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1

s

During the last 20 years devices have been developed which allow extracellular stimulation

and recording of neuron cells in vitro. These so called microclectrode arrays consist of

cither metal (gold) or indium-tin oxide electrodes or field-effect transistors on a silicon or

glass chip. Extracellular recordings have been made from brain slices as well as from disso¬

ciated neuron cultures. These devices offer many advantages (long term measurements,

multisite recording), however, the recorded signal intensity
isnotyetsatisfactory.Signalsmeasuredusuallyrangedfrom50-200iiV,comparedto70mVmeasuredwithintracellularelectrodes.Thesealingbetweentheneuronmembraneandtheelectrodesurfaceiscrucialforagoodsignaltransduction.Thehypothesisofthisworkisthatthedistancebetweenthecellmembraneandtheelectrodesurfacecanbereducedbyculturingtheneuronsonneuralcelladhesionproteinsthatarecovalcntlyboundtothesurface.Iwoneuralcelladhesionproteinsoftheimmunoglobulinsuperfamily,axonin-1andNgCAM,havebeengeneticallyengineered.Inordertoachievecovalcntandorientedimmobilisationonglassorgoldsurfaces,thetransmembraneandintracellulardomainsoftheproteinsweredeletedandacysteinewasinsertedattheC-termofthelastextracellulardomainnearthemembrane.Neunteoutgrowthfromdissociatedchickendorsalrootgan¬glionneuronswasobservedonglassfunctionalisedwiththerecombinantmolecules.OnCys-NgCAMfunctionalisedglassmoreneuronsdevelopedneuntesthanonCys-axonin-1,andthesewerelongerandthinner.Measurementsofthecell-surfacedistancewithfluores¬cenceinterferencecontrastmicroscopyrevealedthatthedistanceisataminimum(37nm)whenthecellsweregrownonCvs-axonin-1,OnRGDCsubstratesthedistancewassimilarwhereasonNgCAMandpolylysmeitwasslightlylarger(47and54nm,respectively).Definedneuralnetworksinculturecanbeachievedbycreatingpatternsofadhesionmole¬culesforneuriteoutgrowth.Inthiswork,aphotolithographicpatterningtechniquehasbeenadaptedtocreatelinesandgridsofRGDCandCys-axonin-1onglass.Twomethodswereused:alift-offmethodwasusedtopatternsmallpeptides(suchasRGDC)andstableproteins.Sensitiveproteins,asCvs-axonin-1,werepatternedwithanetchingmethodinwhichtheproteinisprotectedfromdenaturattonbyasucrosefilm.Theadhesivepatternscreatedinthiswaywereshowntoguideneuriteoutgrowth.Acombinationofthesetwopat¬terningtechniquesallowedthecreationofcomplementarypatternsoftwoproteinsononesurface.Inordertotesttheworkinghypothesiswithelectrophysiologicalrecordings,amicros!nur¬turedchipwithamultielectrodcarraywasfabricatedbythinfilmtechnology.The

electrodes



2 Summary

are located at the bottom of grooves (100 ,um x 25 urn) in a polyimide film of 10 jam thick¬

ness. Positioning of the cells into these microgroovcs was successful with a micromanipu¬
lator. However, after 1 day m culture most of the cells had moved out of the microgrooves.

Tn a combined experiment using the extracellular electrode for stimulation and an impaled

patch electrode for recording, it could be shown that stimulation of neurons located close

to the electrode is possible. The effect of the immobilised neural cell adhesion molecules on

the ex/race/lnlar/y recorded signal could not be investigated during this work.
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Zusammenfassung

Tu den letzten 20 ]ahren wurden Gerate zur e\ti azellularen Stimulation und Ableitung von
Nervenzellen m vitro entwickelt Diese so genannten Mikroelektroden Arrays bestehen ent¬

weder aus Metall (Gold) oder Indmm-Ztnnoxid Elektroden oder aus Feldeffckt-Transisto-

ren auf Silizium oder Glas Rxtrazclkilarc Ableitungen wurden bisher mit

Hirngewebeschnitten und mit dissoziierten Nervenzellen durchgeführt. Diese Technik

weist viele Vorteile auf (Langzeitmessungen, Ableitung an mehreren Stellen gleichzeitig),
die gemessenen Signalstarken sind jedoch noch nicht zufriedenstellend. Die Signale liegen
m der Regel zwischen 50 - 200 u\, verglichen mit den 70 mV, welche mit intrazellularen

Elektroden gemessen werden. Dei Abstand zwischen der Zellmembran und der Elektro-

denoberflache ist entscheidend fur eine gute Signalweitetlcitung. Es wurde daher die fol¬

gende Arbeitshypothesc aufgestellt, der Abstand zwischen der Zellmembran und der

Elektrodenoberflache kann verkleinert werden, wenn die Nervenzellen auf neuronalen Zel-

ladhasionsprotetncn kultiviert weiden, w eiche ko\ aient auf der Oberfläche gebunden sind

Die neuronalen Zelladhasionspioteine A\onni-l und NaCAM wurden sentechmsch modi-

fiziert. Um che Proteine ko\ aient und gelichtet auf der Oberflache zu binden, wurden die

Transmembran- und die intrazellularen Domänen entfernt und ein Cystem wurde am C-

Tcrm der letzten extrazellularcn, membrannahen Domäne eingeführt. Auf Oberflachen,
welche mit den rekombmam en Proteinen funktionahsiert worden waren, konnte Neunten-

wachstum beobachtet w erden Auf den Cvs-NgCAM funktionaksierten Oberflächen ent¬

wickelten mehr Nervenzellen Neuriten und diese waren langer und dunner als auf Cys-
axonm-1 Oberflächen. Der \bstand /wischen der Zellmembran und der Oberfläche wurde

mit Fluorcszen/-Tntcrferen/-Konuast-jMikioskopie bestimmt. Der Abstand ist bei Nerven¬

zellen, die auf Cys-a\omn-l gehalten werden, am geringsten (37 am). Auf RGDC-behan-

delten Oberflächen war der Abstand ähnlich, w ohmgegen er auf Cys-NgCAM und Polylysm
etwas grosser war (47 b/w 54 um)

Definierte neuronale Net/werke können in \itio durch Muster von Adhasionsprotemen
entstehen, welche die Neunten beim Vusw achsen fuhren In dieser Arbeit wurde eine pho-

tolithographische Methode zur Herstellung von solchen Proteinmustern weiterentwickelt

Linien und Netze aus RGDC and \\onin-l wurden auf zwei verschiedene Arten herge¬
stellt: Muster aus Peptiden und stabilen Proteinen können mit der Lift-off Methode herge¬
stellt werden Muster aus empfindlichen Proteinen, wie das Axonin-1, wurden mit der

Atzmethode hergestellt Dabei wild das Protein \on einem Zuckerfilm vor Denatuncrung

geschützt. Es konnte gezeigt werden class diese Muster aus adhäsiven Proteinen die aus¬

wachsenden Neuriten fuhren können Durch die Kombination der beiden TTcrstellungsme-



4 Zusammenfassung

thoden konnten komplementäre Muster zweier Proteine auf einer Oberfläche hergestellt

werden.

Um die Arbeitshvpothese durch elektrophysiologischc Messungen zu prüfen, wurden

mikrostrukturierte Chips mit Multielcktroclen Arrays hergestellt. Die Goldclcktroden befin¬

den sich am Grund von Vertiefungen (100 um x 25 um) in einer 10 um dicken Polyimicb

schiebt. Das Positionieren der Nervenzellen in diese Vertiefungen war mit einem

Manipulator erfolgreich. Die Zellen hatten die Gruben nach einem Tag jedoch wieder ver¬

lassen.

Um die Wirksamkeit der Elektroden zu überprüfen wurde eine Nervenzelle mit der extra-

zellulären Elektrode stimuliert und das ausgelöste Akuonspotential mit einer intrazellulären

Elektrode abgeleitet. Die Auswirkung der Adhäsionsproteine auf das extracellularabgeleiteteSignalkonnteindieserArbeitnichtmehruntersuchtwerden.
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1

Motivation

T])c goal of neural science is fa understand the biological mechanisms that accountfor mental

activity. Neural science seeks to understand how the neural circuits thai are assembled during

developmentpermit individuals to perceive the world around them, how they recall that percep¬

tionfrom memory, and, once recalled, how they can act on the memory ofthat perception. Neu¬

ral science also seeks to understand the biological underpinnings of our emotional life, how

emotions colour our thinking and how the regulation ofemotion, thought, and action goes awry

in diseasessuchasdepression,mania,scltuvophrenia,andAlzheimer'sdisease.Theseareenor¬mouslycomplexproblems,morecomplexthanan\nehaveconfrontedpreviouslyinotherareasofbiology(llbrightetal.,2000),Thebrainisthemostimportantcoordinatingorganmhumanandanimalorganisms.About10"neuronsinthehumanbraindonotonlycontrolvitalbodyfunctionssuchasrespira¬tion,bloodcirculationormusclecontraction,buttheyalsoprovidecorrectprocessingoftheexternalstimulireceivedbythesensingorgansallowingustothinkandtolearn.Remarkableprogressinunderstandingneuronalandsynapticsignalling,plasticity,develop¬mentandlearningmechanismshasbeenmadeinthelastvears.Theeffortstowardsanunderstandino-ofthemolecularmechanismsofsignaltransductionhavebeenawardedwithootheNobelprkc2000formedicineandphysiology.Withthisknowledgeabetterunder¬standingofbrainfunctionshasbeenpossible.However,weareatthebeginningofunder¬standingandmanyquestionsconcerningdevelopment,learningandconsciousnessremainstillunsolved.1.1Whyextracellularelectrodedevices?Becauseofthecomplex3-dimensionalarchitectureofthebrainacloseexaminationofneu¬ralcircuitswithmultipleintracellularelectrodesintheintactbrainisverydifficulttoper-



Table 1: Comparison of different types of neuron recording systemsa,b

Electrode Type

Stimulation Signal Sealing
Noninvasive through size or to

electrode S/N-ratio substrate

Subthreshold Long term Multisite Dendrite

recording recording recording recording
Surface coating

Intracellular N Y 100% N Y N Y Y

Voltage sensitive dyes N N 10:1 N N N Y Y

FETC Y Y 25% Y Y Y P P polylysine

Diving boardd 100:1

Multielectrode arraye 5:1 Y Y

Multielectrode array

Multielectrode array9

Multielectrode arrayh

Y Y

4:1

500:1 Y

30:1 Y

Y

flamed polysiloxane

ConA

ConA

lammin, NGF

Multielectrode array1 70:1 polylysine, laminin

a. adapted from Curtis et al., 1994

b N' No, or not applicable; P: possibility, Y: yes

c. Fromherz et al
,
1991 ; invertebrate neuron

d. Regehret al., 1988: invertebrate neuron

e. Gross and Scbwalm, 1994

f. Wilson et al., 1994

g. Breckenridge et al
, 1995; invertebrate neuron

h. Boveetal., 1997

i. Maheretal., 1999
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form. Neural processing, plasticity and learning cannot be thoroughly investigated.
Advances in cultnring techniques have enabled to culture brain tissue slices as well as dis¬

sociated neurons on microstructured surfaces containing arrays of extracellular electrodes

for stimulation and recording. These so called microelcctrode arrays (MEA) allow to per¬

form experiments on signal transduction and processing in vitro.

An important criterion when designing neural networks is the interfacing method *a com¬

parison of different types ol recording systems is given in Table 1). Widely used for the

study of neural
activityisintracellularrecording.Thismethodisverysensitiveandgoodsig¬nal-to-noiseratios(S/N-ratio)areobtained.However,intracellularelectrodeskillthecellafterafewhoursofrecording,andsimultaneousmeasurementsatmorethantwopositionsarcverydifficulttoperform.Potential-sensitivedyesoffertheadvantageofsamplingoverlargeareasoftissue,howeverthedyesareoftencytotoxicandS/N-ratiosarepoor.Reportsofmeasurementsonsinglecellswithextracellularniicroelectrodeshavebeenpublishedquitesometimeago(KrnjevicandMiledi,1958),butonlywiththeadventoftheintegratedcircuittechnologytheelectrodessizecouldbereducedtocellulardimensions.Theadvan¬tagesofextracellularelectrodearraysforthestudyofneuronalnetworkactivityareconsid¬erable(Brcckcnridgeetah,1995):•Thetechniqueisnon-invasiveandthusitispossibletorecordfromneuronsoverextendedperiodsoftime.Forexample,spinal-cordneuronshavebeenculturedforuptooneyearonmicroelcctrodearrays(Grossetal.,1995).•Itispossibletorecordfrommorethanonecellinanetworksimultaneouslyoverlongperiodsoftime(limboetai.,1993;Grossetal.,1995).•Becauseoftheverysmallsi?eoftheelectrodestheneuroncanmakecontactwithmorethanoneelectrodesothattheactivityinthecellbody,axonanddendritescanbesampledsimultaneously(Wilsonetal,1994).•Predeterminednetworksofneuronscanbeconstructedpatterningthesubstratetop¬ographicallyorchemically(seechapter2).•Theinvitroenvironmentallowshighlyreproduciblepharmacologicalmanipulationswithnointerferencefromotherorgans,allowingapplicationsinncurotoxicologv,drugdevelopmentandbiosensors(Grossetal,1997a).Twotypesofextracellularelectrodeshavebeenestablished:Thelowimpedancemetalelec¬trodessuchas(platinised)goldortheopticallytransparentindium-tinoxideontheonehandandthefieldeffecttransistordevices(FR'l)ontheotherhand.Planarmulticlectrodearrayshavebeenusedtostudysignalpropagationandsynchronisationeventsinbraintissueslices(Kamiokaetal,1997;Duportetal.,1999;Okaetah,1999)andinrandomnetworksofdissociatedneurons(Alaedaetal,1995;Kamiokaetal,1996).Othergroupshaverecog¬nisedthepotentialuseofneuralnetworksassensordevicesfordrugsandtoxins(Grossct
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al., 1997b; Harsch et al, 1997). Applications for retina-based visual prostheses arc also being
discussed (Grumct et al., 2000).

Single cell measurements have been reported mostly ior invertebrate neurons. These neu¬

rons are larger in size and are therefore considered to make better sealing to the electrode.

Indeed, it was found, that signals in the mV regime can be recorded from such cells (Regehr
et al, 1989; Brcckenridge et ai., 1995g Earlier, Regehr and coworkers (Rcgchr et al, 1988)

had stimulated and recorded from an invertebrate neuron with an electrode sealed from the

top. Reports on single, vertebrate neuron recordings arcrare.Malieretal.(1999)couldplaceaneuroninaninvertedpyramidalgroovewithanelectrodeatthebottom.Theyrecordedspontaneousactivityaswellasstimulatedactivityandrhcrecordedsignalsrangedfrom50to200uV.SinglecellmeasurementshavealsobeenreportedwithFETdevices(Fromher/,etal,1991;Offcnhäusscretal.,1997).Thesesignalsresemblemoretheshapeoftheactionpotentialandnotfirstorsecondordertimederivativesthereofasisthecasewithextracel¬lularmetalelectrodes,indicatingthatthescalingofthecellmembranetothesurfaceisbet¬teronsiliconoxidethanonmetalsurfaces(GrattaroiaandMartinoia,1993).1.2SignalrecordingwithextracellularelectrodesTheidealrecordingelectrodeshouldrecordonlvfromasmallgroupofcellsandhaveageometrythatmaximisessignalpick-upfromimpingingactionpotentials.Lindetai.(1991)showedwithfinite-elementanalysisthattheelectrodepotentialofaplanarelectrodeisincreasedmorethanseventimesifthecellandtheelectrodearcconfinedinanarrowgrooveorinacubicpitof25gmdepth.ToragoodS/N-ratiotheelectrodesshouldhavethelowestpossibleimpedance.Impedancereductionisachievedbyincreasingthesurfaceareawithplatinumblackdeposition(Brcckenridgeetal.,1995)orrougheningthesurfacewithetchingreagents(Kovacs,1994).Theidealstimulatingelectrodeshouldhavezerocrosstalkwithotherelectrodes.Thatisthecaseiftheelectrodesare100gmoremoredistant(Brcckenridgeetal.,1995).Therecordedextracellularsignalisameasureoftheioniccurrentratherthanthemembranepotential(V)perse(Connollyetal,1990).AsimpleapproximationisthattheextracellularcurrentisproportionaltothechangemthemembranevoltagedV/dt.Themagnitudeandtemporalcharacteristicsofarecordedactionpotentialdependonlocalconditions(Curtisetal,1994).Fig.1showstheequivalentcircuitmodelofametalelectrode.Thetoppartofthecircuitrepresentstheneuroncellcompartmentwithitsmembranecapacitance,resistanceandvoltage.Thebottomparrshowstheelectrodeproperties(capacitanceandresistance).Thejunctionbetweenthecellandtheelectrodeisrepresentedbythesealingandthespread¬ingresistance(secalsoFig.2).Thesealresistancel\eaImodelstheresistivecomponentof
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Figure 1 : Equivalent circuit model of the cell-electrode contact

