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A u cours des dernières années, une demande croissante d'analyse cellulaire sans étiquette est apparue.

Cette demande répond au besoin d'analyse cellulaire dans ses étapes de développement et, peut-être plus important encore, d'étudier l'état physiologique des cellules d'une manière plus simple que d'utiliser des analyses basées sur la fluorescence. Les propriétés mécaniques et optiques des cellules deviennent de puissants biomarqueurs pour discriminer les cellules. La déformation cellulaire induite par la pression acoustique est mesurée avec le Dispositif Interférométrique Acoustofluidique, développé dans cette thèse, et permet d'étudier la déformabilité cellulaire d'une manière similaire à ce qui est fait pour l'analyse du module d'Young. La déformabilité est un biomarqueur intégral qui résume l'expression du gène cellulaire, tandis que l'indice de réfraction cellulaire est lié à la densité des protéines dans le cytosquelette. Le dispositif interférométrique acoustofluidique, développé pour la mesure des propriétés optomécaniques des cellules sur une base cytométrique, est décrit et caractérisé en détail dans cette thèse. L'appareil permet d'évaluer la taille, la déformabilité et l'indice de réfraction (ou une combinaison de ceux-ci) de cellules non adhérentes au moyen d'un résonateur Fabry-Perot de faible finesse et d'une manipulation acoustique. Lorsqu'une cellule focalisée par le champ acoustique (ou une autre particule de micro-taille) croise l'axe de la cavité Fabry-Perot, elle perturbe le motif de franges du résonateur, décrites par la fonction de transmission d'Airy. Une telle perturbation peut être caractérisée et analysée au moyen des paramètres ρ (rayons des franges d'interférence circulaires), pleine largeur à mi-maximum de la frange individuelle et distance entre les franges (intervalle spectrale libre). L'analyse de la perturbation permet d'évaluer les propriétés optomécaniques de la cellule. La mesure de la déformabilité des algues et des cellules de levure a été réalisée pour tester les performances de l'instrument et comparée à la perturbation équivalente introduite par les billes de microgel et par des sphères de polystyrène comme témoins. L'expérience est basée sur l'analyse des images de perturbation des franges induites par les cellules. Les images sont acquises dans deux conditions différentes; 1) focalisation acoustique et 2) déformation induite acoustiquement. 180 profils d'intensité indépendants sont récupérés et analysés pour chaque image, permettant une analyse statistique des paramètres: distance focale cellulaire et Finesse du résonateur perturbé. Les résultats montrent un changement dans les propriétés optomécaniques des algues, de la levure et du microgel tandis que l'échantillon de polystyrène reste pratiquement inchangé, comme prévu, car le polystyrène est beaucoup plus rigide qu'une cellule et ne peut pas être déformé par le champ de pression de l'instrument. Ces résultats montrent que la technique acoustofluidique présentée ici est utile pour détecter et mesurer différentes propriétés optomécaniques qui, potentiellement, peuvent être utilisées comme biomarqueurs sans étiquette dans le diagnostic clinique.

SOMMAIRE Motivation

Au cours des dernières années,une demande croissante est surgie pour des analyses cellulaires sans étiquettage. Cette demande répond au besoin d'analyse des cellules dans leurs étapes de développement et, encore plus, aux études de l'état physiologique de la cellule qui puissent s'affranchir des lourdeurs liées aux techniques de fluorescence. Les propriétés mécaniques et optiques des cellules émergent comme de puissants biomarqueurs pour discriminer les cellules (cf. section 1.2). La déformation cellulaire induite par la pression acoustique est mesurée avec le Dispositif Interférométrique Acoustofluidique (DIA) et permet d'étudier la déformabilité cellulaire d'une manière similaire à ce qui est fait pour l'analyse du module d'Young. La déformabilité est un biomarqueur intégral qui résume l'expression du gène cellulaire, tandis que l'indice de réfraction cellulaire est lié à la densité des protéines dans la cellule.

Différentes approches cytométriques utilisés pour évaluer les propriétés mécaniques des cellules sont passées en revue dans le manuscrit pour établir correctement la portée du DIA développé dans ce travail (cf. sections 1.4 -1.6). L'analyse de l'état de l'art dans la mesure des propriétés mécaniques des cellules met en évidence deux besoins particulièrement importants: 1. la standardisation des mesures des propriétés mécaniques des cellules et 2. l'acquisition de grands échantillons de données pour une analyse statistique.

Le premier besoin émerge de la variabilité des valeurs des paramètres mesurés en fonction de la technique employée. La seconde vient du fait que les systèmes vivants, y compris les cellules, sont extrêmement complexes et présentent donc une très grande variabilité dans leurs propriétés. Comme l'ont montré des travaux récents dans le domaine, des marqueurs significatifs ne peuvent donc être obtenus qu'en analysant de grands échantillons de données pour en extraire les propriétés moyennes et les distributions statistiques. Cette contrainte nécessite la disponibilité d'instruments capables d'acquérir des jeux de données suffisamment volumineux, un exploit qui n'est que rarement accompli avec l'instrumentation mécanique actuelle. L'une des techniques les plus utilisées pour évaluer les propriétés mécaniques des cellules est la microscopie à force atomique (AFM); néanmoins, cette technique rapporte des propriétés mécaniques différentes pour les mêmes cellules. La raison réside dans la construction de la pointe utilisée pour déformer la membrane cellulaire. Etant donné qu'une surface de contact relativement importante se développe lors de la déformation, la forme de la pointe de l'AFM (sphère, pyramide, etc.) influe sur le résultat.

Ceci est régulièrement observé malgré l'utilisation de modèles mathématiques qui tentent d'extraire des informations en fonction de la forme de la pointe. D'autre part, chaque pointe de sonde a ses propres avantages et inconvénients spécifiques, et différentes formes doivent être choisies pour correspondre au type d'informations à récupérer (cf. section 1.6). La conséquence est que des résultats très différents xv peuvent être obtenus pour une même cellule (et encore plus lors de l'analyse de cellules différentes). Ainsi, à la variabilité cellulaire intrinsèque la mesure ajoute un effet instrumental qui complique l'interprétation des résultats. Ce problème est valable pour tous les dispositifs de mesure à base mécanique, comme par exemple l'aspiration par micropipettes. La déformation sans contact offerte par la pression acoustique, couplée à une mesure optique non invasive, présente donc un fort potentiel de standardisation, compte tenu de l'absence de contrainte induite par le contact mécanique introduit par les méthodes traditionnelles.

Un débit élevé est généralement difficile à atteindre avec des techniques à base mécanique; le rendement typique avec une micropipette aspiration ou AFM est en unités ou, au mieux, de quelques dizaines d'unités par heure (cf. section 1.6). Il est évident que ces taux ne sont pas propices à l'obtention d'échantillons suffisamment grands à des fins statistiques. Ils ne peuvent pas non plus être envisagés pour des applications de diagnostic médical, où la quantité de cellules à surveiller, pour détecter une maladie à ses débuts, est énorme (facilement des millions). Au contraire, le dispositif interférométrique acoustofluidique, grâce à sa base microfluidique, est potentiellement capable de débits de l'ordre de 100 cellules/s lorsqu'il est couplé à une analyse en temps réel (en tant que développement futur).

Dispositif interférométrique acoustofluidique

Dans cette thèse, un dispositif interférométrique acoustofluidique est développé pour la mesure des propriétés optomécaniques des cellules basées sur une configuration de type cytométrique (cf. section 2.1). Ce dispositif permet d'évaluer la taille, la déformabilité et l'indice de réfraction (ou une combinaison de ceux-ci) de cellules non adhérentes au moyen d'un résonateur Fabry-Pérot de faible finesse et de la manipulation acoustique. Cet objectif est atteint, dans la réalisation actuelle, en analysant la perturbation induite par les cellules sur le motif de franges Fabry-Pérot. Les mesures du motif de franges induites par la cellule reposent sur le changement de chemin optique défini par la présence de la cellule à l'intérieur de la cavité Fabry-Perot Perot, dont la longueur du chemin optique change en raison de la longueur du chemin optique, en raison de l'épaisseur optique de la cellule, définie par sa taille physique, multipliée par son indice de réfraction (moyen). Cette dernière est déterminée par sa densité protéique (par exemple, la densité des filaments d'actine dans le cas du cytosquelette). Les modifications de l'épaisseur optique des cellules peuvent être déterminées avec le DIA et utilisées pour étudier les cellules ainsi qu'en effectuer un diagnostic.

Le dispositif se compose de trois parties principales: 1) la puce interférométrique acoustofluidique, 2) l'unité de détection, et 3) l'interface électronique pour les composantes 1) et 2). La puce acoustofluidique elle-même est composée de trois éléments principaux: le canal microfluidique où un flux de cellules est induit, la manipulation acoustique des cellules (focalisation et déformation acoustiques cellulaires) et le résonateur plano-planaire Fabry-Pérot construit autour du canal microfluidique.

En fonction de la séparation relative des miroirs du Fabry-Pérot, par rapport à la taille des cellules, deux configurations possibles sont identifiées: résonateurs Fabry-Pérot à petit et grand écart (cf. section 2.3). Le premier permet une analyse du déphasage induit par la cellule tandis que le second introduit une perturbation de l'ensemble du motif de franges. Nous montrons que la configuration à grand écart peut être correctement caractérisée, au plus bas ordre d'approximation, en considérant la cellule comme une lentille mince, indépendamment de la taille et forme cellulaire (cf. section 2.4). Cette description est rendue xvi possible par le fait que la différence entre les indices de réfraction cellulaire et du milieu de suspension liquide est très faible. Cependant, ce faible contraste d'indice de réfraction rend les mesures optiques beaucoup plus difficiles. C'est la raison pour laquelle nous avons choisi une technique très sensible comme l'interférométrie de Fabry-Pérot. Après avoir montré que le motif de frange induit par les cellules peut être approché comme une perturbation provenant d'une lentille mince, un modèle mathématique, basé sur des matrices de propagation, est développé pour calculer la distance focale de la cellule (proxy de cellule comme une lentillemince). La méthode exploite le rayon ρ des franges d'interférence circulaires modifiées par la présence de la cellule (cf. section 2.4.1). Dans ce travail, nous avons choisi la configuration à grand écart (largeur de la cavité optique ≈ 10 fois plus grande que la taille de la cellule) en raison du fait qu'elle est plus flexible. Elle permet un flux cellulaire plus rapide adaptable à des cellules de taille différente sans avoir besoin de changer l'espacement, ne nécessite pas d'éléments optiques soignés et, en outre, elle permet la manipulation acoustique des cellules (cf. section 2.3).

Le dispositif reçoit un flux constant de cellules à travers un canal microfluidique couplé à un transducteur piézoélectrique qui génère un champ acoustique utilisé pour le contrôle de la position des cellules et pour leur déformation mécanique. La focalisation acoustique est réalisée grâce au puits d'énergie potentielle acoustique créé au milieu du canal microfluidique à travers l'onde stationnaire fournie par le transducteur piézoélectrique -et le réflecteur acoustique à travers le canal -où la fréquence du transducteur est réglée pour correspondre à la fréquence fondamentale du canal microfluidique. Cette dernière est définie comme la fréquence ν R = v 2L , où nous avons utilisé la relation de dispersion du son qui se propage à vitesse v dans l'eau, avec L hauteur du canal (cf. section 2.1). Les mesures précises des propriétés optomécaniques des cellules reposent sur le contrôle de la position verticale assuré par la focalisation acoustique.

De plus, la manipulation acoustique embarquée dans le dispositif interférométrique acoustofluidique permet une déformation cellulaire, qui peut être obtenue par une augmentation directe de l'amplitude de l'onde stationnaire utilisée pour la focalisation acoustique et pour l'acoustophorèse cellulaire (cf. sections

et 3.2).

Lorsqu'une cellule acoustiquement focalisée (aussi bien que toute autre particule de taille micrométrique) traverse l'axe de la cavité Fabry-Pérot, elle perturbe le motif de franges du résonateur décrit par la fonction de transmission, dite d'Airy. Une telle perturbation peut être caractérisée et analysée au moyen des rayons des franges d'interférence concentriques ρ (section 2.4), par la pleine largeur à mi-hauteur (FWHM) de chaque frange et par la séparation des franges (Free Spectral Range -FSR) comme discuté dans la section 1.1.

Le faisceau laser transportant la perturbation du motif de frange induite par la cellule est récupéré en réflexion sur la puce microfluidique et redirigé vers une caméra CCD et deux détecteurs optiques (appellés ensemble unité détection). L'unité de détection permet l'acquisition de l'ensemble de franges perturbées, induites par les cellules. Les images sont utilisées pour l'analyse statistique et les traces temporelle acquises sont destinées à l'évaluation en temps réel des propriétés optomécaniques -une partie de travail réservé aux développements qui suivront la thèse. La puce acoustofluidique et l'unité de détection sont interfacées par deux modules Raspberry Picontrôlés par une CPU. Le premier module Raspberry Pi est utilisé pour identifier et suivre la fréquence de résonance du canal microfluidique. Le second est utile pour déclencher la caméra et acquérir les traces temporelles (au moyen d'une carte Epsilon Pi). Les commandes de contrôle et le stockage des données sont effectués sur l'ordinateur maître, voir section 2.1.
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Mesures avec le DIA

La mesure de la déformabilité des cellules d'algues et de levures a été effectuée pour tester les performances de l'instrument. En même temps, les caractéristiques de billes de microgel et de sphères de polystyrène ont été mésurées comme témoins de contrôle.L'expérience est basée sur l'analyse des images des franges déplacées par la présence de l'objet, comme estimé par le modèle. Les images sont acquises dans deux conditions différentes; 1) focalisation acoustique et 2) déformation induite acoustiquement. 180 profils d'intensité indépendants sont récupérés et analysé pour chaque image, permettant une analyse statistique des paramètres: distance focale cellulaire et perturbation de la Finesse du résonateur.

Le calcul de la Finesse et de la longueur focale de cellule est sensible au bruit (par exemple, une mauvaise identification des pics) lors de l'identification des franges perturbées par la cellule). Par conséquent, une élimination des valeurs aberrantes est implémentée pour améliorer la normalité des ensembles de données ρ, FWHM et FSR (cf. section 3.2). En plus de l'élimination des valeurs aberrantes, une moyenne pondérée des paramètres mesurés est effectuée avant de calculer les résultats finaux pour la Finesse et la distance focale de la cellule. Une analyse de variance (ANOVA) est effectuée sur les valeurs mesurées pour déterminer la signification statistique de la déformation acoustique des différents échantillons (section 3.1).

En même temps les quantités calculées (distance focale de la cellule et Finesse) sont testées avec le test de Student pourvérifier leur niveau de significativité statistique. Les mesures montrent un changement dans les propriétés optomécaniques des algues, de la levure et du microgel tandis que l'échantillon de polystyrène reste pratiquement inchangé, comme prévu, car le polystyrène est beaucoup plus rigide qu'une cellule et ne peut pas être déformé par le champ de pression fourni par l'instrument. L'ensemble des résultats montre que la technique acoustofluidique introduite dans cette thèse est utile pour détecter et mesurer différentes propriétés optomécaniques qui, potentiellement, peuvent être utilisées comme biomarqueurs sans étiquette dans la recherche en sciences de la vie et dans le diagnostic clinique.

Les applications potentielles du dispositif interférométrique acoustofluidique sont identifiées et comprennent le diagnostic et la recherche du cancer, l'étude des parasites sanguins et des tumeurs liquides.

En outre, une application potentielle de la mécanotransduction est identifiée, où la force appliquée sur une cellule pourrait déclencher des réactions cellulaires. Enfin, les applications potentielles dans le criblage de médicaments et le tri cellulaire sont présentées (section 4.3). L'évaluation en temps réel des propriétés mécaniques et optiques des cellules représente la prochaine étape du développement instrumental afin de fournir un débit élevé, nécessaire à une analyse statistique qui dotera le système de précision et de robustesse. On s'attend à ce que l'analyse basée sur les traces temporelles de la perturbation induite par les cellules puisse être effectuée en temps réel. Les premiers pas dans cette direction sont discutés dans la section 4.2, où un programme de calcul pour acquérir, traiter et analyser les traces en temps réel est présenté.
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SOMMARIO Motivazione

Negli ultimi anni è emersa una crescente domanda di analisi senza etichetta delle proprietà cellulari.

Questa richiesta risponde alla necessità di analizzare la cellula nelle sue fasi di sviluppo e, forse ancora più importante, di studiare lo stato fisiologico cellulare in un modo più semplice rispetto all'utilizzo di analisi basate sulla fluorescenza. Le proprietà meccaniche e ottiche delle cellule stanno emergendo come potenti biomarcatori (cfr. Sezione 1.2). La deformazione cellulare indotta dalla pressione acustica viene misurata con il Dispositivo Interferometrico Acustofluidico DIA e consente di studiare la deformabilità delle cellule, in modo analogo a quanto si può fare per per l'analisi del modulo di Young. La deformabilità è un biomarcatore integrale che riassume l'espressione genica cellulare, mentre l'indice di rifrazione cellulare è correlato alla densità delle proteine nella cellula.

Diversi approcci citometrici, volti a valutare le proprietà meccaniche delle cellule, sono esaminati nel manoscritto per posizionare correttamente l'ambito in cui si colloca il dispositivo interferometrico acustofluidico sviluppato in questo lavoro (cfr. Sezioni 1.4 -1.6). L'analisi dello stato dell'arte nella misurazione delle proprietà meccaniche delle cellule evidenzia due esigenze particolarmente importanti:

1. la standardizzazione delle misure delle proprietà meccaniche delle cellule e 2. l'acquisizione di grandi campioni di dati per l'analisi statistica. La prima esigenza emerge dalla variabilità dei valori dei parametri misurati, a seconda della tecnica impiegata. Il secondo dal fatto che i sistemi viventi, comprese le cellule, sono estremamente complessi e quindi mostrano una variabilità molto elevata nelle loro proprietà. Come ha dimostrato un recente lavoro nel campo, i marcatori significativi possono quindi essere ottenuti solo analizzando grandi campioni di dati per estrarre proprietà medie e distribuzioni statistiche. Questo vincolo richiede la disponibilità di strumenti in grado di acquisire insiemi di dati sufficientemente grandi, un'impresa che solo raramente viene realizzata con l'attuale strumentazione meccanica.

Una delle tecniche più utilizzate per valutare le proprietà meccaniche delle cellule è la microscopia a forza atomica (AFM); tuttavia, questa tecnica riporta proprietà meccaniche diverse per le stesse cellule.

Il motivo risiede nella costruzione della punta utilizzata per deformare la membrana cellulare. Dato che durante la deformazione si sviluppa una superficie di contatto relativamente ampia, la forma della punta AFM (sfera, piramide, ecc.) Influisce sul risultato. Questo viene regolarmente osservato nonostante l'uso di modelli matematici che cercano di estrarre informazioni in base alla forma della punta. D'altra parte, ciascuna punta della sonda ha i suoi vantaggi e svantaggi specifici e devono essere scelte forme diverse in base al tipo di informazioni da recuperare (cfr. Sezione 1.6). La conseguenza è che si possono ottenere risultati molto diversi per una stessa cellula (e ancora di più quando si analizzano cellule diverse).

Pertanto alla variabilità cellulare intrinseca, la misurazione aggiunge un effetto strumentale che complica xix l'interpretazione dei risultati. Questo problema vale per tutti i dispositivi di misura a base meccanica, come, ad esempio, l'aspirazione con micropipette. Al contrario la deformazione senza contatto offerta dalla pressione acustica, accoppiata ad una misura ottica non invasiva, detiene un alto potenziale di standardizzazione, data la mancanza del vincolo indotto dal contatto meccanico introdotto dai metodi tradizionali.

Un rendimento elevato è generalmente difficile da ottenere con tecniche puramente meccaniche. La velocità tipica ottenibile con l'AFM o con l'aspirazione con micropipetta è di qualche unità o, nel migliore dei casi, poche decine di unità all'ora (cfr. sezione 1.6). È ovvio che tali tassi non permettono l'ottenimento di campioni sufficientemente ampi a fini statistici. Né possono essere previsti per applicazioni medicodiagnostiche, dove la quantità di cellule da sorvegliare, per rilevare una malattia nelle sue fasi iniziali, è enorme (facilmente nell'ordine di milioni). Al contrario, il Dispositivo Interferometrico Acustofluidico, grazie alla sua base microfluidica, è potenzialmente in grado di raggiungere velocità dell'ordine di 100 cellule/s se accoppiato ad un'analisi in tempo reale (come sviluppo futuro).

Dispositivo Interferometrico Acustofluidico

In questa tesi, viene sviluppato un dispositivo interferometrico acustofluidico per la misura delle proprietà optomeccaniche delle cellule basato su un montaggio di tipo citometrico (cfr. Sezione 2.1). Questo dispositivo consente la valutazione delle dimensioni, della deformabilità e dell'indice di rifrazione (o di una loro combinazione) di cellule non aderenti mediante un risonatore Fabry-Perot a bassa finezzacombinato con la manipolazione acustica. I risultati sono ottenuti analizzando la perturbazione indotta dalle cellule sulla struttura delle frange di un Fabry-Perot. La presenza della perturbazione si rivela attraverso il cambiamento del cammino ottico dovuto alla cellula, definito dalla cellula stessa all'interno della cavità di Fabry-Perot che cambia la lunghezza del percorso ottico, a causa dello spessore ottico della cella, definito dalla sua dimensione fisica, moltiplicato per il suo indice di rifrazione (medio). Quest'ultimo è determinato dalla sua densità proteica (ad esempio, la densità dei filamenti di actina nel caso del citoscheletro). I cambiamenti nello spessore ottico delle cellule possono essere determinati con l'AID e utilizzati sia per studiare le cellule che per eseguire delle diagnosi.

Il dispositivo è costituito da tre parti principali: 1) il chip interferometrico acustofluidico, 2) l'unità di rilevamento e 3) l'elettronica per interfacciare gli elementi 1) e 2). Il chip acustico è a sua volta composto da tre elementi principali: il canale microfluidico in cui viene indotto un flusso di cellule, la manipolazione acustica delle cellule (focalizzazione e deformazione acustica) e il risonatore Fabry-Perot piano-piano costruito attorno al canale microfluidico.

A seconda della separazione relativa degli specchi del Fabry-Perot, confrontata alle dimensioni della cellula, vengono identificate due possibili configurazioni: risonatori Fabry-Perot di lunghezza piccola o grande (cfr. sezione 2.3). I primi consentono un'analisi dello sfasamento indotto dalla cellula mentre i secondi introducono una perturbazione dell'intera struttura delle frange. Nel manoscritto si mostra che la configurazione a grande lunghezza può essere propriamente caratterizzata, all'ordine di approssimazione più basso, considerando la cella come una lente sottile indipendentemente dalla sua dimensione e forma (cfr. Sezione 2.4). Ciò è consentito dal fatto che la differenza tra gli indici di rifrazione di cellula e liquido è veramente piccola. Tallo stesso tempo il modesto contrasto nell'indice di rifrazione rende le misurazioni xx ottiche molto più difficili. Questo è il motivo per la scelta di una tecnica altamente sensibile come quella del Fabry-Perot. Dopo aver mostrato cheche la struttura delle frange risultanti dalla presenza delle cellule può essere approssimato come una lente sottile posta al centro del Fabry-Perot, originato da una lente sottile, viene sviluppato un modello matematico, basato su matrici di propagazione, per calcolare la lunghezza focale della lente sottile associata alla cellula. Il calcolo si basa sulla misura del raggio delle frange d'interferenza circolari (ρ) modificate dalla presenza delle cellule (cfr. sezione 2.4.1). In questo lavoro abbiamo scelto la configurazione di risonatore a grande lunghezza (cavità ottica ≈ 10 volte più grande delle dimensioni cellulari) poiché è più flessibile, in quanto consente un flusso cellulare più veloce, è adattabile a cellule di dimensioni diverse senza necessità di cambiare la spaziatura tra gli specchi, non richiede elementi ottici speciali, ed inoltre consente la manipolazione acustica delle cellule (cfr. 2.3).

Il dispositivo riceve un flusso costante di cellule attraverso un canale microfluidico ed accoppiato ad un trasduttore piezoelettrico che genera un campo acusticoutilizzato sia per il controllo della posizione della cellula, sia per la sua deformazione meccanica. La focalizzazione è realizzata grazie all'energia potenziale acustica centrata nel canale acustico grazie all'onda stazionaria fornita dal trasduttore piezoelettrico e dal riflettore acustico dall'altra parte del canale -dove la frequenza del trasduttore è sintonizzata sulla frequenza di risonanza fondamentale del canale microfluidico. Quest'ultima è definita come la frequenza

ν R = v
2L , ottenuta utilizzando la relazione di dispersione del suono (v velocità del suono nell'acqua ed L altezza del canale -cf. Sezione 2.1). Le misure accurate delle proprietà optomeccaniche delle cellule si basano sul controllo della posizione verticale fornito dalla focalizzazione acustica. Inoltre, la manipolazione acustica incorporata nel dispositivo interferometrico acustofluidico consente la deformazione cellulare, che può essere ottenuta mediante un aumento diretto dell'ampiezza dell'onda stazionaria utilizzata per la focalizzazione e l'acustoforesi (cfr. Sezioni 2.1 e 3.2).

Una cellula focalizzata acusticamente (o qualsiasi altra particella di dimensioni micrometriche) che attraversi l'asse della cavità Fabry-Perot perturba la struttura di frange descritta dalla funzione di transmission, o di Airy. Tale perturbazione può essere caratterizzata e analizzata mediante i raggi delle frange di interferenza concentriche ρ (Sezione 2.4), dalla larghezza a metà massimo (FWHM) di ciascuna frangia e dalla separazione tra frange (Free Spectral Range -FSR) come discusso nella sezione 1.1.

