Tnique Montr

"
#3% &%
e #) | $* 4+ $
. $ + $ U0
© v
‘e 3 . $ + $ U0
345 #6  "$7
@
* 8 9 +1
! " # $ %

CGC e +ore


https://publications.polymtl.ca/
https://publications.polymtl.ca/446/
https://publications.polymtl.ca/446/

UNIVERSITE DE MONTREAL

ELECTRO -MECHANICAL MANIPULAT |ION OF MAMMALIAN CEL LS
IN SUSPENSION

LUKE MACQUEEN
DEPARTMENT DE GENIE PHYSIQUE

ECOLE POLYTECHNIQUE E MONTREAL

THESE PRESENTEE (1 98( '( /12%7 (1IN, 2
DU DIPLOME DE PHILOSOPHIAE DOCTOR
(GENIE PHYSIQUE)

DECEMBRE 2010

© Luke MacQueen, 2010



UNIVERSITE DE MONTREAL

ECOLE POLYTECHNIQUE DE MONTREAL

Cettetheseintitulée

ELECTROMECHANICAL MANIPULAT ION OF MAMMALIAN CEL LS IN SUSPENSION

présentée paMACQUEEN Luke

HQ YXH GH aJdibive-tiEPMIbgvEhiae Doctor

aétedPHQW DFFHSWpH SDU OH MXU\ GITH[DPHQ FRQVWLWXp GH

Mme. BOUDOUX CarolinePh. D. présidene

M. WERTHEIMER Michae] R, D. Sc. A, membre et directeur de recherche

M. BUSCHMANN Michael Ph.D., membre et codirectede recherche

M. GERVAIS ThomasPh. D., membre

M. SIMMONS Craig A., Ph. D., membre




DEDICATION

This thesis is dedicated to my family



ACKNOWLEDGMENTS

I would first like to thank Professor Michael Wertheimer, my Ph.D. supervisohi$
excellent guidance and encouragement throughout my time in the M.8od Ph.D. programs
at the Ecole Polytechnique. Dr. Wertheimer introduced me to the exciting interdisciplinary
research topic of biological celPH O HP W@IRS X O D W LrRiged niz&iggskuith Professor
Michael Buschmann, thus forming the nucleus of my Ph. D program.

| alsothank Professor Michael Buschmann, my Ph.Dsupervisor, who welcomed me
into his tissueengineering laboratories, where | performed the majoritythef experiments
reported in this thesis. In addition to productive days in the labs, | will always remember with
fondness the famous summer BBQs.

Professors Wertheimer and Buschmann have been ideal PhsDpexvisorsandl have
benefited greatly frortheir generosity and expertise.

Next, | would like to thank Dr. Mohamed Lathe, Dr. Geegorz Czeremuszkin, and Dr.
Gilles Dennler, for their help getting me started in the plasma laboratories and Mr. Yves Drolet
for his outstanding technical supportie plasma laboratories.

| thank the staff at the microfabrication laboratories (LMF), in particular Dr. Souleymane
Bah for training me within the LMF, often spending many hours in the provéss. this
training, | was able to fabricate devices, whichtawe to work reliably several years later.

| thank Dr. Marc Thibault for his help with the confocal imaging system and other related
equipment, and for interesting scientific conversations and collaborations.

| thank Professor Olivier Guenat and Dr. T Gervais fotheirinterest in my research
and for their encouragement

| have also benefitted greatly from mangther peopleat the Ecole Polytechnique de

Montréal during my M.Sc. and Ph.D. programaad | am very grateful to them all



RESUME

Le but principal de cettetheseétait de décrire le développement'une platdorme
microfabriqué& et son applicatiorpour la caractérisation mécaniquesdellules mammiféres
vivantes La technique emploikes forces de polarisation électriques pour éopner et étirer
des cellules dandes champs électriqgues naniformeset variables dans le temps. Ce travail a
été motivé par la soudilisation apparente des champs électriques pour la caractérisation
mécanique des celluletes méthodes décritési ont permis la caractérisation mécanique de
cellules mammiferegiverses eprécédemment noriudiées.

La caractérisation mécanique de cellwlesntes eshabituellement réalisée en sondant
des structures locales pres destaface degellules. Tres peude ces techniqueappliquent des
contraintes uniaxiales awcellules entiérest la comparaison des données de diverses techniques
est donc difficile Par contre, ds champs électriques pem étre employés pour exercessc
forces uniaxiales sur les cdis suspenduesa plupart des cellules maniféres adoptent une
géomeétrie quassphériqudorsquesuspendues dans un milieu (aqueux) liquogei simplifieala
fois la manipulation des celluleginsi quel'interprétation des données mécaniquess champ
électriques exercent des forces sans contact mécasigo#icatif entre les cellules et les
structures d dispositif et peuvent donc étre décrits comore« rayon tracteur », qui peut
déplacer, emprisonner, ou déformer électriquement les objets pblesiselles les cellules
biologiques.En plus,les électrodesécessairesont facilement incorporées dans les dispositifs
microfabriqués ce qui suggere @ules techniques basées sur des champs électriques seront de
plus en plus utilisées.

La caractérigtion mécanique des cellules paglectredéformation» (ED) se placedans
le contexte plus grand de€gifctremanipulation de cellulesAfin de mieux comprendre le
comportement des cellules dans les champs électriques, nous avons commencé nos études en
utilisant la délectrophorse (DEP) pour placedes monocytefiumains (J937) dans un champ
électrigue noruniforme, avant G { H | | HIElatKdparation (EP)permettantla livraison de
trangiénes. Un ensemble d'é@exles planaires inertes mi¢abriquéessur un substratleverrea
éte utilisé pourla DEP et ER. Les propriétés diélectriques des cellubesg été estiméest la
modélisation (par éléments f&)i des champ électrigus nous a permis de prévoir le
positionnement decellules. Le pointa partir di quelles impulsions électriqgues ont augmenté la

perméabilité des membranes cellulaires aux molécules fluorescentes et aux plasmides d'’ADN
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dépend du positionnement antérieur par DEP. Pour un ensemble donné de parameétres
d'impulsion, 1P étaitsoit irréversible (ayant pour résultat la cytolyse), réversible (menant a la
livraison de gérns), ou non discernable, selda position desellules.Nos résultats démontrent
FODLUHPHQW TXH Of(3 GHV FHOO X @Qnhifeme& peQt\etrX Qonfmamie S pOHF
par DEP.

Les mémes microélectrodes planaires utispour DEP et EP ont alors été employées
pour mesurer les propriétés mécaniques de différgypes de cellules mammiferes en
suspensioren déformant des cellulésdividuelles dansds champs électrigaanonruniformes et
variables dans le tempsescontrainte€lectriques produits paes microélectrodes planaires ont
été employés pour emprisonner et étirs cellules, alorque O | des cellulesétait observée et
photodocumentée pamicroscopie of)que. Deux types de cellule distincts ont été comparés
aprés des données convenables a un modele de con&ansieparametres (SLS) et @n de
deux paramétres (PL). Les cellules de typ€hinese hamster ovasy (CHO) étaient
approximativement deux i® plus rigides que les promonocytes humains (U93i8s CHOs
avaientun comportement élastique avec le rétablissement de la forme initiale, alors que les U937
témoignent a la déformation plastique.

Nousavons alorensuiteexécuté des expériences I podéfeniationavec deuxtypes
de cellules additionnelles (L929 et HEK293pu la microscopie confocal a été employée plaur
visualisD W L R éhalpisései@ifjuantitative @ la structure dwytosquelette (CSKilescellules.

Nous avons traité les cellules URavecde lalatrunculinA (Lat-A) ou G HacB/Mmide (ACR)

pour évaluer respectivement leurs effets sur les microfilaments (MF) et les filaments
intermédiaires (IF) du CSKNous avons démontré queslpropriétés viscoélastiques des cellules
individuellemeant déforméesont dépendntes de I'épaisseur de l'actine corticaleQ)Aet ont été
significativementffectées par des traitements de-Rat_es cellules U937 et HEK2930ssédent

de mince AC et sont plus facilement déformées que les cellules CHO et @ @taient plus
rigidesetpossédentdes couches plus épaisse® .

Les résultats présentés dans cette thése démontrent que les champs électriques produit par
des électrodes microfabrigegpermettent la caractérisation mécanique de plusieurs types de
cellules mammiféres, et atteignent donc I'objectif principal de ce tralaitiéveloppement des

microdispositifs pour la caractérisation mécanique de cellules individuelles.
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ABSTRACT

The purpose of this study has been to describe the development anusttatiom of a
microfabricated platform fomechanical characterization iofdividual living mammalian cells in
suspension.The technique uses electrical polarization forces to trap and stretch cells 4n time
varying, nonuniform fringing electric fields.This work was motivated by the apparent under
utilization of electrical stresses for the mechanical characterizativeafells and he methods
describedhere permited mechanical characterization of diverse (previously uncharacterized)
mammalian celtypes

Mechanical characterization of cellsusually achieved by probing local structuresar
the celtsurface, and very few techniques apply uniaxial stresses to whole individuaMuedts
mammalian cells adopt a relatively simple (spherical) gegnveltren they are suspended in a
liquid (aqueous) medium. This simplifies emlanipulation and permits relatively straight
forward interpretation of mechanical data. Mammalian cells are increasingly being used outside
of their natural environment$or exanple within microfluidic devices, which requiseprecise
cell-manipulation protocols. Present miniaturization trends within experimental biotechnology
are producing new tools for the precise manipulation of individual living, @lt$ electric fields
featue prominently within this context. Electric fields exert forces on cells without the
requirement of mechanical contact between cells and device structures and can therefore be
GHVFULEHG DV 3WIith €aW Rave Bidl) Br\wleform electrically pidable objects
such as biological cells

Mechanical characterization of cells by elealieformation (ED) will be described within
the larger context of cell electroanipulations. To better understand the behaviour of cells in
electric fields, we usedi@lectrophoresis (DEPp position humammonocytes(U937) within a
nonuniform electric field prior to electrporation (EP) for gene deliveryDEP positioning and
EP pulsing were both accomplished using a common set of inert planar electrodes, micro
fabricated on a glass substrate. A SIRYKHOO PRGHO RI WKH FHOOfV-GLHOHF
element modeling of the electric field distribution permitted us to predict the major features of
experimentally observedell positioning. The extent to whicklectric pulses increased the
permeability of the celmembranes to florescent molecules and to pEGKPDNA plasmids
were found to depend on prior positioning. For a given set of pulse parameters, EP was either

irreversible (resulting in cytolysis), reksible (leading to gene delivery), or not detectable,
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depending on where cells were position&lr results clearly demonstrate that posHion
dependent EP of cells in a raniform electric field can be controlled by DEP.

The same planar microelectrodesed for DEP and EP were then usedmeasure
mechanical properties of individual mammalian cells in suspension by defothargglls in
time-varying, nonuniform electric fields. Electrical stresses generated by the planar
microelectrodes were used tar and stretch cells, while (ED) was observed using optical
microscopy. Two distinct cetlypes were compared after fitting strain data with a tpegameter
SVWDQGDUG OLQHDU VROLG ™ 6/6 PR G gp@arRdtelydowdia KPQ)D VW L F L\
method. Chinese hamster ovary (CHO) cells wietend to beapproximately twice as stiff as
U937 human promonocytes, and CHO cells displayed an elastic behaviodulivitcovery of
initial shape, while U937 strain data bore witness to plastic deformation.

We then extended these measurements to include two additionrglpesl| (L929 and
HEK293) confocal immuncfluorescent microscopy was used for visualization and -semi
quantitative analysis of the calitoskeleton (CSK) for all cetlypes. We treated UJ3cells with
microfilament (MF} and intermediatéilament (IF) disrupting drugs, latruncultA (Lat-A), and
acrylamide (ACR), respectivelyto assess their effects on the CSK and on the mechanical
properties of that celiype. The measured viscoelasticoperties of individually deformed cells
depended on cortical actin (CA) thickness and were significantly affected by ttaaitments.

U937 and HEK293 cells had thin CA and were more easily deformed than CHO and L929 cells,
which were stiffer and had thier CA layers.

The results presented in this thesis demonstrate that electrical stresses generated by micro
fabricated electrodes permit mechanical characterization of distinct mammalidypesll and

therefore accomplish the main objective of this work



CONDENSE EN FRANCAIS

Les propriétés mécaniques du tissu vivant, y congalies desellules individuelles, ont
des rOles essentiels dans les phénomenes biologijiétsde des propriétés mécaniques des
cellules est devenue un seclsamp impadiant ce labiologie celluhire Par contre,durs petites
tailles etleur sensibilité aucontraintesmécaniques rendehHYV FHOOXOHYV GLIIEtFLOHYV |
leurs propriétésmécaniquessont donc difficiles & mesurerDans cette théseyn présenteun
examen des méthodegiliséespour la caractérisation mécanique des celjide®ndémontre le
besoin de nouvelles méthodes qui peuvent déformer des cellules sans contact mécanique
significatif entre les cellules et les structuresdispositif. L'utilisation des champs électriques
pour |'électradéformation” (ED) de cellulesstprésentéeomme urcandidat potentiel pour la
caractérisation meécanique des cellules. La méthodes&Dait enutilisant des électrodes
microfabriquéesce qui est de plus en plésvorisé poutesmesures biomécaniquearde petits
échantillonstels les cellulesLes avantagesedlED comparé aux autres techniques qont
égalementemployées pour la caractérisation mécanique de cellules en suspeswgibres
suivants: (i) L'EDélimine lebesoin de piéces mobiles ou rd&robillesdans la suspension de
cellules; (ii) le contact mécanique entre les cellules et les structures de dispositif est réduit au
minimum; (iii) les électrodes planaires pour I'ED sont facilement microfabemjarparalléle ce
qui permet des mesures simultanées sur plusieurs cellules, et intégration simple dans des
biopuces; (iv) les tensions électriques de valeurs programmables permettent I'étude des propriétés
mécaniquesurplusieurs échelles de temps.

Récemment, des dispositifs microfabrigutelles les micropuces ondté utilisés pour
analyser et mapuler des spécimens biologiques de plus en plus complexes pour des applications
en sciences de la vi(eERPPH OfJDQDO\VH JpQ p\es hyantagesutidét dESORQD JH
micropuces pour la bianalyse incluent l'utilisation de plus petits échantillons et la possibilité
d'exécuter beaucoup d'expériences simultanées et comesapaé ordinateur.Bien quf X Q
progres significatif ait été accompli, les platesmes pour étudier la mechanobidk®de cellules
vivantessonta leur premier pas ¢ manipulation efficace decellulesbiologiquesdemeure un
défi important L'objectif principal de cette thes&tait donc de démontreda caractérisation
mécanique des eles mammiféres vivantes erilisant des champs électriqueBour atteindre

cet objectif des électrodeplanairesont été conges pour produire deshamps électriques nen



uniformes capables de piéger et déformer des cellules individuelles dans umesystenettant
l'observationHW OJDTXLVLWLRQ GH patmi@aseopgie@ptiqgGep I RUPDWLRQ

La thése commence (Chapitre 1) avec une revudedbsiques employées pour étudier
les propriétés mécaniques des celluls®us prétons une attention partiéné aux cellules en
suspension et aux méthodes exigeantcontact mécanique minimal avec les celluless
méthodes actuellement utilisées pour mesues propriétésbiomécaniques desellules
suspenduesappliguent généralementdes forcesmagnétiques, dmues, ou électriques pour
P D Q ° X ¥tldefdrmerés cellulesLes méthodes magnétiques et optiques exigent typiquement
un attachement dearticules métalliques ou autesix cellules(dans les cellules ou sur leurs
surfaces) afin ddaire la couplagedes forces. Les forces électriques agissgoant aelles
directement sur la cellule et sont donc iééadour I'application des forces saleddition de
particulesou d'autres matériaux a la suspensiBren que és forces électriques aient été
employées piedemment par d'autrpsur déformer des cellules, la plupart éesdesdécrivent
un type spécifique de cellules comnes |érythrocytesg{obules rougéset la majorité de
cellules mammiferes n'ont pas été étudMstre but devient alors plus clair et fuestion a
savoir si les champs électriques provenant des mictoétes sont suffisamment grangisur
déformer plusieurs types de cellules mammiferes aque les globules rouges devient encore
plus pertinente.

La deuxieme partie de la ée (Chapgre 2) présente notre démarchgenant a la
fabrication des outils nécessaieel I ('de cellules suivie dros résultatsalidant OTDSSOLFDELO|
dH QRWUH PpWKRGH Gf(' SRXU OD FDUDFWpPpULVDWLRQ PpFDQ
fait une synthes des trois articlesen Annexes {lll déja publiésPour faciliterles expériences
GED pendant 'observation par microscopie optiglessmicroélectrode®nt été fabriquéesur
des lamesle microscope en verre standard. Pour augmenter la compatibitiés debstrats avec
les pocédures photolithographiquegsdcouches mincesbaseale silicium ont été déposées sur
les substrats avant la fabrication d'électeo@msuite, @s €lectrodesnplatineont été évaporéees
sous videsur lesquelles desouches nmices électriquement isolantes ont déposées afin de
permettre leur utilisation dans les suspensions (aqueuses) liquides. Plusieurs géométries
d'électrode ont été considéréesla géométrie idéalénalement choisigpour le piégeage et
déeformationde cdlules, décrite dans cette thesstf composée d'une rangée d'éteds coniques
de « piégeage opposées une contreélectrode centrale.d.champ électriqueonuniforme,E,
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produit par ces électrodes, a été simulé utilisant les méth@dfsmens finis (FEM). Des
cellules individuelles emprisonnées a chaquextrémité des électrods sont électriquement
polaris@s avec des valeurss flus élevées prés dedlps,comparés aux valeurs inférieures

pres de I'équateur. Dans le cas @ooiforme) actuel, E st plusélevépres dupdle qui fait face

au bout @ I'électrodede « piégeage e les cellules sont donc emprisonnées dans cette région
Une fois piégées, les cellules sont déformées en augmentees Ehamps électriques agissent
doncen tant que «ayon tracteur » esontcapable de déplacer, d'emprisonner, et d'étirer les
cellules biologiques, sans chauffer de maniere significative la suspension ou endommager
autrement les cellules.

Afin de réaliser le piégeage fiable des cellules, nous avons dirandsurs propriétés
diélectriques Ceci a été réalisé en mesurant le mouvement des cellules sous l'influence d'un E
nortuniforme et variable dans le temfsnusoidal) & H SKp QR P g Q'Hiélecirbph@dd’O O H
(DEP) a et été mesur@&n fonction deplusieus conditions expérimentaleslous avons donc
mesuré le spectBEP des cellules eten comparanénsuiteles données mesurées aux modeles
théoriques de la structure cellulaire, le positionnement prévisible des cellules était possible. Ces
expériences ongtabli la gamme des conditions expérimentajgissont employées par la suite
pour I'EDde cellules

Afin d'établir les conditions expérimentalpegservanta viabilité cellulaire nous avons
réalisé des essaile viabilité pendant les expériences de DH&uUs avons aussi étudié les effets
des champs électriques pulsés sur la viabilité de celllles. champs électriques pulsés
augmentent la perméabilité de la membrane cellulaire (@Wun phénomeneédectroporation
(EP) et lesH | | H BPVsuGI§ viabité de celluleont aussi été examinés sous plusie@arsditions
expérimentalesAu cours de ces experience®, T @3¢éte utiliséedansla transfection de genes
pour la modification génétigue des monocytes (U937) humaihsous avons combiné des
expérience de DEP et GEBP mur des applications originales. béacement de cellules par DEP
avant G T H 11 H W Adeordrdgue les modifications génétiques peuvent se feéten un
protocole sélectif au type cellulair@insi, il semble possiblele viser spéfiguement un type
cellulaire parmi une population hétérogene pour une application donnée cpoumela
modification génétique ou la destruction.

Apres la présentation des résultats de DEP etéefarhctérisation mecanique desuteB

par ED en utilisantes mémes microélectrodes planaires est présddt@es avons constaté que
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les valeursG f ( S UR G XdsWiierdel&ddes-étaient en effet suffisamment fortes pourenduir
& dedivers type decellules mammiferesNous présentoneos premiérs résuie ED avec
deux types de cellulemu Chapitre 2 et d'autres rgultats sont présentés ahapitre 3 ou quatre
types de cellules ont été empleg@t ouleurstructurea étésanalységuar microscopie confocal
Les propriétés mécaniques des U937s et desleelépithéliales de type Ghinese hamster
ovary2 &+2 RQW GYDERUG pWp FRPSDU p$iproprégs tnée@iyusd dy H SD U
ces deux types deellulesavecdeux modeles simples qui sont frequemment employés dans la
littérature Ces mesuresofment notre introduction &Ef comme technique de caractérisation
mécanique de cellules mammiféres.

Pour démontreplus en profondeuf'utilité de I'ED, on présentgau Chapitre 3) la
caractérisation structurale et mécanique de quatre types desdiftdeentsil est connu queels
cellules biologiques vivantes s'adaptent a leur environneererocédant a@es ajustements
structurauxparfois significatifs. Les géométries adaptativédss cellulessont permisen grande
partiepar la flexibilité d'oganisation du cytosquelette (CSK), gsit @mpo® principalementie
3 réseauxmoléculaires distinctdes microfilamentsGaitine (MF), les filaments intermédiaires
(IF), et les microtubules (MT).

La membrane cellulaire (CM) peut étre considgérémme lax peau » des cellules; trés
mince (épaisseur ~10 nanomeétrasgc unecontributionnégligeablea la rigidité globale de la
cellule par rapport au CSK. En conditions isotoniqoesles FHOOXOHYV QTHaGM SDV JR
Q 1 pBasWtiréeau maximumet permetdoncles contraintes en tensioBonc, 1aCM limite les
YDOHXUV PD[LPDOHVY GH FRQWUDLQWH GITXQHMFEMC3XKOH PDLV
déterminent la plupart de la rigidité mesurgtué dans le cortextracellulaire une zone étroite
juste sousd CM, la plupart des filaments d'actine sont arrangés dans un maillage qui exclut la
plupart des organelles du cytoplasme. Les MbBat associés a l'interaction mécanique des
cellules avec leurs environnements externeiss ent des réles imptaints dans la propagatioa
division et la maotilité cellulaire L'ensemble et I'organisation de ces réseaux moléculaires sont
réglés par des facteurs génétiques, épigénétiques, et environnemdataumorphologies de
cellules sont donc diverses et dgmques.

Afin d'interprétercorrectementles mesures mécaniques, il esie de considé@r les cas
ou la géomeétrie cellulaire est singpk.a.d. quassphérique, comme en suspensioes propriétés

mécaniques des cellules en suspension influerdemomireuses fonctions biologiques dans
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plusieurs contextem vivo et ex vivo Par exemple, les cellules du systéme circulatoire ont été
intensivement étudiées d'une perspective mécaniguesttconnu quéeur rigidité accrudimite

leur passage a travers getits capillaireslimitant leur migration trangndothélial Les mesures

de la rigiditécellulaire ont donc été essentielles pour déterminer les effets biomécaniques de
diverses drogues et de traitements concernant des cellules dans la circukatggométrie
sphérique des cellules suspendaegalement comme conséquence la modélisation plus simple,
et permet I'analyse claire des structures smlislaires telles que $eMFs. Pour les cellules en
suspensionla plupartdes MFs forment une coquilleadtine corticale (CA), dont I'épaisseur
dépend du typeellulaire Nous avons mesuré I'épaisseur du CA dans chacun des quatre types
afin d'étudier son influence sur les propriétés mécaniques mesurdef | O X ldd@msduiG
perturbent le CSka égalemenété examinédels la latrunculinA (Lat-A) et @drylamide(ACR),

pour perturber les MFs etdfrespectivemenEn comparant les propriétés mécaniques mesurées
des cellules traitées ou non, nous pouvons déduirkiditdfe decesdivers éléments structamx

du CSK.

Des quatre types de cellslexaminés ici, les fibroblastes L929 étaient les plus rigides,
suivis de CHO, HEK293, et U937, respectivement. Ces différeectie les propriétés
mécaniques mesurées ont été attribuées a leur CSK différent eavamss observé un rapport
LQYHUVH HQWUCA @ fapsformativrHakimaides cellulesvec led.929 ayant avec
le CA le plus épais, suivi de CHO, HEK293, et finalement d'U%paisseudu CA des types
de cellules examirgs ici varie consid@blement. Par exemple, pour tdlules L929I'épaisseur
du CA étaitde ~ 25% du rayon de cellules, tandis que pour les cellules U937 d&tail0 %.