Circuit between a neuron membrane patch and a planar noble metal microelectrode The top part of

the circuit represents the cell the bottom part represents the electrode R cytoplasmic resistance

connecting two adjacent compartments RuandVc chloride resistance and equilibrium potential lact
sum of Na K and Ca currents C,e cell membrane electrolyte capacitance (consisting of membrane

capacitance Cn Helmholtz capacitance Ch and diffuse layer capacitance
Cd)R,,el!sealingresistancebetweencellandmicroelectrodeRSDevispreadingresistanceReandCeresistanceandcapacitanceofelectrodeelectrolyteinterfaceThesealingimpedanceisrepresentedbytheRCcou¬plingcircuitconsistingofCneRsaandRspeaAdaptedfromGrattarolaandMassobno1998thethinLi)ctofsolutionbetweenthecellmeinbianeandthemictoelecttodeandisaffectedbythedistance<-/betweenthecellmembimeandtheelectiodcsuitacethioughtheielation«,-^sea!4njwheiepeisthemediumtesisn\it\(npicilh0"'fimtoialoosescaling,I—5Qmfoiatightseal,Giattaiolaetal,1991;VîeasonabkaalueotRU(//mthetangeot1to5MOisobtainedbyassumingpc=07umand10nm*-d^50nm(Giittatolactal,1991)Usingthe

SPTCE
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simulation program the group of Grattarola could show that the measured extracellular

voltage (170W/) is increased 8-fold if the distance dis reduced from 50 to 10 nm (Grattarola
et al., 1991). \dditionally, reduction of the spreading i-csistancc R<,piead (torn 500 kO to 5 kO

was also shown to improve the signal measured, however with much less efficacy (Gratta¬
rola ct al., 1991). Ihe spreading resistance Rsp,eua describes thenetresistanceencounteredbyacurrentspreadingoutfromanelectrodeintoaconductivesolution.Itisdeterminedb\thegeometricsurfaceareaoftheelectrode(Kovac\1994)SimilarresultsareobtainedwithneuroncellR,*R,1electrodeglassFigure2:SchematicdrawingofaneuroncellonanelectrodeThesignalsensedbytheextracellularmetalelectrodedependsonthesealingandspreadingresist¬ances(Rsea/andRsp/eac<respectively)Ahighsealingresistanceisobtainedbyreductionofthecell-electrodedistancedtheextracellularelectrodesdescribedbyBreckeniidgeetal.(1995).Theyfoundthattherel¬ativeimpedancesoftheacross-thc-clectrode(kv;/rtOT)andtheelectrode-to-carthpaths(l\eai)determinedbothdiemagnitudeandshapeoftherecordedsignal.Verygoodsealingwithaseakngresistanceexceeding1MQledtorelamehlargesignalsontheorderof1mVwhenactionpotentialsocciuredmlargeinvertebrateneurons.Theshapeofthesignalchangedwiththeeffectivenessofthecellseakngo\ertheunderlayingelectrode.Therecordedsignalstrengthincreasesproportionatehtotheincreaseinsealimpedance(Curtisetal.,1994,Breckeniîdgeetal,1995)Additionallyasthesealimpedanceincreases,thesig¬nalshapecomestoapproximatethemtiacellulathrecoidedpotentialchanges.Measure¬mentsoncellswithlowsealingresistancesresemblethefustorsecondordertimederivativeoftheintraccllulailyrecordedsignal(GrattaiolaandMartmoia,1993;Curtisetal.,1994)Itisstilluncertainwhethersubthresholdeventsandslowlychangingpotentialscanbedetectedbythistypeofelectrode(Cuiusetal,1994,Demerctal.,1997)TheS/N-ratiosoftherecordingareimprovedbAlocatingtheelectiodeinarelativelydeepgroove(Tandet
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al., 1991). The reason for this is probably that the ionic transients accompanying the action

potential arc not dissipated by diffusion to extracellular space as rapidly as they would be in

planar arrays. Wilson et al. (1994) laid a sheet of ganglion capsule over a leech neuron to

provide additional contact surface theteh\ increasing the S/N-ratio.

1.3 Aim of the project

The major aim of this project was to évaluaie if neural cell adhesion proteins used as sub¬

strate for cultuting dissociated neurons could reduce the cell-surface distance and thus

increase the S/N-ratio of the recorded signals. The project was divided in different parts:

• The domain interaction models of the neural cell adhesion proteins axonin-1 and

NgCAM suggest, that these proteins could probably induce a tight cell-surface con¬

tact. The proteins were genetically engineered in order to obtain a covalent and ori¬

ented immobilisation on glass
andgold.•Glasssurfaceswerefunctionalisedwiththeserecombinantproteinsandwithothercelladhesionmoleculesandtheeffectsonoutgrowingdissociateddorsalrootgan¬glionneuronswereinvestigated.•Anextracellularelectrodearrayforstimulationandrecordingofsingleneuronswasfabricated.Theelectrodesarelocatedingrooves.Oneneuroncellwouldfitintoonegrooveallowingselectivestimulationandrecordingofsinglecells.•Differentmethodsforpositioningneuronsintothegroovesweretested.•Methodsforalocalisedimmobilisationofdifferentproteinsonthesamesurfacewereinvestigated.•Electrophysiologicalexperimentswithneuronsculturedontheelectrodearraywereplannedforavalidationofthechipandthechip-interface.•TheeffectoftheimmobilisedadhesionproteinsontheS/N-ratioofthecxtracellu-larlyrecordedsignalswereplannedtobetestedwithelectrophysiologicalrecordings.
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2 1 Introduction

Chip Fabrication and

Protein Patterning

2.1 Introduction

2.1.1 Chemical and topographic nerve cell guidance

In order to construct living neural networks m vitro, it is important to consider in which

form guiding signals are normally presented to the growing nerve cells m vivo. During

development of nerve cell connections the leading tip of the growth cone senses its sur¬

roundings and then decides which way to follow. Guidance cues can be the surface chem-

istry and the shape of the tissue and extracellular matrix surrounding the growth cone,

diffusion gradients
consistingofsourcesofdiffusiblemorphogens,specificsignallingmol¬eculesandendogenouselectric-fieldgradients.Thesechemicalguidancecuescanbeattrac¬tiveorrepulsive(seechapter3)VttemptstocontrolnervecelladhesionandgrowthbymodifyingthesurfacechcmismofthecellculturesubstratesdatebacktotheworkofLetourneau(1975).Heusedatransmissioncleerronmicroscopegridtomaskoffareasofsubstratecoatedwithpolvst\renc,collagen,pohornithineandthelessadhesivepalladium.Othergroupshavepatternednaturaladhesionmoleculesderivedfromtheextracellularmatrix(Hammarbacketal.,1985,Lornetal.,1995;FromherzandSchaden,1994),frag¬mentsofadhesionproteins(MawaandHubbell,1990;Matsuzawaetal.,1996),growthfac¬tors(Gundersen,1985)andmembranefragments(Vielmetterctah,1990).PatternedsubstrateshavebeenfabricatedusingselectneUYdcnaturation(Hammarbackctal.,1985),photokthographicallydirectedadsorptionofmoleculestothesurface(Klcmfeldetal.,1988;Lometal.,1993),stamping(Branchetal,1998)andmk-|etprinting(Klebe,1988).Topographicguidancewasdiscoveredin1936b\Weiss(Weiss,1945)whoshowedthatneuronsmcultureprefertospreadalongItneatedstructuressuchasfinefibres.Withthe13

2
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advent of microfabrication techniques it has become possible to study this phenomenon

systematically (for a review see Curtis and Wilkinson, 1997; Flemming et al., 1999). Fieva-

tions as small as 40 nm can be sensed bv certain cells (c. g. a macrophage-like cell line; Woj-

ciak-Stothard et al., 1996). But different cell types respond differently to topography. Rat

dorsal root ganglia neurons, for example did not align to 12—100 urn pitch grooves which

were less than 1 urn deep. The proportion
ofalignedneuritesincreasedwithgroovedepth.Maximumneuritealignmentwasseenwith6\xmdeep,25urnwidegrooves(Britlandetal.,1996).Themechanismoftopographyrecognitionisnotfullyclear.DothecellsjustsensediscontinuitiesinthesubstrateasCurtisandWilkinson(1997)propose?Ordoesthestruc¬turingofthesubstratealterthesurfacechemistrywhichisrecognisedbythecells?Britlandetal.(1996)combinedachemicalcue(lammin)superimposedorthogonallyoveratopo¬graphicone.Whenthegrooveswere500nmdeeporless,thecellsrespondedmainlytothechemicalcue.Ondeepergroovesthetopographiccueover-rodethechemicaloneandat6gmdepththetopographiceffectorientedabout80%ofthecellsandthechemicalone7%.Ifthechemicalandthetopographiccuewereorientedinparallelasynergisticeffectwasobservedatgroovedepthsof100nmandmoreand25|itngroovewidth.Theauthorsconcludethatchemicalandtopographicguidancecuescaninteractsynergisticallyandhier¬archicallytosteernervecellgrowth.2.1.2ProteinpatterningtechniquesChemicallydefinedsurfacescanbeusedtodirectlyexaminesubstrate-guidedneuriteout¬growthinvitro,butalsofortheproductionofminiaturisedbiosensordevices.Severaltech¬niquesforpatterningbiomolcculesontosurfacesinmicrometerscalehavebeendevelopedinthelastyears(reviewedmBlawasandReichert,1998).Proteinpatterningisalocalisedformofproteinimmobilisation.Thesimplestmethodforimmobilisingproteinsonsurfacesisphysicaladsorption.Amorestablemeansofproteinimmobilisationistocovalentlylinkaproteintoasurfaceviaachemicalbondbetweenmoleculesonthesurfaceandtheprotein.Proteinimmobilisationwithsimilarstabilitycanbeachievedusinghigh-affinityligandpairssuchasavidin-biotin,proteinGandproteinA.In1978MacAlearandWchrungusedphotoresisttechnologyfromthesemiconductorindustrytocreatepatternsonanunderlyingcompressedproteinlayer(MacAlearandWehrung,1978).Thetechniquehasbeenfurtheradaptedforpatterningofproteins(Fig.5A).Aphotoresistisspincoatedona(glass)surface,exposedthroughamaskanddeveloped,resultingmaresistpatternonthesurface.Moleculeswithdifferentterminalgroups,mostoftensilaneswhichwithstandtheharshsolventsrequiredtoremovethepho¬toresist,arenowpatternedonthesurface.Theglassslideisimmersedinachemicallyacti¬vatedsilanesolutionresultinginadenvatisationofthesurface.Theresististhenremovedandasecondactivatedsilanccanbindtothenowexposedsurfaceareasresultinginacom¬plementarypatternoftwosilanesononesurface.Initially,patternsofsilaneswith

different
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hydrophilicity were created to guide neurite outgrowth (Kleinfeld et al., 1988). An amitio-

tcrminatcd silane promoted cell attachment, whereas an alkyS-terrninated silanc would sup¬

press cell attachment, leading to guided neunte outgrowth. Other groups have used patterns

of two different silanes as surfaces for the selective adsorption of outgrowth promoting

proteins (Lorn et al, 1993). A different approachwasdescribedbyFloundersandcolleaguesforpatterningsurfaceswithantibodies(Floundersetal.,1997).Firsttheantibodywasimmobilisedontheentiresurfaceandprotectedbyasucroselayerduringthefurtherproc¬esssteps.Aphotoresistlayerwasthenpatternedontheproteinfilmservingasamaskinthesubsequentplasmaetchingstep.Theexposedproteinmoleculeswereremovedinthisetchingstep.Theproteinpatternsprotectedbvthephotoresistappearedafterresistremoval.Theimmobilisedantibodyretaineditsfunctionaswasshownbybindingfluores¬cence-labelledantibodies.Nicolauetal.(1999)exposedaphotoresisttoUVlightinorder-tocreatecarboxylic-richareasontheresist.Thepatternedresistsurfaceswherethenfurtherfunctionalisedwithpeptidesspecificforcellattachment.Directpatterningwithlighthasbeendevelopedbyseveralgroups.Somemakeuseofpho-tochemicallyactivemoleculestocreatefunctionalgroupsonsurfaceswhichcanbefurtherderivatisedwithbiomolecules(reviewedinSigristetal.,1995).OthergroupshaveusedUV-lighttoinactivateortoremoveimmobilisedbiomolecules(Flammarbacketal.,1985;Mat-strzawaetal.,1996;Vaidyaetal.,1998).Apopularmethodforpatterningproteinsismicrocontactprinting,alsocalledsoftlitho¬graphy.Astructuredpolymerstampiscastfromamicrostructuredsiliconwaferandusedtotransfermoleculesfromsolutiontoasolidsupport(MrksichandWhitesides,1995;Kaneetal.,1999forarecentreview).Thetechniquewasinitiallydevelopedtotransferself-assem¬bledmonolayersfromthestarn]-)toa(gold)surface.Recently,ithasbeenappliedtostamppolylysineonglassslidesprctreatedwithasilaneandacrosslinkcrreagentforcovalcntbind¬ingofthepolylysinetothesurface(Branchetal,1998).Ifthemicrostructuredpohymerissealedwithaflatsurfaceonthetopanetworkofchannelsisobtained.Thesecanbeusedasmicrofluidicnetworkstopatternmultiplemoleculesorevencellsonasurface(Dela-marcheetal,1997;Martmoiaetal,1999;Chiuetal.,2000).2.2MethodsAllchipswereproducedfrom5inchglasswafers(alkali-freeglasstypeSD2;Fioya,Ger¬many)cleanedwitha8minCAROsetch(FFSO^lFOt=2:1v/v)at95°Canda1minF1F-dip(HFTIoO^1:10v/v).Thefabricationprocessesweredoneinaclass-10cleanroom.
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2.2.1 Gold chip production

An titanium adhesion layer (15 nm) was evaporated on cleaned glass wafers followed by

evaporation of a 40 nm thick gold layer with electron-gun-evaporation (BAK600, Bakers).
The wafer was coated with a protective photoresist film and cut into pieces of (1 x 1) cm with

a wafer saw. Glass chips which were only half coated with gold were produced by photoli¬

thography and lift-off of whole wafers. A positive photoresist was exposed through a mask

with I cm wide stripes. Films of titaniumandgoldwereevaporatedasdescribedabove.Thephotoresistwasremovedwithresistremoverresultingmalternating1cmwidestripesoigoldandglass.Toobtain(IxI)cmhalfglass/halfgoldchipsthestripesweresawedinthemiddle.2.2.2FabricationofmicrostracturedchipsForthechipproductionstandardthiti-iiimtechnologywasused.Asetofthreemaskswasdesignedtoformtheelectrodesandconductinglines(Fig.3,mask1),theinsulatinglayer(mask2)andthegroovedefiningpolyimidelayer(mask3),respectively.Thegoldmicro-electrodearraywasproducedbylift-offtechnique(Fig.4):Themask1wasusedtostructureapositivephotoresistonwhichathintitaniumadhesionlayer(15nm)andagoldfilm(40nm)wereevaporated(BAK600,Balzers;Fig.4,1-3).Thegoldelectrodearrayresultingfromphotoresistremovingwasinsulatedbya200nmSiC>2passivationlayerwhichwasdepositedbyevaporation(Fig.4,4).Usingmask2100nmX25,umwidegrooveswereopenedinalayerofresistabovetheoxide.ThislaverwasthenusedasanetchmaskduringoxideetchinginNF13-bufferedHF,thustransferringthegroovestotheinsulatinglayerandexposingtheelectrodes(Fig.4,5).Forthedefinitionofthemicrogroovesaphotosensitivepolyimide(ProbimideP-7020,OCGMicroelectronicMaterialsAG,Switzerland)wasused.Duetoitsdielectricpropertiesthislaverservedassecondinsulatinglayer.Thespin-coatingconditionsenvisagedafinallaverthicknessof10—15urn.Afterlightexposure(mercurylamp350—450nm)throughmask3anddevelopmentthepolyimidewascuredat350°CinaN2-veutilatedovenusingthetemperatureprofilerecommendedbythemanufacturer(Fig.4,6and7).Fortheelectrophysiologicalexperimentsdescribedinchapter5chipswithasiliconnitridelayerwereused.Thefabricationstepswereidenticaltotheabovedescribed.Insteadofapolyimidefilm,a400nmthickSi-N4passivationlayerwassputteredonthewafer(LeyboldZ2600,Germany).Apositivephotoresistwasexposedthroughadark-fieldcopyofthepolyimidemask(bright-fieldmask\Thephotoresistpatternsservedasamaskduringetch¬ingofthesiliconnitrideknerwithareactive-ion-etch(OyCFIF-j=3:40v/v).Themicro-structuredwaferswerediencoatedwithaphotoresistkt\ertoprotectthesurfacefromdustandsawedinto(lxl)cmpieces.
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Figure 3: Mask design for the production of the microstructured chips

Three photolithographic masks (A) were designed for the structuring of the conducting gold lines