Il raggio laser che trasporta la perturbazionedella struttura delle frange indotta dalle cellule viene recuperato per riflessione sul chip microfluidico ed indirizzato ad una telecamera CCD ed a due rivelatori ottici (tuttil'insieme è denominato unità di rilevamento). L'unità di rilevamento consente l'acquisizione di immagini di perturbazione della struttura delle frange tramite l'analisi statistica. L'acquisizione di tracce temporali è destinata alla valutazione in tempo reale delle proprietà optomeccaniche delle cellule e fa parte di ulteriori sviluppi strumentali che seguiranno la tesi. Il chip acustofluidico e l'unità di rilevamento sono interfacciati da due moduli Raspberry Pi controllati da una CPU. Il primo modulo Raspberry Pi viene utilizzato per sintonizzare la frequenza di risonanza del canale microfluidico. Il secondo controlla la telecamera ed acquisisce le tracce temporali (tramite una scheda Epsilon Pi). I comandi di controllo e la memorizzazione dei dati vengono eseguiti dal computer principale (cf. sezione 2.1).

xxi

Misure con il DIA

Utilizzando il DIA è stata deformabilità delle cellule di alghe e lievito effettuate per verificare le prestazioni dello strumento e confrontate con la perturbazione equivalente introdotta di microgel perline e sfere di polistirolo come controlli. L'esperimento si basa sull'analisi della perturbazione introdotta nelle immagini di frange dalla presenza delle cellule. Le immagini vengono acquisite in due diverse condizioni; 1) focalizzazione acustica e 2) deformazione indotta acusticamente. Vengono recuperati ed analizzati 180 profili di intensità per ogni immagine e analizzato, consentendo l'analisi statistica dei parametri: distanza focale della cellula e Finesse del risonatore perturbato Il calcolo della finezza e della lunghezza focale della cella sono sensibili al rumore(ad esempio, errori nell'identificazione delle frange perturbate). Di conseguenza implementata un'eliminazione dei valori anomali per migliorare la normalità i ρ, FWHM e FSR (cfr. Sezione 3.2). Oltre all'eliminazione dei valori anomali, viene eseguita una media ponderata dei parametri misurati prima di calcolare i risultati finali di Finesse e distanza focale cellulare. Viene inoltre eseguita un'analisi della varianza (ANOVA) sui valori misurati per determinare la significatività statistica della deformazione acustica dei diversi campioni (Sezione 3.1). Nel contempo le quantità misurate (distanza focale e Finesse) vengono verificate col test di Student per controllarne la rilevanza statistica. Le misure mostrano un cambiamento nelle proprietà optomeccaniche di Alghe, Lieviti e Microgel mentre il campione dipolistirene rimane, come previsto, praticamente invariato grazie alla sua elevata rigidità che non permette una deformazione col campo di pressione fornito dallo strumento. L'insieme dei risultati mostra che la tecnica acustica introdotta in questa tesi è utile per rilevare e misurare diverse proprietà optomeccaniche che possono essere utilizzate come biomarcatori senza etichetta nella ricerca scientifica e nella diagnosi clinica.

Le applicazioni potenziali del dispositivo interferometrico acustofluidico vengono identificate nel manoscritto e comprendono la diagnosi e la ricerca di cancro, parassiti del sangue e tumori liquidi. Inoltre, viene identificata una potenziale applicazione in meccanotrasduzione, in cui la forza applicata su una cellula potrebbe innescare reazioni cellulari. Infine, vengono presentate le potenziali applicazioni nello screening di farmaci e nello smistamento cellulare (sezione 4. 

INTRODUCTION

T his thesis has an interdisciplinary character, exploiting advanced physical methods to study single living cells' physiology with high throughput. For this reason, it is essential to review the physics used to retrieve information and the cells' physiologic properties, which are the object of study. Light interference is used to analyze cells' optical properties in a novel way, and in combination with acoustics, is used to assess cell deformability, a useful parameter for cell characterization. In the following pages, we will see how and why.

All together, light interference, cell mechanical properties, and acoustic cell manipulation are central for this work. The combination of optics acoustics and cytometry enabled us to innovate in single-cell characterization. This introduction is intended to justify this combination, provide the theoretical background, and identify the technology's scope and limitations. In the first section, a detailed review of the Fabry-Perot theory and its applications in biology are presented, followed by a revision of the cells' mechanical properties, and finally, the main techniques for mechanical properties assessment.

Interferometry

Fabry-Perot interferometer

An optical resonator is an arrangement of mirrors that allows light to circulate in a closed path. The simplest kind of optical resonator consists of two reflecting mirrors facing each other at a distance L, and it is also known as Fabry-Perot cavity. It is possible to compute the complex amplitude of the electromagnetic wave resonating inside the cavity E cav and the transmitted E tr and reflected E ref amplitudes of the electromagnetic waves.

The convention used to indicate the phase shift of π that experiences the reflected field when travelling from the medium with the lower refraction index to the medium with the higher refraction index will be

E ref = -r•E in .
Every time that a wave makes a partial trip inside the cavity it acquires a phase shift of nkL cos θ, or for a round trip: 

E 2 = t 1 •E 1 -r 1 •E 6 E 3 = E 2 •e iδ/2 E 4 = t 2 •E 3 E 5 = -r 2 •E 3 E 6 = E 5 •e iδ/2 E 7 = r 1 •E 1 + t 1 •E 6 (1.2)
where E 1 is the input field.

The reflected field E 7 , has two contributions: one coming from the directly reflected beam and the second one coming from the field inside the cavity being transmitted through the input mirror. This intra-cavity field is the result of the interference between the partial waves that are circulating inside the cavity.

From the expressions above the following equations can be derived:

• Intra-cavity field (E 2 ):

E 2 = t 1 •E 1 -r 1 •E 6 E cav = E 2 = t 1 •E 1 -r 1 • -r 2 • E 2 •e i•δ/2 •e i•δ/2 E cav = E 1 • t 1 1 -r 1 •r 2 •e i•δ (1.3) 1.1. INTERFEROMETRY
• Reflected field (E 7 ):

E 7 = r 1 •E 1 + t 1 •E 6 E 7 = r 1 •E 1 + t 1 • -r 2 •E 2 •e i•δ E ref = E 7 = r 1 •E 1 + t 1 • -r 2 •E 1 • t 1 1 -r 1 •r 2 •e i•δ •e i•δ E ref = E 1 • r 1 -r 2 • r 2 1 + t 2 1 •e i•δ 1 -r 1 •r 2 •e i•δ
(1.4)

• Transmitted field (E 4 ):

E 4 = t 2 •E 3 E 4 = t 2 •E 2 •e i•δ/2 E tr = E 4 = t 2 •E 1 • t 1 1 -r 1 •r 2 •e i•δ •e i•δ/2 E tr = E 1 • t 1 •t 2 •e iδ/2 1 -r 1 •r 2 •e i•δ (1.5) 
However, these expressions are the complex amplitudes of the respective fields while in practice the measurable quantity is the power. So, starting from eq. (1.5) the power transmitted by a Fabry-Perot cavity can be written as:

P tr ∝E tr •E * tr = P in • t 2 1 •t 2 2 1 + r 2 1 •r 2 2 -2•r 1 •r 2 • cos (δ) . (1.6)
Irradiance is proportional to the square of the magnitude of the field amplitude, P tr ∝E tr •E * tr , so the transmittance T of the Fabry-Perot cavity is:

T ≡ P tr P in = t 4 1 + r 4 -2•r 2 • cos (δ) , (1.7) 
where the mirrors has being considered to being with the same properties t 1 , t 2 = t and r 1 , r 2 = r.

Using the trigonometric identity cos δ = 1 -2 sin 2 (δ/2), the lossless mirror condition t 2 = 1 -r 2 [START_REF] Pedrotti | Introduction to Optics[END_REF] and simplifying a bit allows the transmittance to be put into the form of the Airy function, 

T = (1 -r 2 ) 2 1 -2•r 2 + r 4 + 4•r 2 • sin 2 (δ/2) , T = 1 1 + 4•r 2 (1-r 2 )
P in = r 1 -r 2 • r 2 1 + t 2 1 •e i•δ 1 -r 1 •r 2 •e i•δ • r 1 -r 2 • r 2 1 + t 2 1 •e -i•δ 1 -r 1 •r 2 •e -i•δ (1.9) R = 2•r 2 (1 -cos δ) 1 + r 4 -2•r 2 • cos δ R = 4•r 2 • sin 2 (δ/2) (1 -r 2 ) 2 + 4•r 2 • sin 2 (δ/2) R = 1 1 + 4•r 2 (1-r 2 ) 2 • csc 2 (δ/2)
.

(1.10)

Coefficient of finesse

Fabry called the square-bracketed factor in eq. (1.8) -an exclusively function of the mirrors' reflection coefficient rthe coefficient of finesse, F:

F = 4•r 2 1 -r 2 2 , (1.11) 
Or in terms of the reflectance [START_REF] Born | Principles of Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of Light[END_REF],

r•r * = r 2 = R, (1.12) 
the coefficient of Finesse takes the form

F = 4•R (1 -R) 2 . (1.13)
This definition allows for a more compact for the Airy's transmission function eq. (1.8):

T = 1 1 + F• sin 2 (δ/2) . (1.14) 
And for reflectance:

R = 1 1 + F• csc 2 (δ/2) .
(1.15)

Resonance condition

The resonance condition occurs when the phase shift δ eq. (1.1) corresponds ton an integer multiple m of 2π the interference is constructive and the cavity is on resonance

δ = 2•n•k•L• cos θ = m•2•π (1.16)
Figure (1.2) shows that this phase shift leads to a maximum on the transmittance. When substituting in Eqs. (1.3) and (1.4) it can be seen that it also corresponds to a minimum of the reflected power [START_REF] Diaz | Fabry-perot cavities in advanced virgo[END_REF][START_REF] Pedrotti | Introduction to Optics[END_REF]. No losses were considered (t + r = 1). δ ν is the cavity linewidth and FSR the free spectral range. Modified from [START_REF] Diaz | Fabry-perot cavities in advanced virgo[END_REF].

Free Spectral Range (FSR)

The Free Spectral Range (FSR) is the frequency difference between two consecutive resonances. From resonance condition eq. (1.16) and the dispersion relation can be derived the following condition for the FSR,

FSR = ∆ν = c 2•n•L• cos θ (1.17)
Also from the resonance condition is clear that the phase difference between two adjacent resonances is:

δ FSR = 2π (1.18)

Finesse

The Coefficient of Finesse F is not to be confused with a second commonly used figure of merit F , called simply the Finesse. The Finesse F is the ratio of the FSR to the Full-Width at Half-Maximum (FWHM) of the peaks (also called linewidth).

F = π 2• arcsin 1 F ≈ π F 2 = π• r 1 -r (1.19) CHAPTER 1. INTRODUCTION

FWHM

The half-width at half-maximum (HWHM) δ 1/2 of the transmittance peaks (see fig ( 1.2)) can be found from eq. (1.14) by showing that when

T = 1/2, sin 2 (k•L) = sin 2 (δ/2) = π 2 4•F (1.20)
Equation 1.20 is valid only for for high reflectance mirrors R > 0.5. Trigonometric identities and a small angle approximation can be used to verify that, at the half-maximum,

sin 2 (δ/2) = sin 2 (m•π + δ 1/2 /2) = sin 2 δ 1/2 2 ≈ δ 1/2 2 2 (1.21)
Combining the previous expressions, is obtained again the Finesse as ratio between the Free Spectral Range and Full With at Half Maximum:

δ 1/2 = π/F . (1.22)
Cavities with more highly reflecting mirrors have higher values for the Finesse and so narrower transmittance peaks than those cavities with less highly reflecting mirrors [START_REF] Pedrotti | Introduction to Optics[END_REF]. As said, the Finesse of a cavity is the ratio of the free spectral range of the cavity to the FWHM of the cavity transmittance peaks:

FSR FWHM = δ FSR 2•δ 1/2 = F (1.23)

Storage time

Storage time is the mean photon storage time inside a FP cavity before it escapes through one of the mirrors [START_REF] Diaz | Fabry-perot cavities in advanced virgo[END_REF]. It can be calculated from the relationship between the linewidth (FWHM) of the spectrum of an exponentially decreasing electromagnetic wave and the decay time:

τ = 1 2•π•δ 1/2 = F • 2•L c•π (1.24)

FP two beam interferometer

A Fabry-Perot interferoemter is a multiple-beam interferometer while Michelson interferometer or March Zender interferometer are two beams interferometers [START_REF] Born | Principles of Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of Light[END_REF]. Nevertheles, for low reflectivity (less than 4%)

the FP can be considered as a two-beam interferometer [START_REF] Duan | Microbubble based fiber-optic Fabry-Perot interferometer formed by fusion splicing single-mode fibers for strain measurement[END_REF].

Thus, its reflected light intensity can be expressed as:

I = I 1 + I 2 + 2 I 1 I 2 cos φ (1.25)
where I 1 and I 2 are the intensities of the two beams reflected from the two cavity interfaces and φ = 4πnL/λ + φ 0 ; n is the refractive index of the medium in the FP Cavity, L is the cavity length, λ is the vacuum wavelength of the light source, and φ is its initial phase.

Interferometric microscopy

Interferometric Microscopy (IM) provides complex field information for a variety of samples at the diffraction limit. The label-free nature of these technique makes it particularly suitable for studying biological samples in a minimally invasive way for an extended period of time. IM enables measurement of the quantitative phase over the field of view with high resolution in space and time. The measured phase represents the cumulative effect of the morphology and the Refractive Index (RI) distribution of the specimen in distorting the transmitted wavefront. This phase delay, in the case of eukaryotic cells, has been shown to be linked to the cellular dry mass, which provides a powerful tool for studying cellular processes such as cell division and growth over days or weeks. When either of RI or morphology of the sample is known, one can measure the other without ambiguity [START_REF] Hosseini | Single-shot dual-wavelength interferometric microscopy[END_REF].

In the case of red blood cells RBCs in healthy individuals, where cellular RI can be approximated with good precision, IM provides an accurate measurement of the morphology with nanometer precision [START_REF] Hosseini | Single-shot dual-wavelength interferometric microscopy[END_REF], hence the change in the cells' morphology indicates the progression of a disease.

IM can provide complex field information of the biological samples with a high spatial and temporal resolution with virtually no photodamage by using light sources in mW order. Measuring wavelengthdependent information, in particular, has a wide range of applications, from cell and tissue refractometry to cellular biophysical measurements. IM measurements at multiple wavelengths are typically associated with a loss in temporal resolution, field of view, stability, sensitivity and may involve using expensive equipment such as tunable filters or spatial light modulators [START_REF] Hosseini | Single-shot dual-wavelength interferometric microscopy[END_REF].

Interferometric biological applications

It is possible determine particle size, number density, and velocity utilizing a laser interferometer by analyzing the generated fringe pattern [START_REF] Farmer | Measurement of particle size, number density, and velocity using a laser interferometer[END_REF]. When the fringe spacing is comparable to a particle diameter, size can be estimated. When the fringe spacing is much greater than the average particle diameter, number density can be measured.

Mie scattering, commonly employed to determine size and spatial distribution of spherical micro-sized particles, has been adapted to collect on a defocussed image plane the reflected and first-order refracted light scattered by an aerosol [START_REF] Qieni | High-accuracy particle sizing by interferometric particle imaging[END_REF][START_REF] Zhang | Multidispersed bubble-size measurements by interferometric particle imaging at scattering angles of 90 • and 45[END_REF].

If the scattering particle of Fig. (1.3) is observed in the focal plane of an optical system, two "glare points" associated with the reflected and refracted rays are observed. If a sensor is now placed outside the focal plane, interference fringes appear. Placing a sensor away from a focal plane, interference fringes originating from the two imaged sources now appear [START_REF] Lemaitre | Quasi real-time analysis of mixed-phase clouds using interferometric out-of-focus imaging: development of an algorithm to assess liquid and ice water content[END_REF].

This experiment is performed with standard 45 µm polystyrene particles exploiting that particle diameter is related to the interferogram's fringe spacing the particle size is determined with ∼ 1% error [START_REF] Qieni | High-accuracy particle sizing by interferometric particle imaging[END_REF]. Additionally, this method can simultaneously detect center location with high accuracy, which, coupled to tracking velocimetry techniques, can also provide information about the velocity.

Similarly, crossed-beam interferometry can be used to obtaining real-time in situ size and velocity of spherical particles or droplets [START_REF] Bachalo | Method for measuring the size and velocity of spheres by dual-beam light-scatter interferometry[END_REF]. The optical arrangement, consists of two laser beams focused to a crossover region. Droplets passing through the focal volume scatter light to the collecting lens situated In a different scheme, integration of light illumination and of optical tweezers in an inverted microscope allows for an interference-based method for measuring the cellular response to deformation [START_REF] Liu | Laser interference-based technique for dynamic measurement of single cell deformation manipulated by optical tweezers[END_REF]. The fringes, generated by transmitted and reflected light and recordered by a CMOS camera, allow for a reconstructing of cell height and morphology (as tested on fluorescence-stained HeLa cells -Cervical Epithelial Cell Line). After image processing and fringe center detection, the height of cell was estimated to be 1.16 µm. Also differences of refractive index were reported negligible for different cell parts, and ranged from 0.0339 to 0.0299 between cells and medium, in general the low RI contrast is challenge to overcome when analyzing cells by interferometric means.

A microcavity in-line Mach-Zehnder interferometer generated in an optical fiber and treated chemically for optical detection specificity, is a biosensor that can be used to monitor real-time biological phenomena.

The developed biosensor exhibits ultrahigh refractive index sensitivity of 15,000 nm/RIU and is capable of detecting live E. coli bacteria concentrations as low as 100 colony forming units (CFU)/mL in liquid volume as low as picoliters [START_REF] Janik | coli bacteria label-free sensing using a microcavity in-line Mach-Zehnder interferometer[END_REF]. This kind of biosensor can be used also for immunoglobulin G monitoring [START_REF] Wang | An interferometric optical fiber biosensor with high sensitivity for igg/anti-igg immunosensing[END_REF].

By placing transfected mammalian cells HEK293 with a plasmid encoding for expressing GFP inside a high-Q microcavity FP resonator formed by two highly reflective distributed Bragg reflectors, separated by d = 20 µm, a bio-laser (a laser with biological active media) is created. On optical pumping with nanojoule/nanosecond pulses, individual cells produce bright, directional and narrowband laser emission, with characteristic longitudinal and transverse modes Fig. (1.4). Remarkably, lasing cells remained alive even after prolonged lasing action [START_REF] Gather | Single-cell biological lasers[END_REF].

In a similar configuration but not for single-cell analysis rather tissue analysis, a laser-based emission detection technology for biological samples is currently being developed by microfabricating an spacer with a fixed height on the top mirror of the Fabry-Perot (FP) cavity, which produces reproducible and Taken from [START_REF] Gather | Single-cell biological lasers[END_REF].

stable lasing results regardless of tissue thickness. This platform has also been shown to achieve lasing emission from formalin-fixed, paraffin-embedded (FFPE) lung tissues and that cancer and normal FFPE lung tissues can be distinguished by their respective lasing thresholds [START_REF] Chen | A robust tissue laser platform for analysis of formalin-fixed paraffin-embedded biopsies[END_REF].

Interferometric microfluidic applications

It is also possible to use a Fabry-Perot cavity for microfluidic velocity measurement. The reflection interference fringes are observed to fluctuation by changing; microfluidic velocity, thickness of the polyethylene film or concentration of the measured microfluidic .The cavity is formed by a Single Mode Fiber (SMF), a Bare Fiber Adapter (BFA) with polyethylene film covered on the end face. Through monitoring the interference fringe intensity or the wavelength shift, the highest microfluidic velocity sensitivity of 0.0059 nm/(µL/min) has been reached [START_REF] Hou | Bare fiber adapter based Fabry-Pérot interferometer for microfluidic velocity measurement[END_REF].

CHAPTER 1. INTRODUCTION

Mechanical properties of single-cells

After reviewing the interferometry theory and its successful cytology applications, we are ready to review the cells' mechanical properties and how they are related to cells' physiological states. It is essential to have a detailed description of how the physiological state changes are related to the cell's actual condition, named develop state or health state. The applications based on physical cell properties, both existing and potential, are presented and discussed later in section 4.3.

Living organisms experience different conditions like growing, aging, sickness, and death, these conditions are also shared by their basic unit: the cell. Such cell changes are physicochemical. These changes often carry change in the shape, stiffness, and deformability of the cell, referred to all together as mechanical properties of the cell. Besides, these changes can lead to a change in the cell RI. We will refer to all these properties (and their changes) as the cell's physiological state.

Understanding the mechanical properties of single cells is integral to understanding general cell and tissue behavior, becoming increasingly crucial for biophysical prevention, diagnosis, and therapies (translational applications). The mechanical properties of cells (or mechanical biomarkers) describe the deformability, or the resistance to deformation, of a cell in response to an applied load. Deformability (or effective stiffness) is akin to other characteristic properties, such as gene and protein expression, used to phenotype cell populations. Still, deformability differs in that it is an integrative characteristic of many molecular changes [START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF][START_REF] Mcculloch | Cell mechanics: integrating cell responses to mechanical stimuli[END_REF]. Molecular analysis is intended for specificity, while mechanics is expected to be a more general feature. Hence it is more suitable for early screening than identification but can also contribute to diagnosis and prognosis.

The mechanical properties of single cells are just one side of the coin. Since cells are not only susceptible to mechanical changes, cells can detect and respond to mechanical stimuli often coming from surrounding cells in a process known as mechanosensitivity. Cells in vivo are continuously subjected to mechanical forces, including shear, compressive, and extensional forces. Cells' ability to deform and actively respond to mechanical forces is critical, for instance, in embryonic development or homeostasis, in adult tissues and organs [START_REF] Wu | A comparison of methods to assess cell mechanical properties[END_REF]. The way a cell senses and response to a physical force can vary based on the cell type or tissue microenvironment, potentially altering downstream events such as migration, homeostasis, differentiation, proliferation, or tumorigenesis [START_REF] Doolin | Nuclear deformation in response to mechanical confinement is cell type dependent[END_REF].

An essential physiological process that is an excellent example of the relevance of mechanical properties is mitosis. At anaphase, the average elasticity of cells was higher than that at other phases. Cholesterol depletion with MβCD led to an increase in the average elasticity, whereas the average roughness of the membrane surface decreased in the absence of cholesterol. As shown in Fig. (1.5), MCF-7 cells had average elasticity modulus of (18 ± 5), (19 ± 4), (31 ± 13), and (18.65 ± 7.85) -all in units kPa -at interphase, metaphase, anaphase, and telophase, respectively. At anaphase, the cell elasticity was significantly different from those at the other three phases (P < 0.05) [START_REF] Jiang | Probing the biophysical properties of tumor cells during mitosis by atomic force microscopy[END_REF]. During mitosis, the cytoskeleton is responsible for chromosome movement. It reorganizes cell structure, preparing it for division, showing that this intricate network of protein filaments makes up a dynamic, continuously reorganizing framework rather than a static scaffolding.

Cytoskeleton

As its name suggests, the cytoskeleton is the element that provides rigidity and structure to cells as the skeleton does for vertebrates, hence is the most relevant participant when talking about cells mechanical properties. The cytoskeleton has a central participation sustaining a cell shape, cell locomotion, and the various organelles' movement within the cell itself. The main components of the cytoskeleton are microfilaments, intermediate filaments, and microtubules.

Microfilaments are linear polymers of actin subunits that can assemble into helical filaments (F-actin).

They resist tension in the cell and can polymerize or depolymerize within minutes, facilitating efficient cell motility. Microfilaments also maintain the positioning of organelles in the cell and provide overall resistance to deformation from external stimuli.

Intermediate filaments serve primarily to provide structure in cells and have been classified as vimentins, keratin, neurofilaments, lamin, and desmin. They form an elaborate network in the cytoplasm, extending from the nucleus, whose lamina mostly comprises intermediate filaments (lamins), to the plasma membrane. Intermediate filaments connect with other cytoskeletal elements, organelles, and the cell membrane to form a fully connected network.

Microtubules are polymers of tubulin that serve as a structure to transport intracellular components throughout the cell during normal biological processes while also contributing to overall cellular structure and behavior. Microtubules resist compression, as opposed to microfilaments and intermediate filaments. In addition to the three main cytoskeletal elements, many other proteins are critical to the mechanical network's overall functionality. Of particular interest are nucleocytoskeletal proteins that link the nucleus to the cytoskeleton [START_REF] Isermann | Nuclear mechanics and mechanotransduction in health and disease[END_REF].

Cell membrane

The cell membrane is an integral contributor to cellular mechanical behavior due to its numerous connections to the underlying cytoskeleton. It effectively distributes external forces acting on the cell to the intracellular tensile and compressive elements as a viscoelastic covering. Alone, the cell membrane has relatively weak mechanical properties, as demonstrated by its high local extensibility when tethers are pulled away from its surface [START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF][START_REF] Titushkin | Distinct membrane mechanical properties of human mesenchymal stem cells determined using laser optical tweezers[END_REF].

Nucleus and other organelles

Although the nucleus and organelles are thought to serve primarily biochemical functions, their presence can also influence both local and whole-cell mechanical property measurements. The relative contributions of organelles depend, in large part, on the physical size of each component. The morphology of a cell can also influence how much the nucleus contributes to its mechanical properties. High-resolution elasticity maps of spread or flattened cells show significantly different mechanical properties for measurements made over the nucleus versus over cytoplasmic and cytoskeletal areas [START_REF] Chalut | Chromatin decondensation and nuclear softening accompany nanog downregulation in embryonic stem cells[END_REF][START_REF] Darling | Force scanning: a rapid, high-resolution approach for spatial mechanical property mapping[END_REF]. The nucleus has been hypothesized to serve as the ultimate mechanosensory unit in the cell, where propagated forces or strains, or both. Such changes alter gene transcription. This potential role has spurred an extensive investigation into whole-cell mechanical properties and nuclear mechanical properties as a means for characterizing cell type.

Somatic cells

A structure-function relationship exists at the cell level, which necessitates that mechanical properties be well suited to the microenvironment provided by the surrounding tissue. Empirical evidence suggests that this cell-tissue accommodation can result in mechanical characteristics that can be used to identify cell types, and even subpopulations of cell types, in specific tissues [START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF][START_REF] Darling | Viscoelastic properties of human mesenchymally-derived stem cells and primary osteoblasts, chondrocytes, and adipocytes[END_REF][START_REF] Swift | Nuclear lamin-a scales with tissue stiffness and enhances matrix-directed differentiation[END_REF].

Somatic cells span an extensive range of elastic properties, from very soft neuronal cell types to much stiffer bone and muscle cell types. Compliant, or soft, cell types, such as neurons and myeloid and lymphoid cells, have Young's moduli in the range of 0.1-0.2 kPa [START_REF] Wu | Cardiomyocyte contractile status is associated with differences in fibronectin and integrin interactions[END_REF]. Less compliant or stiff cell types, such as osteoblasts and cardiomyocytes, can range between 2 and 10 kPa, with contracted muscle cells having reported moduli as high as 100 kPa [START_REF] Wu | Cardiomyocyte contractile status is associated with differences in fibronectin and integrin interactions[END_REF]. Cross-study comparisons are complicated by a lack of standardization of experimental protocols and techniques. Therefore, studies that include cells from multiple tissues in their experimental design are often the best means to observe relative differences in mechanical properties. Darling et al. [START_REF] Darling | Viscoelastic properties of zonal articular chondrocytes measured by atomic force microscopy[END_REF] have shown that superficial-zone chondrocytes are approximately twice as stiff as middle or deep zone chondrocytes (1.2 kPa versus 0.6 kPa, respectively).

They also reported values for spread and spherical human osteoblasts (6.5 kPa for spread cells; 2.6 kPa for spherical), chondrocytes (1.8 kPa; 1.4 kPa), adipocytes (0.9 kPa, spherical only), adipose-derived stem cells (2.5 kPa; 2.6 kPa), and bone-marrow-derived stem cells (3.2 kPa; 2.5 kPa). 