Les U937 sont des monocytes humains dérivés du lymphome histiocytic et sont cultivés en
suspension;ls proviennent donc du systéme circulatoireGeH | Dils\&bidnKXrfioins rigidepar
rapportaux autres types mentionnés ici denclogique.Les cellules HER93s ont également

été facilement déforméemsec unCA mince Bien que leHEK293s aient été dévées d'une

source humaine embryonnaire de rein, elles ont été récemment liées aux cellules neurales, et leur
lignée vraie n'est pas connudous concluons donc quefip S DLV VEAXa&st B¥ cause
déterminante des propriétés mécaniques au niveau deldte aatiéreet que ces propriétés
peuvent étre mesurées par.ED

En perturbant le CSKar des traitements deat-A ou ACR nous pouvions réduire la
rigidité des cellulesLe CA a étéistinctement perturbé pamtA PDLV OHV HIlétddhy GT1$&5
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moins clais. La réduction d'élasticité des cellules était une fonction de temps de traitement et
nous pourrions donc commander I'élasticité dellules par le choix appropriés des temps de
traitement.A partir destraitements dd.at-A, nous avons constaté que lgidité des cellules

powait étre réduite par un facteur de2 avant que la viabilité des celluleg soit affectée. En

utilisant de plus longs temps de traitement, I'élasticité des cellules a été encore réduite et les
cellules ne sont pas revenues a ldarses sphériques originales aprés Bitient LQGLFDWLI G
effet sur la santé cellulairées traitements de L& ont eu comme conséquence un CA plus

mince et ont mené aux trous dans le CA, ce qui était clairementen évidencepar les
observatios au microscope confocalLes traitements avec ACR ldasses concentrations ont

quant a ewaffecté les réseaux IF, mais de longs temps de traitement étaient exigés paur cause

des changements mesurables de I'élastiaif@gntcomme conséquence la ruptuncomitane

des IFs et debliFs. Le role de 'ACR est donc moins clair que leAaF DU LO QYHVW SDV VS
aun seul type de réseau du cytosquelette aux concentrations utilisées ici

Nous avons également noté plusieurs résultats inattendus de oesdandst qui ont
facilité la manipulation des structures samedlulaires. Ces résultats additionnels incluent
I'électremanipulation du noyau et de I'extrusioa hatériaux du cytosol sbnt présengdans
les sections finales duh@pitre 3.Ces résultatinattendus suivent donc les résultats principaux
d'ED et sont présentés afin de donner au lecteur un sens du potentiel pour les futurs dispositifs en
lesquels la chirurgie unicellulaire est exécutée utilisant des techniques semblables a ceux
présentées iciPar exemple, l'utilisation des champs électriques pour la fusion des cellules
multiples est bien établie et employée couramment pour la production et le clonage d'hybridome.
Notre démonstration que ces méthodes peuvent étre accomplies avec les nmodeslect
planaires est originale et importante pour le développement de futurs dispositifs.

Pour récapituler, nos résultaS HU P HW W H Q §ue GdirE lohljeotiP pridcipal a été
atteint en démontrant clairemetiaipplicabilité de D pour la caractérisaih mécaniquele
diversescellules mammiféres (précédemment non caractésjsén suspensioklne large variété
de manipulations cellalres et sousellulaires ont été&ffectuées DEP, EP, et ED pour le
positionnement de cellules, la modification génétjcptda déformation, respectivemeant été
tous accomplis utilisant les mémes microélectrodes planaires. Bien que ces techniques aient été
précédemment rapportées par d'autres, on a présenté des applications originales de chaque
technique et les expériees d'ED présentées ici sont les premieges ont comparé
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systématiquemené biomécaniqueles cellules mammiferes de divers typesfonction de leur
structure cytosquelettique

Les électrodes planaires décrites sont aisément incorporées dans lefoptetesde
microtechnologg, et la techniquedu « rayon tracteur » peut déplacer ou déformer les objets
polarisables électriquement tels que les cellules biologiqtag enréduisant au minimunte
contact mécaniquentre ces objets et les structuregdipositif. Ceci réduite collage deellules
et permetdes analyses en continauxquelles différentes cellulesdividuelles sont déplacées
avec précision entre les stations expérimentales dans le dispBsitguivant les méthodes
décrites ici pour lanicrofabrication a basse température (dépdts de couchegsgaisplasma),
nous avons fabriqué des dispositifs d'ED sur le verre ou les substrats en plastique transparent (de
polymére), et nous nous attendons donc a de futures réalisations dbasgssssur lesnéthodes

décrites dans cette thése.
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INTRODUCTION

The mechanical properties of living tissue, including individual cells, play a key role in
the understanding of biological phenomena. Therefbee study of cellnechanics has become
an important suliield of cell biology.In recent years, microtechnology platforms have been used
to analyse and manipulate increasingly complex biological specimens fescikfigce
applications. Although significanprogress has been made towards the goal of manipulating
individual biological cells, many basic questions remain unansweredrgardved technology
platforms are required to achieve reliable manipulation and characterization of individual
mammalian cellsStructural and mechanical properties are among the measurable characteristics,
which are fundamental to the forms and functions of cells, and have therefore been studied using
a large variety of techniques. However, few of these techniques are readibyaimimated and
very few can handle individual cells withorgquiring significant mechanical contact between
cells and device structurddon-contact methods for mechanical manipulation of cells use either
magnetic, optical, or electrical forces, but fleemer two typically require the attachment of
beads to the cells, in order to provide adequate fooopling. Electrical forces act directly on
the cell without requiring the addition of beads or other materials to the cell suspension, and are
thereforemore suitable for nclFRQWDFW FHOO PDQLSXODWLRQV (OHFWUL
and are capable of moving, trapping, and stretching biological cells, without significantly heating
the celtsuspension or otherwise damaging the cdlithereforeseems likely that electric fields
are underutilized for the study of cell mechanics.

The first part (Chapter 1) of this thesigroduces the basic structural components of
PDPPDOLDQ FHOOV ZKL BKneGhdnical prépe@ed. Avrigviewdfl Exighéntal
WHFKQLTXHYVY WKDW KDYH EHHQ XVHG WR PHDVXUHTWXH FHOO
literature review includes recently developed miniaturized systems, and highlights the need for
new methods to characterize cells in suspension.ukeof applied electric fields for various
cell-manipulations will be reviewed, and their potential use for mechanical characterization of
cells in suspension will be presentdthe second part (Chapter 2) summarizes three published
articles, which are eluded in AppendicesIll. Chapter 2 is divided into two parts: A methods
section (2.1) and a results section (2.2). The experimental methodology includes theory,

modelling, micrefabrication, and celimanipulation protocols. Simplified models of the eedire



used to predict celpositioning and to estimate the mechanical properties of deformed cells, and
the fringing electric field generated by the electrodes was simulated using finite element methods
(FEM). | used standard microfabrication procedurggrtmluce planar (Ti/Pt) electrodes on glass

or plastic substrates. Lastly, | describe the use of this microdevice for cell manipulations, during
observation by optical microscop@hapter ontainssupplementary results, which have not yet
been published.

The main objective of thiswork was the development and demonstration of a
microtechnology platform for the mechanical characterization of individual mammalian cells in
suspension. Although electrical forces have been used previously by othergito ckdfe, most
reports describe erythrocytes (f@dod-cells) and the majority of mammalian eglpes have not
been studiedWe hypothesized that cetleformation in strong electric fields can be used to
characterize the mechanical properties of a widegiety of previously uncharacterized
mammalian cells. | therefore designed novel planar electrode structures for generating spatially
nontuniform fringing electric fields, and used them to trap and deform several (previously
uncharacterized) mammalian eglpes in suspension, during observation by optical microscopy.
The planar electrodes are readily incorporated within dreegd microtechnology platforms, and
WKH 3SWUDFWRU EHDP"™ WHFKQLTXH FDQ GLVSODFH RU GHIRL
biological cells, with minimal mechanical contact between these objects and the device
structures. This reduces csticking and permits assemHipe assays, in which individual cells

are precisely moved between experimental stations within the device.

To accomplish the main objective of individual cell deformation, the following three
specific challenges were addressed: (i) lWWHPSHUDWXUH GHSRVLWLRQ RI W
materials to protect electrodes within liquid (aqueous) solutions; (ii) designtestidg of
electrode geometries, which permit the capture and deformation of individual cells; and (iii)
dielectric characterization of cells to increase the reliability and versatility efmeglipulation

using electric fields.

To facilitate ED experimants during observation by optical microscoplgctrodes were
microfabricatedusing standard glass microscope slidessabstratesElectrode structures were
then patterned using photolithography and Pt/Ti electrodes were evaporated under vacuum.

Electrially insulating thin films were also deposited over the electrodes in order to permit their



use within liquid (aqueous) suspensions. To ensure that thies@élm fabrication procedures
were compatible with emerging sdithographic procedures, | develeg methods for silicon
based thin film deposition at low temperatures (T < 150 °C), using pleashanced chemical
vapour deposition (PECVD

Several electrode geometries were considered for the purposeswbdrk, and the ideal
geometry for cell trapping and fleformationis described; it consisted of an array of tapered
SFHWODSSLQJ” HOHFWURGHV ZKLFK DUH RSSRVui®rRE,D FHQW
which is generated by these electrodes, was simulated usingelemenimethods (FENL
Individual cells which are trappe@t each electrode tifpbecome electricallypolarized with
higher E-valuesnear the celpolescompared witHower E-valuesnear the equator. In the present
(nonuniform) case, E is highest near the -qmlle that faes the electrode tip and cells are
therefore trapped in thisregidnGHILQHG SRVLWLRQV ZLWKLQ P-RI WKH
E regions, and otherwise as wdakThe values of E averaged over the strong and weak regions
differed by a factor of approximately three. For example, when the applied voltage was U =10V,
the maximum value of E = U/I, where | is the intdectrode distance, was 200 kV'nirhe E
values averaged over the strerand weak E regims were ~180 kV m and ~60 kV rf,
respectively.These values are consistent with previous reports of dielécregis (DEP) and
electredeformation (ED). DEP results were used to validatepmitioning capabilities and to

determine proper operating conditions for ED.

Cells were patterned according to the electric field distribution, E, which was predicted by
FEM simulations. Cells were moved either towards or away from the sEonggions,
depending on experimental conditions. ¢mkitioning by DEP prior to the delivery of electric
pulses for EP, demonstrated positaependent EP of the catlembrane. Thesesults showed
that the outcome of EP could be controlled by DEP and, suggested thHgpeallependence of
these results was possible. Thus, it seems possible that cells of a particular type, which form part
of a heterogeneous callispension, may be exgifically targeted for genetic modification or

destruction.

Mechanical characterisation of cells by ED is then presented: We found that planar
microelectrodes did indeed generate @ooiform) E of sufficient magnitude to induce
substantial deformationf individual (L929, CHO, HEK293, and U937) cells in suspension.



Mechanical properties ahesecells were parameterized using two simple models, which are
frequently encounteredn the literature. In the threS DUDPHWHU 3VWDQGDUG OLQF
model, D VLQJOH UHOD[DWLRQ SURFHVV FKDUDFWHUL]HVY WKH F
parameter powelaw (PL) model, a continuum aklaxation processes is assumed. The main
objective of this thesis was therefore achieved aeltdeformations, obseed by optical
microscopy, enablethe fitting of measuredstraindata with welknown mechanicaimodelsof

cell behaviour.These resultgonstitute thdirst systematic study of EWvith several different

mammaliarcell-types.

The most impodnt contributon of this work is the experimental development and
demonstration of microfabricated ED platfornome advantages of ED over other techniques
used for mechanical characterization of individual cells in suspension are the following: (i) ED
obviates the red for moving parts or for micfbeads in the cell suspension; (ii) mechanical
contact between cells and device structures is minimized,; (iii) planar electrodes for ED are easily
micro-fabricated as arrays, which enables simultaneous measurements on ceNgrand
simple integration within biochips; and (iv) programmable ranges of U values enable the study of

mechanical properties over multiple timescales.



CHAPTER 1. MECHANICAL PROPERTIES OF MAMMALIAN CELLS

This chapter introdusethe baic structural components of mammalian cells, which
GHWHUPLQH WKH FHOO YV aRoréviels@xperients teRhBigudNVWHtR
have been used to measure the mechanical properties of cells astductliresEmphasiss
placed onsuspendedells following a brief introduction to microtechnology platforms for
cell-based analysis and modification, esl&nipulation using electric fields reviewed The

chapterconcludesvith an explanation of the motivation atiek objectives of this thesis

1.1 Introduction to mammalian cells

Biological cells are the smallest functionally autonomous units of living organisms, and
DUH WKHUHIRUH UHIHUUHG WR DV WKH 3EXLOGLQJ EORFNV
distinct boundary, the cethembrane (CM), which separates the interior (the cytosol) from
the external environment. Inside the cell is a complex dynamic arrangement of organelles and

interacting molecular networks, which give life to the .cell

1.1.1 Structural properties

Living biological cells adapt to their environments continuously, often undergoing drastic
structural adjustments. Adaptive cgkometries are permitted by the organizational
flexibility of the cytoskeleton (CSK), which consists of several distinct but integactin
molecular networkgsimplified in Fig. 1.1): Theseclude actinbased microfilaments (MF),
intermediate filaments (IF), and microtubs (MT) [1]. The assembly and organization of
these CSK networkareregulated by genetic, epigenetic, and environmental factors, and cell
morphologies are therefore divermed dynamid2]. In order to reliably interpret mechanical
measurements performed on individual (whole) cells, it is therefore necessary to establish
FRQGLWLRQV LQ rddor Btkuctirdd FeatategarObfefegulated and their roles in
determininghe measurethechanical propertiesstablished3].
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Figure 1.1 Structural features of mammalian cells(A) Simplified model ofa cell with
major features labelled; adaptedrh [3]; (B) HEK293 cells in monolayer culture; scale t
P & +(. FHOOV LQ VXVSHQVLRQ VFDOH EDU

7KH &0 FDQ EH WKRXJKW R Daty Wik (dyFHOn® 12)), adNts Q ~ LW
contribution to the overall stiffness of the cell is small in comparison to the [@5Kn
isotonic conditions, the CM is ruffled and therefore not maximally extended; for example, in
hypotonic media, the expansion of chondrocytes to twice their isotonic volumes was observed
[5]. The CM therefore limits maximal strain valuescefis but, for small strains, the MF CSK

mostly determines measurstiffness[4].



Located mostly in the cortex, a narrow zone just beneath the CM, most actin filaments are
arranged into a meshwork that excludes most organetlasthe cortical cytoplasii6]. MFs
are therefore closely associated with the mechanical interaction of cells with their external
environments, andhey have important roles in cell spreading and motility. Dramatic
demonstrations of MF remodelling in response to mechanical cues has been achieved using
micro-patterned substrates to define novel-gelbmetrie$7].

The mechanicaiicroenvironment seen by celis vivo depends on the type of tissin
which they arelocated. Solid tissues exhibit a range of stiffneslsies as measured htye
elastic modulus, E (kPa) [8]: Brain (~1), muscle (~10), collagenous bone (~5e
microenvironmenf] \¢tiffness has a strong impact owrell-phenotypes and is known to
determinelineage specification ofmultipotent cells: For exampl@olyacrylamide gels of
varying stiffneseswere found to be either neurogenic (Gt1 kPa), myogenic (817 kPa),
or osteogenic (2540 kP3, when used as substrat®r mesenchymal stem cell (MSC)
differentiation and praferation [8]. Measuredmechanicalpropertiesof individual cells are
therefore used to establish potential relationshipsween the stiffness of cellsheir

microenvironmentsand their composite tissues

1.1.2 Mammalian cells in suspension

The mechanical properties of mammalian cells in suspensiimg@ortant determinants
of biological functionality in severah vivo and ex vivocontexts. Cells of the circulatory
system, for example, have been extensively studied from a mechanical perspective, and
increased stiffness of diseased erythrocyted blood-cells, RBC)and leukocytes is known
to restrict their flow through small capillarig®-12]. Increased stiffness of both lymphoid and
myeloid leukemia cells has been shown to result from some chemotherapy treqtidpnts
and celistiffness has been used as keaufor various cancef8]. Measurements of stiffness
have therefore been essential for determining the biomechanical effects of various drugs and
treatmets relevant to cells in circulation

Mammalian cells are increasingly being used for the production of recombinant proteins
and related products in largeale bioreactord13], and sispension culture permits
mammalian cells to grow in bioreactors by methods similar to thosd ums microbial

systems that enable scalp [14]. The range of availableulture conditions is, however,



limited by shear and extensional forces, which are present in several types of biofé&etors
17]. To reduce the harmful effects of mechanical stresses,-stieas modifiers are often
added to cellsuspensions although some ofhese additives can enter through the-cell
membrane, with unknown consequences to the health and function of the cultur§tBtells
Methods to quantify mechanical properties of sumsfed cells can therefore be used to
improve the design of new ceilpes, bioreactors, and miefloiidic devices by predicting
the cellular elastic and viscoelastic responses to various forces.

In contrast with the diversity of adherent a@glometriestnammalian cells often assume a
roughly spherical geometry when they are suspended in a liquid (aqueous) m&fitiurtie
notable exception oRBCs [20], cell-types for which spherical geometries have been
observed in suspension inclutlee following Fibroblasts[4], articular chondrocyteq5],
adipose derived adult stem (ADAS) cd®?], bone marrowderived adult mesenchymal stem
cells (MSCs)[22], and othersexamined in later sections (Chapters 2 and 3) of thissthesi
Thus, a roundedsuspended geometry is common to many c&fpes from diverse
mammalian tissue sourcds. suspended cells, cortical actin (CA) formsemirigid shell,
which is clearly visible usingfluorescence microscopjb]. Although interor structural
elements such as the ealicleus contribute to the cell's exact shape via their loose coupling
to the cortex, th€A (and its thickness) mainly determines the cell's structural resptinse

1.1.3 Measured mechanical properties

The nmechanical properties afells have been studied in detail using a large variety of
experimental techniquefFig. 1.2), whichgenerally involve the applidah of external
PHFKDQLFDO VWUHVVHV IROORZHG E\ REVHUYDWLRQ RI
techniques are classified according to the several criteria (Tab)entludingthe amplitude
and distribution of stresses appliedtie cell. The mgority of these techniques probe small
regions on or within the cells and therefore measure local mechanical properties. At these
subcellular lengthscales, mechanical properties are heterogeneous and differing
measurement protocols have therefore redultea large range ofeportedcell-elasticity
values(Fig. 1.3:100 Pa< E; < 10,000 Pa[3].
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Figure 1.2 Methods used to measure mechanical propess of cells.(A) atomic force
microscopy; (B) magnetic twisting cytometry; (C) cymmlentation; (D) micro-plate
stretching; (E) fluid flow rheometry (F) substrate deformation(G) micropipette

aspiration; (H)ptical trapping(l) electredeformation Adapted from 3].

+ + + +

Table 1.1 Methods used to characterize the passive mechanical properties of cells

Method Force range (nN)| Cell morphology | Probe area References
AFM 0.01 +100 Spread Local [22]
MTC 0.01 £100 Spread Local [33]
Indentation 0.01 +100 Spread Local [40]
MPA 0.01 +100 Rounded Local [9]
oT 0.01 +1 Rounded Local [3]
ED 0.01 £10 Rounded Global Present work
"Cell morphologies typically used; exceptions are discussed in the main text
§ Probe area: Global " if the whole cell is stretched without requiring mechanical contact
betweenthe testing deviceand alocalized region of the cell.

Very few techniques are available for the mechanical characterization of whole suspended
cells. Although tradibnal techniques such as AFM haéweenadapted for use with suspended
cells[22], they are nevertheless limited to probing local structures. This limitation is partially
overcome by the followinfpur techniques(i) micropipdte aspiration (MPAFig. 1.2 G)[9];
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(i) magnetic twisting cytometryMTC: Fig. 1.2 B [30-33]; (iii) optical traps (OT Fig. 1.2
H), [21, 34, 35} and (v) electredeformdion (ED: Fig. 1.2 ) [36-39]. In the next three
paragraphs (following Fig. 1.2 and Table 1.0)yill discussthesefour techniquesMPA,

MTC, OT, and ED) separately

Measurement of the apparenembrane tension of sea urchin eggsa(r P E\ SDUWLD
DVSLUDWLRQ RI FHO O Vpipeh&edpillgribs,)weR fpoaed in 523]. This
WHFKQLTXH ZzDV VRRQ QDPHG *PLFURSLSHWW#426) 8L UDWLR
other cdls of the circulatory system such as granulocy288. MPA has also been applied to
adherent celtypes, such aarticular chondrocytefs], whichare not traditionally cultured in
suspensionOnly a portion of the cell is aspiratetliring MPA experiments, and pipettes
possessing several differing diameters are often used to characterize cells. Furthermore,
significant mechanical contact between £elhd pipettes complicates the interpretation of

mechanical deformation data.

Magnetic fieldshave been used to study cell rheology since the 130081]. Magnetic
fields exert forces on small particles, which are either injected into thi@@glbr attached to
the celtsurface[33]. Magnetietwisting-cytometry (MTC)therefore probe local structures
and different transmembrane receptors were found to differ in their ability to mediate force
transfer across the cell surfd&2].

Radiation pressure resulting from differing optical properties (refractive indices) of
suspension media and suspended bobas been used to manipulate a wide variety of
particles and objectE\ SRSWLFDO W[RBDIHBAl[Dpticakadiation canhowever,
easily damage cellg2], and stresses are therefore usually coupled indirectly, for example by
attaching beads to the cells (Fig HP

Electrical stresses and electteformation (ED) result from differing dielectric properties
of suspension media and susged bodiesLike OT, ED is generally applicable to suspended
bodies such as drops of liqui{d3] or membranebound vesicled44]. Although ED of
biological cells has been sporadically reported since the 1970s, including BDoabae
[45], murine Sp2 myeloma cell46], and nhoAmammalian protoplas{89], RBCs remain the
only celttype to have been studied in detail, by multiple independent resedi8ba8, 47,

48]. ED will be discussed in greater detail (in Se€cB.4), after microtechnology platforms
and electremanipulation techniques have been introduced.
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Figure 1.3 Depiction of thetypical length-scales and elastic modulus values for sever
materials. Adapted fronf49].

1.2 Microtechnology platforms for life-science applications

As discussed in the previous section of this thesis, the diameter of a typical suspended
PDPPDOLDQ FHOO LV RQ Mudetd sRruldaridllctd® manufactufing processes
are capable of producing electronic devices with minimum feature sizes (MHS)elzav
100 nm [50]. Many semiconductor foundries are finding new opportunities in the life
sciences, where MFfquirements are less stringent than they are for most electronic
applications Life-science applications do, however, present new challenges associated with
the handling of complex biological objects within aqueous environnjbtits The need to
fabricate orchip channels and chambers to handle aqueous suspensions has resulted in the

emerging fields of soflithography[52], and microfluidic§53].
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Many of these efforts have benefited from existing malextromechanical systems
(MEMS) technologies, which have been developed for a wide variety of applicgiins
Integration of MEMSbased micromanipulation tools within microfluidic platforms permits
precise manipulation of individual biological celfsl, 55]

As tools for bieanalysis continue to be miniaturized, with the goal of integrating multiple
laboratory functions withirsmall, electronically controlledevicestKHVH 3/DEV 2Q &KLS
(LOCs) will replace traditional laboratory assays with edecreasing oiwchip footprints
[56]. Commercial LOQplatformsfor the analysis of molecules, such as DNA or proteins, are
available and several LOC platforms have been recently developed to hzeldl{57, 58]
and tissue construc{®9, 60] The potential advantages of increased parallelism, smaller
sample sizes, and computmntrolled automation of experiments motestour search for
effective micromanipulation techniques, which can be included in LOC platfdffeats
made in this thesis to develop ldemperature, plasriaased fabrication methods for use
with typical softlithography materials are represented byr diist published article
(Appendix 1).

1.3 Electro-manipulation of cells

From early dielectric spectroscopy (DS) experiments, the dielectric properties of
individual cells were originally inferred by varying their concentrations in suspension and by
measuing the dielectric properties of the suspensifdk, 62] Subsequent observations
revealed diverse types of interactions between electrically polarised cells in an externally
applied electric field, E:In a spatially noruniform E, displacement of cells toward either
stronger or weaker E-regions was observeRt GHSHQG RQ WKH FHO @Y GLHOH
and aplication of pulsed E disrugd cell-structures such as the CJ@4]. In combination,
pulsed and oscillating E have been ugefuse two or more cells into new hybrid eslpes
[65]. Transient celdeformation occurs in sufficiently strong puls¢88] or oscillating [36]
E.

1.3.1 Dielectrophoresis
Biological cells of various types can be distinguished fromrama@her and displaced

within a liquid medium usingielectophoresisDEP) [63, 66, 67] In a spatially nofuniform
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E, the differential electric polarizability of cells and theirspending medium produces the
DEP force, which can be either attractive (towards the stEonggions) or repulsive (towards

the weakE regions), depending on experimentainditions. Attractive or repulsive DEP
IRUFHY DUH XVXDOO\ UHIHUUHG WR DV 3SRVLMWElY.H  S'(3
Measurement of the DEP force as a function of experimental variables produces DEP
3VSHFWUD" ZKLFK DUH F K-ByheDFERHA4thevatdie el used @ KdeRtifyO O
and select rare cells from heterogeneous populaf@$1s69] DEP forces are significantly
larger than other forces arising frogravity (sedimentatiopor fluid flow under normal
conditions[70, 72} and DEPhas therefore been widely used to trap and hold cells in precise
locations[71, 72] In microfluidic devices, DEP has been used to transport and position cells
with sufficient precision to enable singtell manipulation [73]. Increased use of
microtechnology platforms for life-science applications, which demand efficient methods to
manipulate living cells on an individual basis, has therefore resulted in a growing interest in
DEP (Fig. 1.4)]74].

400 7

300 -

200 H

DEP Publications

100 1

Year 2000 - 2010

Figure 1.4 Increased use oflielectrophoresis DEP) in the last decade.The number of
DEP publications is plotted against tir(ie years), over the last decade (years 22000).
Reproduced fromi74].
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1.3.2  Electro-poration

Electroporation or electrgpermeabilization (EP) results from the application of an
intense electric field to bring about structural changes of the cell membrane that increase its
permeability. It is well known that irreversibieP leads to cytolysig’5], while reversible EP
can be used to transfer molecules such as DNA into the cells while maintaining high rates of
cell survival[64]. Generally, pulsed electric fields are used and the extent of EP is determined
by parameters such as the strength, duration, and repetitiaof thgeelectric pulses. Critical
values of the electric field strength, which determine whethemoathbrane EP is reversible
or irreversible, are specific to each egtbe and are usually determined by performing

experiments at differer-values[76, 77].

exposure of cell

to electric field electrode

E A/
+ e Iy insertion of proteins
< into cell membrane
S
permeabilized introduction of
cell
Nall membran small molecules
V)

.
: @
-
.