(mask 1) the insulating silicon oxide layer (mask 2) and the polyimide (mask 3) resulting in a micro-

structured chip (B) The microgrooves with the electrodes for neuron cell stimulation and recording
are located in the centre region of the chip (C)
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1 photoresist structuring ("P

gold evaporation (2)

t
lift-off (3)

?
Si02 deposition (4)

i
buffered etch (5)

polyimide spinning (6)

light exposure and development (7)

Figure 4: Fabrication of microstructures

A structured photoresist seived to form the gold electiode tracks by lift-off (1-3) An insulating silicon

oxide layer was deposited and structured by buffered HF-etch (4 5) Finally a photosensitive poly¬
imide was spun on the wafer (6) and structured by light (7) Alternatively a silicon nitride layer was

sputtered on the surface and structured by photolithography and reactive ion etching

2.2.3 Chip handling

The chips were contacted \u wire bonds to a custom designed punt board (Fig. 23). The

chip was glued onto the print boatd with a mo-component glue (Epotek377, Epoxy Tech¬

nology Inc
,
US V) and bonded with an Aim ire (25 urn) using a hand-bonder (MEI 1204W,

Matpet Enterpnse Inc
,
l S \) Due to space

limitationsontheprintedcircuitboardthebot¬tomrowoielectrodes(25contacts]weiccontactedvia4padsThreepadswereconnectedwith5electrodeseachandthetotthwith10clcctiodesvhig6D)TheniicroelectrodcsoftheupperrowwereeachconnectedtoaseparatepadIhebondwiresandtheprinted

cir



2 2 Methods 19

cuit board were embedded with a silicon elastomer (PDMS; Sylgard 194, Dow Corning) to

protect the wires from mechanical and chemical (buffer, cell media) stress. A glass ring

(6 mm inner diameter, 8 mm height; Bellcon Glass, Inotcch, Switzerland) was placed on the

chip to protect it from the PDMS. This glass ring served as solution container during immo¬

bilisation and as cell culruring chamber. The PDMS was cured in an oven at 100 °C during
15 min. Wires were soldered on the contactsontheoutsideoftheboard.Theyservedfortheconnectiontoapulsegeneratorduringtheelectrophysiologicalexperiments(chapter5).Betweeneachnewculturingexperimentthebondedchipswererinsedwithawaterjettoremoveimpurities.Thena10%sodiumdodecvlsulfatsolutionwasappliedonthechipfor15minandrinsedextensivelywithH20.Thechipsurfacewasfinallyetched(I^SCy.lI2O2=1:3v/v)for1mmfollowedbvrinsinginFhO.2.2.4ChipcharacterisationThefunctionalityofthegoldelectrodesandthecontactswaselectrochemicallytestedwithcyclicvoltammetrv.Adropofa1mMN-(ferroccnylmcthyl)-6-aminocaproicacid(Padesteetal.,2000)solutioninphosphatebufferwaspositionedonthechipabovetheelectrodes,andareferenceandacounterelectrodewereimmersedinthesamedrop.Theextracellularelectrodewasconnectedasaworkingelectrodetothelowcurrentmoduleofapotcntiostatforelectrochemistry(PGSTAT20,Ecochemie,Holland).Apotentialgradientwasappliedandthecorrespondingcurrentwasmeasured.Oneormoreelectrodeswereaddressedandtheresponsemeasured(big.7).Totestelectrodecrosstalk,oneelectrodewasconnectedtoabipotentiostatmoduletoholdthepotentialatagivenvoltage.Asecondmicroelectrodewasthe\vorkingelectrodeonwhichredox-reactionwasmonitored.2.2.5PhotolithographicpatterningofproteinsTwomethodswereusedtogeneratepatternsofproteinsonglasssurfaces:thelift-offandtheetchingmethod(Fig.5A,B).Thecriticalstepinphotolithographicpatterningistheremovingoftheresistwithacetone.Immobilisedproteinscanbedenaturedbythissolvent.Thelift-offmethodwasthususedtoimmobilisesmallpeptides(RGDC)andstableproteinssuchasantibodiesorstreptavidin.ThemorelabileproteinsCys-axonin-1andCys-NgCAMwerepatternedusingtheetchingmethod,inwhichdieimmobilisedproteinlayerispro¬tectedbyasucrosefilm.Combiningthetwomethodsasecondmoleculecanbeimmobi¬lisedandcomplementarypatternsofproteinscanbecreated(lüg.5C).Inthelift-offmethod(big.5A)glasschipswerecleanedwithacetoneandiso-propanol.Apositivephotoresist(S-1813,Shipley)wasspin-coatedonthechips(3000rpm,30s)and1.HiOisusedthroughoutthetextloiionexchangepiuifiedwarer(182MQcm.M1II1-Q,Milliporc,USA)
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soft-baked on a hotplate during 1 mm at 90 °C. The chips were aligned with the mask using

a mask-aligner (MA6, Karl Suess, München). The resist was irradiated (350—450 nm mer¬

cury lamp) during 5 s and developed (10- J 5 s; MF-319, Shipley). Development was

stopped by soaking m water for a few seconds. Immobilisation of proteins was done as

described in 3.2.1, using isooctaneisooctane as the solvent in the siianisation procedure
instead of toluene, which would attack the photoresist. The resist was removed by sonica-

tion m acetone (2 mm).

A

Lift-off

B

Etching

i»A*»»-

1 photolithography 1 immobilisation

1 immobilisation
,

sucrose

\
- ~—

7~1
""

1

1 lift-off i photolithogiaphy
,V^^Ljsa^Etchingandlift-offetchingimmobilisationjsiIphotolithographyJZESXetchinglift-offimmobilisationlift-offii^ÄfWÄSxcFigure5:PhotolithographicmethodsforthegenerationofproteinpatternsProteinpatternswereproducedwithtwodifferentproceduresThelift-offmethod(A)startswithastructuredphotoresist,followedbyproteinimmobilisationandlift-offWiththeetchingprocedure(B)asucrosefilmwasappliedovertheimmobilisedproteinfoiprotectionAstructuredphotoresistwasthenusedasamaskinthefollowingdryetchingstepAcombinationofthesetwoprocessesisshowninCAfteretchingandbeforelift-offasecondmoleculecanbeimmobilisedleadingtocomplementaryproteinpatternsThedescribedmethodfortheetchingprocess(Fig.5B)wasadaptedfromFloundersetal.(1997).Proteinswereimmobilisedonglasschipsasdescribedm3.2.1and3.2.2.Thechipswerethenincubatedina2%(w/w)sucrosesolutioninH2Oduring30mm.Thesucrosesolutionwasspindriedwithaphotoresistspinner(10000rpm,60s)andcuredinanoven
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(39 °C, lh). A positive resist (S-18 L3, Shipiex) was applied on each chip (2500 rpm, acceler¬

ation 1000 rpm/s, 45 s) and soft-baked on a hotplate during 1 min at 90 °C. The chips were

exposed through a mask (mercury lamp 350-450 nm) during 8 s and developed (MF-319,

Shipley; 10 s). Development was stopped bv soaking in water for a few seconds. Exposed

protein was then removed in an oxygen plasma etch (100% Ch, 400 s; BMP Plasmatechnol¬

ogie GmbH, Germany). If no second molecule was immobilized the photoresist was now

removed
byultrasonictreatmentmacetoneduring2min.Otherwise,thesecondproteinwasimmobilizedusingisooctaneasasolventforthesilanisationstep(Fig.5C).Afterimmo¬bilizationofthesecondproteinthephotoresistwasremovedwithacetoneasdescribedabove.2.2.6StainingofimmobilisedproteinsNonspecificbindingsitesonthechipwereblockedbvsoakingthechipsintrisbufferedsaline(TBS;137mMNaCl,2.7mMKCl,25mMTris)containing5%milkpowderduring30to60minwhileshaking.Thechipswerewashedtwicewith0.1%tween20(Flnka)inTBSduring5mm.Detectionofimmobilisedrabbit-antibody(rlgG;Sigma)wasdonewithrhodamine(TRTTC)labelledgoat-anti-rabbitantibodies(Sigma)diluted1:500inTBSsup¬plementedwith0.1%tween20and3%milkpowder.Strcptavidindetectionwasdonewithbiotin-fluorescein(50mg/mlinthesamebuffer;Sigma).ImmobilisedCys-axonin-twasimmunostainedusingR50-rabbit-anti-axonin-1antibody(kindlyprovidedbyP.Sondereg-ger,Zürich)andafluorescein(FITC)labelledgoat-anti-rabbitantibody(Cappel,OrganonTeknikaCorp.,USA).Thesesolutionswereincubatedduring2h.FinallythechipswTcrewashedtwicewith0.1%tweeninIBS,mountedonacoverslipandexaminedwithafluo¬rescencemicroscope(Zeiss,Axiophot;FITCXcx=495nm,Xem—525nm;TR1TCXcx—552nm,Xcm—570nm)equippedwithaCCDcamera(KappaCF8/1DXCK2TS,Ger¬many).2.3Results2.3.1CharacterisationofmicrostructuredchipsTheproducedchipswereinspectedwithamicroscopetorejectchipswithfabricationdefects.Mostdefectswerefoundinthegoldlanes,probablyduetothepooradhesionofthegoldfilmontheglasssubstrate.Samplestobeinvestigatedwiththescanningelectronmicroscopeweresputteredwithathinlayerofgold.Fig.6showsmicrographsofthechip



22 2 Chip Fabrication and Protein Patterning

at different magnifications to illustrate the chip design, the alignment of the grooves and

their structure.

Figure 6: Microstructured chip

(A) Overview of whole chip (side length 10 mm). The grooves with electrodes are in the centre of the

chip, at the bottom part are the contact pads for the bonding and the top part of the chip has areas of

gold and glass for testing
theimmobilisation.(B)Epi-illuminationlightmicrographoffivemicrogrooves(whiteboxinA)withgoldelectrodesandconductingtracksvisibleunderthepolyimidefilm(scalebar100um).(C)Scanningelectronmicrographofonemicrogroovewithgoldelectrodesateachendandpolyimidewalls(scalebar10um).(D)Chip(darkarea)bondedtocontactpadsonprintedcircuitboardwithAl-wires(scalebar10mm).Withelectrochemicalmeasurementsitcouldbeshownthattheconduitsbetweenthesol¬deredwireontheprintedcircuitboardandthegoldelectrodeonthechipwereintact(Fig.7).Ifmorethanonemicroelectrodewascontactedthemeasuredcurrentincreased.Nocrosstalkbetweenneighbouringelectrodescouldbeseenwithinthesensitivityoftheequip¬mentused.
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Figure 7: Cyclic voltamogram of ferrocene-caproyiamine measured with the extra¬

cellular gold electrodes

The curves represent measurements with one (a) five (b) or ten (c) gold electrodes

Once the chips were bonded to the punted circuit board, they were reused several times for

the immobilisation of adhesion molecules and culturmg of cells With the described clean¬

ing protocol the chips could be reused up to ten times for immobilisation and cell culture

(4—6 d in culture), then the isolating silicon nitnde layer would start to detach from the

undeiiuno; cold lanes, leading; to short ell
cultsItwasnotclearifthedetachmentofthesil-iconnitridewasduetopooradhesiontothegold,ortocorrosionprocessesduetocellmediaandcultunng,oracombinationofbothIhesputteredSi^N4wasnotpm-holefree,andthisholescouldbeacauseforleakageofionsintothelaver2.3.2Patterningproteinswithlift-offandetchingmethodsInthelift-offmethodthephotoresistwasfustappliedtothesurfaceandphotolithograph-lcall)structured(big5A)IheptotemwasthenimmobilizedonthesampleandtheresiststructurewasremovedusingaresistremoverAmamconstraintmthistechniqueresultedfromtheusedproteinimmobilisationtechniqueOrganicsohentssuchastolueneusedforsilauisationattackedthephotoresiststructuie1hcretore,fortheimmobilisationofthepro¬teinsisooctancwasusedassohentfoithesilanesIhepatternresolutionmthismethodismainlygivenbythephotoresiststructureFig8showsimagesofaphotoresistteststructure
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(Fig. 8A) and a fluorescence image of llgG pattern resulting after lift-off and lmmunostain-

mg (Fig. 8B). Down to 2 urn line widths no significant loss of resolution was found for the

transfer of the pattern into the protein la\ et

Figure 8: Pattern resolution of lift-off method

Fluorescence miciographs ot photoresist structure (A) and the corresponding rlgG pattern (B) after

lift-off and staining with a TRITC-labelled anti-rlgG antibody The photoresist in (A) is auto-fluorescent

at this excitation wavelength (552 nm) Scale bars 20 urn

The lift-off method was also used to local!) immobilise proteins into the microgrooves
ofthemicrostructuredchips.Vphotoresistwasspunonthemicrochipsandstructuredusingthedarkfieldcopyofthemaskusedforpohimidestructuring.Asatestproteinrabbit-anti¬bodieswereimmobilisedandimmunostaincdwithananti-rabbitantibody.Fig.9Bshowsthattheproteinw7asimmobilisedonhinthemicrogrooveIntheetchingmethodthestructuredphotoresistwasusedasamaskduringanetchingsteptotransferthepatternintotheundcrhmgproteinfilmSpinningthesucrosesolutionathighrotationspeedforatleast1mmwasessentialtoachieveagoodadhesionofthephotoresistwhichwasappliedinthenextstepOtherwise,thephotoresistwouldpeeloffthesurfacedunngdevelopmentTherefore,developingtimeshadtobekeptshortandthesampleswereonlygentlymoved.Nevertheless,finephotoresiststructuressuchaslongnarrowknes,startedtofloatontheprotein/sucroseh\erduringthedevelopmentofthephotoresistandthesubsequentwashingThelimitofresolutionofthismethodwrasthereforemtherangeof2urn.Thefunctionalityofthepatternedproteinswasassessedwithneunteoutgrowth(secFig.16,chapter

3).
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A B

Figure 9: Localised immobilisation of protein in the microgrooves

IgG was immobilised at the bottom of the microgroove using the lift off patterning method (A) shows

a fluorescence micrograph of a microgroove without immobilised antibody in (B) the immobilised anti

body can be seen as rectangular film on the glass surface at the bottom of the groove The surround¬

ing polyimide is auto fluorescent at this excitation wavelength (> = 552 nm) Scale bar 50 urn

2.3.3 Formation of complementary protein patterns

Iwo compkmental\ piotem patterns weie geneiated stalling bom the same photolitho

gtaphic maskwhen following the etching and the hit off method, tespecttveiy (Fig SC) The

fust piotem la\ei was patterned at toi ding to the etching method, but the photoiesist wras

not lemoved Ob\iousl\, some new limitations ot the pioccss had to be considcicd, as the

photoiesist which is piotectmg the stiuctuic ot the fust ptotcm needed to withstand the

immobilisation piocess ot the second piotem It was found, that the ammo-silane \PTES

used foi the immobilisation of thiol tci minated mokculcs would attack the photoiesist
aftci the etching step Ihettloic, the c\pciimcntal setup had to be adapted to avoid lmmo-

btlisition of the thiol-teimmated ptotan as the second molecule Ihc subsequent aqueous

mt ubation steps (tiosslinket and pioteinj w cie not e title al foi the stability of the photoiesist

pattern Fig 10 shows the gieen and ted tluoieseenee unages of complementaiy line pat

tcins of sttepta\idin and labbit IgG In this cvpeiimcnt stiepta\idm was immobilised as the

fitst piotem and stmt tm cd h\ etching while the IgG was immobilised as the second piotem

and stiuctuied b) lift-oft Foi \tsualisation the sample was incubated w^ith a mivtuic of

biotin-fluoiesccm and a TR11C -labelled mti-ilgG anuboth which bind selectiveh to the

avidm and the tabbit IgG, icspeemch \ cleat pattern definition was found foi 5 urn lines

of both piotems, but the 2 urn patterns seem to be the limit of le solution of the combined

pioccss
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Figure 10: Complementary patterns of streptavidin and rlgG

Fluorescence micrographs of streptavidin and rlgG patterns taken at the same position. Streptavidin

(A) was patterned with the etching method and rlgG (B) using the lift-off method. Biotin-fluorescein

(A, green) and anti-rabbit IgG-TRITC (B, red) were used to visualize the line patterns (left 5 urn, right
2 jim line width). Scale bar 50 urn.

