and nanomedicine. That
is why | decided to make a short overview of theiotes potential applications of this
particular phenomenon, in order to underline itstipence in development of modern
technologies.

The photothermal effect has been widely studiethen case of optically excited
gold nanoparticles (NPs) due to their great inteffes modern biotechnology and
therapeutics. Richardson and Govorov stated thathdéating efficiency is particularly
strong under surface plasmon resonance conditiotigdascribed it in the study of metal
nanoheaters capable of ice melffigand water local heatirfd® The ability of
nanoparticles to produce laser-induced local teatpez increase has paved the way to

their multiple potential applications, such as drdeglivery?*®%° gene regulatiof’

reaction catalysis:> ?** microfluidics??* material processifi§® or even non-invasive
cancer theragy* and biological imaging® Since the photothermal effect is assisted by
the surface plasmons, design of nanoparticles nitgy selection of surface plasmon
conditions €.g.laser wavelength). It thus give an opportunity fiacile tunability of such
system in function of the NP composition, size ajmbmetry**® Therefore, modified
nanoparticles may be applied to remote release adéaule$®® ?*” and development of
such tools is extremely attractive for therapeyticposes. The introduction of similar
systemin vivo may avoid a radical temperature rise since theinge#s confined to few
nanometer distance, thus keeping neighboring biecutés or tissue intact.

A recent review of S.E. Lee and L.P. Lee focusestlan photothermal effect
generated on DNA functionalized nanopatrticles ttzat be exploited for gene regulation
purposes? The authors mention two different manners ford@seéuced genetic material
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release: photothermal dehybridization by using ioowwus—wave illumination and
photothermal melting realized with a pulsed illuation source. In the second case, DNA
modified nanocarriers undergo melting into spheessilting in complete destabilization of
DNA-gold binding and efficient liberation of DNA rtexial (sSDNA or plasmid). Unlike to
this process that remains definitive, the otherr@g@gh is reversible since the released
DNA may re-hybridize out of the laser beam, once tihermodynamic equilibrium has
been reached again. Reismaatral. demonstrate similar concept of the remote relbgse
giving the example of gold nanoparticle disassefmeissembly systefi® Therefore, this
study proves the intactness of DNA structural intggFunctionality of a DNA material
released from nanorods by the laser irradiaticaise evidenced by Yamae# al??® They
report on DNA material released by laser induceatg@hermal effect, further amplified by
PCR and finally analyzed on gel electrophoresisreshne of structural damages are
evidenced.

As we can see, the photothermal effect induced Brsdiface plasmons is a useful
phenomenon that has been broadly explored so thop@ns up to a multitude of potential
applications €.g. cancer treatment). That it why, the laser-induttesdmal effect assisted
by surface plasmons has been particularly wellriesd in the last decade by widespread
studies of nanopatrticles. In this introduction,aatigular focus was ascribed to application
of this interesting phenomenon to remote DNA redeakich high attractiveness is brought
by its local character and reversibility of suclogess. Hence, controlled DNA release
induced by the local heating constitutes a badbeotrategy making object of the present
chapter.

4.1.2 DNA-driven release from gold surface

In order to develop an alternative strategy of eargelease from a chemically
modified biochip surface, we propose a controlldzbration generated by means of
thermal stimuli brought by a localized laser illumaiion. As we have learnt above, the
laser-induced photothermal effect is particularlgservable when it is assisted by
excitation of metal surface plasmons. Thus, hexeldped methodology takes advantage
from surface plasmons possibly occurring on thel goirface and originally exploited in
our configuration for the real-time detection obiiolecular interactions (SPRi). The use
of thermal energy in terms of controlled releaspuiees conception of a thermo-sensitive
molecular construction ensuring specific immobtiiza of several targets of different
nature (from proteins to whole living cells and teaia).

The previous chapters have evidenced that a DNAchipo can be readily
transformed into a functional antibody micropattbynusing the antibody-DNA conjugate
chemistry. Therefore, such molecular assembly esabéveral biological targets to be
captured on individual features by the means dillgigpecific recognition. In this study of
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novel approach to capture/release biochip systeen,use the analogous biomolecular
construction erected on the gold-coated prism. €ameg target release step, it takes
advantage from the physicochemical properties abrtstoligonucleotide sequences
immobilized on the biochip surface. Thermodynanabgity of DNA duplexes assembled
in such biochip format has been widely explored previous work carried out in CREAB
laboratory by J.B. Fiche and J.Fuchs.?® By using the SPRi methodology, it was
demonstrated that stability of DNA duplex immolsitzon the biochip surface depends on
the environment salinity, presence of denaturingnéggand finally temperature. Therefore,
in our concept of selective and controlled releps®/ided by local heating, we benefit
from the intrinsic properties of double strandedA&hd its natural behavior regarding to
temperature increase induced in the neighborhodldeofiucleic acid substrate.

Figure 4.2 Schematic representation of target release stratexged on a local heating by the
photothermal effect. a) probe oligonucleotide grafon the gold surface; b) intermediate DNA strand,;
protein-DNA conjugate (antibody-DNA in particulad) molecular or cellular target immobilized thrdug
specific interactions.

A phenomenon of DNA duplex dissociation may occtirsufficiently high
temperature is attained (above DNA melting tempeeXt® without even minor damages
of DNA primary structur&® (providing that the temperature rise does not estck00°C).
Thermal energy delivered to DNA duplex breaks ugrbgen bonds between nucleic acid
strands which are in consequence released onedamim other. The susceptibility of the
double strand to dissociate upon a heat stimulegpsessed by melting temperatureg,XT
and strongly depends on the nucleic acid primagueece (G-C base-pairing is generally
stronger than A-T couple). In thermodynamics, meltpoint is interpreted as situation
when statistically half of available DNA remainsasuble-helical strand while the rest is
dissociated to a random coil sttt The inherent thermo-sensitive nature of dsDNA is
therefore employed in the biochip strategy hergpsed.

Release of biological object of interest immobitizen the biochip relies on a
separation of the complementary strands by mergdeature increase. Clue point of the
presented strategy is that thermal events are peadin a locally confined way. In the
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introduction to this chapter we have learnt that ¢énergy of photons delivered by a laser
beam is absorbed by electron oscillations of tHd gorface and subsequently transformed
into heat. In the case of nanoparticles, the lateracter of the energy conversion is
related to their nanometric size. As to planar galdace, the laser beam is focalized on
the gold layer and thus generation of thermal gndrgsipating into surrounding medium
takes place in an extremely localized way. It pdegi a temporal and spatial control of
immobilized target release based on DNA doublendtidissociation. Moreover, the DNA
chemistry enables the reversibility of such procasd further target addressing may be
produced.

Hence, the present study describes a photothermalign desorption of various
target elements ranging from proteins to livinglscétf. Fig.4.2). Targeted species are
immobilized on the gold surface according to DNAngdementarity rules and via protein-
DNA or - in particular - antibody-DNA conjugateshd photothermal effect is generated
by an external laser source that requires elalmoraif a necessary instrumental set-up.
Okano’s group also reports on DNA targets effidiememoved from a metal-coated
surface by thermal denaturatidhin the cited study, an infrared laser beam irr@dia
small chip area perpendicularly to its surface detection of the concerned events is
enabled by fluorescence microscopy. In contraghi® end-point analysis our approach
takes advantage of a real-time detection that atizesd on a gold-coated prism in the
configuration of Surface Plasmon Resonance imadimiped, SPRi enables spatial and
temporal monitoring of specific capture and conérelease steps. The SPRi apparatus is
furthermore coupled to a laser source in an inggntal assembly revealed in detail by the
following section.
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4.2 Instrumental set-up

The instrumental set-up used for the study of fdseen photothermal desorption
is based on the previously described SPR configurairoposed by KretschmafH. The
gold-coated prism, functionalized by DNA probes time electrochemically driven
deposition, is therefore assembled with a flow sedule ensuring contact with biological
medium. Surface plasmons are excited by a lighimbeader well-defined angle of
incidence and the reflected signal is recovered¢dmyera, thus enabling detection of the
specific interactions. As we have learnt from th&dduction to this chapter, if a light
bundle of high intensity is delivered in the SPRhfaguration, locally confined heating
may occur. Therefore, for the sake of our studystimace plasmon-assisted photothermal
effect is generated irradiation with a red-lightda The optical configuration combining
all mentioned elements has been developed in t®ardéory by L.Leroy. Thus, a home-
made system joints the possibility of real-timeedéibn by SPRi, generation of the laser-
induced photothermal effect and visualizations Wgssical microscopy. This section
specifies all features of the conceived opticaligeas well as needful microfluidic system.
The described device is subsequently used to stpdyially and temporally controlled
capture-release steps realized on biomoleculesngerd-objects, including living cells.

4.2.1 Microfluidics

The experiment is driven in a dynamic flow, prowdsy a syringe pump working
in 10 to 500 pL/min flow range. An appropriate leuffis delivered by PEEK and
polyethylene tubes (ID of 760 pum) through a degassiystem and injection valve to a
transparent flow cell. (Fig. 4.3) The flow cell psit together with the gold coated prism
with help of two vices positioned on the opposiké&@nities of the prism. These elements
are accurately assembled in order to avoid anyrmaitdeaks of liquid. The overall
assembly is housed on an aluminium support plaeésdden LED and camera, and under
a microscope objective. The elements of opticaunmeatare detailed in the following
section.
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sample loop
(200 uL)

flow cell

A( B : waste
syringe pump injection valve m
(10 — 500 pL/min) degassing cell biochip

Figure 4.3 Microfluidic set-up scheme. The buffer is constamttlivered by a 50mL-syringe pump and
directed through PEEK or polyethylene tubes to lilereactor. The flow system is equipped with a
degassing module and a 6-channel injection valve.

In this work, two types of flow cells are used dagieg on the experiment
application. The preliminary studies realized & tholecular level make use of a fluidic
module fabricated in silicon-based organic polyr®MS (polydimethylsiloxane) and
equipped with reaction chamber of 1 mm in deptlg.(#.4) However, tests on capture-
release of micro-objects are realized with anotlgpe of the flow module providing a
smaller reaction chamber volume. As we have se&réyehydrodynamic conditions are
crucial parameters when considering efficient captand release of micro-objects,
including cells. The present study needs therefordesign an experimental reactor of a
weak volume. By using PDMS flow cell of similarlynall depth, we might however
experience some difficulties. It is because theenmt elasticity incurs a risk of probe
matrix damage when assembled together with biophgm. To overcome this obstacle,
one solution is proposed to use a thin PDMS filtacited to rigicPlexiglas§ fragment fit
out with fluidics inlet and outlet. A flow cell ihus formed by an oval opening carved in
the PDMS film of 150-200 pm thickness. The flow mlad of such type remains
transparent and enables microscopic observationshware essentially used in the
experiments on biological micro-objects.
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PDMS

150-200 um

Figure 4.4Flow cells employed in the experiment of photothaliyndriven desorption.

a) schematic design of two microfluidic modules: PDMdule with a reaction chamber of 1 mm in
depth (upper figure); set éflexiglassand carved PDMS film providing an experimentalcteaof 150-
200 um in depth (bottom imagd)) Photograph of the biochip assembled with the ftaN and placed
into the experimental set-up.

\@
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4.2.2 Optical configuration

The assembly of different optical elements is a peyt of the instrumentation
explored in the present study. It consists of a&onade instrumental set-up erected on an
optical table housed in a dark experimental rooime Basic elements are assembled in
analogous way to the commercial SPRi apparafosilja-Genoptick used in the previous
studies. It thus comprises a light emitting diode= 660 nm) equipped with focusing
lens/polarizer set and a 16-bit CCD camera (Piket5B byAllied Vision Technologies
GmbH), both installed from the opposite sides of thesmr[Fig. 4.5 a)]. The LED-
polarizer system is integrated with a goniometerctiposition is operated by an external
motor. This precise control enables to set up itjig beam at correct angle of incidence
under which detection of reflectivity variationsaptimal (working angle). The reflected
light is registered by the camera and observeceah time thanks to software interface
developed in the LabView programming platform.
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a) SPR imaging mode

sample flow _E

CCD\

camera 1

b) lasing mode

icroscope

buffer flow _ED _ ;‘&

laser shield

x/y control

laser beam
Figure 4.5General scheme of the instrumental set-up us#teiexperiments of laser-induced desorption.
a) Surface Plasmon Resonance Imaging mode: real-timeitoring of biochip molecular assembly
construction and cell capture/release st®psasing mode: photothermal desorption of specidadad by a
laser beam.
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Apart from the SPR imaging mode, the here develapsttumental set-up may
work in parallel in a second mode enabling photatta#ly driven desorption of the
material immobilized on the biochip. When requirad:ed-light laser beam is introduced
from one side of the prism [Fig. 4.5 b)]. In ouudies two laser sources working in
continuous-wave illumination are used: diode lasfes small intensityX = 665 nm) and
more intense fiber-integrated diode lasker=(653 nm). The principle parameters of here
used lasers are given in Figure 4.6 (more detédatlires are included in the Appendix H).
In order to produce the photothermal effect, a Télapzed laser beam strikes the gold
surface under conditions of surface plasmon resmndafined by the incidence angle. The
proper angle is adjusted manually until well-defirack strip is observed on the reflected
light spot — a phenomenon identified as absorptibfaser energy by surface plasmons.
The starting position of the laser spot is set uih Wwwo micrometer screws steering the
laser support. All the initial settings are dona ateak light intensity. Proper experiment is
driven at maximally available current and accomedniby remotely directed
displacements of the laser spot xfy directions on the microarray surface. Relative
position of the focalized laser is commanded byl motors (step motor controller by
Oriel) which provide motions of prism-LED-camera setwiph the reference to location
of the laser spot. Therefore, laser tracing maypieeisely executed on each probe family
of spots or one spot in particular.

Fiber- surface plasmon resonance
Parameter Diode laser integrated
. bulk solution
diode laser
4

wavelength 665 nm 653 nm P, S N -

Pin 73 mw 220 mw $/ \

25 mwW 72 mW
POUt no SPR
Psp 15 mw 63 mwW ‘—
focalised spot ' !

. 50 — 150 pm ~550 um : ,
diameter ;/ 27N Plout
effective é% \

a ~ 1.9 pW/urh ~ 0.3 pW/urh =
surface power

2 effective fraction of laser intensity consumed daupling to
surface plasmons §p referred to gold surface unit

Figure 4.6 Parameters of the laser sources used in the stuyright image depicts power measurements
performed on the incoming and reflected light ie tonditions with/without surface plasmon resonance
Measurement uncertainty is estimated to 5 %.
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The instrumental configuration developed for theppse of the present study is
additionally enriched by another element of theiagbtnature. In order to enable direct
observations of capture-release steps realized mitro-objects €.g. living cells), a
microscope objective is placed over the biochipe dptic microscopedlympus Opticgl
is powered by a halogen lamp and observationseatezed in the reflection mode by using
x 4 and x 10 objectives. Direct visualizations atmscopic object immobilization and
desorption from the functionalized gold surface @mabled through transparent flow cell
pressed onto the surface as explained above. Insagescquired by a 8-bit color camera
(Infinity2-3C by Lumenera and registered by using a proper software. Thament of
instrumentation is introduced as a complementargl tto enable validation of
immobilization and desorption events related to romwetric objects that can not be
integrally registered by SPR imaging.
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4.3 Use of the photothermal effect for physical desorpin at the
molecular level

In this section, we explore the laser-induced pin@ional release of molecular
targets in the SPR configuration, by using therumaental set-up previously described. We
discuss some essential elements of the experimeatalitions in order to validate the
strategy of physical desorption before we movesitston micro-objects. For this purpose,
we use the molecular on-chip assembly analogowsnéoused in the previous studies on
enzymatically driven release. Such approach prevaleertain level of standardization in
terms of biochip functional assembly. The describerkin experiments are carried out in
the home-made SPR imaging set-up and on a DNA itwmadized gold prism. The
photothermal desorption is executed by a diode-lasesmall intensity (R= 73 mW).
Therefore, we show an efficient laser-induced #eaf several molecular targets, carried
out under spatial and temporal control. The spatifiof here developed desorption
strategy is confirmed by relevant data issued f@®RR imaging and mass spectrometry
analysis. Consequently, the present section makesreader acquainted with all
indispensable elements that are required to conthme feasibility of the developed

methodology.
?g
S
g
-~ K N

Figure 4.7 Schematic representation of laser-induced deserpifovarious
protein targets. Several proteins are immobilized Zp sequence-based
matrix through corresponding intermediate strandsd gprotein-DNA
conjugates.
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4.3.1 Protein release from DNA biochip

As demonstrated by Okano’s group, DNA material mbitized on a metal support
can be subjected to a localized by a laser b¥ahhe phenomenon is based on dsDNA
denaturation which results from the laser-assigteotothermal effect. One of the main
advantages of such approach is the fact that DNé&mdsiry enables reversibility of
dissociation process and once target strand hasrbiased, new hybridization may come
about according to the complementarity rules. MeeeoDNA sequence recovered from
photothermal release remains functional and cathbs amplified by PCR method for
further assays. Therefore, the strategy proposedOksno et al. has the potential
application in the field of genomics and can seasea powerful tool for gene expression
studies.