~ /\'/
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;@ i

\ ~ o
-~ 7 3
; cell fusion
destruction of
cell membrane

Figure 1.5 Several effects of pulsed electric fields applied to cells Increased

introduction of
large molecules

fiNe
® @

permeability of the CM, which results from the application of a pulsed electric field
been used to insert molecules into the cell, to fuse two or moreaggiher, or to destro

cells; image is from [77].
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Traditionally, in vitro EP has been accomplished using electrodes with mm spacing, and
the position of individual cells within the electrode chamber did not need to be considered
[78]. In contrast, micrdabricated devices for EP accommodate relatively small numbers of
cells and their sadler (submm) electrode dimensions require consideration of spatial non
uniformities in E and of celpositioning with respect to the electrodd39-83]. Cell-
positioning by DEP is knowto complement EP experiments. For example, the alignment of
cells by DEP after EP has been used for-celll fusion[65], and EP of DERrapped cells
increased the sensitivity of impedaruased celdetection84]. In a spatially noruniform E,

WKH GHSHQGHQFH RI (3 RQ WKH ILH@&EfdenDEPSADd thebeford U H V X
leads to regions within the chamber where either reversible or irreversible EP may prevail
[85, 86]

1.3.3 Combined dielectrophoresis (DEP) and electrporation (EP)
7KH FRPELQHG XVH RI '(3 DQG (3 LV GUDPDM\LIF®@O\()GHPI
of cells: In this procedure, DEP is used to align cells in pemin formations and
subsequent EP results in fusion of two or more ¢éi§. DEP has also been used to trap
cells prior to impedance measurements and-dmsdtruction by EP84]. The celitype
selectivity of DEP permits EBEbased genetic modifications or cdistruction to be
performed with celtype selectivity. Having judged this topic worthy of further research, and
in order to demonstrate predictable qadkitioning by DEP, we explored the extent toieh
reversible or irreversible EP of cells could be controlled by DEP. This combined DEP/EP

work is represented by our second published article (Appendix II).
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Figure 1.6 Electrodeformation of an erythrocyte (red-blood-cell, RBC). (A) schenatic
view of a cell (RBC) in an inhomogeneous electric field, E (solid lines); the datte
representshe unstainedRBC-shape, prior to application of E; (B)transient elongation o
RBC in response to a steypse increase in the amplitude of E; adaptrom[47].

1.3.4  Electro-deformation (ED) of cells

Detailed studiesf ED werefirst reported by Engelhardt et al., using RB{38, 47, 87]

,Q WKHLU V\VWHP FHOOV ZHUH W3hapsds éleBtrobes/ byWWBERP, HG JH
permitting improved optical observation when compared with circular wires (Big)1The
measuredime-dependent strain and relaxation properties of RBCs (Fig. 1.6 B), pamitt
mechanical characterisation of these cells using simplified mechanical models, which were
previously used to describe materials such as polyj88fsThey developed several differing
experimental protocols, in which the patterns of applied electrical stresses were varied in
amplitude and time using programmable waveforms, thedebyonstrating the versatility of

ED.

Work with RBCs was extended by Krueger and Thom 7199 subzero temperatures (
15°C < T < 25€): They discovered that RBCs could beetched to nearly twice their
original lengths, even at temperatures belo® @fthout destructionThis work has been
continued recently by some of the same autid8% ED has also been reported, on several

occasions, by U. Zimmermann and-workers, among their very extensive ele€tro
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manipulation literaturewhich includes such topics d3EP and ER89], theeffects of ED on
EP [38], and the effects of ultrahort pulse$90]. They have also reported ED of rRBBC
mammalian (murine Sp2 myeloma)ls¢46].

More recently the use of microfabricated electrodes D of individual cabbage
protoplastsvas reported39]. Surprisingly, most recent review articles that describe methods
for mechanical characterization of individuadlls did not discuss EI9, 40], in spite of
several important advantages of this technimentioned in the introduction of this thesis.
Furthermore, eryttocytes (RBCs) appear to be the only ceilpe for which multiple
independent ED measunents have been reportd@1]. ED therefore appears to be
underutilized, and the vast majority of mammalian c&ipes have not been studied using
the ED method.

Although ED of fluid dropletsvesicles, and RBCs has been wdsmonstrated, the
potential for mechanical characterisation of diverse mammaliartypel$ clearly requires

demonstration.
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CHAPTER 2. METHODS AND RESULTS

This chapter synthesizes the methods andtsesuhich were presented in three published
articles (AppendicesHlil); it is divided into a methods section (2.1), and a results section £2.2).
description ofthe theoretical methods is first provided, in whiémgified models of ceH
structurewereused to predicthe major features afell-positioningby DEPandcell-deformation
by ED; this included the use ) LQLWH (OHPHQW ®HiWiaR ¥ éleckii©field.

Planar microelectrodes are then described, including their use for gegexdtinging, spatially
nonuniform E, along with experimental DEP, EP, and ED protocols. Results which are presented
in this chapter include combined DEP and EP fortyple specific genetic modification of cells,

and mechanical characterization of tmodel celltypes by EDU937 and CHQ)

2.1 Methods

2.1.1 Theory

Considerable theoretical work has been developed by others to describe- electro
manipulation of cells using simple cell-geometries such as the roughly spherioak of
suspended cellf6l, 9294]. The DEP literature, for example, deals almost wsigkly with
suspended cellg4], and he basic (dielectric) desption of a cell as a spheroid comprising an
electrically conductive (aqueous) interior, surrounded by a thin insulating membrane (Fig. 2.1.1
B) is often sufficient to explain DEP phenom¢8a].

| will therefore begin the present theoretical description by stating ekmain equation
for the DEP force, bep, Which is exerted on a spherical cell in a +umiform E. | will then
describe the dependence of estimatgg-Falues on eperimentally variable parameters. The
ED force, Fp, will be derived from a special caseffep, in which the dielectric description of
the cell can be further simplified to that of a spherical conductor (Fig. 2.1.1 C). A derivation of

Fep, based on th&laxwell stresgensor, will be presented for comparison.
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Mechanical properties of cells will be parameterized using two simple models, which are
frequently used in the literaturh thethree SDUDPHWHU 3VWDQGDUG OLQHDU V
single relaxaLRQ SURFHVV FKDUDFWHUL]HV WKH FH-patafnéteV WUDL Q
powerlaw (PL) model a continuum of relaxation processes is assumed.

2.1.1.1 Calculation of applied electrical stresses

The electrical polarization phenomena descrihete act on the cell as a whole, and a
macroscopic description of polarization and conduction procesdberefore justified In this
framework, a spherical cell of radiushas a complex effective electrical permittivity; 9 +
Ld & ZKH U B Qgaré the electrical permittivity and conductivity of the cell, respectively, i =
¥ DQG & ElI LV WKH DQJXODU IUHTXHQF\ RI WKH DSSOLHG
In order to represent thmsic (dielectric) description of a cellaspheroid comprising an
electrically conductive (aqueous) interior, surrounded by a thin insulatérgbrane (the CM),
3VLQJOH VKHOO" PRGHOV KDYH9EHHIQ thesaVrhb@els| thél terrndlH SR U W
F\WRVRO DQG &0 DUH; D@ &MH VHY WHISWE Yi# &valuale® Gsing an
DGDSWLRQ RI OD[ZHOO¥Y PL[WXUH IRUPXOD >

’ / 0

| i 1%7 "3

- ~ 7P >6 g
VLY g 1
0] /4/CEI i p/” 87 ,U% ( )

AR T

where @&y is the CMthickness.

When cells are suspended within an aqueous medium, which has a complex electrical
permittivity: O, @ *Ld & GLITHULQJ Y.IDAPGHrEsUR In Polarization forces. When
E is spatlly nonuniform, the polarization forces are not balanced spatially, and movement of
(unobstructed) cells is observed (EqQ. Bzd* 7KH VLJQ DQG pelddmerndwnktieH R )
UHODWLYH YDQ&H®q.R), &d can therefore be controlley the experimental
YDULDEOHV | JEB.23). DQG 1
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Figure 2.1 Simplified dielectric model of a suspended mammalian ce(lA) Depiction of
cell, with various internal structures; (B) complex dielectric permittivities of the int
cyWRVROD Q@G &f), which are used in the singdhell model; (C) effective permittivit
RI1 D RHwIich isused to calculate ED stresses.

The DEP-force acting on a spherical cell of radiggnraspatially noruniform, sinusoidal

(time-varying) electric field, E, is given bydp]:

Ay, ePAL eN- Y% 1 ' 6 2

where K= Re{K*} is the real part of the complex (dipoledlarization factar

L0 g
028 3)

1 (%]
Values of K ae bounded by0.5 < K < 1,andK < 0 or K > 0 corresponds to observedDEP or
pDEP of cells, respectively(Fig. 2.2). $ VL Q J O HR¥HIR VM HoJ deth€droyK(1p) = 0
and Fep(fo) = 0, was seen in DEP experiments (described below) wket®f Hz; f, can be

given by[95]:

aLgsg?“:P”;é (4)

c1?7 21126 g
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log(f) (Hz)

Figure 2.2 The real part of the (dipole) polarization factor for U937 monocytefRe[K(f)]
in Eq. 3, versus frequency, f, for mogerameters corresponding to U9Bonocytes and ¢
GLITHUHQW, YD), X:HX52;®1011; C: 0.4; and D: 1;0mage is from Appendix |

To fit measured ¢fvalues with those estimated using Eq. (3), the differences between
measured and calculatedlues of § were minimized using a leastiuares algorithm (Isqcurvefit,
Matlab v. 7.2, The Mathworks, Natick, MA). By measuripgfDOXHYV DV D I XM@FWLRQ
dielectric properties of U937 monocytesre estimatedvhich permittedheoretical plots oK (f)
FRUUHVSRQGLQJ WR WKHVH FHO Qy D DG, tatawere@it Ribgdeitu WR HV
Eq. (3) (with the condition K(§) = 0) and Eq(4) E\ Y D U,\D Q {Hwith the other parameters
fixed atr Pw@7.0nm, kv =10°Sm* DQG @ ® ZKH18.85 x 10
F/m is the vacuum permittivityODur estimation oW KHVH YDOXHV IDFLOLWRWHG WK
= 10 mS/mandf = 5 x 1¢ Hz, for effective pDEP and maximal ED forces
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Figure 2.3 Frequencydependent plots of the complex polarization factor for U937
monocytes.The real and imaginary parts of K*, Re[K*] (solid line) and Im[K*] (dotted lin
respectively, are plotted as a function of the frequency, f, of the applied electric poten
Various rangs of fvalues, in which nDEP, pDEP, ED, or ER of cells are observed

indicated by hatched areas above the fL }{= 10 mS/m was assumed.

Usinglow FRQ G XFWLY [ W10 m&/G)iee distinctregimeswere observed)
At low f (f < ~ 10° Hz, in the present cases]DEP of cellswas observed(i) at intermediate f
(10°Hz<f<10 +] waV GRPLQDQW F R,PaAdpDEPGard IED)terd observedat
high f (f >~ 10 +] V L P-k&@uBdbf the cytosol and the suspension mediurth (dgueous)
resulted in negligible force. The three operating regimes outlined above have been previously

described in detail by othef38, 70}
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JRU (" H[SHULPHQW-10 mQ/nzact FK% 10° Hz W Ktetmills dominant
in Eq. (3), and the electricatresses can be calculated in the gessitrostatic regimé47].

Equation R) can be written in one dimension as:

Kyt TRAL veN-% 'samTi— 'saaTs, (5)

xXe

and the following approximation for E(x) used:

AgaaT AL Ty, (6a)
K, aaaT AL 35 (6b)

where E = U/d ighe peak magnitude of the electric field, with U being the applied potential and
G P WKH HOHFWUR G Haddn&ter@l jrvpelygepdriRIEhHs¢tor) and is

the cell radius. Good estimates of E during ED are E =48 during trapjng (U = 2 V), and

E = 2x16 V/m during stretching (U = 10 VJhe approximations in Eq. Y&esult in the
following expression for the force on each keghere:

(LGteNI-% 'S5 (7)

The average value of stressbn the surfacef the sphere can then be found by dividing . (

by the halfcell area:

RAL J-Y, '8 (8)

The nonuniformity of E near theWUD S S L Q J tipHdiseuBsadUbieI@G\HN Sect. 2.1\@as
found to be of the same order of magnitude as ithduced around a typical cell: d/dx(E) ~
1.5E/k (n ~ 1.5 in Eq.6b). Assuming a maximum value of K = Eig. 2.3 and ¢ P
(measured optically), Eq8) yields <> = 0.85 Pa during trapping (U = 2V), and>=<= 21.2 Pa
during stretching (U = 10 V)
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Figure 2.4 Simplified model of celldeformation. (A) Spherical cell of length, d,. and electric
S HU P L W.Wappedliatwéen two electrade, and e, which have differing curvatures:y
coordinates and the direction of the electric fieldate shown; (B) deformed cell with length:

Lx and L.

Mechanical #ain LQ WKH GLUHFWLRQV SDUDOQHX®RE@U SHUS

respectivelyareboth calculated as:

OR LEEA, ©)

where L(t)is the length of the celt time, t, and & was the original length. The apparent
SRLVVRQTV UDW LVRKRIQWK M EFF@ & ©

OHFKDQLFDO EHKIBYOAHRX W RRIL GWL | R Elaskicti, Prer@vds the V F R
(linear) relationship between an applied stre$sgndthe resulting strain,; the materiakpecific
SURSHUW\ OLQNLQJ WKH WZR LV N8RZQ DV WKH VROLGTV FRF

oL &, (10)

,Q RWKHU ZRUGV - LV WKH VWUDLQ SHU XQLW VWUHVV DQG
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2.1.1.2 Viscoelastic properties (SLS model)
7KH VLPSOHVSMD BUORABHI® = Y LV WikcH @DMEDEat® iRa3ehably

well, is the threegparameter standard linear solid (SLS) model, characterized by two elastic
constantsk;andk DQG RQH YLVFRXV FRawwhie€hdhical anapgpPth&-sbO O
called Zener model, these correspond to a parallel combination of a dpfingith a series
combination of a second spring2(k DQG D GDVKSBwWliance fuhktidn, J(t), now
describes the timdependent response of the material to an appliedwangng ", in terms of

these model parameters. For the SIis given ly [103]:
PL_BF@_AN® Q)P4 (11)
LA | b. 1 >D_ =y

wherel W LV WKH XQLW VisheSmeEREWMRIQ QR 2 SUHOD[DWLRQ V
stress:

LR (12)

In response to a stepise (either increasing or decreasing) changé the SLS model predicts
(i) an instantaneous change iNd®, = 0) = d = 1/(ky + ko) = 1/K, where kg is the initial elastic
PRGXOXV LL D OLPLWLQJ =VIkO=XIfEr RNthere K i8Vthe relaxed elastic
modulus; and (iii) a single timé& R Q V W Bv@Mby Bg. 12), which determines the relaxation
time.
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2.1.1.3 Poweslaw model

A powerlaw can also be usdd model J(t), as was done previously by othersuhiaxial

stretching of single GZ cells, derived from skeletal muscle of adult CH3 njted:
P L #P, (13

ZKHUH $ DQG . DUH FR-QW WaP lezevi bropoked aS R gaddsal fitting procedure,
ZKLFK FRQVLGHUV WKH FHOO WR EH D PDWHULDO ZLWK D FRC
and A, can be related to the lde TXHQF\ VWRUDJH PRGXOXV * & XVLQJ V
[96]:

)AL @ AteR, (14)

ZKHUH + LV WKH JDPPD IXQFWLRQ DQG I LV WKH IUHTXHQF\
Strain data were fit using Eq. (vith WKH VWUHVV " JLFAG BAKHT PDWHU

compliance function J(t) given by leér Eq. L1) or Eqg. (B). The differences between measured

DQG FDOFXODWHG YDOXHV RI -linBat l@asisRuaced &dotithd (IXgvidntih) D QR

Matlab v. 7.2).
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Figure 2.5 Finite-element simulations of E.(A) A 3-lead electrode set, witeimulated
equipotential lines shown in greyB) Simplified structure used for 3D simulations; cou
mesh setting is shown; (C) periodic variation of E, resulting from periodic variation of
electrode distance; electrodes are shown in black; asbiseales of length and E; (L
simulated strength of E in the presence of a spherical polarisable object, using the sit

geometry shown in (B).

2.1.2 Finite element methods (FEM)

Estimatesof E were accomplished with Comsol Multiphysics v3.2 saftwgComsol,
Stockholm, Sweden) using the conductive media mode with the electric potential assigned at
boundaries (Dirichletype of boundary conditions), and assuming a homogeneous medium in

which the presence of cells was neglected.
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Figure 2.6 Finite-element simulations of E, magnified view(A) Strong Evalues (white) were
designed to attract cells by pDEP; electrodes, el and e2, are shown in black; the outline:
$ LV PDJQLILHG LQ % % QHDU WKH URXQ GGl vl

stretching is predicted; length and direction of arrows indicate strength and direction of E.

The nonuniform E Figs. 2.5, 2.p was designed to capture individual cells at each
electrode tip. In this regiorF{g. 2.5 D)values of E sugunding a polarized cell are high near the
cell-poles and low near the equator. For the case of a uniform applied E, the radial component of
WKH LQGXFHG GLSROH ILHOG KDV DQ DQJXO Btk AppBHkQGHQFt
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). In the present (neaniform) case, E is highest near tel-pole that faces the electrode tip,

and cells areherefore trapped in this regioe defineSRVLWLRQV ZLWKLQ P RI W
edges as stroAg regions, and otherwise as wdakThe values of E averaged over the strong

and weak regions differyba factor of approximately three. For example, when the applied
voltage was U = 10 V, the maximum value of E = U/, wherethésinterelectrode distances i

200 kV mi*. The E values averaged over the stroamyd weak E regionsare ~180 kV nt and

~60kV m™, respectively, as already pointed out above

2.1.3 Microfabrication of electrodes

Planar Ti/Pt electrodes were fabricated on glass substrates using standafd lift
processefs0]: Chromium masks were fabricated on glass (Bandwidth Foundry, Sydney, NSW,
Australia) and photolithography was carried out by smating an adhesion promoter, AP300
(Silicon Resources, Chandler, AZ), a-lifif resist LOR5A (MicroChem, NewtoriVIA) and a
final, positive, resist S1813 (Shipley, now part of Rohm & Haas, Philadelphia, PA). UV exposure
was done using a Karl Suss MAmask aligner (Stiss Microtec, Waterbury Center, VT). The
electrodes were deposited by electron beam evaporation (Esiad layer, 10 nm) and
sputtering (Pt layer, 70 nm), the former under titigh-vacuum and the latter in Argon at 2.4
Pa. For each glass slide (dimensions: 76.2 x 25.4 x 1.5 mm), to#f |ftocedure produced 12
sets of electrodes, each with threededFig. 2a) to which electrical connectors were bonded
using a combination of conductive silver epoxy (MG Chemicals, Surrey, BC, Canada) and a

standard twephase epoxy (LePage, Toronto, ON, Canada).
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Figure 2.7 Ti/Pt electrodes deposited on algss microscope slide(A) Fringing electric field,
E, barrier, B, metallic conductor, M, and substrate,(E; One 3lead electrode set wit
electrodes labelled el, e2, and e3. The inner two electrodes, el and e2, are driven at
polarity, while the outemost electrode, €3, is ground€@;) microscope slide with multiple-<
lead electrode sets; scale bar = 2.5 @0); Magnified view of the inner two electrodes, el ¢
e2 scale bar = 500 umhe rectangular trace represents the region used foraDER magnified
in (E); (E)the strength and direction of the simulated E, indicated by the lengths and dire
of arrows: $&ong and weak E regions occur where el approaches and recedes fror

respectivelyscale bar= 200 um
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Thin films (~ 550nm) of hydrogenated silicon nitride (SiM, a clear, transparent
dielectric) were deposited over the electrodes by plammhanced chemical vapor deposition
(PECVD), to prevent electrolysis of the suspension medium during ED, and to enable multiple
reusev Rl WKH GHYLFHV )RU WKLV WKH VOLGHV ZHUH SODFHG
type parallel plate radirequency (RF, 13.56 MHz) PECVD reactor, in a flowing gaseous
mixture of silane (Sik) and ammonia (Nk): The flowrates and partial presres were (Sikd
2.5 sccm, 12 mTorr) and (NH25 sccm, 43 mTorr), and the total pressure was maintained at 55
mTorr. The power delivered to the plasma was 50 W (the power density at the surface of the
grounded electrode was ~ 150 mW#nand the substra temperature was maintained at 125 °C.
The deposition time was 45 minutes and ftlmckness, measured by varialalegle
spectroscopic ellipsometry (VASE, J. A. Woollam & Co., Lincoln, NE), was 550 = 25 nm. We
have previously described the operationhi$ PECVD system in more detail, albeit for the case

of depositing thin films of a seationductor, nanarystalline silicon(Appendix I).

2.1.4 Cell culture

Murine fibroblasts I(929), Chinese hamster ovar§yCHO), human embryonic kidney
(HEK293), and human monocytie (U937) cells were obtained from ATCC (Manassas, VA).
L929 were cultured in DMEM (Sigma, St. Louis, MO), CHO in HAM?2 (Sigma), HEK293 in
DMEM (Sigma), and U937 in RPMI 1640 (Sigma), all supplemented with 10% fetal bovine
serum (FBS; Atlanta Blogicals, GA). All cell types were incubated at 37°C, in an atmosphere
supplemented with 5% GOU937 were cultured in suspension, and the other thredypel
were cultured in monolayers. Adherent dggppes (L929, CHO, and HEK293) were detached
prior to ED by replacing the culture medium with ED buffer (described in Sect. 2.1.6) + 0.5%
trypsin All cells used for ED were selected during the third and fourth weeks of culture, namely
passage Nos.-82 for the U937 cells and Nos:-&for CHO cells, to esurethat they were

healthy and proliferating normally



32

2.1.5 Celtviability tests

H XVHG D 3/LYH JUHHQ 'HDG UHG ~ F\WRWRJ[LFLW\ NLW
visualize the positiomlependence of EP. The protocol consists of adding a mixture of two
different fluorescent indicators, each at 0 FR Q F H QtW/ i a¥lILFr€pension. The first
indicator, Calcein AM, can enter through the cell membrane and then be cleaved by esterases in
healthy cells to become fluorescent (green). The second indi€&todium HD1, is excluded
from healthy cells with intact cell membranes, but traverses those that have been compromised;
once inside the nucleus, it binds to nucleic acids, which greatly (40 x) increases its fluorescence
(red. Thus, healthy cells appe green, irreversibly damaged cells red, and reversibly electro

porated cells appear orange due to the combined presence of both indicators.

2.1.6 Cellsuspension medium

The medium used for ED experiments (EDWAs an isotonic buffer with low electrical
conductivity, }, = 10 mS/m, (EDM: 3.4 mM NaCl, 0.115 mM KIRQ,, 280 mM DGlucose);
pH was adjusted to 7.3 + 0.1 with NaOH and the osmolality was 285 mOsm/kg. Low electrical
conductivity was required to maximize ED stretching forces, as previously desbyibetiers
[36-38].CelF YLDELOLW\ W H Vagevabdgshored HdoBservable differences for either
CHO or U937 cells, which were suspended in EDM for up to 30 minutes, compared with tests
performed in media with roughly physiologicdl 3 % 6~ 115 S/m). For ED experiments,
exposure of cells to EDM was limited to 10 minutes. The use of lonedia also reduces
electrical conductivtyJ HQHUDWHG 3-RXOH™ ZKWBW X/KilH- K [Q/HWWIDRIQY R
the present work, the maximum temperature increase of the suspension during ED was estimated
to be less than 1 °C. Prior to ED experiments, cells were centrifuged at 190g for five minutes at
moderae cell densities (~f0cells/mL) and resuspended in EDM at low densities {5210
cells/mL), as measured by hemocytometer. Low densities were used for ED in order to facilitate
the capture of individual cells and to minimize undesirable effects arfeimy too many
neighbouring cells. However, cell density could readily be increased depending on the required
number at each electrode tip {itells/mL led to ~ 1 cell/tip)Cells suspended in EDM were
GHSRVLWHG RYHU WKH HOH F WtalR&H Hurwbe-2260). L Q /| GURSOHMW
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2.1.7 Electremanipulation of cells

The electrodes were placed within the microscope -sklger of an inverted optical
microscope (AxioVert S100TV, Carl Zeiss Microimaging, Thornwded) and connected to a
signal generato(Model 33220A, Agilent, Palo Alto, CA), which was used to generate both sine
waves for DEP and square pulses for EP, without the requirement for any additional signal
conditioning or amplification. During DEP manipulations, the central electrode wasndatv

opposite polarity to the surrounding structure (Fig.[2 e2 and el, respectively).