2.4 Discussion

2.4.1 Microstructured chip

The layout of the described microstructured chip was designed for testing and evaluation

purposes. Half of the chip surface with different areas of gold and glass was dedicated to

develop the immobilisation procedure which however was then done on unstructured

chips.
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The biocompatibility of the materials in contact with cell media and cells is a prerequisite
for the establishment of cell cultures. The materials on the chip (glass, gold and pofyimidc)

were all compatible with cell culturing. But also further material present on the chip used

for bonding- and embedding; should not inhibit cell growth. This was not the case with the

embedding resin (I170E/H70K-2; Polvscience AG, Cham, Switzerland) employedforpro¬tectionofthebondwiresinthefirstbatchofchips.Therefore,furtherchipswereembed¬dedinPDMSwhichwasknowntobecellcompatiblefromearlierexperiments.Thematerialhastobenotonlybiocompatiblebutitmustalsotobeinertversustheagentsusedfortheimmobilisationprocedureandalsoincellculturing.Forexampleitwasobservedthatduringthesilanisationprocedurewith\PTESintoluenethePDMSwouldswellandtheAPTESwouldattackit,formingapersistentfilmofPDMS/silaneontheglass.Allattemptstoremovethisopaquefilmonthechipsurfacefailed.Therefore,thesilanisationwasdoneinethanolandmordertoprotectthePDMSfromthesilaneasmallglassringwasgluedonthechip(seeFig.23).Thecellculturemediumisabufferwithmanydifferentionicsubstances.ThissolutionwasverycorrosivewiththecoppercontactsontheprintboardandalsowiththebondwiresiftheywerenotperfectlyembeddedinPDA1S.Recently,anextensivestudyonpassivationandcorrosionofmicroelectrodearrayshasbeenpublished(Schmittetal.,1999).Bestlong-termresultswereobtainediftheconductinglanesandelectrodeswereburiedintothesili¬conandthevwerepassivatedwithtriplexLiversofSiCy/S^N^SiCs(130/540/130am).ThefailureoftheS13N4passivationlayerseeninthebondedchipswasprobablyduetopin¬holesinthefilm,pooradhesionongoldormechanicalstress.2.4.2ProteinpatterningAnewmethodtogenerateproteinpatternsusingphotolithographictechniqueshasbeendeveloped.Inthelift-offmethodinwhichthephotoresiststructureisremovedtogetherwiththeoverlyingpartsoftheproteinlayer,theimpactoftheremoversolutiononthepro¬teinmustbeconsidered.Organicsolventssuchasacetonemaybeusedaswellaswaterbasedresistremoverswhichusuallvcontainaminesoralkali-hydroxidesatapiIof9to11.Thisrestrictstheapplicabilityofthelift-offprocesstosmallpeptidesandrelativelyrobustproteinssuchasavidinorvariousantibodies.Manygroupshavethususedthispatterningtechniqueonlytopatternsilaneswithdifferentfunctionalitiesontowhichdirectedimmo¬bilisationofproteinswaspossibleafterlift-off.Thisworkpresentsanadaptationofphoto¬lithographictechniquesforthepatterningofmultidomaincelladhesionproteins.Embeddingtheproteinfilmmasucroselaverprotectstheproteinsfromdenaturation.Thesucrosemaintainsasuitableenvironmentfortheproteinsthroughouttheprocessanditefficientlyprotectstheproteinfromdirectcontactwithorganicsolvents.Itbecomespossi¬bletocreatepatternsofsensitiveproteinssuchasaxonin-1andNgCAM.Duetotheloweradhesivityofthephotoresistlayeronthesucrose-embeddedproteinthepatternresolution
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is reduced. Photolithographic processes are compatible with thin-film technology. There¬

fore it is possible to align the protein structures with high precision allowing large scale pro¬

duction. Patterning of two proteins on one surface has been presented here. In principle it

should be possible to add patterns of further proteins on the same substrate by subsequent

treatments with sucrose, photoresist application etc. However, the more steps that are

added, the more problems with protein stability and pattern resolution may arise. Also, it

was found that the photoresist would be dissolved by the APTES in the combined etching/
lift-off process. This was only the case if protein was previously immobilised. The experi¬
mental proceeding has therefore to be carefully planned.

The presented technique has some disadvantages that cannot be neglected when comparing
with different patterning techniques for the use tn common neurobiological or biochemical

laboratories. Expensive equipment is needed compared to cheaper patterning procedures
such as microstamping or UV-ablation. Alignment to preformed structures is however eas¬

ier to handle: a mask-aligner is perfectly suitable for precise alignment.

Table 2 lists the most popular protein patterning
techniqueswiththeirlimitsofresolutionandmajoradvantagesand

disadvantages.



Table 2: Overview of protein patterning techniques

Patterning technique
Patterned

molecules
Resolution Advantages Disadvantages Applications

Photolithography

Patterning with light

Microcontact printing

hcrofluidic networks

silanes
,

antibodies'3,

axonin-1c

compatible with thin film

technology, parallel pro-

2 jim duction, exact pattern

definition, multiple pro¬

tein patterning

expensive equipment,

high number of process

steps

large scale production,

biochips

silanes0, self-

assembled

monolayers®,
i,„„J

1 u.m
one process step, cheap

equipment,

only two complementary

patterns,
lab-scale

silanes3,

thioalkanesh

polylysine'

cheap equipment, reusa¬

ble stamps, can be com-

200 nm bined with covalent

immobilisation, multiple

protein patterns

small scale production,

alignment with existing

microstructures, repro¬

duction

lab-scale

antibodies',

poIylysmek,
cells'

3 jlm

multiple number of pro¬

teins can be patterned in

one step in different pat¬
terns

small scale production,

alignment with existing
microstructures

lab-scale

a Kleinfeld et al, 1988

b Flounders et al 199/

c this work

d Matsuzawa et al, 1996

e Vaidyaetal 1998

f Hammarback et al, 1985

g Kane et al, 1999, Pompe et al 1999

h Mrksich and Whitesides, 1995

i Branchetal 1998
jDelamarcheetal,1997kMartinoiaetai,1999IChiuetal2000



30 2 Chip Fabrication and Protein Patterning

Bia"K ieaf



3 1 Introduction 31

3

Functionalised Glass

Surfaces for Neuron Cultures

3.1 Introduction

3.1.1 Neural cell adhesion molecules

Extending neurons in the developing nerve s\stem find their targets by sending out their

axon and dendrites along guidance cues presented locally in the extracellular fluid, on cells

or m the extracellular matrix (F CM). This guidance cues can be soluble molecules (long

range guidance cues) or membrane bound molecules (short range guidance cues) which arc

recognised by receptor proteins on the axonal surface (Fig. 11).

Long-range guidance cues are secreted by target tissues. They can form gradientswhichactongrowingnervetips.Thesamemoleculecanfunctionasanattractiveorarepulsivecue,dependingontheneuronalpopulationorthede\elopmentalstate(Tcssier-LavigneandGoodman,1996).MembraneandECMboundproteinsactasshort-rangeguidancecues.Twolargefamiliesofneuralcelladhesionmolecules(CYMs)areinvolvedinaxonguidance:Thecelladhesionmoleculesoftheimmunoglobulin(lg)superfamily(RathjenandJesscl,1991;Grumet,1991;Sonderegger,1998)andtheCadherins(Takeichi,1991).IheneuralCAMsoftheIg-supcrfamiharemembraneghcoproteinswhichactaslocalguidancecuesmediatingtargetrecognitionand/orlinearneunteextension.ManyofthesemoleculesundergoIiomophilicinteractions.Somemembersarealsoinvolvedmhcterophilicinterac¬tionswithotherCYMsormoleculesoftheextracellularmatrix(forareviewseeSondereg¬ger,1998).ThemembersoftheCadherinfamilyundergoIiomophilicinteractionsmacalcium-dependentmanner(Lakcichi,1991).AsecondimportantgroupofadhesionmoleculesisassociatedwiththeECMandisrespon¬sibleforcell-substrateadhesion.Theselargeextracellularglycoproteinsconsistoftwoiden-
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Figure 11 : Guidance of neurons in vivo

Four types of mechanisms contribute to guiding growth cones contact attraction,
chemoattractioncontactrepulsionandchemorepulsionContactattractionandcontactrepulsionaremediatedbyshort-rangeorlocalguidancecuesiemembraneboundproteinsincontrast,chemoattractionandchemorepulsionaremediatedbylong-rangecueswhicharesecreteddiffusiblemoleculesExamplesofhgandsimplicatedinmediatingeachofthesemechanismsaieprovidedNotethattnesamemol¬eculecanactasrepulsiveandattractivecuedependingontheneuronalpopulationandthedevel¬opmentalstateAdaptedfromTessier-LavigneandGoodman1996ticalorsimilarpolypeptidechainsholdtogetherviaadisulfidebridge.Theyinteractwithcellboundintégrais,afamilyofreceptorsthatrecognisesvarioushgandsdependingonthecombinationofdifferentsubnnitspresentdlcichharcltandTomaselli,1991).MembersoftheECMassociatedadhesionmoleculesare:lamimn,fibronectin,tetvasctnandthrom-bospondm.Thechemistryofthesubstrate,however,isnottheonlyguidinginfluencetowhichagrowthconeresponds.'Ilietopographsofthesurfaceisalsoimportant:growthconesstickingtofibres,forexample,willtendtofollowtheirorientationaphenomenonknownascontactguidance.Furthermore,duringthelast\eatstherehasbeengrowingevidencethatcelladhesionmol¬eculesalsoplayimportantanddnerserolesinregulatingsynapticplasticity,learningandmemory(Bensonetal.,2000).
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3.1.2 The neural cell adhesion molecules of the Ig superfamily

The axonal membrane proteins of the lg-super family (reviewed in Sondcregger, 1998) can

be further classified by the number of lg- and tibronectin type 1TI (FNIII)-related domains

(IgFNIll-like proteins; Sondcregger and Rath]en, 1992). F11/F3 and axonin-l/TAG-l with

six lg-like and four FN 111-like repeats belong to one subclass, whereas Ll/NgCAM,
NrCAiVl and neurofas ein with six lg- and five FNTH-likc domains represent another sub¬

group. NCAM with five Tg- and two FNTlT-like repeats cannot be assigned to these sub¬

groups.

3.1.3 Axonin-1

Members of the axonin-1 /TAG-1 faniilv have been found in chicken, mouse, rat and

humans. These adhesion proteins arc expressed in differential patterns in neurons during
neural development (Yoshihara ct al., 1995). Axonin-1 is involved in neunte outgrowth

(Stocckli ct al, 1991), axonal path finding (Stoeckli and Landmesser, 1995; Stocckli et al.,

1997) and neunte fasciculation (Ruegg ct al, 1989; Stoeckli et al., 1991; Run?, ct al, 1996;

Kunz et al., 1998). The proteins of the axonin-1/TAG-1 family exist as GPTanchoted and

as soluble form. Studies on the release mechanism of axonin-1 suggest that part of the sol¬

uble axonin-1 is released from the membrane bv a phosphatidylinositol-specific phospho-

lipase D (Licrhcimer et al., 1997). Axonin-1 can undergo homophilic binding (Rader et al.,

1993) and a number of heterophilic interactions with NgCAM (Kuhn et al, 1991), NrCAM

(Suter et al., 1995; Fitzli et al., 2000), ß-integrm (Fclsenfcld ct al, 1994), neurocan, phospha-

can/protein tyrosine phosphatase-C/ß, NCAM (Milcv et al., 1996). The interaction of

axonin-1 with NgCAM occurs m the plane of the same membrane (eis) as domain deletion

and crosslinking experiments revealed (Kunz et al., 1998; Fig. 12A). This heterodimer is

thought to interact with an axonin-1/NgCAM cis-hetcrodimer on another cell forming an

axonin- l2/NgCAM2-tetramer which is probably involved in activation of intracellular sig¬

nalling pathways as their association with kinases suggests (Kunz et al, 1996).

The binding of axonin-1 on neural cell s to NrCAM on glial cells assures a close neurite/glia
contact. Suter et al. (1995) suggest a role of this complex during the initial state of axon

enshcathment m the peripheral neural system. "1 he relevance of the interaction of axonin-1/

TAG-1 with NCAM, neurocan. phosphacan and ßl integrin is still unclear.

Structural studies on axonin-1 have revealed that a glvcine/prolinc rich segment between

lg-domains and the membrane proximal bNTll-like repeats may form a flexible hinge

region that folds the protein back to a horseshoe-like structure in the unbound state (Racier
ct al., 1996). The crystal structure of the ligand binding fragment lgl-4 has been solved

recently (Freigang et al, 2000). The overall structure of the axonin-l(igl-4) is U-shaped due

to contacts between domains i and 4 and domains 2 and 3. The domain arrangement found
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m the crystal suggests that the cell adhesion br homophilic axonin-1 interaction occurs by
the formation of a hnear zipper-like arra\ m which the axonin-1 molecules are alternately

provided by the two apposed membranes (.Fig. 12B).

A

neuron cell membrane

NgCAM

neuron cell membrane

axomn-1
igi

igi

NgCAM

neuron cell membrane

igi

igi.

"^axonin-1

VA AgijA axonin-1

Figure 12: Binding models of heterophilic and homophilic axonin-1 interaction

(A) Axonin-1 and NgCAM interact in the plane of the same membrane An axomn-12/NgCAM2-
tetramer is formed between two apposed cell membranes Adapted from Kunz et al

,
1998 (B) Model

of the homophilic axonin-1 bindingassuggestedbythecrystalstructureofaxonm-1(lg1-4).Azipper-likeorganisationinthemembraneoftwoapposedcellsissuggestedAdaptedfromFreigangetal,20003.1.4NgCAMChickenNgCAMisregardedascloselyrelatedtomammalianLI(SondereggerandRath]en,1992;Sonderegger,1998).MembersoftheXgCAM/Llfamilyoflg/FNIIl-likeproteinshavebeendescribedforinvertebratesandvertebrates.Inmanyspeciesdifferentsplicelso-formsofthesamegeneproductaregeneratedb\alternauvcsplicing(Davisetal.,1993;Grumetetal.,1991;Takedaetal,1996)However,itisnotknownwhethertheseisoformshavespecialisedfunctions.'Themoleculesofthe\gCAM/Llfamilyarcpredominantlyexpressedinthedevelopingandadultcentralandperipheralnervoussystem.SpliceformsmissingtheRSIA.-peptidesequencemthemiddleofthecytoplasmicdomainarefoundto
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mediate cell interactions outside the nervous system where they mediate interactions with

integtins (Ruppcrt et al., 1995; Montgomery et al., 1996; Takcda et al., 1996). During devel¬

opment different neuronal and glial cell populations express the different members of this

family in a complex spatio-temporal pattern (Moscoso and Sanes, 1995). Studies indicate

that these proteinsareinvolvedinaxonalpathfinding,axonaloutgrowth,neuritefasciculartion,neuronalcellmigration,myelinationandsuiapticplasticity.Thesefunctionsaremedi¬atedbyinteractionsofthemembersofthe\gCAM/L1familywithawidevarietyofotherproteins.Apartfromhomophilicbinding(GrumetandHdclman,1988),theextraccllulatpartofNgCAMinteractswithaxonin-1(Kuhnetal.,1991),Fll/contactin(Brummendorfetal,1993),laminm(Grumetetal,1993),neurocan(Fnedlanderetal.,1994),phosphacan/proteintyrosinephosphatase-C/ß(Milevetal,1994),andNrCAM(Lustigetal.,1999).Theshortcytoplasmicdomaininteractswithankvrm<vDavisandBennett,1994),caseinkinaseII,andS6kinasep90Rsk(Kunzetal.,1996)indicatinganimplicationinsignaltransduction.3.2MethodsBuffermediaandsolventswerepurchasedfromFlukaorMerckandwereallhighpuritygrade.3.2.1Immobilisationofthiol-terminatedmoleculesTherecombinantadhesionproteinsCys-axonin-1andCys-NgCAMwereproducedbyDr.LukasLeder,InstituteofBiochemistry,UniversityofZürich(nowNovartis,Basel;Sorribasetal.,2001).Inordertoachievecovalentandorientedimmobilizationoftheneuralcelladhesionproteinsaxonin-1andXgCVMonglassorgoldsurfaces,thetransmembraneandintracellulardomainsottheproteinsweredeletedandacysteinewasinsertedbygeneticengineeringattheC-termofthelastextracellulardomainnearthemembrane.Thismodifi¬cationallowesthesecretionoftherecombinantproteinsandalsoacovalentimmobilizationviathethiolgroupofthec\steineonglassusingsilanechemistryandamaleinimidccrosslinkerorongolddirectly(Fig.13.WGlasschips(lx1cm;Iloya)werecleanedwithacetoneandisopropanolbeforeuse.Thesur¬facewasactivatedwithconcentratedHXO-during3minutesandthenrinsedwithH2O.ThechipsweresilamsedduringIhina2%ammoprop)Itriethoxysilane(APTES;Sigma)solutionintoluene,washedwithtolueneanddriedwithastreamofnitrogen.Chipswithphotoresiststructuresweresilamsedwithisooctane;chipsembeddedinPDMSweresilan-iscdwithethanolassolvent.Fortheimmobilizationofthecysteineterminatedrecombinantproteins(Cys-axonin-1andCys-XgCAM),andtheadhesionpeptideArg-Gly-Asp-Cys(RGDC)thefollowingprotocolwasused:a5mMsolutionoftheheterobifunctional
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crosslinkcr N-|y-maleimidobutyryloxyjsulfosuccinimide ester (sGMBS; Pierce) was pre¬

pared by dissolution in 30 u.1 dimethyl sulfoxide and dilution in 50 mM phosphate buffer pH