Red blod cells (RBC)

Healthy human Red Blood Cells (RBCs) have a biconcave shape with approximately 7.5-8.7 µm in diameter and 1.7-2.2 µm in thickness [START_REF] Geekiyanage | Deformation behaviour of stomatocyte, discocyte and echinocyte red blood cell morphologies during optical tweezers stretching[END_REF]. The RBC envelope consists of a phospholipid bilayer and a network of spectrin proteins (cytoskeleton) attached at the inner side of the bilayer via transmembrane proteins. The spectrin network supplies shear elasticity to a RBC membrane, while the lipid bilayer serves as a barrier for exchange of solutes and provides resistance to bending and viscous damping when sheared. Human RBCs neither have organelles nor bulk cytoskeleton and are filled with a highly concentrated hemoglobin solution. Viscosity of the cytosol is about 6 × 10 -3 Pa•s, while the plasma viscosity is approximately

1.2 × 10 -3 Pa•s at a physiological temperature of 37 • C [23].
The unique structural organization of the RBC enables it to undergo large reversible deformations while maintaining constant volume and membrane surface area. Lacking the actin-myosin-microtubule cytoskeleton that is responsible for shape changes in nucleated cells, RBCs maintain their structural integrity and can display dynamic local deformations thanks to a dynamic network of spectrin filaments tethered to the cytosolic side of the Plasma Cell Membrane (PM) [START_REF] Dumitru | Nanoscale membrane architecture of healthy and pathological red blood cells[END_REF].

The RBC presents a Refractive Index (RI) of 1.3610±0.0002 for 656 nm red light [START_REF] Lazareva | Blood refractive index modelling in the visible and near infrared spectral regions[END_REF]. Is not common find information about the optical properties of the cells, but RBCs are well know turning them into a good reference parameter for cell optical and physical parameters assessment.

Stem cells

During the past decade, researchers have focused intensively on how stem cells sense and respond to the mechanical properties of the materials around them. In the last few years, attention has also focused on the mechanical properties of stem cells themselves, particularly during differentiation. During this process, major changes occur in gene expression and protein abundance, resulting in similarly drastic changes in cytoskeletal structure and architecture. In fact, biological and mechanical factors often interact during differentiation, with the mechanical cues serving as a driving factor in embryonic development.

Evaluating the mechanical properties of stem cells before, during, and after differentiation holds clues to what aspects are most important in controlling this unique behavior [START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF][START_REF] Labriola | Temporal heterogeneity in single-cell gene expression and mechanical properties during adipogenic differentiation[END_REF].

MECHANICAL AND OPTICAL LABEL-FREE BIOMARKERS

Mechanical and optical label-free biomarkers

All cells express characteristic features (proteins, lipids, glycosylation, etc.) that can be used as markers to help distinguish unique cell types. Cell markers can be expressed both extracellularly on the cell's surface or as an intracellular molecule. Chemical markers are a powerful cytometry tool; for instance, molecular markers are highly selective. However, challenges still exist in terms of cost, complexity, and labeling heterogeneity. Therefore, demands for new tools are increasing to facilitate and accelerate unlabeled approaches for detecting biomarkers.

Fluorescent labels or chromophores are employed in some effective and available breast cancer biomarker detection methods that can provide exceptional sensitivity down to the single-molecule level.

For instance, HER2 is a well-documented biomarker related to tumor cell proliferation with overexpression in 20-30% of human breast cancer [START_REF] Sun | Label-free detection of cancer biomarkers using an in-line taper fiber-optic interferometer and a Fiber Bragg Grating[END_REF].

Size, shape, and texture are potential mechanical markers for cells, which is the main feature intended to be exploited in this thesis. Hence, it is relevant to present the existing approaches for cell mechanotyping. Cell stiffness is a critical phenotypical marker that can provide insights into cellular adaptation and differentiation and pathological cell change. Therefore, cell-mechanical phenotyping contributes to biological research and medicine, including cell sorting and medical diagnostics [START_REF] Mietke | Extracting cell stiffness from real-time deformability cytometry: Theory and experiment[END_REF].

Label-free cytometry devices have been used recently with great success in diagnostics. A compact and label-free optical fiber sensor based on a taper interferometer cascaded with a fiber Bragg grating are proposed by Sun et al. [START_REF] Sun | Label-free detection of cancer biomarkers using an in-line taper fiber-optic interferometer and a Fiber Bragg Grating[END_REF] to detect a breast cancer biomarker (HER2). The tapered fiber-optic interferometer is extremely sensitive to the ambient Refractive Index (RI). The sensor surface is functionalized to make it insensitive to RI changes of target different from the unlabeled biomarkers. The result shows that the proposed sensor presents a low limit-of-detection of 2 ng/mL, enabling its potential application in early breast cancer diagnosis.

Studies indicate that the cell mechanical phenotype might be an inherent biophysical marker of pluripotent stem cells. Cell reprogramming is a differentiation process during which cells continuously undergo phenotypical remodeling [START_REF] Urbanska | Single-cell mechanical phenotype is an intrinsic marker of reprogramming and differentiation along the mouse neural lineage[END_REF]. Changes in the mechanical phenotype of murine fetal neural progenitor cells (fNPCs) during reprogramming is used to induced pluripotent stem cells (iPSCs) [START_REF] Urbanska | Single-cell mechanical phenotype is an intrinsic marker of reprogramming and differentiation along the mouse neural lineage[END_REF].

fNPCs become progressively stiffer en route to pluripotency, and this stiffening is mirrored by iPSCs becoming more compliant during differentiation towards the neural lineage. Furthermore, it is shown that the mechanical phenotype of iPSCs is comparable with that of embryonic stem cells. These results suggest that the mechanical properties of cells are inherent to their developmental stage.

The physiological cell properties of interest for us are the mechanical properties and the optical properties. Regarding the last one, among the intrinsic optical biomarkers, the most representative is the RI, which has been successfully used for breast cancer diagnosis. Three types of unstained breast tissue sections, fibrocystic, fibroadenoma, and invasive carcinoma, have been examined for the ultrastructural changes using Fourier domain low coherence interferometry [START_REF] Bharti | Wavelet transform of fourier domain low coherence interference spectra for breast cancer detection[END_REF]. Structural changes occurring with malignancy occur as refractive index variations inside the tissue. It is crucial to quantify this variation in refractive index for early cancer detection. The resulting interference spectra of the backscattered light from the front and the rear surface of the sample are Fourier analyzed to provide depth correlation function. The subtle small-scale fluctuations in the Fourier analyzed spectra are then evaluated using they can be accurately determined for each type/state of the cells.

TECHNIQUES FOR MEASURING MECHANICAL PROPERTIES OF SINGLE-CELLS

Techniques for measuring mechanical properties of single-cells

Nowadays several approaches exist for single cells mechanical properties assessment:Atomic Force Microscopy (AFM), Micropipette Aspiration (MA), Microbead Rheometry (MR), Cell Monolayer Rheology (CMR) and Optical Tweezers and Traps (OTs), see Fig. (1.6). The optimal choice of technique depends largely on the goal of the experiment. However, it should be kept in mind that each technique has its strengths and weaknesses, and some may introduce biasing due to the nature of the test. For example, MA and AFM can both be used to determine Young's modulus of a cell, but the former typically test cells in suspension, whereas the latter typically tests cells adhered to a surface. Even if cells in both cases exhibit a rounded morphology, the measured properties will be influenced significantly by underlying cytoskeletal differences i.e., surface-adhered cells tested by AFM appear less viscous than those in suspension tested by MA [START_REF] Darling | Viscoelastic properties of zonal articular chondrocytes measured by atomic force microscopy[END_REF].

FIGURE 1.6. Traditional techniques that have been applied to measure the mechanical properties of cells. Taken from [START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF].

Likewise, a method that uses a tiny probe for indentation will acquire highly localized measures of mechanical properties. In comparison, a technique that deforms the entire cell will produce a different set of mechanical properties. The choice of method should be balanced against knowledge of a cell's architecture [START_REF] Darling | Viscoelastic properties of zonal articular chondrocytes measured by atomic force microscopy[END_REF]. One way to avoid biasing the measurement of the mechanical properties would be a contactless method. High throughput would, in addition, be highly desirable.

Atomic Force Microscopy (AFM)

Monitoring the deformation of a cell in response to physical compression or indentation is one of the most common approaches to assay the mechanical properties of a single cell. AFM works on the principle of applying a force and monitoring the deformation response of a cell. From these data, elastic and viscoelastic properties can be extracted.

The vertical bending of a cantilever is measured with a laser, and the result is used to calculate an applied force at the tip, which is typically shaped as a sphere, cone, or pyramid. Although the selection Empirically, indentations should be less than 10% of the cell diameter or height, and cantilever deflections signals should be reliably above noise levels in a fluid environment (> 5 -10nm) [START_REF] Shin | Cytoindentation for obtaining cell biomechanical properties[END_REF].

The most prevalent approach is to use the Hertz model with indentation data to determine Young's modulus. The choice of model, as well as the testing parameters, can dramatically influence the reported properties of a cell and should be carefully considered when making comparisons across studies [START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF][START_REF] Lekka | Discrimination between normal and cancerous cells using AFM[END_REF]. 

Micropipette Aspiration (MA)

This approach involves applying suction pressure to a cell while monitoring the extension of the membrane (and sometimes nucleus) using a micropipette. This technique has also been used for decades to study RBCs [START_REF] Rand | Mechanical properties of the red cell membrane[END_REF]. Like AFM, MA can be used to evaluate the viscoelastic properties of cells, both in local regions and as a whole-cell measurement. The choice of the micropipette's inner diameter s crucial to the validity of the theoretical equations used. Negative pressure is also critically important, since it controls how much of the cell is drawn into the micropipette. Small extensions (requiring approximately 1 Pa) primarily measure properties of the cell membrane, whereas large extensions (requiring approximately 1,000 Pa)
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measure cytoskeletal and cytoplasmic properties. Cell nuclei, both alone and in living cells, have also been studied extensively using MA [START_REF] Rand | Mechanical properties of the red cell membrane[END_REF][START_REF] Swift | Nuclear lamin-a scales with tissue stiffness and enhances matrix-directed differentiation[END_REF][START_REF] Rowat | Characterization of the elastic properties of the nuclear envelope[END_REF].

Microbead Rheometry (MR)

The test can evaluate elastic and viscoelastic properties in highly localized regions. Practically, this is accomplished by placing magnetic microbeads on or in a cell and monitoring their motion. The advantage of microbead rheometry over other techniques is that it can provide a very detailed description of the mechanical properties of a cell by interrogating multiple locations corresponding to multiple localized beads at one time. This is not feasible with AFM or MA. The major drawback is in the magnitude of forces that can be applied (piconewtons), limiting it to measuring local biological features [START_REF] Crick | The physical properties of cytoplasm: A study by means of the magnetic particle method part i. experimental[END_REF][START_REF] Valberg | Magnetometry of ingested particles in pulmonary macrophages[END_REF].

Cell Monolayer Rheology (CMR)

Cell Monolayer Rheology probes cells placed between two plates of a commercial rotational rheometer with a glass sensor and plate-ring geometry, which provides more accurate measurements in the regime of large shear deformations than the conventional plate-plate geometry. Fibronectin coating (2µg/cm 2 ) of the plates enhances cell adhesion; cells form a sparse monolayer that can be observed through a microscope during measurements. The ring rotates around its symmetry axis, which leads to simultaneous shear deformation of the cells [START_REF] Wu | A comparison of methods to assess cell mechanical properties[END_REF].

In a similar approach, Huang et al. [START_REF] Huang | Mechanical characterization of single cells based on microfluidic techniques[END_REF] present progress in quantifying traction forces generated during cell-ECM/substrate interaction, with an emphasis on force/stress reconstruction on functionalized ECM/substrates.

Optical approaches 1.4.6 Optical Tweezers and Traps (OTs)

Upon transmitting through a dielectric particle, the photons from the laser beam undergo a series of processes, including absorption, scattering, emission, and re-radiation, thus inducing momentum transfer in both the photons and the particle interacting with them. Therefore, an optical force that equals the time rate of momentum changes is exerted on the particle. The radiation force is generally divided into two components: the scattering force proportional to the incident light and the gradient force proportional to the intensity gradient. Under the gradient force, particles with a higher refractive index than the surrounding medium will be transported into the high-intensity region of the beam near the focus, whereas particles with a low refractive index will be pulled toward the low-intensity area. For dielectric particles in the geometric optics regime, where the particle size (diameter d) is large compared with the trapping wavelength (d > λ) [START_REF] Zhu | Optical tweezers in studies of red blood cells[END_REF].

Light-based cell-manipulation approaches, including optical tweezers and traps (known as OTs), are attractive testing methods that do not require mechanical contact with the cells under examination. The basic principle of laser traps is that momentum is transferred from the light to the object, which in turn, by Newton's second law, exerts a force on the object [START_REF] Guck | The optical stretcher: A novel laser tool to micromanipulate cells[END_REF][START_REF] Guck | Optical deformability as an inherent cell marker for testing malignant transformation and metastatic competence[END_REF]. OTs use a highly focused laser beam to create a 3D light gradient that exerts attractive and repulsive forces on a bead or cell, relying on a dielectric contrast with the surrounding solution [2,3]. One of the limitations of using OTs for measuring the properties of single cells is the relatively small-magnitude force that can be applied, typically less than a couple of hundred piconewtons. In addition, the high intensity needed for trapping at the focussed spot, in excess of (MW/cm 2 ), introduces potential thermal damage to cells RBCs included [START_REF] Zhu | Optical tweezers in studies of red blood cells[END_REF].

The most common laser trap is a one-beam gradient trap, called optical tweezers. Its configuration is stable as long as the gradient force overcomes the radiation pressure. In principle, the one-beam trap can use a spot size smaller than the sample cell. In contrast, the optical stretcher is based on a double-beam trap. Two opposed, slightly divergent, and identical laser beams with Gaussian intensity profile trap an object in the middle. This trapping is stable if the total force on the object is zero and restoring.

This condition is fulfilled if the refractive index of the object is larger than the refractive index of the surrounding medium and if the beam sizes are larger than the size of the trapped object [START_REF] Guck | The optical stretcher: A novel laser tool to micromanipulate cells[END_REF].

Forces applied by OTs have also been adapted for higher-throughput measurements like the microfluidic optical stretcher. Practically, these approaches all stretch cells directly with optical forces rather than with pairs of beads attached to cells because such bead-attached cells are a statistical minority in a population.

The optical stretcher is the first approach to make a significant advance [START_REF] Guck | Optical deformability as an inherent cell marker for testing malignant transformation and metastatic competence[END_REF], achieving a throughput of approximately 1 cell/min, mainly limited by the need to wait for a sufficient time to image small, creeping cellular deformations. [43]. This technique was able to process approximately 300 cells/s, suggesting that it could be applicable for rapid cell analysis. An ultrasonic standing wave field is created in a 0.1 mm glass capillary at a frequency of 7.9 MHz to deform cells. The reported deformations in osmotically swollen red-blood cells are up to an aspect ratio of 1.35 [START_REF] Mishra | Deformation of red blood cells using acoustic radiation forces[END_REF]. The applied acoustic pressure varies from 12.9 kPa to 978 kPa. The resulting acoustic standing wave is dominated by planar variations in pressure, causing particles to migrate to planar pressure nodes or antinodes depending on particle and fluid properties [START_REF] Glynne-Jones | Acoustofluidics 9: Modelling and applications of planar resonant devices for acoustic particle manipulation[END_REF].

In a macroscopic approach use of acoustic levitation to study normoxic (normal level of oxygen) rheological properties of normal and Sickle Cell Disease (SCD) blood has been exploited [START_REF] Hosseinzadeh | Shape oscillations of single blood drops: applications to human blood and sickle cell disease[END_REF]. A drop of whole blood is levitated in an acoustic field and excited to modal shape oscillation by amplitude modulation of the field. The free decay of the shape oscillation is measured using a laser scattering method, from which blood viscosity is inferred. Correlation of the measured viscosity with clinically measured parameters for SCD patients, this technique can provide insights into the disease pathophysiology and the effectiveness of hydroxyurea treatment. In particular, the results show that hydroxyurea treatment reduces whole blood viscosity, and further that this viscosity reduction correlates with fetal hemoglobin production while exhibiting no correlation with mean corpuscular volume.

Finally, microfluidic acoustophoresis has been used in many applications involving contactless cell and particle manipulation, separation, and concentration [START_REF] Wang | A continuous-flow acoustofluidic cytometer for single-cell mechanotyping[END_REF]. There are mainly two types of microfluidic acoustic cell manipulation approaches, those using bulk acoustic wave resonators and those using Surface Acoustic Wave (SAW) resonators. Although SAW-based acoustofluidic devices have been extensively employed for cell and particle separation, so far, SAW resonators are not suitable for direct single-cell mechanotyping studies. Besides, this method requires expensive specialized substrates and more complex fabrication procedures.

Attaching a piezoelectric transducer to the bottom of a simple microfluidic channel can perform acoustophoresis cytometry Fig. (1.9). Introducing the cells into the acoustic field at a constant position and recording their exit positions after acoustophoretic displacement a continuous-flow acoustofluidic cytometer was achieved, this configuration allows for a decoupling on the size-dependent effect from the compressibility-dependent effect given that the cells would experience different acoustophoretic forces and acoustic streaming depending on their initial vertical locations [START_REF] Wang | A continuous-flow acoustofluidic cytometer for single-cell mechanotyping[END_REF].

The first-order resonance frequency corresponding to the channel width (the correspondent frequency of the wave whose length is precisely twice the channel width) was applied to generate a transversal (Ydirection) acoustic resonance field in the microchannel. As cells entered the acoustic field, they were subject to the acoustophoretic force, which moved them to the transversal first harmonics pressure node in the channel center, as well as to the size-dependent viscous drag force that was applied in the opposite direction.

By tuning the acoustic pressure field (adjusted by the applied power) and cell transit time (adjusted by the flow rate), the transversal positions of cells when exiting the acoustic field could be controlled in the range between the channel sidewall and channel center. In this way, only cells with a higher acoustic contrast factor move closer to the center pressure node, while cells with a lower contrast factor do not have enough time to move to the center pressure node. This allows relating the cells' transversal position differences to the acoustophoretic force differences caused by their size, density, and compressibility differences.

This acoustophoresis cytometry technique has been applied for single-cell mechanotyping of two different types of cancer cells [START_REF] Wang | A continuous-flow acoustofluidic cytometer for single-cell mechanotyping[END_REF] by using two microfluidic devices. The first set of fabricated microdevices had a main microchannel width of 370 µm and a side-channel width of 30 µm. The second set of fabricated microdevices had the main microchannel width of 390 µm and a side-channel width of 38 µm. The flow rates in each stream were set to: center main inlet 100 µl/h, side inlet 10 µl/h, and side sheath flow inlet 10 µl/h. The acoustic resonance field was generated using a piezoelectric ceramic plate (PZ26, Ferroperm Piezoceramics A/S, Denmark) attached to the bottom, which was stimulated with a sinusoidal wave of 2.17 MDA-MB-231 has been reported to be significantly more invasive than MCF7, which translates to a higher compressibility and acoustic contrast factor, and indeed move more towards the channel center compared to MCF-7. reported a higher compressibility of MCF7 cells, compared to MCF-10A, Taken from [START_REF] Wang | A continuous-flow acoustofluidic cytometer for single-cell mechanotyping[END_REF].

By including the cells' size in their analysis, it is possible to increase the accuracy of the measurements proving, for instance, that MDA-MB-231 shows a longer traveling distance in the transversal direction, which can be interpreted as MDA-MB-231 experiencing a stronger acoustophoretic force and similar 1.5. ACOUSTIC APPROACHES FOR SINGLE-CELL MECHANOTYPING drag force, an indicator of a higher acoustic contrast factor. It was also shown that cell lines could be successfully distinguished using this scatter plot (see Fig. (1.11)). The order of the acoustic contrast factors of the head and neck cancer cell lines was cl-37B (0.235 ± 0.048) > M4e (0.153 ± 0.026) > Tu686 (0.133 ± 0.025). When no acoustophoretic force was applied, all cells showed the same exit position as expected.

When the acoustophoretic force was applied, a simple exit position-based classification showed the order BT474/MDA-MB-231 > MCF-10A > MCF7, with no obvious differences between BT474 and MDA-MB-231.

From the previous experiment, the relevance for taking into account the cell size becomes clear when performing a deformability-based cytometry study.

As exemplified before in the AFM section, cell deformability studies can be biased mainly due to how the load force is applied. Important efforts to properly asset this biasing, both experimentally and theoretically, have to be implemented. Contactless approaches for deformability cytometry will reduce such biasing, facilitating the technique and potentially leading to a substantial throughput.

CHAPTER 1. INTRODUCTION

High-throughput techniques

To compensate for the heterogeneous nature of biological materials, a high-throughput method to assess the mechanical properties of individual cells is required [START_REF] Du | Erythrocyte membrane failure by electromechanical stress[END_REF]. Reliable information can only be gained from sufficient statistics. Thus thousands to million cells need to be processed over periods that range from minutes to, at most, hours. The most demanding application scenario is clinical analysis, in which throughput of 100s to 1000s of cells per second is foreseen. In addition, a short processing time is valuable to minimize the physical changes that can occur as cells sit in buffer or media before processing. Even higher throughputs might be needed to prepare therapeutic batches of cells containing hundreds of millions of cells [START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF].

Real-time Deformability Cytometry (RT-DC)

RT-DC is a contactless technique, allowing the gain of thousands of events per minute, convenient for the global characterization of complex samples. In the RT-DC set-up, shear stress is generated by a viscous liquid flowing through a channel of defined dimensions to induce cell deformation [START_REF] Guzniczak | High-throughput assessment of mechanical properties of stem cell derived red blood cells, toward cellular downstream processing[END_REF].

Cells are flowed through a microfluidic channel constriction and deformed without contact by shear stresses and pressure gradients. The deformed cell inside the constriction is illuminated with a pulsed, high-power LED and imaged with a complementary metal-oxide-semiconductor (CMOS) camera at 2,000-4,000 f.p.s. The camera-triggered LED light pulses are 1 µs in duration-short enough to prevent motion blurring of the cells, which flow with 10 cm/s and deform from a spherical into a bullet-like shape.

Real-Time Deformability Cytometry (RT-DC) is a technique for continuous cell mechanical characterization of large populations (> 100, 000 cells) with analysis rates greater than 100 cells/s. RT-DC is sensitive to cytoskeletal alterations and can distinguish cell-cycle phases, track stem cell differentiation into distinct lineages and identify cell populations in whole blood by their mechanical fingerprints. An image analysis algorithm is applied and executed on a standard personal computer that continuously acquires images from the camera in real-time, detecting the presence of a cell and determining its contour, quantifying its deformation and size [START_REF] Mokbel | Numerical simulation of real-time deformability cytometry to extract cell mechanical properties[END_REF][START_REF] Otto | Real-time deformability cytometry: on-the-fly cell mechanical phenotyping[END_REF][START_REF] Urbanska | Chapter 10-high throughput single-cell mechanical phenotyping with real-time deformability cytometry[END_REF]. This technique adds a new label-free dimension to flow cytometry with diverse biology applications, biotechnology and medicine [START_REF] Mietke | Extracting cell stiffness from real-time deformability cytometry: Theory and experiment[END_REF].

One application of the RT-DC is the in vitro manufacture of RBCs CD34+ from hematopoietic stem cells (CD34+) monitoring, since the in vitro protocol is a recapitulation of in vivo erythropoiesis through distinct developmental stages, induces mechanical changes in the cells. Initially, the culture is expanded for the first ten days (D0 to D10) before differentiation is induced at D11, resulting in drastic cell phenotype changes during the final 11 days of differentiation. Guzniaczak et al. used a microfluidic-based Real-Time Deformability Cytometry (RT-DC) to track the evolution of the mRBCs during its developmental stages [START_REF] Guzniczak | High-throughput assessment of mechanical properties of stem cell derived red blood cells, toward cellular downstream processing[END_REF].

However, this very sensitive, label-free technique (RT-DC) still lacks the specificity of molecular markers. Rosendahl et al. [START_REF] Rosendahl | Real-time fluorescence and deformability cytometry[END_REF] developed an approach that combines real-time 1D-imaging fluorescence and deformability cytometry in one instrument: Real-time fluorescence and deformability cytometry. 

Transit through constrictions

Transit through constrictions is perhaps the simplest method of assaying the deformability of cells in a high-throughput. The cell is forced to flow through a microfluidic channel with constrictions and measuring the transit time. Recent efforts have also aimed at decoupling cell-deformation time during entry into the constriction, which requires the entire cell to change shape from transit time following deformation, which may depend more on elastic restoring forces and surface friction within the channel [START_REF] Byun | Characterizing deformability and surface friction of cancer cells[END_REF]. Analyses of 1 cell/s [START_REF] Byun | Characterizing deformability and surface friction of cancer cells[END_REF]. to approximately 100 cells/s [START_REF] Zheng | Recent advances in microfluidic techniques for single-cell biophysical characterization[END_REF] have been demonstrated using significant automation see fig (1.13).

(a) network of bifurcating microfluidic channels for blood cell deformability (b) microfluidic system for electrical and mechanical characterization of RBCs 

Fluid-Based deformation cytometry

By tethering the cell to the channel wall, uniaxial stretching could be applied to measure the elasticity of the cell membrane. When used in combination with finite-element modeling, measurements of mechanical properties have similar precision to techniques such as AFM, MA, and OTs [START_REF] Qiu | A noninvasive approach to determine viscoelastic properties of an individual adherent cell under fluid flow[END_REF]. Fluid-based deformation techniques are currently limited in the types of mechanical properties that they can measure and the accuracy of those measurements but offer high throughput.

Hydrodynamic approaches

Hydrodynamic approaches separate cells and measure their mechanical properties by using intrinsic Margination has been used to enrich WBCs from blood [START_REF] Shevkoplyas | Biomimetic autoseparation of leukocytes from whole blood in a microfluidic device[END_REF] and concentrate RBCs with malarial parasites [START_REF] Shevkoplyas | Biomimetic autoseparation of leukocytes from whole blood in a microfluidic device[END_REF].

Hydrodynamic approaches yield the highest throughputs of any current technique (up to 20,000 cells/s) [START_REF] Dudani | Pinched-flow hydrodynamic stretching of single-cells[END_REF]; however, the stress field acting on a cell in a microflow depends on cell size and shape, the measurements are sensitive to these parameters.