2.1.7.1 Dielectrophoresis (DEP)

For f, measurements, cells were suspended in buffer at a density of ~*&all#nL, as
measured by hemocytometer (VWR SciémtiF OLVVLVVDXJD 21 DQG ZHUH WUL
YROXPHV WR WKH HOHFWURGH VXUIDFH XVLQJ D PLFURSLSHW
containing ~3750 cells, which covered an area of ~3(F.rfiine DEP signal applied to the
electrodes was are wave with a peak voltage of U = 3 V, and a frequency swekp fl(Hz) <
10 ZDV SHUIRUPHG IR U, B&l behaVi® @asHndRitorgd visually or with a CCD
camera (Model QIg=-/M2: Qlmaging, Burnaby, BC, Canada), and still images were captured
for subsequent analysis. Under these conditions, the majority of cells attained equilibrium
positions along the plane of the electrodes after about five minutes, by a combination of DEP and
sedimentation, at which point the experiment wesninated Cellpositioning statistics were
then compiled from the image by counting the cells thathigdsted to stroneE regions (where
WKH GLVWDQFH EHWZHHQ FHOOV D€<Bs Wexl FegidnR (@hereiJHYV ZD
distance between cells and electrode edg&sV ! P

8QGHU FHUWDLQ FRQGLWLRQV ZLWKMmPSvadJRigduh beaVH FKR

negligible, and cells remained randomly distributed over the electrode surfaces. As described
DERYH WKH FRUUHVSRQGLRYH UY D@ X R YaRoariffaeKt Maltie bfR V V
ZDV IRXQG IRU HRHAK d&&@inek weredeated the positioning experiments at
different f values, until random distributions of cells were observed, approachifrgni
frequencies both above and beloyirf order to minimize error. This procedure was repeated
WKUHH WLPHY IRU HDFK 1
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Figure 2.8 Microscopy system used for ED(A) Inverted optical microscope with computt
oscilloscope, signal generator, and microelectrodes; (B) Magnified view of the microele

platform, which is loaded within a standard microscope slateer.
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Figure 2.9 Celtviability during DEP. (A) U937 monocytes trapped in the highregions by
pDEP; (B) the same cetype and pDEP conditions as in (A), all cells remain green dt
3/LYH 'HDG JUHHQ UHG ~ YLDELOLW\ WHVWV VFDOH E
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2.1.7.2 Electroporation (EP)

We used squareave electric pulses for EP. For each experimental condition, a sequence
of six pulses was applied: PuseL GW KV Z H U Hand faWtimgd.wele 5 ns, and the inter
pulse interval was 0.5 sPeak applied voltages were U = 7, 8, 9, and 10 V. HaBtof
randomlydistributed cellsvas examinedn the presence ofudbrescent probes, to visualize the
spatial dependence of EP in the case of aumaform electric field. Cetpositioning by DEP was
used to accentuate this positidependence of EP and fugthinfluence gen¢ransfer. Expression
of the transferred genes and cell viability (eitvival) were quantified by determining the ratios
Nt/Ntor and NYNtor, Nt being the number of transfected cells the number of surviving
cells, and Nort the totalnumber of cells.

For genetransfer we used a DNA plasmid expressing a fluorescent reporter, pPEGFPLuc

&ORQWHFK ORXQWDLQ 9LHZ &% DRV D§VFROERYHWUDWLRQ BRI
containing cells and DNA were placed over the electrodes callladensity of D = 5 x 10
celldmL (total number of cells ~ 3750). The buffer was PBS diluted irHED, with

F R Q G X FWEAL5¥ m®m, dnd osmolality = 200 + 25 mO#kg. Transfection experiments were
performed at room temperature (27 °C, or 300 K) urider sets of conditions: (i) EP pulses
were applied after the cells had been positioned by pDEP for five minutes, using a 3 V, 1 MHz
sinusoidal potential; (ii) EP pulses were applied after five minutes of nDEP positioning, using a 3
V, 40 kHz sinusoidapotential; (iii) EP pulses were applied after five minutes of sedimentation
RQO\ 33QR '(3° DQG LY DV D FRQWURO ZLWK QHLWKHU '(3 Q
was repeated four times. Following gene transfer, cells were incubated hsupB&mented
RPMI growth medium at 37 °C with 5% GOrhe number of transfected cells;,Mnd surviving
cells, Ns, were monitored by fluorescence microscopy.

2.1.7.3 Electrodeformation (ED)

For ED experiments, sinusoidal potential, U, of frequency, f = 5L&° Hz, was applied
and the amplitude was modulated during ED: U = 2 V (gegleak) was used to capture and
hold cells (Fig.2.10 A-C), and U = 10 V (peako-peak) was used to deform cells at constant
stress (Fig2.10 DF). Images were capturedith aCCD camera (Model QIKF-/M2, QImaging,
Burnaby, Canada) at a rate of approximately one frame per second, during ED experiments, and

saved for subsequent analysis using commercial software (Northern Eclipse v.7, Empix Imaging,
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Mississauga, Canada). For Hbagl(untreated) cells, U = 10 V was applied for 60 imagenes
(total time ~ 70 s) before being reduced to U = 2V. For damaged cells, which had been treated
with CSK-disrupting toxins, U = 10 V was applied for only 30 frames (~ 35 s) before being

reducedo U = 2 V in order to limit excessive damagehecells

hu Jul,09 2009 01:43:12.093 PM U Jul 09 2009 01:43:13.250 PM Ul 09 2009 01:43:14.375 PM

hu Jul09 2009 01:43:23.468 PM hu Jul09 2009 01:43:24.609 PM hu Jul,09 2009 01:43:25.750 PM

Figure 2.10 Trapping and stretching of U937 cellsThe applied electric potential was U =
V for trapping A-C), and U = 10 V for stretchind>(F). The time delay between each ime
framewDV a V DQG WKH VFDOH EDU LV P 7KH GLU

FRP SR QHmMWRare indicated in (F



38

2.1.8 Disruption of the U937cytoskeleton

In order to more clearly assess the inflce of MF and IF CSK structuresn the
measurable mechanical properties of individual mammalian cells, U937s were chosen as a model
cell-type and their MFs and IFs were disrupted by latrunedilifLat-A) or acrylamide (ACR)
treatments, respectively. Mechanical properties of untreatetrgtorells were then compared to
Lat-A or ACR -treated cells.

LatrunculinA inhibits actin polymerization bgequestering @ctin [99], which impairs
the cellfV D Ebt @mhddel andepair MFsand leadsto degradation of the CAn a time
dependent mannefWe used 10 uM LaA for 2, 3, and 4 h; these conditions showed the largest
change in measured strain values attainable without causing significant loss in cell viadi#ity
A was dissolved in 100%thanol and diluted in RPMI to yield 20 uM stock solutions. The stock
and cell solutions were combined at equal volumes (0.5 mL each) for a total volume of 1
mL/well, and incubated at 37 °C for the indicated times:aetisity was 5 10’ cells/mL.

The specific interaction mechanisms and effects of acrylamide (ACR) in cells are not as
well documented as for L&, but several reports have establishe@R-induced disruption of
vimentinbased IF$100-102]. Higher concentrationsf ACR were required, compared with Lat
A: Using 10 mM ACR for treatment times between 0 and 15 h, we observed changes te the ED
properties of cellshatwere similar to the Latt W U H D W P H Q WAMfor 0-4 h). EXpdSure of
cells to ACR at 10 mM for t > 15 h led to loss in ee#bility.

2.1.9 Confocal microscopy

Increased fragility of LaA- and ACR treated cells required minimal celgitation
during preparation for imagingwashing was therefore dongy sedimentationrather than
centrifugation Cells were suspended in 1 mL volumes at the moderate density’gfmtli 2
mL chambers (LabTekand they were allowed to sediment for-B) minutes at B °C. The
majority of the culture medium (~90%) was then aspirated and replace&2D ®C acetone for
simultaneous permeabilization and fixation tbe cells. After 5 minutesthe acetone was
aspirated and replaced by phospHaiéfered saline (PBS: 8.1nhM Na2HPO4, 1.47 mM
KH2PO4, 137 mM NaCl, and 2.68 mM KCI, pH Y..4Following washing and fixatiorthe cell
density was ~10mL. We then incubated the cells with monoclonal-aittientin Cy3 (Sigma)

and alexa488-phalloidin (Invitrogen) for 45 min at 37C, followed by sedimentaticbhased
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washing (three times), for a final cell density of *1L. Cells were then dispersed in 0.2 mL
droplets (containing ~2000 cells) within glassttom chambers (Mattek) andluorescence
imaging was carried out using anrSM 510 META Axioplan 2 confocal laser scanning
microscope with a @pochromat 40X/1.2 water immersion objective (Carl Zeidena,

Germany).

Figure 2.11 Fluorescence intensity of actin labeled with Alex&88phalloidin. (A) View of
cortical actin inthe XY-plane, through the center of a sing@29 cell; fluorescence intensity
l, ZDV PHDVXUHG WKURXJK WKH FRUWH[ DV LQGLFDW
values (arbitrary scale); the maximum value,of | RFFXUUHG DW |

the line in (B); data were fitted by two exponential decays, of difjedecayratesoutside or

insideof the cel|] as described in the main text.
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To estimate cortical actin (CAhickness, we usedhe pixetLQWHQVLW\ 3SURIL
capabilities of the LSM imaging software (LSM v5, Zeiss) to measure thefaittiaorecence
intensity, |, of suspended celldn healthy (untreated) cells, cortical actin (CA) was clearly
observed and maximurg-Values, hax therefore occurred near the eglembrane (Fig..21A).
l-values decreased more rapidly outside the cell thémeicytoplasm, and to fit-Hata (Fig 2B)
ZH DVVXPHG L D 3IDVW™ H[SRQHQWLDO GHFD\ RXWVLGH DQG

L 45~ P03 TO = (15a)
Bl Hoe
HL oA POF?PATP = (15b)

where k, and k, are the decagonstants outside and inside the cell, respectively, and a is the x
position of |hax (measured along the profilme as shown in Fig..21 A). MFs are weHknown to
exterd from the cortex into the cytosol and to iaetrwith cytosolie and other CSKstructures
[98]; this is corroborated by themkd decays of Jvaluesmeasured in the cytosol. To estimate
CA-thickness, g, we calculated the distance at whighvalues decreased tq # (Ima)e) for

both x < a (Eq. 3a) and x > a (Eq.3b), and then added the two values to obtajg Bividing

dexp Dy the ceHradius, , gives @, = duxrc, Where @, is the fraction of CAthickness of the cell,

expressed in %.



41

2.2 Results

We will now summarize the resultdé DEP, EP, and ED experimentshich we have
previously reportedin two publishedarticles (Appendices Il and Ill)The first article to be
summarized (Sects. 2.2.1 and 2.2.2) describes combined DEP and EP for novel cell
manipulations, using U937 monocytes as a modeltgedl. The second article to be summarized
(Sect. 2.2.3) descriseED-based mechanical characterization of individual CHO and U937 cells.

2.2.1 Dielectrophoresis (DEP)

In order to displace cells within a liquid (aqueous) suspension medium, and to position
individual cells accurately and reliably, vexamined the DEfesponse of cells as a function of
WKH H[SHULPHQWD Q (a5RQiestrib&lOrHSEct. 122.9). Both nDEP and pDEP of
U937 cells was observed (Fig.12), and the DEP crossovéequency, § measured as a
| XQFWLRQFiI®R 12.1B), permitted diedctric characterization of this ceilpe. These
experiments were therefore used to establish the proper choice of experimental conditions for
ED, which are discussed later in S&8.3.

The measured DEP spectra of U937 cells revealed the ranfjes Gf ,,ffor which both
pDEP and nDEP positioningpuld beachieved (Fig2.12B and C, respectively). Thesultscan
be represented by-flata (Fig.2.13), where a linear relationship betwegnd Q Gwas observed
IR U m (§1n) < 0.2. : KH Q, @as clog tothe physiologicalvalue,1.5 Sm, only nDEP
ZDV REVHUYHG ZLWKLQ WKH IUHTXHQF\ UDQJH LQYHWWLJDWH
< 0.4 3m.
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Figure 2.12 Positioning of U-937 monocytes by DEP(A) The strength and direction of tt
simulated electric field E, are indicated by the lengths and directions of arr{@jscells were
positioned in the strorg regions by pDERC) cells werepositioned in the weak regions by
Q'(3 6FDOH EDUV DUH P
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Figure 2.13 The crossover frequewy, f,, versus conductivity of thesuspensiormedium,
1, for U-937 monocytes.Open circles are experimentallues offo (mean + SD, n = 3),
while the dottednd solidlines arefitsusing Eg. 3and 4 respectivelythe insert shows the
UHJLRQ RMal@RZ 1

The intercept of  GDWD H[WUD SR Q-DWH&origiRiA Bib. @X2) Was close
HQRXJK WR JHUR W K DYW<DR@ S8 83 DIBP S Kk¥) dduldlbe determined.
,Q RUGHU WcR DHQY/GWETR [ Batd uBing both Eq3) (with the condition K() = 0) and
Eg. @ YDOLG<HOR 31, see Fig2.13). The best fit for both equations was found when
Qwm oACcm = 7.6 mF mt D Q & 0U25 S nt. These data therefore provide estimates for
the dielectric progrties of U937 monocytesamely Iy < 10° S m* (Gew < 1430 S nf <@ =

OCcn=76+125mF ;£0425Srnt DQG 0§ which wereusedWR FDOFXODWH

(Eg. 1) and therefore faredict DEP responses under arbitrary conditions ofif\én
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2.2.2 Electroporation (EP)

The application of higher voltage (7 V < U < 10 V), shdutation (§ < V SXOVHV
superimposed on the 2 MHz a. c. voltage for DEBmonstrated positiedependent EP of cells
within the region of spatially neaniform electric field. These results were monitored using
3/LYH 'H D @iabifitiAt@sd(described in Sect. 2.1.5lthoughthecells displayed someon
XQLIRUP 3D (QoRRDaD Roté cells in the strorg regions remained green (live), while
othes in weakE regions became red (dead)), a clear posiependent response to EP could be
observed (Fig. 2.14hat wasconsistent with the calculated distribution of E (Fig. 2.15). For the
case of low pulse amplitudes (U < 4 V), few gréemed transitons occurred (less than 3% of
cells), but as U was increased the regions containin¢destl)cells expanded fromearthe tips
Rl WKH 3H ~ HOHFW WecGoi Me \@hRrepla¢dHatwiexrDe@rbdes el and e2 when U
> 8V (2.15 B, C). ThereforeWKH 3SFULWLFDO ™ ILHOG YDOXHV IRU UHYHU\
be estimated from calculated field values and tlodserved live/deadell distributions namely
E = 40 kv m" and E = 120 kV i, respectively. For exampleshen U = 10 V, the region of
irreversible EP coincided with that in which pDEP was observed in the course-pbsiilbning
experiments (Fig2.12 B), while reversible EP was a@ged in the nDEP region (Fig.12 C).
Cell positioning by DEP prior to EP significantly influeddeansfection efficiencyusing

the fluorescent GFP plasmid described in Sect. 2.1.dn2) cell viability, compared with
randomy GLVWULEXWHG FHOOV 3QR '(3° XQGHU RWKHUZLVH LGH
coupling between DEP and EP was evideaifitere the number of transfected cells increased with
U initially for all three cases (nDEP, no DEP, pDEP) (Fig. 2.16 A), but then decreased above U =

9 LQLWLDOO\ IRU S'(3 DQG WKHQ IRU QR '"(3" )RU (3 DPSOL
generally high, while higher EP amplitudes reduced viability (Fig. 2.16 B). Cell viability
decreased monotonically as EP amplitude U increased. Transfected cells that survived the first 24
hours after EP remained viable and were observed to prolifévat¢the duréion of our
observations (one week). For the control group (no DEP, no pulses) we faurdON as
expectedin other words, uptake and expression of DNA plasmids occurred only in cells which

had received sufficient (reversible) EP.



45

Figure 2.14 Position-dependent EP of U937 monocytes. (A) Live cells, shown befor
pulsing; (B) The same cells shown in (A), but five minutes after applying pulses of amplit
= 8 V; (GF) show resultof Live/Dead viability tests before (C, E) or after (D, F) pulsifig);
The same cells shown i€, but five minutes after applying pulses of amplitude U = ¢
showing limited cell death. (F) The same cells shown in (E), but five minutes after ap
pulses of amplitude U = 10 V, showing more extensive cell deathtmegDEP regionLive

cells appear green and dead cells appear catk bar= P



46

Figure 2.15 Calculated positionrdependence of EP of U937 monocytes, for different value
of U. White = irreversible EPcgll lysis), RedGreen = reversible EP, Blue = no EP. (A) U -
V,(B)U=8YV, (C)U =10 V. Positioependent gene trafection level and viability of U93

monocytes.

The extent to which EP was reversible or irreversible (live or dead cells in Fig. 2.14)
corresponded quite well with simulations (white regions in Fig. 2.15): Regions in which EP was
irreversible, leadingo lysis and celldeath, expanded from the tip regions as a function of rising
U values (Fig. 2.15 AC).
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Figure 2.16 Position-dependent transfection of U937 cell{A) Number of transfected cell
Nt, and (B) viability vs. pulse amplitude, U, for cepissitioned by either pDEP (square
Q'(3 WULDQJOHV RU ZLWK 32QR '(3° QR LQGXFHG SF
SD (n=4) values are shown, and data were shifted slightlthe horizontal direction t

facilitate distinctiorbetween grops.

Positioning of cells in regions of high by pDEP prior to EP resulted in increased gene
delivery (transfection) at low U (Fig. 2.16 A, squares, U = 8V), but loss of/iedlllity reduced
the number of viable transfected cells at higher U (Figs 21B, squares, U > 8V)Compared
to control conditions (Fig. 2.16, No DEP: circles), positioning of cells in regions oEldy
nDEP (Fig. 2.16, triangles) had roughly the inverse effects of pDEP (Fig. 2.16, squéres)
compared to control conditiovh )L J FLUFOHYV 31R "(3°
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2.2.3 Electrodeformation (ED)

Our ED protocol permitted measurement of tirteH S H Q G H Q WofvhdiMidlDal eglls W
over several cycles of strain and relaxation (Figs7 2dd 2.B). CHO were observed to be
VWLIIHU WKDQ 8 FHOOV DQG R1 W K Hte®rDr&uitad Biraifiist R ZHG P F
plastic deformationthan the former.OD[LPXP YDOXHV RI IRU &+2 FHOOV ZHI
(Fig. 22 & ZKHUHDV IRU D W\SLFDO 8 FHOO ! ZDV REVH
2.18 C). In some cases, contact witHlL JKERXULQJ FHOOV LPSRVHG D OLPLW
in Fig. 2.8 C).
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Figure 2.17 CHO stretching and recovery(A &+2 FHOOV LQ D '(3 3KRO
=2V. (B) The same cells as iA)] 60 seconds after applying a potential step functibn,10V.

(C VWUDLQ W Rl WKH PAGEQBE R3O Q) HW KU IUW R X/ W
RU GRWHIHU WR WKH FHO O § theRippheR &led®id pten@aR U(t] iskENoy
RQ WKH VDPH Wicidddav=+FDOH DV
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u(v)

100 200 300 400 500
t(s)

Figure 2.18 U937 stretching and recoveryA 8 FHOOV LQ D '"(3 3KRO(
= 2V. (B) The same cells as iA) 30 seconds after applying a potential step function, U =
(C VWUDLQ W Rl WKH PIAGEB®O@ F HQ O F ORI Rk Rozhe
FHOOTY PDMRU RU PLQRU D[HV WKH DSSOLHG HOHFYV
DV &RQWDFW BEH®EZMHQVFWRBWD[LPXP YDOXH R)by
3&//Scale bar = P

Although contact between cells could limit the maximum strain in some cases (Fig. 2.18
B), data were always taken from the first cycle of strain and relaxation of-fiefdymable cells
(Fig. 2.19), where strain was not limited by the presenc¢hafr cellsDeformations of CHO and
U937 cells were rendered reasonably well by both the SLS and PL models, when the maximum
YDOXH RI VWUDLQ ZD VFi@ R.R9 WoHgEeri Rastic daformation of U937 cells
ZDV REVHUYHG |RUFig.[L2J8 I but theDr@axnkum applied stres$~20 Pa) was
insufficient to induce comparable high strain in the case of CHO cells (FigB2.Ihe three
parameters of the SLS modeh (k. D QG FDQ EH UHODWHG WR WKH IROO
[103]: ki = Er rrand (kK + ko)) = B o*where R is the relaxed elastic
modulus, G is the relaxed shear modulus, iE the initialelastic modulus, and /3s the initial

shear modulus.
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JLIXUH 6WUDLQ DQG UHOD[DWLRQ GDWD IRU 8 [

OLQHDU VROLG’ -l&w¢PLRMddEIRFRtig parameters are shown in tables 1 an
respectively. Dat are mean +SE; N=10 for U937 cells and N=5 for CHO cells.

Table 2.1Mechanical properties of cells derived using the SLS model

Cell type ) Erg (Pa) G (Pa) E, (Pa) Gy (Pa)

CHO 0.37+0.07 193 £130 70.3 £ 60.7 1572 £1059 574 + 495
ua37 0.39+£0.14 994 +44.0 35.8 £+ 28.7 898 + 397 323 £ 259
*$SSDUHQW 3RLVVRQTY UDWLR RI WKH FHOO DOO YDOXHV

Table 22 ORGHO SDUDPHWH{ODDLIIRVRWKB 3SRZHU

Cell type | . A (x 10°Pa-s) | G'(1 Hz) (Pa)
CHO 0.301+0.20 | 3.7+ 2.49 466 + 314
U937 0.356x0.11 | 7.0+ 3.10 262 + 116

Low-lUHTXHQF\ VWRUDJH PRGXQ@XV *
*All valuesare mean 5D (CHO: N =5, U937: N = 10).

q
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CHAPTER 3. SUPPLEMENTARY RESULTS

This chapter includes resulisat have not been previously reporte@ihese apublished
results include DEP of cells in gels, combined DEP/EP for elégsion of cells, and more ED
experiments using additional ceifpes (L929 and HEK293). Confocal fluorescence imaging of
the CSK was used for structural analysis of cells, and cortical actin thickness was correlated with
measured mechanical properties. Finally, modification of the eath CSkdisruptive drugs
was found to have measurable effects ormelthanics.

3.1 Dielectrophoresis in gels

'H SHUIRUPHG VHYHUDO 3WULDO" H[SHULPHQWYV LQ ZKLF
DEP in gels (gelatine or agarose). As the gels cooled alidified over the electrodes during
DEP, ce PRWLRQ zZDV REVHUYHG WR VORZ JUDGXDOO\ XQWLO
Although our reported DEP experiments were mostly performed using aqueous suspension
PHGLD ZH EULHIO\ PHQW hReQidstce Hov poténtibli® brdddeVad@icability of

DEP for tissue engineering applications.
3.2 Electrofusion

Electrofusion (EF) is a welknown technique in which multiple cells are first brought
into contact with on@nother by DEP; EP anthé subsequent intermingling of multiple CMs
WKHQ UHVXOWYV LQ IXVLRQ RI PXOWLSOH FH®@eYhaye been $Y
created by ER76, 104] and it has also been used extensively for cloajmgjications[104].

Although microfabricatedEF platforms have great potential for improving EF results, they

remain rare in the literatuf@05].
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Figurd 3.1 Electrofusion of U937 monocytesTwo cells indicated by an arroim (A) are
fused together (B) after combined dielectrophoresis and eleptwaation; time betweel

images is ~ 5 s; scale bar = 20 pum.
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3.3 Electrodeformation

3.3.1 Electrodeformation of several mammalian cellypes

HEK293

Figure 32 Trapping and deformation of cells Four differing celitypes (L929, CHO.
HEK293, U937)weretrapped by dielectrophoresis 3) and deformed by electaeformation
(E-H): In all cases, cells nedo either of the two opposing electrodes were trapped at
electrodeedges using an applied sinusoidal electric potential of amplitude U = 2\
frequency f = 5 MHzThe electrodes are shown in blackjls were then deformed by increasi
U (E-H, U = 10 V), and deformatiowas found talepend on the cetype Strain-conponents in
thexandy GLUHFWOLR®WHVSHFWLYHO\ DUH VKRZQ LQ +
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Figure 3.3 Time-dependent &rain-data, W R1 | Rypes BIBD @iamonds, N = 10
+ (. H[TV 1CHO (circles, N = 5)and L929 (square$| = 5); data are average valu
+ SD/2; both xand y strainr FRPSRQHQWYV R UH \DKREKD), respectively; the
corresponding applied electric potential, U, is shown on the samafisie

Table 3.1 Viscoelastic (SLS) parameters of sevéreell-types

Cell type Er (Pa) Eo (Pa) 3D V | 2(s)

L929

0.5+ 0.05

500 + 100

5500 + 850

3000 + 500

6.6+15

CHO

0.4+0.05

160 + 30

1660 + 300

2500 + 450

17.2+ 35

HEK293

0.35 + 0.05

100 + 20

900 * 150

2400 * 425

259+ 6.0

U937

0.35 + 0.05

90+ 20

900 + 150

2200 + 400

27.2+6.0

*Note: Values of all SLS parameters were obtained by fitting the rsdngon
of -data, whichdiffersincreasinglywhen compared with the decreasing portif
(relaxation) of , from top to bottom.

Cell-type depadent deformability of cells was clearly observed visually during ED (Fig.
32),andit ZDV FRQILUPHG &alueHBg/ BULIZD were stiffest, followed by CHO,
+ (. DQG 8 8QGHU LGHQWLFDO (' FRDGXM\bIRAE folW KH P D]
L929, CHO, HEK293, and U937 cellwere roughly equal to 0.03, 0.09, 0.14, and 0.16

respectively 7DEOH / FHOOV H[KLE@LWHGEWXILFIDROO) ¥IRVAHLUG
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UDSLG HJ[WauesmerR@pproximately constant after ~20 applied " (Fig. 3.3, squares:

G GW a IRU W ! \% 7KH RWKHU FHOOV D @nhtueddbt WLDOO
deform under constant For all ceh W\ S H\ < 0.2, and approximately full recovery of the
spherical geometry was obsedv(Fig.3. a IRU W ! V 7TKH DSSDUHQW 3F

- x y, also depended on ceyipe, and only L929 cells werebserved to bencompressible

7TDEOH

7KH DSSDUHQW 3RLVVRQTV UDWLR YDOXHVedRhan®dHH2 + (.