7.0. 75 u.1 thereofwere applied on each chip. The samples were rinsed with phosphate buffer-

after 2 h incubation and dried with nitrogen. The recombinant adhesion proteins Cys-

axonin-1 and Cys-NgCAM were diluted to a final
concentrationof250u.g/mlin50mMphosphatebufferphi7.4.A2mMsolutionofRGDC(Bachern,Switzerland)waspreparedin50mM"phosphatebufferpH7.0.Theproteinorpeptidesolutions(75u.1)wereappliedonthechipsfor2handthechipswerethenrinsedwithphosphatebufier.Tftheappliedsolutionshadnotbeensterilisedpreviously(0.2urnfilter,Millipore)thechipsweresterilisedwith70%cthanol/HoO(filteredsterilewith0.2urnfilter)beforeuseascellculturesub¬strate.Gold-chipsproducedasdescribedin2.2.1werecleanedwithacetoneandisopropanolandintroducedintothechamberofaplasmaetcher(BMPPlasmatcchnologieGmbH,Ger¬many).Thegoldsurfacewasexposedtoanoxygenplasmafor3mintocleanitfromdepos¬itedmaterial.Afterwards,thefreshlyetchedsurfacewastreatedwitha5mMsolutionofmercaptoethanesulfonate(MPS;Fluka)inethanol/FFO(50%v/v)topreventfouling.After1hincubationthechipswerewashedandthendriedwithN2.Proteinsolutionswerepreparedasdescribedaboveandappliedonthechipsandafter2hthechipswerewashedwithbuffer.3.2.2Immobilisationofmoleculeswithfreeamino-groupsForproteinswithnoterminalcysteinetheammogroupsofthelysineresidueswerelinkedtoahctcro-bifunctionalcrosslinkcr.Aprotein-crosslinkerconjugatewaspreparedasfol¬lows:400ugprotein(streptavidinorrlgG,bothfromSigma;200,ug/mlfinalconcentration)and0.25mM///-maleimidobenzoyl-N-hvdroxvsulfosuccinimidcester(MBS;Pierce)in50mMphosphatebufferpH7.4werereactedfor2handthendialysedagainst50mMphosphatebufferpH7.0.Thisconjugatesolutionwasappliedonglasschipspreviouslysilanisedwith2%mcrcaptopropvltnethoxvsilane(MP'l'MS;Fluka)intoluene(orinisooc-taneifaphotoresistfilmwasonthechip)for2handthenwashedwithphosphatebuffer.3.2.3PatterningofRGDCandCys-axonin-1PatternsofRGDCwereproducedwiththelift-offmethod(2.3.2),whereasCys-axonin-1patternswereproducedusingtheetchingmethod(2.3.2).Patternsofparallellinesandgridswithdifferentlinewidths(5,10,15,25urn)andatdifferentdistancesweregenerated.Immobilisationprocedureswereasdescribedabove.TheLift-offstepinacetoneservedalsotosterilisethechip.
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Figure 13: Covalent immobilisation of molecules on glass using silane chemistry

(A) Immobilisation scheme for thiol-terminated molecules Ammosilane is bound to a cleaned glass
surface (1 ), then the heterobifunctional crosslmker sGMBS binds to the free ammo-group on the sur¬

face (2) The maleimide-group on the immobilised crosslmker will then react with free thiol groups (3),
leading to a covalent and oriented immobilisation of the adhesion molecule

(B) Immobilisation
ofproteinswithfreeammo-groupsTheglasssurfaceissilanisedwithamercapto-silane(1)Thepreviouslysynthesisedcrosslinker-proteinconjugate(2)isthenboundtothesurface(3),leadingtoacovalent,butnotorientedimmobilisationoftheprotein3.2.4Coatingwithlamitiinandpolylysine75idofa40jig/mlmouselaminm(GibcoBRL)solutioninphosphatebufferedsahne(PBS)orofa100u.g/mlpoh-L-tvMtie(Sigma)solutionwetcappliedonthechipsorontissuecul¬turedishes(Nunc)andincubatedatV°C.\fter2hthechipswererinsedwithPBS.
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3.2.5 Reduction of nonspecific binding of proteins and cells

Glass surfaces were treated with various silanes to reduce protein adsorption and cell attach¬

ment. Cleaned glass chips were incubated for 1 h m 2% solutions of octaclccvitnchlorosilane

(ODS; Aldnch, USA'i or fndecafluoro-l,l,2,2-tetrah\drooctyl tnchiorosilanc (TFS; ABCR,

Germany) m dry hexane and subsequently washed with the solvent. 1 mg/ml 0-[2-(Tn-

meth)loKysilyl)ethyl]-G'-meth\l-pohethylene ghcol 5000 (PFG-sikne; Fluka) solution in

H20 was incubated on the chips for 1 h and the chips were then washed with PLC1.

3.2.6 Determination of surface density of proteins

Radiotracer techniques were used to determine the surface coverage of immobilised adhe¬

sion molecules. Radiolabelled '-T-traccr molecules were synthcsised as follows. 200 ul

lodogen-solution (1.6 mg lodo-Gen; Pierce, lti 4 ml etrnl acetate) was dried with nitrogen

m a glass test tube. 'Ihen, 250 gl of a 200 jig/ml protein solution m phosphate buffer pi I

7.4 and 200 uQ of i:bI (NF\, Belgium) were added, vortexed and reacted in ice water for

15 mm. The reaction was stopped bv transferring the solution to a new test tube containing

200 ul elution buffer (0.5 gg/ml protein in phosphate buffer pll 7.4). Labelled proteins were

purified with a gel filtration column (PD10, Pharmacia). Per chip about 100000 cpm of the

radiolabeled protein were added to the unlabelled protein solution. The activity bound to

the chips was determined with a gamma-counter (I.B21 11, EG&G Berthold, German}) and

activity distribution on the surface was visualised exposing the chips m an electronic auto¬

radiography instrument (InstantTmagcr, Canberra Packard) or on imaging plates (Fuji

BAS2500, Japan).

3.2.7 Buffers and media for cell culturing

PBS-:

8 g NaCl (Fluka 71380); f. c
'l
136 9 mM

0.2 g KCl (Fluka 601 30); f. c. 2 7 mM

1.44 g Na2HP04xll20 (Merck 6580); f. c. 8. t mM

0.2 g KH2P04 (Merck 4873), f. c. 1.5 mM

to 1 1 with FLO; filtered sterile (0.2 um; Mediakap-5, Microgon)

i t t tintl LOiiLUitt mon
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PBS:

0.13 g CaCl2x2H20 (Fluka 21098); f. c. 0.9 mM

0.10 g MoCl2x6Pl20 (Merck 5833); i. c. 0.5 mM

in 1000 ml PBS-; filtered sterile i0 2 jam filter, Microgon)

Maintenance solution (Erhaltungslösung):

0.5% D-glucosc (Fluka 49140) m PBS

Trypsinisation solution:

0.5 ml Trvpsm (1 mg 'ml; GibcoBRl. 25095-019)

4.5 ml 0.5 % D-glucosc (Fluka 49140) m PBS-

Medium supplements

Albumax:

Albumax 1 (low IgG, low endotoxin, GtbcoBRL 066-01020 E),250mg/mlmPBS-N3-Supplement:8ml10mg/mlBSA(68kD,Sigma\~9418)mPBS-;f.c.15mM0.8ml2mg/mlcortacosterone(SigmaC-2505)methanol;f.c.60pM3.2ml25mg/mlnivalin(Sigma1-5500)in25mMHCl;f.c.174pM0.8ml400|iMprogesterone(SigmaP-0130)methanol;f.c.4pM3.2ml500mMputrescme(SigmaP-7505)mPBS-;f.c.20pAI8ml10Mg/mlXa-selemtvSigmaS1383)mPBS-;f.c.6,uM8ml0.Ig/mlholo-tran-derrinbovine(Gibco11107-026)mPBS-;f.c.100pM8ml200Mg/mltri]odoth\romn(Calbiochem64245)methanol;f.c.3pMvolumeadjustedto80mlwithPBS-;filteredsterile(0.2umfilter,Mtlliporc)and250pialiquotsstoredat-20°CNGF:30pirhu-ß-NGF(Gencntech1UA8/52,USV;083mg'ml)to1mlwith1mg/mlBSAmPBS-Gliitamine:L-GlutammefStgmaG-5126);200mMmH20,filteredsfenle(0.2pm)
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Minimal essential medium stock solution(MEM):

1 P MEM w/o glutamine (GibcoBRL, 072-9001 IN)

4 1 ultra high pure H20

11 g NaHC03 (Fluka p.a. 71628)

0.95 1 ultra high pure H20

pH adjusted to 7.2 with 6 X HCl

osmolality adjusted to 325 ± 5 mOsm by adding glucose (D-glucose;

Fluka 49140); filtered sterile (0.2 urn; Mediakap-5, Microgon)

Preparation of MEM for cell cultures:

25 ml MEM stock solution

500
uiAlbumax250ulN3-supplcment250ulGlutamine20uiNGFfilteredsterile(0.2urn;Millipore),andputinincubator(37°C,10%C02,humidified;BrouwerSWJ300D\T3B,USA)forequilibrationofphiandtemperature3.2.8CulturesofdissociatedchickenDRGneuronsSerumfreeminimalessentialcellmedium(MEM;Stoccklietal.,1996)waspreparedasdescribedaboveandputintoahumidifiedcellincubator(37°C,10%C02)fortemperatureandpFJstabilisation.Dorsalrootganglia(DRG)weredissectedfrom10-dayoldchickenembryosasdescribedbySondereggeretal.(1985).Theisolatedgangliaweremaintainedinsolutiononice(Erhaltungslösung,seeabove).Thegangliaweretransferredtoasteriletubewithapastcur-pipetteandweredissociatedduringa15minincubationin0.25%)trypsininPBS-(seeabove)at37°C,followedbymechanicaldissociationwithapipettetip.Dissoci¬atedcellsweresuspendedinthepre-incubatedcellmediumandplatedonthechipsataden-sit)-of5000cells/cm2foroutgrowthexperiments,andat50-100000cells/cm2forelectrophysiologicalexperiments.Proliferationofnon-ncuronalcellswasminimisedbytheinclusionof0.12niM5-fluorodeoxyuridmeand0.3mMuridine(FUdR;bothfromSigma)inthemediuminsomeexperiments.Cellswerefixedwith2%formaldehydeand0.05%glu-taraldehycle(bothFluka)inMEMafter24hincubationonthechipsinahumidifiedincu¬bator(37°C,10%COo).Foracharacterisationofthesubstratesinfluenceonthecells,neuriteoutgrowthwasana¬lysedwithphasecontrastmicroscopy(XikonDiaphot,20xphaseobjective)equippedwithacamera(VTEdigitalvideohighresolutioncameraTV11-35FI).Thepercentageofcellswithneuritcsafter1dinculturewascountedandtheneuntelengthsdeterminedusingtheNationalInstitutesofHealthimagesoftware(XlH-image1.55;http://rsb.info.nih.gov/
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nthtimage/download.html). Only ncurites which emerged from an isolated neuron (not

from a clump of cells), and which did not contact other ncurites or cells, were considered.

The neurite length of the longest branch was measured from the cell soma to the most

remote tip.

3.2.9 Cell positioning

Three methods for the positioning of cells into the microgrooves were evaluated. The eas¬

iest way to bring cells into
thegroovesistoplatethecellsathighdensity.Theprobabilitythatacellattachestothebottomofagroovewillincreasewithnumberofcellsinthecellsuspension.Therefore,cellswereplatedat200000cells/cm2.TheareaforcellattachmentwasdelimitedbyaPDMSfilmwhichhadanopeningof0.5mmx5mmoverthegrooves.Asasecondpositioningmethodlasertweezers(CellRobotics,USAonaNikonDiaphot300)wereevaluated.Finally,amicromanipulator(TransferMan5177,Eppendorf)equippedwithahanddrivenoil-pump(CellTramOilEppendorf)wasusedforcellpositioning.Glasspipettes(CG100F-10,ClarkInstruments,CK)withaninneropeningdiameterof30—50gmwerepulledwithamicropipettepuller(P-87Puller,Sutterinstruments,USA)andpolishedwithamicroforge(MF99,Narishige,japan).Themicromanipulatorwasmountedonaninvertedmicroscopestage.Positioningexperimentsstartedimmediatelyafterplatingthecellsonthechips.Oneormorecellsweresuckedupusingthemicropump,thepipettewaspositionedinfrontofagrooveandthecellthengentlvreleased.Whenallthegrooveswerefilledthedishwasputintheincubator,however,notlaterthan20minafterplating.3.3Results3.3.1SurfacedensityofimmobilisedadhesionmoleculesTheradiolabclled""T-RGDCwasnotstableandshowedadifferentreactivitythantheunla-belledRGDC.ThereforeestimationofthesurfacedensityofimmobilisedRGDCwasdonewith"STabelledcysteine.Withanappliedconcentrationof5mMasurfacecoverageofabout100pmol/cm2wasfound.Thiscorrespondsto6xl01'molecules/cm".ThisnumberisinagreementwiththecalculationsmadebyHuberetal.(1998)andfindingsbyothergroups(MassiaandHubbcll,1990;Deeetal.,1996)fortheimmobilisationofsmallpeptidemolecules.ThesurfacedensityofcovalentlyimmobilizedCys-axonin-1asdeterminedbyradiolabeUingwas400ng/cm2onglassand600ng/cnrongoldwhena50gg/mlsolutionoftheproteinwasapplied.Thesedensitiesweretheminimaldensitiesnecessaryforneunteoutgrowth
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Figure 14: Dissociated DRG neurons on glass chips treated with different adhesion

molecules

Cultures of dissociated chicken DRGs after 1 d in culture on APTES (A), RGDC (B), Cys-axonin-1 (C),

Cys-NgCAM (D), laminin (E). (F) shows cell grown on Cys-NgCAM bound on gold surfaces. Note the

monopolarity of the neurons. Scale bar 100 urn.
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Table 3: Neurite outgrowth on different substrates

Substrate
Outgrowth

(% of total cells)

Mean neurite

length [urn] (n>30)

Aminosilane 20 40 + 10

RGDC 60 124 + 60

Laminin 90 n.d.

Cys-axonin-1 50 80 ±30

Cys-NgCAM 80 231 ±86

3.3.3 Long-term observation of cell cultures

If no attempts were made to inhibit division of non-neuronal cells glial cells and fibroblasts

could be observed to form flat cell clusters after 5 days. After 1 week in culture these cells

had formed a dense cell carpet on top of which neuron cells were growing (Fig. 15A).

Figure 15: Long-term cultures of dissociated DRG neurons on RGDC

After 7 d in culture the non-neuronal cells proliferate and form a carpet of cells on which the neurons

grow (A, on
RGDC).Ifantimitoticaareaddedtothemedium,cellproliferationisinhibited(B,after7donRGDC).Scalebar100urn.Strongfasciculationoftheneuntescouldbeobservedfromday3.Thesefascicleswouldformstraightconnectionlinesbetweentheceilsandevendetachfromthesurfaceafterawhile.WhenantimitoticasuchasFUclRwereaddedtothemedium,afterthreeweeksincul¬turenearlynonon-neuronalcellswerepresent:intheculture.Neunteoutgrowthinthesecultureswascomparabletothecontrolwithoutantimitoticainthecellmedium(Fig.