In our approach, we provide an example of study #&xéends the application of
photothermally driven desorption beyond the DNAeleEven if the controlled release is
substantially based upon dissociation of doublansked DNA, an extended molecular
assembly enables more sophisticated purposes 4FHy. Typically, the use of protein-
DNA or more particular antibody-DNA conjugates danthus applied to so-called “ligand
fishing” from complex mixtures and in more advanegaplications to realize cell sorting
task as well. In development of such elaboratetesys based on the photothermal effect,
an essential prerequisite is to ensure optimal iiond for controlled release by
preliminary studies at the molecular level.

The experimentation here discussed makes use of btbehip molecular
construction based on a DNA matrix consisting ofesal Zipl, Zip2 and/or Zip3 spots
obtained according to the electropolymerizationtgeol. Each probe is subsequently
assembled with the corresponding intermediate dteand eventually completed by the
protein-DNA conjugate. Few protein-DNA hybrid maldes have been elaborated
according to the previously developed conjugatibenaistry ¢f. section 2.3). Taking into
account the designed 3-component on-chip consbmictonjugation reaction has been
realized on the same DNA oligomers as previouslglated for enzymatic cleavage
purpose EcoRI*, Ncd* and Pvul*). Apart from rab-IgG, the oligonucleotide seaques
have also been conjugated to an other protein -ahwreatine kinase (CK). The selection
of this protein was driven by the possibility of ifairly easy detection by mass
spectrometry which is the method of choice for adidation of the molecular targets
released in the photothermal approach. In this esctipe experiments with CK-DNA
conjugates are hereby demonstrated and exempdi§jdity of the developed strategy.

Creatine kinase (CK), otherwise known as creatihesphokinase (CPK) is a
human enzyme involved in the cellular processesnefrgy conversioft> The protein is
responsible for phosphate group transfer from Ad@&efosine triphosphate) to creatine
molecule (and reversibly). This enzyme plays a mate in tissues characterized by high
consumption of energy. In particular, cytoplasmi€ €an be found in muscle, heart and
brain cells. CK is composed of two possible sulsuthat can be of B type (brain) or M
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type (muscle). Therefore, three different isoenzyroan be listed: CKBB, CKMM and
less abundant in the human body CKMB. Each subsirof about 43 kDa MW and very
precise mass spectrometry assays attribute 42 @7t M fraction and 42 512 Da to B
fraction of the creatine kina$® That is why CKMMPvul* and CKBB-EcoRI*
conjugates have been conceived in order to prothee clear identification by MS
facility. They are addressed on surface by DNA Hdibation and subsequently released
by the photothermal effect. Separately recoveradpsss are consequently transferred to
mass spectrometry analysis which is kindly realibgdM. Jaquinod from Proteomic
Analysis Laboratory EAYP (CEA Grenoble, IRTSV). Tilemate goal of such proceeding
is to verify the specificity of molecular targetrtoolled release.

4.3.2 “Ligand fishing” approach

As we know, Surface Plasmon Resonance is a powtedhhique capable of label-
free monitoring whole range of biomolecular intéi@gs in order to detect DNA, proteins,
sugars, viruses or even cell. In the case of coxtplgogical samples of unknown content,
SPR may be combined with other detection instrumamenable more advanced analysis.
In a particular example, SPR technique is couplemitass spectrometry device in order to
perform rapid and versatile sample identificati®@uch experiment conceptualizes so-
called “ligand fishing” approach which is widely @&red in proteomics and mainly by
usingBiacoré® SPR systems.

A number of studies is thus reported to detect kmaounts of protein in a
biological extract or even identify new ligandsusfknown affinity to receptors’*®In a
typical ligand fishing experiment, the analyzed plamis loaded onto the recognition
surface where species are captured and then recb¥er further identification. Bound
elements are eluted in a one-shot operation bassalmity>’ or pH* variation. In SPR-
MS integrated device, the recovered sample isgstii@mrwardly driven through LC column
if desalting needed. Following ionization step (BEMALDI), the sample is analyzed on-
line by mass spectrometer. Several studies reg@at mass spectrometry may be
successfully applied to specifically identify iraeting proteins down to femtomolar level.
In the present work, we thus decide to use the BI®irtique to realize downstream
detection of proteins released from the surfacés&guently to laser-induced release, the
recovered samples are adequately prepared andetr&gisto mass spectrometer where
protein profile is investigated. It is not perforthim an integrated SPR-MS device as our
study constitutes a proof-of-concept for phototredhymassisted desorption strategy. In
such approach, MS aims to give us additional infdrom that confirms specificity of the
developed methodology.
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a) Experimental protocol

Some introductory elements concerning this studieteready been mentioned in
the previous sections. Indeed, we have learnt Hmvphotothermal effect may act on
DNA-based molecular assembly and in which instruadeset-up is explored to attain the
assumed objectives. Our goal is to demonstrat@migtthe specific addressing of targets
on a microarray surface but also their controlledatption from the solid support and
further identification. The original experiment cefed her, is assisted by combination of
two detection techniques (Surface Plasmon ResoramteMass Spectrometry) and may
be therefore ascribed to a “ligand fishing” strgtebhis particular approach is discussed in
the following lines in the light of the relevanhdiings. We thus treat of given proteins that
are specifically recognized by DNA matrix (thanke protein-DNA conjugates),
subsequently removed by photothermal desorptionpasdibly identified in the recovered
sample by MS analysis (Fig. 4.8). Let us now sdhdfrelevant concept proves correct in

praCtlce.
i data treatment
, MS analysis protein identification
L ¢
g g % ;V‘ 3
=
~ I: sample h¥
v preprocessing
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sample 7SPR' o L LJ
fiection target protein fraction eI PR AR i
desorption recaovery —

Figure 4.8 Run diagram of the proposed “ligand-fishing” apmimaSample is injected to the reactor
chamber where analytes are specifically immobilized subsequently desorbed by the local heating.
Recovered fraction is pre-processed (protein digiedty trypsin, purification by Nano-LC) and anadyizin
mass spectrometer. Target protein is identifiedisipig proper software and protein library.

According to the previously depicted instrumentpp@ach, the experiment of
photothermally directed target desorption is driventhe SPRi configuration. A DNA
functionalized prism is therefore assembled with BRDMS flow cell (1 mm in depth in
this particular case). The instrumental set-upnalall steps of molecular construction and
material desorption to be monitored by dint of SKRRaging. Relevant targets are
sequentially injected to the microfluidic systenddfowed over the DNA matrix where
they are specifically hybridized. Once the on-chimmobilization of protein-
oligonucleotide molecules is accomplished, theotpthermal release is achieved by using
a diode-laser at 665 nm. Because its position eaprécisely directed in two axes, laser
tracing is performed for each spot family in separateps. In parallel to this,
corresponding sample is recovered from the oufletiorofluidics. Collected fractions are
subsequently submitted to protein assessment by spestrometry, being the last step of
experimentation enabled within the framework of tbh#aboration with M. Jaquinod from
EdyP laboratory. This group is renowned in thedfiefl applied proteomics owing to a high
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level expertise and technologically advanced eqaimtmTaking into account the final
examination method, experimental conditions shdaddsubmitted to optimization from
the point of view of the further analysis by maggarometry. Adaption of the overall
method of operation is therefore desired.

b) Keratins — an important issue for MS analysis

In the scope of MS investigation, a basic and nmapbrtant concern is the quality
of final sample intended for analysis. The illustthbefore approach appoints the need for
meticulous proceeding in the preparation of samgée®ted to downstream investigations.
Substantially, we have to consider a few requirds@mming to avoid contaminations
coming from the experimental environment which arainly represented by keratins.
These species are fibrous structural proteins amithd existing in the surrounding
medium. Indeed, a typical laboratory environmeninigreality an important source of
contamination by keratins transported by dust amatcipally coming from skin, hair and
clothing. Their presence highly pollutes MS sigreahd disturbs efficient protein
identification especially in case of low contenttloé target material. In order to reduce the
risk of contamination, particular precautions sklowle undertaken, assuming that
everything in the environment is a potential souofekeratins. In the case of here
developed experimentation, all used material is ttnoroughly cleaned and micro-tubing
washed with detergent and sterile miliQ quality evabefore the experiment. Injected
samples and buffers are also prepared in an aecway by using sterile materials and
chemicals. Finally, sample recovery is performethatexit of possibly well separated and
closed fluidic circuit. These steps have to be hitsly undertaken especially if small
quantity of recovered protein is expected, whichacsually the case in our approach.
Although the precautions are taken, the realizegeement consists of many hand-
operated steps and it is extremely difficult toabsh completely keratin-free conditions.
As it will be discussed later on, this is a sigrafit issue and appears problematic for the
MS analysis of recovered samples. Neverthelesspltit@ined results will enable us to
draw pertinent conclusions and confirm target-dpeout-of-biochip desorption.

c) Optimization of the experimental buffer regardinViS assay

Regarding downstream MS analysis of samples cofnimg specific target release
experiment, the use of compatible buffer is an irtggd concern. In such proceeding, mass
spectrometer involves sample ionization step and the experimental buffer should not
contain salt at considerable concentration. Typicaamples recovered in PBS buffer can
not be directly put to examinations because ionsiged by NaCl or KCI could interfere
with formation of target ions and thus influencereot identification of species. In case of
MS involving procedures, a commonly used basissiEmple preparation is ammonium
bicarbonate salt, otherwise ammonium hydrogen ceateo(NHHCOs).?*% 2*°This reagent
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provides a volatile aqueous solution that readdpases ammonia and ¢(pH 7.8 at
25°C). This property makes ammonium bicarbonateoad gouffer for the applications
associated to sample preparation by lyophilizatigrophilization procedure of NHHCO:s-
based sample enables to obtain a material devoi@hgfsalt residues which is highly
applicable to MS ionization approach by MALDI oeelrospray techniques. Therefore,
here reported study makes use of ammonium bicatbos@lution as running buffer
applied along the experiment.

Although the aforementioned buffer is compatiblévWS detection, the key point
of here developed experimental approach is expiesgdarget addressing/release based
on DNA chemistry. That is why, we have to take iamrount the fact that NHCO;
dissolved in water is not typical a saline solutized in DNA studies.

The electrostatic interactions play an essential irodouble DNA helix formation.
Deoxyribonucleic acid molecule is negatively chargeving to many phosphate moieties
integrated in DNA backbone primary structure. Thenes the hybridization process of
complementary strands has to be assisted by amoament of sufficient salinity that
ensures the presence of ions providing negativegehacreening. Stabilization of the
double strand is mainly generated by monovalens idistributed in the surrounding
medium. In NHCGO; solution, the ion equilibrium is driven by ammoiigmonium
couple and carbonate chemistry that involves HQ® CQ;? transformation assisted by
carbamate formatioff’ None of particular studies treating of dsDNA siapiin
NH4HCO; buffer are proposed in the literature.

Thus, we here report on initial experiments redlizethe ammonium bicarbonate
buffer. This is to examine hybridization of DNA anmtotein-DNA molecules on the
biochip surface in such unusual conditions. Obthihereby SPRi signals show good
responses in 200 and 300 mM solutions of;NEO; (cf. Fig. 4.9). These results are
consistent with those observed in standard sabhdisns containing NaCle(g.PBS). We
have thus decided to introduce 200 mM ammoniumrbaraate solution as a running
buffer in protocol of the present capture-releaggeament.

PBS buffer 200 mM NH,HCO, 300 MM NH,HCO,

reflectivity shift [*o]
reflectivity shift [%]
reflectivity shift (%]

i 10 20 a0 40 50 0 10 20 30 40 50 i 10 20 30 40 50

time fminj time [min] time fmin]

Figure 4.9 SPRi monitoring of DNA hybridization realized in ffers of different salinity. The former
reflectivity shift (~15 min) corresponds to hybddtion of Zip2*Pvul on Zip2 probe. The latter one is
consistent with immobilization of rab-IgBvul* conjugate.
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4.3.3 Thermodynamic stability of the DNA substrate

The key element of the following study is not ohdyprovide an efficient target
addressing by DNA hybridization, but above alletable an effective target release based
on DNA dissociation induced by the photothermaketff The preliminary tests realized
with available DNA oligomers and protein-DNA congigs did not result in desired
desorption of immobilized material. None of expdctiesorption events was observed,
even at the highest laser intensity practicableuinset-up. We may thus speculate that the
employed optical configuration and laser powersrarequalified to generate a sufficient
temperature increase, required for the experimém. use of more powerful light source
would be probably a good solution but such instno@igon is not available for the present
project. We must however take into account thaterefficient heating could generate
inadvisable secondary effects such as perturbatidmomolecular stability or creation of
vapor bubble. Further, if we assume the final ajapilon of the biochip system to living
cells, such phenomena could be a significant faatqrhysiological stress and should be
thus avoided. To overcome the problem of the ingefit laser power, we need to make
deeper insight into thermodynamic stability of DNA strands employed in the present
work.

In order to estimate thermal conditions requireghitoduce efficient target release
from the biochip surface, it is useful to charaeker melting temperature of the
oligonucleotides used in the molecular construdis. do so, we make use of a
computational method for nucleic acid thermodynamiavailable on-liné* This
simulation tool is based on two-state melting maafeDNA (double strand and random
coil) and enables approximation of, Which can be safely applied to short oligonuck®ti
sequence&’ The thermodynamic parameters characterizing neftincess of dsDNA are
determined by using the nearest-neighbor method asdit was demonstrated by
SantaLucia fit well the experimental d&th.These calculations concern however DNA
melting and hybridization observed in solution lamé fairly accurate to evaluate short
duplex thermodynamics in the microarray format.

double strand Tm
Zipl-Zipl* 68.2°C
Zip2-Zip2* 67.3°C
Zip3-Zip3* 69.0°C

EcoRI-EcaRI* 62.7°C
Pvul-Pvul* 62.1°C
Nca-Nco* 64.1°C

Table 4.1Melting temperature predictions for the oligonutiges employed in biochip molecular assembly.
Theoretical T, values are calculated by usifitpe DINAMelt Web Sen/f and obtained for the relevant
hybridization conditions: 0.25 uM of DNA, 25°C, PB8ffer.
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According to the aforementioned numerical simulatimelting temperatures are
estimated for Zip and restriction site-containingqeences deployed in the biochip
molecular assemblyc{. Table 4.1) The values hereby established prowvittgmation on
the thermal energy that should be delivered tazealissociation of the oligonucleotides —
a phenomenon that lays a foundation of here exglpr®tothermal release of molecular
targets from the microarray surface. Willing to iaele this final goal, it is actually not
necessary to attain the melting point which esabintserves to determine conditions
where statistically half of available nucleic asttdands still remains as double helices. We
expect that thermal energy represented by lowepéeatures, sufficiently influences DNA
dissociation constanK(i) and may produce individual dehybridization eve@se may
observe that Jvalues approximated for the oligonucleotides instjo@ are however quite
high and may thus explain the lack of satisfactesults in the preliminarily realized tests.
Indeed, we deduce that the optical configuratiagimally conceived probably does not
provide sufficient level of heating and dissociatlonetics is still very slow. That is why a
useful solution is to provide supplementary destadiion of DNA thermodynamic
equilibrium regardless to lasing conditions avdeah the present study.

In literature, thermodynamic stability of DNA duglées widely studied in terms of
various factors: salt concentratitii,temperaturé?® base pair mismatch@8 or presence
of organic compound$’ Non-equilibrium DNA state can considerably decee@NA
melting temperature and thus facilitate double nstralissociation. To do so, among
different solutions, we can mention for instancstdkilization of dsDNA by introducing
point mutations into base pair sequence or by mgodjfthe surrounding medium with
denaturing agents. The second alternative seeme sti@ightforward and is applied for
the need of the study here reported.

Among DNA denaturing agents, we can enumerateraeebemical compounds
like for example formamid&’ urea and its derivativé&® guanidinium hydrochloridé®
and other chaotropic salts. According to J. FUGRHKAB), a buffer supplemented with 20
% of formamide (v/v) enables hybridization of oligxleotides on microarray and
noticeably decreases the DNA melting temperattfrin the present study, it is decided to
make use of N,N-dimethylformamide (DMF) also repdrtto influence DNA duplex
stability and to induce measurable drop of meltiamperature while introduced to a
solution®® We thus apply the analogous 20 % DMF content wisieams to be correct
since formamide and N,N-dimethylformamide are dpselated chemical compounds and
act on the dsDNA stability in a similar w&}. Therefore, we may consider further J.
Fuchs’s statement assuming that every percentrofaimide added to the buffer induces
~0.6°C decrease of,I Taking into account the presence of the denajuagent, the
consequent melting temperature ascribed to our rewmpetal conditions may be
approximated to about 55°C. However, we hopefiilgk that local heating generated by
the photothermal effect in our configuration does nch this melting temperature level
since it would certainly perturb the condition abfmolecular or/and cellular entities.
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Detailed insight into thermal effects generatethm employed optical strategy does not in
fact make object of the present PhD thesis and nbmeeasurable temperature is given.
Nevertheless, we speculate that employment of tiffefosupplemented by DMF provides
an ample shift of thermodynamic equilibrium to $engtranded DNA and thus ensures
efficient target release which is demonstratechieyfollowing findings.