(Table 3.1), suggesting that gexells are slightly compressible. As mentioned ab@ext. 2.2)
both SLS and PL models were found to fit our data reasonably well, but this agretmeant
not be expected to hold generally; predictionséd on these models tend to divergetiar case
of VPDOO YDOXHVY DQG DW VKRUWHU WLPR§FL®HMed KDQ a
VKRZHG VWURQJ DV\PPHWU\ ZKHQ |LWdata &f HEKRAY Krid WOVKH UL\
cells: Thisobviouslyresults inwidely differing estimated mechanical gerties (comparé&ables
2.1 and 31), andthisremains an importarmjuestiorto resolve.

3.3.2 Cortical actin thickness

All four cell-types tested here were roughly spherical in suspenaiwh fluorescence
microscopy revealed distinct CA in all cas€sg( 3.4). The simple exponential decay of actin
(described in Sect. 2.1.8) was applicahlall casesand the ¢l-values obtained clearly depended
on celltype (Fig. 3.5, Table 3.2). L929 had the highestygvalue (~34%), followed by CHO
(~21%), U937 (~1%), and HEK293 (~13%). These,®alues werefound to beinversely
proportional to theorrespondingmaxvalues obtained by ED (Fig. 3.5

Cortical actin filaments are known &xterd toward the cytoplasm (mosthadially) from
the membrane surface, camting the cortex thredimensionally to the cytoskelet@, 9. The
actin distributions, which we observed by confocal microscopy decayed ewiatigeas a
function of distance from the maximumtensityvalues.As already discussed in Sect. 2.18st
gave us a reliable method of estimating an effectiveti@iékness, ¢, but wecould not account
for other mechanicallyelevant MFproperties, sth as length, orientation, and crosslinking

density of actin filaments. Howevethe clear correlation between o D Q Gax (Fig. 3.5)
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observed in the present waidr the case 0o£929, CHO, HEK293, and U937 cells confirms the
hypothesis that CAhickness is a major determinant of estiffness[4, 109.

In addition to the CA, we also observed thin shells of cortical vimétaparight images
in Figs. 3.6 A, and 3.7 A)this disqualifies udrom declaring CA to be the only important
mechanical structure in theortex. Treatmeng of cells with acrylamide ACR) inducedthe
formation of vimentin aggregates (Fig. 3.7 C), similar to what can be sd@tiK2hcells[100],
and in melanophores following treatment with either ACR or nocod410ld. However, no
significant changes in measured mechanical propenvese found to occumwithout some
concomitant disruption of MF networks (tbgft images in Fig. 3.7 C)The aganization of actin
within cells is clearly complex and many properties of CA are known to differ from cytosolic
actin. A few examples of Mroperties, which vary according to their locations (and roles)
within the cell, include: (i) topological organizatif®, 9§, (ii) local activity constants of various
MF-associated moleculeand (iii) interaction with other structures within the cell, such as IFs
[108], MTs[109], and the CM110-112].
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Figure 3.4 Cortical actin in four differing cell-types Confocal fluorescence imag of

cortical actin (AD) andcorresponding intensity profiles, (E-H), in four cell-types:L929 (A,
E), CHO (B, F), HEK293 (C, G), and U937 (D, H);was measure@long a straight line
through the center of eachceds(LQGLFDWHG LQ $

Table 3.2 Cortical thickness and maximal straatues

Celltype [ P Oexp P o, max

L929 6.2+ 0.4 2.1+ 03 335 0.03 + 0.012
CHO 42+1.2 09+0.3 21+7 0.09 + 0.015
HEK293 | 6.8 + 0.7 1.0+04 15 +5 0.14 £ 0.03
U937 6.5+1.0 1.0+02 16+ 4 0.16 + 0.03

All values are averagesSD (N = 10)

, 'gdnie @HB,EED
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Figure 35 Linear correlation between maximum strain andreciprocal cortical actin
thickness.Plot of the nverse of - Y Vmax values; data are average values + SD (MN)+

and refer to experiments wherein the maximal ED-stresses were "= 20 Pa.

3.3.3 Modification of the U937cytoskeleton (CSK)

The effects of either LaA or ACR on the CSK of U937 cells, as observed by confocal
fluorescence microscopy (Fig83.6 and 3., differed significantly when short treatment times
were used (Figs3.6 B, and3.7 B). Untreated (control) cells had contiguous cortical actin of
nearly uniform thickness, as expected (Figs6 A, and 3.7 A), but we observed a loss of
continuty of the CA following treatment with 0 /BAMor 2 h (Fig.3.6B). In contrastthe
CA appearedunchangedollowing 10 mM ACR for 6 h (Fig.3.7 B). Longer (4 h) treatment
times resulted in concurrent M&nd IF disruption using LaA (Fig. 3.6C) or ACR (Fig.3.7C).
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Figure 36 Time-GHSHQGHQW HIITHFWV RA treatnienDiD WOB7XCEIE.XobnL
(green) and vimentin (red) were stained with alé&&phalloidin and antimous€ya3,
respectively, as seen in the top quadrants of each images. Lower quadrants show a di
interference contrast image of the observed cell (left) and a composite image of the
channel (right), with yellow pixels representing colocalisation between actin and vimenti
XQWUHDWHG FRQWURO FHOOV % -Aldr@@aurd (QY tells afe
WUHDWPHQW Z% WKU KRPOPW WKH VFDOH EDU LV P



60

<

Figure 3.7 Time-dependent effects of 10 mM acrylamide treatment, in U937 celléctin

(green) and vimentin (red) were stained with alé&&phaloidin and antimous€ya3,
respectively, as seen in the top quadrants of each images. Lower quadrants show a di
interference contrast image of the observed cell (left) and a composite image of the
channel (right), with yellow pixels repregeng colocalisation between actin and vimentin; |
untreated (control) cells; (B) cells after treatment with 10 mM ACR for 6 hours; (C) cells
WUHDWPHQW ZLWK PO $&5 IRU KRXUV WKH VFDOl
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Figure 3.8 Strain data for U937 cHOOV IROORZLQJ WUHDWPHQ@WLaZL
A) or 10 mM acrylamide (ACR). A: Lat-A treatments, +UV GRWYV 1

or no treatment (circles, N =;3: ACR treatments,

+UV GRWYV 1

=+

+U"

no treament (circles, N = 5)data are average values + SD/2; the corresponding applied e

potential, U, is shown on the same tiapas.

U937 cells with disrupted CSKs were, not surprisingly, less stiff th@reatedcontrol
cells (Fig.3.8). The efécts of Lat$ ZHUH UHDGLO\ REVHUYHG XVLQ@3

0 FR

A), but the effects of ACR were less obvious, even when 10 mM concentrations were used (Fig.

3.8 B). Both LatA and ACR significantly reduced caedtiffness after longreatment times

3G RWYV " 318RInthdse larcases, full recoverRl WKH FHQDYVWQRKMDBBWHUYHG

fort > 60 s).
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3.4 Electromanipulation of subcellular structures

Treatment of cells with CSHisrupting toxins was also found to have selverentended
consequences, namely: (i) loosening of the IF network by ACR treatment freed thectelis
within the cytosol, as manifested by DEP of the nucleus (Fig. 3.9); (ii) weakening of the CA by
Lat-A treatment permitted extrusion of blebs (porsoof the CM with reduced CA thickness
[106]) and celcontents near the ceadbles under the effects of applied E field (Fig. 3.10); and

(i) release of intercellular contents occasionally resulted in the creation of intact membrane

bound, spherical vedes (celtghosts), which could also be manipulated by an applied E field

> -

(Fig. 3.11).

)

C

-4

Figure 3.9 Electromanipulation of a cellnucleus U937 cells are shown, following

acrylamideinduced disruption ofhe IF network; (A) The celhucleus (indicatethy an arrow)
is moved within the cell (B)) upon application oE (U = 10 V, f = 20 MHz); scale bar = Z

um.
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Figure 3.10 Electremanipulation of blebs and nanoparticles. Following latrunculin
treatments, cell blebs and nanoparticles were extruded smme cells; as shown here, for i

case of U937 cells, these particles can align at thgokdk or at electrode edges.

Figure 3.11 Electremanipulation of cell-ghosts. The release of intracellular conter
occasionally resulted in the creatiohimtact membrandound, spherical vesicles (cell ghost
(A) Cell-ghosts, g1 and g2, are indicated by arrows; (B, C) collapse of g1 and g2, achie
electric pulses; (BF) inflation of g1 and g2, achieved by sinusoidal applied E field; scale |

20 pm.
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CHAPTER 4. GENERAL DISCUSSION

The results presented in this thesis clearly demonstrate that ED can be used for the
mechanical characterization of individual mammalian cells, using a microtechnology platform.
Aided by microfabrication methods dedsxd here, w haveproducedED testdevices on glass
or transparent plastic (polymer) substrates (Fig.; 4v&) thereforeanticipate thativerse future
implementations of the methods described in this thesigake place We have performed a
wide variety of cell and sukcellular manipulationsDEP and EP of cell populationas well as
ED of individual cells were all accomplishagsing the same device incorporatinganar
microelectrodes. Althougkimilar techniques had previously been reported bemstiwe have
herepresented novel applicatiof each techniqueAs mentioned in Sect. 1.2 of thisthesis, the
miniaturization of existing laboratory techniquesncreases their efficiency and permits scale-up
and automation of experiments in ever-decreasing on-chip footprints. The use of DEP in
microdevices is well-established, but EP and especially ED are not as widely used. The use of
combined DEP and EP for EF is a particularly good example of a widely-performed technique,
which would benefit greatly from miniaturization due to the increased ability to handle and
observe individual cells and fusion products. Mechanica measurements by ED are not widely-
reported in either standard- or miniaturized- platforms; however, we believe that ED provides
severaladvantages over other techniques such as OT, which we will discuss below.

The cell-type selectivity of DEP has been used by others to enrich solutions and to target
specific cell-types within mixtures (as discussed in Sect. 1.3.1). Combined DEP and EP methods
therefore have the potential for cell-type specific lysis, labelling, fusion, or gene transfer.
Although we demonstrategosition-dependent EP of asingle cell-type (U937) and we influenced
EP-results by prior DEP-positioning, in future work the use of multiple cell-types is needed to
demonstrate true selectivity of DEP/EP manipulations. The inherent heterogeneity of dielectric
and properties within cell-populations presents both challenges and opportunities to DEP/EP
experiments. Detailed sub-cellular structures, cell-cycle, and other factors affect the DEP and EP
characteristics of cells. To study the detailed structure of cells on an individual basis, supporting
technologiesuch as microfluidic channels are required to provide circulation and recuperation of

thecdlls.
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Figure 4.1 Planar electrode array micrefabricated on a transparent insulating (flexible)

polymer substrate.

Table 4.1 Physical and viscoelastic (SLS) properties of several etgibes

Cell type re (- m) Er (Pa) E, (Pa) N3D V | 2(s) Method | Ref.
L929 6.2+ 0.4 | 500 £ 100| 5500 + 850| 3.0 £ 0.5 6.6+15 |ED *
CHO 42+1.2 |160+30 | 1660+ 300|2.5+0.5 17.2+35 |ED *
HEK293 6.8+0.7 | 100+ 20 [900+150 |2.4+0.4 259+ 6.0 | ED *
U937 6.5+10 [|90+20 |[900+150 |2.2+0.4 27.2+6.0 | ED *
Neutrophif ~4.0 30+12 100+ 35 0.013+£ 0.005 | 0.65+0.3 | MPA 27
Chondrocyté | 7.4+0.9 | ~80+40 |~200+200 | ~3+2 ~70+ 40 MPA 5
Chondrocyté” | 6.3+ 0.9 | ~200+ 50 | ~400+ 150 | ~8+ 10 ~75+ 70 MPA 5

*Present work: Values of all SLS parameters were obtained by fitting the rising portiatatz, which
differs increasingly when compared with the decreasing portion (relaxationfrof top tobottom.
SNeutrophils were from human donors.

"Chondrocytes from articular cartilage of mature pigs; MPA done using media with osmolality:153
€Ehondrocytes from articular cartilage of mature pigs; MPA done using media with osmolality: 303
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The ED experiments presented here are the first to systematically compare multiple
mammalian celtypes, other than erythrocytes (RBO) the four celtypes tested here, L929
fibroblasts were the stiffestpfowed by CHO, HEK293, and U93Tespectively Differences in
their measured mechanical properties wetebated mostly to their differing CSKs (Fig. 3.4)
and we observed an inverse relationshigween d, and max (Fig. 3.5): L929 the stiffest had
the thickest CA, follaved by CHO, HEK293, antl937. The linear fit in Fig. 3.5 suggests that
cells possessing dy-values in excess of d% ~ 50, cannot be measured ( max = 0) using ‘max = 20
Pa. Higher “values are therefore required to increase the applicability of ED: " depends on the
square of E = U/d. (Eq. 8) and increased "can therefore be achieved by increasing U (here, U
= 10 V) or by decreasing the inter-electrode distance (we used de = 50 m). In the present
configuration, ED can be used to deform objects having Eo < 5 kPa, provided that K ~ 1in Eq. 8.

Using the SLS model, our estimateg\Ealues (Table 4.1) fit within thiarge range of
previously reported valuefi@. 1.3: 100 Pa <¢< 10,000 Pa) [3]The mechanical propertiesf
L929 have previously been measured by othersthe timescalesfdleb formation (~ 10s), the
response of the actin cortevas purely elastid106]. HEK293 and U937 cells, however, were
significantly moe reaily deformed that either L929 or CHAlthough HEK293 were derived
from an embryonic human kidney sourcd 13], they have recently been related to neural
progenitor cell§114], andtheir true lineage is not known. U937 are hurpesmonocytes (white
blood cells) derived from histiocytic lymphonjal5], andtheyare cultured in suspension. The
larger deformability of U937 cells compared with the other -tglles discussedhere can be
explained by the fact that higtleformability is often associatedittv cells of the circulatory
system[103]. Cell-types such as L929, CHO, and HEK?293, are normally adherent and their
measured mechanical properties in suspension therefore raise several questions. Can these
measured properties be related to adherent geometries? Can ED be applied to adherent cells?

We used suspended cells for two principle reasons:. (i) They are easy to manipulate by DEP, and
(if) to achieve roughly-uniaxial ED and therefore provide a stable geometry which showed
similarity between the tested cell-types. New electrode geometries can surely be conceived for
ED of adherent cells, athough modelling their mechanica response may require more
sophisticated geometrical representations than used here. Finite-element modellindFEM) [117]
may be used in the future to simulate complex geometries and to include the differing mechanical

roles of sub-cellular components.
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CONCLUSIONS AND OUTLOOK

Electrical stresses generated by planar microelectrodes with relatively low values of
applied potential (U < 10 V) have been used to eledtform several types ahammaliancells
(L929, CHO, HEK293, and U937) in suspension. Tleetebde geometry and ED methodology
have permittedletailed and reproducibleiomechanical characterizations of individual cells of
these celtypes.Our ED devices were microfabricated on microscope slides to per+siiu
reattime observation by optidamicroscopy during ED;sophisticatedimaging methods can
therefore be used talsostudy the mechanics of swellular structures such as the cytoskeleton.
It may further be possible to include imaging arrays directly in an ED device for increased
portablity. So- F D O O Hds F KH 8 O Rlidid dRvices, which permit multimodal analysis and
manipulation of cell§57, 116] can be readily made to incorporate mietectrodes for ED
based mechanical measuremenectric fields are already used for diverse and often
complementary manipulations of cells and -sebular particles. Taken together, the DEP, E
and ED results presented in this thesis strongly suggest that electric fields could play prominent
roles in future celbased microtechnology platformdowever, supporting technologies such as
microfluidics are required in future devices, to take full advantage of single-cell manipulations.

Reliable use of the ED technique requires experimental calibration gétiezatedorces
and stesses. For example, cslzed synthetic microspheres with wellaracterized mechanical
properties might be used as reference matetais type of measurement would increase the
precision for estimating ', which was calculated analytically in the prst work (Eqg. 8).
Nevertheless, values of mechanical properties deduced here compare well with those reported in
the literature (Table 4.1). Stilinorerealisticmodelling of cell mechanics is required: Although
the SLS and PL models were useful for ramidaracterization(parameterization of the
investigated celtypes,the interpretation of mechanical data would benefit from more realistic
cell- and electrodegeametriessimulated within dynamienvironments

Finaly, the use of ED for mechanical characterization of adherent cells or biomaterials
other than cells (for example, small tissue constructs) is possible in theory, but is limited to
materials with Eg < 5 kPain the present configuration: New el ectrode geometries and increased U

(U >10V) are expected to widen the applicability of ED in the future.
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Summary: Hydrogenated anocrysalline

silicon (ne¢Si:H) was deposited by plasm % =%, ‘ T Ps
enhanced chemical vapor depositi LT e ey
(PECVD) on transparent polymers in orc ool % "%, | emeTne ||
to qualify these for possible use as electrc K b ey Y
substrates. As a first step, plasma € —

experiments in pure Hrevealed small etcl 5_
rates for these materials. Thin films of-r §
Si:H were then deposited on samples pla &
RQ WKH JURXQGHG HOHF ©
type parallel plate RF (13.56 MHz) PECV
reactor, at various substrate temperatt
(25°C (T 0250°C), using SiH diluted in

H, as the feedjas. Thermally induced failur . : ;
of the neSi:H/polymer composite wa 77 s o 3 55 i
avoided within a certain range of depositi 1000/T (K™

conditions, permitting  structural ar

electrical characterization of the deposits.

TemperatureGHSHQGHQW FRQGX
nanocrystalline silicon (r8i:H) films on glass
and three polymer substrates, all depositec
T<=175°C.
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1. Introduction

Electronic devices on flexible polymer substrates are becoming imggBasmportant, for
example in displays, photovoltaic cells, etc. The advantages of using polymer substrates instead
of glass for electronic applications include light weight, flexibility and conformability, and low
cost with the possibility of rolto-roll processing (largarea electronics). So far, the adoption of
polymers for electronic applications has been slow due to their limited compatibility with
semiconductor fabrication processes. In particular, the relatively high linear expansion
coefficient, D and low glass transition temperaturg, ®f most polymers limit their use to
temperatures below 3@D. Several higify polymers (22&€ T, 330€) with optical
transparency, good chemical resistance and barrier properties have recently beendéwelope
use in organic (OLED) display technology [1, 2], and these have motivated the present research.

For many applications, thin film transistor (TFT) matrix arrays are required, for example to drive
the individual pixel elements of a display [3, 4]. Hydenated morphous silicon i:H) is a
low-temperature material which is presently used as a TFT semiconductor, but its inherently low
chargecarrier mobility limits the density at which TFTs can be laid out. Better-samotural
control of lowtempeature Si films is therefore required to increase TFT density and to reduce
operating power of TFbased devices. Silicon can be deposited as various structural phases
ranging between-&i and the fully crystalline state-&i); these include nanocrystakincSi),
PLFURFU\V VED @rid LpQydrystdline (p&i) materials. The first two (R6é L D Q&) F
comprise an-&i matrix in which are dispersed many tiny crystallites (small volumesSof, the
3QDQR” DQG 3PLFUR’” SUHIL[Hatallit€size. PBWdfapslto W alerRiHM2Qs F
devoid of the amorphous matrix, the crystallites being separated by abrupt grain boundaries.
Although ¢Si and peSi possess high carrier mobility in comparison 48iathey are brittle and
inflexible, unlike aSi. Furthermore, as transistor dimensions are reduced, conductivity anisotropy
within the peSi material becomes problematic.

Nanocrystalline silicon (nSi:H) is a preferred semiconductor for fabricating TFTs, and
deposition by plasmanhanced amical vapor deposition (PECVD) is particularly advantageous

when using temperatwsensitive substrate materials. With PECVD, the crystalline volume
fraction of asdeposited Si films can be varied between 0 and close to 100% within a useful range

R 1 30O &uBstrate temperatures; [b-7], eliminating the requirement of pedéposition laser or

thermal annealing. The objective of the present research has, therefore, been to d&sit nc

films at the lowest possible;Values, and to characterize thenustural and electrical properties.

No coatings were deposited before or after theSind, which was deposited directly on the

various substrates in order to simplify the estimation of stress values induced within the film
substrate (&) structure. SuCUWWUHVYV YDOXHYVY UHVXOWLQJ IURP GLIIHUHC
be correlated with results of structural and electrical measurements. In order to reduce possible
contamination of nc6L + E\ XQZDQWHG 3GRSDQW™ HOHPHQW¥te & 2 1
ablation (etching) during PECVD, we first performed etching experiments in order to identify the
optimal conditions for higlguality neSi:H film growth.
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2. Experimental Methodology

2.1. Etching and Deposition Experiments

Etching and depositorH[SHULPHQWYVY ZHUH SHUIRWBHG 3y@teDRFGHQ QEH
PECVD reactor, operating at 13.56 MHz (Fig. 1). The ranges of operating parameters selected
and the reasons for these choices will be clarified later in this text. The substrate massdials us
WKLV UHVHDUFK DQG VRPH RI WKHLU ) &é fBdddrteddibt Télhledy [RU W
Since neSi:H films must not be contaminated by unwanted impurities, the polymer substrates
must be resistant towards ablation (etching) irrieh plasna during the PECVD process. It was,
therefore, deemed necessary to investigate possible etching of the polymer substrates as a
preliminary step. Etch rates were determined by partially masking the substrates with 50 nm Au
layers before exposing them te plasma at various RF power densities (50 m\¥/cr® 500

mW/cnf), and then profiling the etched areas by Atomic Force Microscopy (AFM). Such
experiments were carried out with the substrates on the grounded or powered electrodes. The
abovenoted variatiorin P was then repeated, this time with a certain fixed concentratign, C

of SiH; added to the K (SiH; concentration, Gua = [SiH4J/([SiH4] + [H2]) = 6.25%). The

resulting aSi:H films were used for comparing deposition rates to etch rates.

In the cae of neSi:H deposition experiments, P was maintained at 50 m¥Asith substrates
placed on the grounded electrode only. The,SaHd H partial pressures were maintained
constant at 8 mTorr and 120 mTorr, respectivelyl>= 6.25%),the chamber presse was
always p = 150 mTorr (20 Pa), while the substrate temperatyneas varied between &5 and
250C. Typical deposition durations were 200 minutes, and film thicknessesiedsured by

variable angle spectroscopic ellipsometry (VASE, J. Woolla@o8), were 120 15 nm.

120 1o PES -
RF || | 110 | » AnyLite™
. P1 | P2[_ 100 4| o AppearTMANNN
MN [7 f 9o +L- FPalyimide 5
g 80 §
& 70 -

p| | — h w 60 -
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Figure 1. Schematic of RPECVD Figure 2. Coefficient of thermal expansidp,
system: RF: 13.56 MHz Power Supply; Ml (ppm/ of four highT4 polymers versus T. From
Matching Network; P1: Turbo Molecular | ref. [1], with permission.
Pump; P2: Rotary Pump; G: Pressure Gal
Ts Temperature Control; MFC: Mass Flow,
Control;Pl: Plasma; S: Substrates; H:
Heater.
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Table 1.  Properties of the substrate materials investigated

Substrate Source/Manufacirer [2] | Symbol| Ty D

(t) | (ppm/C)*
APPEAR? (cyclic Promerus LLC PO 330 |60+T/4
polyolefin)
ARYLITE * (polyarylate) | Ferrania Imaging PA 325 |50+ T/15

Technologies.
SUMILITE £ (polyether Sumitomo Bakelite Co. | PS 223 |50+ T/14

sulfone) Ltd.
KAPTON? (polyimide) DuPont de Nemours & Cq PI 360 |20
Glass (Corning 2947) Corning Inc. G - 9

* T-dependentDvalues are linear approximations of data from ref. [1].

2.2. Differential Thermal Expansion

The maximum value of JTat which we could deposit #8i:H films on the substrates in Table 1
was mainly limited by the differences in thermal expansion coefficiditef the deposited Si
ILOP;V D.QG WKH V;Xde& YAildJ P \&hd Table 1). Substrates were heategdd(d¥
1°C/min) and held at the selected value gfdF 30 minutes prior to film deposition. Precautions
were taken to limit the amount of strualrelaxation (for example, buckling or rolling) of the
film-substrate (6) composite during deposition, and the PECVD chamber was gradually
returned to ambient conditions (@dt ~ -1°C/min) after the deposition had terminated. The
differential thermal ontraction between the substrates and the film deposits can be approximated

by
G(R-D'T, @

where  and D are the respective coefficients of thermal expansion. Since the thicknesses, d, of
our necSi:H deposits were typically at least a tisand times less than those of the substrates,
stress relaxation of thesf composite gave rise to curvature. Wheltid~ 10° such as in the
present case, this phenomenon may be expected to obey the Stoney formula/¥p {al¥®0,

where < LV <RXQ UMY [8P RHB condition is not always met when using polymer

d.Y.
substrates, since;Y| 150200 GPa [9] and 1.9 <J¥x 5 GPa [1]. However, sincgﬁ 110, we
fof

can use the following expression to estimate the compressive stress in the filnddiezeotial
thermal contraction [10]:
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Y, G
1 Q°
where Qis Poissor§ ratio of neSi:H. Films deposited on PO, the polymer with by far the highest

R value (see Fig.2 and Table 1), were observed to delaminate!ad0 €; in this particular
case, the compressive straf@' T | 1.7% resulted in a stress, | 3.6GPa, a value that clearly

exceeded the-§ interfacial adhesion strength. These may, therefore, be considered the limiting
conditions for successful deposition of stableSit film coatings.

