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Understandinghow theinformationiscodedin largeneuronalnetworksisoneof themajorchallengesfor neuroscience.A possibleapproach
o investigatetheinformationprocessingcapabilitiesof theneuronalensemblesis given by theuseof dissociatedneuronalculturescoupled
o microelectrodearrays(MEAs).

Here,we describea new strategy, basedon MEAs, for studyingin vitro neuronalnetwork dynamicsin interconnectedsub-populationsof
orticalneurons.Therationaleis to sub-dividetheneuronalnetwork into communicatingclusterswhile preservingahighdegreeof functional
onnectivity within eachconfinedsub-population,i.e. to achieveacompromisebetweenacompletelyrandomlargeneuronalpopulationand
patternednetwork, suchascurrentlyusedwith conventionalMEAs.
To thisend,wehaverealizedandfunctionallycharacterizedaPt microelectrodearraywith anintegratedEPONSU-8clusteringstructure

llowingtoconfinefiverelatively largeyetinterconnectedspontaneouslydevelopingneuronalnetworks(i.e.thousandsof cells).Theclustering
tructureconsistsof fivechambersof 3mm in diameterinterconnectedvia 800�m longand300�m widemicrochannelsandis integratedon
heMEA of 60thin-film Ptelectrodesof 30�m diameter. Testsof thePtmicroelectrodes’stabilityunderstimulationshowedastablebehavior
p to 35,000voltagestimuli andthebiocompatibilitywas assessedwith theculturesof dissociatedrat’s corticalneuronsachieving cultures’
iability up to 60daysin vitro.
Comparedto conventionalMEAs, the monitoringof spontaneousandevoked activity and the computationof the Post-StimulusTime
istogram(PSTH)within theclustersclearlydemonstrates:(i) thecapabilityto selectively activate(throughpoly-synapticpathways)specific
etwork regionsand(ii) theconfinementof thenetwork dynamicsmainly in thehighly connectedsub-networks.

eywords: Microelectrodearray;Clusters;SU-8adhesion;In vitro neuronalnetworks;Long-termstimulation;Plasticity;Neurodynamics;Bio-MEMs

. Introduction

The understandingof the underlying principles of the
unctionalplasticity of the brain is a currentresearchchal-
engein neurophysiologyand constitutesa necessarystep
oward implementing these same principles in physical
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devices.Performingthisresearchatthebrainlevel introduces
a very high degreeof complexity dueto thegranddegreeof
connectivity. Conversely, the level of a singleor a few neu-
ronsdoesnotprovideasufficient functionalconnectivity. In
this sense,smallneuronalensemblesbecomean interesting
intermediatelevel for thisresearchandcouldallow acquiring
alow-level,basicunderstandingof thenetwork functionality.

Nowadays,nervous tissuescanbe culturedin vitro and
kept alive for several months,while preservingtheir adap-



tive properties[1–6]. Furthermore,microelectrodearrays
(MEAs), initiated by Pine [7] and Grosset al. [8], have
becomenow areliableinterfacingtechniquecapableof estab-
lishingabidirectionalcommunicationbetweenapopulation
of connectedneuronsandtheexternalworld[9].Currentstate
of theartMEAs grantlow impedanceelectrodes(lower than
1 M� at 1kHz), a goodcellularsealing[10–13]anda high
chargeinjectioncapacityfor anefficientstimulation[14–16].

Thefunctionalcharacteristicsof theMEAspermitmid- to
long-termrecordingsof both spontaneousandevoked neu-
ronalnetwork activity patternsandof their spatio-temporal
evolution. This allows investigatinglearningprocessesand
memory[17,18] andmorerecentlyalsothe network devel-
opment[19]. However, dueto the network complexity and
to the fact that spontaneousactivity aswell asstimulations
tendtoexhibit complex patternssynchronizedover thewhole
network, the identificationof plasticity changes(reinforce-
mentor inhibition) is ratherdifficult. In this case,it could
be of fundamentalimportanceto designneuralnetworks at
will. This complexity canbealleviatedby network pattern-
ing, usingadhesionpromoters/inhibitors[20–27], structured
PDMSlayers[28,29],agar-basedmicrochambers[30,31]and
neurocages[32]. In thiscase,however, therandomnatureof

the network and its functional plasticity becomerelatively
limited.

We have chosena differentapproachto direct the orga-
nization of the neuronalnetwork in order to facilitate the
identificationof interconnectedpathways.This approachis
basedon physicalbarriersfor clusteringthe network into
a numberof randomsub-networks while preservinga high
degreeof functionalconnectivity within andamongthesub-
populations.The sub-networks areinterconnectedvia inte-
gratedmicrochannels.An additional anticipatedfunction-
ality of the clusteringstructureis that it might also allow
localizing the stimulation in a given cluster, i.e. neuronal
sub-network. In this way, a spatialsegregation of network
responsivenesscanbepromotedandfunctionalareascanbe
elicitedandmonitored.