4.3.4 Photothermally driven protein release from the DNAbased matrix

After the necessary optimization elements have bdisoussed, we may now
proceed to demonstrate a case study of photothigrrdalven release observed for
independent molecular targets. For this purpod@NA functionalized biochip (Zipl and
Zip2) is shown to specifically address two molectigagets: CKBBEcORI* and CKMM-
Pvdl* by means of the corresponding intermediate retga All building blocks of the
molecular architecture are introduced in the fleell ®m 200 mM ammonium bicarbonate
buffer, supplemented with 20 % of DMF (v/v). SPRaging allows monitoring of the on-
chip construction steps in real time and in theeabs of labeling (Fig. 4.10). From the
obtained results, we notice that registered raflggtshift is higher for the complementary
DNA than for the protein-DNA conjugate. This resulight be explained by the fact that
creatine kinase is a smaller protein in comparigoan IgG for example. Here addressed
targets are probably composed of chemically madlif@ subunits (brain or muscle
fraction of nearly 40 kDa), which gives almost fimld difference of the molecular weight
comparing to the IgG molecule (150 kDa). Moreowes, it was evidenced before, the
corresponding partners at intermedidte. Zipl-EcaoRl) and final level of the molecular
construction i(e. rab-IgG-EcoRI*) do not hybridize in equivalent proportion. SRRta
revealed previously that one protein-DNA moleculgbridizes to one of about 4
complementary strands available. The unequal higatidn ration is probably the case in
here demonstrated experiment.
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Figure 4.10Photothermally driven release of CKBB and CKMM teins immobilized on the DNA matrix

a) schematic representation of laser tracing on d gpabm;b) DNA matrix composed of Zipl and Zip2
spots (1.2 mm in diameter) SPR monitoring of the experimental steps: molacaksembly (Zipl +
Zipl*—EcoRl + CKBB-EcdRI* and Zip2 + Zip2*Pvul + CKMM-Pvul*), controlled release from Zipl
then Zip2, re-hybridization (Zip1®EcoRl and Zip2*-Pvul) *; SPRi difference image captiork) laser
tracing on the Zipl family of spot®) laser tracing on the Zip2 family of spo®), re-hybridization of
Zipl*—EcaRl, 4) re-hybridization of Zip2*Pvul.

“ registered Zipl and Zip2 signals are relative ameeach other because no reference probe signal is
present and considerable refractive index are gégein the bulk solution.

Subsequently to the immobilization of proteins, pexform their photothermally
induced desorption. Local heating provided by #eet beam is realized in two separate
steps. To do so, laser tracing is performed inllghines along they axis as depicted on
the Figure 4.10 a). The DNA matrix is conceiveduth manner that desorption of target
material is sequentially executed for each familgpmots. Probes are grafted on the biochip
in several copies of large spots (~1.2 mm in di@meh order to increase the amount of
eventually desorbed proteins which is almost at Mt detection limit. At first, laser
tracing is executed on Zipl family of spots sitdata the left side of the prism (in tlye
direction) and then on the second Zip2 probe plawedthe right side. After each probe-
specific desorption, the SPR signal is registenedoider to visualize the relevant
reflectivity shifts.

Processed data evidence specific release of theenwed targets. Following each
laser tracing step, we can indeed observe negeagflectivity shifts corresponding to the
following probes: Zipl in the first step and Zipfeeawards. As clearly seen, the registered
signal drops do not completely attain starting lg€before construction of the molecular
assembly) and represent about a half of the olligigaal. This fact can have one simple
explanation. Namely, the monitored reflectivity reads are for each probe averaged over
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all pixels on the corresponding spot surface im&gem the other hand, these spots are not
integrally covered by desorption effect and thues glgnal drops are not total. Indeed, the
SPR differential images expose the exact zones ¥hioh the material has been removed.
We can thus clearly identify the lasing lines tha¢ revealed by a lower level of the
grayscale ¢f. Fig.4.10 1)-2)]. We can also notice some diffeeemt thickness of the
observed lines that reflect the size of the lapet.dt is because in reality, when displacing
the laser in the direction, its on-surface focalization is slightliganged and therefore the
laser spot size modified. In the here presentedigumation, it may vary from about 50 to
150 pm which corresponds to an approximate valuasef intensity of about 1.9 pW/im
(cf. Fig. 4.6).

The reported experiment involves laser tracing abmtrolled displacement rate
which provides instantaneous heating confined ® ldtal environment where thermal
energy is consequently dissipated. As a resultpmeluce local DNA dissociation and
specific target liberation, keeping primary DNA peointact. It is confirmed by the last
step of the experiment monitored by SPRi [Fig 43)43)] where complementary strands
are re-introduced on the biochip surface. An effitistep-by-step re-hybridization is thus
registered specifically for Zipl and then for Zipfobe. This finding is unequivocally
confirmed by the associated differential images rehbe reflectivity signal is retrieved
exactly in the same zone from where the materiallde®n previously desorbed. It means
that the applied conditions of local heating do destroy the original probes that remain
functional. Noteworthy is the fact that we are af¢ only to realize a localized desorption
of the immobilized targets but also to restore iti@ecular architecture. Therefore, one
advantage of using DNA matrix is that it can be ptetely regenerated once the
experiment is finished. Regeneration is provide@Ishort washing with 100 mM solution
of NaOH. Rinsed in miliQ water and dried under argtream, such DNA biochip may be
used for further experiments within a few monthgrdperly stored.

4.3.5 Mass spectrometry assay of the recovered samples

Taking into account the obtained data represenyeidnbges issued from SPRi as
well as the SPR kinetics signal, we have thus detnated the efficient method for target-
specific and localized removal of biological maaésipreviously immobilized on a solid
support. In order to confirm the results obtainemhf SPRi, samples recovered from the
experiment were assayed by mass spectrometry tstigate presence of the released
proteins (CKBB or CKMM). Therefore three consequieattions were collected from the
outlet of fluidics: “0” as blank sample before lasiesorption, “1” during Zipl probe laser
tracing and “2” when desorption was performed anZip2 spot family. All three samples
were given to M. Jaquinod for protein assay on TRAP mass spectrometer.

The MS analysis has unfortunately revealed an itapbramount of impurities in
the given samples. Though necessary precautione wedertaken, a certain level of
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contamination was possible taking into account renual character of several steps.
Therefore, the MS signal has confirmed considerpbliition by keratins and other non-
relevant proteins in all three samples. Tests X &l” have not evidenced any trace of
proteins corresponding to the experiment. Neveslthorough analysis of “2” sample
has resulted positively in the presence of theticreskinase M fraction. Although, the
amount of the indentified protein was minor andered by many other signals, the test
has approved the existence of right protein irsjitscific sample. Effectively, CKMM (or
more exactly CKMMPvUI*) was desorbed from Zip2-based spots and sulesstu
recovered in the “2” sample. The quantity of thkeased protein has been estimated to
about 100 fmol which makes it extremely challengiogletect especially if impurities are
present. Although the amount of protein materials waeak and efficient analysis
hampered by polluting proteins, we may considesehgartial results as concluding. We
deduce that desorption from specific spots in tedlappens and does not come about
spontaneously. If it was the case, CKMM (and al¢tBB) would be found in other
samples since they were injected to fluidics irrenionportant quantities than effectively
immobilized on spots.

4.3.6 Conclusions

We hereby demonstrated a simplified example ofitfaad fishing approach (SPRi
detection + MS analysis) which may be potentialppleed complex protein mixtures.
Instrumental improvement shall become an objecfdture system development in order
to conceive high-performance automated operatitve great advantage of such device,
comparing to the original ligand fishing approaeimuld be the possibility to “fish”
several targets through specific biomolecular sxtgons in one single experiment. We
demonstrate that protein-DNA chemistry provideshhgpecific target addressing (DNA
hybridization, specific antibodies) followed by spdy controlled desorption of at least
two different targets. The present biochip systeay rhe thus potentially employed to
investigate complex biological mixtures with higliirdughput and for advanced
applications in proteomics.
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4.4 Application of the photothermal effect to the micrcobject release

Having the proof of controlled release at a molaculever by using the
photothermal effect in the SPR configuration, weyrpeoceed to explore the efficiency of
such strategy on more developed on-chip assemétieshable to capturing objects of a
micrometric size. The essential objective behirat th to realize a specific immobilization
of living cells followed by their subsequent reledsom the surface by local heating. But
before starting to work with living biological olgjs, an important development step
intends to realize preliminary studies in ordev#&hdate the system functionality on less
vulnerable targets. Indeed, living cells are of pter nature that makes them susceptible
to even slight variation of external parametershi@ surrounding medium (temperature,
electric field intensity, buffer content). Theredorthis section investigates the laser-
induced desorption executed on proper moleculamnalsty capable of the immobilization
of synthetic microbeads. Polystyrene (PS) microsghare used as target objects that
imitate cell specific capture based on a membraraker and its specific interaction with
an antibody (Fig. 4.11).

RO\

A

Figure 4.11 Schematic representation of the laser-induced
release of polystyrene pbeads from the biochipasetf

4.4.1 Photothermally driven release from the IgG—DNA basé construction

As a preliminary study to micro-object release gsswe realize an experiment of
the laser-induced desorption on IgG—DNA construetsalogously to the tests with
protein-DNA conjugates described before. For thigopse, rab-lgGRvul* and rab-1gG—
EcoRI* are introduced on the corresponding Zipl ang2Zprobes (via intermediate
strands) and subsequently released by the laselidation. This approach constitutes the
first step to more sophisticated applications basedell-directed antibodies and leading
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to controlled release of specific cell fractionsor Rhis purpose, we show efficient
desorption of rabbit antibody from DNA-based bigchvhich relies on double strand
dissociation provided by the local heating. SPRiekics proves accurate addressing of a
rab-lgG—DNA target realized in PBS buffer suppletedrwith 20 % of DMF (Fig. 4.12).
These results are consistent with the former or#aireed in the enzymatic cleavage
approach. Target capture is therefore specificho dorresponding probes and triggers
analogous responses as previously observed: theDY& signals are 3 to 5 times higher
than those of the intermediate oligomers. This icord that hybridization is correct despite
the presence of the denaturing agent. Moreoverager-induced desorption proves to be
probe-specific and reveals accurate reflectivitypdrthat can be eventually retrieved if the
relevant building blocks are injected again. Henites biochip system validates the
concept of the photothermally driven antibody reéefrom a DNA microarray and gives
thus an opportunity of extension to more advanggai@ations. If antibodies directed to
specific target are used, this approach may béduriore explored in terms of micro-
object release which makes the object of the fahgveections.
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Figure 4.12 Surface Plasmon Resonance (SPR) monitoring dbitiehip molecular construction and the
photothermal desorption induced by laser beaghZ{p2 and Zip3 probes grafted on the gold surfé;
intermediate strand hybridizations (Zip2Pwul and Zip3*-Ncd); (t;) immobilization of IgG—DNA
conjugates (rab-lg@vul* and rab-IgG-Ncd*); (ts) laser tracing on Zip2; {itlaser tracing on Zip3; d},
(ts) reconstruction of molecular assembly. Zip2 anpl3Zsignals are averaged and rectified by subtnactio
of NC signal (reference probe).
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4.4.2 Molecular assembly capable of microbead immobilizadn

The present experimentation employs streptavidatemb polystyrene (PS)
microspheres. Polystyrene-based microparticles pigman easy to functionalize
material which can be deployed for many applicaio@hemical engineering of this
polymer enables efficient conjugation with varidiismolecules (DNA>? proteirf>%) and
generation of functional conjugates as potential for biosensing* *°or development
of immunoassay techniqué&®: > Wilson et al. report on the use of streptavidin-coated
microspheres as a primitive model of cell or baater system. Interaction between
streptavidin (STV) and biotin-modified target isuthsupposed to mimic an interaction
with the cell surface. In such case, it is a muotpbfied model of cell surface marker and
antibody interaction since any antibody-antigerraction is involved. Nevertheless, the
STV-biotin, as having the highest dissociation ¢tants among naturally occurring
biological complexes, is a desirable couple for enalar biology assays. Therefore,
streptavidin-coated polystyrene microbeads are ethass target destined to test the
developed capture-release strategy.

PS pbea

PS pbea
‘B Figure 4.13 Schematic representation of molecular
assemblies on Zipl (Zipl*-biotin + STV-pubead)
and Zip2 (Zip2*Pvdl + rab-lgGPvdl* + IgG-
7 anti-(rab-1gG)lgG-biotin + STV-ubead).
Zipl Zip2

Because the photothermally driven target desorgtimm the gold surface is based
on dsDNA dissociation, the on-chip immobilizatiohSIV-PS microbeads has to involve
hybridization process on DNA-based biochip. Frone thther hand, primary amine-
modified oligonucleotides or antibodies can be lgasdupled to biotin via biotin-NHS.
Therefore, two molecular assemblies are employeddecific capture of the microspheres
provided by STV-to-biotin affinity (Fig. 4.13). Thérmer one is based on direct
hybridization of a complementary biotin-modifiedgainucleotide (Zipl). As to the latter
one, microbead capture involves the interactiorwbeh an immobilized antibody (via
antibody-DNA conjugate) and a biotin-conjugatedoselary antibody assembled on the
PS microbead (Zip2). The second case closely repesithe molecular assembly which is
here deployed as cell capturing construction. is $tudy, we use commercially available
streptavidin-coated microspheres made of polysgyrand of 6 pm in diameter. SPR
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imaging system enables detection of phenomenaratiecular level occurring on the gold
surface. The microbead capture and desorption stepsvidenced by direct visualization
under microscopy.

4.4.3 PS usphere immobilization and release followed inF&Ri and microscopy

As explained above, microbeads are captured orgalek surface functionalized
with Zipl and Zip2 probes, and according to twdedént molecular architectures. Thus,
microbeads conjugated to Zipl*-biotin are immolatizon the Zipl spots, while the Zip2
spots, previously assembled with intermediate Zipgtil strand and rab-lgERvul*
conjugate, are designed to capture microbeads edug biotinylated anti-(rab-lgG)
antibody. The phenomena of target microbead imhzalion and photothermally driven
release are directly observed thanks to a transptosv cell (cf. 4.2.1). As it turns out, the
hydrodynamic conditions are crucial for the effitieapture and release of micro-objects.
Significant non-specific (out-of-spot) adsorptiot microspheres on gold surface is
observed if the flow rate is too slow during injeos. Therefore, when flow cell depth is
quite big €.g. PDMS flow cell of 1 mm depth), the buffer flux hts be decelerated to
enable microbead sedimentation which results irssiderable side adsorptioof[Fig.
4.14 c)]. Once the pbeads have been non-specyfiadidorbed on the gold surface, they
can not be removed even by a flow rate instanttyeased (up to 500 pL/min which
actually corresponds to a weak linear flow of 0n&3/s).
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&'A-‘:}fd. % —| N :." ¢ l'?.:‘..‘.: i) - L __‘L". i vl
Figure 4.14 Polystyrene microsphere immobilization on the DN#séd biochip according to proper
molecular assembliea) Zip1 spot centrey) Zip2 spot centreg) Zipl spot boundary. PS pbeads are injected

at 0.3 % (w/v) in PBS supplemented with 0.5 % ofABSelf-aggregation is observed in the case of gbea
conjugated to biotinylated IgG (Zip2-based asseimflgsts are realized by using 1 mm PDMS flow cell.

Concentration of microbeads in the injected sanmplalso an important concern.
Indeed, more than 0.3 % (w/v) of PS microbead$énimjection preparation favors out-of-
spot usphere immobilization despite surface blagkin 1% solution of BSA. Thus, higher
content of PS microsphere should be avoided evénfaicilitates direct observations of
immobilization events - biochip spots are visilwgtie naked eye. Moreover, in the case of
PS-STV microbeads conjugated to the biotinylate@ [gecondary anti-rab-IgG), high
concentration of this antibody induces psphere-agdfregation ¢f. Fig. 4.14 b)].
Nevertheless, this phenomenon can not be entingbpressed because several biotin
moieties are potentially available to interact wtitleir affinity sites placed on streptavidin
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molecules and belonging to different pbeads. TakiMg account all these concerns,
optimal parameters are worked out in order to guae a specific on-chip pbead
immobilization and restrain non-specific interango
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Figure 4.15SPR monitoring of PS microbead capture and relegse following experimental steps are
observed: Zip2*Pvdl hybridization (3 min), rab-lgG2vul* injection (18 min), loading of PS-ubead
assembled with Zip1*-biotin (40 min), injection 8S pbead assembled with IgG-anti-(rab-1gG)-biotin
(68 min), laser tracing on Zipl and Zip2 (90 mig Min). Zipl and Zip2 signals are averaged and
rectified by subtraction of NC signal (referenceolm). Inset images evidence specific microbead
immobilization on Zipl and Zip2 spots.