2)

S

2.3 Physicechemical Characterization of Si Deposits

Thin Si deposits were subjected to both structural and electrical characterizations, primarily by
micro-Raman spectroscopy (MRS) and by @@nductivity measurements, respectively. MRS

was used to estimate the crystalline volume fractiaasof the films by comparing the areas

under Raman peaks corresponding to the crystalline (c) and amorphous (a) transverse optical
lattice vibrations (€TO and aTO) [11-17]. We used an argph RQ ODVHU QP LQ WK
configuration, and calibrated the measured spectra wittsiasample displaying a-tO peak

centered at 520.5 ¢hwith a full width at halfmaximum (FWHM) of 3.886 cih Data analysi

(spectral deconvolution and area integration) was done using BOMEM GRAMS/32 software
(Galactic Industries Co., Salem, NH).

DC conductivity measurements were performed by the-pourt-probe method [18], with
samples mounted on a temperatcoatrolled substrate holder and using computerized data
acquisition. This system, that allowed us to measure sheet conductivity during repeated thermal
cycling, comprised a Keithley 220 programmable current source, an Agilent 34401A multimeter,
and a Temptronic tempegture controller; probe tip spacings and radii were 1.59 mm and 17.8

P UHVSHFWLYHO\ )RU WKH FDVH RI VYHUQ® /&y, pdR@ GXFWL®
aluminum electrodes (with a 108n gap) were evaporated on the Si films, and measurements
were caried out under vacuum.

3. Results and Discussion

3.1. Etching and Deposition Experiments

Figure 3 presents etch rates, E, of three of the present polymers inplesida, samples being
placed either on the grounded or the powered electrodes. Sigthifibagher etch rates are seen

to occur on the powered electrode (PO, in Fig. 3) on account of d:bias induced ion
bombardment [19]. E values were very small for the case of low power densities (|P| < 50
mWi/cnf), especially in the absence of energéic bombardment, on the grounded electrode.
Figure 4 presents the influence of P on the deposition rate, D, and the refractive index, n, of a
Si:H films, deposited at;= 27 °C on glass. Dense films (high n values) with low concentrations
of voids and dter defects are produced in the {&wlow-D) regime, substrates being placed on

the grounded electrode.
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Figure 3.  Etch rates, E, for three of the hi| Figure 4. Influence of power density, P,
Ty polymers, as a function of power density, deposition rate, D, and refractive index, n, o
P < 0 refers to substrates placed on the padv Si:H films, deposited on glass a§F27°C. P <
electrode. 0 refers to substrates placed on the pow
electrode.

3.2. Raman Spectroscopy

Micro-Raman pectroscopy (MRS) is a nesestructive optical technique that can be used to
analyze structural properties of semiconductors]Z]L In silicon, the transverse optical (TO)

vibration modes differ between3 and aSi:H materials. Within a multiphase mag, for

example neSi:H, we can estimate the crystalline volume fraction, By comparing the
FRQWULEXWLRQV IURP WKH 3F" DQG 3D” SHDNV )XUWKHU LQIF
IUHTXHQF\ SRVLWLRQV & bBm@aGnumkH+DXO0O© RUOGWKH SHD KW ODV
G LV F XV V H gcdh HeOeRtihated using the formula [11]:

ot (3)

& Ic Igb y(L)|a1

where {, Iqpp,andy DUH WKH LQWHJUDWHG LQWHQVLWLHY RI RU DUHEL
(grain boundary), a6 3*DPRUSKRXV" SHDNV UHVSHFWLYHO\ VHH )LJ
function, y(L), is the ratio of the scattering cregsxtion of €Si to aSi:H, which depends on the
HIFLWDWLRQ ZDYHOHQJWK DQG WKH JUuDLQ VLIH [/ C
y(L) 0.1 exp L/250; in other words, y is close to unity, 0.9 < y(L) < 1.1 for the case of

small grain sizes (0 < L <20 nm). Since the deposition conditions used here are known to lead to
L values < 20nm [%], we have used y = 1 in our calculatiptige results of which appear in Fig.
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6. Figure 6 represents a plot of ¥6. T films are seen to be essentially amorphous (X) for
Ts 100, but the crystalline fraction, Xthen rises nedmearly with increasing Jvalues.The

majority of our neSi:H films, corresponding to
maximum X of ~ 0.5. Increasing eithers©r the
unstable filmsubstate composite structures, as

deposits made at 15@°T, ( 225°C, show a

deposition duration (film thickness) resulted in

will be discussed later.
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Figure 5. Example of a -§i microRaman
spectrum, corresponding to an-8cH film

deposited on PA atsFE 175 °C (see table 2 fq
description).

Figure 6. The influence ofsTon the
crystalline volume fraction, ¥ estimateq
using eq. (3), for different substrate materia

Table 2. Data analysis of the midRaman spectrum shown in Fig. 5.

Symbol | &(cm?) | + FP Peak Reference
assignment
a 520 4-15 c-SiTO [11-17]
b 494510 | 2030 gb-Si [12, 13]
c 480 4580 aSiHTO | [11-17]
d 440 ~100 aSi:H LO 17
e 330 ~120 aSi:H LA 17
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The measured peak HQWHU SRVLWLRQV & -8@a@rd)neH samplds RaxyU D
considerably, depending on the chosen substrate materiakafRdrthe e72 SHDN & “
cm® DQG + 4 whitePfor the a72 SHDN & “DQEP+ <l FP
Onset of the intermediate peak (Table 2, syni)aoincided with that of the crystalline peak; its

& DQG + YDOXHV ZHU'HDQG + “ ¥R fElIPexamination of this data will

not be presented here due to the many film properties and measurement conditions which can

DITHFW & dn@ & thesedfactors include: (i) the size and shape of crystallites [14], (ii) the
local temperature of the measured volume, [I5] which can be raised by the probe laser, and
(i) residual stresses (both intrinsic and extrinsic) which are variableughout the film
thickness [16].

3.3 DC Conductivity

The electrical conductivity of semiconducting materials such aSi:k; \(T), is thermally
activated and therefore obeys the Arrhenius relation:

— 8 Ea )

\T) = \gexp okT 4)
where \§ is the preexponential factor, Hsthe seFDOOHG DFWLYDWLRQ HQHUJ\
constant. For the case of-8¢H films grown directly on plastic substrates, the temperature
dependence olT) is also influenced by stress in the film resultingrirthe differential thermal
expansion between it and the substrat&(QB After repeated thermal cycles, excessive stresses
may result in failure (cracking and delamination of theSnél) of the fs composite. Figures 7
and 8 preseni(T) data for neSi:H films on PA and PO substrates, respectively, measured while
continuously heating and cooling the composites (dT/dt = 3°C/ min) within a range of
temperatures, 40 < T < 120'& 3* R R€conhposite structures display the expected-liveear
behavior (Fig 7), while a highly no#inear behaviour is observed for the case ofShel/PO
(Fig. 8). Values ofVand & IR U 3JR RSCGH filgnE grown at particular fixed conditions were
always found to be very similar, independent of whether they were deposipedyarers or on

DC

JODVV 33 OUKNHQIBEAKDYLRU ZLWKLQ WKH VSHFLILHG 7 UDQJH .
at Ts 0175% HIFHSW IRU WKRVH JURZQ RQ WKH 32 VXEVWUDWH

following: As shown in Rj. 2, APPEAR (PO) undergoes a structural transition af 80€ that

gives rise to rapidly increasin@T) values above that temperature. As a result, stress values in
the neSi:H deposits on this substrate increase concomitantly with rising T, andviissrige to

the hysteretic, neArrhenius behavior observed in Fig. 8. For the case of all other substrate
materials, Dis either constant or only mildly-@lependent (see Fig. 2 and Table 1) so that this
SDQRPDO\" GRHV QRW RF Fpatdlel Tineht cdds inHAg. R IwigcH Bventually

stabilize to a single, reproducible one, result from gradual relaxation of the residual stresses in the

polymer that originate from the manufacturing process.

In Fig. 9 we present a series of Arrhenius plotsesponding to different substrate materials (PS,
PA, Pl and glass), in all cases following mechanical relaxation of possible stresses in the
substrates, and all +&i:H films having been deposited under identical conditiong atIl75 «.

Clearly, the cwres are all parallel (=92 r5 meV), buttheV 79 YDOXHV FDQ GLIIHU E
RlI DERXW IRU DQ\ JLYHQ 7Y YDOXH )RU HDVLHU FRPSDULYV
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focus our attention on our data pertaining to the Corning 2947 glagsasellvsaterial: Figure 10
shows plots of\(300K), values measured at 300K, versus the corresponding appavethids,

along with similar plots drawn from the literature [7, 20]. Even though the latter correspond to
significantly different fabrication catitions (for example, Ram et al [7] used &5 their Si feed

gas, instead of Sijji, the three data sets are remarkably similar. Figures 11 and 12 show plots of
\(300K) and of g values versus Jand &, respectively, for the presentSkH and neSi:H
deposits, again on the Corning 2947 glass substrates. Like the data displayed in Fig. 10, these
illustrate the remarkable range of property variations, their systematic dependenc@o&T

itself strongly dependent ong)T and their excellent reprodudibes achieved in the current
research. Although the data are not shown here (other than in the example of Fig. 9), similar
UHVXOWY ZHUH DOVR REHKDLYHHEG EROWKP WK H XEN@OWQDWHY WKD

As mentioned in connection with Fig01the present data correlate well with those in the
OLWHUDWXUH EXW RQO\ LI RQH WDNHV LQWR DFFRXQW WKH
Si:H at the ppm level. This is known to occur on account of trace quantitiesamidd40 in the

reactor,and its extent depends on 3ince oxygen is reported to migrate preferentially within the

grain boundaries [21]. Torres et al [21] demonstrated thdoing could only be avoided by

taking extraordinary measures for assuring purity of the feed gad #ralreactor system.
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4. General Discussion and Conclusions

Like the present wrk, other earlier research-[g also had an objective to elucidate the micro
structural evolution of thin Si films, deposited by PECVD from Sikixtures highly diluted in

H,, for the most part using silica oSt substrates. With a suitable choice gf&(between 5%

and 8%, 6.25% in the present case) it was found that the microstructure of deposited films can be
effectively controlled by varying a single parametey[5F7]. The present micestructural and
electrical results also clearly demonstrttat a very wide range of material properties can be
achieved simply by varyingswithin the range tolerated by the current substrate materiats (T
250°C). The first appearance of nanocrystalline structure (detected by MRS) occuiedla@0T

I' 10°C (Fig. 6). Thermal expansion of these substrates has clearly been our greatest challenge
for the development of highly stable fHeubstrate composite structur€ompressive strains (
R'T |17%) and compressive stress valugs | 3.6GPa, have been identified as those that

clearly exceeded the adhesive strength of th8ird/PO interface, whensTt 200 €. Although

highly stressed samples (PO substrate,=T175 °C) were not observed to immedig
GHODPLQDWH WKHLU 1 7 EHKDYLRU ZDV K\VWHUHWLF )LJ
numerous thermal cycles (~10 cycles of ~8 hours per cy€led.large majority of nSi:H films

on polymers nevertheless showed resilience, as eviddmcdle stability of their electrical

behaviors (linear Arrhenius plots for 48&:H on all substrates other than PO), even when
repeatedly subjected to ~ GPa stresses, both in tension and compression, for example during
continuous thermal cycling for peds in excess of 80 hours. Like Angiolini et al [1], we are
WKHUHIRUH FRQILGHQW WKDW WKH UHVXOWY SUHVHQWHG K
SHUIRUPDQFH 7)7 DUUD\V RQ SODVWLF VXEVWUDWHV"

The highTy polymers we have used here as substifatél certain important requirements for
electronic applications, for example in OLED technology: Their highvdlues and their
resistance to plaswriaduced ablation have allowed us to deposit satisfactoi§iiht layers by
RFPECVD, subject to the saition of suitable deposition parameters. The high expansion
coefficients of some polymers, particularly of PO, remains an important obstacle opposing
fabrication of reliable devices, yet the resilience ofSméd films observed on substrates other
than POis encouraging. Relationships between deposition conditions, structural and transport
properties that we have observed manifest much similarity between the behaviorSiofl nc
films grown on glass and on polymer substrates.
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APPENDIX II. Gene delivery by electroporation after dielectrophoretic
positioning of cells in a neaniform electric field
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Abstract

We report the use of dielectrophoresis (DEP) to positigd8W monocytes within a nen
uniform electric field, prior to electroporation (EP) for gene delivery. DEP positioning and EP
pulsing were botlaccomplished using a common set of inert planar electrodes,-falmoated
on a glass substrate. A singtKHOO PRGHO RI WKH FHOOTYV -@dni¢@HFWULF
modeling of the electric field distribution permitted us to predict the majdurks of cell
positioning. The extent to which electric pulses increased the permeability of theecetiranes
to florescent molecules and to pEGE& DNA plasmids were found to depend on prior
positioning. For a given set of pulse parameters, EP waereitreversible (resulting in
cytolysis), reversible (leading to gene delivery), or not detectable, depending on where cells were
positioned. Our results clearly demonstrate that posdapendent EP of cells in a naniform
electric field can be contiled by DEP.

Keywords: Electroporation; electropermeabilization; dielectrophoresis;-umform electric
field; gene delivery; transfection; microelectrode;
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1. Introduction

Biological cells of various types can be distinguished from-amaher and dispced
within a liquid medium using dielectrophoresis (DEP) [1]. In a spatially-uroform electric
field, E, the differential electric polarizability of cells and their suspending medium produces the
DEP force, which can be either attractive (towardsstiengE regions) or repulsive (towards the
weakE regions), depending on experimental conditions. Attractive or repulsive DEP forces are
XVXDOO\ UHIHUUHG WR DV 3SRVLWLYH" S'(3 RU SQHJDWLYH"
DEP force as a funct RI H[SHULPHQWDO YDULDEOHV SURGXFHV
characteristic of each cdlpe, allowing for cell separation and identification [2, 3]. In
microfluidic devices, DEP has been used to transport and position cells with sufficient precision
to enable singlecell manipulation [46].

Microfluidic devices for singleell or subcellular analysis often use electric fidddsed
techniques other than DEP to increase permeability of the cell membr@&hedi7to induce
cytolysis [10, 11]: Electropot@n or electrepermeabilization (EP) results from the application
of an intense electric field to bring about structural changes of the cell membrane that increase its
permeability. It is well known that irreversible EP leads to cytolysis [12], whilesidle EP can
be used to transfer molecules such as DNA into the cells while maintaining high rates of cell
survival [13]. Generally, pulsed electric fields are used and the extent of EP is determined by
parameters such as the strength, duration, andtrepeate of the electric pulses. Critical values
of the electric field strength, which determine whether-wginbrane EP is reversible or
irreversible, are specific to each eslpe and are usually determined by performing experiments
at differentE-values [14, 15].

Traditionally, in vitro EP has been accomplished using electrodes with millimeter
spacing, and the position of individual cells within the electrode chamber did not need to be
considered [16]. In contrast, micfabricated devices for EP @mmmodate relatively small
numbers of cells and their smaller (smin) electrode dimensions require consideration of spatial
nontuniformities in E and of celpositioning with respect to the electrodes1fl]. Celt
positioning by DEP is known to complemefgP experiments. For example, the alignment of
cells by DEP after EP has been used for-celll fusion [17], and EP of DERapped cells
increased the sensitivity of impedarussed celldetection [18]. In a spatially nemniform E, the
dependence of EP@Q WKH ILHOGYTV DPS O L Wep&tent) EPY ah0 thevefdr€le&dR V L W L
to regions within the chamber where either reversible or irreversible EP may prevail [19, 20].

In the present report, we have used spatially-undform E to assess the extent of
reversible and irreversible EP as a function of cell position within the electrode chamber. As a
first step, positiordependent EP of a single cglbe, U937 [21], was investigated using
fluorescent probes. We selected a singletgpk to ensure thaiulsing conditions required for
EP were similar for all cells, such that any differences in EP would primarily be due to their
positioning. We then used DEP to accentuate posttependent EP, by moving cells into
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specific regions within the electrode ohizer. Genalelivery was accomplished for all cases of
cells being randomly distributed, or selectively positioned by DEP prior to EP, however the
number of successfully transfected cells and their viability depended on the specific conditions of
EP and oDEP.

2. Methodologies

2.1. DEP analyses using a singlkell dielectric model of a spherical cell

Dielectric parameters were determined independently of EP experiments, by fitting the
measured crossver frequency from DEP experiments (defined in&Ehelow) with a single
shell model of the spherical cell [22, 23]. Different values of the complex electrical permittivity,
0 ZHUH DVVLJQHG WR WK H HNMNEH U/ &V RH GO @ HWMELDQH 0
DQG WR WKH LQWHUQDWI& FAKRNGROOA DQDWHY SHUPLWWLYLW
FRQGXFWLYLW\ DQG & ElI DQJXODU IUHTXHQF\ | EHLQJ W
electric field, and jL ¥Fs Therelative SHUP LW W L Y{_ \Wheihy/the pelnifivity of free
space.

The DEP phenmena observed in the present work can be modeled using the following
four equations (Eqs-4) [25]: The DEP force, dep, for the case of a spherical cell of radius, a, is
approximated by

Foer 2SHCReK Z @E?, (1)

where the polarization &or, K, is

i
‘ nk, (n D4 )

K

where Ocer Q1 =M &8s thecomplex electrical permittivity of the cell amdis the multipolar

term (for the present spherical case, we assumed a pure dipole, n = 1). nDEP and pDEP
FRUUHVSRQG WR . DQG . ! U HR/5 H @gwaidy i, Gefinel Bl(flQQJOH 3F U
= 0 and Be(fo) = 0, was seen in DEP experiments (described below) whdi®fHz:
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1

f i§ ‘é cell %ell 2‘4 2
’ 2So Hy H Hi 24 2 (3)

7KH HITHFWLYH FRPSOH[ S'hlJiased/on the abave Siigle¢lkikeof i OO 0

§i'32'lﬁ/'%(
@ dt f 2H

’Eén 'ﬂ§a-3 '.E/'ﬁ 4)
@ di H 2

ZKHUH G LV WKH PHPEUDQHYVY WKLFNQHVV 7KLV PRGHO KDV
0 and the areapecific conductance of the membrang, G &/d, for several celtypes, using
DEP [2, 3, 22,23] and the electrorotation technique [24, 26, 27]. In our study we took fixed
YDOXHV IRWDQ& OH DVVXPHG D P IURP RSWLFDO PHDV.
> @, =10°Sm! D QG ® 8 as will be further discussed below. Theermental
FRQGLWLRQV G HMWHdtWere @ khé rande€i® f (Hz) < 10’ and 167 1(Smb) <

7KH UHPDLQLQJ WZRQ & dveDtlred Youihd) by fitting experimentaldata
using Eq. 2 (K@ Z L.W/dfved by Eq. 4and restricting the fit parameters to the ranges

1S mih DQG RO & The differences between measured and calculated values
of fo were minimized using a leastjuares algorithm (Isqcurvefit, Matlab v. 7.2, The Mathworks,
Natick, MA).
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log(f/ Hz)

Fig. 1 The real part of the polarization factor, Re[K(f)], in Eqsl and 2 versus frequency
PRGHO SDUDPHWHUY FRUUHVSRQGLQJ WR 8. PRORES
Sm' %e=D.1Sm &A04Smt DQG21.aSn.

The polarization factor. | gldetermines cell positioning by DEP, where nDEP occurs
when K(low-f) < 0 and pDEPwhen K(highf) > 0. Using parameters found from best fits
SUHVHQWHG EHORZ L QOWKOH#2B 8 WX havrvssder frequency,df is seen
WR LQFUHRYRFAXKHDYHY IURP $ WR % WR:&! WR < 0OLfq aJlL J 'K
values of f, and only nDEP can occur (Fig. 1, curves C and D).

2.2. Fabrication of electrodes and modeling of the electric field

Planar Ti/Pt electrodes were fabricated on glass substrates using standafil lift
processes [28]: Chromium masks were fabricated on glass (Bandwidth Foundry, Sydney, NSW,
Australia) and photolithography was carried out by smating an adhesion prater, AP300
(Silicon Resources, Chandler, AZ), a-litf resist LOR5A (MicroChem, Newton, MA) and a
final, positive, resist S1813 (Shipley, now part of Rohm & Haas, Philadelphia, PA). UV exposure
was done using a Karl Suss MAmask aligner (Suss Microtewaterbury Center, VT). The
electrodes were deposited by electron beam evaporation (Ti adhesion layer, 10 nm) and
sputtering (Pt layer, 70 nm), the former under ttiigh-vacuum and the latter in Argon at 2.4
Pa. For each glass slide (dimensions: 76254 x 1.5 mm), the lifoff procedure produced 12
sets of electrodes, each with three leads (Fig. 2a) to which electrical connectors were bonded
using a combination of conductive silver epoxy (MG Chemicals, Surrey, BC, Canada) and a
standard twephase epxy (LePage, Toronto, ON, Canada). The electrodes were placed within
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the microscope slidearrier of an inverted optical microscope (AxioVert S100TV, Carl Zeiss
Microimaging, ThornwoodNY) and connected to a signal generator (Model 33220A, Agilent,
Palo Ako, CA), which was used to generate both sine waves for DEP and square pulses for EP,
without the requirement for any additional signal conditioning or amplification. During DEP
manipulations, the central electrode was driven at opposite polarity tortioersling structure

(Fig. 2b, e2 and el, respectively). The latter possessed periodipaligd triangular features,
which gave rise to alternating regions of stroagd weak E (Fig. 2c). The electrode area over
which significant DEP occurred (Fig. 2optlined trace) was about 3 mniThe distance of
closest approach between the inner two electrodes (at the tip of each triangular portion) was 50

P

' D A e

L .
g
2y~
—
- -

Fig. 2 Ti/Pt electrodes deposited on a glass microscope slide. (a) Twelve setsadf
electrodes. Scale bar is 1.5 cm. (b) OHe&®l electrode set with electrodes labeled el, e2,
e3. The inner two electrodes, el and e2, are driven at opposite polarity, while the ou
electrode, e3, is grounded. (c) Magnified view of the inner two electrodes, el and e
rectangular tree represents the region used for DEP: Strang weakE regions occur where e
approaches and recedes from e2, respecti8eble bar is 1 mm.
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‘H GHILQHG SRVLWLRQV ZLWKLQ P RE rdgloms, BHOHFW U R
otherwise as weak. The values of E averaged over the strong and weak regions differed by a
factor of approximately three. For example, when the applied voltage was U 5 eV
maximum value of E = U/l, where | is the intelectrode distance, was 200 kV'nThe E values
averaged over the strongnd weak E regions were ~180 kV thand ~60 kV nif, respectively.

These estimatesf E were accomplished with Comsol Multiphgsiv3.2 software (Comsol,
Stockholm, Sweden) using the conductive media mode with the electric potential assigned at
boundaries (Dirichletype of boundary conditions), and assuming a homogeneous medium in
which the presence of cells was neglected.

2.3.Cells and media

An established human monocytic elfle, U-937, obtained from ATCC (Manassas, VA),
was chosen for these experiments, primarily because these cells are cultured in suspension and
tend not to adhere either to solid surfaces or teamather The cells were cultured in RPMI
1640 (SigmaAldrich, St. Louis, MO) supplemented with 10% FBS (Atlanta Biologicals,
Laurenceville, GA), and incubated at 37 °C in an atmosphere supplemented with 5%RriGO
to EP and DEP experiments, the cells wererdaged at 190g for five minutes (Model CR4 22,
Jouan, SainHerblain, France) and 1suspended in one of several loanductivity buffers.
Buffers of different conductivity were made by diluting phosptiatifered saline (PBS D1283:
136.8 mM NaCl, 8.1 mMNaHPQ,, 2.7 mM KCI, 1.5 mM KHPQO,, Sigma) in deionized water
(DI-H,0), and adding Bylucose (Sigma) to maintain the osmolality at 200 + 25 mOst kg
(close to the isotonic value of ~285 mOsm'k@A slightly hypotonic buffer was used to induce a
slight swelling of the cells that is advantageous for EP experiments since the amplitude and
numbers of pulses could be reduced compared to the isotonic case [29, 30]. The cell radius (and
standard deviation) was estimated at a = 7.5 £HnQon using the strghtline measurement
feature of imaging software (Northern Eclipse v. 7.0, Empix Imaging, Mississauga, ON, Canada).
In comparison, the isotonic value was a= 6.25 + B This level of hypotonicity was
considered acceptable with reference to the relgtiaege range of osmolalities 75 < Osmolality
(mOsm k@) < 300 used in previous Hfased experiments [29, 30]. The pH was always above
6.0 = 0.5, and was also safe for skerin use, cells being kept within the buffer solution for less
than 15 minutes. file conductivity range of the diluted PBS buffers wag 103 (S m?) < 1.6,
and the maximum concentration ofglucose required, corresponding to the medium with lowest
%, was 220 mM. Conductivity and pH were measured using an Accumet model 20 instrument
(Fisher Scientific, Hampton, NH), and osmolality wasasured using a model 3D3 osmometer,
based on freezingoint depression (Advanced Instruments, Norwood, MA).
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2.4. Cell positioning and measurement of the cmss frequency

Unless otherwise stated, cells were suspended in buffer at a density of0® &e{slmL

! as measured by hemocytometer (VWR Scientific, Mississauga ON), and were transferred in 7.5
/| YROXPHVY WR WKH HOHFWURGH VXUIDFH XVLQJ D PLFURSLS

layer containing ~3750 cells, which covered an area of ~36. fine CEP signal applied to the
electrodes was a sine wave with a peak voltage of U = 3 V, and a frequency sivedgHz) <
10 ZDV SHUIRUPHG IR U. Eeb Behavidd ®as khoRitordd visually or with a CCD
camera (Model QIg=-/M2: Qlmaging, BurnabyBC, Canada), and still images were captured
for subsequent analysis. Under these conditions, the majority of cells attained equilibrium
positions along the plane of the electrodes after about five minutes, by a combination of DEP and
sedimentation, at whicpoint the experiment was stopped. alkitioning statistics were then
compiled from the image by counting the cells that had migrated to dfroegions (where the
distance between cells and eWdJRGH HGJHV 2A®rsus wealE Pegions (where the
GLVWDQFH EHWZHHQ FHOOV DQG HOHFWURGH HGJHV ZDV !