Automated Atomic Force Microscopy

The automation and parallelization of AFM instrumentation have been proposed to achieve higherthroughput measurements of cell mechanics. Yuan and coworkers [START_REF] Wang | A continuous-flow acoustofluidic cytometer for single-cell mechanotyping[END_REF] have developed an automated system that includes feeding back information from the analysis of microscopic images to enable automatic positioning and indenting. This level of automation still requires several seconds per measurement due to the nature of the indentation process, suggesting that parallelization is necessary to achieve more practical measurement throughput. An arrayed implementation has also been designed for the purpose of measuring cells that are pre-patterned on a substrate [START_REF] Favre | Parallel AFM imaging and force spectroscopy using two-dimensional probe arrays for applications in cell biology[END_REF]. In this approach, a 4 × 17 cantilever-probe array was fabricated to register with a patterned array of cells. An interferometric readout scheme was implemented using a standard CMOS. to parallelize the accurate position sensing of the different probe tips, instead of measuring laser deflection.

Osmotic approaches

Another method of applying stress to a cell, although focused on the cell membrane, is through osmotic shock. Historical techniques have used such an approach to characterize membrane integrity and cortical cytoskeletal strength, especially in RBCs [START_REF] Hunter | A photoelectric method for the quantitative determination of erythrocyte fragility[END_REF]. These early osmotic fragility tests characterized the quantity of cells lysed at a given time using bulk absorption measurements of hemoglobin or measures of intact pellet size after centrifugation. More recently, individual cells undergoing lysis have been tracked using video microscopy to study osmotic fragility in RBCs in a static setting [START_REF] Ionescu-Zanetti | Alkaline hemolysis fragility is dependent on cell shape: Results from a morphology tracker[END_REF]. The approaches taken to increase the throughput of osmotic fragility tests make use of microfluidic devices that create osmotic shock by either electroporation [START_REF] Bao | Single-cell electrical lysis of erythrocytes detects deficiencies in the cytoskeletal protein network[END_REF] or exposure to a hypotonic solution [START_REF] Zhan | Characterizing osmotic lysis kinetics under microfluidic hydrodynamic focusing for erythrocyte fragility studies[END_REF]. Following membrane disruption or hypotonic exposure, RBCs gradually lyse and lose contrast as the index of refraction of the internal cytoplasm begins to match that of the external fluid, and this can be imaged with a high-speed camera.

Single cells can be tracked using some approaches, and the lysis time can be determined quantitatively.

Because of the serial and continuous nature of the assay, thousands of cells can be analyzed in a reasonable period at rates of approximately 1 cell/s [START_REF] Bao | Single-cell electrical lysis of erythrocytes detects deficiencies in the cytoskeletal protein network[END_REF].

CHAPTER 1. INTRODUCTION

Motivation

Although many approaches for assessing the physiological properties of cells exist, both using chemical markers and label-free, there is still a need to develop further technology that is reliable, fast, simple, and inexpensive.

As shown in table 1.2, the current methods to determine cell mechanical properties are largely biased due to the used technique. The immediate way to increase the robustness of the method would be by providing statistical analysis, and for such purpose, high throughput is needed. Nevertheless, high throughput methods require specific elements, like high-speed cameras, turning them into expensive or complicated approaches.

Having technology for single-cell phenotyping with high throughput but inexpensive and straightforward is highly desirable. It will have application in diagnosis, especially in the most vulnerable sectors of the society like the communities in the developing countries.

The goal of the technology presented in detail in the following pages is to provide a device for single-cell phenotyping analysis achieving high throughput, but keeping it simple, susceptible of miniaturization, cheap, and specially intended for diagnosis but with a broad spectrum of applications like cell sorting, medical treatments, drug test, cells developing monitoring, and even with applications out of the medicine and biophysics fields like water or air contaminants detection and measurement.

Chapter summary

A review of the Fabry-Perot interferometry theory is presented in section 1. (1.19)). The Finesse is one of the parameters that will be used to characterize the optomechanical properties of cells (cf. section 3.1.3). Some interferometric applications follow the overview of the Fabry-Perot theory in microscopy and cell and tissue studies. See sections 1.1.2 -1.1.4.

Section 1.2 of this chapter offers a detailed discussion of the Mechanical Properties of single cells. The designation "single" is important here since the mechanical properties of cells in tissue and single are different (often opposite) as in the case of cancerous tumors where the single cells are more elastically complaint than their healthy counterpart while the actual tumor is stiffer than the surrounding tissue.

Among all the cell's organelles, the cytoskeleton is the one that plays a central role in controlling the mechanical properties of cells (cf. section 1.2). Cell mechanical properties are central to this work since they can be used as label-free biomarkers together with cell optical properties) to perform cytometry and clinical diagnosis (cf. section (1.3)).

A detailed review of the current techniques to assess the mechanical properties of cells presented in two separate sections: standard throughput (cf. section (1.4)) and high throughput (cf. section (1.6)).

Interposed between these two sections is a review of the acoustic approaches for assessing cell mechanical properties (cf. section 1.5), an aspect highly relevant for this thesis. The analysis of state of the art in the measurement of cell mechanical properties highlights two particularly important needs: 1. standardization of cell mechanical property measurements and 2. the acquisition of large datasamples for statistical One of the most used techniques to assess the cell mechanical properties is AFM; nevertheless, this technique reports different mechanical properties for the same cells. The reason lies in the construction of the tip used to deform the cell membrane. Given that a relatively large surface of contact develops during deformation, the shape of the AFM tip (sphere, pyramid, etc.) affects the result. This is regularly observed despite the use of mathematical models that try to extract information based on the tip's shape.

On the other hand, each probe tip has its specific advantages and disadvantages, and different shapes must be chosen to match the kind of information to be retrieved (cf. section 1.6). The consequence is that widely different results can be obtained for the same cell (and even more when analyzing different cells).

Thus, to the intrinsic cellular variability, the measurement adds an instrumental effect that complicates the results' interpretation. This problem holds for all mechanically-based measurement devices, such as, micropipette aspiration. Therefore the contactless deformation offered by the acoustic pressure, coupled to a non-invasive optical measurement, holds a high potential for standardization, given the lack of the constraint-induced by the mechanical contact introduced by the traditional methods.

High throughput is generally difficult to achieve with mechanically-based techniques; the typical yield with AFM or micropipette aspiration lies in units or, at best, few tens of units per hour (cf. section 1.6).

Such rates are not conducive to the obtention of sufficiently large samples for statistical purposes. Neither can they be envisaged for medical diagnostic applications, where the number of cells to survey, to detect an illness in its early stages is enormous (easily in the millions). On the contrary, the Acoustofluidic Interferometric Device, thanks to its microfluidic base, is, potentially, capable of throughputs in the range of 100 cells/s when coupled to real-time analysis (as a future development cf. section 4.2).

C 

Experimental Device

The experimental device developed for Acoustofluidic Interferometric Cytometry (AIC) comprises a microfluidic channel wherein a forced cell flow traverses the Fabry-Perot interferometer. In addition, the device is endowed with a cell acoustic manipulation system see Fig. (2.1). For this purpose, the microfluidic channel is equipped with a piezoelectric transducer that allows for cell acoustic focusing and deformation.

After the standing wave is switched on, the focussed cells move in a single plane at constant speed. When flowing along the channel, the cells will traverse the (plano-planar) Fabry-Perot's illuminated region where the cell's presence perturbs the interference generated by the counterpropagating waves. The interferometer's fringe pattern, perturbed by the cell, is retrieved through the microscope objective -also used to couple light into the resonator -and is redirected to the detection unit Fig. (2.4) where the fringe pattern can be either stored as an image or be processed in real-time.

Acoustofluidic Interferometric AI chip

The microfluidic chip used in this work is based on a previously proposed geometry [START_REF] Glynne-Jones | Acoustofluidics 9: Modelling and applications of planar resonant devices for acoustic particle manipulation[END_REF][START_REF] Zmijan | High throughput imaging cytometer with acoustic focussing[END_REF]. One layer of double-sided adhesive transfer tape sheet (468MP, 3M, USA) is used as bond film 106 µm thick. The joined bond film is laser-cut into 35 × 50 mm pieces with a 5 mm wide microfluidic channel. The cut pieces are The air-wall 1 interface has a reflectivity of 0.04, while the back mirror provides a reflectivity of 0.9.

Using eq. (1.11) we calculate the coefficient of finesse to 0.15 and, through eq. ( 1. [START_REF] Darling | Viscoelastic properties of zonal articular chondrocytes measured by atomic force microscopy[END_REF], we obtain a Finesse F = 0.6. This value is quite low (F ranges above 10 and usually even above 100 in common interferometers), whence the identification "low-Finesse" for our device.

A hydrostatic pressure system is created using a pair of 10 ml syringes, and syringe tubing to induce and control the flow inside the microfluidic channel. This system allows us to generate pressures between 100 and 3000 Pa to cause cell speeds in the range 50-180 µm/s. However, the most common operation values used in experiments are 16 µl/min flow rate, i.e., an equivalent speed of 60 µm/s.

Resonance frequency

The sound frequency, ν s , in the channel is defined by the dispersion relation v = λ s ν s , where v is the speed of sound in water, and λ s the corresponding wavelength. When the resonance frequency ν R is matched, the standing wave produces potential acoustic energy that focuses the cells in a single plane (cf. Fig. (2.3)). The radiation force exerted on a compressible sphere, calculated for an arbitrary standing wave field, expressed by the time-averaged force, F, as a function of the gradients of the time-averaged kinetic and potential energy densities of the standing wave field is [START_REF] Zmijan | High throughput imaging cytometer with acoustic focussing[END_REF]:

F = -∇ 1 - ρ f c 2 f ρ p c 2 p 〈E pot 〉 - 3(ρ p -ρ f ) 2ρ p + ρ f 〈E kin 〉 V , (2.1) 
where V is the particle volume, ρ f and ρ p are the densities of the fluid and particle, respectively, and c f and c p are the speeds of sound in the fluid and particle. The time-averaged kinetic and potential energy densities are related to the acoustic pressure field p and acoustic velocity magnitude u by

E pot = 1 2ρ f c 2 f p 2 , ( 2.2) 
E kin = 1 2 ρ f u 2 . (2.3)
Hence, a less compressible particle than the fluid will experience a component of force toward the potential energy density minimum and a particle that is denser than its surrounding fluid will experience a component of force toward the kinetic energy density maximum. Cells will undergo a more significant contribution from the potential energy term than from the kinetic term [START_REF] Zmijan | High throughput imaging cytometer with acoustic focussing[END_REF]. The timer period command TIM2PER is bound in blue, while the timer multiplier T2MULT is framed in green.

Detection unit

Cell samples

The cell flow is induced with the hydrostatic syringe system to reach a cell sample speed of ≈ 60µm/s. The samples, used one at a time, are:

• Fresh batches of dry, food quality yeast saccharomyces cerevisiae hydrated 30 min before each experiment using 40 ml of distilled water and 1 g of yeast.

• 40 ml of a solution of algae tetraselmis 6 × 10 6 /ml obtained as a gift from Dr. Chiara Gambardella ISMAR-CNR; the algae were fixed with 2 ml of Lugol. Samples were kept refrigerated at 4 • C.

• 1 ml of standardized microgel beads in a 1 × 10 6 /ml phosphate-buffered saline (PBS) solution for RT-DC [START_REF] Girardo | Standardized microgel beads as elastic cell mechanical probes[END_REF], obtained from Dr. Salvatore Girardo's team (Max-Planck-Institute for the Science of Light). The sample was diluted with 3 ml of PBS and kept refrigerated at 4 • C. This sample is mono-disperse with a diameter of 15 µm and Young's modulus of 1.7 kPa.

• 3 µm, 8%, variance (highly mono-disperse) polystyrene beads, purchased from Polysciences co. 0.5 ml of the original solution, 1.68 × 10 9 /ml, were diluted in 40 ml of distilled water. Samples were kept refrigerated at 4 • C.

Gaussian beam behavior inside a Fabry-Perot interferometer

After examining the acoustofluidic operation, we now review the Fabry-Perot theory from an experimental perspective; this allows us to characterize the device and understand its functioning better. In this section,

we first analyze the propagation of a Gaussian beam in a Fabry-Perot resonator with particular emphasis on the effect of the beam divergence over Finesse and spot size. The spot size size is relevant since it defines the region where a strong perturbation of the resonator's fringe pattern is observed: the central point of our analysis.

Influence of beam divergence over FP resonator Finesse

In free space, the electromagnetic fields are governed by the so-called Helmholtz equation [START_REF] Boyd | Intuitive explanation of the phase anomaly of focused light beams[END_REF]:

∇ 2 + k 2 E(x, y, z) = 0, (2.4) 
E(x, y, z) is a phasor representing the amplitude of the electric field component and k the wavenumber.

Aligning the propagation direction with the z axis, the electric field can be rewritten as:

E(x, y, z) = ψ(x, y, z)e -ikz , (2.5) 
where ψ(x, y, z) describes the evolution of the beam's transverse profile during propagation. Substituting 2.5 into 2.4 we get:

∇ 2 ψ -2ik ∂ψ ∂z e -ikz = 0. (2.6)
In the paraxial approximation (small variations in the field distribution on the wavelength scale):

∂ 2 ψ ∂z 2 << 2k ∂ψ ∂z ,
while the slow variation of propagation on the scale of the transverse extent of the wave implies that

∂ 2 ψ ∂z 2 << ∂ 2 ψ ∂x 2 , ∂ 2 ψ ∂ y 2 .
By neglecting those terms in eq. (2.6) the paraxial equation is obtained:

∂ 2 ψ ∂x 2 + ∂ 2 ψ ∂ y 2 -2ik ∂ψ ∂z = 0, (2.7) 
which can be rewritten as

CHAPTER 2. EXPERIMENT ∇ 2 T -2ik ∂ ∂z ψ(x, y, z) = 0 , (2.8) 
where ∇ 2 T = ∂ 2 ψ/∂x 2 + ∂ 2 ψ/∂y 2 is the transverse laplacian.

Assuming cylindrical symmetry, the paraxial equation takes the form:

1 r ∂ ∂r r ∂ ∂r -2ik ∂ ∂z ψ(x, y, z) = 0 .
(2.9)

Using the following Ansatz:

ψ ∝ exp -i P(z) + kr 2 2q(z) , (2.10) 
the following form of the paraxial equation is obtained

k 2 q 2 (z) dq(z) dz -1 r 2 -2k dP(z) dz + i q(z) = 0. (2.11) 
Since the equation must hold for any r and every λ, we then obtain two independent conditions:

dq(z) dz = 1 , (2.12 
)

dP(z) dz + i q(z) = 0. (2.13)
The solution for eq. (2.12) is simply q(z) = q 0 + z.This result clearly shows that q(z) must have the dimensions of a length. However, q 0 cannot be real. If q 0 were real, then the expression (2.10) would imply a beam with a phase change increasing with r, but with a constant amplitude in the field, i.e., a beam with infinite energy [START_REF] Siegman | Lasers[END_REF]. Thus, q 0 = iz R has to be an imaginary number

q(z) = z + iz R . (2.14)
The equation (2.13) solution is:

iP(z) = ln 1 -i z z R . ( 2 

.15)

Taking the exponential of the negative of eq. (2.15) and then combining all the terms, the resulting expression for the electric field becomes:

E(x, y, z) E 0 = 1 1 + (z/z R ) 2 1/2 exp - kz R r 2 2(z 2 + z 2 R ) exp -i kzr 2 2(z 2 + z 2 R ) exp i arctan z z R exp (-ikz). (2.16)
Introducing the following definitions:

Beam waist:

w 0 = 2z R k , (2.17) 
Rayleigh length (eq. (2.14) evaluated at z = 0):

q(0) = iz R = i πw 2 0 λ , (2.18) 
Spot size:

w(z) = w 0 1 + z z R 2 , (2.19) 
Radius of curvature:

R(z) = z 1 + z R z 2 , (2.20) 
and the Guoy phase shift:

φ(z) = arctan z z R , (2.21) 
we obtain the final form of the electric field:

E(x, y, z) E 0 = w 0 w(z) exp - r 2 w 2 (z) exp -i kr 2 2R(z) exp -i kz -φ(z) . (2.22) 
Is important to note that the Gaussian beam at the origin z = 0 has a planar wavefront and the minimum spot size, also is the point where the spot size has its minimum value.

Physical meaning of the Rayleigh length

When z = z R the expression for the beam radius eq. (2.19) reads:

w(z) = w 0 1 + z R z R 2 = 2 w 0 . (2.23)
The size of the beam has expanded 2 times, relative to the waist position (origin of the reference system), and a factor 1/e reduces the electric field amplitude. It is also important to highlight that the radius of curvature of the wavefront is the smallest at the Rayleigh length. From the beam waist, the curvature evolves from planar to strongly curved (radius of curvature equal to the confocal parameter) and then to the one of the spherical wave, centered on the beam waist a large distance.

Beam Divergence

When z >> z R eq. (2.19) becomes

w(z) = w 0 1 + z z R w 0 z z R ,
a linear function of z. We can therefore introduce the beam divergence θ , costant when z z R :

w z = w 0 z R = λ πw 0 = tan(θ) θ , (2.24) 
FIGURE 2.8. The angle of divergence of a Gaussian beam, the divergence is measured from the beam waist.

Beam spreading in a Fabry-Perot resonator

Light traveling in roundtrips inside an optical resonator (assuming ideal mirrors of 100 % reflectivity) is physically equivalent to light propagation in free space over a distance L • F where is the mirror's separation and F the Finesse. The Finesse can be interpreted as the number of roundtrips that one photon will travel before exiting the resonator. The beam will continue diverging and after several roundtrips (like traveling in free space) and the beam radius will increase due to the Gaussian beam divergence inside the resonator (cf. Fig.

(2.8)).

GAUSSIAN BEAM BEHAVIOR INSIDE A FABRY-PEROT INTERFEROMETER

Discussing such divergence is important since the spreading of the beam inside the resonator will eventually reduce the Finesse of the Fabry-Perot cavity due to the interference between roundtrips where the beam diameter is not constant. Consequently, only those photons that belong to the surface common to all beams are going to interfere (using an intuitive picture), thereby reducing the fringe contrast due to the decreased electromagnetic field amplitude of the larger beam. In the end, this effect reduces the Finesse of the interferometer.

Gaussian beam focused by a thin lens

If we want to consider a Gaussian beam with a thin lens, we need to know the object's beam waist size and position. Once this is known, we can easily find the image beam waist size (equivalent to the focussed spot in geometrical optics, but with a finite size) and its position. Figure 2.9 illustrates the definitions, where subscript 1 refers to the object beam and 2 to the imaged beam. The transformations are given by [START_REF] Siegman | Lasers[END_REF]:

w 2 2 = w 2 1 f 2 (d 1 -f ) 2 + z 2 R,1 , (2.25) 
d 2 = f + (d 1 -f ) f 2 (d 1 -f ) 2 + z 2 R,1 , (2.26) 
where z R,1 is the Rayleigh length of the incoming beam (2.18).

The microscope objective used in our experiment (Olympus 20X, Plan Achromatic) is conjugated to infinity and has a specified focal length f o = 9 mm, with working distance d w = 1.2 mm. This means that the exit focal plane is well inside the housing (from the numbers, it is placed 7.8 mm back from the front housing). Thus, in a geometrical optics approximation, we can assume that a spherical wave with a radius of curvature R = 9 mm exits the housing to reach its focus 1.2 mm after the front of the objective. For the laser, Thorlabs HNLS008L-EC, the waist size is specified as the 1 e 2 point of the intensity. Since eqs. (2.25-2.26) require the 1 e radius of the field; we need to transform the value specified by the manufacturer. where E(ρ) represents the electric field envelope's dependence on the radial coordinate ρ and r stands for the beam radius.

1/e 2 beam diameter conversion to beam waist

Passing to the beam intensity

I(ρ) ∝ E 2 (ρ) , (2.28) ∝ e -2 ρ 2 r 2 , (2.29) = e - ρ 2 r 2 I , (2.30) 
where we have denoted with r I the radius for the intensity distribution, which is -in this form -automatically defined at the 1 e 2 point. Notice that r 2 I = r 2 2 .

We then introduce the diameter for the intensity at the same level d I = I(0) The beam waist position is not specified, but customarily He-Ne lasers are built with a planar output coupler. We can therefore safely assume that the beam waist is placed at the laser exit (planar wavefront)

and, considering a distance d 1 ≈ 0.3 m (accordingly to our experimental setup), we obtain for a lens with focal distance f = 0.009 m (an equivalent thin lens for the microscope objective placed at d 1 )

w 2 ≈ 4.76 × 10 -6 m , (2.37) 
d 2 = 0.009057 m , (2.38) 
computed for a Rayleigh length (cf. eq. (2.18))

z R,1 = πw 2 1 λ , (2.39) 
= 0.574m , (

where we have equated the computed value of the radius r to the beam waist size w 0 .

Thus, the imaged beam waist is approximately 4.8µ m and is placed 0.06 mm beyond the focal plane of the microscope objective. The difference is tiny, even though it represents 1/3 of the coverslip thickness, which constitutes the Fabry-Perot's front mirror.

Influence of Fabry-Perot's mirror distance

Two different experimental configurations for cytometry can be distinguished on the basis of the ratio between the Fabry-Perot resonator length L and cell diameter . The difference between the two arrangements is not restricted to the pure requirements of the setup, but is based on the interferometer's response, as in one case one expects a shift in the fringe pattern, in the other one to a fringe modification. If L ≈ 2 (cf. Fig. (2.11), matching a small-gap interferometer), the main effect of observing will be a shift in the Airy's transmission function [START_REF] Song | Refractive index measurement of single living cells using on-chip fabry-pérot cavity[END_REF]. On the contrary, if L the observed phenomenon will be a thin lens-like perturbation in the RFP.

It is important to highlight that a high Finesse is required for a small-gap Fabry-Perot resonator, as the fringe shift needs to be accurately measured. This requires a combined reflectance for the two mirrors R 0.7. In contrast, the large-gap FP resonator, as the one we use, where L 10 × , operates at its 

Cell phase shift in a small-gap FP resonator

From eq. (1.1), the difference in the optical path caused by the reflection of the light into a layer (or the etalon of the Fabry Pérot interferometer) at normal incidence is:

δ = 2nkL , (2.41)
where n is the medium's refractive index, k is the wavenumber and the physical length. 

δ = 2n m L + 2(n s -n m )(2r) , (2.42) 
for a ray passing through the center of the sphere and aligned with the resonator axis (cf. Fig. (2.12)).

The meaning of the symbols in eq. (2.42) is: n m and n s refractive index of medium and sphere, respectively, distance between the Fabry-Perot mirrors and r sphere radius. Because of the intrinsic convergence (or divergence) of the Gaussian beam issued by the laser, we must also consider non-normal incidence onto the sphere. This can be achieved with the help of Fig. (2.13), and amounts to the following phase shift

δ = 2n m L + 2(n s -n m )(2r cos(α)) (2.43)
where α is the angle depicted in the figure (2.13).

Besides, as the sphere enters and exits the interferometer's spot size (as described in sect. 2.1), the incidence is no longer normal even for a plane wave. Thus there is a progressive change in path difference which reduces to the one of the empty interferometer as α → 0. 

Airy's function modification

The transmittance of Airy's function for the Fabry-Perot interferometer according with the eq. (1.14) is:

T = 1 1 + F sin 2 (δ/2) , (2.44) 
where F is the coefficient of finesse, eq. (1.11). Using the expression for the phase shift δ in the presence of the cell, the FP transmission function becomes:

T = 1 1 + F sin 2 2π λ [n m l + (n s -n m )r cos(α)] , (2.45) 
or, in terms of the reflected intensity and following eq. (1.15), the reflection function reads:

R = 1 1 + 1 F csc 2 2π λ [n m l + (n s -n m )r cos(α)]
.

(2.46)

The resolution power of the small-gap FP interferometer

The immersion of the cell inside the FP interferometer, Fig. in its form, 2nL = mλ becomes, with the help of eq. (2.42):

2n m L + 2(n c -n m ) = mλ (2.47)
where L is the mirror separation, = 2r is the cell diameter, n m and n c are the refractive indices of medium and cell, respectively.

INFLUENCE OF FABRY-PEROT'S MIRROR DISTANCE

Exploiting the cell's deformability as a label-free biomarker is one of the main goals of our work. Thus, the acoustofluidic interferometric device's sensitivity to the acoustically-induced changes in cell diameter is an important feature. From eq. (2.47) we can see that the diameter of the cell is a linear function of the order m,

= λ 2(n c -n m ) m - n m n c -n m L. (2.48)
The complete size reconstruction is problematic since it depends on an exact knowledge of m (not a trivial task in interferometry) and of n c . In addition, one has to have very good control of , as well.

However, the diameter's rate of change can be analyzed as follows: The phase change between the two blue maxima is π and given that the F = 10. 10 dotted maxima fit between the two blue maxima.

∆ ∆m = λ 2(n c -n m ) . ( 2 

LOW FINESSE FABRY-PEROT RESONATOR

Low Finesse Fabry-Perot resonator

The low-Finesse configuration provided by the large-gap Fabry-Perot interferometer has been chosen due to its high throughput potential in optomechanical properties-based cytometry. The low-Finesse configuration has better flexibility for the integration of the cells' acoustic manipulation. The high-Finesse configuration is based on a cell holder to position the cell inside the resonant cavity; such a system is indeed incompatible with the high throughput (cf. Fig. (2.11)) and the acoustic focusing implementation is not easy. In addition, a fringe shift measurement requires high stability at the interferometric level, which requires, on the one hand, continuous calibration (e.g., for changes in pressure inside the microfluidic channel), but also an excellent overall stability of the whole support.

Spherical wavefront interference in a large-gap Fabry Perot configuration

The device developed comprises a Fabry-Perot interferometer where the channel width, which serves as the mirror separation , is much larger than the cell diameter: L 10 × . A long channel is needed for acoustic excitation. The fundamental resonance of the channel would become too high for excitation through piezoelectric transducers available in reasonable sizes and costs. As was shown in the previous subsections, this experimental configuration allows for observing the change in the RFP caused by the cell, rather than a simple phase shift which results from the small-gap (L ≈ ) Fabry-Perot resonator.

This subsection addresses how to study the fringe pattern perturbation induced by a cell, modeled as a thin lens, in this resonator configuration. First, a ray-matrix approach is used to model the propagation of the light in the low-Finesse Fabry Perot resonator containing a thin lens (cell proxy). Next, the radius of curvature of the reflected wave is computed to retrieve the Cell Focal Length (CFL). Taking into account the refractive index of each medium, the optical path, denoted by a tilde over the corresponding symbol, becomes

L = n w L , (2.51) tc = n g t c , (2.52) tm = n g t m (2.53)
where n w and n g are the water and glass refractive indices, respectively, and 

L 1 = tc + 1 2 L , (2.54) 
L 2 = 1 2 L + tm , (2.55) 
f c = r c 2(n c -n w ) . ( 2 

.56)

The focal distance is assumed to be very long, f c r c , justifying the thin lens approximation. In our system,

f c r c = 1 2(n c -n w )
1 due to the closeness of the medium's and cell's refractive indices (typically within a few percent). Thus, the focal length is indeed always much larger than the cell radius. Notice, however, that the focal length is not required to be small compared to the resonator's length (and is not even necessarily expected to be so).