In order to drive the experiment in the optimal dibions, a flow cell of 150 um in
thickness is used in order to provide sufficienttcol of PS microbead immobilization on
corresponding spots and limit non-specific intamad. The transparent flow cell is placed
over DNA-functionalized gold surface in the SPRifiguration previously described. The
biochip is prepared according to the electropolyma¢ion method and provides DNA
probe spots of 1.2 mm in diameter: Zipl, Zip2 aefitrence NC probe for background
signal correction. As it was evidenced before, rilmening buffer has to be supplemented
with the denaturing agent in order to facilitate AMissociation. Therefore PBS with 20
% of DMF (v/v) is flowed over the biochip at 15-R%/min during sample injection steps
(linear flow of 0.17-0.28 mm/s) and accelerate@%@ L L/min during laser tracing (2.78
mm/s). The on-chip assembly is monitored under tcoason by SPR imaging system
(Fig 4.15). Observations of kinetics result in aeguate signal as to DNA and IgG—-DNA
conjugate hybridization (Zip2) but registers onliglst reflectivity shifts when microbead
conjugates are captured (observed on both ZipXZg®). In this case, the minor signal is
probably due to microbead size which is not sugdbl efficient detection in such SPRi
configuration. It is because the SPRi detectiopractically provided by the evanescent
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wave penetrating into contact medium up to abo0Gtrifd of depth and thus can not attain
micrometric objects. Nevertheless, SPR differeniimlages issued over microbead
injections, show correct response on Zipl and Zip#ike the reference probe signal (NC)
that remains negative. Microbead capture, evearnély detected, is therefore specific and
additionally confirmed by direct microscopic obsaions. Indeed, registered images
evidence proper PS-pbead immobilization where mgnifitant side adsorption is
observed. We notice the presence of auto-aggregdeads on the Zip2 spot but, as it was
said, it can not be avoided since multivalent istéons between PS-STV microbead and
multi-biotinylated antibody are possible. Followitagget capture step, one may proceed to
test the efficiency of the photothermally drivemtiolled release.

In the 4.3 section, we examined the first apprdadhe laser-induced photothermal
desorption and confirmed the process specificitnatecular level. Subsequently, we use
the analogous instrumental set-up to induce mitijead release by the local heating. A
laser-diode of similar intensity range is thus dgptd and PS pbead liberation evidenced
by direct visualizations under a microscope obyectiSubjected to plasmon resonance
conditions, the laser beam is focalized on thetbpzone corresponding to immobilized
target microbeads. Direct images are recorded tgnzera along with laser displacement
at 10 um/s. In the demonstrated experiment (Fith)4the laser tracing is performed in
two steps evidenced by SPR signal decreases magisien the both probes. The
corresponding reflectivity shifts are mainly regudtfrom desorption of molecular entities.
Therefore, it explains more significant decreaseZgi2 signal related to its more
developed molecular architecture (involving I1gG—DNAonjugate). Surprisingly,
microscope visualizations reveal that microbeadas® does not take place on Zipl spots
at all and only in the slight extent in the caseZgd2 spots. In fact, a minor fraction of
polystyrene microspheres immobilized on Zip2-baasgembly is desorbed (Fig. 4.16).
The observed phenomenon is instantaneous, beirgalpiso assisted by hydrodynamic
forces provided by accelerated buffer flow (up @®BL/min). The release efficiency has
been estimated to less than 10 % within a few asshpreover, increase of DNA
destabilizing agent content (DMF) to 40 % (v/v) slorot generate more efficient
microbead release. An extended irradiation by diader (up to a few minutes) does not
produce new microbead release events, neither.
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Figure 4.16Sequences of images registered during laser-inddesakption of PS pbeads immobilized on
Zip2 spot. Circles evidence zones of pbead relf@fere desorption in blue and after desorptioreit).
None of pbeads are desorbed from Zip1-based catisinu
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To explain different results observed on Zipl- aijR-based constructions as well
as the low efficiency of the microbead release, magy consider this as an effect of
different thermodynamic equilibrium attributed tbet corresponding sequences. It is
however difficult to point out an important contras the T, valuesbetween Zip1-Zipl*
and Zip2-Zip2* (or everPvul-Pvul*) which can be estimated to less than 5°C. Wesimu
additionally take into account the fact that thenoibeads are not directly attached to the
support by simple DNA duplex. Therefore, in orderunderstand why the laser-induced
microsphere release is not complete, we should tager at molecular arrangement on
the surface and consider contribution of more dgped micro-object attachment than by
simple double strand.

4.4.4 Multivalent interactions

In principle, microbead immobilization on the fulctalized gold surface is
enabled by the interaction between streptavidin laiotinylated intermediate molecules
(oligonucleotide or antibody). As we know, the momolecule has a remarkably strong
interaction with a homotetrameric protein STV whishcharacterized by an extremely
high dissociation constant of ~¥0M.** This biomolecular interaction represents the
strongest ligand-receptor couple currently knowme Gstreptavidin protein has four
subunits with identical recognition sites for biotholecule. Taking into account the strong
affinity of biotin to STV and quadruple possibilibf such interaction, more realistic model
of on-chip assembly with PS pbeads should be cereid(Fig. 4.17). Therefore the
micro-objects may be anchored on the surface bytiphilinteractions. Probably, one
microsphere is engaged within several STV-biotidd®s and with a few DNA duplexes.
In order to obtain an efficient liberation event, & the anchoring double strands should
dissociate in the same time. However, locally iasezl temperature produces DNA
melting phenomena in a fairly statistic way. Thatwhy, an individually dissociated
oligonucleotide is staying close to the surface andy eventually find a new
complementary strand before all other neighboridgADduplexes participating in pbead
anchoring will dissociate. Hence, the probabilitiy am instantaneous multiple dsDNA
dissociation leading to microbead liberation is kvea

The aforementioned phenomenon finds reflection MADhybridization studies
realized on a microarray and carried out with S&&ijice equipped with temperature scan
facility.*?* In the cited work, J. Fuchs demonstrates that Ri#lification by biotinylated
oligomer conjugated to streptavidin (or STV-coatgdd NPs) results in increase of the
melting temperature. Considerable difference nidrevealed and attains about 15°C in
the particular example of short oligonucleotides Kp). This study confirms the difficulty
to perform an efficient detachment of PS microbbgdocal heating in the case when
target is bound by multiple STV-biotin interactionBerhaps, incorporation of more
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powerful laser sources(g. fiber laser) would be more efficient but it is rtested in the
present approach.

PS ubead

Figure 4.17 Realistic model of PS-pubead multiple binding. Eadkrosphere is equipped
with several STVs, having four sites of specifitemaction with biotin. Multivalent binding

may be also explained by the presence of sevavdhbnoieties on anti-(rab-1gG) antibody
molecules (ubead self-aggregation).

Further tests could be carried out in the scopenbBincing micro-object release by
the local heating. Improvement solutions could lzenty focused on limiting the multiple
interactions: by using engineered streptavidin vatthy one binding site or by partially
blocking the available sites for biotin recognitidh could reduce the potential multi-
interaction of target microsphere with the immatati probe and drive to more oriented
on-chip capture. However, this development is noteal significance here, since PS
microbeads are supposed to imitate the cell interaevith antibody where biomolecular
recognition is directed by the abundant presenceetifmembrane domains. This study
demonstrates that photothermally induced releaseiabspheres is possible by using the
proper on-chip assembly. In the particular cas&ip2-based construction the microbead
immobilization relies on the antibody-antigen reaitign (rab-IgG immunorecognition by
anti-(rab-lgG) 1gG) which may be ascribed to intti@ens occurring between cell
membranar markers and specific antibodies. Althatighmains only a very approximate
model of cell capture on the surface, in the follgyvsection we will make use of the
experience here acquired and realize controlleglasel of living cells by the means of
laser-induced local heating.
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4.5 Specific capture and controlled release of livingedls

The photothermally induced release of living olgestich as blood cells is the
culmination part of the study described in the eneschapter. We have learnt from the
previous experiments that the local heating geadran the metal surface plasmons by
laser irradiation may produce a controlled releasethe molecular components or
polystyrene microbeads. Desorption events are g&tein a localized way and thus may
concern targets of interest specifically immobitizen the biochip surface. In the present
section, we indeed report on an efficient addregssih lymphocytes onto the biochip
surface and their sequential release by laser iflanons. In addition to the results
obtained in the restriction enzyme-based strateipagter 3), we demonstrate specific
capture of splenocytes by means of microscopic reaens. The controlled release of
cells founded upon dsDNA dissociation by local hepis then evidenced.

Figure 4.18 Schematic representation of lymphocyte release from
the biochip surface induced by the photothermadatffThe cell is
captured through specific antibody tethered on Dihésed
assembly.

4.5.1 The experimental conditions

For the sake of the present work, we dispose ofse@plenocytes characterized by
diameter of about 10 um, which enables their diobstervation in microscopy. Therefore,
we benefit from the developed instrumental configjon where the biochip assembled
with transparent flow cell is placed under a micaye objective (the configuration
previously exploited by the occasion of PS micrabea&periment). This set-up provides
the possibility of real-time visualizations andléeV cell capture and release happenings.
Compared to microspheres, living cells are of nmmplex nature and various possible
physicochemical interactions may be thus considefsd we have learnt before, an
important issue is to create optimal conditionshef hydrodynamic flow in order to ensure
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correct immobilization of cells on the specific gpa@and to reduce their non-specific
adsorption on the surface.

The previously reported experiments driven withlscgthe enzymatic release
strategy) or microspheres evidenced that usingwa fiell of an important thickness (1
mm) demands application of low flow rates whichypde the micro-object sedimentation
(weak volume flow rate) and important non-specifitmobilization. The injection of
lymphocytes in such microfluidic conditions impliegore or less uniform distribution of
the cellular sample over the gold surface. In thisiation, specific spots can not be
accurately determined. As previously evidenced,eéfitient on-spot capture may be
enabled by imposing sufficient flow rate and ussmaller reaction chamber volume.
However, as experience shows, by using too thiw ft@ll (e.g. 50 um) none of cell
immobilization events are observed by microscopseleat a very slow flow rate).We
speculate that in this particular fluidic conditsocells are submitted to considerable shear
forces which disable their efficient on-chip capt(ft Too small reaction chambers should
be therefore avoided. In consequence, it is dedidede a flow cell of 200 um thickness
as described in section 4.2.1 and apply a flow e&®0 pL/min at least. Linear velocity is
therefore estimated to at least 0.25 mm/s at desrvas-section of the reaction chamber.

4.5.2 Buffer biocompatibility

One of the major issues when working with livingllceis to ensure
biocompatibility of the experimental buffers. Inighparticular study, proper conditions
need to be provided in order to trigger effectivdAdissociation and realize successful
target desorption (live cell in our case). The fermevaluation of the experimental
parameters points out that the running buffer néedse enriched with a denaturing agent
(here 20 % of N,N-dimethylformamide) to enable might destabilization of the DNA
substrate. DMF is however an organic solvent wischot a standard component of cell
culture media. Its polar nature may induce possifitieractions with the cell surface and
alter physicochemical properties of the cell membra.g. microviscosity. DMF has been
mainly considered in the terms of its toxicity inrhans and animals but is not classifiable
as a carcinogen by the International Agency foreBesh on Cancer (IARCJ/ Some
studies driven on cancer cell cultures report onHaNtuced inhibition of cell culture
growth (within many hours of incubation) and indant of cell morphological changes
(e.g. flattening, low density cells or cytoplasmatic engionsf>2%%° In particular cases,
loss of tumorigenicity or cells of more mature pbigpe are observed. Nevertheless, all
these effects are demonstrated to be reversidMiF is removed from the cell culture
medium.

Regarding to lymphocytes, DMF action has not bewlehy explored. It is however
evidenced that DMF does not have mutagenic inflaeme human lymphocyt&¢ and
induces inhibition of lymphocyte proliferation dog a long-time incubatioff? Since the
denaturing agent is crucial element of here usdfbtinat cells will get in contact with, it
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has been decided to perform preliminary tests t#&ryte incubation in the presence of
this reagentdf. Fig. 4.19). It turns out that cell viability isstained over 95 % within up to
three hours of incubation in PBS supplemented 2@®6 of DMF (v/v), independently if
splenocyte growth is stimulated with ConA or nat.the particular case of our study,
lymphocytes are suspended in the running bufferaf@hort time (lees than one hour).
They get in contact with DMF only when injectednhicrofluidics and till laser-induced
release. Once cells are released from the biosetm&yr might be resuspended in a buffer
devoid of DMF. Although DMF may alter cell morphgl or growth, the effect is
reversible as demonstrated by previous works. System may be thus successfully
applied to cell sorting purposes.
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Figure 4.19Incubation of the splenocyte sample in PBS suppieatewith 20 % DMF (v/v).

a) monitoring of cell viability within 3 hours of culre in PBS/DMF solution compared to standard
RPMI medium.b) visualisation of cellular sample upon 48 h of ination. Cell cultures are incubated at
37°C in the conditions of 95% humidity and 5% LOMF content do not reveals particular influence o
lymphocyte viability and morphological appearance.
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4.5.3 Specific lymphocyte capture revealed by microscopigisualizations

The developed strategy aspires to ensure contradgdure and photothermal
release of primary lymphocytes, by basing on amalegmolecular assembly as it was
demonstrated for the enzymatically driven desomptiBor this purpose, we use the
previously exploited on-chip assembly relying oncdnponent architectures. As
mentioned above, the experiment is driven in PEB % DMF (v/v) and by using 200 pm
flow cell assembled with DNA-biochip in the confrgtion of the home-made SPRi. A
mixture of B- and T-type cells stimulated in 48 hincubation with ConA, is introduced
and immobilized on the biosensor surface thankgh®& specific immunorecognition.
Therefore, B lymphocytes are directed to Zipl spesembled with anti-CD19 antibody
whereas T lymphocytes are recognized on Zip2 spbése anti-CD90 antibody is tethered
(both antibodies are immobilized through the retgvatermediate DNA strands and IgG—
DNA conjugates). Zip3 probe serves as negativerabeince it undergoes hybridization
with non-relevant IgG—DNA conjugate (anti-Hé:zo* and through Zip3*Ncd). The
step-by-step molecular construction is controlledreal time by SPRi which triggers
analogous reflectivity shifts as those previoudiyamed with rab-lgG—DNA conjugates.

In addition to SPRi data, cell immobilization is mired by direct observations
under the microscope (Fig. 4.20). Following theeatijon of splenocytes, we notice their
specific addressing on the corresponding spasZipl and Zip2) and do not observe any
of binding events on the negative spats. (Zip3). Confined on-spot cell trapping and
absence of significant non-specific adsorption datk the applied blocking protocol
(BSA/cytochromec) and the established hydrodynamic conditions. ddweer, under
sufficient magnification we can clearly observe pimiogical differences between the
immobilized cells which might confirm specific omlp immobilization of the
lymphocytes. Microscopic examinations of the sptses captured on the biochip surface
reveal indeed a considerable size contrast betegéhobserved on Zipl spots jgriori B
lymphocytes) and Zip2 spots (deduced as T lymplesg¢ytWe tend to explain this result
by the fact that prior to experiment, the splenesyare cultured in the presence of
concanavalin A (ConA) reported as T cell stimulatiactor.
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Zip1 (anti-CD19) Zip2 (anti-CD90) Zip3 (anti-HcB)
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Figure 4.20 Specific capture of B- and T-lymphocgt®n the DNA functionalized biochip and via «
directed antibody-DNA conjugates. B-cells are cegmluon Zipl probe by anti-CD19 IgG andcé&Hs or
Zip2 probe — by anti-CD90 IgG. Zip3 probe is usadnagative probe and assembled with relavan
anti-HcB 1gG.a) SPRi images of Zipl, Zip2 and Zip3 spdi;microscopic visualizations of the relev.
spots under x 10 magnificatio) schematic representation of the on-spot molecatsmblies ant
resulting cell captured) numerical magnification on the relevant spot areas

Concanavalin A is a homotetrameric lectin recoghias a mitogenic agent that
provides preferential activation of large numbefTetells” It binds with high affinity to
D-mannose and D-glucose sugar residues being aopafycolipidic and glycoproteic
structures of cell surfac®® Therefore, ConA presence in culture medium giigsto cell
agglutination which is also the case of the splgteoculture here studied (a great number
of floating cellular aggregates is observed stgrtinom 24 hours of incubation).
Concanavalin A induces proliferation of T-cells amthances their energy metabolism by
boosting ATP turnove?® Upon stimulation by the mitogenic agent, T lympjtes
constantly divide from lymphoblasts grouped in tagglutinated cell aggregatés.
According to Abbast al, lymphoblasts are considered as large activategbhocytes
characterized by more important number of orgasddied increased cellular metabolism
reflecting a greater cytoplasmatic volufielncubation of mouse lymphocytes in the
presence of ConA reveals in fact ~2 um cell diamgtewth within 48 hours of culture.
(Fig. 4.21) Since the influence of concanavalinrAstimulation of murine B-type cells has
not been evidenced, we can speculate that increeskdsize is mainly due to T-
lymphocyte growth. It seems to explain size diffexes observed for the lymphocytes
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captured on the biochip and thus may testify a esgfal immobilization of B-cells on

Zipl spots and T-cells on Zip2. However, an indejemt test based on cell
immunostaining by using fluorescence markers cbel@dditionally envisaged in order to
unequivocally confirm the specific cell capture.
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4.5.4 Lymphocyte desorption by the local heating

As we know, living cells are physiologically indepkent entities which
equilibrium is prone to be destabilized in the pree of different environmental stimuli.
Laser illumination is thus a potential source dfuter stress depending on its wavelength
and intensity, optical focalization, irradiationme, etc. The beam of high-energetic
photons may induce variations of thermal (tempeeatocrease), electric or mechanical
(e.g. cavitation bubble) parameters in the cell envirentn The results of such
modification can be harmful for the cell physiologi condition. However, some studies
show that laser-induced stress wave does not raxdgsproduce fatal-to-cell effects.
Maezaweet al. elucidate similar influence on differentiationawlls when detached from a
surface by laser-induced stress or by trypsin rmeat?*® Some lasers have also been
safely used in the field of photothermal therapyeaNinfrared laser generating
photothermal effect on gold NPs is shown to be maifly absorbed by biological
tissues?” %" Regarding to the single cell level, a red lightelais reported to produce
some morphological chand&$ and enhance lymphocyte proliferati$i. In these
examples, laser biocompatibility is mainly discukse terms of direct cell exposure to a
laser beam. In the case of our study, cells areekewintroduced in the environment
devoid of direct laser radiation (only small pdrtlee laser energy is reflected on the glass-
gold interface). Namely, the photothermal effeaduced on the gold surface plasmons
generates a non-radiative dissipation of the en¢ogthe cell surrounding medium by
means of the electric field enhancement and thepéemture increase. These two
parameters should be in reality considered as patesource of cell stress. However, as
we will see, the obtained results seem to provedmpatibility of the developed strategy.