8QGHU FHUWDLQ FRQGLWLRQV ZLWKREE8UfUBAUtb &V H FKR
negligible, and cells remained randomly distributed dbher electrode surfaces. As described
DERYH WKH FRUUHVSRQGLRYH UY DO X HYaroareiffansKt Maltie bfR V V
ZDV IRXQG IRU HDP F&Kdetdondne il We Iredeated the positioning experiments at
different f values, untilrandom distributions of cells were observed, approachgnfom
frequencies both above and beloyirf order to minimize error. This procedure was repeated
WKUHH WLPHV IRU HDFK 1

2.5. Electroporation and gerdelivery

We used squar@ave bipolar elecic pulses for electroporation. For each experimental
condition, a sequence of six pulses was applied, each with widtht V -lahd/f&ll times of
ts = 5 ns, and intepulse intervals,t= 0.5 s (that is, repetition rate, rr = 2 Hz). Peak applied
voltages were U = 7, 8, 9, and 10 V. First, randedisfributed cells were electroporated in the
presence of florescent probes, to visualize the spatial dependence of EP in the case-of a non
uniform electric field. Cetpositioning by DEP was used to antigate this positioependence
of EP and further influence getr@ansfer. Expression of the transferred genes and cell viability
(cell-survival) were quantified by determining the ratiog/Nor and NYNtor, Nt being the
number of transfected cellssithe number of surviving cells, andrd\ the total number of cells.

:H XVHG D 3/LYH JUHHQ 'HDG UHG °~ F\WRWR[LFLW\ NLW
visualize the positiolependence of EP. The protocol consists of adding a mixture of two
different fluorescet indicators, each at 0 FR Q FH Qtw/ i a¥lILFr€pension. The first
indicator, Calcein AM, can enter through the cell membrane and then be cleaved by esterases in
healthy cells to become fluorescent (green). The second indicator, Ethidiufn id@2xcluded
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from healthycells with intact cell membranes, but traverses those that have been compromised,;
once inside the nucleus, it binds to nucleic acids, which greatly (40 x) increases its fluorescence
(red. Thus, healthy cells appear green, irreversibly damaged cells retl, reversibly
electroporated cells appear orange due to the combined presence of both indicators. Live/Dead
EP results were obtained using a random and uniform distribution of cells to assess position
dependence of EP due to the spatially varying E.

For genetransfer we used a DNA plasmid expressing a fluorescent reporter, pPEGFPLuc

&ORQWHFK ORXQWDLQ 9LHZ &$ DW!'D$VRDERQMWUDWLRQ RX |
containing cells and DNA were placed over the electrodes at a cell density of DL&>Eells
mL™* (total number of cells ~ 3750). The buffer was PBS diluted P2 ZLWK FRQGXFWLYL
=50 mS i, and osmolality = 200 + 25 mOsm kgrransfection experiments were performed at
room temperature (27 °C, or 300 K) under four sets ofltions: (i) EP pulses were applied
after the cells had been positioned by pDEP for five minutes, using a 3 V, 1 MHz sinusoidal
potential; (i) EP pulses were applied after five minutes of nDEP positioning, using a 3 V, 40 kHz
sinusoidal potential; (ii)(3 SXOVHV ZHUH DSSOLHG DIWHU ILYH PLQXWE
(37 DQG LY DV D FRQWURO ZLWK QHLWKHU '(3 QRU (3 SX
repeated four times. Following gene transfer, cells were incubated irsliigfemented RPMI
growth medium at 37 °C with 5% CGOThe number of transfected cells;, dMind surviving cells,
Ns, were monitored by fluorescence microscopy.

3. Results
3.1. Cell Positioning

The measured DEP spectra of cells reveal the range® @ forlwhich both pDIP and

NDEP positioning were achieved (Figs. 3b and 3c, respectively). The data can be represented by
the crossover frequencies (Fig. 4), where a linear relationship betw&e@Q {Bvds observed for

1S m') < 0.2. : K H Q wias close to physiologal (1.5 S rif), only nDEP was observed
ZLWKLQ WKH IUHTXHQF\ UDQJH LQYHVWLJDWHG 0.0WKt. RQVHW
The intercept off GDWD H[WUD S RGO D MéldEgiwWiRAdD 4) @as close enough to zero
that an upper limitR 1,k 10° S m* (G, < 1430 S rif) could be determined. These small values
RImIKDYH D QHJOLJLEOH HIIHFW>B3K HOSAD QR XKDV @H =D VR ™ PLH C
10° S mi* for further calculations and for model fitting.
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Fig. 3 Posibning of U937 monocytes by DEP. (a) Simulated electric field distribution usin
arbitrary linear scale. (b) Cells positioned in the strBnggions by pDEP. (c) Cells positiont
inthe weakE UHJLRQV E\ Q'(3 6FDOH EDUV DUH P
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Fig. 4 The crossover frequency, f YHUV XV FRQGXFWLYLW\ RI W
for U-937 monocytes. Open circles are experimeptéinean £ SD, n = 3), while th
dotted line is a fit using Eqs 2 and 4, and the solid line is a fit using Eq 3. The
VKRZV WKH UHJLRQ RI ORZ 1

We fit fp data to both Eq. 2 (with the condition K(f DQG (T YDO-OLE R U 1

VHH )LJ E \m DB dth@r parameters fixed & P G 1, =Q0®
Sm'DQG @ QTKH EHVW ILW IRU ERWK HTXDWHRIFV.&ZbFV IRXQG
m? D Q6 0MU25 S rit. These data therefore provide estimates for the dielectric properties of

U- PRQRF\WHKWBW1G,<1430Snnf 0 {Cn=7.6+125mFm ;%

0.425S 1t DQG 0§ and can be used to predict DEP responses under arbitrary conditions of

fand \L

3.2. Live/Dead viability tests

During DEP experiments with U < 4 V, Live/Dead tests revealed that t887cells
remained viable foraDHDV W PLQXWHYV L QvaltkS. HiQu&ah @iipliitde bf D@ G 1
3 V was used for subsequent DEP positioning prior to EP.
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Fig. 5 Positiordependent EP of U PRQRF\WHVY DV PRQLWRUHG E
florescence tests. (a) Livellss shown before pulsing. (b) The same cells shown in (a), bul
minutes after applying pulses of amplitude U = 8 V, showing limited cell death. (c) Live
shown before pulsing. (d) The same cells shown in (c), but five minutes after applying gt
amplitude U = 10 V, showing more extensive cell death near the pDEP region. Electrode
edges are outlined for clarity. Scale baris P

The application of higher voltage (7 V < U < 10 V), shadutation (¢ V SXOVHV

demonstrated positiedependent EP within the region of spatially nomnform electric field.
Although cells displayed some heterogeneous behaviour (solseircghe strongE regions
remained green, while others in welakegions became red), a clear poska®pendent response
to EP could be observed (Fig. 5), consistent with the calculated distributib(Faf. 6). For the
case of low pulse amplitudes ®&J4 V), few greerto-red transitions occurred (less than 3% of
FHOOV EXW DV 8 ZDV LQFUHDVHG WKH UHJLRQV FRQWDLQLC
electrodes to eventually fill in the space between electrodes el and e2 when U > 8 V &Rj). 5d

F 7TKHUHIRUH WKH 3FULWLFDO" ILHOG YDOXHV IRU UHYHU\
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from calculated field values and these cell distributions as E = 40 kdnd E = 120 kV f,
respectively. For examplevhen U = 10 V, the region ofreversible EP coincided with that in
which pDEP was observed in the course of -peBitioning experiments (Fig. 3b), while
reversible EP was observed in the nDEP region (Fig. 3c).

Fig. 6 Calculated positiedependence of EP of-887 monocytes, for tierent values

of U. White = irreversible EP (cytolysis), R€iteen = reversible EP, Blue = no EP.
Uu=6V,(b)u=8V,(c)U=10V.



99

3.3. Gendlelivery

Cell positioning by DEP prior to EP significantly influences transfection efficiency and
cel viability, compared with randomiyfGLVWULEXWHG FHOOV 3QR '"(3° XQGH!
pulsing conditions (Fig. 7). For EP amplitudes of U = 7 or 8 V, viability was generally high,
while higher EP amplitudes reduced viability (Fig. 7b). A coupling betwDEP and EP was
evident, where the number of transfected cells increased with U initially for all three cases
(nDEP, no DEP, pDEP) (Fig. 7a), but then decreased above U = 8 V, initially for pDEP and then
IRU QR '"(3° &HOO YLDELOL\y\astER AtdpHitDdé¢ K GcrraésEIR MaRs(R ti€dD
cells that survived the first 24 hours after EP remained viable and were observed to proliferate for
the duration of our observations (one week). For the control group (no DEP, no pulses) we found
Nt =0, as expcted.

(a) 120
80
.
P4
40
0
7 8 9 10
(b)
100
9
>
= 60
o
o
s
........ ey NO DEP
—+— pDEP
20
7 8 9 10
u/v

Fig. 7 Positiordependent gene transfection level and viability of U937 monocyte:
Number of transfected cells,tNand (b) viability vs. pulse amplitude, U, for ce
SRVLWLRQHG E\ HLWKHU S'(3 VTXDUHV @O (3duced
positioning, circles) prior to pulsing. Mean + SD (n=4) values are shown, and dat:
shifted slightly to increase clarity between groups.
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It is important to note that a sizeable fraction of cells remained outside the DiaR4eRed

regions (identified in Fig. 2c), and that these cells were later counted when compiling
WUDQVIHFWLRQ GDWD )LJ 7KLY ZDV WKH UHVXOW RI WK
of cell suspension applied, and led to a relatively high background ofeviabl nomn
transfectable cells that were estimated to be ~ 30% of the total cell number.

4. Discussion

4.1. Dielectrophoresis and Electroporation

The major features of DEP positioning were adequately predicted using astietile
theory, with static IHOHFWULF SURSHUWLHM RFWKRH ROP@GDRFHGLD O
L %HVW ILW YD@XHV.Rt 1025 mFM < 10°S m*(Gn< 1430 S nf), and
1=0425S it ZLWW DN H Qo Bre confparable to previously publed parameters for
U937 monocytes [3], particularly when the low osmolarity is taken into account [29]. The
measurements 0ff DOORZHG RSWLPL]DWLRQ RI H[SHULPHQWI) O SDUD
in order to examine the influence of cell positrmniby DEP on cell transfection.

We found that the spatial namiformity of E used during DEP produced a position
dependent EP. Comparing cell positioning by DEP (Fig. 3) with the posipandence of EP
for randomly distributed cells (Fig. 5) revealsshpDEP and nDEP, increased and decreased,
respectively, the EP and number of transfected cells. For a given value of U, the field acting on
cells in the stronge region (corresponding to pDEP) was, on average, three times higher than in
the weakE region €orresponding to nDEP). Thus, for example, when U = 8 V, the avErage
the nDEP region was too low for significant EP, in contrast to the pDEP region. In the case of
still higher U (U > 8 V), lysis of cells frequently occurred in the pDEP region, neguft low
viability and low N (Fig. 7) while nDEP positioned cells retained better viability and increased
transfection efficiency.

7KH RFFXUUHQ F H \Rlue3RtBaNdnBeD@low which transfection is low and
above which viability drops, is wellnown in the literature [14, 15]. Generally, whé&nis
spatially uniform, experiments designed to correlate EP with field strength are repeated at
different U values. The present spatially agriform field offers an advantage that for a given U
and set opulse conditions (fixed values qf t,, and t), EP can be visualised for a rangeeah a
single experiment. For the present conditions and¥eNlSH ZH HVWLPDWHG FULWLFCLC
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of E = 40 kV m'for reversible EP, and E = 120 kV nfor irreversible EP. Therefore, reversible

EP leading to the possible uptake of dyes and genes was observed to occur in the range 40 < E
(kv m™) < 120. Since the regions within the electrode chamber where these conditions existed
could be calculated from U, weere able to predict the extent of EP based on the combined
effect of DEP cetpositioning and the EP pulse amplitude U.

4.2. Limitations

Commercial electroporators are capable of transfecting variousype# (including U
937) with a higher efficiencthan that reported here. This is in part due to the fact that the device
presented here allows ~30% of cells to remain in-Bowegions, and they were therefore not
transfected. Additionally, we did not optimize the cell transfection medium with speagemts
that are used in commercial systems. Another limitation related to prediction of gene transfer is
the use of the Live/Dead viability tests with dyes that are ~4200 times smaller (by molecular
weight) than the DNA plasmid.

5. Conclusions

Several n& micro-devices for the manipulation of biological cells have been reported in
the literature. Dielectrophoresis (DEP) and electroporation (EP) enable diverse manipulations
such as physical displacement (transport and trapping of cells), and gene d&lnepresent
simple planar micreelectrode devicdemonstrated that applying both DEP and EP in a spatially
nortuniform electric field, permitted correlation of EP with electric field strength. Regions within
the electrode chamber where reversible or erstle EP occurred could then be predicted by the
choice of EP pulse height U and DEP positioning allowed additional control over the outcome of
EP. This study shows that future devices may combine DEP and EP using spatialhifoon
fields to achievalifferent objectives in cell movement and manipulation.
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APPENDIX Ill. Mechanical properties of mammalian cells in
suspension measured by electrdeformation
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Running head: Electredeformation of mammalian cells

Abstract

We describe a planar, micfabricated device for generating fringing reniform electric fieldsWe used

it to measure mehanical properties of individual mammalian cells in suspension by deforming them in
time-varying, nonuniform electric fields. Electrical stresses generatethbylanar microelectrodes were

used to trap and stretch cells, while cell deformation wasedd@ising optical microscopy. Two distinct

cell-types were compared after fitting strain data with a tsdeUDPHWHU 3VWDQGDUG OLQH
model of visceelasticity, and with a twqarameter powdaw (PL) method. Chinese hamster ovary

(CHO) cellswere approximately twice as stiff as U937 human promonocytes, and CHO cells displayed an
elastic behaviour with recovery of initial shape, while U937 strain data bore witness to plastic
deformation. Our results demonstrate that electrical stresses gehbsatmicrefabricated electrodes
permitmechanicatharacterization of distinct mammalian eibes.

Keywords biological cell, mechanics, viscoelasticity, dielectrophoresis, eldeti@mation
microfabrication
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1. Introduction

The mechanical properties of mammalian cells in suspension are important determinants of biological
functionality in severaln vivo and ex vivocontexts. Cells of the circulatory system, for example, have
been extensively studied from a mechanical pers@eaind increased stiffness of diseased erythrocytes
and leukocytes is known to restrict their flow through small channels such as capillaries (1, 2). Recently,
some chemotherapy treatments were shown to increase the stiffness of both lymphoid and myeloid
leukemia cells (3). Measurements of eslffness have therefore been essential for determining the
biomechanical effects of various drugs and treatments relevant to cells in circ(#aBdn

Mammalian cells are increasingly being used for the proglu®f recombinant proteins and
related products in largecale bioreactors (6, 7). Suspension culture permits mammalian cells to grow in
bioreactors by methods similar to those used in microbial systems that enableps(@leThe range of
available citure conditions is, however, limited by shear and extensional forces, which are present in
several types of bioreactors-18). To reduce the harmful effects of mechanical stresses,-stieas
modifiers are often added to cell suspensions (12), althsoigie of these additives can enter through the
cell-membrane, with unknown consequences to the health and function of the cultured cells (13).
Methods to quantify mechanical properties of suspended cells can therefore be used to improve the design
of newcell-types, bioreactors, and micfloidic devices by predicting the cellular elastic and vistastic
responses to various forces.

Unlike adherent cells, which remain fixed during the timescales of most mechanical measurement
protocols, suspended cellmust be stably positioned within a measurement device. Although the
requirement for celpositioning complicates measurements in some cases, suspended cells have
nevertheless been mechanically characterized using a variety of techniques: These indabé& aysti
(OT) (1418), micropipette aspiration (MPA) (48B), atomic force microscopy (AFM) (3, 24), and
electredeformation (ED) (288). Surprisingly, the most recent review articles that describe methods for
mechanical characterization of individuallsedid not discuss ED (18, 29), in spite of several important
advantages of this technique mentioned in the Discussion section below. Furthermore, erythrocytes appear
to be the only celtype for which multiple independent ED measurements have beeneapodate (25,

27, 30, 31) and thus ED appears to be underutilized. The vast majority of mammaltgpesehiave not
been studied using the ED method.

It is well-known that cells in suspension can be trapped in aundarm electric field, E, by
dieledrophoresis (DEP) (32, 33), and increased strength of E can result -aefmdination (25, 34).
Although ED has not been widely reported compared with other techniques, recent advances-in micro
fabrication have resulted in increased use of electric fimddsanipulate cells (387), and ED of
protoplasts in a micrabricated device has been demonstrated (38). We hypothesised that new micro
fabricated electrode geometries could be used to produce electrical forces of sufficient magnitude to trap
and defom several types of mammalian cells, which have not yet been characterized mechanically. Our
objective was therefore to use ED for mechanical characterization of individual mammalian cells. To
accomplish this goal we designed a new microelectrode geonvetiigh permits the capture and
deformation of individual cells in suspension by DEP and ED, respectively. We used ED to measure
strain and relaxation divo distinct celitypes: (i) Chinese hamster ovar@HO) cells (39, which are
adherent epithelial cealj and (i) U937 human promonocytes (40), whi@dre noradherent. The
mechanical properties of these dgfbes are relevant to their use in suspension cultures since CHO cells
are used in largecale bioreactors for the production of recombinant prot{ging2), and U937 cells are
used to study differentiation along the monoayigcrophage pathway (41, 42)o demonstrate the
potential use of ED for the mechanical characterization of these twiyped, we fit strain and relaxation
data with two welknown models of visc@lastic mechanical properties.
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2. Materials and methods
2.1. Cells and media

U937 cells were obtained from ATCC (Manassas, VA), and cultured in RPMI 1640 (Sigma, St. Louis,
MO) supplemented with 10% fetal bovine serum (FBSamta Biologicals, GA) CHO-K1 cells were
obtained from ATCC (Cat. No. CC&1) and cultured in HAMF12 (Sigma) supplemented witt0%
FBS.Both cell types were incubated at 37°C, in an atmosphere supplemented with,5%dl €Célls used
for ED were selecteduring the third and fourth weeks of culture, namely passage Ndsf@ the U937
cells and Nos. 8 for CHO cells, to ensure they were healthy and proliferating normally.
The medium used for ED experiments (EDMpas an isotonic buffer with low eleital

FRQGXFWLYLW\ P6 P ('0 P 0,POD 280 mM DGluedse);pH was
adjusted to 7.3 = 0.1 with NaOH and the osmolality was 285 mOsm/kg. Low electrical conductivity was
required to maximize ED stretching forces, as previously itestby othersZ5-28). Cell-viability tests

3/LYH '"HDG® ,QYLWURJHQ &DUOVEDG &% VKRZHG QR REVHUYDEO
which were suspended in EDM for up to 30 minutes, compared with tests performed in media with
roughly physicO RJLFD O 3%6 a 6 P )RU (" HISHULPHQWY H[SRVXUH
10 minutes. The use of lew PHGLD DOVR UHGXFHV -dBDE@HWDWHISO FRAGKFWHKHNL
VFDOHV ZLWK VHH VHFWLRQ Reé maximum tEnpérdtiie BdidaseHINE ZRUN
suspension during ED was estimated to be less thanAri®€to ED experiments, cells were centrifuged
at 190g for five minutes at moderate cell densities Y€Blls/mL), and resuspended in EDM at low
densities(~1-5x10 cells/mL), as measured by hemocytometer. Low densities were used for ED in order
to facilitate the capture of individual cells and to minimize undesirable effects arising from too many
neighbouring cells. However, cell density could readily lmedased depending on the required number at
each electrode tip (see below:*1@lls/mL led to ~ 1 cell/tip)Cells suspended in EDM were deposited

RYHU WKH HOHFWURGH VXUIDFH LQ -250)., GURSOHWYV WRWDO FHOO Q

2.2. Fabrication of electrodes and modeling of the electric field

To perform ED experiments during observation by optical microscopy, weofabricated arrays of
planar electrodes on standard microscope glass sfigase(1). An electric potential, U, applied between
RSSRVLQJ SODQDU HOHFWURGHV UH VigWaA(s)Gwhich genétratdd@niotie” HOHF
cell-suspenimn dispensed in droplets over the surface (a droplet of suspension medium is represented by
the circular area ifigure 1(b)). The following electrodgeometry was used to trap and deform céllset
of triangularlyshaped outer electrodes (elfiguresl and 2) surrounded a central Helgctrode(e2 in
figures 1 and 2), which was driven at opposite polarity {gpee 1(b)). The triangular tips were rounded
(radius of electrode curvaturg, r P DQG WKHLU FORVHVW DS$&thRingK WR WK
ZDV fiBure 2). A third electrode (e3 in figure 1) was not required for the present ED experiments
and was, therefore, not connected to the signal generator.

Planar Ti/Pt electrodes were fabricated using standaaffifirocesses, whh we have described
previously (43): Chromium masks were fabricated on glass (Bandwidth Foundry, Sydney, NSW,
Australia) and photolithography was carried out by smating an adhesion promoter, AP300 (Silicon
Resources, Chandler, AZ), a {off resistLOR5A (MicroChem, Newton, MA) and a final, positive, resist
S1813 (Shipley, now part of Rohm & Haas, Philadelphia, PA). UV exposure was done using a Karl Siiss
MA-4 mask aligner (Suss Microtec, Waterbury Center, VT). The electrodes were deposited by electro
beam evaporation (Ti adhesion layer, 10 nm) and sputtering (Pt layer, 70 nm), the former unbigihultra
vacuum and the latter in Argon at 2.4 Pa. For each glass slide (dimensions: 76.2 x 25.4 x 1.5 mm), the lift
off procedure produced 12 sets of eledes, each with three leadg(re 1(b)) to which electrical
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connectors were bonded using a combination of conductive silver epoxy (MG Chemicals, Surrey, BC,
Canada) and a standard tplase epoxy (LePage, Toronto, ON, Canada).

(a)

Figure 1.Micro-fabricated planar electrode artrayD ,OOXVWUDWLRQ RI WKH 3
insulating barrier (B), metallic conductors (M), and substrate @@heghsions arenot to scale) (b)
Geometry of the @lectrode (el, e2, and e3) configuratiawith an applied electric potential of arbitrar
magnitude (red = max, blue = mirf¥) Array of electrodes on a glass microscope slide; scale bar is

Thin films (~ 550 nm) of hydrogenated silicon nitride (SH\ a clear, transparent dielectric) were
depasited over the electrodes by plaseranced chemical vapor deposition (PECVD), to prevent
electrolysis of the suspension medium during ED, and to enable multiple reuses of the devices. For this,
WKH VOLGHYVY ZHUH SODFHG RQ WKHJYheRXENE plate tddbiddugnty RREH R D 3E
13.56 MHz) PECVD reactor, in a flowing gaseous mixture of silane,JSiHd ammonia (Nk): The
flow-rates and partial pressures were (S5 sccm, 12 mTorr) and (NH25 sccm, 43 mTorr), and the
total presste was maintained at 55 mTorr. The power delivered to the plasma was 50 W (the power
density at the surface of the grounded electrode was ~ 150 ni)V/&m the substrate temperature was
maintained at 125 °C. The deposition time was 45 minutes anthiithness, measured by varialslegle
spectroscopic ellipsometry (VASE, J. A. Woollam & Co., Lincoln, NE), was 550 + 25 nm. We have
previously described the operation of this PECVD system in more detail, albeit for the case of depositing
thin films of a semconductor, nanarystalline silicon (44).
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Figure 2.Geometry of planar electrodes and electric field distributianP(anar electrodes, el and ¢
DUH GULYHQ DW RSSRVLWH S R)Cebrulatéd\elevtiicOi€ldl abiDasy scdleed =
PD[ EOXH PLQ VFD O HleetbdfieldVh the pr@sence of a polarisable spherical ob
VFDOH EDUdL PRQRF\WHV WUDSSHG DW WKH HOHFWURG

We simulated the electric field distributioninmg WKH 3FRQGXFWLYH PHGLD PRGH
Multiphysics v3.2 software (Comsol, StockhglrBweden), with the electric potential assigned at
boundaries (Dirichletype boundary conditions). The naniform E figure 2(b)) was designed to capture
individual cdls at each electrode tip. In this regidiggre 2(c)), values of E surrounding a polarized cell
are high near the cegtioles and low near the equator. For the case of a uniform applied E, the radial
component of the induced dipole field has an angu @ H&QQ GHQFH WKDW LV SURSRUWLRQD
present (noruniform) case, E is highest near the -qale that faces the electrode tiggre 2(c)), and
cells are therefore trapped in this regitigure 2(d)).