15B).
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3.3.4 Neurite outgrowth on patterns of cell adhesion molecules

Fluoicsccnee labelled antibodies specific tot the immobilised piotem weie used to visualise

the loimed piotem patterns 1 Lo\\l\ci, is antibodies ma\ bind selectively to some epitopes
ot the ptotem even when it is delimited, a successful binding was no! a pioof loi the intact

functtonafip ol the piotem Patterns ot Ca s a\omn 1 w ci c thetefotc cieafedwithbothtechmqucs,hft-ottandetching,andusedassubsttitcstoincuioneultuies(Fig16B)MuchmoteneuntesweiefoundglowingonpatternsoftheneutaladhesionptotemaxoninIwhentheetchingmethodwisusedtogenciatethepattern,indicatingthatthesuelosewaseffective!)ptotcctmgthistchmchlaiecandsensimcpiotemWhenusingpatteinsottheshottpeptideRGDC(1ig16\),nosuchdilfctenccsbetweenlift-offandetchingptoccsscouldbeobset\edVsRGDChasnotettianstiuctutethatmightbedestiovedinthepat¬terningptocessesthesuciosipiotcctionisnotnccessin\at)ingthewidthofthepiotemUnesttom5to25gmapieteicnceofdieneuntestogtowonnanowlineswasobscuedPatterncompliancewasbestonpuallellinessmalleithen10gmmwidth,followedb\gildpatternswithnanowadhesuelanesVftet5dmcultutetheneuntessfattcdtofasciculateanddidnolongeifollowtheadhesnepathsFigure16,NeunteoutgrowthonpatternsofRGDCandCys-axonin-1MicrographsofDRGsculturedfor30hongridpatternsofRGDC(A5(imlinewidth)andofCysaxonin1(B15[imlinewidth)PatternsofRGDCwerecreatedusingtheliftoffmethodandpatternsofCysaxonin1weredonewiththeetchingmethodThepreparationin(B)wasimmunostamedwithFITClabelledantiaxonin1antibodyScalebar100urn
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3.3.5 Reduction of non specific binding

A pi oblem w Inch is always encountered w hen w 01 Ling with piotems on suifaces is non spc

cific binding of piotems On gold suifaccs as aheach mentioned this pioblem is pi evented

b\ the use ot sliott chain thioalkanes rxpeiimcnrs with immobilisation of C) s-axonm-1 on

glass/pol\imide half chips showed, "that ptotcins boundalsotothepolyimideThus,cellsseededonthemiciosttuctuteclchipswouldtoimneuntesnotonlyinthemictogtoovesbutalsoonthepohimidematetialIheielote,awa\totendetthepohimidelepellenttopio¬temsandcellswasexaminedlfoVandmilkbuttelcouldtecluceadsoiptionofQs-axonm-1onthepohimide,butmcombinationwiththeimmobilisationpiocediuc(silamsation,ciosslinkei,plotem)thesesubstancescouldnotbeusedVnothefapptoachwastocoatthepohimidesmfacewithaheliophobicsiLine(ODS)\tlatPDMSstampwaswettedwithODSandstampedontoamiciosttuctutedchipBecauseoftheelevationotthepohimideabovetheglassandgoldsutiaccs,thesilanewasboundonlyontopofthepohimideCellscouldnolongeiglowonthepohlmiele,wheteasontheglassandgoldpattsofthechippet-feetneunteoutgtowthcouldbeobsencdbhcliophobitsilanesweiealsousedtopievcntcelladhesiononglasssubstiatesFongchainalkanesilanes,iluonnatedsilanesandPEG-clenvatiscdsuifaccsha\ebeenshowntoleducecellattachment(Matsu/awaetal,1997,Stengeletal,1992,Bunchetal,2000)onpatternedsubstiatesIndeed,pootoinocellattachmentwasobseueclonglasssmtacestieatcclwiththesemolecules(Iigi7)A\BFigure17:HydrophobicsurfacessuppresscelladhesionandneunteoutgrowthGlasschipsweretreatedwithtndecafluorotetrahydrooctylsilaneTFS(A)andoctadecyltrichlorosi-laneODS(B)andcellsplatedatadensityof5000cells/cm2andculturedfor1dNoneunteoutgrowthwasobservedandthenumberofattachedcellswassignificantlyreducedascomparedtoglasstreatedwithadhesionmoleculesScalebar100urn
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3.3.6 Positioning of cells into microgrooves

A tight cell-electrode contact is important for an efficient stimulation and recording of the

neuron cells. The closer the cells are to the electrode the better the signals will transfer from

the electrode to the cell and mcc \crsa. Ihree ways of bringing the cells into the micro-

grooves contacted by gold electrodes were examined. \s shown by (itnbo et al (1993)
amaskcouldbeusedtopositioncellsintogroovesof15(1urnsidelength.Inasimilarexper¬imentthechipareavasdelimitedb\PDMS(05xSmm)andcellswereplatedatahighden¬sity.However,nocellwasfoundmamicrogrooveafter2daysofcultivation.Positioningofsinglecellscanalsobeachievedbvlasertweezersorusingmicromanipulators(Townes-Aiidersonetal.,1998;Malieretal.,1999),luthelasertweezerssetupcellsaretrappedinthefocusofalaserbeamandcanbereleasedatthepositionofinterest.Highnumericalapertureobjectivesarerequiredtogeneratethelighttrap(SvobodaandBlock,1994).However,duetothesmalldepthoffocusofsuchobjectivesthistechniqueisnotapplicablewiththeusedglassthickness(600umkbinally,positioningthecellswithamicro¬manipulatorwasattempted.GlasspipetteswithM~)to50iiminnerdiametershowedtobesuitableforsinglecellplacementintothemicrogrooves.Vnoildisplacementhanddnvenmicropumpwasusedtosuckthecellsintothepipetteandtoreleasethemintothemicro-grooves.Thiswasverytediousworkasthecellswouldjumpoutofthegrooveinsteadofsettlingdown.Furthermore,thefillingofall25grooveshadtobeaccomplishedwithin20mm,thetimerequiredforcellattachmentAfterwards,thecellscouldonlyveryhardhbesuckedupwiththemicropipetteandprobabhthecellmembranewasdamaged.However,whenevertheplacementhadbeensuccessful,afterlclmculturenearlyallthecellshadmovedoutofthegroo\cs.Cellsthatwerestillinthegroovehadformednoneuntesandwerephaseopaqueindicatingthattheywereapoptotic.3.4DiscussionInvivotheneuralcelladhesionproteinsa\omn-landXgCAAlareusuallymembraneboundproteins.Withgeneticengineeringitispossibletomodifytheproteintoallowsecre¬tion.7vnappropriatecukanoucexpressions^stemhasrobefoundastheseproteinsarcgly¬cosylated.Throughoutexpression,purificationandfinallycovalentimmobilisationtheproteinmustretainitsfunctionalityThiswasthecasewithboththeengineeredCys-axomn-landCvs-NgCAM.However,theactivityoftherecombinantproteinsmsolu¬tiondecreasedslowh,at4°C.Publisheddataonneunteoutgrowthonaxonm-iandahomologueofNgCAM(L1/G4)adsorbedonculturedishes(Moeckltetal,1991)areslighthdifferingfromtheoutgrowthobservedwhentheproteinsarecovalcntlvimmobilisedonthesurface.Thenumberofneu¬ronswithneuntesishigheronadsorbedaxonm-i(80°ovs.500/o),andthemeanneunte
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length is also longer (110 urn) compared to covalently bound Cys-axonin-1 (80 urn). These

differences, as well as the longer mean neunte length on covalently bound Cys-NgCAM

(230 gm vs. 150 um on adsorbed L1/G4) are attributed to differences in surface coverage

resulting from the coating technique

The placement of the cells into themiciogrooxesshowedtobemoredifficultthanexpected.Ttwaspossibletopositionthecellsusingamicromanipulator.However,afterIdayonlythegrooveswereempt\again1\enwithhighcelldensitycoverageonthechiprarel)acellwasfoundmthegiooveThecellsseemedtoa\oidthesegrooves.Fromtheseobservationsitwasconcludedthatthesizeofthemicogrooves(100umx25gm)wasprob¬ablytoosmalltoaccommodatetheseneuioncells(10-20pmdiameter).InapaperofMalieretal.(1999)asimilarproblemhasbeendiscussed.Inverted,truncatedpyramidalholesof30gmsidelengthand16,umdepth,calledneurowells,werefabricatedtotrapasinglehippocampalcell,lunnelsfortheoutgrowingneuntesleadingawayfromthewellsonthesurfaceweredesignedtopre\cutcellboehmigration.Thewelldimensionshowever,seemedtobeusefulonhforthiscellt\pe,assuperiorcervicalganglioncellsescapedthewellsaftermaturation.Finite-elementanahsishadsuggestedacubicpitwith11gmsidelengthintowhichtoplacethecellforbesticsuitswithextracellularelectrodesrecordings(Findctal,1991).Theauthors,however,donotmakeamcommentoncellbehaviouronsuchanarrowhole.Beforeanextgenerationdesignofthemicrochipsisproduced,thecrit¬icalsizeparametersshouldbedeterminedwithm\ltioexperiments.Analternativemethodforthepositioningofcellshasbeendescribed(Mattmoiactal.,1999;Mulieretal,1999)Bothpapersmakeuseofmicrofluidicstodirectcellstospecifiedpositions.WhileMattmoiaandcolleaguesdescribeasimplerapproachusinglaminarflow,mtheworkofMullet'sgroupsophisticatedelementssuchasfunnel,aligner,cageandswitcharepresentedtotrapcellsusingnegativediclectrophoicsisGuidedoutgrowthofneuntescouldbeobsei\edonthephotohthographicallypatternedcelladhesionmoleculesTwosimpleLuoutsarepresentedparallellinesandagridpatternAlthoughalignmenttotheproteinlaneswasobservedoften,thecellbodiesandneuntescouldalsobridgeareaswherenoproteinwaspresentIhclinewidthoftheadhesiveareainfluencedneunteoutgrowth.1henarrowertheproteinlinesthemoreneuntesalignedtothemInordertoavoidblurringofthecellularnetworkdefinitionaftersomedaysmvitro,coatingthebackgroundareaswithcell-repellentagentshasbeenproposed(Branchetal.,2000)bxposingastampedpoh1\sinepatterntopohetlwloneghcoltheycreatedapatternthatwouldallowlong-teimcultures(29da\s)ofhippocampalp\ramidalcellsThehydro¬phobicsilancsODSandITSe\aluatedinthisstuckatealsosuitedtosuppressgrowthofneuronsonthebackgioundareasThenextsteptowardsiunctionalneuralnetworksmvittowhichwillmimicnetworksmvi\o(withsignalpropagation,processing,learning,etc)isalogicalnetworkdesignwhichguidesaxons(output)toconnectdendritesorceilbodies(input)ofothercells\\llkmsonandCurtis(1999)proposeatile-basedpattern.Onetilehasthreecells,eachwithtwoinputsandoneoutput(theaxon)whichsplitsmtwo.Inthisnet-
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work the signal can propagate in every direction and feedback loops are also possible. This

network design implies that axonal/dendritic polarity can be induced in outgrowing neu¬

rons. Stcngcr et al. (1998) have shown that this is possible with a cross-shaped pattern of

adhesive silane created with photolithographic techniques. Three arms of the cross con¬

sisted of an interrupted line, whereas the forth arm of the cross was a continuous line of

adhesive silane. The discontinuities in the adhesive tracks were shown to induce dendritic

growth, whereas an axon required the continuous adhesive path. A similar mechanism has

been described by Rsch et al. (1999). Thev cultured hippocampal neurons on alternating

stripes of laminin and NgCAM and examined on which substrate the axon formed. They
found that cells with their somata on laminin usually formed axons on NgCAM, whereas thosewithsomataonNgCAMpreferentiallyformedaxonsonlaminin.Thisfindingsug¬geststhatthechangefromoneaxon-promotingsubstratetoanotherprovidesasignaltoinducetheaxon.I'hisopensawidefieldofsurfacemodificationsthatcouldbeusedforthedefinitionofneuralnetworks.Notonlyadhesionpromotingproteinscanbeimmobilisedonasurface,butalsoproteinswithspecificfunctions,suchasinductionofsynapseforma¬tion,axonpromotion,orspeciilcinforacertaincellt\pe.Culturingexperimentswithdis¬sociatedspinalcordneuronsfrommouseorchickenonCys-axonin-1andCys-NgCAMfunctionaliscdglasssurfacesfailed.Theseneuronsdidnotattachtothesurface,formedclumpsofcellsandnoncuritcoutgrowthcouldbeobserved.Ttseemstherefore,thattheseproteinsareneuroncelltypespecific.Thiscanalsobeanadvantageifco-culturesofdiffer¬ent(neuron)celltypesaredesired.
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Cell-Surface Distance

4.1 Introduction

As outlined in the introduction (1,2) a tight sealing of the neuron cell membrane and the

electrode surface is crucial for good S/N ratios. A better sealing means a close contact

between the cell membrane and the electrode. In this project it is suggested that neural cell

adhesion proteins immobilised on the surface could potentially reduce the cleft between

membrane and electrode surface. In order to determine the distance between the cell mem¬

brane and the substrate surface,measurementswithfluorescenceinterferencecontrastmicroscopy(FLIC)wereperformedmcollaborationwithDieterBraunattheMax-Planck-Jnstitutc,München.bLlC-microscopytakesadvantageoftheinterferenceofincidentandreflectedlightaboveamirror(Wienereffect).Thestandingmodesoftheelectromagneticfieldabovethesurfaceofsiliconmodulatetheexcitationandtheemissionofafluorescentdvewhichisinsertedinthecellmembrane.'LheobservedphotonsperunittimeJqdependontheprobabilitiesofexcitationunderstadonarvillumination(Pex)andofemissionintothedetector(Pcm)accordingtowithascalingfactor;?andabackgroundb.borthecalculationofthecell-substrätedistance//cicf[anopticalmodelwithfivela\ersfbulksilicon,oxidelaver,extracellularcleft,cellmembraneandcytoplasma)wasassumeddescribedbvthicknessandrefractiveindex(Braunandbromherz,1997).Siliconchipswithstepsofdifferentheightofsiliconoxide(r/ox)werepro¬duced,fromtherelativeintensinofthecellmembranefluorescenceonfourdifferentsili¬conoxidestepsthecell-surfacedistance(//cieit)canbe-calculated.



52 4 Cell-Surface Distance

4.2 Methods

4.2.1 Neuron cell cultures on microstructured oxide chips

Silicon oxide chips (provided bv D. Braun) were treated with cell adhesion molecules as

described in section 3.2.1 and chicken DRG neurons were plated on the substrates as

described in section 3.2.8.

The neuron cell membranes were stained 20 h after seeding with the amphiphilic dye 1,1'-

didodccyl-3,3,3\3'-tctramethylindocAi'hocyanine Perchlorate (DiIC12, Molecular Probes). A

5 mM DilCj? stock solution in ethanol was diluted 1:1000 in PBS- resulting in a suspension
ofdyeaggregates.Thecellmediumwasremovedandsubstitutedwith3mlofthedyesolu¬tion.Thedyewasadded,removedandre-addedcarefullytothecells,inordertoenhancestaining.After5minat37°Cthisprocedurewasrepeatedonce.ThelivingcellswerekeptinPBS-duringobservationwiththefluorescencemicroscope.FortheFLICmeasurementstwoindependentcellculturepreparationandtwochipspercoatingwereexamined.4.2.2Determinationofcell-surfacedistanceTheoryandset-upusedforthecalculationofthecell-surfacedistancewithfluorescenceinterferencecontrastmicroseopvhavebeendescribedbvLambacherandFtomher7,(1996)andBraunandFromher?.(199"7).Briefly,fluorescencepictures(Fig.18)weretakenthroughawaterimmersionobjective(lOOx,numericalaperture1.0,ZeissAxioskop)withopenedAbbecondenserat546nmexcitationwavelength.Emittedlightwasfilteredanddetectedbetween580and640nmwithaCCD-camcra(SonychipICX039VL,FIRX,ThetaSystems,Germany)whichhadaneffectivepixelsr/eof90x90nm.Exposuretimesvariedbetween40and320ms.Inordertoidentifytheoxidesquaresbelowthecellareferencepicturewasmadethroughthesameobiectivefilteringlightfromahalogenlampat630nmandwithclosedAbbecondenser(big,18D).PicturestakenwithopenAbbecondensershowednointensitycontrastcomingfromthecells.Oneachoxidesquareregionsofequalfluorescenceintensityweredefinedandfittedbythementionedopticaltheoryofinterference.Minimaldistancesofsinglecellsweredeterminedandaveragedforeachsubstrate.
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4.3 Results

4.3.1 Cell membrane-surface distances

Areas of homogeneous fluorescence intensitv were defined (Fig. 18C) and the averaged
intensities were plotted versus the oxide square thickness (Fig. 19). For the regions rl—i'4

defined in Fis;. 18C the lowest intensitv was on the thinnest oxide, indicatins; a narrow cleft

(Fig. 19A), whereas in the regions Rl—R4 of Fig. 18C the intensity was highest on the thin¬

nest oxide indicative of a large cell-surface distance, as the standing modes have a node near

silicon (Fig. 1913). The distance values were fitted with the distance curve calculation pro¬

gram developed by D. Braun (Fig. 19, solid lines; http://mnphys.biochem.mpg.de/

projects/flic/flic_root.html) .