The following experiments employ the optical configtion combined with the
diode laser integrated with an optical fiber, 220 mW). Once the lymphocytes are
specifically captured on the DNA-based moleculaseashly, we proceed to their
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sequential liberation by the laser irradiation. fetothermally driven release is executed
locally on each relevant spot and followed in i@k by microscopic visualizations (Fig.
4.22). The registered optical images evidenceghdace lasing step induces the localized
detachment of cells which occurs instantaneousigceSthe laser tracing is remotely
controlled, B- and T-type lymphocytes immobilizedl e relevant spots (Zipl and Zip2
respectively) are subsequently released in indegrgrgpot-specific steps.

Figure 4.22 Sequential release of B- and T-type cells by légam:a) laser tracing on Zip1 spot and release
of B lymphocytes captured via anti CD1%edRI*; b) laser tracing on Zip2 spot and release of T
lymphocytes captured via anti CDI®wil*. All images are obtained upon x 4 magnification

Willing to realize photothermally driven cell sorgj from the biochip surface, an
important concern is also to evidence the reudghofi such system. As it was previously
demonstrated at the molecular level, oligonuclentmtobes retain their integrity over
lasing step and proper biochip assembly may benexkt In addition to this, we hereby
prove that cells introduced to reconstructed micegaare still specifically captured on the
spots where material was previously removed (F2B8¢%

Anti-CD19
(Zip1)

Anti-CD90
(Zip2)

Figure 4.23 Reusability of the developed biochip system). B- and T-type lymphocytes
immobilized by proper antibodies tethered on Zipdl Zip2 spot, respectivelys) cell detachment
by local heatingg) successful capture of splenocytes upon recongiruof the relevant molecular
assembly (Zip1*EcdRl + anti-CD19-EcoRI* on Zipl spot and Zip2Pvul + antii-CD90-Pvul*
on Zip2 spot). All images are obtained upon x 4 mifagation.
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When performing microscopic observations duringodetson step, the laser
localization is identified as reddish spot barelyservable because only inconsiderable
percentage of the radiation is reflected (probairiythe gold-glass interface defects) and
may be directly observed. It confirms that a gpeat of the energy is involved in coupling
with the surface plasmons and further transformatm the local heating. Considering
single cell release events, we speculate that #fierlaser-induced DNA dissociation
occurs, a liberated lymphocyte is orthogonally tspd by convection currents and carried
away in hydrodynamic buffer flow.

In reality, the laser spot specific to the fibeodk laser is bigger that the one
obtained for simple diode laser previously emplofleder spot diameter of ~550 um and
~100 pm, respectively). This certainly results @ttér distribution of thermal energy to the
local medium. Even if the level of energy consumped surface unit is lower than for the
diode-laser (0.3 compared to 1.9 pW/Aymve opine that the observed here micro-object
desorption is mainly enabled by more efficient ritdsition of the locally produced heat.
Namely, the laser spot of greater size generatgsrigrofile of the heat diffusion which
covers more of the surrounding solution volume.hditgh the measurement of local
temperature increase is not done and comparatindy s disabled, an efficient release of
the immobilized cells induced by the fiber-diodsdais here demonstrated. More detailed
characterization of the thermal conditions generdte the photothermal effect near the
surface need further investigations and will bedbgct of a future work.

4.5.5 Laser-induced release observable at single cell kv

In another approach, we attempt to demonstrateliotéothermally driven release
by observations at the level of the individual lympytes. Namely, we use a DNA-biochip
functionalized by microcantilever technique whictakles to obtain probe spots of a few
micrometer size. This polypyrrole-based spottinghtmlogy has been developed in
LAAS-CNRS laboratory from Toulouse (France) anceddfthe possibility of biomaterial
deposition in form of miniaturized spdt$:2’?(Fig. 4.24) In a previous work, such high-
density matrix is reported to realize an organaatof lymphocytes by dint of specific
antibodies grafted on the surf&f@ By using the relevant molecular assembly including
IgG—oligonucleotide conjugates, DNA matrix is camsently transformed to the cell-
specific antibody microarray capable of capturimg aell per each microspot of ~7 um in
diameter. Although totality of microspot matrixnst occupied by properly immobilized
lymphocytes, we do not observe any cell bindingnegative spots (polypyrrole in this
case) and thus consider cell recognition as specifi
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Figure 4.24 Lymphocyte immobilization on the DNA-based biocfimctionalized by microcantilever (left
image) electrospotting technique. The obtained aosjoots have about 7 pm in diameter and enable to
resolve cell immobilization to each individual sp&pecific capture of the splenocytes is realizadthe
molecular assembly based on the IgG—DNA architestur

One advantage when using the biochip of dense xnadmposed of microspots is
that we may focus on a smaller area of the locatihg and observe release phenomena on
the individual lymphocytes (Fig. 4.25). Cell libeom is in reality instantaneous and
evidenced for single cells — optical magnificatiprovides real time observation of
individual lymphocytes released in the laser illoation spot and its subsequent carrying
away in the buffer flow. From the registered imagess possible to conclude that
lymphocytes keep their integrity since they are destrated as well-defined discrete
objects withdrawn from the biochip surface by hyfymeamic flow. Although, any regular
studies of morphological cell modification possilggoduced in the photothermal effect
are not carried out, we may consider the demomstregsults as sufficient to prove that
such strategy may find an application to cell sgrfpurposes.

Figure 4.25 Focus on release phenomena of B-type cells byr-ladaced local heating. Primary
lymphocytes are immobilized on Zipl microspot matia an antibody-oligonucleotide conjugate (anti-
CD19-EcaRI*) and instantaneously desorbed by phototherifiate
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4.6 Conclusions

Recapitulating the presented findings, we must dimgethat photothermal effect
assisted by surface plasmons can efficiently releaaterial immobilized on a biochip
surface. The developed instrumentation enablesdbtze locally defined desorption of
molecular targets, synthetic microbeads and biockdgsells as well. Further improvement
of the experimental set-up can be however foresEea.proposed configuration requires
certain level of manual manipulations - mainly bedw each step of laser-induced
desorption, when the laser source is momentarilgoxeed and SPRi signal retrieved.
Better solution would be therefore to employ a edlsaser permanently installed with
SPR imaging set-up where a remotely controlledtshuiould cut the signal registration
for short intervals during the lasing step. Thisuldoenable simultaneous detection of
reflectivity variations accompanied by phototherdmalduced desorption.

Further development may be also proposed in théemat flow cell used in this
study. Conception of new microfluidic modules mag/ foreseen in order to provide an
oriented flow of micro-objects and to make their-atnip distribution more uniform.
Pertinent solutions are given by advanced faboecatechniques based on lithography in
polymers?’* Cyclic olefin copolymer (COC) is an example ofnisparent and resistant
polymer which is of great interest for new appiioas. Its excellent properties make it a
high-tech material for micro- and nanodevice depelent’”® The preliminary tests with
COC-made microfluidic modules are currently carreed in the CREAB laboratory (L.
Leroy, Y. Roupioz) and mainly focused on applicatio biochip systems based on living
cells or bacteria.

The presented in this study approach may open upeto perspectives founded
upon controlled release of species from a DNA naimay. The strategy benefits from the
intrinsic thermodynamic properties of DNA doubleasd which can undergo dissociation
if local heating applied. The advantage of the pemgl approach is that the experiment is
driven in the absence of marker®. on native cells, and followed in real time by SPR
imaging and microscopic examination. Moreover, iagticular on-chip assembly enables
regeneration of the original matrix that can be leygd for further biosensing
investigations. Since the biochip is based on DNwanaistry, a future development may
rely on the conception of tunable system by intohcly DNA building blocks of a
different thermodynamic equilibriune(g. by point mutations or various DNA length) on
the same sensor surface. It could thus produceptlissociation events at well-defined
temperatures giving birth to more sophisticate@asé strategies. Since a DNA matrix
may be easily transformed to cell specific micrégrat (thanks to antibody-DNA
conjugates), an efficient cell sorting from complbiological extracts could be thus
enabled.

Apart characterization of cellular suspensions, deeeloped methodology may
find also other applications. As it has been dertrated in our study, samples issued from

145



CHAPTER 4 LOCAL HEATING BY THE PHOTOTHERMAL EFFECAS A TOOL FOR CONTROLLED RELEASE

the experiment are assayed by mass spectrometigigee in terms of specific protein
identification. In this particular case, such prediag is a kind of proof-of-concept that
confirms target-specificity of the developed rekeadrategy. Nevertheless, the present
methodology may become a powerful tool to analyaenmlex biological samples(g.
plasma, cell culture supernatants), if further ioy@ments are introduced. Integration of
DNA biochips and protein-DNA conjugate chemistryoirSurface Plasmon Resonance
technique combined to MS analysis may give solidebafor construction of novel
versatile device potentially explored in the fiedfl proteomics. Automation of sample
identification process, reduction of recovered semplumé® and enabling investigation
from weak quantities of analyte would thus openoves applications for the ligand fishing
from diverse biological materiafs?
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Concluding the present PhD thesis, | would likegicapitulate the overall findings
here reported and put forward some perspectivasttibadeveloped biochip can open up
to. By this work, we have shown the example of bipgerforming in selective capture of
several molecular and cellular targets as wellhasr tsubsequent release under spatio-
temporal control. DNA-based matrix has been theeefproposed as a miniaturized
molecular platform, easy to fabricate and handleking it a versatile tool for biosensing
strategies. It was demonstrated that a DNA miceyacan be readily turned into an
antibody pattern with help of proper antibody-ohgacleotide conjugates. The developed
synthetic approach permitted to obtain a monocaipd) IgG—DNA product with
satisfactory yield and proven functionality in thieree-component biochip assembly.
Further, the proposed conjugation protocol mightdpplied to create a set of IgGs
combined with exclusive DNA oligomers in order &alize multiplexed capture of several
targets. By using antibodies directed to speciiiiiggns €.g.proteins, cells, bacteria), they
can be properly addressed on the biochip surfadetlams open up an opportunity of
efficient “ligand fishing” or cell sorting from agterogeneous mixture. Indeed, the reported
study has evidenced a controlled sorting of B angniphocytes to well-defined spatial
locations, characterized by cell-specific molecalssemblies.

The main goal of the present project was to enab$pecific sorting of cellular
samples into individual fractions of cells. Accargito the announced objectives, we have
demonstrated a DNA-based microarray performing ctigke capture and subsequent
release of B and T lymphocytes characterized bgipghenotypes (CD19 and CD90,
respectively). Living cells were addressed on thechop with help of corresponding
surface functionalization, resulting in great atfirto the defined cell type (anti-CD19 and
anti-CD90 I1gGs). Proper molecular assemblies altbw#icient immobilization of the
lymphocyte subsets onto spatially confined aremgjel spots (several hundreds of cellular
entities per spot) or microspots (one cell per spdtibsequently to the realized on-chip
capture, cells were shown to be released by ditwofndependent strategies.

The former approach of cell release was providedth®y enzymatic cleavage
performed with help of endonucleases yielding acifigedigestion of well-defined DNA
sequences (restriction sites). The latter methagpoleelied on direct dissociation of
dsDNA substrates enabled by local heating generatédde photothermal phenomenon.
The main features of the both proposed strategeegrauped in Table 5.1. By the present
work, we have demonstrated the performance of tbpgsed strategies by realizing a
programmable sorting of two types of lymphocytestiBdeveloped approaches can be
potentially extended to more multiplexed systemsueimg specific release of several
cellular targets. On the one hand, it can be aekidvyy using different commercially
available restriction enzymes which are prone tdope precise cleavage at different
oligonucleotide sequences. On the other hand, -ladaced dissociation of double-
stranded DNA offers a possibility to use thermodyitally different substrates which
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denaturation is achieved at a distinct level ofltdwl heating €.g. point mutations§?? In

the first case, using several restriction enzymea single experiment incurs however a
risk of star activity (relaxation or alternation ehzyme specificity) and considerably
increases the cost of cell sorting strategy. Théhatkbased on photothermal desorption
seems to be more straightforward and does notvevble use of costly reagents. The main
issue of the second strategy is employment of stiphted instrumentation which involves
integration of optical elements (SPRi system, ldmsrm) and precise mechanical control
system (positioning of the laser spot). Nevertrelébe both proposed capture-release
systems benefit from a real-time and label-freeect&in by SPRi. Unlike FACS- or
MACS-based methods, the developed approaches etmldenduct an assay on crude
biological samples devoid of particular pre-progcegsstep (.e. labeling). Moreover, a
great advantage of the DNA-based biochip is thakit be regenerated and the original
matrix recovered, once an individual test has bemmomplished. In the future, it could
thus provide an opportunity for high-throughputdé&s of complex cellular samples in the
scope of human immunology or for biomedical invgssiions.
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ENZYMATIC LASER DRIVEN
CLEAVAGE DESORPTION
principle of cell enzymatic digestion of DNA dissociation of dsDNA by local
release substrate heating

desorption time spaf

several minutes

over seconds

source of multiplexeq
analysis

multitude of restriction sites

large variety of synthetic
oligomers (different sequence
lengths, point mutations)

weakness of cell
sorting strategy

consumption of additional reager
(enzymes)

sophisticated instrumental set-u
(SPRi combined with precisely
controlled laser source)

potential
improvements

- recovery of cell fraction
- simultaneous microscopic
observations

- new flow cell design
- introduction of a pulsed laser fd
simultaneous SPRi detection an
laser desorption
- recovery of released sampleg
(cell sorting,ligand fishing)

Q=

required conditions
for successful relead]

- temperature 37°C
- buffer (Md¢* content)

- powerful laser source
- destabilizing conditions (additio
of DMF)

-

advantages

- highly-specific cell capture based on immunorexton
- robust biochip molecular assembly (DNA matrixGDNA
monoconjugation)
- reusability (regeneration of the original matrix)
- label-free method (no sample pre-processing ribede
- simultaneous monitoring of molecular and cell@aents

Table 5.1Comparative table of both developed strategiebforting
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CHAPTER 5 CONCLUSIONS AND PERSPECTIVES

The hereby developed biochip system emerges theraka potential cell sorting
tool prone to find an application in advanced stadin blood cells. The reported findings
describe selective release of B and T lymphocytem fa functionalized surface into
separate fractions that can be imaginably devatatbtvnstream analysis at different level
(whole-cell functional assays, transcriptomics prateomics). Thus, the established study
provides an attractive element in the field of e#sk on the undiscovered aspects of the
human immunology. Indeed, thorough studies on aiggdymphocyte family could pave
the way to better understanding of defense mecmanizgainst pathogenic infections,
malignancies or particular reactions of auto- atid-immunity. Apart from answering
many questions of the immunological nature, protbuexamination of individual
lymphocyte populations could drive to formulatioh riovel strategies to cure various
diseases with immune foundations. Indeed, numerdestious disorders still do not have
an efficient treatmenie(g.HIV) and evaluation of new vaccines and biologdalgs is of
great interest. Bioassays carried out on spegifigphocyte units might provide a detailed
screening of immune cell responses upon contadt antigen and thus enable essential
information in the design of novel pharmaceuticssgecial focus in the development of
new vaccines is ascribed to cancer immunology. €y employed methods examine
lymphocytes on a large scale and thus only offatistically meaningful results.
Investigation of discriminated populations of themune cells is a valuable approach that
shall give a larger insight into immune responsesolved in cancer. Further,
comprehensive examination of individual subset$ywiphocytes is highly advantageous
when assaying immunological responses againstteffeoriginating from the same or
foreign host organism. It could open up to ratiotnehtment of autoimmunity disorders
and rapid diagnostics in the field of clinical tspfantation.

{ Vaccine development }
Blood cell
sample /ﬁ
Pathogenesis of
} IMMUNOASSAYS /

Sorting into defined 1 cytoki ne p rofili ng

B I o‘H IP subsets of lymphocytes

diseases

apld diagnostics i
nical transplantatl C

v

- antibody screening

- testing of antigen \
specificity Dlscovery of
\ / blologlcal drugs
\ [ Rational treatment of ]

autoimmune disorders

Figure 5.1 Potential applications of the developed biochipstndies on several aspects of the human
immunology.
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In the matter of cell-based biosensors for resegadis, an extremely challenging
approach is to provide the design of such miniaagtisystems that are capable of working
at single cell level. Strategies of that kind axtremely attractive for various research
purposes because they offer a great potentiaktmder particular features of a cell type of
interest in terms of its proper functionality antlysiology?’® Such approach is also
interesting in regard to studies based on immunlés,caiming to reveal complex
mechanisms of immunological responé¥s.