Among differentmaterialsthat could be usedfor realiz-
ing theclusteringstructures,wehaveoptedfor EPONSU-8.
This materialhasbeenusedfor a wide rangeof Bio-MEMs
devices,astheinsulatorfor a microelectrodearray[33], for
fabricating3D structuresin contactwith neuronalcells[34]
andaspackagingmaterial[35]. It showsareducedbiofouling
comparedto otherMEMs materialsandappearsto be bio-
compatible[36]. Moreover, from the technologicalpoint of

2

Fig. 1. Design of the microelectrodes array with the integrated clustering s
1 microelectrode in each channel. Two temperature sensors (Pt-RTDs of 1�) a
14 mm× 14 mm. (b) Microelectrodes location in the lateral and (c) in the ce
tructures. (a) Chip layout; 60 microelectrodes are distributed in the five clusters and
kre integrated outside the clustering structure. The overall chip dimensions are
ntral clusters.



view, EPONSU-8is aconvenientmaterialfor thepatterning
of structureswith a high aspectratio in a singlephotolitho-
graphicprocess.

This articledescribestherealizationandfunctionaleval-
uationof a Pt-basedMEA with integratedSU-8 clustering
structures,so calledclusteredMEAs, aimedat the investi-
gationof thefunctionalplasticityof neuronalnetworks.The
MEA consistsof 60 thin-film Pt microelectrodesof 30�m
in diameterrealizedon a Pyrex substrate.The five cluster-
ing chambersinterconnectedvia microchannels,realizedin
EPONSU-8,are350�m in heightand,respectively, 3mm
in diameterand300�m wide.A schematicrepresentationof
thedevice is shown in Fig. 1a.

In the following sections,the microfabrication of the
clusteredMEA is describedto begin with. This is followed
by theevaluationof thefunctionallifetimeof boththemicro-
electrodesandof theclusteringstructures(namelytheSU-8
adhesionon a Pyrex substrate).Given that the investigation
of thenetwork functionalplasticityrequiresa long-term(up
to severalmonths)stimulation/recordingof theelectrophysi-
ologicalactivity, thereforeanadequatefunctionallifetime of
theMEAs is aprerequisite.Previousstudieshaveshown that
large amplitudebiphasicpotentialsthat are typically used
in the in vitro stimulation[9,37–39]can lead to undesired
electrochemicalreactions,which may causemechanicalor
chemicaldegradationof themicroelectrodesurfaceaffecting
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or 800�m in lengthand300�m in width. Additionally, for
a futureintegrationwithin a micro-incubationchamber, two
platinum resistive temperaturedevices (Pt-RTDs) are inte-
gratedonchipoutsidetheclusteringstructure.Thesesensors
aredesignedat1k� with aserpentinestructureof 10�m in
width anda total lengthof 10mm.

The overall chip dimensionsare14mm× 14mm andfit
into aglassreservoir of 2cm of internaldiameter.

2.2. Chip fabrication

Thethin-film processrequiresthreemasklayerstopattern:
(i) the metallic layer for the microelectrodes,the connect-
ing leads,the bonding padsand the temperaturesensors,
(ii) the insulationlayer to definethe electrodesandcontact
padsand (iii) the SU-8 clusteringstructures.The fabrica-
tion processis summarizedin Fig. 2. The 4in. diameter
substrates(Pyrex 7740 wafers,500�m thick from Sensor
PrepServices,Elburn) wereinitially cleanedby successive
immersionsin fuming HNO3, in bufferedhydrofluoricacid
(BHF) andrinsedin deionizedwater. Themetallayerswere
patternedby a lift-of f processby using a two layer pho-

Fig. 2. Cross-sectionview of the microfabricationprocess.(1) Cleaning
of the Pyrex 7740wafer, (2) patterningof the metal layer by lift-of f, (3)
depositionof thesilicon nitride insulationlayerby PECVD,(4 and5) pho-
tolithographyandopeningby SF6/O2 plasmaetchingof themicroelectrode
andcontactpadareas,(6) silanizationandspin-coatingof theSU-8adhe-
sion layer, (7 and8) spin-coatingandpatterningof the350�m thick layer
of SU-8.
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he stimulation/recordingcapabilities and therefore the
unctionallifetime of the MEAs [40,41]. The resultsof the
valuationof thePt microelectrodesduring35,000stimula-
ion cyclesillustratingtheirgoodfunctionalstabilityarepre-
ented.Concerningthesecondaspectof thefunctionallife-
ime assessment,clusteringstructureadhesionontoa Pyrex
ubstrate,we show that the SU-8 adhesioncan be greatly
mproved by usinganEPON825-basedadhesionlayer.