Figure 18: Fluorescence micrographs of neurons cultured on silicon oxide chips

Fluorescence micrographs of DRG neurons cultured 20 h on APTES (A) and axonin-1 (B). (C) shows

a detailed view of the cell in the centre of (A). Fluorescence intensities were measured over the

regions delimited by white boxes (r1-r4 and R1-R4 in (C)) and the correspondent oxide thickness

assigned comparing with the picture of the cell at the same position made with closed Abbe con¬

denser in white light (D). Oxide thickness 1-4 in (D) correspond to 10, 55, 110 and 155 nm, respec¬

tively. Scale bars 5 jam.
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Figure 19: Determination of the minimum and maximum cell-surface distances

The average fluorescence intensities of boxes r1-r4 (A) and R1-R4 (B) of Fig 18C were plotted
vs the four different oxide thickness () The curve was fitted with the distance calculation pro¬

gram (see text) The calculated distances were 34 ± 5 nm for (A) and 154 ± 7 nm for (B)

As it can be seen in Fig. 18 the fluorescence mfensm is not homogeneously distributed over

the whole oxide square area, rather it show s an irregulai, dotted pattern. Analysing the cell-

surface distance these membiane patches revealed differences from 30 to 100 nm (Fig

19) This phenomenon \\ as obsen ed on all substrates and has been mentioned bv Braun and

Fromherz (1998) for rat neuron cultures on chips with adsorbed pol} 1)sine For the calcu¬

lation of the minimal cell-surface distance for each
substratetvpeonl)thesmallestdistancevalueofevervcellwastakenTheresultsaresummarisedinLable4Table4:Minimalcell-surfacedistancesasdeterminedbyFLICMeasuredTheoreticalSubstratecell-surfacemoleculedistance[nm]length[nm]APTES39+31-2RGDC39+42-3Cys-axonin-137+1032Cys-NgCAM47+844Lammin91±4113Polylysine54±9?
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The closest cell-surface contact was found on the Gvs-axonin-1 substrate (37 ±10 nm, n =

16) and on the APTES surface (39 ± 3 nm, n = ~l). On Cvs-NgCAM substrate a longer dis¬

tance was determined (47 ± 8 nm, n = 14), whereas on the polvlysinc substrate the minimal

distance was found to be 54 + 9 nm (n = 7). The cleft separating the cell membrane grown

on laminin from the surface (91 ± 4 nm, n = ~) was much wider and comparable to the

previously reported value for hippocampal cells of 104 ± i nm (Braun and Fromherz,

1998). On chips treated with the short adhesion peptide RGDC the cell-surface distances

were non-uniform. A cluster tor cells with a mean distance of 39 ± 4 nm (n = 5) can be

defined (Fig. 6, dashed line), whereas thedistanceofthefurthercellsrangedbetween80and160nm.£0)o03t=3mEo0ocCO<21801160140-1120j100:80-60J40\20jO-01216CellFigure20:CalculatedminimaldistancesfromallcellsmeasuredonRGDC-treatedchipsCellsurfacedistancesof15cellswerecalculatedandplottedvsthecellnumber.Lowvaluesareclusteredinameancell-substratedistanceof39nm(dashedline)4.4DiscussionFromearl)'experimentswithdissociatedneuronculturesitwasrecognisedthatapositivelychargedsurfacepromotesadhesionofneurons(YavtnandYavin,1974;Lefourneau,1975).Presently,thepositivelychargedpolvammoacidspolvormthineandpolvlysincarcwellestablishedascoatincrmoleculesforculturedishes.Theexactnatureoftheattachmentmechanismtothesesurfacesisnotvetclear.However,itseemswidelyaccepted,thatneg¬ativelychargedproteoglycansorlipidsofdiecellmembranecouldinteractwiththesurface-
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bound polycations (Yavin and Yavm, 19"4; Mcfvcehan and Ham, 1976; Glass et al., 1994).
The assumption that a positive charge is sufficient for cell adhesion was refined by Kleinfeld

et al., 1988). They postulate that the chemical structure may additionally be important as

indicated by the finding that di-amino terminated molecules on surfaces were more potent

adhesion promoters than surfaces treated with mono-ammo molecules. This is in agreement

with our observation that cells are growing poorh on the mono-ammo silane APTES. The

distance of the cell membrane
tothesubstrateonYP1ESisataminimum.Adhesionmech¬anismofcellsonAPIESandpohlvsmeisprobablycomparable.Themeasuredcell-surfacedistance,howe\er,islargeronpol\l\sine(54nm).Pohhsinewhichisphysisorbedontothechipsurfaceismoreextendedthantheshort-chain\PLESandthecoatingisnotasstableasthecovalcntlvboundAPIES,probabhresultingmanincreasedmeandistancevalue.big.21showsestimatedlengthsoftheadhesionmoleculesusedmthisstudy.AHH3N/-sNHOHNhVoHNtf3t><yyscooOut)Poly-lysmeAPTESRGDC»oT3Laminint>Cys-Cys-NgCAMaxonin-1Figure21:TheoreticallengthofadhesionmoleculesPolylysineandlamininwereimmobilisedbyphysisorption(A)APTES,RGDC,Cys-axonin-1andCys-NgCAMwerecovalentlyimmobmsedontheoxideviasilanechemistrywithacrosslinkermole¬culeforanorientedimmobilisation(B)(LpeptidelinkerwithC-terminalcysteine,crosslinkerandamino-silanelgimmunoglobulin-likedomainFnfibronectin-like

domain)
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In contrast to APTJ ?-S and polylysinc, the other adhesion molecules studied bind cells spe¬

cifically via receptor molecules. The extracellular matrix protein laminin is recognized by

integrtn molecules present in the cell membrane (McKerrachet et al., 1996). The integrins

arc a family of receptor proteins consisting of hetcrodimers of distinct a and ß chains which

protrude 20-22 nm
intotheextracellularspace(Kerniutetal.,1988).Neuronsculturedonlaminincoatedchipsareseparatedfromthesurfacebvaratherwidecleftof91nmasitcanbeexpectedconsideringthedimensionsoflaminin(72xi13nm;Engeletal.,1981).BraunandFromhet'7,(1998)havereportedahomogeneous104nmthickcleftforratneuroncul¬turesonadsorbedlaminin.Acleftofthiswidthwillresultinaloosesealingtoextracellularelectrodes.Someofdiecelladhesionfunctionsoflamininaremimickedbytheshortpep¬tidesequenceRGDthatisrecognizedbvdifferentintegrins(Glassetal.,1994;BurridgcandChr/anowskaAVodnicka,1996).Atheoreticaldistanceof25nmcanbeassumedbyaddingthedimensionoftheRGDCcovalentlvimmobilizedonthesurface(2-3nm)andthemen¬tionedlengthoftheintegrinmoleculeprotrudingformthecellmembrane(20—22nm).Theactualdetermineddistancewasslight!vlarger(39nm),because,theglycocalyxofthecellmaylimittheminimumdistancevalue(asdiscussedbelow).Itisnotclear,whylongerdis¬tancesforcellsonRGDCchipswerefoundinsomecases.Furtherreceptormoleculesmaybcinvolvedordifferentneuronsubtvpeswereobserved.Sincethisphenomenonwasnotobservedwithotheradhesionmoleculesamethodicalfaultcanbeexcluded.Severalstudieshavebeenperformedtoelucidatetheinteractionsofaxonin-iandNgCAMwithothercelladhesionproteins.Althoughahomopktlicbindingofaxonin-1betweentwocellscouldbeshownwithheterologousexpressiononmyelomacells(Racleretal.,1993)andincrystalstructurestudies(Freigangetal.,200(1),thebiologicalfunctionofthiscomplexisnotyetclear.Neunteoutgrowthonaxonm-isubstratesisprobablymediatedbyNrCAM(Sureretal.,1995;Rüstigetal.,1999)whereasneunteoutgrowthonNgCAMsubstratesisthoughttobemediatedbythetetramcric(axonin-1/NgCYM)2complex.ConsideringthatanIg-domainisabout4nmlong(Schifferetal.,19~3)andassumingsimilardimensionsforthefibronectin-likedomains,thelengthoftheimmobilizedCys-axonin-lwouldbe32nm,andCys-NgCAMisestimatedtobe44nmlong.Fromthestructuralmodelsofinteractionswewouldexpectthatthecleftbetweencellandthesesubstratesshouldbeintherangeof50-70nm.Thecell-surfacedistancesmeasuredbyFLICconfirmtheseexpectations.OnCys-axonin-lsubstratethecellsareataminimumdistance(37nm)andslightlymoredistantonCys-NgCAM-treatedsurfaces(47nm).Thefactthatnocell-surfacedistancebelow35nmwasfoundforDRGneuronsculturedondifferentsubstratesindicatesthatadditionalbulkymoleculesmaybepresent.Itisknown,thatcellsarecoatedwithacarboh\drate-nchlaver,theso-calledglycocalyx.EarlyelectronmicroscopyworksonchickenDRGshadrevealedtheexistenceofacellcoatontheseneurons(JamesandTresmam1972).Dependingonthestainingmethodthethicknessofthecellcoatsmeasuredvariedfrom30nm(rutheniumredstaining)to120nm(lantha¬numpermanganatestaining).Theglvcocalvxofredbloodcellshasbeenestimatedto

be
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onh 6 nm thick (Lmss et al., 1991). Indeed, red blood cell ghosts adhered to polylysme
coated surfaces at a very low distance ot 12 nm as determined using FLIC microscopy

(Braun and Fromher7, 1997). We thus conclude that the glycocalyx may prevent a closer

contact ot the cell membrane to the surface b\ steric hindrance. Therefore, we postulate
that 35—40 nm is the minimum

cell-suifacedistanceforORGneurons.Whetherthisissuf¬ficienttoimprovethesignal-to-noiseratiomelectrophysiologicalexperimentswithextracellularelectrodeshastobeshownFormthesimulationsmadebyGrattarolaandcolleagues(Grattarolaetal,1991)withtheSP1CEprogiamatacell-surfacedistanceof50nmtherecordedsignalisexpectedtobemtherangeof800uV.Reducingthedistanceto20nmwouldgiveasignalmtherangeof2-tm\.\\iththemeasuredgapofabout40nmonC)s-axonm-lsignalsmthe1mYrangecantherefoiebeexpected.Additionally,thegltacellscontinuetoproliferateincultureandeventualhformadensegkacarpetonfopofwhichtheneuronsgrow.Therefoie,afteraweekortwothedistancefromneuroncellmem-branetoelectrodesurfacewillbeacellknerofgkaAttemptstosolvethisproblemusingco-culturesastemshavebeenreportedh\severalgroupsKlemfeld(Kleinfeldetal,1988)reportedthecreationofanunpatternedaicaforfeedercellssurroundingthepatternedneu¬rons.Anothergroup(Malieretal,1999)seededglucellsonacoverslipandlaiditupsidedown2mmabovetheelectrodearra\chipThesecretionsofthegliawoulddiffuseintothecellmediumandbeavailablefortheneuionsNeuronshavebeenreportedtoadhcietothesurfacemsocalledpointcontacts(StreeterandRecs,1987,Arrcguietal,1994\lesmall(90—200nm)regionsofthemembranecloselyapposedtothesubstrate,mwhichotherupesofmtegrmsandcytoskeletalanchorproteinsthanthosefoundmfocalcontactsareinvolved(lawiletal,1993;Arrcguietal,1994).Notetheirregulardottedpatternofthemembraneinthefluorescenceimagesofthecells(Fig.18).Patchesofmembraneappeardarkerthanotherareasindicatingthatsomepartsofthemembranearemoredistantfromthesurfacethanothers(Fig.18CandFig19)Thedifferencebetweenthedistancesofthesepatcheswasmtherangeof30—100nmformostcells.Thelateraldimensionsofthesedotsrangedhorn100to500nm,butsometimestheywereevenlargerthan1urnIhus,theobserveddotsmavrepresentpointcontactsIdentificationoftheinvokedpioteinsb\usingimmunocuochemicalmethodscouldhelptoconfirmthisassumptionThedeterminedeell-suiracedistancesaremeanvaluesoverthedeterminedareasThelaterallesolutionoftheFLICtechniqueismtherangeofafewhun¬drednanometersItispossible,thatwithinthesemembranepatchesthecellmembranehaspointsofclosercontacttothesurface,thatcannotberesolvedwiththistechnique
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5

Stimulation and Recording:

5.1 Introduction

Extracellular recordings from neural cells can be performed measuring the potential differ¬

ence between the extracellular electrode and ground (Grattarola et al., 1997; Gross et al.,
1997b; Malier et al., 1999), or between a pair of electrodes (Breckenridge étal, 1995; Maeda

ct al, 1995). In general, the recorded signal is amplified by high impedance amplifiers and

filtered to cut off unwanted low and high frequencies, the band width being between 0 FI2--

20 kFE. The signal is then digitised m the data acquisition board at a resolution of typically
12 or 16 bit. Finally, a software is used for data processing and analysis. A typical worksta¬

tion for MEA recording is shown in Fig. 22.

video monitor

-^~=g^Z. computer

video

camera

microscope

1 \_- A/D converter

MEA

amplifier filter

Figure 22: Sketch of a workstation for signal recording from multîelectrode arrays
The extracellular electrodes on the MEA-chip are connected to amplifier and filtering units The

recordedsignalisdigitisedandanalysedwithacomputerThecellscanbeobservedwithamicro¬scopeoronavideosystemconnectedtothemicroscopewhile

lecording
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A number of groups have started to integrate the amplifying and filtering units in the direct

vicinity of the chip m order to reduce noise Pancrazio el al. ('1998) have described a CMOS

amplifier-based system with measurement and stimulation capability which is connected

directb, to the multielectrode artvr\ chip Ma zebra strips Commercially available electrode

arra\ systemsofferalsofilteringandamplifiersystemstowhichthechipisconnecteddirectl)andwhichcanbemountedonthemicroscopestage(Mulüchannelsystems,Reutlin¬gen,German),MatsuhitaFJcctncIndustualCo,Panasonic,Kyoto,japan).Thesevendorsofferwholepackageswithchips,signalprocessingunitsanddataanalysissoftware.Forstimulationofneuronsviaextracellularelectrodescurrentpulsesmthe100uArangeaieapplied(Rcgehretal,1988.\\îlsonetal.,1994)InordertoimproveS/N-ratiostheimpedanceoftheseelectrodesisicduceclb\electroplatinisationresultinginimpedancesrangingbetween200kQand1Mil(XXilsonetal,1994,Breckenndgeetal,1995,Mähetetal.,1999).Furthermore,thevoltageattheelectrode-mediuminterfacemustnotcvceed1Vtoa\oiddamagingtheelcctiodemateiialandthecells.Theappliedstimuluspulseshaveaduiationbetween300usandafewtensofmillisecondsMamgroupshaverecordedextra¬cellularandintracellularsignalsinparalleltocontroltheperformanceoftheextracellularelectrode(limboetal.,1991,Wilsonetal,1994,Breckenndgeetal,1995).TheresultspresentedhereshouldbeseenaspreliminaryTheprimaryaimwastoinvesti¬gatetfitispossibletoculturecellsonthechipembeddedmthecircuitboard,ifthesecul¬turedcellswereclectricalhacmeandfinallyifitwaspossibletoapplycurrentpulsesthroughthegoldelectrodes.Theeffectoftheextracellularstimulationwasmonitoredwithanintracellularelectrodemwholecellrecordingmode5.2Methods5.2.1PreparationofthemicrostrricturedchipTheexperimentsdescribedinthischapterwereperformedwiththemicrostructuredchipbondedtoaprintedcircuitboardasdescubeclm22iFig25showsamicrostructuredsil¬iconnitridetvpechipwInchwasgluedonapuntedcircuitboard'1hereasonforusingthesechipsweretwofold:First,thepohimideLr\erdepolarisedthelightmdifferentialinterfer¬encecontrastmicioscopxusedmthetecordmgsetupIhisinterferenceoverpoweredtheinterferencecausedbythecellmembianesh\mamtimesandasaconsequencethecellscouldnotbeseen.Second,thepositioningproblems,asdiscussed,couldbecircumventedwiththethinsiliconnitridela\er(400um)BondwiresconnectthechiptothecircuitboardAsmallglassringgluedonthechipbeforefiinctionalisationwithRGDCservedascellcul-tuungchamber(arrowheadinlig2i)\secondlingwith2cmdiameterand3mmheightw^asgluedontheprintedcircuitboaid(Fig25,whitecircle).Thesmallglassringwas
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Figure 23: Chip bonded into printed circuit board used for electrophysiology
experiments

A silicon nitride-type chip was glued into the chip holder Contact pads on the chip were wire bonded

to contacts on the board Wires foi connection to the stimulus generator were soldered on the board