The beam evolution inside the resonator can be computed with the beam propagation matrices:

M = M L 1 • M • M L 2 • M • M L 1 , (2.57)
where the expressions for the various matrices are [START_REF] Siegman | Lasers[END_REF]: At this level of approximation, we are ignoring the reflection at the glass-water interface given that the normal reflection coefficients, computed with

M L 1 = 1 L 1 0 1 , (2.58) M L 2 = 1 L 2 0 1 , (2.59) M = 1 0 -1 f c 1 . ( 2 
r = n 1 -n 2 n 1 + n 2 2 , (2.61)
where n 1 and n 2 are the two media's refractive indices, are R air-glass ≈ 0.04 and R glass-water ≈ 0.004, respectively. Thus, the approximation of neglecting the glass-water interface appears reasonable. This reflectivity value r air-glass ≈ 0.04 and a reflectivity value of r mirror = 0.9 corresponds, for a resonator without a thin lens inside, to a Finesse (eq. (1.19)) of 0.61, whence the denomination "low-Finesse" FP resonator.

Expanding the algebra, we obtain a transfer matrix

M = A B C D , (2.62) 
with coefficients

A = f 2 c -[(2L 2 ) + 2L 1 ] f c + L 1 (2L 2 ) f 2 c , (2.63) B = [(2L 2 ) + 2L 1 ] f 2 c -2L 2 1 + 2L 1 (2L 2 ) f c + L 2 1 (2L 2 ) f 2 c , (2.64) C = (2L 2 ) -2 f c f 2 c , (2.65) 
D = f 2 c -[2L 1 + (2L 2 )] f c + L 1 (2L 2 ) f 2 c , (2.66) 
Notice that the expression From [START_REF] Siegman | Lasers[END_REF], the radius of curvature R out of the wavefront exiting the resonator after one roundtrip, as a function of the entering wavefront curvature, is We define the distance from the axis ρ 1 as the one for which we find the first bright fringe:

2(L 1 + L 1 ) = 2( tm + L + tc ) , ( 2 
R out = A • R in + B C • R in + D , ( 2 

Computing Fabry-Perot interference rings

R 2 out + ρ 2 1 -R 2 in + ρ 2 1 = mλ , (2.69)
where we define the integer m such that [9]

R out = R in + (m -1)λ + , (2.70) 0 ≤ < λ, (2.71) m = 1 + I nt R out -R in λ .
(2.72)

Solving for R out for two consecutive bright fringes ρ 1 and ρ 2 (eq. (2.69)):

R 2 out + ρ 2 1 -R 2 in + ρ 2 1 = mλ (2.73) R 2 out + ρ 2 2 -R 2 in + ρ 2 2 = (m + 1)λ , (2.74)
we obtain

R out = ± 1 4k 2 ρ 2 2 -ρ 2 1 -k 2 2 -ρ 2 1 , (2.75) k = λ + R 2 in + ρ 2 2 -R 2 in + ρ 2 1 , (2.76) 

Cell focal length (CFL) computation

Substituting eqs. (2.63) -(2.66) into eq. ( 2.68), we can obtain a quadratic equation for f c (eq. (2.77)), which is the quantity that we want to obtain experimentally,

d 2 f 2 c + d 1 f c + d 0 = 0 , ( 2 
.77)

d 2 = (R in -R out ) + [(2L 2 ) + 2L 1 ] ,
(2.78)

d 1 = 2R in R out -(R in -R out ) [(2L 2 ) + 2L 1 ] -2L 1 [(2L 2 ) + L 1 ] , (2.79) 
d 0 = -R in R out (2L 2 ) + (R in -R out + L 1 )(2L 2 )L 1 .
(2.80)

The cell focal length (CFL) f c is determined by computing the two roots of the second degree algebraic equation (2.77):

f c + = -d 1 + d 2 1 -4d 2 d 0 2d 2 (2.81) f c -= -d 1 -d 2 1 -4d 2 d 0 2d 2 (2.82)
The cell radius, connected to the focal length of the associated thin lens, is obtained by inverting eq. eq. (2.56), once the cell refractive index is known:

r c = 2(n c -n w ) f c . (2.83)

Uncertainty analysis

To get an idea of the sensitivity of the measurement and the expected uncertainties, we perform an analysis of the experimental procedure.

The examination is separated into two parts:

1. Sensitivity and uncertainty on the output radius of curvature obtained from the interferometric fringes;

2. Sensitivity and uncertainty on the estimated focal length induced by the (sperical) object.

Output radius of curvature

Starting from the expression relating the measured interference fringes to the two radii of curvature eq.

(2.75)

R out = ± 1 4k 2 ρ 2 2 -ρ 2 1 -k 2 2 -ρ 2 1 , (2.84) k = λ + R 2 in + ρ 2 2 -R 2 in + ρ 2 1 , (2.85) 
with ρ 1 and ρ 2 the first two interference fringes starting from the center of the pattern, and λ laser's wavelength.

We need to compute all derivatives with respect to the variables. Given the complexity of the expressions, we can use the chain rule for the derivatives and start by calculating those for

k ∂k ∂R in = R in    1 R 2 in + ρ 2 2 - 1 R 2 in + ρ 2 1    , (2.86) ∂k ∂ρ 1 = - ρ 1 R 2 in + ρ 2 1 , (2.87) ∂k ∂ρ 2 = ρ 2 R 2 in + ρ 2 2 , (2.88)
where we neglect the sensitivity with respect to wavelength since we consider it a fixed quantity (He-Ne laser) since the wavelength is very stable and known with at least four digits.

With the help of the previous expressions, we can compute the sensitivity of R out

∂R out ∂R in = ∂R out ∂k ∂k ∂R in , ( 2.89 
) 

∂R out ∂k = ± 1 2 -1 2k 3 ρ 2 2 -ρ 2 1 -k 2 2 -1 k ρ 2 2 -ρ 2 1 -k 2 1 4k 2 ρ 2 2 -ρ 2 1 -k 2 2 -ρ 2 1 , ( 2 
∂R out ∂ρ 1 = ± 1 2 - ρ 1 k 2 ρ 2 2 -ρ 2 1 -k 2 -2ρ 1 1 4k 2 ρ 2 2 -ρ 2 1 -k 2 2 -ρ 2 1 , (2.93 
)

∂R out ∂ρ 2 = ± 1 2 ρ 2 k 2 ρ 2 2 -ρ 2 1 -k 2 1 4k 2 ρ 2 2 -ρ 2 1 -k 2 2 -ρ 2 1
., (2.94) From the quadratic propagation of uncertainties, we can obtain the expected error on the output radius of curvature, as a function of all other uncertainties: In the following figures, we illustrate the dependence of the expected uncertainty on the output radius of curvature R out as a function of the uncertainties on the input radius of curvature R in , of the radius of the first interference ring ρ 1 , or of the second interference ring ρ 2 . These graphs give an idea of the sensitivity of the estimate as a function of possible errors on each measurement.

∆R out = ∂R out ∂R in 2 ∆R 2 in + ∂R out ∂ρ 1 2 ∆ρ 2 1 + ∂R out ∂ρ 2 2 ∆ρ 2 2 , ( 2 
It is important to remark that the expected value for R out = 283 µm for the values of R in , ρ 1 and ρ 2 chosen for the figure. This value is important to compare the size of the expected uncertainty to the actual radius of curvature. For graphical simplicity, the functional dependence of ∆R out is plotted for one error at a time. The values of all parameters and other uncertainties are marked in the figure.

Fig. 2.17 shows the expected error in R out as a function of a sizeable error (up to 5 mm) in the input radius of curvature. We see that the error on R out is quite insensitive to the one on R in , since it changes only by half a µm for ± 5 mm change in R in . Therefore, we can conclude that a good determination of R out does not depend on the quality of the estimate of R in . In addition, the relative uncertainty is rather reasonable since it is approximately 12%. The near independence of ∆R out signals is since the main contribution to the uncertainty comes from the other two variables. Indeed, suppose we attribute the variation of the uncertainty (< 0.4 µm) to the influence of the error on R in . In that case, we see that a relative error approximately equal to 11% (on R in ) produces a relative error contribution on R out just above 0.1%. There is, therefore, a strong error suppression in this variable (nearly a factor of 100). Here there is a much stronger dependence on ∆ρ 1 , with a maximum uncertainty which takes a maximum relative value, in the plotted interval, approximately equal to 60%

(for a maximum relative uncertainty on ρ 1 of 22%). This result shows a very high sensitivity on ∆ρ 1 , since the error is multiplied (nearly linearly, as shown in the graph) by a factor close to 3 -there is, therefore, a sensitive amplification of the error on ∆ρ 1 .

Finally, Fig. 2.19 shows the dependence of the expected error on R out as a function of ∆ρ 2 , which, as ∆ρ 1 has been taken to vary by ±5 µm. The dependence is quite weak (nearly parabolic) with values which range from 34 µm to 38 µm, thus ensuring that the relative uncertainty coming from ∆ρ 2 remains confined to at most 13% (for a relative uncertainty on ρ 2 up to 17%). In this case, there is an attenuation of the uncertainty propagated onto R out . We thus conclude that only the uncertainty on ρ 1 has to be kept under control since it can introduce significant errors, which then propagate onto R out .

Focal length

Using the results of the previous section for an estimate of the uncertainty on R out , we now turn to computing the estimate for that on the focal length f c . From previous calculations eq. (2.81), we find the focal length

f c = -d 1 ± d 2 1 -4d 2 d 0 2d 2 , ( 2 
.97)

d 2 = (R in -R out ) + ( L + 2L ) , (2.98 
)

d 1 = 2R in R out -(R in -R out )( L + 2L ) -2L ( L + L ) , (2.99 
)

d 0 = -R in R out L + (R in -R out + L ) LL . (2.100)
In order to compute the uncertainty on f c we need the following derivatives:

∂ f c ∂d 2 = d 1 2d 2 2 ∓ ∆ 2d 2 2 ∓ 1 d 2 d 0 ∆ , (2.101) ∂ f c ∂d 1 = - 1 2d 2 ± 1 2d 2 d 1 ∆ , (2.102) ∂ f c ∂d 0 = ∓ 1 ∆ , (2.103)
where we have used the shorthand

∆ = d 2 1 -4d 2 d 0 , (2.104) 
and the following explicit derivatives for the d j s as a function of the physical quantities R in , R out , L and L : 

∂d 2 ∂R in = 1 , ( 2 
∂d 1 ∂R in = 2R out -( L + 2L ) , (2.109 
)

∂d 1 ∂R out = 2R in + ( L + 2L ) , (2.110 
)

∂d 1 ∂ L = -(R in -R out ) -2L , (2.111 
)

∂d 1 ∂L = -2(R in -R out ) -2( L + 2L ) , (2.112) ∂d 0 ∂R in = -R out L + LL , (2.113) ∂d 0 ∂R out = -R in L -LL , (2.114) ∂d 0 ∂ L = -R in R out + (R in -R out + L )L , (2.115) ∂d 0 ∂L = (R in -R out + 2L ) L . (2.116)
With these expressions, we can explicitly compute the uncertainty on f c as a function of the uncertainties on R in , R out , L, and L , by using the same chain rule: The uncertainty on f c then becomes 

∂ f c ∂x j = ∂ f c ∂d i ∂d i ∂x j , ( 2 
∆ f c = ∂ f c ∂R in 2 ∆R 2 in + ∂ f c ∂R out 2 ∆R 2 out + ∂ f c ∂ L 2 ∆ L2 + ∂ f c ∂L 2 ∆L 2 , (2.118) with ∂ f c ∂R in = ∂ f c ∂d 2 ∂d 2 ∂R in + ∂ f c ∂d 1 ∂d 1 ∂R in + ∂ f c ∂d 0 ∂d 0 ∂R in , (2.119) ∂ f c ∂R out = ∂ f c ∂d 2 ∂d 2 ∂R out + ∂ f c ∂d 1 ∂d 1 ∂R out + ∂ f c ∂d 0 ∂d 0 ∂R out , (2.120) ∂ f c ∂ L = ∂ f c ∂d 2 ∂d 2 ∂ L + ∂ f c ∂d 1 ∂d 1 ∂ L + ∂ f c ∂d 0 ∂d 0 ∂ L , (2.121) ∂ f c ∂L = ∂ f c ∂d 2 ∂d 2 ∂L + ∂ f c ∂d 1 ∂d 1 ∂L + ∂ f c ∂d 0 ∂d 0 ∂L . ( 2 

Chapter summary

In section 2.1, a detailed description of the Acoustofluidic Interferometric Device (AID) and its principle of operation are presented. For clarity, this analyses the instrument as three separate subunits: 1) the experimental unit, which handles the cells and their deformation; 2) the detection unit, and 3) the control electronics. The experimental unit consists of a microfluidic chip equipped with a piezoelectric transducer that focusses all cells in the channel's center plane and deforms them when the acoustic wave has a sufficient intensity. Transverse to the chip a Fabry-Perot cavity is built, to perform precise (interferometric) measurements of the cell's optomechanical properties. The detection unit consists of an image acquisition device (CCD camera), for extracting information from the interferometric pattern.

In parallel, two photodiodes whose scope is to acquire temporal cuts of the CFPP for real-time analysis.

The electronics, based on Raspberry Pi modules interfaced to a master computer, control the AID's whole operation.

The main instrumental features can be summarized as follows: the device receives a steady flow of cells through a microfluidic system. Acoustic focussing is achieved through the piezo-generated acoustic wave, tuned to the microfluidic channel's (fundamental) resonance frequency ν R = v 2L (cf. section 2.1). It is important to stress that accurate measurements of the optomechanical properties rely on the position control introduced by acoustic ocussing, enabling cell contactless and global deformation through the application of the force to the whole cell (sections 2.1 and 3.2).

Laser beams -used for the interferometric measurements in the AID -are well described by Gaussian beam theory, reviewed in section 2.2. Concepts as Rayleigh length and beam waist are introduced in relationship to beam propagation in the FP resonator, together with an explicit discussion of beam divergence and determination of beam spot size inside the cavity: the region in which the strongest (cf. section 3.1.2) is observed (cf. section 3.1.2). Two different experimental configurations for cytometry can be distinguished on the basis of the ratio between the Fabry-Perot resonator length L and cell diameter (cf. section 2.3). The difference between the two configurations is not restricted to the pure requirements of the setup. Still, it is based on the interferometer's response, as in one case, one expects a shift in the fringe pattern, in the other one a fringe modification. If L ≈ 2 (cf. Fig. (2.11), matching a small-gap interferometer), the main effect of observing will be a shift in the Airy's transmission function. On the contrary, if L , the observed phenomenon will be a thin lens-like perturbation in the RFP. The low-Finesse configuration needed in the large-gap Fabry-Perot interferometer has been chosen due to its high throughput potential in optomechanical properties-based cytometry and its suitability to implement the acoustic manipulation of cells.

The CFPP can be modeled as thin lens perturbation (cf. section 2.4). The mathematical model used to describe the cell-resonator interaction is developed using ray-matrices. Using this parallel, it is possible to associate a focal length to a cell (CFL, cf. eq. (2.81)). The CFL, together with the Finesse (based on FWHM and FSR) are the parameters used to summarize and analyze the optomechanical properties of the cells. An uncertainty analysis is carried out (based on the CFL mathematical model) to identify the experimental parameters that should be carefully controlled while performing the experiments, where the error on ρ 1 ρ 1 -the distance between the resonator axis and the first fringe pattern-is the most sensitive parameter (cf. section 2.4.2). The uncertainty analysis is also helpful to discuss the AID optimization (cf. section 4.1).

C H A P T E R 3

RESULTS

T

he sensitivity of the Fabry-Perot resonator can be used to detect changes in the shape, size and, refractive index of cells flowing through the microfluidic channel. When a cell, or any other microsized body crosses the resonator it perturbs the fringe pattern. This chapter shows how to detect, acquire, and process the perturbation to extract meaningful information about cells' optomechanical properties.

Fabry-Perot resonator fringe pattern analysis for cytometry

The analysis of the cell-induced fringe pattern perturbation allows us to retrieve the cell's optomechanical properties. First, we present a detailed description of the observed perturbation types, together with the relevant parameters. Next, we show the related information about the Cell-Induced Fringe Pattern Perturbation (CFPP) and its extraction from the experimental data, followed by computational and statistical analysis. Finally, we discuss the computed values for CFL and Finesse for the following samples:

Saccharomyces cerevisiae (yeast), tetraselmis (algae), 3 µm diameter polystyrene beads, and 15 µm diameter microgel beads (which mimic cell mechanical properties [START_REF] Girardo | Standardized microgel beads as elastic cell mechanical probes[END_REF]).

Acoustofluidic channel Fabry-Perot fringe pattern

As )), highlighting the interaction region around the interferometer's axis.

Interferometer's Fringe Pattern stability

Since Fabry-Perot's resonator reflective surfaces are the planar glass plates that define the microfluidic channel, the interferometer is highly sensitive to temperature gradients and hydrostatic pressure from the induced flow. The latter is controlled by two syringes (as reservoirs): in the measurement, the liquid level in the syringes changes and, with it, the particle speed and the pressure inside the channel. The resonator's fringe pattern can be affected by the acoustic wave amplitude change which manipulates the cells inside the channel. All these effects contribute to change the order of interference m, inducing a shift in the concentric circles observed in the RFP, which remains constant only for short periods (from seconds to minutes, depending on condition). This slow drift must be taken into account to avoid biasing the data analysis.

Weak and strong perturbations of the cell-induced fringe pattern

The intensity of the observed perturbation strongly depends on the cell's position (x, y, z) inside the Fabry-Perot cavity. A strong perturbation occurs when the cell crosses the Fabry-Perot resonator axis (0, 0, z). In this position, light impinges on the cell at normal incidence, equivalent to a maximum phase shift, α = 0 (cf. Section (2. On the other hand, the observation coordinate z influences the magnification of the imaged interference pattern. Setting the focal plane defined by the microscope objective at (x, y, 0) -i.e., on the plane of maximum acoustic power -a focussed but minimally magnified virtual image of the perturbation will be observed, while at (x, y, ±z m ) (with z m = 35 µm for our experimental setup (cf. section (2.1)) an ideal magnification of the perturbation will be appreciated. In other words, the fringe pattern is best visualized (Fig. (3.3)) when the cell is not in the objective's focal plane [START_REF] Qieni | High-accuracy particle sizing by interferometric particle imaging[END_REF].

Cell acoustic impedance

Cells have different acoustic impedance due to their different sizes and densities, together with the gravitational effect, causes that different cell type to lie at different planes for the same acoustic force amplitude [START_REF] Drinkwater | A perspective on acoustical tweezers-devices, forces, and biomedical applications[END_REF][START_REF] Wang | A continuous-flow acoustofluidic cytometer for single-cell mechanotyping[END_REF] (cf. Fig. (1.11)). The different responses, if significant, will be detected by the device.

Thus, applying different acoustic focussing forces to different samples will result in possibly wrong classifications. 

In-flow cells' population density

Ideally, only one cell should be present in the strong interaction area at any time (resonator's beam waist region around the optical axis), to best detect its induced perturbation on the fringe pattern. This determines the cell flow and the resulting density of cells in the camera's FOV for any given camera frame rate. With the current parameters of our experimental setup, a good compromise to maximize throughput while fulfilling the previous condition amounts to 3-4 ×10 8 cells/ml, i.e., ≈ 20 cells simultaneously present in the camera FOV. Future versions of the AID will include lateral acoustic focusing, enabling one single line of motion instead of one motion plane, allowing for working with much lower cell counts.

Measuring the FP perturbation

All of our following results are based on strong CFPP observations. As we can observe from the previous section the RFP and the CFPP are composed of concentric circles, thus possess polar symmetry. A plot of the intensity profile over any of the radial lines of a CFPP image will be useful to measure the FSR and the FWHM (cf. Visual inspection shows that the perturbation introduced by polystyrene is more easily identified than the one due to yeast or algae, thanks to its higher refractive index contrast (n pol y = 1.55, n water = 1.33).

CHAPTER 3. RESULTS

Cells, instead, have a refractive index that can hardly be higher than 1.4 because they are mainly composed by water. Comparing the profiles to the matching RFP (due to the resonator's sensitivity to external conditions) one notices the presence of a set of fine peaks which appear in the center of the algae plot, surrounded by two large, broad peaks; instead, the yeast's CFPP intensity profile is more uniform, devoid of fine peaks. The appearance of fine peaks is attributed to the comparatively larger size or inner structure of algae cells that contribute high-frequency spatial components to the spectrum. Instead, the much smaller yeast cells contribute lower frequency components that are not necessarily resolved on top of the interference pattern.

These considerations are heuristic and are presented for illustration purposes. Quantitative information is needed and is extracted from the CFPP analysis presented in the next section to extract the cell's optomechanical properties through CFL and Finesse. The computational automation for CFPP analysis shown in the next section.

CELL INDUCED FRINGE PATTERN PERTURBATION IMAGES: STATISTICAL ANALYSIS

Cell induced fringe pattern perturbation images: statistical analysis

360 intensity profiles are possible to obtain from each of the images of the CFPP, enabling robust analysis of the acquired data. In this section, the method used to complete this task is presented. First, the images are converted to polar coordinates to obtain the 360 intensity profiles. Then, the profiles are computationally analyzed to obtain the relevant parameters: ρ, FWHM and FSR and to execute an outlier elimination, thus improving the normality of our dataset. Finally, a weighted average of the aforementioned parameters is performed therefore to obtain the final result. 

Polar representation of the CFPP images

Automation of the fringe pattern analysis

We have implemented an automatic analysis of the CFPP image intensity profiles. A Python script allows for the profile's peaks identification and the measurement of the peak's position and FWHM.

The computational algorithm is based on the Savitzky-Golay Filter (SGF) data filtering followed by the implementation of the find_peaks function.

Savitzky-Golay filter

The intensity profiles are filtered with the help of the SGF from the Scipy library. This digital filter is applied to a set of digitized points to smooth the noise superposed on the data. Its function is to remove unnecessary details without altering the original functional shape. This is achieved by fitting successive subsets of adjacent data points with a low-degree polynomial using a linear least-squares method. When the data points are equally spaced, an analytical solution to the least-squares equations can be found [START_REF] Schafer | What is a savitzky-golay filter?[END_REF].

Scipy find_peaks function

The find_peaks function allows for peak identification using several parameters [START_REF] Virtanen | AND SCIPY 1.0 CONTRIBUTORS, SciPy 1.0: Fundamental Algorithms for Scientific Computing in Python[END_REF]; Prominence and Height are used in this work. The prominence value P v establishes a minimum height value -measured from the surrounding data [START_REF] Virtanen | AND SCIPY 1.0 CONTRIBUTORS, SciPy 1.0: Fundamental Algorithms for Scientific Computing in Python[END_REF] -required for a protuberance to be counted as a peak. The height values H v is the y-axis threshold that the data have to overcome to be considered as a peak. This function returns the position, height, and width of all the peaks that match the criteria of Prominence and Height. where y av is the average of the maximum and minimum value in the intensity profile, while the software automatically sets P v until the four largest peaks are found. We noticed that at least four well-defined peaks can be found in all the CFPP of our samples.

Polar representation alignment

The find_peaks function reads the data from left to right and saves the found peaks in an ordered array where the leftmost value is the first peak and the rightmost the last one. The position of the first peak of the 360 intensity profiles is determined, and then the minimum value ρ min is computed. Next, all the intensity profiles in the polar transformed image are shifted horizontally align with the first peak.

This way, the CFPP structure can be aligned (cf. Once again, the find_peaks function is used to find the largest four peaks and to retrieve their position, height, and width in the aligned image. The measured ρ n values are now used to compute the CFL (cf. section (2.4.1.1)). It is important to notice that the shift applied to the polar transform indeed affects the actual ρ n values. Nevertheless, since the parameter needed to compute the CFL is the ∆ρ = ρ n+1 -ρ n the shift does not influence the remainder of the calculation, the aliment is of relevance when an average over the angle α of the fringe pattern is computed. Similarly, the FSR and the FWHM, calculated from the relative peak position and width, are invariant under the shift, leaving the Finesse unaffected.

Fringe pattern statistical distribution

Twenty images with cells are acquired for each sample (yeast, algae, polystyrene, and microgel). Next, the images are converted to polar coordinates and computationally analyzed as described in the previous section. The values ρ, FSR and FWHM of the two largest peaks are used for the computation and for the statistical analysis of the cell's Finesse and CFL. The choice of using just the two first peaks is justified by the fact that they are the best-defined (cf., e.g., the bright fringes at ρ 1 = 250 [px] and ρ 2 = 330 [px] in Fig.

(b)).

The dataset of the fringe pattern's radial position of the first two fringes ρ 1 and ρ 2 are saved in a .csv file, useful to plot a density histogram of ρ 1 values (blue histogram in Fig. 3.8) where a Gaussian curve (shown in blue) has been fitted directly to the data (not to the histogram) to obtain the data's mean value and standard deviation, thus revealing the presence of an outlier-induced heavy-tailed distribution.

Outlier elimination

Artifacts -incorrect peak identification, background noise, and poor CFPP contrast -may lead to outliers in the ρ data set distribution. In 

CELL INDUCED FRINGE PATTERN PERTURBATION IMAGES: STATISTICAL ANALYSIS

To remove the outliers, the data were filtered as follows:

V f = x V | µ 0 -σ 0 /2 ≤ x ≤ µ 0 + σ 0 /2
where V is the original ρ 1 data set (with µ 0 and σ 0 the corresponding mean value and standard deviation) and V f the filtered dataset.

The normality of the ρ dataset was tested before and after filtering through the computation of Kurtosis and Skewness. Skewness measures the left-right symmetry around the center point, while kurtosis quantifies the distribution's tails weight compared to the normal distribution. Large values of kurtosis correspond to the presence of heavy tails (outliers) while -as detailed below -low kurtosis indicates excessively peaked distributions.

Skewness

For univariate data x 1 , x 2 , . . . , x N the formula for skewness is [START_REF] Groeneveld | Measuring skewness and kurtosis[END_REF]:

g 1 = N i=1 (x i -µ) 3 /N σ 3 , (3.1) 
where µ is the mean, σ the standard deviation, and N is the number of data points. The above formula for skewness is referred to as the Fisher-Pearson coefficient of skewness. However, we prefer computing the adjusted Fisher-Pearson coefficient of skewness [START_REF] Groeneveld | Measuring skewness and kurtosis[END_REF]:

G 1 = N(N -1) N -2 N i=1 (x i -µ) 3 /N σ 3 . ( 3.2) 
The adjustment approaches 1 as N grows large. For reference, the adjustment factor is 1.49 for N = 5, 

Excess kurtosis

For univariate data x 1 , x 2 , . . . , x N the formula for kurtosis is [START_REF] Groeneveld | Measuring skewness and kurtosis[END_REF]:

k s1 = N i=1 (x i -µ) 4 /N σ 4 . ( 3.3) 
The kurtosis for a standard normal distribution is three. For this reason, we use the following definition of kurtosis (often referred to as "excess kurtosis"):

k s = N i=1 (x i -µ) 4 /N σ 4 -3 . (3.4)
This definition is used so that the standard normal distribution has k s = 0. This way, positive excess kurtosis indicates a "heavy-tailed" distribution, and a negative one identifies a "light-tailed" distribution.