2.3. Cell trapping and stretching @iocol

Electrodes were placed within the slicarrier of an inverted optical microscope (Zeiss, AxioVert
S100TV) and connected to a signal generator (Agilent, 33228A)nusoidal electric potential, U, of
frequency, f = 5 x 10Hz, was applied and themplitude was modulated during ED: U = 2 V (péak
peak) was used to capture and hold céidgi(e 3(ac)), and U = 10 V (peako-peak) was used to deform
cells at constant stresfiglre 3(d-e)). The tdependence of ceflolarization (see Appendix 1) rebe
approximated using welNQRZQ 3*WK®IOOH WKHRULHV ZKLFK HVWLPDWH WKH
FHOO LQ WHUPV RI1 omdénQréne ahdR tie Wnt&rikhl Etb€00O(35, 36, 47). Three distinct f
regimes occur: (i) At low (f < ~ 10 Hz, in the present cases), membrane charging by diffuse currents
RFFXUV DQG ZH REVHUYHG (#aHidtermetixté (10°(H Rfl< BFHIxDthe cytosolic

-term is dominantcompared with ), and we observed SRV L W L YaHd ET)3at highf (f > ~ 10/

+] V L PivéuedJofthe cytosol and the suspension medium (both aqueousgdésuliegligible
force. The three operating regimes outlined above have been previously described in detail by others (28),
and wetoo have previously descrdal the fdependenDEP of U937 cells in various suspension media
(43).
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(f):

Figure 3.Trapping and stretching of U937 cells. The applied electric potential was U = 2 V for trg
(ac), and U = 10 V for stretching{f). The time delay between each iredgame was ~ 1 s, and tf
VFDOH EDU LV P 7KH GLUHFWLRQ RI WKH ,HDOHFaW lodidatdd.ik

(f).

2.4. Strain measurement

Images were capturesiith a CCD camera (Model Q¥e-/M2, Qlmaging, Burnaby, Canada) a rate of
approximately one frame per second, during ED experiments, and saved for subsequent analysis using
commercial software (Northern Eclipse v.7, Empix ImagMigsissauga, Canafldvieasurements of cell

dimensions were done manually, using thgse-fitting and measurement tools of the Graphic Image
Manipulation Program (GIMP v.2). Strain in tLUHFWLRQV SDUDOOHQ RQBESHUSHQC
respectively; sefigure 3(f)) were both calculated as:

OR LAEA )

where L(t) was the length of the cell at time, t, agavas the original length. The appareéhR L VS RiQ 1

Rl WKH FHOO ZDV WKHQHEKBQLEDO EHKDYLRXU RI 3VLPSOH"™ VRO
elasticity, involves thelifiear) relationship between an applied stre§sand the resulting strain; the
materiatspecific property linkihgKH WZR LV NQRZQ DV WKH)VROLGYTV FRPSOLDQF

oL e, 2

In other words, J is the strain per unit stresslit LV D PHDVXUH RI WKH VROLGYV 3VWLIIC
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2.5. Calculation of the applied stress

To simplify data fitting, we derived arxgression for the average value of 4bi[LDO VWUHVYV 1 DSSC
whole cell during a typical ED experiment. We estimated the magnitude of the total force acting on the
cell, using the following welknown expression for the tireeveraged DEP force 3

Ay tPAL ten- %1 'gaa°

L Vélg' Ye‘a 'éaael 'éaae (3)

whereg LV WKH FHGGheliglectrix perndttivity of the suspension mediumps i the rootmean
squared valuefoE, andK = Re{K(f)} is the real part of the dielectric polarisation (ClausMigsotti)
factor of the cell (see Appendix Hor trapped cells, we assumed sgH/2 were the forces acting on
each halsphere, which stretched the cell approximately-axmlly. The actual distribution of E, and
thereforeR1 1 DQG ) ZDV P R UiguréRd)SlaelpFeBewt Hi@plifications are discussed in the
Discussion section below.

Equation(3) can be written in one dimension as:

KyneTRAL vEN-Y% "aaaTi — "saw T, (4)

xe

and the following approximation for E(x) used:

AT AL Ty, (5a)
B aasT AL Jé (5b)

where i = U/d is the peak magnitude of the electric fieldth U being the applied pential and d = 50

P WKH HOHRW b g6mttJdh& material properiglependent factor, and is the cell radius.
Good estimatesf E, during ED are E= 4x10 V/m during trapping (U = 2 V), andoE= 2x16 V/m
during stretching (U = 10 VJhe gproximations in Eq(5) result in the following expression for the force
on each halkphere:

(LGtenNJI-Y% "2 (6)

The average value of stress on the surface of the sphere can then be found by divi@ngyBte half
cell area:

RALJ-Y 'S (7)

The nonuniformity of B, near the tip of el, was determined by FEM simulations and found to be of the

same order of magnitude as that induced around a typical b(Eg) ~ 1.5E/r. (n ~ 1.5 in Eqg. 5b).

Assuming a maximum value of K = 1 (see Appendix 1), and r P PHDVXUHG RSWLFDOO\
\LHOGV 1! 3D GXULQJ WUDSSLQJ 8 9 DQG 1! 3D GXUL

2.6. Viscoelasticnoperties
7KH VLPSOHVID YO0 R A YHe@stic vhbdeF ®Rhich fits our data reasonably well, is the three

parameter standard linear solid (SLS) model, characterized by two elastic cokstant s, and one
YLVFRXV FRQVW-knQt necharizaDandlbigDtke walled Zener model, these correspond to a
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parallel combination of a spring,Jkwith a series combination of a second spring lDQG D GDVKSRW
The compliance function, J(t), now describes the tile@endent response of theter@al to an applied
time-YDU\LQJ 1 LQ WHUPV RI WKHVH RRGB@n® PBRAPHWHUYV )RU WKH ¢

) 5 =] 2 . ,
RLIBF@L AR R4 ®)

wherel W LV WKH XQLW NowhElBnécdisfany RRIQ DIQGDIDWLRQ WLPH™ DW FRCQ

< ‘b >pb ;

In response to a steLVH HLWKHU LQFUHDVLQJ RU GHFUHDVLQJ FKDQJH
instantaneous change inddt = 0) = d = 1/(k, + k) = 1/K, where K is the intial elastic modulus; (ii) a
OLPLWLQJ YDOXH  RIl/k =-EMvhere  is-the relaxed elastic modulus; and (iii) a single

time- F R Q V W @verWwy EXY(9), which determines the relaxation time.

2.7. Powe-law model

We also use a powéaiw to model J(t), as was done previously by others foauial stretching of single
C2-7 cells, derived from skeletal muscle of adult CH3 m&®: (

'R L #P, (20)
ZKHUH $ DQG . DUH FR-GWV Wab pén\propokdd aS R feheral fitting procedure, which

FRQVLGHUVY WKH FHOO WR EH D PDWHULDO ZLWK D FRQWLQXXP RI
related tothe lowl UHTXHQF\ VWRUDJH PRGXOXV * &50XVLQJ WKH IROORZL

)AL @S L AteB, (11)

ZKHUH + LV WKH JDPPD IXQFWLRQ DQG I LV WKH IUHTXHQF\

2.8. Data fitting

Strain data were fit using E§2) shown abovewith WKH VWUHVYV 1(70JLPBGQG BAKHT PDWHUL
compliance d@inction J(t) given by either E¢8) or Eqg. (10). The differences between measured and
FDOFXODWHG YDOXHV RI Z Hihell |€alstsyudrds ] adgBritkiny (ls@nbnih, @d&RI&D v.

7.2, The MathWorks, Natick, MA).

3. Results

3.1. Strain andelaxation of cells

Our ED protocol permitted tm&&EHSHQGHQW VWUDLQ W PHDVXUHPHQW RI 1
cycles of strain and relaxatiofigures 4 and5). CHO cells were observed to be stiffer than U937 cells,
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DQG R1I WKH oor&siynichnvignBeZrl i@sidual strain or plastic deformation than the former
FHOOV OD[LPXP YDOXHV RI IRU & HgureH(C)Qvkerédd Udd a®ypiCal WOBYG WR a
FHOO ! ZDV REVHUY HgukRB@)H Id sdvk easds Kcbhiast withFn@ighbouring cells
LPSRVHG D OLPLW RQ figu@GL)FDWHG E\ 3&/° LQ

(C)zs —

: 02f ? 1
, l\ f: 015} ' |
01r¢r

=~ 005

005} & o | feasinrweie pol
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Figure 4.CHO stretching and recoverfa & +2 FHOOV LQ D '(3 3KROGLQ() e
same cells as i) 60 seconds after applyingpatential step function, U = 10Mc VWUDLQ
middle cell (see arrow if@)and(b) GXULQJ WKH ILUVW RR\FERWMYHRL WFRO
major or minor axesthe applied electric potential, U(t), is shown on the same ¥WnkeD O Fbcale/bar 5
P
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Figure 5.U937 stretching and recoverja 8 FHOOV LQ D '"(3 3 KROGLQ@B)IhReY
same cells as in @80 seconds after applying a potential step function, U = &V VW UDLQ
middle @ll (see arrow ir(a) and (b) FLURORV GRMVHU WR WKH FHOOTV
applied electric potential, U(t), is shown on the same timetscél V & RQ W D FW) Enhit§\ttzeh
maximum valuH R | ZKLFK LV I)LRGIKFDWHG QK EP U P

3.2. Modeling of cell strain

Although contact between cells could limit the maximum strain in some dége® 6(c)), data were
always taken from the first cycle of strain and relaxation of frdefprmable cellsfigure 6), where strain
was not limited by the presence of other cells. Both the SLS and PL models(§E@nd (10),
UHVSHFWLYHO\ ZHUdala réa30QaBly WdtabledVl and 2)although better fits were
encountered for the case of CHO cellsingsthe SLS model, the coefficients of determination values
were R = 0.91 and R= 0.95 for U937 and CHO cells, respectively. Using the PL modet, ®91 and

R? = 0.96 for U937 and CHO cells, respectively.

3.3. Measured material properties

Deformatons of CHO and U937 cells were rendered reasonably well by both the SLS and PL models,
ZKHQ WKH PD[LPXP YDOXH RI VW UfQueX)Zbngterm plastictHi€Gorwe®on of a
8 FHOOV ZDV REVHUY H @ureaE)KiujtkéPD [LPX@ XIHS/SOLHG VWUHVV 1 a
insufficient to induce comparable high strain in the case of CHO &glls€g 4(c)).

The three parameters of the SLS mode] kk D QG FDQ EH UHODWHG WR WKH
properties (8): ki =Ek=2(1+ *,and(k+ k) =E o*where Ik is the relaxed elastic
modulus, G is the relaxed shear modulus, iE the initial elastic modulus, and, @ the initial shear
modulus (8). Their numerical values are listedtable 3.



115

0.3

0.251-

0.2

0.151-

0.05}-

209,

120 140

Figure 6.5StrDLQ DQG UHOD[DWLRQ GDWD IURP WKH ILUVW F\FQ
OLQHDU VROLG’ ™ -l&V gPL)Rmbd&sR iftiHJJ parameters are shown imbles 1 and 2
respectively. Data are mean +SE; N=10 for U937 cells and N=5 for @HO c

Tablel ORGHO SDUDPHWHUV IRU WKHBOVWDRGIDRAE. GLEHBU YLVFR

Cell type k; (Pa) k> (Pa) 3D V 2(s) Reference
CHO 193+130 13794930 2905+1958 17.2+11.6 Present work
U937 99+44 7984353 608+ 269 6.2+ 2.8 Present work
Neutrophil 27.5 12 73.7+ 35 13.0+5.4 0.65+0.3 19
Chondrocyte | ~170 ~180 ~7500 ~75 23
"Relaxation timegiven by Eq(9).

*All values from the present work are mean + SD (CHO: N =5, U937: N = 10).

Table2 ORGHO SDUDPHWH{ODIRVYRWKB 3SRZHU

Cell type . A (x 10°Pa-s") G'(1 Hz) (Pa) | Reference

CHO 0.301+0.20 3.7+ 2.49 466 + 314 Presat work’

U937 0.356+0.11 7.0+ 3.10 262 + 116 Present work

C2-7 Myoblast | 0.24 + 0.01 2.4+0.3 ~ 660 49
*LOW-IUHTXHQF\ VWRUDJH PRGXQXYVY * & JLYHQ E\ (T

' All values from the present work are mean + SD (CHO: N =5, U937: N = 10).

Table 3 Mechanical properties of cells derived using the SLS model

Cell type Er (Pa) Gr (Pa) E, (Pa) Gy (Pa)
CHO 0.37+0.07 | 193 £130 70.3 £60.7 1572 +1059 574 + 495
U937 0.39£0.14 [99.4+44.0 35.8 £ 28.7 898 + 397 323 + 259

"$SSDUHQW 3RL Y&l fiMalles\are Re&l+ SD (CHO: N =5, U937: N = 10)
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4. Discussion
4.1. Assessment of cell mechanical behaviolgyand comparison with other techniques

The objective of this work was to use midewricated planar (micreglectrodes to enerate (non
uniform) electric fields, Epf sufficient magnitude to induce substantial deformations to mechanically
assess both CHO and U937 cells. Thesedwdthrmations, observed by optical microscopy, enabled us to
ILW PHDVXUHG -kGowhVIDSZAahd\WPK nZodes@ur results clearly @monstrate that ED may
indeed be used to evaluate the biomechanical properties of individual (CHO and U937) cells in
suspension; preliminary work with other eslpes (not shown here) further suggests that even broader
applicability of ED is possibleThe advantages of flexibility and modularity of midabricated devices

would further lend themselves to more widespread application of ED for mechanical assessment of cell
behavior.Some advantages of ED over other techniques that have also been ugbeéy byodkers, for
mechanical characterization of individual cells in suspension, are the following: (i) ED obviates the need
for moving parts or for micrbeads in the cell suspension; (i) mechanical contact between cells and
device structures is minimide (iii) planar electrodes for ED are easily midabricated as arrays, which
enables simultaneous measurements on several cells, and simple integration within biochips; and (iv)
programmable ranges of U values enable the study of mechanical propestiesuttiple timescales.

4.2. Mechanical properties of CHO, U937 and other-tglkes

CHO cells were found to be stiffer than U937 cells, and less easily deformed by electrical stresses during
ED. The nearly twefold higher elastic modulus of CHO cettempared with U937 cellsgble 3) can be
partly explained by differences of their cytoskeletons (work being reported in a separateTsiuoly).
knowledge, neither of these céfpbes had previously been studied by ED, nor have their mechanical
propertes been estimated using either the SLS or PL models. It is therefore of interest to compare the
present results with those of other workers, who did use these models with othigpeselind other
measuring technique€omparison of the present data wiliose for neutrophilor articular chondrocyte
deformation, the latter two using the MPA technique, demonstrates a large range of biomechanical
properties among the different cglpes: CHO and U937 cells both appear to be stiffer than neutrophils,
but less stiff than suspended chondrocytezble 1). 7KH YLVFRXV FRQVWDQW GRHV
F\WWRVROLF YLVFRVLW\ EXW UDWKHU DQ 3DSSDUHQW’ ™ YLVFRVLW\ F
are not unexpectedf KH DSSDUHQW 3 RésVdr RIQOIandWD3ElRwefdboth less than 0.5
(table 3), suggesting that the cells are slightly compressifdementioned above, both SLS and PL
models were found to fit our data reasonably well, but this agreement is not expected to hold generally;
SUHGLFWLRQV EDVHG RQ WKHVH PRGHOV WHQG WR GLtHh&1JH IRU V
s used in present work (b0

Our findings are consistent with previous reports, which suggest that healthy suspension cells are
generally less sfifthan anchoragdependent one@2, 29).Furthermore, higher gvalues have been
reported for spreadhan for spherical morphologies, for the cases of osteoblasts, chondrocytes,-adipose
derived adult stem cells, and mesenchymal stem cells (24). Weeiteorphologydependent stiffness of
cells in suspension, but we also acknowledge thaind8 E values previously reported by others were
found to increase as a function of seeding time for the case of superficial chondrocytes, but to decrease for
that of chondrocytes taken from middle/deep cartilage layer dept. (Bhe abovelescribed
observations and the large statistical variances within the estimated mechanical properties for a-given cell
type, reported both by the present and by other workersa(geSD values itables 1 and 3), emphasise
the need to refine methods for biomechanical characterization of cells on an individual basis.
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Non-lethal (but physiologically significant) responses to hydrodynamic shear stresses have been
reported for a vaety of celltypes in suspension, when the stress was in the rangé®@Pa (9: Lethal
values of stress for anchoradependent CH&X1 cells were on the order of 1 Pa, but exceeded 200 Pa
for suspensionF XOWXUHG FHOOV ,Q WEK3HorSusHende® QHO &d N937 calls rarely
UHVXOWHG LQ WKHLU UXSWXUH RU O\WLV 2XU FDOFXODWHG YDO X
previous measurements of nlathal, physiologicallyrelevant mechanical stresses. We conclude that ED,
althoulKk QRW FDSDEOH DW OHDVW LQ WKH SUHVHQW FRQILIJXUDWLF
to their MPAbased counterparfap to ~ 1 kPa (22, 28)can nevertheless be used to study biomechanical
properties of several mammalian egibes in suspegion.

4.3. Potential methodological improvemeatsl future work

Reliable use of the ED technique requires experimental calibration of the forces and stresses generated.
For example, celsized synthetic microspheres with wellaracterized mechanicptoperties might be

used as reference materjaleme candidates that come to mind are commer@sahylable polystyrene or

hollow silica microspherest KLV W\SH RI PHDVXUHPHQW ZRXOG LQFUHDVH WKH
has been calculated analytically in the present work (Bi@nd Appendix 2).

ED requires the use of ew PHGLD WR PD[LPL]H 1 ZKLFK GHSHQGV |
polarizability of cells and media (Appendix 1). In the present experiments, this was accomplished by
reducing salt concentrations to spiiysiological values. ED experiments were always performed for less
than 10 minutes and the effects of low salt concentrations @v W® CHO metabolism was not
considered; future improvement of low PHG LD |-Rith cdlRifR f cells iexpected to benefit DEP
and ED methods.

,Q GHULYLQJ RXU HI[g)W W& simdRiied By définigd a normalized average value
of electric field nonuniformity (Eq.(5) DQG DVVXPHG WKDW 1 AbfsceQRIJBDO WR W
ZRUWK QRWLQJ WKDW (T U HV XD, WhichLi€xsimil@r tbl {he tbibWing dxfipedsiob) (T
reported previously by others for the cas&Dbf(28, 38):

UL %- 8 (12)

ZKHUH & DFFRXQWYV IRU FHOO FRPSOLDQFH RICEEctisallbintd@BdVH G WR
stresses of comparable magnitude to those estimated using Eq. (7) can exist at the cell/medium interface,
even if E is initially uniform (see Appendix 2). Although theoretical work has been developed by others to
explain deformation of liquid drops in (initially uniform)}-ields (58), further work seems appropriate to
clearly identify all sources of electricstresses in the case of complex dielectric objects such as cells.
More realistic modelling of cell mechanics is also required: Although the SLS and PL models
were useful for rapid characterization of the investigatedtygedls, we must acknowledge thiaey over
simplify cell structure. Finiteelement modelling (FEM) can potentially alleviate some of these problems,
since more realistic cellnd electrode geometries can be simulated within dynamic environments (17,
53). Although we have used FEM to sitate the distribution of E, in the future we also plan to use FEM
WR VWXG\ WKH GLVWULEXWLRQ RI' 1 DQG WR PRGHO FHOO GHIRUPD
7KH PD[LPXP DYHUDJH 1 YDOXHV DSSOLHG WR FHOOV E\ (' ZH
maximum availabldJ (10 V peakko-SHDN LQWR D ORDG DW 0+] W ZRXOG
LQFUHDVH WKHVH YDOXHYVY EHFDXVHKH)1 \DRDG MN\K E DWMKX W KOH. B/[TW B UMHR
SUHVHQWO\ XQNQRZQ 7KUHVKRO Gel$bhavlhesh rRportediimdtheXrangél@ 10W R V W
Pa to 100 Pa (20, 21), and increasing U while maintaining smat H®HFWURGH GLVWDQFHYV
present case) would therefore increase the number efypell and synthetic materials which could be
studied by ED.
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Figure 7.Planar electrode array micfabricated on a transparent insulating (flexible) polyr
substrate

Our ED devices were mic#fabricated directly on microscope slides to permit observation by
optical microscopy during ED; impved imaging methods can therefore be used to study the mechanics
of subcellular structures such as the cytoskeleton. It may also be possible to include imaging arrays
directly in an ED device for increased portabili§o- F D O O H@r E KH 9O #li éidJdRvices, which
permit multimodal analysis and manipulation of cell4, @), can be readily made to incorporate micro
electrodes for EDEDVHG PHFKDQLFDO PHDYVXUMARHCEW W D \&fdbr@dtiod IlKFHU RO R .
methods described here, we have fatigd ED testevices on transparent plastic (polymer) substrates
(figure 7), but in order to resist the 125 °C substrate temperature during PECVD (see above), clear
polymers with high glasgansition temperatures are required, for example cyclic polyolefi
poly(sulfone) (44). Based on the above, we therefore expect diverse future implementations of the
methods we have described in this article.

5. Conclusions

Electrical stresses, generated by planar microelectrodes with relatively low valuesied appdntial (U

< 10 V), have been used to eleetteform CHO and U937 cells in suspension. Our electrode geometry
and ED methodology have permitted biomechanical characterizations of individual cells of both these
cell-types. Electrode structures requirtor novel ED implementations can readily be mifabricated

and included within micrdluidic devices, for increased automation of measurements in computer
controlled biochips. The results presented here therefore suggest that ED should becomesamgiyicrea
favoured technique for biomechanical measurements.
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Appendix 1: The ClausiusMosotti factor

The complex Clausis¥ RVRWWL IDFWRU RI D 3VSKHULFDO” FHOO GULYHQ D!
Do
- 1B L——ILLGB%, (A1)

ZKHUH 0 L Ol LV WKH FRPSOH[ SHUPLWWLYLW\ 0 LV WKH GLHC
FR QG X FW LY, aid thelsubs¥ripts, ¢ and m, refer to the cell and mediupgctegly. Values of K

are bounded by0.5 < K < 1, and are maximized (K > 0) for ED experiments, by appropriate choice of f

DQG ‘H VHOHFPWH®QG | P6 P WR DVVXUH 3SRVLWLYH" '"(3 IRUF]I
calculated in the quasiectrostatic regime (25, 27, 32). We have previously describeddbpdndence

of K for U937 cells (43).
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Appendix 2: The Maxwell-stresson a dielectric sphere in a uniform applied electric field

Figure Al. Crosssection of an ideal sphere between two planar electrodes; the arrow points
positive xdirection (in the direction of the applied electric field).E

A dielectric sphere of radius, r DQG GLHOHFW U, ispl&edunihinavihediunii didectric

S HUPLW\Wand & Wiforrd electric field, Eis applied in the positive-direction figure Al). Using

SRODU FRRUGLQDWHYV U Z |, 9¥ e Wurface DN elacKitl fidgtds @dudedlinBide,G U L
Ein, and outsideE,y WKH VSKHUH FDQ EH REWDLQHG E\ VROYLQJ6/DSODFHY
57):

Gusl <55, ' 4k? KO O E da (A2)
Gaosl 4k? K OfF O EJAE—T2 5" it 7K 048 O F da (A3)
|>

Equations (A.2) and (A.3) apply when the driving potential is sinusoidal, with the dielectric permittivities,

QDQG WHSODFHG E\ WKHLU UHVSH#WLD(@@MB@I@H@ BetldosPK=WW LY LWL
@ O O andk O0+xQ, 0 (), where K+ K, =1; values of Kand K are bounded by 0 <

K; < 1.5, and0.5 < K; < 1, respectively. The radial components of the electric fields can then be written

as:

Qua " L-5'aL:sF-6"4 (A.4)
Qéé(;" L:sEt-4;'5 (A5)

wheren is the local outer normal, and £Excos .
The net MaxwelV W U ¥ %t\4 shiarp boundary has the normal and tangential components (58):

S . .
#F T2 LoIYg "PFYg §°F Vg &°!

#% "2 HlL &a § (A.6)

ZKHUH __ __ GHQRWHM WIKGH M XIS 3 FDFAW RMEAB8EKEE e >oRBAD U\ W
orthogonal tangenf HFWR UV HPEHGGHG lisgheNr&eslridcethhigé per udita@al

In the intermediate frequency regime (described in section 2.3), cells have high effective
conductivitiesand the tangential components of E in Eq. (A.6) become negligialmg to reduced
charge accumulation at the interface)(&8singEqgs. (A.4 and A.5) in Eq. (A.6), the normal component of
Eqg. (A.6) isthengiven by:
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&F JL-2:sEv-s Ev-g’;:'4?K06éF—g 'sFt-gE-&;:",2KCPa (A7)
which, for K; ~ 1, reduces further to:

&% J1-Y%:",?2KGRa (A.8)

6
Thestress given by Eq. (A. KDV D PD[LP X P ~YIDTP4 Ht tRel cdllpbles, andt is zero at the

equator. For a sinusoidéime-varying) applied potential, Hs replaced by the rmglue of ~ 0.7kin

(T % DQG WKH UHVXOWLQJ PDTI-F6X PaVihadaiwelLstteys bt th@e-FHG WR
surface, therefore, varies with éos SXOOLQJ WKH FH@6s a&tQ@s PokSaRd/deldriat®h. U H F W

can occur even if the initial E was uniform and the net force is zero
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