(open arrow) A small glass ring (white arrow head) was glued on the chip and the board embedded

with PDMS A second glass ring (white ring) was glued on the board for patch damp experiments
The white arrow indicates the position of the microgrooves Scale bar 10 mm

removed before the chipwasmountedontheholderonthemicroscopestageforintracel¬lularrecordings.'Ihesecondringthenservedasmediumcontainingchamber.Theexperimentsweredonewith4—7doldculturesofdissociatedDRGsplatedathighdensityonchipsfuncttonaliscdwithRGDCasdescribedinsection3.2.8.5.2.2MeasurementsetupTheseexperimentswereperformedmthelabofDr.ChristianStrieker(InstituteofNeu-roinformatics,Zurich).1hechipwiththecellculturewasmountedwithinacustommadeholderonastage.Immediatelymediumvasperfusedthroughthecellchamberataflowrateofca.5ml/mm.IhepiIofthemediumvascontrolledmthebottlewithconstant95%02and5%CO?bubbling.\water-iacket(Grant-TnstrumentsFH15V,Cambridge,UK)wasusedtowarmthemediumtoT5±1°C.Themicroscope(AxioskopFS,Zeiss;40xwaterimmersionobjective)wasequippedwithadigitalcamera(FlamamatsuC2400-ER)whichallowednitratedimagingbasedonapolari7erandanTR-lllter(IR-D1C;Omega-opti¬calfilter740-800nmbandpass).Ihemicropipettepositioningwasmonitoredonahighresolutionvideomonitor(Son\PYM96F).
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Micropipettes (borosilicate glass; Î mm inner-, 2 mm outer-diameter; Hilgenberg glass, Ger¬

many) with an inner tip diameter of about 3 urn and 3—5 MD. resistance were pulled by a 4-

stagc pull with an automatic puller (P-97, Sutter Instruments, US Y). The pipette was filled

with intracellular solution (see below) and mounted on a holder (headstage HS-2A, 0.1
gam,AxonInstruments,USA)fixedonamechanicalmanipulator(designJCSMR-ANU,Can¬berra,Australia).'1heinactionpotential(-11m\)wasnotsubtracted.StimulationandrecordingviathepatchpipetteweredonewithanAxtoclamp2B(AxonInstruments,USA)andasampleandholdamplifier(8polebesseldesignICSMR-ANU,Canberra,Australia).DataacquisitionwascontrolledviaaITC-18boardconnectedtoaPowerMac(Apple).Datav.eiefilteredat20kHzandsampledat10kHz.1orthestimulationviatheextracellularelec¬trodesthecontactingwirewasconnectedtoastimulusgenerator(Stimulator-11,AxonInstruments,USY).Intracellularsolutionforpatchclamp:2256mgD-Glucomeacid(SigmaG-450Ü),1.c1115mM119mgKCl(SigmaP-4504);f.c.20mM128mgHUPES(SigmaH-0891);fc.10mM101mgPhospho-Kreatme(SigmaP-6915);f.c.10mM8mgMg-ATP(SigmaA-9187);f.c.4mM499mgBiocytm(SigmaB-1758);f.c.0.3mMto50mlwithfUO,osmolalityadiustedto303mOsmatpH7.3(KOHorHCl)iictinil(otKLiiiimon5.2.3StimulationthroughgoldelectrodesandintracellularrecordingNeuroncellsonorneargoldelectrodesandwithahealthylookingcellmembrane(smoothsurface,noinclusion,diameter-15um,sphericshape)werechosen.Cellviabilitywastestedb)stimulatingandrecordingmwholecellrecordingmode.Measurementsofactionpoten¬tialsmcurrentclam]-)andofactioncurrentsinvoltageclampwereperformed.Ifthecellshowedactiveresponsesastimuluscurrentwasappliedwiththeextracellulargoldelectrodestartingfrom50itA/20lispulsedurationuntilanactionpotential/currentcouldbedetectedwiththeintracellularelectrode1hetransientofthestimulusartefactwasanorderofmagnitudefasterthanthatofthecellitselfTherefore,thetwocouldbedistinguished.1JohnCruunbdioolot\kduilRocitch,\usuilnn\monilX.

nneistn
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5.3 Results

5.3.1 Cell cultures on microstructured chips

In a first simplified experimental setup the nearly planar silicon nitride-type chips were used

for cell cultunne. Culturing of neurons within die microgrooves turned out to be difficult

with the groove dimensions present on the microstructured chip with the polyimide. There¬

fore, it was decided to substitute the polyimide layer by silicon nitride as second insulating

la) er.

Initially, neurons were seeded at low densities, however, due to the poor covering of elec¬

trodes with cells the plating density was
increased.

Themorphologyoftheneuronswasthesameasonunstructuredsurfaces.Themicroscopeontherecordingrigwasequippedwithfiltersforinfrareddifferentialinterférencecontrastmicroscopy.Thismethodallowedtoviewtheculturesina3-dimenstonalway.Theinspectionrevealedthatevenatlowcellden¬sitythecellsdonotgrowstraightonthesubstrate.Onthecontrary,thereseemstobealayerofmaterial(celldebris,cellsecretedmatrix)ontopofwhichthecellsaregrowing.Cellsgrowingoverthemicrogrooves,whichonthesechipshadadepthofca.600nm,didnotmakeany(observable)contactwititthegroovegroundbelow(glassorgold).5.3.2IntracellularstimulationandrecordingTherestingpotentialofDRGneuronswasabout-60mVinthesecultures.ActioncurrentsinthenArangewereelicitedinvoltageclampmodeuponvoltagejumpsof+(20—30)mY.Actionpotentialswereelicitedbyanintracellularcurrentof0.05-0.2nA.Repetitivefiringcouldbeobservedmsomecells.Ciliacellscouldbeclearlydistinguishedbytherectifyingcurrentsafterstimulationandlackofactionpotentialgeneration.Fig.24showsatypicalactionpotentialrecordedfromaDRGneuron.Theactionpotentialinthesecultureshadameanamplitudeof89±13mY(n=36)andthemeandurationathalfamplitudewas3,3±1.6ms(n=36).5.3.3ExtracellularstimulationandintracellularrecordingIfactioncurrentsandactionpotentialscouldberecordedmwholecellpatchmode,theextracellulargoldelectrodehingnearthecellwasconnectedtothestimuluspulsegenerator.Successfulstimulationcouldberecordedwithintracellularelectrodesonafewoccasions.InFig.25Bonesuchrecordingisshown.Anactionpotentialwasrecordedwiththeintra¬cellularelectrodewhencurrentpulsesofISOu\/100uswereappliedthroughtheextracel-
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V„ -65 4mV

nA-

Figure 24: Action potential recorded in whole cell recording
The neuron (the same as shown in Fig 25) was intracellular ly stimulated in current clamp mode with

30 ms pulses of 0 1 nA through the glass microelectrode The current trace is shown below the curve

The action potential was recorded with the same electrode and had an amplitude of 96 mV and the

duration at half-amplitude was 3 1 ms

hilar gold electrode on the cell in Fig 25A. The mean amplitude of the recorded action

potentials was 75 ± 18 mV (n = 11) and the mean duration at half-amplitude was

3.7 ±l.i ms (n = 11). lhe action potential recorded after stimulation with surface elec

trodes is therefore not significanth different from the one recorded after intracellular stim¬

ulation. However, if the graphs in Fig. 24 and 1 ig 25R are compared the depolarisafion

phase
ofthemtracellularhelicitedactionporentialseemstobeeslowerthaninthecaseoftheextracellularstimulation.1hisisduetothedifferentdurationofthestimuluspulses.Theintracellularstimulationisabouttwoordersofmagnitudeslowerthantheextracellularone.Whatcanbeseenasa'shoulder'mthedepolarizationphasemFig.24ispartofthechargingcurveofthecellmembrane.1nevenfastcurrentpulsesthroughtheextracellularelectrodescandepolarisethecellmembranemuchfaster.OftentheextracellularstimulationoftheneuronfailedSeveralreasonscouldleadtothisfailure:Iftheneuronwasnotcloseenoughtothesurfacegoldelectrode,averylargepartofthestimulationcurrentdissipatedintothesurroundingmediumanddidnotreachthecell.Applicationofstimulationcurrentshigherthan400,uAledtobubbleformationat

the
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20 mV

10 ms

V -64 3 mV

stimulation

Figure 25: Action potential stimulated extracellularly and recorded intracellulariy

(A) IR-DIC micrograph of DRG neurons cultured on the extracellular electrode array The extracellular

electrode (arrow) close to the neuron cell (open arrow) stimulates the cell with a current pulse of

150 uA during 100 as A micropipette attached to the neuron served as recording electrode (white
arrowhead) The size of the gold lanes was 25 urn Scale bar 20 um (B) Action potential recorded

with the intracellular electrode after extracellular stimulation (amplitude 88 mV,
duration30ms)electrodesurfaceindicatingthatelecttochemicalreactionswereoccurring.Thegoldelec¬trodesweredamagedafterwards,atsitesofbubbleformationthegoldwas'evaporated'.Additionally,iftheappliedcurrentpulsewastoolarge,theelectrodesealwouldbecomeleaky.Probablythecellmembranewasdamagedb\thecurrent,l.e.theheatproducedbythepulse.Furthermore,withincreasingnumberofrecAclingsofthechipthecellculturesweremoreandmoredifficulttogrowThecellsadheredonhpoorhtothesurfaceandafterafewda)smculturethe\wereapoptoticThecleaningptoceduredescribedm2.2.3(detei¬gen!andacid)couldrestorethechipsmfacconhforatewunies.Furthermore,theinsulat¬ingsiliconnitrideandsiliconoxidela\usweredamagedwithunie.Mostoftenthesedelectswereobservedabovegoldlanes\ppliedcurrentswouldthereforeleakoutintothemediumbeforereachingtheelectrode
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5.4 Discussion

These preliminary electrophysiological experiments demonstrate that the microstructurcd

chip can be used for stimulation of single neurons. The neurons grow on these chips as they
do on unstructured surfaces and are electricalh active. The action potential amplitude and

width are comparable to published values for cultured DRGs stimulated and recorded mtra-

ccllulariv (Dichter and Fischbach, 197").

Due to the difficulties that arose in the course ot the experiments
withchiprecyclingandtheresultingshortlifetimeofthechip,itwasnotpossibletousethesurfaceelectrodesforrecordingceilactivity.However,thereisnoreasonwhythisshouldnotbefeasible,althoughnothingcanbesaidaboutthequalifyoftherecordedsignal.TheIR-DTCmicroscopyallowedtomakeinterestingobservationsconcerningthecellcul¬tures.Inculturesthatareafewdavsoldthecellsdonotgrowstraightonthesurface.Thereseemedtobealayerofmaterialbetweenthechipsurfaceandthebottomofthecell.Thecell-surfacedistancesmeasuredwithIdACmicroscopy(chapter4)weredoneafter20-24hinculture.Theelectrophysiologicalexperimentswereperformedon4—7doldcultures.Itisknownthatcellsproduceextracellularmatrixinculture.Thiscouldbethereasonfortheobservedlayerofmateriallavingbetweencellsurfaceandneuroncellmembrane.Thethick¬nessofthislayerwasafewmicrometers.Thegliacarpetobservedafter5daysinculture(chapter3)canadditionallyincreasethegapbetweenelectrodeandneurons.Itisnotclearwhatroletheimmobilisedcelladhesionproteinsthatreducethecell-surfacedistancewillplayinthiscontext.However,itcanbesaidthatthiscellandmateriallayersdonotpreventthecurrenttransferfromtheneuroncellmembranetothesurfaceelectrode,assuccessfulrecordingsofothergroupsonseveralmonthsoldculturesshowed(Grossetal.,1995).Theyrecordedsignalsintherangeofafewhundredmicrovolts(S/N-ratio5:1).AninterestingissuethathasbeenfoundbvVassanclliandFromherz(1999)anddiscussedbyWilkinsonandCurtis(1999)isthedistributionoftheionchannelsintheneuroncellmembrane.InrathippocampalneuronsculturedonFFTdevicesthevoltage-gatedchan¬nelsresponsiblefortheA-tvpeandlv-tvpepotassiumconductancesweredistributedinho-mogcncouslyinthecellmembrane.1heK-npechannelswerepreferentiallylocatedintheadhesionregion(cellbottom)andtheV-tvpcchannelsinthemembranepartnotincontactwiththesurface(topofthecell).Thischannelsegregationaffectsthesi7eandshapeoftherecordedsignal(VassanclliandFromheiv,1999).Torfurtherstudiesitwillthereforebeofinteresttoinvestigatewherethebestpositionoftheextracellularelectrodeis.
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6

Summary and Outlook

6.1 Summary of results

Starting from the working hypothesis the work was divided in several parts. The most

important achievements of the project can be summarised as follows:

• The produced recombinant cell adhesion proteins Cys-axonin-1 and Cys-NgCAM
retain their function after covalent immobilisation on glass and on cold. Neurite out-

growth from dissociated DUG neurons was observed and differences in the out¬

growth promoting functions were reported.

• Measurement of the cell-surface distance with PUG showed that the gap between the

membrane and the electrode surface is at a minimum when axomn-1 is present.

• Patterning of proteins with photolithographic techniques showed that the proteins
remained functional and promoted guided neurite outgrowth after patterning. Pat¬

terns of two proteins on one surface were created combining the etching and the lift¬

off method.
•Positioningofsingleneuronsintothemicrogrooveswassuccessfulusingamicroma¬nipulator.However,thecellshadmovedoutofthegroovesafter24hinculture.•Neuronswereculturedonfunctionaliscdmicrostructuredchipsandtheelectricalactivityofthecellswasconfirmedbvpatchclamprecordings.Extracellulargoldelec¬trodeswereusedtostimulateMngleneuronswhilerecordingwithanintracellularpatchelectrode.
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6.2 Outlook

It can be concluded that the presented results are promising in view of future developments
towards MEAs for stimulation and recording of single cells in a network. For the develop¬
ment of the electrode arrays several points have to be considered:

• Extracellular recording1; with the existing neurochip will show, if the adhesion molecule

present on the surface can improve the recorded signal. From the literature (see 4.4)

it can be expected that, with a cell-surface distance of 40 nm, signals in the 1 mV range

can be recorded.

• A new design
ofthechipcanbeproposedbasedontheexperiencesmade:Thedimen¬sionsofthegroovehostingthecellshouldbeadaptedtothecelltype.Thiscanbedonewithtestgroovesofdifferentdimensionsinwhichthecellsarcplacedwithamicromanipulator.Inordertoallowconnection';betweenneuronstobemadethegroovesshouldbeconnectedtoeachothervianarrowerchannelsfortheneuntes.Electrodeswillthenbesituatedunderthecellbodymthelargergrooveaswellasinthechannelsfortheneurites.Withanappropriatesurfacecoatingofthechannelground(asdiscussedin3.4)axonMendritepolarttvcouldbeinduced.Throughthecombinationoftopographic(channels)andchemical(surfacecoating)guidanceasmallnetworkof9—16cellscouldbeobtained.•AsalreadymentionedafewsystemsforinvivoneuronrecordingwithMEAsarealreadyonthemarket.Anevaluationofthesesystemswillshow,ifthepresentchipdesign(sizeanddistributionofcontactpads)hastobeadaptedtooneoftheexistingrecordingsystems.Alternatively,chipanaperiphery(hard-andsoftware)hastobedeveloped.Independentofthisdecisionthechipsizeneedstobeincreased.Withasidelengthof2cm,forexample,thecontactpadscanbearrangedalongtheedgesofthechip.Pinarmsorzebrastripscanthenbeusedforcontactingthechip.Thiswouldfacilitatethechiphandlingduringimmobilisation,cellculturtngandcleaning.•Thefunctionalisationofthechipsurfacewithadhesionmoleculesoffersahighflexi¬bility..Asmentionedabove,axon/dendritepolaritycouldbeinducedbypatternsofproteinsonthesurface.Duringtheformattonoftheneuralnetwork,thepresenceofgliacellsshouldbeprevented.GLiacelbprefcrentlvattachonRGDCratherthanonNgCAM.Therefore,onthenewneurochipacentralareaforadhesionofneurons,withpatternsofXgCAMinthechannelsfortheneuritessurroundedbyanareaofRGDC,isproposed.Iftheabovementionedworkinghypothesisisconfirmedbyextracellularrecordingexperiments,theelectrodeswillbefunctionalisedwithaxonin-1mordertoachievepoodsignaltransferfromthemembranetotheelectrode.
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The functioiialisation of surfaces with adhesion proteins is not only suitable for guiding
neurite outgrowth. For applications in cell-based biosensors adhesion of other cell types in

defined areas or in patterns is interesting. If a protein that promotes the attachment of a

specific cell type is immobilized, the surface could be used to isolate one cell type from a

cell suspension. Patterns of two or more such proteins on one surface could then be

regarded as cell-sorter: A mixture of cells is plated on the surface and each cell type attaches

only to the area with the specific protein. Such co-culture svstems are interesting for appli¬
cations in implant research, neuro^cicnce and other fields.
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Abbreviations

APTFS Ammoprop\ Itnethoxvsilane

CAM Cell adhesion molecule

CCD Charge coupled deuce

DRG Dorsal root miipLioii
O O

ECM Intracellular matrix

FET Field effect transistor

FTTC Fluorescein isothiocvanate

FLIC Fluorescence interference contrast microscopy

FN Fibronectimt\ pc domain

FHdR 5-flu< )rodeoxA uridine ''uridine

Ig Tmmunoglobubn

IR-D1C Infrared difterential
interferencecontrastmicroscopyMBS///>AIalcimtdoben7o\l-N-h\droxysulfosucciinmideesterMEAMultielectrodearra^MEMMinimalessentialmediumMESMercaptoethanesulfonateMPTMSMercaptopropAltnmethoxxsflaneNg-CAMNeuron-gliacelladhesionmoleculeNC,}'NervegrowthfactorODS()ctadec\ItrichlorosilanePBSPhosphatebufferedsalinePDMSPohdimetli\lsiloxanePEG-silanc()-[2-(Trimetlr\lo\\sihFetin1]-CV-meflnhpolmethyleneglycolRGDCArgmme-gUcme-aspartatc-cvstemerlgGRabbit-immunoglobulmGS/NratioSignal-to-noiserauosGMBSN-ly-Maleimid(^bufvnlox\)sulfosuccimmideester



72 7 Abbreviations

TBS Tris buffered saline

TPS Tndecafluoro-1,1,2,2 t erraln clrooctyl fiiclilorosilane

TRITC Tetramethylrhodamine i^othioc\ anatc
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