In Fig. (3.8) the skewness of the data set is reduced from 294 to 8, going from a heavily asymmetric distribution to a (nearly) symmetric one. The excess kurtosis goes from 14.65 (heavily tailed) to -0.14, resulting in a slightly light-tailed distribution, thanks to the outlier elimination. Filtering produces a (nearly) normal dataset distribution, reducing the standard deviation σ 0 → σ and preserving the mean value µ. This process enables more accurate measurement of the ρ parameter, with a smaller error. The outlier elimination procedure was applied for ρ 1 and ρ 2 to all the CFPP images for yeast, alga, microgel, and polystyrene. The retrieved data was then used to compute the CFL and the Finesse, which is useful for discriminating cells samples types and studying acoustically-induced deformability.

CELLS' ACOUSTIC PRESSURE RESPONSE

Cells' acoustic pressure response

Acoustic focusing is achieved thanks to the piezoelectric transducer, whose frequency is set at the resonance frequency ν R and voltage at the focusing voltage amplitude V f (cf. section (2.1.2)). Once a cell was aligned with the resonator's axis, the flow inside the microfluidic channel was stopped. With the cell acoustically focused in the resonator's axis region, an image of the CFPP was acquired. Then, in order to induce a significant acoustic pressure, the voltage was increased to reach the deformation voltage V d and a second image of the perturbation of the same cell was acquired. Next, the acoustic pressure was reduced again to V f and the flow was reintroduced to repeat the process for another cell. This process was repeated 20 times to obtain 20 images of the CFPP at V f and 20 images of CFPP at V d of the same sample. This procedure was carried out for each of the available samples: yeast, algae, microgel (µgel) beads, and polystyrene. The outlier elimination was implemented as described in subsection 3.2.5. With the filtered data, an ANOVA test [1] was applied to the measured ρ 1 , ρ 2 , FWHM 1 , and FWHM 2 acquired at V f and V d to determine the existence of a statistically significant difference. The results of Table (3.1) allow for a comparison of the acoustically induced changes on the measured parameters: ρ and FWHM, for each of the samples (after outlier elimination). For the biological samples, ρ 2 changes more than ρ 1 while for microgel and polystyrene, the opposite is true. For the FWHM, it is not possible to establish a general behavior. The position (ρ 2 ) and width (FWHM 2 ) of the polystyrene's second bright fringe do not undergo a statistically significant change. Among all the samples, algae measured parameters are significantly different in a statistical sense, cf. Table (3.1). Thus, an evident change in the alga's CFL and Finesse is expected, while the change of the polystyrene's parameters is expected to be non-existent.

After computing the ANOVA test of the measured parameters dataset, a weighted average of the ρ 1 , The polystyrene beads, instead, do not present a significant deformation. This is consistent with their large Young modulus 3.25 GPa. For comparison, the Young modulus of the microgel beads amounts to 1.7 kPa [START_REF] Girardo | Standardized microgel beads as elastic cell mechanical probes[END_REF], while the maximum expected applied pressure in a similar configuration of our device is ≈ 15kPa [START_REF] Mishra | Deformation of red blood cells using acoustic radiation forces[END_REF]. The expected cell wall's Young modulus for yeast is (112 ± 6) MPa [START_REF] Smith | The mechanical properties of saccharomyces cerevisiae[END_REF]. The algae don't have a special cell membrane or special cytoskeleton structure, they are expected to be elastically rather compliant. The order of our samples is expected to be (from the most to the least elastically compliant): microgel beads, algae, yeast, and polystyrene beads. This order matches our results.

Chapter summary

When an acoustically focused cell crosses the Fabry-Perot cavity of the AID it will perturb the resonator fringe pattern, governed by the Airy transmission function (cf. section (1.1.1)). We have identified two types of cell-induced perturbations: strong and weak. The strong perturbation occurs when the cell crosses the resonator's axis, while the weak perturbation will occur when the cell crosses any other section of the resonator (cf. section (3.1.2)). The strong perturbations are better defined and are easier to observe.

The results presented in this chapter are based on the strong cell-induced fringe pattern perturbations referred to as CFPP.

As stated in the previous chapter, the parameter used to quantify the CFPP are the CFL and the Finesse, computed from the ρ, FWHM, and the FSR. Images of the CFPP are acquired with the AID; intensity profiles are obtained from the images to measure the ρ, FWHM, and the FSR parameters (cf. section (3.1.3)).

360 intensity profiles can be obtained from each of the images of the CFPP, enabling statistical analysis of the acquired data. First, the images are converted to polar coordinates to obtain the 180 independent intensity cuts through the image. Then, the profiles are computationally analyzed to obtain the parameters:

ρ, FWHM, and FSR. An outlier elimination procedure is implemented to improve the normality of our dataset. Finally, a weighted average of the aforementioned parameters is performed to obtain the final result (cf. section (3.2)).

The experimental procedure used to obtain the interference patterns produced by the cells in the absence and the presence of mechanical deformation is the following. The flow inside the microfluidic channel is stopped when a cell is aligned with the resonator's axis (while acoustically focussed). The 

Back mirror thickness effect on the CFL

By plotting the CFL eq. (2.81) vs. the back reflecting mirror thickness, eq. (2.53), it is possible to remark that its variation with respect to t m is nonlinear (Fig. It is interesting to notice that the CFL depends on the back mirror thickness. Smaller values for the mirror thickness would facilitate the observation of changes in the CFL. Thus, using a front surface, rather than a back surface, mirror would provide ideal working conditions for our device. Instead, a back-mirror thickness larger than 5 mm would significantly reduce the CLF measured, considerably decreasing the instrumental sensitivity and potentially leading to incorrect cell assignments. The 4 mm back mirror thickness used in the device does not reduce significantly the sensitivity of the AID.

Channel width effect on the CFL

Standard channel widths (L) for microfluidic channels with acoustic cell's manipulation vary from 100 µm (like ours) to 300 µm (like the one in [START_REF] Zmijan | High throughput imaging cytometer with acoustic focussing[END_REF]). In Fig. 

Change in the CFL vs. cell size change

The calculations in section (2.4.1) were based on a thin lens formulation of the problem, especially suited to cells whose thickness is smaller than their cross-section. Tetraselmis algae are a good example (cf. algae's image in Fig. (3.9)), but we found the approximation to hold even for more spherical cells. The rate of CFL change for a thin lens, eq. (2.56), as a function of the cell's radius of curvature reads:

d f c dr c = 1 2(n c -n w ) , (4.1) 
showing that the change in the cell's focal length (i.e., its derivative) is a constant which only depends on the two refractive indices of water and cell.

Let us examine the situation where the lens thickness has to be taken into account, expressed by:

1 f c = (n c -n w ) 2 r c - (n c -n w ) n c • r 2 c , (4.2) 
where is the cell's diameter, and all other quantities are the same as before. The positions of real and virtual images are measured from the two principal planes H 1 and H 2 , in the thick lens expression. Since we consider the cell as a symmetric thick lens, the planes are defined by The parameters n w = 1.33, n c = 1.38 and l = 30 µm were held constant, while the cell's radius of curvature was varied from 1 to 30 µm. The situation r c << l is an extreme case of a thick lens, a cylinder would represent this with polar caps at its endpoints. On the other hand, r c >> l is the ideal thin lens situation. And between the two extrema, we find the spherical cell, with r c = l/2 (r c = 15 µm in the Fig. The comparison between the focal length's derivative with respect to r c shows that starting from the spherical cell, the thin lens approximation is excellent (near coincidence between blue and black lines). This is due to the small change in refractive index between water and cell, which produces an equivalent focal length much larger than the sphere diameter, thus providing a good thin lens representation even for a physically thick cell. Also, as mentioned above, acoustic focussing ensures that non-spherical cells will be aligned with their larger surface parallel to the channel wall. As an example, we see (Fig. (2.1))

H 1 = V 1 -H c and H 2 = V 2 + H c (cf.
that RBCs are rotated to travel along the channel with their flatter surface facing the walls, thus the incident laser beam (and the resonator axis). This analysis confirms, therefore, the validity of the thin lens approximation for our device.

Defocussing effect

As presented in section 3.1.2, the CFPP measurements were made with a distance of 35 µm between the focal plane and cells' displacement plane or defocussing. This defocusing implies a magnification m of the observed fringe pattern. Finesse is invariant under this magnification:

F = m • FSR m • FWHM = FSR FWHM (4.5)
However, the CFL is not invariant under this magnification effect. The equation for the R out (cf. section 2.4.2.1) with the magnification m now reads:

R out = ± 1 4k 2 m 2 ρ 2 2 -m 2 ρ 2 1 -k 2 2 -m 2 ρ 2 1 , (4.6) 
k = λ + R 2 in + m 2 ρ 2 2 -R 2 in + m 2 ρ 2 1 , (4.7) 
where the magnification m is determined by [START_REF] Hecht | Optics[END_REF]:

m = f d -f (4.8)
f is the objective's focal length, and d is the distance to the object; in this case, the cell. Substituting Thus, the magnification m of the interference fringes allows for better resolution, thus more accurate measurements and reliable results. However, the influence of defocussing on the evaluation of the equivalent focal length is negligibly small and non-existent on the evaluation of the Finesse.

Chemical calibration

External control on cell mechanics is of great help in the development and calibration of mechanical cytometry devices, such as AID. Cellular mechanical properties can be dramatically altered using exogenous chemicals that affect components of the cytoskeleton or nucleus. Traditionally, researchers have used these chemicals to modify the architecture of the cytoskeleton, resulting in a modified mechanical phenotype [START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF]. Approximately half of the approved drugs target human membrane proteins on the cell surface, such as G-protein coupled receptors (GPCRs) [START_REF] Li | Nanoscale monitoring of drug actions on cell membrane using atomic force microscopy[END_REF]. Drugs like dexamethasone and daunorubicin, produce an overall stiffening of whole-cell properties in leukemic cells. Studies of cell mechanics often use exogenous chemicals, such as cytochalasin B and D, latrunculin A, or jasplakinolide, to disrupt the organization of actin filaments, resulting in decreased elasticity. Blebbistatin has been used to inhibit nonmuscle myosin II, preventing active contraction of the cytoskeleton and causing a concurrent softening of the whole-cell [START_REF] Lüchtefeld | Elasticity spectra as a tool to investigate actin cortex mechanics[END_REF][START_REF] Radmacher | Drug-induced changes of cytoskeletal structure and mechanics in fibroblasts: An atomic force microscopy study[END_REF].

Drugs such as estramustine, colchicine, paclitaxel, eribulin, and discodermolide act by modifying cytoskeletal function, specifically microtubule dynamics, in cells that are actively dividing [START_REF] Jordan | Microtubules and actin filaments: dynamic targets for cancer chemotherapy[END_REF]. Using cell mechanics as a proxy for cytoskeletal changes may also enable screening libraries of drugs to identify those affecting cytoskeleton or nuclear architecture. This screening process would be label-free, requiring no immunolabeling or complex interrogation of cell behavior [START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF].

Quasi-real-time implementation

Real-time cytometry based on label-free markers, such as cell mechanics, is a relatively new technique.

For instance, the reference technique in the field, the Real-Time Deformability Cytometry (RT-DC), was reported for the first time in 2015 [START_REF] Otto | Real-time deformability cytometry: on-the-fly cell mechanical phenotyping[END_REF] (cf. section (1.6.1)). It enabled the real-time analysis of mechanical properties with more than 100 cells/s.

The AID is potentially capable of operating in real-time when working on its detector-based operation mode. It provides, potentially, much higher resolution and offers the possibility to tune the mechanical stimulus. In fact, the reliance of our technique on a 1D analysis strongly reduces the computational complexity. We have implemented a real-time automatic cell analysis of the time traces acquired with the photodiodes detectors (cf. section (2.1)) to measure the Finesse and FSR of the CFPP. In Fig. traces. In the code, the SGF and the find_peaks function (cf. section (3.2.2)) have been implemented to determine the number of valleys present in a time sequence array. Next, the identification of maxima and minima in the fringe pattern profile is carried out. A detailed description of this process is presented in the subsections below, while the Python script and observations on its performance can be found in the appendix.

Finding Valleys

First, the SGF and the find_peaks function are used to identify the valleys. This is achieved by identifying the minimum, y min , maximum, y max , and average, y av , values in the y-axis of the time trace. These parameters are used to set the Prominence P v and the Height value H v as follows:

P v = y max -y min 4
(4.9)

H v = y av (4.10)
In this way, just the two bumps belonging to the two valleys in Fig. 

Finding Valleys Borders

Once the valley has been found, it becomes necessary to identify its borders. Borders will mark off the 

Measuring the CFPP inside the valleys

Since valley borders allow for the CFPP measurement inside each valley, the time interval they delimit can be separated from the rest for individual analysis. The find_peaks function is again used to identify and measure the peaks. Moreover, the vertical scale of the data is different inside the valley. Thus new parameter values need to be computed. The new criteria for the prominence value P v and the height value H v are: 

P v = yv max -yv min 10 , (4.11) 
H v = yv max -yv min 12 , ( 4 

Two detectors

The AID is provided with two photodiode detectors (cf. section )) even when the cell is placed on-axis . Thus, the FWHM t value that should be used to measure the cell diameter is measured on the time trace coming from the D 1 detector.

Potential applications

One of the primary applications of cell mechanical phenotyping is the characterization cell modifications.

Whether as a means for better understanding a disease or simply as a diagnostic approach, testing the mechanical properties of single cells can provide clear indications of dysfunction. The biophysical properties of cells, such as their compressibility, are closely related to disease progression, for instance in cancer development and metastasis [START_REF] Wang | A continuous-flow acoustofluidic cytometer for single-cell mechanotyping[END_REF]. Besides, cell mechanics plays a fundamental role in the human immune system, which is well-illustrated by leukocyte extravasation [START_REF] Dumitru | Nanoscale membrane architecture of healthy and pathological red blood cells[END_REF]. Thus, we envisage medical diagnostic applications for AIT, together with cell sorting and drug screening. Its potentially very low cost renders it suitable for economically vulnerable populations.

Cancer

Cancer is a prominent target of investigation for which AIC can serve as a powerful tool. Researchers have repeatedly observed that malignant cells exhibit a more compliant phenotype than their healthy counterparts, presumably because compliance provides an advantage for invading surrounding tissues.

More specifically, as cells become malignant, mechanical changes have been attributed to an increasingly disorganized cytoskeleton and less pronounced cortical actin [START_REF] Suresh | Biomechanics and biophysics of cancer cells[END_REF][START_REF] Mescola | Probing cytoskeleton organisation of neuroblastoma cells with single-cell force spectroscopy[END_REF]. In most cases oncogenic transformation leads to larger deformability of single cells, as it has been reported for various cancers, such as bladder, prostate, thyroid and ovarian ones [START_REF] Lekka | Discrimination between normal and cancerous cells using AFM[END_REF].

One of the most highly metastatic types of cancer is melanoma, which has a very unusual property: it can synthesize the pigment melanin in large amounts, becoming heavily pigmented. Melanin in pigmented cells, including melanoma cells, is in the form of granule-like organelles called melanosomes. These organelles were recently found to have unusual mechanical properties, being very stiff and hard to deform.

Cells with a high concentration of melanin can be up to 10 times stiffer than non-pigmented cells [START_REF] Sarna | Nanomechanical phenotype of melanoma cells depends solely on the amount of endogenous pigment in the cells[END_REF].

Noticeably, the incidence rate of melanoma in the white race is 20 times higher than in the black race. The risk of suffering melanoma during lifetime is 2.6 % for White people, 0.1 % for Black people and 0.6 % for Hispanic people [START_REF] Rouhani | Melanoma in hispanic and black americans[END_REF].

On the other hand, increased tissue stiffness is a classic characteristic of solid tumors [START_REF] Pfeifer | Genome variation across cancers scales with tissue stiffness -an invasion-mutation mechanism and implications for immune cell infiltration[END_REF]. One of the major contributing factors is the increased density of collagen fibers in the Extracellular Matrix (ECM). Studies of how cancer cells biomechanically interact with and respond to the stiffness of the ECM [START_REF] Wullkopf | Cancer cells' ability to mechanically adjust to extracellular matrix stiffness correlates with their invasive potential[END_REF] have shown that only malignant cancer cells have the ability to adjust to collagen matrices of different densities. Employing microrheology on the biologically relevant spheroid invasion assay, it was shown that, even within a cluster of cells of similar origin there are differences in the intracellular biomechanical properties depending on the cells' invasive behavior. For instance, an increase in viscosity is observed in cancer cells that facilitate their invasion into the collagen matrices. The hypothesis is that differential viscoelasticity might facilitate spheroid tip invasion through a dense matrix. These findings highlight the importance of the biomechanical interplay between cells and their microenvironment for tumor progression.

Architectural features of cells have long been recognized as useful for identifying and staging malignancy. Analyzing these features in cells from body fluids and biopsies has become a routine test in cytology and pathology labs. Some cancer cells can be up to 32 times more elastically compliant than their healthy 4.3. POTENTIAL APPLICATIONS counterparts [START_REF] Lekka | Discrimination between normal and cancerous cells using AFM[END_REF]. Features of the cytoplasm and, in particular, nuclear architecture such as chromatin condensation, nuclear envelope shape, metaphase nuclei, and the nuclear-cytoplasmic ratio are used to arrive at a diagnosis of potential malignancy, which is important to direct subsequent clinical care for the patient [START_REF] Mach | Microfluidic sample preparation for diagnostic cytopathology[END_REF].

A quantitative example can be found in the investigation of Guck et al. High-throughput approaches to mechanical phenotyping such as ours -also sensitive to cellular architecture -are ideal for making an impact in the cytopathology lab through the quantitative and automated diagnosis of these samples. Thus, the AID contributes to satisfying the need, established in [START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF],

to apply new technologies to improve sensitivity, reduce processing time and cost, and provide quantitative and comparable test results.

Parasites and liquid tumors

The blood cell deformability is a critical aspect, and assessing the cell deformation characteristics is essential for better diagnostics of healthy and deteriorating blood cells, like in the case of sickle or malaria for (RBC) or leishmaniasis in the case of white blood cell (WBC) [START_REF] Geekiyanage | Deformation behaviour of stomatocyte, discocyte and echinocyte red blood cell morphologies during optical tweezers stretching[END_REF]. By using AFM in a 2 × 2 mm area in the central region of the RBC. Young's moduli were extracted using a Hertz fit, see Fig. (4.11). That area was chosen since is where the height reaches maximum values (>2-3 µm). hRBCs have a mean Young's modulus value of (29 ± 6) kPa, while spherocytotic RBCs are stiffer at (101 ± 9) kPa [START_REF] Dumitru | Nanoscale membrane architecture of healthy and pathological red blood cells[END_REF]. These values, in combination with the AIT, would serve as a powerful diagnostic tool. Malaria is one disease that has been extensively studied for its effects on the mechanical properties of cells. When RBCs are infected with the parasite Plasmodium falciparum (Pf), they lose their deformability.

The intraerythrocytic development of Pf parasites includes three major stages, called ring (0-24 h), trophozoite (24-36 h), and schizont (40-48 h). During this development, the RBC membrane can stiffen by up to a factor of ten in comparison with healthy RBCs [START_REF] Dasanna | Multiscale modeling of malaria-infected red blood cells[END_REF]. This mechanical change increases the risk of occlusions in the spleen and peripheral capillaries, lowering oxygen concentrations in downstream tissues and eventually leading to necrosis [START_REF] Fedosov | Multiscale modeling of red blood cell mechanics and blood flow in malaria[END_REF]. RBC deformability is also affected in diseases such as sickle cell, sepsis, and diabetes [START_REF] Kirschenbaum | Influence of rheologic changes and platelet-neutrophil interactions on cell filtration in sepsis[END_REF]. A fast test for these diseases would be possible by application the AID.

A change in the mechanical properties of elasticity and viscosity also occurs in leukemia. A decreased cell stiffness enhances leukemia development and progression [START_REF] Hu | Decreased cell stiffness enhances leukemia development and progression[END_REF]. It has been reported that HL60, Jurkat (human lymphoblast peripheral blood), and neutrophil cells have an apparent stiffness of (855 ± 667)

Pa, (48 ± 35) Pa, and (156 ± 87) Pa, see Fig. (4.12). Effect of cell type on stiffness is significant(α = 0.05, p<0.001) when using a one-way ANOVA analysis [START_REF] Rosenbluth | Force microscopy of nonadherent cells: A comparison of leukemia cell deformability[END_REF]. For leukemia, a medical diagnosis and drug screening use of the AIT can be expected.

Aging

The aging process, although not a disease, also induces changes in the mechanical properties of individual cells, which may contribute, in part, to the degradation of cellular function. For most cell types, age causes an increase in cell stiffness along with an inability to fully recover large deformations [START_REF] Starodubtseva | Mechanical properties of cells and ageing[END_REF] thus aging process could be analyzed with the AIT.

Osteoarthritis is another representative disease that changes the mechanical phenotype of affected cells and typical of aging. Chondrocytes in articular cartilage exhibit a less compliant mechanical phenotype in Neutrophils have an average apparent stiffness of (156±87) Pa (n=26, mean±SD), significantly softer than HL60 cells and significantly stiffer than Jurkat cells (p<0.001 for both). Taken from [START_REF] Rosenbluth | Force microscopy of nonadherent cells: A comparison of leukemia cell deformability[END_REF] diseased tissue compared with healthy tissue, which is likely induced as a compensatory mechanism for the higher strains existing in the degraded cartilage [START_REF] Trickey | Viscoelastic properties of chondrocytes from normal and osteoarthritic human cartilage[END_REF]. The AID can be used to measure and quantify the aging effect on cells.

Mechanotransduction

Mechanotransduction is the process through which cells sense and respond to their mechanical environment. During mechanotransduction, mechanical signals are sensed and activate intracellular biochemical signaling pathways. Cells sense the mechanical properties of their environment and use the information that they acquire to inform gene expression and cell fate decisions [START_REF] Huse | Mechanical forces in the immune system[END_REF]. The AID cell optomechanical properties assessment can be used to research cell mechanotransduction processes such the following.

Cells exert forces against their environment through dynamic cytoskeletal remodeling. Mechanical forces are critical to modulate cell spreading, contractility, gene expression, and even stem cell differentiation [START_REF] Fan | Acoustic tweezing cytometry for live-cell subcellular modulation of intracellular cytoskeleton contractility[END_REF]. In most cases, it is the filamentous actin (F-actin) cytoskeleton that bears most of the mechanical load. The force exertion is the contraction of antiparallel actin filaments by the myosin II motor. Myosin II based pulling was initially characterized as the mediator of muscle contraction; it is now clear that it drives shape change in most eukaryotic cells. Protrusive F-actin based structures can deform underlying substrates as well as the surfaces of other cells, and this implies that they are capable of transmitting forces [START_REF] Huse | Mechanical forces in the immune system[END_REF]. The nucleus is critical in mechanosensing, as it transmits external forces from the cellular microenvironment to the nuclear envelope housing chromatin, leading to genetic changes in the cell [START_REF] Cranfield | Mechanosensitivity of ion channels[END_REF][START_REF] Doolin | Nuclear deformation in response to mechanical confinement is cell type dependent[END_REF][START_REF] Huse | Mechanical forces in the immune system[END_REF][START_REF] Lee | Role of nuclear mechanosensitivity in determining cellular responses to forces and biomaterials[END_REF]. 

Analysis of Immune Status

When lymphocytes are activated, e.g., as a result of infection with the Epstein-Barr virus, gross changes occur in nuclear condensation, and cell size, the high sensitivity of the AID is potentially applicable to detect such changes (hence the infections) in early stages. Measurements of deformability, using the AID, may be used diagnostically to quickly identify or rule out viral infections that lead to large quantities of circulating reactive or activated lymphocytes [START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF].

Drug screening

Nowadays, it is becoming more common to find antibiotic-resistant infections. Thus the need to finding new drugs with higher specificity and to speeding up the screening process to shorten as much as possible the drug discovery phase of these new drugs is highly desirable. Our AIT may be suited to this task, especially when the biomarker is bacteria elasticity, as in the following examples.

Research has shown that bacterial resistance to antibiotics is encoded in genetic mechanisms, impacting their mechanical properties. For instance, the elasticity of cells exposed to ampicillin for 3 h were slightly more heterogeneous than cells exposed to ampicillin for 8 h or than cells of the control. Such change in 4.3. POTENTIAL APPLICATIONS elasticity is related to the production of hydrolyzing enzymes involved in the hydrolysis of the β-lactam ring, modification of the target sites to antibiotics such as changes in the penicillin-binding protein resulting in decreased affinity to β-lactams, production of efflux pumps on the cell membrane to expel antibiotics outside the cell, and production of key extracellular polymeric substances that affect the formation of biofilms capable of impeding the diffusion of antibiotics into biofilms [START_REF] Uzoechi | Changes in cellular elasticities and conformational properties of bacterial surface biopolymers of multidrug-resistant escherichia coli (MDR-E. coli) strains in response to ampicillin[END_REF].

The cell envelope's mechanical properties in Escherichia coli, the lipoprotein Lpp provides the only covalent crosslink between the outer membrane and the peptidoglycan. Mathelié-Guinlet et al. [START_REF] Mathelié-Guinlet | Lipoprotein lpp regulates the mechanical properties of the e. coli cell envelope[END_REF] use single-cell atomic force microscopy and genetically engineered strains to study the contribution of Lpp to cell envelope mechanics. They show that Lpp contributes to cell envelope stiffness in two ways: by covalently connecting the outer membrane to the peptidoglycan and by controlling the width of the periplasmic space. Furthermore, mutations affecting Lpp function substantially increase bacterial susceptibility to the antibiotic vancomycin, indicating that Lpp-dependent effects can affect antibacterial drug efficacy.

Device bulk construction and miniaturization

The AIT diagnosis potential will be leveraged if possible to apply this technology with a low operative and low production cost. Thus, it is our intention to turn it into an inexpensive and portable diagnosis device to target the diseases mentioned above. A device like this would have a favorable impact on the health care quality of low-income or hard-to access-regions in the world.

The integration of the microfluidic channel, together with the piezoelectric transducer and the optical cavity shown in Fig.