Using the molecular tool developed in this work,iamiguing study is currently
carried out on development of an original biosertkat may be potentially employed to
explore lymphocytes at a single cell level. Asutfof collaboration with J. Liu (CREAB),
we demonstrated a specific trapping of individuaimune cells inside pores of
micrometric size ¢f. Fig. 5.2). The inner wall of such micropore wadgoally
functionalized by Zip sequences (using CLEF proé&sand a single lymphocyte was
captured by dint of the cell-specific antibody congal with a corresponding DNA strand.
Therefore, this study exemplifies the developmédrd single-cell biosensor that may give
the opportunity of thorough studies driven on vasi@ellular samples from the angle of
individual cell metabolismg.g. secretory activity), morphological changes, paiga
behavior etc.In the field of assays at single-cell level, atrexely interesting approach is
to give the insight into functionality of an excds immune cell unit (a lymphocyte
characterized by a well-defined phenotype) and further development will be continued
in this direction.

anti-CDY90

Figure 5.2 T lymphocyte captured inside a micropore.
Inner wall of the ppore is functionalized by Zip2dathe
cell is trapped by dint of adequate molecular agdgm
(Zip2*-Pvul + anti-CD90-Pvul*).

Isolation of well-defined cell samples emerges oty as a breakthrough in the
fundamental research but in biomedical field ad.vitalen if the proposed microsystem is
far from a real “point-of-care” device, such calrting methodology could be foreseen as
a potential tool in medical diagnostics. It coulkerefore enable a rapid and label-free
assessment of parameters based on blood cell sgmlig. cancer biomarkers, viral
antibodies). Biomedical application demands howekiat a potential test fulfills several
important criteria like precision of measurementearity and reproducibility of the
generated data. Every diagnostic tool needs to emsw these requirements for a
standardized performance before it really finds dpplication at the site of patient care.
We consider the present work as development ofildibg block of potential diagnostic
device that in the future may find the light of day
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Chapter 6

Experimental section

155



156



6.1 EXPERIMENTAL SUPPLIES

This chapter introduces all necessary elementsectoimg the experiments which
results have been discussed in the previous pdrtheo present manuscript. At the
beginning, an exhaustive list of the used matergjzresented where following items are
listed: chemical reagents, synthetic oligonuclezgtidbiomolecules (antibodies, proteins)
and finally cells assayed within the framework efdby reported studies. Subsequently,
detailed protocols of the concerned experimentdaseribed. A step-by-step description
of these proceedings gives thus thorough insigbttime developed experimentation and if
needed may help to reproduce it in the future.

6.1 Experimental supplies

Chemicals

- NacCl, KCI, Dithiothreitol (DTT), NaOH, k50, 96%, HO,, Dimethyl sulfoxide
(DMSO), Sodium dodecyl sulfate (SDS), Tris(2-cangethyl) phosphine
hydrochloride (TCEP), 1-dodecanethiol, Phosphati#eB&aline (PBS),
Ethylenediaminetetraacetic acid (EDTA), salmon DAmMg/mL), Denhart 50x,
acetonitrile, RPMI-1640 culture medium, Sodium pyie, 2-Mercaptoethanol,
Penicilin-Streptomicin stabilized solution, , Mg@Eigma-Aldrich, France

- NH4HCO; LICIO4, N,N-Dimethylformamide (DMF), Tween2®luka, Francé

- Ethanol (96.2% and 99.9%&rlo Erba reagents

- Tris-HCI (Tris(hydroxymethyl) aminomethandhi{erchim, Francg

- Pyrrole Tokyo Casel, Japan

- Streptavidin conjugated polystyrene microspheres @olysciences Europe
GmbH, Germany

- SM(PEG); (succinimidyl-[(N-maleimidopropionamido)-dodecagtneglycol),
Succinimidyl-6-(biotinamido)-6-hexanamido hexano@ietin-NHS) Thermo
Fischer Scientific, Frange

Materials

- Glass prism (angle 60°) top-coated by double metiayer: titanium 5nm and gold
45nm of thicknessHoriba Scientific-GenOptics, Frange

- Glass slide for microscopy coated by double lagieromium (2nm) and gold
(55nm) Schott Swiss SA, Switzerland

- HPLC column: HiTrap™ Q FF 1mL GE Healthcare, UK

- Spin filter membranes (500uL) 3kDa, 30kDa and 5@ kDNVCO {ivaScience,
France

- NAP™ 5 columns, Sephad&% G-25 GE Healthcare, UK
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CHAPTER 6 EXPERIMENTAL SECTION

Oligonucleotides

The oligonucleotide sequences were all purchasedh fEurogentec (France).
Probe sequences (oligonucleotideX84)) were coupled to Py-NHS as previously
described”® Zip1*-NH,(3') was conjugated to biotin-NHS as follows: biefiHS was
added in 20 molar excess to ~30 uM solution ofdligonucleotide (in PBS, pH 7.4) and
reaction was maintained during 60 min in room terapee; the conjugation product was
purified on NAP™ 5 column (elution with deionized water) and finedncentration
assigned by 260 nm absorbance measurement. This ainfurther absorbance
measurements were realized by using ND-1000 Spewitometer NanodropLébtech
Internationa).

Table 6.10ligonucleotide sequences employed in the preserit.w

Name Sequence’(53)
Probes
Zipl pyrrole-(T;)-GACCGGTATGCGACCTGGTATGCG
Zip2 pyrrole-(T;)-GACCATCGTGCGGGTAGGTAGACC
Zip3 pyrrole-(Ty)-TGCGATCGCAGCGGTAACCTGACC
NC pyrrole-(Ty)-TGGAGCTGCTGGCGT

Intermediate strands

Zip1*~EcoR| | TACCTTCG-GAATTC -ACTCGCACCGCATACCAGGTCGCATACCGGTC
Zip2*—Pvull | GACAAGGT-CAGCTG-TAGGCAAGGGTCTACCTACCCGCACGATGGTC
Zip3*~Ncd | CACTCACT-CCATGG-GCACTTGCGGTCAGGTTACCGCTGCGATCGCA

Targets
EcoRI* GTGCGAGTGAATTC -CGAAGGTA-(Ty)-SH
Pvul* CTTGCCTACAGCTG-ACCTTGTC-(Ty)-SH
Nca* GCAAGTGGCCATGG-AGTGAGTG-(Ty0)-SH
Zip2* HS-(T10)-GGTCTACCTACCCGCACGATGGTC
Zip1*—biotin biotin-(T;0)-CGCATACCAGGTCGCATACCGGTC

Complementary target strands are pointed out tsterisk (*).
Restriction sites are expressedaoid type.
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6.1 EXPERIMENTAL SUPPLIES

Antibodies

IgG from rabbit serum (Sigma-Aldrich, France)

Biotin-modified anti-rabbit IgG (whole molecule)tdody produced in goat
(Sigma-Aldrich, France)

Monoclonal rat anti-mouse CD19 (clone: 1D3) (BD ®i@nces, France)
Monoclonal rat anti-mouse CD90 (clone: G7) (BD Biesces, France)
Monoclonal mouse IgG anti-HcB domain kindly provday L. Bellanger
(CEA/IBEB, France)

Rabbit anti-CbpE 1gG was provided from timstitut de Biologie Structurale
(Grenoble, France)

Proteins

Streptavidin-R-phycoerythrin (STV-PHEn{itrogen, Francg

Concanavalin A (ConA)Sigma-Aldrich, France

Creatine kinase brain and muscle fractions, hur@&Bg8 and CKMM) VWR,
France.

Bovine serum albumin (BSAB{gma-Aldrich, France

Foetal bovine serum (FBS$igma-Aldrich, France

EcoRI enzyme 20,000U/mLNew England Biolabs, UK

Pvul enzyme 10,000U/mLNew Englands Biolabs, UK

Buffers

Hybridization buffer H: NaCl 537mM, PO, 10mM, KCI 2.7mM, Tween20
0.1%, Denhart 50x 2%, Salmon DNA (10mg/ml) 0.1%, p#

Rinsing buffer R: NaCl 537mM, PO, 10mM, KCI 2.7mM, Tween20 0.1%
Buffer GDALI: LiClIO4100mM, glycerol 1% (v/v), acetonitrile 30% (v/v)M350O
20% (v/v), prepared in 25mL of deionized water 21BIQ.cm)

PBE buffer: PBS, EDTA 5mM, pH 6.8 (IgG—DNA couplingaction)

Blocking solutions: 1% BSA (w/v) in PBS; 2uM cytaomec in PBS; 10uM BSA
+ 5uM cytochrome in PBS

Running buffer 1: PBS, MgelOmM, pH 7.4 (enzymatically driven release assay)
Running buffer 2A: PBS, DMF 20% (v/v), pH 7.4 (laseduced desorption of
microbeads and cells)

Running buffer 2B: NEFHCO; 200mM, DMF 20% (v/v), pH 7.8 (laser-induced
desorption of proteins for downstream MS analysis)
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- Buffer A: NaCl 137mM, Tris-HCI 20mM, pH 8.0 (HPLGugfication)
- Buffer B: NaCl 1M, Tris-HCI 20mM, pH 8.0 (HPLC ptigation)

Culture media

- RPMI-1640 culture mediuntfgma-Aldrich, France
- DMEM culture mediumlfvitrogen, Francg
- TH liquid broth 8D Biosciences, Frange

Cells and bacteria

- LS-102.9 (B cell hybridoma) and 3A9 (T cell hybnda), collaboration with P.
Marche frominstitut Albert Bonniot (IAB)n La Tronche (France).

- Mouse splenocytes (C57BI/6), collaboration w8 (La Tronche, France)

- Streptococcus pneumonidacteria (R6 strain), collaboration with T. Verifietm
thelnstitut de Biologie Structurale (IB®) Grenoble (France).
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6.2 EXPERIMENTAL PROCEDURES

6.2 Experimental procedures

6.2.1 DNA biochip fabrication by electrospotting

DNA chips were prepared either on a gold-coatedsgfaism (SPRi experiments)
or on a glass slide (fluorescence immunoassayr Ryi functionalization, the gold layer
was cleaned from potentially adsorbed impuritiesabgiranha solution (2:1 4304/H,0,
mixture; Caution: piranha solution is exothermia astrongly reacts with organics). An
alternative solution was to use physical cleaniygolrygen/argon (75%/25%) plasma
stream (plasma cleaner by Electronic Diener Gmbetn@any) but this protocol was not
regularly employed. The cleaned gold surface was tmmersed in 20 mM solution of 1-
dodecanethiol (in 99.9 % ethanol) for ~30 min amatemperature. By means of SAMs, a
hydrophobic layer was formed in order to enabldgdbetonfinement of probe spots and
avoid inter-spot contamination during the electai8pg process. After the hydrophobic
treatment accomplished, the surface was rinsedigihr@uccessive washes with ethanol
(96.2 %) and deionised water (18.Z0Mm). The DNA probe grafting was subsequently
realized upon electropolymerization method by ustnbome-made spotting device as
previously describetf! 1#?

Solutions of several oligonucleotide probek Table 6.1) were prepared in GDALI
buffer and could be stored up to 24h before us€)4Each spotting sample contained
20mM of pyrrole monomer and pyrrole-modified praied.2 uM, 1 uM, 5 uM or 10 uM
depending on the experiment. Subsequent concemtsatif DNA oligomer were prepared
by dilution in series with 20 mM pyrrole solutiom (GDALI). Electrochemically directed
copolymerization steps were achieved by using aapipette tip (10 pL) with an opening
diameter @) of around 400 pum, 800 um or 1200 um, equilibravét the 20 mM pyrrole
solution prior to use. The counter electrode (platn wire inside the tip) and the working
electrode (gold surface) were connected to an maitgyotentiostat (SP-200, Bio-Logic
Science Instruments or PGSTAT30, Autolab). The tpepgp was filled-up with a relevant
probe sample and placed over gold by using a numptrol device (ESP300, Newport).
Probe-bearing Ppy spots were synthesized by 2Mrelqaulse of 100 ms (10QA of
current range). Size of thus obtained spots wdsctefl in a charge recorded during the
deposition step: ~1.5 u@ € 400um), ~2.8 uCyp(= 800 pum) and ~8.8 p@E 1200um).
The registered charge values testified nanomédirakness of the grafted Ppy film which
is crucial for SPRi detection sensitivi§ Density of thus deposited oligonucleotide probe
was estimated to around 10 pmolfcm

Successive polymerizations were carried out upensdime process with different
oligonucleotide probes. Between consecutive tiglitogs, the microcell was abundantly
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washed with 20 mM Py in GDALI buffer in order todiece the cross-contamination risk.
Zip probes as well as NC (negative control) werpodéed in multiplets to control the
reproducibility (3-10 spots per probe). In a spedase of biochip devoted to the
photothermal protein desorption and further MS wsial large and more numerous spots
were grafted (over a dozen of 1200um in diametss)soon as the deposition of DNA
matrix has been accomplished, the prism (or shda$ disconnected from the system,
rinsed abundantly with deionised water and aftgmdr under an argon stream, stored at
4°C. Washing step was performed by dipping upsmlerdin a big volume of water in
order to avoid “comet tail” effectc{. Fig.3.12). Such biochip was used within a few days
but yielded a good hybridization signal when uskéraeveral months of proper storage.
Removal of the polypyrrole and complete regenenatid the gold surface could be
achieved by incubation overnight with 10% solutadfrtommercial bleach.

6.2.2 DNA biochip fabrication using microcantilever systen

Willing to reduce the probe spot size, electropaymation was performed by
using microcantilever system developed at the LAASRS laboratory (Toulouse,
Francef®® This system based on electrochemically driven siéipa of Ppy film, permits
to obtain up to 250,000 spots perfcand of ~7 pm in diameter. Analogously to previgusl
described method, spotting solutions used in thpement (1: Zipl-Py 10 uM + Py 20
mM; 2: Py 20 mM) were prepared in GDALI buffer (plgmented with 25% (v/v) of
glycerol to avoid excessive evaporation). Succesghectro-polymerization steps were
done by using microcantilever set?{fproviding precise control of the cantilever pasiti
by an external step motor. Analogously to the edsgiotting process described above,
cantilevers were filled up with the relevant spuitisolution and placed over the gold
layer. A 2 V potential difference was then appl{@00 ms) between gold surface (WE)
and the gold canal of the silicon cantilever (CEhe microarray was produced by
successive “touch and go” steps giving rise to &immaomposed of Zipl probe spots (5
pm or 15 um of lateral interval) and negative confPpy spots (15 pm of lateral
distribution).
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6.2.3 DNA and IgG coupling reaction

An antibody coupling with a short DNA oligomer (@hated target oligonucleotide)
was performed by using the hetero-bifunctional sfosker SM(PEGy), according to the
protocol represented on Fig.2.6 b). In the firspstan IgG molecule underwent covalent
coupling with the cross-linking agent. An appropeisggG was suspended at 10-20 uM in
pH 7.4 PBS buffer, then 100 molar excess of theFEMR) (stock solution at 100 mM in
DMSO) was added and the obtained solution genitgedt The IgG activation reaction
was carried out for 1 h at room temperature. Téwctive sample was consequently
purified on a NAPY 5 column previously equilibrated with PBE buffeiigle washing) in
order to remove the excess of the cross-linker.ifiPation eluate was therefore
concentrated by using 30 kDa MWCO spin filter meamar (15 min, 15000 g; single
washing with PBE) and suspended in PBE at ~25 piv. doncentration of the activated
antibody-maleimide was determined by 280 nm absmdaneasuremenggo = 210000
M~tcmd).

In parallel to the antibody activation, a DNA oliger suspended in deionised
water (80-95 uM) was mixed with TCEP (5 mM of firmincentration) and the solution
was homogenized. The reductive agent was addedathbcate disulfide bonds possibly
formed between thiolated DNA oligomers, prior tortfier coupling. The reduction
reaction was run for 30 min at room temperaturbovieed by purification on a NAP' 5
column (elution with PBE). The obtained eluate wascentrated by using 3 kDa MWCO
membranes (15 min, 15000 g; double washing with )PBEe final concentration in PBE
was assayed by 260 nm absorbance measurement.

The final conjugation was subsequently realized. #hts purpose, solutions of
reduced DNA oligomer and maleimide activated IgGrevput into reaction. A 2-fold
molar excess of the antibody was combined with Ei¢A strand, gently stirred by
micropipetting and allowed to react overnight abmotemperature. The reaction sample
was then concentrated to less than 100 pL by udihgbDa MWCO spin filter (15 min,
15000 g). During the concentration, buffer was exged to PBS pH 7.4 and sample was
consequently purified on anion exchange chromagbyra

The coupling protocol and purification method dethibelow, were analogously
used to conjugate creatine kinase with corresp@nbDiNA oligomers used in the studgf(
4.4). Protein activated by the cross-linker (CKBBGiKMM) and reduced oligonucleotide
(EcaRI*-SH or Pvul*-SH, respectively) were combined at 1 : 1.5 shddometric ratio
(kinase : DNA). Estimated yield of the obtained moonjugated products were ~25 % and
further optimization was not done.
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6.2.4 Purification of protein-DNA conjugate by anion excltange chromatography

Chromatographic purification of the IgG—DNA conjtiga sample was realized on
HPLC system Agilent 1200 Infinity Series LC (Agitefechnologies, France). The
employed apparatus comprised the following modwdestanual injector equipped with a
200uL injection loop, a 4-channel vacuum degasaequaternary pump, a multiple
wavelength detector (UV-Vis) and an automatic fractcollector. Effective separation of
the unreacted substrates as well as the conjugptimucts were provided by an anion
exchange column HiTraJ Q FF (ImL) characterized by 45-165pum of bead (3%
highly cross-linked agarose modified by'¢RHs)3). The described system was alimented
with buffers A and B meticulously prepared (filicat at 0.22um membrane) and properly
stored (4°C, up to one month).