(2.1) the focus lens and diode laser can be built into one single unit made out, for instance, with a polymeric plastic (like Polydimethylsiloxane (PDMS)). This experimental configuration will provide an inexpensive, compact prototype easy to transport and low-cost to build.

Cell sorting

Finally, we present the AIT potential usefulness in cell sorting. In general, the diagnostic applications of a mechanical biomarker rely solely on measuring the mechanical properties of a cell; however, potential therapeutic applications or downstream molecular diagnostics could benefit from mechanics-based approaches to separation. AIT possesses cell sorting potential since it could combine microfluidic cytometry with some other technique to perform the cells' sorting task, for instance, using machine learning [START_REF] Li | Deep cytometry: Deep learning with real-time inference in cell sorting and flow cytometry[END_REF][START_REF] Voronin | Detection of rare objects by flow cytometry: Imaging, cell sorting, and deep learning approaches[END_REF] or acoustic tweezers [START_REF] Drinkwater | A perspective on acoustical tweezers-devices, forces, and biomedical applications[END_REF]. In blood, the separation of diseased RBCs or pathologically activated white blood cells (WBCs) may have therapeutic benefits. Using mechanics as a label-free biomarker has intrinsic advantages for such an application, in which unadulterated, healthy blood cells are reintroduced to a patient. Such a dialysislike therapeutic [START_REF] Kang | An extracorporeal blood-cleansing device for sepsis therapy[END_REF] could potentially be applied to remove more deformable, activated immune cells to reduce organ failure in sepsis patients, malignant bone marrow cells for autologous transplantation of the remaining nonmalignant cells, stiffer malaria-infected cells, or sickled RBCs during a sickle-cell crisis [START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF]. The 1D cell analysis of the AID would be ideal for blood separation-based treatment. It provides a quasi-real-time analysis of the cells, thus enabling the cells sorting and the reintroduction of the selected cell to the patient.

Chapter summary

The AID features are discussed in light their optimization (cf. section (4.1)). The back mirror reduces the device's sensitivity, while the resulting ideal configuration is obtained with a planar mirror. The channel width does not strongly influence the measurement quality. Thus it is preferable to increase its value to permit operation at lower frequencies since it enables the use of conventional, less expensive electronics.

The analysis of the out-of-focal-plane image collection, implemented in section (3.1.2), is shown to improve the definition of CFPP. In section (4.1) we analyze its impact on the measurement of CFL and

Finesse, showing that it is practically non-existent for the latter and negligible for the former.

One of the main appealing features of the AID, in addition to the contactless, global deformation and non-invasive measurement, is its high throughput and real-time assessment of the optomechanical properties of cells. The first steps towards that end are presented in section (4.2). A python script is " Fho : l i : P" , [ " Force " , " help " , " output= " , " l o g f i l e " , " i p = " , " P l o t " ] )

except g e t o p t . error , msg : p r i n t msg p r i n t " f o r help use --help " 
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CHAPTER 1 .FIGURE 1 . 1 .

 111 FIGURE 1.1. Schematics of a Fabry-Perot cavity. Notice that the reflective part of the mirror, its coating, is placed in the inner part.

FIGURE 1 . 2 .

 12 FIGURE 1.2. Fabry-Perot cavity transmitivity as a function of the phase shift accumulated in a round-trip shows an Airy function. In the figure three different mirrors reflectivities R = r•r * are shown: R = 0.99, R = 0.8, R = 0.5. No losses were considered (t + r = 1). δ ν is the cavity linewidth and FSR the free spectral range. Modified from [13].

FIGURE 1 . 3 .

 13 FIGURE 1.3. Schematic of interferometric imaging of particle scattering light. Taken from [81].

FIGURE 1 . 4 .

 14 FIGURE 1.4. Illustration of the single-cell laser. A live eGFP-expressing HEK293 cell is placed inside a high-Q resonator consisting of two DBRs (d = 20 µm).Taken from[START_REF] Gather | Single-cell biological lasers[END_REF].

1. 2 .

 2 FIGURE 1.5. (a) The elastic distribution of MCF-7 cells during mitosis (*P < 0.05). (b) The confocal images of microfilaments distribution of MCF-7 cells during mitosis. Adapted from [58].

CHAPTER 1 .

 1 INTRODUCTIONDiscrete Wavelet Transform (DWT). Daubechies-1 wavelet of DWT is used to calculate the high-pass and low-pass coefficients. The sixth level low-pass coefficients of DWT discriminate among normal, benign, and malignant breast tissue. Other optical properties such as reflectivity of cells can be exploited as markers if

1. 5 .

 5 ACOUSTIC APPROACHES FOR SINGLE-CELL MECHANOTYPING1.5 Acoustic approaches for single-cell mechanotypingAcoustic manipulation of cell is implemented in the device developed in this thesis. In combination with interferometry, the cell deformability in a high throughput fashion is addressed. Here is presented the progress already achieved in cell acoustic manipulation such as acoustophoresis and cell acoustic deformation. Both techniques are incorporated into our technology. Standing acoustic waves have only recently been coupled to a microfluidic (planar resonator) cavity to yield forces on cells that depend on the relative compressibility and density of the cell compared with the surrounding fluid. By following the trajectories of cells in this standing acoustic wave, cancer cell lines were determined to have a compressibility of > 4.0×10 -10 Pa -1 , while nonmalignant cells had < 4.0×10 -10 Pa -1

FIGURE 1 . 7 .

 17 FIGURE 1.7. Example of acoustic field distributions: (a) pressure magnitude and (b) velocity magnitude, in a resonant cavity, with a stronger field near the center of the cavity. Arbitrary linear scale: light: 1, dark: 0. (c) Normalized pressure distribution through the thickness of the device from 1-D simulation. Adapted from [38].

FIGURE 1 . 8 .

 18 FIGURE 1.8. Images showing a single osmotically swollen red blood cell under the influence of a range of acoustic pressure amplitudes from 0-978 kPa. Some relevant parameters: cell density 1 = 139 kg m -3 , cell membrane Young's modulus = 629 Pa, frequency 7.9 MHz, speed of sound in cell 1680 m/s, speed of sound in medium = 1480 m/s, cell membrane Poisson's ratio = 0.499. Taken from [75].

FIGURE 1 . 9 .

 19 FIGURE 1.9. Working principle and schematic illustration of the acoustofluidic cytometer. (A) Cells are introduced from the side inlet into the acoustic resonance field, where cells with different biophysical properties (such as size, density and compressibility) experience different acoustophoretic forces while passing through the acoustic resonance field, and therefore exit at different Y-positions. Red spheres indicate cells that have a smaller acoustic contrast factor compared to the cells shown as green spheres. (B) The proposed system consists of a three-inlet side channel that allows flow-focused cells to be introduced into the main straight channel where the acoustic resonance field is applied using a piezoelectric transducer attached to the bottom of the device. A camera records the exit position. Taken from [110].

MHz for set 1

 1 and 1.835 MHz for set 2, respectively, amplified using a 50 dB power amplifier.Three different breast cancer cell lines were testes in the set 1 microdevice, see Fig(1.10), BT-474, MDA-MB-231, and MCF7, as well as immortalized breast epithelial cell line MCF-10A. BT-474 is a ductal carcinoma cell line with primary tumor origins, while MCF7 and MDA-MB-231 are also ductal carcinoma cell lines but derived from metastatic sites by pleural effusion. While in the set 2 microdevice the compressibility of three head and neck cancer cell lines cl-37B, M4e and Tu686 were evaluated.

FIGURE 1 .

 1 FIGURE 1.10. Trajectories of 3 different breast cancer cell lines; BT-474, MDA-MB-231, MCF7, along with two breast epithelial cell lines BT-474, MCF-10A, and 11 µm polystyrene beads (PS) as controls, measured using the developed acoustofluidic cytometer. Error bars show the standard deviation of 6 trajectories of each particle per cell type. The dashed line indicates the measurement location of the cells' exit Y-position at X = 1200 µm. Taken from [110].

FIGURE 1 . 11 .

 111 FIGURE 1.11. Scatter plot of the cell size (in the form of cross-sectional cell area) and cell exit position (Y-direction) of head and neck cancer cell lines to quantify and group the cells based on their different biophysical properties. (n = 290). Taken from [110].

FIGURE 1 . 12 .

 112 FIGURE 1.12. Scatterplots obtained from RT-DC for CD34+ undergoing in vitro haematopoiesis corresponding to four time points: D11, D14, D18 and D21. Cells are flowing at 0.12 µl/min through a 20 µm × 20 µm channel. Colours indicate a density scale. Taken from [42].

FIGURE 1 .

 1 FIGURE 1.13. (a) A network of bifurcating microfluidic channels for blood cell deformability measurement. The transit time of the individual cells are measured using a high-speed camera. (b) A microfluidic system for electrical and mechanical characterization of RBCs at a speed of 100-150 cells/sec. Adapted from [116].

  fluid-dynamic stresses tuned by the microfluidic channels' design. The two main classes of hydrodynamic approaches rely on (a) deformability-induced lift to cause the lateral migration of cells in a continuous flow and, therefore, achieve deformability-based separation and (b) hydrodynamic cell stretching and imaging in extensional microfluidic flows in which strain in a controlled hydrodynamic stress field is measured by high-speed microscopy This lift force can be directly used and balanced against other hydrodynamic lift forces in the dilute limit to separate cells based on deformability[START_REF] Hur | Deformabilitybased cell classification and enrichment using inertial microfluidics[END_REF] see Fig.(1.14). At higher cellular-volume fractions in the blood (approximately 40-50%), deformable RBCs migrate preferentially to the center of the channel and exclude, for example, stiffer malaria-infected RBCs or WBCs through a process called margination.

FIGURE 1 .

 1 FIGURE 1.14. Classifying and separating cells and particles by deformability. (a) The balance between two lateral forces, namely inertial lift force, F L , and viscoelasticity induced force F v , leads to unique lateral inertial focusing equilibrium positions X eq , for (b) deformable particles and (c) rigid particles with various diameters, (d) The microfluidic device used for cancer cell enrichment based on these parameters consists of an inlet with a coarse filter, a straight focusing (40 × 93 mm) region, and a gradually expanding separation region ending in 5 branched outlets with high fluidic resistance. Outlets, denoted as B or C, represent the designated collection outlets for blood cells and cancer cells, respectively in enrichment experiments. All schematics represent the top view of the microfluidic device. Taken from [52].
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 11 with particular emphasis, for the rest of the manuscript, on the Airy transmission function (cf. eqs. (1.14), (1.15) and Fig.(1.2)), the Full-Width at Half-Maximum (cf. eq. (1.21)), the Free Spectral Range (cf. eq. (1.17)) and the Finesse (cf. eq.
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 8 CHAPTER SUMMARY analysis. The first need emerges from the variability in the measured parameter values, depending on the technique employed. The second one, from the fact that living systems, including cells, are extremely complex and therefore show a very high variability in their properties. As recent work in the field has shown, significant markers can be obtained only by analyzing large datasamples to extract average properties and statistical distributions. This constraint requires the availability of instruments capable of acquiring such large datasets, a feat which is only rarely accomplished with the current mechanical instrumentation.

  divided into two main sections. The first one (sect. (2.1)) presents materials and methods wherein a detailed description of the Acoustofluidic Interferometric Device (AID) components and operation is offered. In the second part (sects. 2.2-2.4), an analysis of the Gaussian beam behavior inside the FP interferometer and its relation with the Finesse and the spot size (strong cell perturbation region) is presented. Next, two possible FP resonator experimental configurations based on mirror separation and the Finesse are discussed to conclude that the large-gap Fabry-Perot with low Finesse configuration is the more suitable for our AID. Finally, a ray-matrix mathematical model to compute the Cell Focal Length (CFL) in the low Finesse FP large-gap configuration, with its error propagation, is presented.

CHAPTER 2 .FIGURE 2 . 1 .

 221 FIGURE 2.1. Elements of the microfluidic channel producing acoustic manipulation, together with a sketch of the Fabry-Perot resonator used for cytometry. The upper microfluidic channel wall (wall 1) serves as an acoustic reflector and, in addition, as one of the semi-reflective surfaces (mirror equivalent) of the Fabry-Perot interferometer. A piece of household mirror is sandwiched between channel wall 2 and the piezoelectric transducer to complete the interferometer. Light is coupled into the resonator using a microscope objective, also used to retrieve the interferometer fringe pattern with the imprinted, cell-induced fringe perturbation. The piezoelectric transducer creates the acoustic waves (yellow to black gradient) to focus the cells (red blood cells in the schematics) into a single motion plane.

  The channel's fundamental resonance frequency ν R is where λ s are equal to twice the channel height.When driven at this frequency value, the channel's impedance grows, as the energy is more effectively transferred to the acoustofluidic chip. Consequently, the current provided by the power supply drops, inducing a reduction in the V pp voltage measured by the oscilloscope. This small voltage reduction is used to identify the resonance frequency of the acoustofluidic chip (cf. Fig. (2.2)).

FIGURE 2 . 2 .

 22 FIGURE 2.2. Response of the acoustofluidic chip to a frequency sweep. The acoustic chip's resonance frequency is 6.683 MHz and was determined by the local drop in the drive voltage of the piezoelectric transducer.

FIGURE 2 . 3 .

 23 FIGURE 2.3. Example of acoustic field distributions: (a) pressure magnitude and (b) velocity magnitude, in a resonant cavity, with a stronger field near the center of the cavity. Arbitrary linear scale: light: 1, dark: 0. Taken from [118].

FIGURE 2 . 4 .

 24 FIGURE 2.4. A He-Ne laser use used as a light source for the microfluidic chip. The laser beam is directed to the microscope objective through beamsplitter BS1 and two steering mirrors and is coupled into the resonator by the microscope objective. The reflected Fabry-Perot fringe pattern is retrieved by the (infinite conjugate) objective and directed, through the same steering mirrors and additional beamsplitters, to the two photodiode detectrs (UDT-455) and to the CCD camera for data analysis.
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 1425 FIGURE 2.5. Flowchart illustrating the chain of electronic elements to coordinate the data acquisition with the acoustofludic interferometric device.

FIGURE 2 . 6 .

 26 FIGURE 2.6. Screenshot of the EpsilonPI ZQM user interface. The time traces plot display zone is bound in orange. The command menu to control the Epsilon Pi board is bound in red.The timer period command TIM2PER is bound in blue, while the timer multiplier T2MULT is framed in green.

FIGURE 2 . 7 .

 27 FIGURE 2.7. Gaussian beam schematics. w 0 is the beam waist, z R is the Rayleigh length, b is the confocal parameter (twice z R ), and the beam spot size at the Rayleigh length is w(z R ) = 2 w 0 .

FIGURE 2 . 9 .

 29 FIGURE 2.9. Change of the beam waist of a Gaussian beam focussed by a thin lens. The subscript 1 refers to the object and 2 to the image.

FIGURE 2 . 10 .

 210 FIGURE 2.10. Different experimental parameters to characterize a Gaussian beam diameter.
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 21 I = 2r I , (2.31) and with the following simple identifications, we arrive at a relationship between the intensity diameter d I and the field radius r: d I = 2r I , r = 0.34mm . (2.36) Notice that the field radius matches the beam waist in Fig. (2.7), and is related to the beam diameter at 1/e 2 shown in Fig.(2.10) by the fact that the first is a longitudinal cut of the Gaussian beam electric field. In contrast, the second represents the intensity of the electric field in a transversal cut.

  best in a low-Finesse configuration and can operate with a combined reflectivity R ≈ 0.04, successfully detecting a cell inside the interferometer. It is important to realize that a very high Finesse would render the task more difficult in large-gap resonators as the perturbation induced by the cell would amount to a shift of several fringes instead of the displacement of a single one characteristic of the small-gap configuration. The multiple fringe shift would increase the probability of miscounting one fringe, thus leading to measurement errors.

FIGURE 2 .

 2 FIGURE 2.11. A Fabry-Perot resonator was created by using two fiber optic ends. The separation between the semi-reflective surfaces is approximate twice the cell size. Figure taken from [95].

Figure 2 . 12 :

 212 Figure 2.12: Beam propagating through the diameter of a sphere.

α = 0

 0 represents light propagating through the sphere's center while increasing values of α match the situation where the light passes through a cord parallel to the diameter of a sphere that moves out of the beam spot. The value of α = 90 • represents the absence of the sphere in the resonator's beam spot. This is only a toy model of the real effect of the sphere on the optical path difference since, as we can see from Fig.(2.13) , the beam will undergo different refraction angles depending on the distance b at which it traverses the sphere.

FIGURE 2 . 13 .

 213 FIGURE 2.13. Beam propagating through a sphere at a distance b from the center. n s , r are the sphere's refractive index and radius, respectively. A beam having an angle of incidence α = arcsin(b/r) will be refracted by the sphere at an angle 2α-2α , where α = arcsin(b/rn s ).

( 2 .

 2 [START_REF] Boyd | Intuitive explanation of the phase anomaly of focused light beams[END_REF], changes the total optical path difference, which now has two components: one provided by the light traversing the cell and the second corresponding to the etalon thickness minus the cell diameter. Thus the resonance condition of the FP resonator eq.(1.16) 
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 491250 Since the Finesse is related to the FSR-FWHM ratio of the individual fringes (see eq. (1.23)) and given that a change in the order m → m + 1 implies a phase change of π, is possible to assign to the quantity Resolution = the role of minimal resonator resolution (cf. Fig.(2.14)). This expression is valid under the assumption the phase change comes exclusively from the change in cell size. If we consider a resonator with Finesse 10, this will imply that the FWHM fits 10 times in the FSR. Supposing a cell of l =100 µm diameter and a phase change of π -corresponding to a 10% change in the cell diameter -then the interferometer's minimal resolution will be 1 µm.

FIGURE 2 . 14 .

 214 FIGURE 2.14. The Airy's transmission function of a small-gap Fabry-Perot resonator with a cell of 100 µm inside. A Finesse of F = 10 is plotted in blue. The change in phase caused by a cell's change diameter of 1 µm is plotted in orange. The phase change between the two blue maxima is π and given that the F = 10. 10 dotted maxima fit between the two blue maxima.

Fig. ( 2 . 15 )

 215 Fig.(2.15) illustrates the interferometer (cf. caption for details) and assumes that the incident laser beam is focused onto the front face of the glass plate (the definition is generic, thus any other point can be chosen).

FIGURE 2 . 15 .

 215 FIGURE 2.15. Schematics of the different interfaces in a low-Finesse Fabry-Perot resonator,analogous to the one used in our AID (cf. section (2.1)). n is the refractive index of air, n g and n w those of glass and water, respectively. t m , and t c represent the back mirrors glass substrate's thickness, the water-filled microfluidic channel, and the front glass surface delimiting the channel, respectively.

. 60 )

 60 f c is the cell's focal length defined above, eq. (2.56), M L 1 represents the propagation between the resonator entrance (considered as the interface glass-air, cf. Fig(2.15)) and the thin lens. The thin lens, represented by M , is symmetrically placed inside the acoustic channel and M L 2 is the roundtrip from the thin lens, to the mirror and back to the lens.

. 67 )

 67 corresponds to one full roundtrip (optical length) inside the resonator.We have ignored the multiple reflections inside the Fabry-Perot resonator and have considered just one roundtrip in this procedure. The reason for considering, at least in the first approximation, only the first roundtrip and not the multiple interferences inside the resonator is the ratio between the intensities of the various waves. The first glass-air interface transmits approximately 0.96I in (I represent the Poynting vector of each component). Accounting for the finite reflectivity of the back-mirror R b and for the losses at the glass-water interface, we find that the intensity exiting the resonator after the first roundtrip CHAPTER 2. EXPERIMENT is ≈ 0.91R b I in , while the component reflected back into the resonator after the first roundtrip will be 0.04 × 0.95R b I in ≈ 0.038R b I in . Thus only ≈ 3.8% of the intensity goes for a second roundtrip and we thus neglect this component in our low-Finesse Fabry-Perot resonator.

. 68 )

 68 thus, the two wavefronts R in (reflected by the back mirror) and R out exiting the resonator, can be superposed to compute their circular interference fringes (cf. Fig.(2.16)).

Fig. ( 2

 2 Fig. (2.16), describes the geometric construction used to identify the values of the distance from the optical axis, ρ, where constructive interference fringes (bright rings) are expected. The positions of the two origins for the two emerging waves is arbitrary (the two could be exchanged). The problem is solved in cylindrical coordinates. Thus the azimuthal angle φ is neglected. The distance from the axis is ρ (cf. Fig. (2.16)).

FIGURE 2 . 16 .

 216 FIGURE 2.16. Schematics of the exiting (R out ) and retroreflected (R in ) wavefronts were interfering at the plane of the microscope objective. The respective origins for the two curved wavefronts match the radii of curvature. The relative positions are arbitrarily marked, as the value of R out , relative to R in , depends on experimental parameters. ρ is the coordinate measuring distances from the optical axis.

FIGURE 2 . 17 .

 217 FIGURE 2.17. Left panel: Expected uncertainty on the output radius of curvature R out as a function of the uncertainty on the input radius of curvature R in for ∆ρ 1 = 1µm. Right panel: same for three different values of ∆ρ 1 . The other parameters are marked on top of the graph. The left panel shows the detailed functional dependence as a function of ∆R in , while the right one shows the evolution of the functions with ∆ρ 1 .

FIGURE 2 . 18 .

 218 FIGURE 2.18. Expected uncertainty on the output radius of curvature R out as a function of the uncertainty on the measurement of the radius of the first interference ring ρ 1 . The other parameters are marked on top of the graph.
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 21912 FIGURE 2.19. Left panel: Expected uncertainty on the output radius of curvature R out as a function of the uncertainty on the measurement of the radius of the second interference ring ρ 2 for ∆ρ 1 = 1 µm. Right panel: same for three different values of ∆ρ 1 . The other parameters are marked on top of the graph. The left panel shows the detailed functional dependence as a function of ∆ρ 2 , while the right one shows the evolution of the functions with ∆ρ 1 .
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 117 where x j represents any of the physical variables and d k stands for any of the d coefficients (i = 0 . . . 2).

FIGURE 2 . 20 .

 220 FIGURE 2.20. Expected uncertainty on the focal length determined from the experiment as a function of the uncertainty on the radius of curvature of the input beam. The two solutions are in black (positive sign in the quadratic formula) and red (negative sign). The resulting focal lengths are: f c,+ = 350.63 µm, f c,-= 60.71 µm. Parameters: cell channel width L = 180 µm, n w = 1.33, coverslip thickness t = 170 µm, n g = 1.5, resulting in L = 239.4 µm and L = 374.7 µm. The radius of curvature for the output beam is the one already obtained from ρ 1 = 23 µm and ρ 2 = 30 µm for R in = 9 mm, i.e., R out = 282.63 µm. The uncertainties that have been fixed for this figure are the following: ∆R out = 10 µm, ∆ L = 10µm, ∆L = 10 µm.

Fig. 2 .

 2 Fig.2.20 shows the evolution of the expected uncertainty over a broad interval of uncertainty values for the input radius of curvature. As already seen for R out , the uncertainty is insensitive to ∆R in and probably mostly due to the other uncertainties. Although small, it is not negligible. In particular, for f c,-it amounts to approximately 10%.

FIGURE 2 . 21 .

 221 FIGURE 2.21. Expected uncertainty on the focal length determined from the experiment as a function of the uncertainty on the radius of curvature of the output beam. The two solutions are in black (positive sign in the quadratic formula) and red (negative sign). The uncertainty on the input beam radius of curvature is 1 mm. All other parameters and data as in Fig. 2.20.

FIGURE 2 . 22 .

 222 FIGURE 2.22. Expected uncertainty on the focal length determined from the experiment as a function of the uncertainty on the distance L. The two solutions are in black (positive sign in the quadratic formula) and red (negative sign). The uncertainty on the input beam radius of curvature is 1mm. All other parameters and data as in Fig. 2.20.
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 2232 FIGURE 2.23. Expected uncertainty on the focal length determined from the experiment as a function of the uncertainty on the distance L . The two solutions are in black (positive sign in the quadratic formula) and red (negative sign). The uncertainty on the input beam radius of curvature is 1mm. All other parameters and data as in Fig. 2.20.

  shown in Section 2.1, an interferometric cavity surrounds the microfluidic channel. The laser beam coupled into the empty cavity (i.e. devoid of cells) produces the Resonator Fringe Pattern (RFP), shown in Fig. (3.1) and mathematically described by the Airy function (eq. (1.15)). The Gaussian beam's waist diameter, focussed by the microscope objective, is marked by the yellow bar in the center of the concentric circles (Fig. (3.1

FIGURE 3 . 1 .

 31 FIGURE 3.1. Fabry-Perot's resonator fringe pattern Resonator Fringe Pattern (RFP). The focussed laser's beam waist is w 2 ≈ 4µm.

  3.1)): examples are shown in Fig. (3.2) (b), (d). In contrast, when cells do not cross the axis (x, y = 0) the angle of incidence is oblique, reducing the interference pattern perturbation to a weak RFP local modification, more difficult to identify (Fig. (3.2) (a), (c)).

FIGURE 3 . 2 .

 32 FIGURE 3.2. Panel (a): non-perturbed resonator fringe pattern with an algae cell in the lowerleft corner (oval shape) and yeast cells in the upper left corner (small spheres). Panel (b): RFP perturbation caused by the algae cell previously shown in panel (a) but is now placed in the center of the fringe pattern's concentric circles. Panel (c): yeast cells weakly interacting with the background fringe pattern. Panel (d): yeast-induced strong perturbation of the fringe pattern (as in panel (c)), placed in the center of the resonator's fringe pattern concentric circles. The yellow arrows mark the objects of interest in panels (a: algae) and (c: yeast). The fringe pattern of the low finesse Fabry-Perot resonator is recognizable in the background of all panels.

FIGURE 3 . 3 .

 33 FIGURE 3.3. Polystyrene 3 µm diameter at different focal planes. The fringe pattern's different sizes imply that images are acquired different optical planes; in focus, z = 35 µm and z = 40 µm, from left to right, respectively.
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 3131 Fig. (3.4)), which can be used to compute the Finesse (cf. Fig. (1.2)). A detailed analysis of the statistical significance of the CFPP's 2D information is performed with the acquired images. Temporal traces also allow for a 1D quasi-real-time analysis of the CFPP. Details about this operation mode of the AID (based on the photodiodes detectors) will be discussed in the next chapter. Different cells induce different CFPP A comparison of the resonator fringe pattern and the resonance induced by yeast, algae, and polystyrene beads is shown in Fig. (3.5). The polar symmetry of the CFPP permits the extraction of the intensity profile by plotting the intensity over a straight line that passes through the center of the image (resonator's axis). A reduction in background intensity is observed in the presence of the cell, clearly visible by comparing the RFP and CFPP intensity profiles (Fig. (3.5)) in the pixel range 0-500 and 1500-2000.

FIGURE 3 . 4 .