Prior to injections, the HPLC system was purgechvdeionised water (3ml/min
flow, at least 10 min), washed with 100% of bufefor 3-5min and then equilibrated with
the starting buffer A (at least 5 column volumé®)e analyzed sample was consequently
injected to sample loop in 80-100 uL of total vokirfpartial loop filling avoided the
sample loss in laminar flow). Species were elutedhfthe column in adequate conditions:
1ml/min flow rate, working pressure of around 20 &ad NaCl gradient from 137 mMk(t
=5 min) to 784 mM ¢ = 30 min). In reality a two-step gradient was &hl 1) 5-10 min,
~60 mM NaCl/min (up to 35% of buffer B) and 2) 104®in, ~17 mM NaCl/min (35% to
75% of buffer B). The second slower gradient wapleged in order to obtain better
resolution of peaks corresponding to fractions Fr{oconjugated IgG-DNA) and F3
(multiconjugated products and/or free oligonucldes). Purification products were
followed by simultaneous absorbance measureme®&0atm, 260 nm and 280 nm.

Fractions corresponding to peaks registered onrangktographic profile were
collected, concentrated on 30 kDa MWCO spin fiteembranes (15 min, 15000 g) and
suspended in pH 7.4 PBS. Collected fractions warBsequently assayed by UV
absorbance measurements at 260 nm and 280 nmgGhieading by DNA oligomers as
well as concentration of the monoconjugated IgG-DAre assessed by using the
obtained 260 nm and 280 nm absorbance véfies.
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6.2.5 Immunofluorescence assay

The immunofluorescence test was realized to askastions F1, F2 and F3
obtained upon purification of products issued fritv@ conjugation reaction of rabbit IgG
and Zip2*-SH (rab-lgG—Zip2*). For this study, a datovered glass slide was
functionalized with Zipl, Zip2 and NC sequences (niplets) according to the
electrospotting protocol. Such DNA biochip wastfirsncubated with blocking solution of
1% BSA in PBS (room temperature, 10 min). In threkependent assays, the probe matrix
was incubated for 15 min (45°C) with a hybridizatisample containing one of the
relevant fractions (F1, F2 or F3) suspended inhyigridization buffer H. Each solution
was supplemented with 0.1uM Zipl*—biotin for positicontrol. After hybridization, the
biochip surface was abundantly washed with rindioffer R and incubated with biotin-
conjugated anti-rabbit IgG (1/1000 dilution in PB&)ring 30 min at 37°C. The biochip
was then washed with PBS and treated by 5% STWR 6 PBS for 10 min in the dark
(room temperature). After abundant rinsing with PB8orescence signal read-out was
directly observed by using optical microscope (BR&furnished byOlympus Opticgl
equipped with x 4 microscope objective WIG filttnages were registered by 8-bit CCD
camera flamamatsy and proper softwarBnage ProPlugMedia Cybernetigs Between
each fraction assay, the biochip was regeneratdd WiM NaOH (2-3 min incubation)
and equilibrated with the R buffer prior to subsemfuhybridizations.

6.2.6 PS microbead sample preparation

Streptavidin-coated polystyrene microbeads were booed with biotinylated
species (anti-(rab-IgG) IgG-biotin or Zip1*-biotyigr to injection. 150 pL of microbead-
STV at 1.38 % (w/v) was submitted to triple washim@.5% BSA solution in PBS (6 min,
10000 g) and re-suspended in the same volume (& WBEh 0.5% BSA). 100 pL of
washed microbeads were mixed with 10 pL of Zipldtim (at 100 pM). 50 pL of
microbead solution was combined with 20 pL of aithit IgG-biotin (1/2000 dilution in
PBS + 0.5% BSA). Both solutions were incubated ‘@ during 30-40 min. After the
incubation, samples were washed three times (6 md©00 g) and functionalized
microbeads were re-suspended in PBS + 0.5% BSAtieoluo the following final
concentrations: pbead-STV-biotin-Zipl* at 0.07 %/wand pbead-STV-biotin-IgG at
0.14 % (wl/v). Loss of the microbeads during waslsitggps was neglected.
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6.2.7 Preparation of cell sample

Hybridoma cell lines LS-102.9 (B cells) and 3A9 (T cells) were kindlsopided
by P. Marche froninstitut Albert Bonniot (IAB)n La Tronche (France). Frozen (-70°C)
cell suspensions were thawed and incubated in atdncbnditions for mammalian cell
culture (37°C, 95% humidity, 5% G Hybridoma cells were grown in DMEM culture
medium supplemented with 10% FBS, non-essentiah@anaicids (0.1 mM), sodium
pyruvate (1 mM), 2-mercaptoethanol (50 uM), pehici{50 U/mL) and streptomycin (50
pg/mL). Culture was driven during a few weeks aeliisavere regularly splitted to a fresh
medium. Prior to use in the experiment (capture r@&hebse by enzymatic cleavage), LS-
102.9 and 3A9 were centrifuged (5 min, 300 g) andpsended in the PBS buffer
supplemented with 10 mM of Mgg(running buffer 1) at 0.5 - 1.0 x 4@ells per mL.
Number of cells in a sample was estimatedCafl Viability Analyser Vi-Cell (Beckman
Coulter).

Primary splenocytes were collected from an adult C57BIl/6 mouse (female
Directly after removal of the spleen, cells werpagated on a grid mesh and suspended in
cell culture medium (RPMI). The cellular suspensigas then centrifuged (5 min, 300 g)
and incubated with a lysis buffer (8.3 g/L MH, 0.8 g/L NaHCQ, 0.04 g/L EDTA)
during 5 min in order to eliminate red blood cels.and T lymphocyte mixture was
washed in PBS and centrifuged again (5 min, 300Cg)l pellet was subsequently re-
suspended in a complete medium: RPMI supplemenidd 10 % FBS, penicillin (50
U/mL) and streptomycin (50 pg/mL). Concanavalin Aswadded (at 2 pg/mL of final
concentration) in order to stimulate T lymphocytelieration. Cells were cultured for 24
to 72 h at 37 °C in the environment of 95% humidityg 5% CQ(Forma Steri-Cycle C®
Incubator, Thermo Scientific Prior to injection into the SPRi microfluidicsnouse
splenocytes were centrifuged (5 min, 300 g) anghexaded in the adequate experimental
buffer at 3.0 - 5.0 x TOcells per mL. In the enzymatic cleavage experimeells were
injected in running buffer 1. For the photothernd@sorption test, lymphocytes were
suspended in running buffer 2A or the completeucalimnedium.

Streptococcus pneumoniaéR6 strain) used for the bacterial study was a non-
encapsulated derivative of strain R36A (qgift frohe Rockefeller University, New York,
USA). Bacterial culture was kindly performed by S. Buoalia (CREAB), in TH liquid
broth (composed of bacteriological peptone, hedtision, dextrose, NaGONaCl and
NaCOs). For the SPRi experiment, bacteria were retridvash mid-exponentially grown
cultures (ORoonm = 0.4). The given optical density (OD) correspondedl® colony
forming unit per milliliter (cfu/ml), calculated bgounting the colonies grown on solid
support. Prior to injectionS.pneumoniaeulture was extensively washed in PBS by two
consecutive centrifugations (20 min, 1500 g). Tlaetérial pellet was eventually re-
suspended in running buffer 1 at finaP £fu/mL concentration.

166



6.2 EXPERIMENTAL PROCEDURES

6.2.8 Target release from the biochip by enzymatic cleavge

The molecular phenomena (hybridization and enzyraéavage) as well as cell-
involving events (capture and release from biochkipface) were monitored by a
commercial SPRi apparatudHdriba Scientific-GenOptigs The optical set-up was
equipped with a 660nm LED and a 16-bit CCD cam@ike( F-145B or Dolphin F-145B
by Allied Vision Technologies GmbHs well as a TM/TE polarizer, a rotary mirror and
set of biconvex lenses. Adapted microfluidics wasposed of a syringe pump (1 or 2.5
mL Cavro XLP 6000 Pump bjecan Systems, In@ degassing system (EfiteDegassing
System byAlltech) and a 6-channel injection valve. The main tu@80 um or 760 pum
of ID) as well as the flow cells (~15uL of reactionamber volume) employed here, were
integrally made of PEEK. In a particular case dfutar sample injections, a transparent
polyethylene-based tubing (760 um of ID) was uged.8.7). The running buffer 1 (PBS
+ 10 mM MgC}) was delivered at a flow rate depending on theegrpental step: 20
pL/min during biochip molecular assembly (internaei DNA strands and IgG—DNA
conjugates), 7-10 pL/min within the enzymatic diges step, 15-20 pL/min during
bacteria injections and higher values when lymphexyere injected (50-100 pL/min for
hybridomas and 20-60 pL/min for splenocytes).

A functionalized DNA biochip (Zipl, Zip2, Zip3 amdC) was set up with a flow
cell and housed in an incubator (IPP4R@mmer}t at 37°C during the whole experiment.
Prior to assay, the biochip surface was submittedltrasonication (1-2 min) and then
incubated with blocking solution: 1% BSA in PBS %in) or a mixture of 10 uM BSA
and 5 pM cytochrome in PBS (45-60 min) which was preferential for dedised assays.
The main experiment was followed in real time byREReflectivity signal monitoring),
once the initial adjustments had been accompligkgdilibration with buffer, choice of
the working angle). Molecular as well as bacteaall cellular samples prepared in the
running buffer 1 were manually injected by usingO20 injection loops. Firstly, the
intermediate DNA oligomers were independently idtroed to the bioreactor (150 nM).
Subsequently to that, injections of correspondgi@4DNA monoconjugates at 50-60 nM
(as calculated concentration of the relevant adiipaovere performed. Following the
molecular construction, lymphocytes or bacteriaeMeaded on the biochip within 2-3
repeated injections at an adequate concentratiailett above. After cell-specific capture
has been done, the restriction enzymes were injaateéwo subsequent digestion steps
(200 U each)Ecarl andPvul enzyme samples were prepared directly beforerjeetion
and remained for 20-30 min in the reaction chamfpetal duration of the enzyme
injection). During the enzymatic cleavage stepactfons were recovered from the outlet
of microfluidics directly into a 1.5 mleppendorftube and could be devoted to further
characterization.

The employed biochip was regenerated by 0.1 M Na&@lHition (2-3 min), washed
by water and dried under an argon stream. Suclmpnias stored at 4°C and could be
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potentially used in subsequent experimentationerAthe experiment, the microfluidic
system was cleaned by 2% solution of the commelntézich (at least 30min), then washed
by 1% solution of SDS and finally deionised wakegistered SPRi data (proper software
by Genopticy were subsequently treated as described in therdgipes.

6.2.9 Controlled target desorption by photothermal effect

The experiments of photothermally induced desomptibbiomolecules and micro-
objects were realized on a home-made system dkiail€hapter 4. Running buffer 2A or
2B was delivered by a 50 mL syringe pump (A-B8zel Scientific Instruments Inaf 20
pL/min within whole assay (unless specified) anatigh PEEK/polyethylene tubing (ID
= 760 um). DNA biochips were prepared accordingh® electrochemical deposition
process resulting in probe matrix composed of smdtgdiameter depending on the
experiment: 7 um or 800 um for cell-based assayl208 pum in pbead and protein assay
(in order to enable high level of material immataliion which is eventually desorbed for
downstream MS analysis).

Prior to the assay, a DNA biochip was cleaned inulirasonic bath (1-2 min)
followed by incubation in a blocking solution depgerg on the experiment: 15 min with
2uM cytochromec (in PBS) for assay at molecular level, 15 min wi# BSA (in PBS)
for PS-pbead assay and 45-60 min with a mixturgéOpfM BSA and 5uM cytochrome
(in PBS) for cell capture-release experiment. Gtheebiochip assembled with an adequate
flow cell (detailed by the occasion of each expenth has been placed into the optical
system and the initial settings have been accohgdigmanual adjustment of the working
angle), injections of relevant specimens could star

Molecular samples were prepared in buffer 2A forcnoibead- and cell-based
experiment, and in buffer 2B in protein assay totier MS analysis. They were manually
injected by using an injection valve equipped w00 pL or 500 pL (exclusively for the
assay of “ligand fishing” type) injection loop. Aedd volume between the injector and the
biochip was estimated to around 30 pL and injestiamived into the reaction chamber in
less then 2 min. Firstly, the complementary DNAsts were introduced at an appropriate
concentration: 200 nM (cell-based experiment), B850 (ubead capture-release) or 300-
400 nM (protein assay). Hybridization of the intedrate strands was followed by
injections of protein-DNA conjugates (exceptionalyG—DNA) at 50-60 nM, 70 nM or
150 nM, respectively. Subsequently to the molecutanstruction, functionalized
microbead or cell sample (both detailed above) Veaded into reactor by injections at
15-25 pL/min (microbeads) or 30-50 pL/min (splertesy flow rate. Specific capture of
the micro-objects was followed by a microscope undé or x 10 magnificationflympus
Optical) and registered by a proper camera (Infinity2-Bdneneri.
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Consequently to the target capture on the fundiiweth biochip surface, controlled
desorption was realized in independent lasing stppsific to each probe. Initial settings
as well as the laser tracing phase were detail€&hapter 4. In the proposed configuration,
laser source was manually introduced between caaratagrism ¢f. Fig. 4.5). Therefore,
the laser source was momentarily removed betweeh step of the photothermal
desorption and SPRi signal retrieved. In this cgssm-LED-camera set-up could be
slightly perturbed and the initial SPRi positionstaed manually (with the help of
supplementary micrometric screws). During simildjuatments, SPRi signal remained
unsettled and was not taken into consideration.

An important issue when realizing out-of-suppofease by laser beam is the level
of energy consumed to generate photothermal effectit was stressed out before, the
dimension of local heating produced by the phototia¢ effect strongly depends on the
irradiation time and the incoming laser intendify.?° Okano’s group showed that local
heating generated on a metal surface may indudlpaestruction of solid support if the
laser intensity is high enoudh Characterization of the optical configuration usedur
study has evidenced moderate level of surface grgegerated on gold covered prism.
However, if longer irradiation was realized (moteart 5 min) thermal energy was
accumulated in time and we could effectively obseseme damages on the gold layer
(black spot of probably carbonized material degaokion surface). Nevertheless, the
experiments here reported, provided instantaneauact of focused laser beam on
surface (laser spot was displaced at 10-200 pre¥wdnich excluded material destruction
phenomena.

In the course of the experiment of the laser-indudesorption of creatine kinases
(CKMM and CKBB), three fractions were recoveredtime outlet of microfluidics .
4.3):"0” as blank sample before the lasing step,didd “2” samples within laser-assisted
desorption on Zipl and Zip2 spot family, respedtyiveThe samples meticulously
recovered into low-adsorption tubes (500-1000 pkeyemhen frozen and assigned to MS
analysis. Cell or microbead recovery was not attethin this experimentation. Biochip
was regenerated and microfluidic system cleanedrdow to the protocol detailed in
section 6.2.8.

The developed instrumentation is an example of horade experimental set-up.
Entire system is a free-standing device placed idag&k room. Therefore, the whole
experiment temperature control was disabled andblcoot be precisely regulated. Room
temperature was thus considered as working comglititthough it could be higher in the
reality because most of the experiments have beaemed out in summer (over 30°C).
SPRI signal remained stable within many hours gfeexnent while only buffer was
flowed through the system. Influence of the extetemperature on detected signal may be
therefore neglected. Although regular temperatuasarements were not done, we
speculate that heating of bulk solution generatgdtbh® photothermal effect may be
disregarded as well. This statement is founded upofew reasons such as local
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confinement of the photothermal phenomenon, lasseing accomplished in several
minutes and finally considerable flow rate duriregarption step.

6.2.10 Mass Spectrometry analysis

Samples recovered from the protein photothermabrgéion experiment (samples
“0”, “1” and “2”) were assayed by mass spectromeiiydly realized by M. Jaquinod
(IRTSV, CEA Grenoble). The tested solutions werstliy dried under speed vacuum to
evaporate ammonium bicarbonate. They were substguerdissolved in 100 pL of 10%
(v/v) acetonitrile (in 100 mM NEHCO;, pH 7.9) and incubated at room temperature for 15
min. Samples were then submitted to reductive ¢mmdi by addition of 2 uL of 500 mM
TCEP and incubation during 30 min (RT). In furtr&ep of sample pre-processing,
alkylation of cysteine residues was performed bylitamh of 10 pL of 100 mM
iodoacetamide and followed by incubation for 30 n{RT). Samples consequently
underwent protein digestion induced by trypgtnamega Corp— 0.5 pg was added and
followed by incubation for 4 h at 37°C. The digestsolutions were then dried under
speed vacuum and the obtained peptide mixturegsgesded in 2kl of chromatographic
purification liquid phase: H2O/acetonitrile 95%/5%v) containing 0.2 % of formic acid
(FA). The trypsin-digested samples were finally mitted to LC-MS/MS analysis. The
samples were firstly separated on a nano-LC systambsequently coupled to an
OrbiTRAP mass spectrometefhermoFinnigaih The chromatographic analysis was
enabled on 300 um x 5 mm PepMap C18 pre-column/é&ngm x 150 mm C18 column
(Gemini C18 phase). The employed method consisteal 60-minute gradient flow (300
nL/min) based on two buffers: | (5% acetonitrileda®2% formic acid in water) and Il
(80% acetonitrile and 0.08% formic acid in watd¥)S/MS data were acquired using
Xcalibur (Thermo Fischer Scientifignd processed automatically usikigscot Daemon
software Matrix Sciencg
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Appendix A: MS analysis of the sample recovered upmoR|*-
NH, conjugation with DSS

EcoRI*-NH; was coupled to DSS (100 molar equivalent) accgrtinthe protocol
previously reported*® After purification on NAPM 5 column (elution with water), the

sample was lyophilized and transferred to MS amalgmdly realized by C. Saint-Pierre
from LAN laboratory (CEA Grenoble).

8000 5
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miz charge mass
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activated by NHS
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MW = 10250 Da

995.4

1000

The obtained results confirmed presence of hydealygroducts in the analyzed
sample EcoRI*-COOH). The activated DNA-NHS was not evidenesich may indicate
that NHS ester is susceptible to destruction befulesequent step of the conjugation

protocol.

173



APPENDICES

Appendix B: Calculations of the IgG loading with DNA

Willing to estimate the number of DNA strands cagplwith a single IgG
molecule, we make use of the absorbance law. Cemsgl the absorbance of the
conjugated product, we benefit from additivity bétLambert-Beer law of absorbance. By
assuming that conjugation of IgG and DNA does nfitience theig values, we have:

_ ol DNA . feG . dgtT ]
Azﬁu-fx(szm XA+ Eay KN

Fibda AL

_ . 1 fgtv
Aogy = fx(-f,m, xR

. et
+ Eqgn KH )

where:A,g andA,g; — absorbance values measured on the IgG—DNA caigjag®260 nm and 280 nm;
| —length of optical pathway [cm];

€60and€yg,  — extinction coefficients at 260 nm and 280 nm'fiviiY];
n — number of moles in a given volume [M].

For the product fractions obtained upon conjugatioih an IgG with an
oligonucleotide, the measured absorbancesy@d Asgg) permit to estimat&:

AR |:R;gf: - f{zan :|
280 ]

- £3gn
A= o - 1
260 a5 |
Ry

where: Z - theoretical number of DNA strands conjugatedhwsihgle IgG molecule;

R - ratio of extinction coefficients€fsy/€2g0)
Assopso — ratio of the measured absorbance values

Estimation of antibody loading with DNA molecules therefore enabled and
accordingly assigned to the fractions issued frartibady coupling to three independent
DNA sequencedsHcadRI*, Pvul* and Ncad*):

EcoRl Pvull Ncol [e]€]
£ Mcm] | 306180 | 271620 | 301500 £ Mem] | 210000
R, = gzgg’m 179 157 1.74 Ry = gzz;?; 061
lg‘280 280
IgG—EcoRI* IgG—-Pwvull* IgG—Nco I*
fraction A260/A230 Z Azeo/Azgo Z Azeo/Azgo Z
F1 0.64 0.0 0.64 0.0 0.65 0.0
F2 0.98 0.6 0.94 0.6 0.98 0.6
F3 1.5 3.8 1.37 4.7 1.36 2.4
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Appendix C:Assessment of IgG-DNA concentration in the
fraction of monoconjugated product

Fractions obtained upon chromatographic purificatiare concentrated, re-
suspended in PBS (pH 7.4) and their absorbanceasuned (example of rab-1gG coupling

to ECoRI*-SH):
rab-lgG F2 ] F3 EcoRI
= AglPgey | & AgsfAgay | | = L y—l Agso/Agan
g b 0.56 1.07 !W 1.51 iggg 1.78
[ 1] =
non-conjugated monoconjugated multiconjugation
protein 19G-DNA product

J

~ Rpny X Aygy — Ay
IgG IgG
(RDNA - RIgG)X Eomo

C

Appendix D: Theoretical value of restriction enzyme units (U)
needed to digest the microarrayed DNA

This appendix serves to establish an approximater#tical value of U (restriction
enzyme units) which is optimal to perform digestioh immobilized DNA substrate.

Following calculations were done facaRl enzyme according to data taken from Fuehs
al.177

Base | Picomoles | Cut Sites | Picomoles | Units
DNA Substrate Pairs | in1ug* | (EcoRl) | CutSites | Needed
Unit definition (lambda) | 48502 | 0.0317 5 0.1585 1
plasmid 3000 0.5 1 0.5 3
PCR fragment 700 22 1 22 14
oligonuclectide
(Zip1*-EcoRI) 46 33 1 33 208

*Based on 650 Daltons per base pair of DNA.
**Enzymes differ in their ability to digest supercailed vs. linear substrates.

In the present study, DNA duplexes assembled omithehip surface are of 46 bp
length €.g. Zipl*-EcadRl). According to the illustrated above table, easitrogram of
such substrate (33 pmol) needs 208 U of the réstmienzyme. When considering a DNA
matrix composed of ~40 spots of 800 pum in diameter, obtain 0.2 cfhof surface
coverage by probe-modified Ppy. It correspondsrémrad 2 pmoles of the immobilized
oligonucleotide (10 pmol/cfraccording to previous studieSy, finally giving 12.6 U of
EcoRI which approximates the optimal quantity of eneyraquired to digest the adequate
amount of the substrate.

175



APPENDICES

Appendix E: SPRi data treatment

The SPRI data were acquired using proper softwareshed byHoriba Scientific-
GenOptics(SPRiViewly. It permitted to follow changes in reflectivitynahe available
biochip area through defined zones (so-called n)asksresponding to the spots of
interest. Registered spot-specific reflectivityrgits (R) were normalized to the luminosity
observed in conditions devoid of SPR phenomenonr(itie) and expressed in %. The
SPRi system automatically subtracted backgrounsen@gistered at the beginning of each
experiment. Recording of the reflectivity signalsaenabled by a 16-bit camera and plotted
upon time during the whole assay (reflectivity kiog curves).

The obtained raw data were pre-processed in ocdenprove the clarity of their
presentation. In the first step of the data treatmall recovered signals (generally 35% -
45% of R) were zeroed to the baseline, by subtraaif the average reflectivity registered
for each spot at the beginning of the experimenustr before the injection. Further, the
obtained curves corresponding to the same specses awveraged and traced in time
(starting injection of the blocking solution was itted).
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As the final operation, the averaged reflectivitgnals were corrected by a
negative control (signal observed for NC probe)bt&action of the NC signal aimed to
eliminate the background reflectivity changes gatesl by global variations of the bulk
solution refractive index. Such proceeding wasipaldrly required during injections of
enzymatic and cellular samples. The definitive esrwere therefore plotted as relative
reflectivity shift in function of time.
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In fact, kinetics of enzymatic reaction was a patan that, in the case of here
proposed biochip system, could not be properly istudit was because injection of
enzyme solution generated global refractive indeange observed by SPR imaging as an
abrupt reflectivity rise df. figure above). Such effect was induced by intréiduncto the
reaction chamber of high protein content in abubhdarffer. Indeed, injected enzyme
samples were based on commercially available soisitstored at -20°C. Such storage
conditions required presence of glycerol at higkele (30-50 %) in order to keep the
proteins properly folded. Samples BEdRI and Pvul enzymes were prepared directly
before injection and eventually contained up to &glycerol. Similar preparation loaded
to biochip system, strongly affected optical projesr of the reaction medium and
produced momentary variation of global reflectivi§ubtraction of the negative control
(NC signal) resulted in SPRi signal over-correctinainly due to the lack of linearity of
the reflectivity signal in the conditions of considble refractive index change (signal
saturation). Thus, a straightforward interpretatwas disabled during the enzymatic
incubations and enzyme functionality could not bsigned as long as it was not washed
off the reactor.

Simultaneously to the real-time monitoring of refleity signal proper to each of
the defined spot$GenOpticgprogram acquired images of the whole biochip aleagathe
experiment (~2 images per minute). Thus, a usefl to follow the biomolecular and
cellular phenomena was to observe SPR differeimiages. A differential image resulted
from subtraction of the reference image to theanity acquired one. Reference images
were often taken at the beginning of an injectiororder to highlight each step of the
experiment (hybridization of DNA or IgG—DNA, celinmobilization, specific release).
However during cellular and enzymatic injectionabagl variation of the refractive index
influenced the registered differential images r@sglin their poor contrast. In these cases,
SPR images were processed by using image treasoéniare (ImageJ v1.43ational
Institutes of Health, USAwhere final contrast was improved and proper phemna
revealed.
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image registerad by SPRi camera

refergence IMmage hybrdization steps enzFymatic cleavage
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Appendix F: PEEK-made flow cells used in the experiments
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Appendix G: Visualizations of splenocytes in SPR imaging

Primary lymphocytes from mouse spleen (C57BI/6)ensraightforwardly loaded
onto the gold surface devoid of particular treatmamd functionalization. SPR images
were sequentially registered at different focal@atdistances (from a) to n) ~1.5 mm of
focalization distance shift). In function of thectdization, cells were visualized as oval to
star-shaped discrete objects.
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Appendix H: Characteristics of the laser configurations
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Laser light spectra were registered with help of SZ@0 Compact Fiber
Spectrometer Thorlabs GmbH, Germaly Measurements of the laser intensity were
provided by a portable laser power métaserChecKCoherent, France
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Appendix |. Capture of single lymphocyte inside a micropore

The present appendix describes the study realizedollaboration with J. Liu
(CREAB), where we have demonstrated the specifiptuca of primary B and T
lymphocytes inside micropores. For this purpose,used a set of 9 pores of 15 pum in
diameter etched in a silicon substrate and theynw@ilvered by 4 pum-thick silica. The
micropores were functionalized with DNA accordirggthe CLEF technique previously
described"® Briefly, probes of interest (Zipl and Zip2) wengroduced to each micropore
by electrochemically driven deposition of a polymye film. As result of the
electropolymerization, the generated oligonuclestbéaring polypyrrole film was
regularly distributed on the inner wall of a singlécropore and demonstrated high level of
attachment.

CLEF process Micropore design
cal fi U 4
Optieal fber ; Eleciro-ac tive species Lk 15m e
] - pymoleipymrole-ODIN L— 60um si
Sl
Ekcrmods '
Electral vie !' - 800wum - J|

Silicon chip

Subsequently to the functionalization, the obtairebdp was assigned to an
experiment with mouse splenocytes. Within wholeagsshe system was housed in a
home-made support and integrally immerged in buft@dume (firstly hybridization buffer
H and then pH 7.4 PBS). Prior to incubation witlyé&t samples, the biochip was saturated
with 1% solution of BSA (in PBS). Stepwise hybrigiimns were consequently performed
in order to provide three-component molecular asdgmapable of specific cell capture.
Namely, Zipl-based micropores were assembled withptementary Zipl*=caoRl strand
and eventually functionalized by anti-CDEeeRI* whereas Zip2 sequence hybridized
with anti-CD90-Pvul* through the intermediate Zip2Pvul oligonucleotide. Following
the molecular construction, the hybridization buffé¢ was exchanged to PBS and the
cellular sample was then introduced to the biosenso
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Lymphocyte capture inside DNA-funtionalized micropores

Anthcmgg Anﬂ_cngﬂ? n "

Zipl Zip2

A suspension of B- and T-type primary lymphocyssied from mouse spleen was
loaded on the biochip and cells were directly obs@runder microscope. Over a few
minutes upon the deposition of the cellular samalewing cell sedimentation in the
buffer volume, lymphocytes could be observed whapr@aching to micropore locations.
Most of cell units rolled over membrane and adsdmen-specifically before reaching the
micropore lumen Several lymphocytes attained bottom of the memdrayramidal
openings and penetrated inside a micropore. Theretwo different phenomena were
registered: a single cell was translocated throtigh encountered micrometric hole or
trapped inside the pore if specific interactiongevensured. The introduced lymphocytes
became tethered in biochip locations decorated waittrCD19 (Zipl ppore) and anti-
CD90 (Zip2 ppore) antibodies in contrast to negatRpy micropores where no cell
capture was observed. Nevertheless, an efficiemtahilization of splenocytes rarely took
place since in reality, only a small fraction oétbellular sample got into contact with the
functionalized surfaces. Furthermore, despite bidigunctional coverage of micropore
inner wall, lymphocyte immobilization was not a ¢plasting event, probably due to
characteristic hydrodynamic constraints. Indeedaeadie buffer solution was actuated by
rinsing in fresh PBS or even by a simple chip dispment, trapped lymphocytes were
washed off from the micropores. We speculated litigig cells remaining in such small
diameter of the order of cell size, incurred coesadble shear forces generated by
surrounding liquid flow conditions. This conclusigras confirmed by the fact that once
cells approached a single micropore border, these wapidly translocated through the
hole probably by a rapid liquid stream. It addiatyp explained why the quantity of
effectively captured lymphocytes was so poor.

specific lymphocyte capture inside micropore {Zip2)
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Despite the aforementioned difficulties and loweraft cell immobilization inside
micropores, the realized study may be consideregr@sising approach to a single-cell
level biosensor. The reported above experiment dstreted phenomena of individual
cell capture in well-defined biochip locations. &se immobilization of lymphocytes
loaded onto biochip in a mixed population of immuwa#ls was ascribed to their specific
recognition by molecular assembly based on antiiddyA conjugates. Further studies
will be carried out in order to improve the perf@amee of the proposed single-cell assay.
In this matter, the DNA involving molecular arclutere may be potentially exploited to
enzymatically driven release of an individual celf its downstream examination. An
important development would be to design more sijgaited microfluidic set-up to
eventually meet the requirements of a lab-on-a-skigtem. Rheological parameters inside
a micropore should be therefore considered to enguoper environment devoid of
excessive shear stress regarding to cellular sampieexample of such microdevice
should provide well guided flow of cell-containisglution to precise biosensing locations
represented by functionalized micropore positions.
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Développement de biopuces dédiées au tri d’échartihs cellulaires

Le présent travail de these repose sur la conception systéme miniaturisé de type
biopuce capable d'assurer la capture et le relargagtrélé de différentes populations des cellules
sanguines €.g. lymphocytes). Ce projet a pour objectif la consinn d’'un outil potentiel de
recherche dans le domaine de I'immunologie ainsiddiagnostic qui permettrait non seulement
de réaliser des essais a partir d’'une faible qguéadtéchantillon, mais aussi de réduire le temps
d’analyse. L'approche consiste plus précisémera éabrication d’'une matrice d’oligonucléotides
et 'immobilisation de cellules via une moléculebhigle composée d’un anticorps IgG couplé a une
séquence d'oligonucléotide complémentaire. La ®g#hdu produit conjugué est mise en place et
conduit & 'assemblage fonctionnel sur biopuce. thieles cellules spécifiquement capturées sur
la surface, deux voies de relargage contrélé squibetes. Ainsi, les lymphocytes sont libérés de
facon contrdlée et séquentielle par clivage enzigmatd’ADN ou alors par désorption physique
possible grace au chauffage localisé. La détectimrfait en temps réel par I'imagerie de la
résonance plasmonique de surfaGarface Plasmon Resonance Imaging, SRfi) présente
lavantage de pouvoir suivre les phénoménes biorntdéres en absence de marquage et
d’apporter une réponse simultanée d'un échantitlimogique sur un grand nombre de sondes.
Accessoirement, une approche instrumentale padieuhous permet d'observer les étapes de
capture/relargage par microscopie optique classiduze construction de la biopuce permet
également I'élargissement a plusieurs cibles ereowainsi la voie a de nombreuses possibilités
d’exploration en termes d’application pour I'an@y$échantillons biologiques plus complexes tels
gue du sang.

Mots clés: biopuce, tri cellulaire, imagerie SPR, biomol&si conjuguées, enzyme de
restriction, effet photothermique

Development of biochips for blood cell sorting

This PhD thesis is devoted to conception of a nimized system of biochip type able to
perform a controlled capture and release of differpopulations of the blood cells (e.g.
lymphocytes). The main objective of the projectoicreate a potential tool of research, especially
in the field of immunology, and medical diagnostisswell, that could perform short-time analyses
by using a small sample amount. The approach retiee precisely on fabrication of a DNA
matrix and further immobilization of cells throughthybrid molecule composed of an IgG antibody
covalently coupled with short oligonucleotide sempee Synthesis of the conjugated product is
developed and demonstrates functional assembly hen nicro-platform. Lymphocytes are
specifically addressed onto biochip surface anddhey are captured, two independent strategies
of selective release are proposed. Therefore, iiimed cells are specifically detached either
upon enzymatic cleavage of oligonucleotide subestoatphysically desorbed by local heating and
denaturation of double stranded DNA. The systemamakse ofSurface Plasmon Resonance
Imaging (SPRiYo enable real time detection of different bioncoller phenomena in a label-free
and high-throughput manner. Accessorily, a pardicuistrumental approach is developed in order
to observe cell capture-release steps directly mogecal microscopy. The biochip construction
permits to extend its performance to many targeid may be further explored in terms of
application to analysis of complex biological saegpsuch as blood.

Keywords biochip, cell sorting, SPR imaging, biomoleculenjigation, restriction enzyme,
photothermal effect