 34 FIGURE 3.4. The CFPP intensity profile is created by plotting the intensity in the images over a virtual horizontal (blue) line passing through the center of the image. The relevant measurement parameters are also presented: the separation between adjacent maxima, or FSR, and the FWHM of the peaks.

FIGURE 3 . 5 .

 35 FIGURE 3.5. In the upper, middle and lower rows, panels present the RFP and the CFPP for yeast, algae, and polystyrene, respectively. The left column shows the resonator fringe pattern just before a cell enters the optical cavity. The yellow line is a cut through the pattern over which the RFP intensity profile is plotted. The second column shows the intensity profile of the RFP along the yellow line. The third column shows the cell-induced fringe pattern perturbation, with the corresponding yellow line for the intensity cut shown in the fourth column.

As shown in section ( 3 . 1 . 3 )

 313 the intensity profiles can be plotted over any of the radial lines α = c corresponding to the diameter of the concentric circles of the RFP. An angle increment of 1 • enables the analysis of 180 diameter intensity profiles (or 360 radius profiles) present in the polar symmetric CFPP. For instance, the reference intensity profile in Fig. 3.6 (a) -blue line -has been plotted over the radial line α = 0 • (Fig. (3.6) (b)), while the reference intensity profile has been plotted over the radial line α = 45 • (Fig. 3.6 (c)). To exploit the polar symmetry of the CFPP, acquired images are transformed into polar coordinates utilizing the scikit-image warp_polar function [106] (cf. Fig. (3.7) (a)).

FIGURE 3 . 6 .

 36 FIGURE 3.6. (a) Vectors ρ n+1 and ρ n+2 identify the distance between the resonator's axis and consecutive constructive interference fringes in yeast's CFPP. (b) and (c) display the intensity plots obtained from the image cut through the blue and orange lines, respectively.

FIGURE 3 . 7 .

 37 FIGURE 3.7. Yeast-Cell-Induced Fringe Pattern Perturbation image transformed to polar coordinates (a). Alignment of the polar profile (b) to accurately measure the ρ value of the largest four bright fringes.

Fig. ( 3 . 7 )

 37 (b)).

Fig. ( 3 . 8 )

 38 , the distances that lay in the range [0, 20] are obvious outliers and should not be considered. For instance, the horizontal blurred lines in Fig. (3.7) (b) (present in the angle values of 100 • and 250 • ) are due to the first peak's wrong identification. This is one of the artifacts that contribute to outliers.

FIGURE 3 . 8 .

 38 FIGURE 3.8. Density histogram (blue bars) of the ρ 1 values in the original data (first peak from the CFPP reconstructed center). The blue line is the Gaussian fit to the original data (applied directly, rather than on the histogram). Gray bars correspond to the density histogram of the filtered data. The black line corresponds to the Gaussian fit of the filtered data. Parameters: µ 0 = 91.20, σ 0 = 16.66, k s,0 = 14.65 (excess kurtosis) and G 1,0 = 294.04 (skewness) for the original data; µ = 93.46, σ = 2.86, k s = -0.14 and G 1 = 8.18 for the filtered data.

1 .

 1 19 for N = 10, 1.08 for N = 20, 1.05 for N = 30, and 1.02 for N = 100. In our case, data points are 360 and at least 180 for the filtered data set, so the adjusted and normal Fisher-Pearson coefficients match. The skewness for a normal distribution is zero, and in practice, any symmetric experimental data should have a skewness near zero. Negative values for the skewness indicate data that are skewed left, and positive values for the skewness indicate data that are skewed right of the maximum.

FIGURE 3 . 9 .

 39 FIGURE 3.9. Images of the samples. The scale changes from one image to the next for clarity.

ρ 2 ,

 2 FIGURE 3.10. Finesse values for Saccharomyces cerevisiae (yeast), tetraselmis (algae), microgel beads 15 µm diameter, and polystyrene beads 3 µm diameter. Gray bars represents acoustic focusing (V f = 15 V pp ), while blue bars display the results for acoustic deformation (V d = 25 V pp ). The asterisks in the plot indicate: * * * P< .001, * * P< .05 and * P> .1. The P-scores were computed from the samples T-test results with the following scores: µgel = -6.59, Algae = 3.95, Yeast = 2.33, and Polystyrene = 1.51.

FIGURE 3 .

 3 FIGURE 3.11. Cell Focal Length values for Saccharomyces cerevisiae (yeast), tetraselmis (algae), microgel beads 15 µm diameter, and polystyrene beads 3 µm diameter. Gray bars represents acoustic focusing (V f = 15 V pp ), while blue bars display the results for acoustic deformation (V d = 25 V pp ). The asterisks in the plot indicate: * * * * P< .0001, and * P> .1. The P-scores were computed from the samples T-test results with the following scores: µgel = 22.88, Algae = -15.98, Yeast = -7.56, and Polystyrene = 0.79.

  immobile and levitated cell's interference pattern is acquired, obtaining the information in the absence of deformation. Then, the acoustic wave's amplitude is increased to induce a cell deformation and a new image of the interference pattern is acquired. The cycle is repeated to obtain 20 pairs of patterns in the absence and in the presence of cell deformation.With the filtered data, an ANOVA test was applied to the measured ρ 1 , ρ 2 , FWHM 1 and FWHM 2 acquired with and without deformation to determine the existence of a statistically significant difference.A weighted average of the ρ 1 , ρ 2 , FWHM 1 and FWHM 1 values (after outlier elimination) is carried out.Next, a weighted average of the ρ 1 , ρ 2 , FWHM 1 and FWHM 1 values is performed. The results are used to compute the Finesse (eq. (1.23)), the CFL (eq. (2.81)) and the error propagation (cf. section 2.4.2); the corresponding results are shown in Figs.(3.10) and(3.11). The statistical significance of the resulting estimates is analyzed with Student's T-test. Results show an acoustically-induced cell deformation for yeast and algae. A matching diminishing in the Finesse and CFL values is also observed. The polystyrene beads, instead, do not present a significant deformation. The absence of measured deformation proves that the system works correctly. Thus, offering a corroboration of the working principle behind the AID.

  (4.1)).

FIGURE 4 . 1 .

 41 FIGURE 4.1. A plot of the CFL eq. (2.81) vs. mirror thickness t m eq. (2.53). A hyperbolic dependence of f c,+ on back mirror thickness t m is observed. The remaining parameters are held constant: R in = -9mm -incoming beam's -and R out = 11mm -outgoing beam's radii of curvature, respectively -, L = 106mm -microfluidic channel width -, t m = 170µmcoverslip thickness (wall 1 of the device).

( 4 . 2 )

 42 we observe a linear dependence of CFL on microfluidic channel thickness L. The linear function has very small slope (m= 4 × 10 -3 cf. Fig. (4.2)). Thus, the channel thickness does not substantially influence the CFL, while wider channels permit the use of lower resonance frequencies for cell acoustic manipulation. Lower frequencies are easier to generate with commercial generators, useful when simplifying the implementation of the acoustic manipulation.

FIGURE 4 . 2 .

 42 FIGURE 4.2. A plot of the CFL, eq. (2.81), vs. the microfluidic channel width L, eq. (2.52). All other parameters were kept constant: R in = -9 mm -incoming beam's -and R out = 11 mm -outgoing beam's radii of curvature, respectively -, L = 106 mm -microfluidic channel width -, t m = 170 µm -coverslip thickness (wall 1 of device), -t m = 4 mm the back reflecting mirror thickness.

Fig. ( 4

 4 Fig. (4.3)) where H c is defined by:

FIGURE 4 . 3 .

 43 FIGURE 4.3. Schematics of a thick lens: r c represents the cell's radius of curvature (blue circle), the focal length f c (red) is measured from the principal plane H 2 is shown in red. V 1 and V 2 are the intersections of the lens with the optical axis, while the green rays are the rays used to create the real image I from the object O, S and S 0 is the distance between the object and the principal planes while S , and S 0 are the distances between the real image and the principal planes.

( 4 . 4 )

 44 ). Only cells with shape varying between spheres and flattened oval shapes (cf. Fig. (3.9)) can be found in the experiment, since the extreme shape of the cylinder with polar caps -up to r c = 6µm in Fig. (4.4)would be rotated by the acoustic device and no longer have their curved ends aligned with the resonator axis. This would be the case of elongated cells, like bacteria, which would be aligned with the flow. The "cylindrical" geometry is included in the figure to show the evolution of the focal length.

FIGURE 4 . 4 .

 44 FIGURE 4.4. Comparison of the focal length's, f c , derivative, relative to the radius of curvature r c , between thin (blue line) and thick lens (black line). Parameters: cell, n c = 1.38, and water, n w = 1.33, refractive indices, respectively, and cell diameter l = 30µm.

equation ( 4 . 6 )

 46 in the formulae presented in section (2.4.1.2) to compute the CFL allows for the computation of the magnification effect m on the f c,+ . The results are plotted in Fig.(4.5). From the plot, we can observe that the magnification effect on the CFL is negligible since the significant digits (the integers) remain unchanged. This result matches the calculations shown in section (2.4.2.2) (cf. Fig.(2.20)) from which we concluded that in order to have a significant change in the f c,+ the input radius of curvature has to vary a few mm.

FIGURE 4 . 5 .

 45 FIGURE 4.5. The figure shows the effect of the magnification on the CFL originated by 35 µm defocussing. The f c,+ in the upper corner is -859.2 [µm] from which the y-axis values are added. Mentioned value corresponds to ρ 1 = 21.7 µm, ρ 2 = 46.2 µm, R in = -9mm and R out = 1.14 mm.

  (4.6), a time trace containing the CFPP of two different polystyrene beads is shown. The time traces sections corresponding to 0.30 to 0.55 s and 1.30 to 1.50 s in figure Fig. (4.6) are referred to as valleys. Each valley corresponds to the intensity profile of one single fringe pattern perturbation. Below is detailed how the valleys are identified and how the contained CFPP is quantified using a Python script.

  Fig. (4.6)) is directly proportional to the cell's size.

  time trace region, which contains information about the CFPP. By taking the second derivative of the time trace by means of the SGF and then inverting it (1 -f (t)), the inflection points become peaks while the rest of the data flattens, the red line in Fig. (4.7). The find_peaks function is used to identify these inflection points, which are then used as valley borders (yellow triangles the Figs. (4.6) and (4.7)).

FIGURE 4 . 7 .

 47 FIGURE 4.7. Valleys borders identification based on the detection of the inflection points of the SG filtered time trace (black line). The Savitzky-Golay filter is used to compute the second derivative of the signal, then the result is inverted (1 -f (t)), and the find_peaks function is used to identify the peak associated with the inflection points, i.e., the valley borders (yellow triangles).

. 12 )

 12 where yv max and yv min are the maximum and minimum y-axis value of the time traces inside the borders of the valley for each valley. The new P v and H v criteria have been optimized to accurately detect the maxima and minima with respect to the new intervals in the time trace. The peak-baseline ratio is different from the one used to find the valley bottom. The returned values of the find_peaks function allow for the CFPP's maxima and minima retrieval (red and green x marks in Fig.(4.6)) and thus for the computation of the corresponding FWHM and FSR for each cell.

  (2.1.3)). In principle, the time trace analysis presented above can be carried out with a single detector measuring the light intensity changes occurring on the resonator axis, D 1 in Fig.(4.8). However, a second detector D 2 has been introduced to have an accurate measurement of cell speed, which is necessary for determining its size in the y-direction.

FIGURE 4 . 8 .

 48 FIGURE 4.8. The resonator fringe pattern devoid of cells is shown. The detection points of the photodiode detectors D 1 and D 2 are marked in yellow, where their separation defines the distance d.

4. 2 .

 2 QUASI-REAL-TIME IMPLEMENTATIONAs mentioned above (in section (4.2.1)), the valleys' full width at half maximum FWHM t (here measured in time) is directly proportional to the cell's size. The cell diameter and the speed v c are related as follows:∝ v c • FWHM t (4.13) The cells' velocity can be determined by placing the detection point of detector D 1 on the resonators axis and the detection point of the detector D 2 in a different position along the cells' trajectories. In Fig. (4.8) the second detector D 2 has been placed on the next bright fringe of the RFP aligned with flow direction, thus defining the distance d between the detection points. Next, the time gap t g between the detectors signal (cf. Fig. (4.9)) can be used to measure the travel time of the cells (cf. Fig. (4.9)) and thus calculate their velocity.Thus, the introduction of the two diode detectors allows for the implementation of real-time analysis of the CFPP isolated from the time traces valleys and for the real-time measurement of the cell's diameter based on the two detector system. The real-time analysis is made possible by the fact that the detectors' and electronic response time is extremely short compared to the timescales of particle motion.

FIGURE 4 . 9 .

 49 FIGURE 4.9. The time traces acquired with the detectors -in the points marked in Fig. (4.8)for the same yeast cell. The time gap between the time traces is measured from the center of the valleys (marked in red).

  [START_REF] Guck | Optical deformability as an inherent cell marker for testing malignant transformation and metastatic competence[END_REF] investigated BALB/3T3 and SV-T2 fibroblasts with the microfluidic optical stretcher. BALB/3T3 is a fibroblast cell line established in 1968 from disaggregated BALB/c mouse embryos. SV-T2 cells are derived from BALB/3T3 cells by transformation with the oncogenic DNA virus SV40. Measuring large numbers of cells reveals that the optical deformability of malignantly transformed SV-T2 fibroblasts is significantly shifted to higher values compared to normal BALB/3T3 fibroblasts: OD BALB/3T3 = 8.4 ± 1.0, OD SV-T2 = 11.7 ± 1.1 -cf. Fig. (4.10).

FIGURE 4 . 10 .

 410 FIGURE 4.10. Malignant fibroblast cells SV-T2 are more elastically compliant than the healthy fibroblast BALB/3T3. Taken from [41].

FIGURE 4 . 11 .

 411 FIGURE 4.11. Histograms showing the mechanical properties of healthy RBCs (hRBCs) and sRBCs as measured by FD-based AFM. A 3-fold increase in Young's modulus is observed on hereditary spherocytosis RBC (sRBCs) as compared to hRBCs. The data were acquired at an oscillation frequency of 0.25 kHz and are representative of 3 healthy donors and 3 patients with HS. A total of 27 cells for each condition were analyzed during 6 independent experiments. Taken from [29].

FIGURE 4 . 12 .

 412 FIGURE 4.12. Comparison of myeloid and lymphoid cell line and neutrophilstiffness at low piezo extension rates. With a piezo rate of 415 nm/s, HL60 cells have an average apparent stiffness of 855 Pa with a standard deviation of 670 Pa (n=60). In contrast, Jurkat cells are significantly softer (p < 0.001), with an average apparent stiffness of 48 Pa and a standard deviation of 35 Pa (n=37).Neutrophils have an average apparent stiffness of (156±87) Pa (n=26, mean±SD), significantly softer than HL60 cells and significantly stiffer than Jurkat cells (p<0.001 for both). Taken from[START_REF] Rosenbluth | Force microscopy of nonadherent cells: A comparison of leukemia cell deformability[END_REF] 

FIGURE 4 .

 4 FIGURE 4.13. PIEZO1-GFP expression in HEK293 blebs. The diameters of the blebs reach 15 mm. Mechanical activation of PIEZO1-GFP in bleb-attached patches with a pressure pulse of 55 mmHg. Pipette potential was held at 75 mV. Taken from [17].

  Sorting platform based on real-time fluorescence and deformability cytometry (RT-FDC), is capable of sorting cells based on their defrormability. A standing surface acoustic wave (SSAW) and artificial intelligence are use in the Sorting RT-FDC (soRT-FDC) to effectively sort cells (cf. Fig. (4.14)). Just as fluorescence-activated cell sorting FACS enabled identifying molecular signatures accompanying subsets of leukocytes based on their immunophenotypes sorting based on mechanophenotypes could provide a unique understanding of the molecular underpinnings of cell mechanics. Such tools could enable new insights into which genes are responsible for controlling cellular architecture, and in heterogeneous populations of diseased cells, help isolate genetic mutations or epigenetic changes underlying uniquely stiff or compliant phenotypes. The cell's sorting AIT-based can potentially reproduce these results in a label-free way, thus eliminating the restriction that fluorescent dyes imply.

FIGURE 4 . 14 .

 414 FIGURE 4.14. Operation principle of a soRT-FDC device. Flowed-in cells are deformed in a constriction of the microfluidic channel and analyzed in the region of interest (ROI, outlined in red) in real-time. The SSAW deflects selected cells to the target outlet. AI indicates artificial intelligence. Taken from [77].

4. 4 .

 4 CHAPTER SUMMARY presented to identify and measure the CFPP contained in the time traces acquired with the AID's optical detectors.Cell mechanical phenotyping can be used to characterize cell modifications. Testing the mechanical properties of single cells can provide clear indications of dysfunction, whether as a tool for better understanding a disease or simply as a diagnostic approach. The biophysical properties of cells, such as their compressibility, have been closely related to disease progression, i.e., cancer development and metastasis. An additional potential biomarker easily detected by the AID is the change in cell refractive index. Finally, some potential applications in the research and diagnosis of the AID are presented in section (4.3). Such applications include; research and diagnosis of cancer, parasites and liquid tumors; mechanotransduction-based treatments; cell aging research; analysis of the immune status; drug screening and cell sorting.
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 21 FIGURE A2. Time trace with two valleys but only one-well-defined particle. a) In black the raw time trace,n blue the SG-filtered data with a window of (w 1 = 801), in purple the min of the found valley, in red the inflection points that serve as borders of the valley. b) The SG-filtered data with the same window but taking the second derivative to highlight the inflection points, the black points mark the identified inflection points, which serve as valley borders in a) (red dots). c) The blue line is the portion of the filter signal corresponding to the valley. The peaks are shown in red if they are maxima and in green, if they are minima.

FIGURE A3 .

 A3 FIGURE A3. Visual inspection shows the presence of a particle, but the algorithm has difficulties recognizing it because of its closeness to the trace's border. a) In black the raw time trace,n blue the SG-filtered data with a window of (w 1 = 801), in purple the min of the found valley, in red the inflection points that serve as borders of the valley. b) The SG-filtered data with the same window but taking the second derivative to highlight the inflection points, no points are identified.
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 1 .2. MECHANICAL PROPERTIES OF SINGLE-CELLS characterized the mechanical properties of both nuclear and cytoplasmic regions for alveolar type I cells (2.5 kPa for nuclear; 2.5 kPa for cytoplasmic) and type II cells (3.1 kPa; 4.7 kPa) and lung fibroblasts (3.3 kPa; 6.0 kPa). The reason each of these cells exhibits a characteristic mechanical phenotype is largely associated with the biological role they fullfill. However, researchers can use these properties as a means to further identify a specific cell type, potentially for sorting or enrichment purposes, in analogy with tisue diagnosis, palpation has being used as diagnosis tool for ages. Red blood cells (RBCs) are a special case of somatic cell that has been extensively studied to determine mechanical phenotypes associated with health and disease[START_REF] Hochmuth | Measurement of the elastic modulus for red cell membrane using a fluid mechanical technique[END_REF][START_REF] Rand | Mechanical properties of the red cell membrane[END_REF], with applications focused primarily on disease diagnosis rather than on cell

	purification.	
	Cell	Young's moduli [kPa]
	Lymphoid	0.1 -0.2
	Myeloid	0.1 -0.2
	Osteoblast	2 -10
	Cardiomyocytes	2 -10
	Contracted Muscle	100
	Spread osteoblast	6.5
	Spherical osteoblast	2.6
	Bone-marrow-derivered stem cells	2.5 -3.2
	Lung fibroblast	3.3 -6
	Red blood cells	1.5

Azeloglu et al. [4] 

11. Young's modulus values for different somatic cells.
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	CHAPTER 1. INTRODUCTION			
	Technique	Cell restrictions	Mechanical properties	Force range High throughput
			Elastic and viscoelastic		
	Atomic force microscopy	Adherent cells	properties of a local region	pN -µN	Potentially
			or a whole cell		
		Nonadherent or	Elastic and viscoelastic		
	Micropipette aspiration	detached adherent	properties of local region	pN -nN	Potentially
		cells	or a whole cell		
	Microbead rheometry	Adherent cells	Elastic and viscoelastic properties of a local region	pN	No
	Optical tweezers and traps	Adherent or nonadherent cells	Membrane elasticity, whole-cells deformability	fn -pN	Potentially
	Fluid-based deformation cytometry	Nonadherent or detached, adherent cells	Whole-cell deformability	pN	Yes

2. Summary of conventional approaches to testing single-cells. Taken from

[START_REF] Darling | High-Throughput assessment of Cellular Mechanical Properties[END_REF]

.

of cantilever stiffness and probe geometry are highly dependent on the design of the experiment, for whole-cell indentations, it is recommended to use a very soft cantilever (stiffness (k) approximately 0.01 -0.06N/m) and a spherical tip (approximately 5 µm).

TABLE 1 .

 1 

	Tip Size	Temperature Loading Rate [µm/s]	Elastic/Storage* modulus [kPa]
	Conical probe	25 • C	6	13.5±7.0
	Conical probe	37 • C	2	5.5±0.8
	750 nm	37 • C	2	0.58±0.23
	2,500 nm	25 • C	6	1.31±0.54
	2,500 nm	37 • C	10	0.53±0.52

3

. AFM elastic modulus for different measurement conditions and same type of cells. *Elastic moduli derived from AFM represent the effective Young's modulus. Taken from

[START_REF] Wu | A comparison of methods to assess cell mechanical properties[END_REF]

.

  .[START_REF] Schafer | What is a savitzky-golay filter?[END_REF] 

	∂R out ∂ρ 1	=	∂R out ∂k	∂k ∂ρ 1	+	∂R out ∂ρ 1	,	(2.91)
	∂R out ∂ρ 2	=	∂R out ∂k	∂k ∂ρ 2	+	∂R out ∂ρ 2	,	(2.92)

  .[START_REF] Valberg | Magnetometry of ingested particles in pulmonary macrophages[END_REF] 

	∂d 2 ∂R out	= -1 ,	(2.106)
	∂d 2 ∂ L = 1 ,	(2.107)
	∂d 2 ∂L	= 2 ,	(2.108)

TABLE 3 .

 3 The results are shown in table(3.1). 1. ANOVA analysis of the ρ 1 , ρ 2 , FWHM 1 and FWHM 2 for CFPP of the samples with two different acoustic pressures V f and V d , matching the indices 1 and 2, respectively.

	Cell	ρ 1	ANOVA P-value ρ 2 FWHM 1 FWHM 2
	Algae	.027 .016	.085	.111
	Yeast	.449 .290	.192	.139
	Microgel	.734 .987	.264	.236
	Polystyrene	.372 .888	.210	.895

1.1. INTERFEROMETRY

1.6. HIGH-THROUGHPUT TECHNIQUES

2.1. EXPERIMENTAL DEVICE

2.2. GAUSSIAN BEAM BEHAVIOR INSIDE A FABRY-PEROT INTERFEROMETER

2.4. LOW FINESSE FABRY-PEROT RESONATOR
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C H A P T E R 4 DISCUSSION AND CONCLUSION W ith the AID, we introduce an Acoustofluidic Interferometric Technique (AIT) capable of detecting subtle deformations in the cell when acoustic pressure is applied. The relatively low magnitude of the used acoustic pressure in this work doesn't allow to observe cells' deformation with standard microscopy instruments. Still, it is possible to observe and measure cells' acoustically-induced deformations thanks to the AID through the Finesse and the Cell Focal Length. Based on the results presented in chapter 3 it is possible to remark that the AIT can perform label-free cytometry using the optomechanical properties of the cells as biomarkers in a novel way. In this last chapter, we discuss optimizing the device's geometry, and the quasi-real-time implementation of the AIT. Finally, we identify the technology's potential applications.

Device analysis

An analysis of the AID chip geometry is presented in this section. This analysis is useful to design new versions of the AID with geometric parameters that improve its performance. Also, we critically analyze the thin lens approximation to model the cell's influence on the interference pattern. This analysis concludes that the approximation holds for all the expected cell kinds. Its validity was expected from the general considerations offered in Section 2.4.1. Still, it was also imposed by the complexity of modeling a thick lens inside the cavity with the ray matrix formalism. While the thin lens representation gave rise to quadratic expressions for the equivalent focal length, the thick lens one produced an equation of eighth-order, with all the difficulties it entails. One would be obliged to solve it numerically, without a way of computing the errors -contrary to what we have done in section (2.4.2.2). In addition, the number of physically relevant solutions would be in principle unknown and their pertinence to the problem. Moreover, in the next section, we will show that the thin lens approximation is adequate to assess the optomechanical properties of the cells, and the thick lens approximation is not required.

PATENT, PUBLICATIONS, CONFERENCES AND WORKSHOPS

Patent

• 2020, Julián Mejía, Gian Luca Lippi and Massimo Vassalli. Optoacoustic monitoring device for cell characterization, EP20306149, filed to the European Patent office.

Publications

• To apply for the patent, the technology in this thesis was subjected to secrecy, preventing its publication in scientific articles. The condition of secrecy was removed in October 2020 by the French Defence Department. Scientific publications are under preparation.

Related publications

Publications on related subjects and developed in parallel with the AID project. Get time t r a c e s in STRING from the A g i l e n t DSO-X scopes .

ARGUMENTS:

STRING are channels the you want t o get in a coma separated l i s t .

Channels have t o be written C1 or C2 e t c .

For example getdso c1 , c2 t o get channels 1 and 2 and p r i n t them t o stdout OPTIONS: -h , --help -o f i l e , --output= f i l e -F , --Force Display t h i s help Send data t o " f i l e " . Data w i l l be written in binary form . By d e f a u l t , an e x i s t i n g f i l e w i l l NOT be overwritten . ' . chX ' w i l l be added as extension , where X i s channel number .

Force overwrite e x i s t i n g f i l e s .

i address , --i p=address Set the IP address o f the d e v i c e .

-P , --P l o t P l o t the data ( only 10 000 points , evenly spaced , w i l l be shown ) .

EXAMPLES:

Return t r a c e s 1 and 2 as columns o f 8 b i t s unsigned i n t e g e r numbers and p r i n t them t o stdout : $ getdso c1 , c2 Get t r a c e s from channel 1 and channel 2 , p l o t them and write them t o f i l e s d a t a f i l e . C1 and d a t a f i l e . C2 . F i l e s are o ver wr it ten i f they e x i s t : # A f t e r i d e n t i f y i n g the f u l l v a l l e y s an a n a l y s i s o f the maxima and minima in the v a l l e y s are computed # A s o f t e r SG f i l t e r ( l e a v i n g the data l e s s f i l t e r e d ) i s used , meaning a smaller window w2

Performance of the code

The DSOXJ.py code, useful to acquire and analyze the CFPP in real-time, is tested here. Different features in the time traces may affect the code's performance. Ideally, only one event will occur in the observation time frame. Nevertheless,if more than one event occurs, the code is designed to analyze each event's events. Moreover, events with different magnitude, shortly spaced in time (cf.