Thebiologicalfunctionalevaluationwas performedwith
ulturesof rat’sembryocorticalneuronsin orderto ascertain
hedevice biocompatibility, thestimulation/recordingcapa-
ilities of the microelectrodesand the functionality of the
lustersfor plasticity researchon neuronalnetworks. The
esultsdemonstrateclearlysucha functionality.

. Methods

.1. Chip design

TheMEA with clusteringstructure(Fig. 1) wasdesigned
y usinga MEMs CAD designsoftware(Expert,Silvaco).
heMEA providesatotalof 60microelectrodeswith adiam-
terof 30�m distributedasfollows: 11 microelectrodesper

ateral cluster, 1 microelectrodeper open-channeland 12
icroelectrodesin the centralcluster. The microelectrode
renumberedandtheclustersareidentifiedby a letter(from
to E).
Theclusteringstructuresdefinefive clusteringchamber

f 3mm in diameter, connectedby open-channelsof 500�m



toresisttechnology. It consistsin spin-coatingthefirst pho-
toresistlayer (LOR3B from MicroChemCorp., USA) and
a thermal treatmentat 170◦C for 10min. Then, a second
positive photoresist(AZ1813 from Shipley) is spin-coated
and pre-baked at 110◦C for 1min. The waferswere then
exposedin avacuum-contactmode(maskalignerMa-6,Karl-
Süss)at 365nm (45mJ/cm2) and,without a post-bake, the
exposedlayerdevelopedin a1:4aqueoussolutionof AZ400K
(Hoechst).This resultsin a photoresiststructurewith the
secondlayeractingasanintegratedmaskfor themetalevap-
oration.Then,a layer of 200Å of titanium was deposited
by evaporationas an adhesionlayer for a 1300Å layer of
platinum.Thelift-of f processwasperformedin asolutionof
Remover PG (MicroChem)at60◦C for 1h.

The insulation layer (4000Å thick silicon nitride) was
depositedby plasmaenhancedchemicalvapor deposition
(PECVD) and the microelectrodesandbondingpadswere
openedby a secondphotolithographyfollowed by SF6/O2
plasma etching. The photoresist(AZ1518, Shipley) was
strippedin acetoneand the wafer rinsedwith isopropanol.
Finally, thewaferwascleanedin apiranhasolution(5min in
concentratedH2SO4 and5min afteraddingadropof H2O2).

Thewaferswerethenprocessedwith a photostructurable
epoxy, the EPON SU-8 100 (MicroChem) to define the
350�m high clusteringstructures.Prior to thespin-coating
of SU-8,thewaferswere:(i) silanizedin a 10%solutionof
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with thecommerciallyavailableMultichannelpre-amplifier.
It is realizedon a standardepoxy substrate(FR-4) with a
singlemetallayer(copper18�m thick) insulatedwith Taiyo
PSR-4000.

After thechipmounting,aculturechamberof 2cm inter-
nal diameterwas gluedontothePCB.Theareasof thePCB
insidetheglasschamberwereadditionallycoveredbyathick
layerof PDMS(Sylgard185,Dow Corning)in ordertoavoid
any potentialtoxic effectsthat might arisefrom the insula-
tion layer of the PCB.The PDMS was preparedby mixing
1 partof catalystwith 10 partsof Sylgardandpolymerized
at 120◦C for 1h. This thermaltreatmenthasthe additional
benefitof actingasahard-bakingstepfor theSU-8layer.

2.4. Set-up for evaluating the microelectrode stability
under stimulation

A waveformgenerator(Hewlett-Packard,HP33120A)to
apply a biphasic rectangularpulse with an amplitude of
1.5Vp–p,aperiodof 500�sandadutycycleof 50%wasused.
To acceleratethetests,thevoltagestimuli wereappliedeach
2s. Themicroelectrodeswereconnectedto asensingresistor
(Rsens) andtoadigitaloscilloscope(TektronixTDS360).The
sensingresistorwasusedtoconvertthecurrentsignalpassing
throughthemicroelectrode–electrolyteinterfacein avoltage
signal.Ideally, usingasensingresistor(shuntamperometer),
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3-glycidoxypropyltrimethoxysilanein toluenewith 0.5%o
water, rinsedwith isopropanolanddried with nitrogenan
(ii) spin-coatedwith anadhesionlayerbasedonEPON82
Following a largeseriesof testsfor optimizingtheadhesi
layer, the best resultsso far were obtainedby mixing 1
of EPON825,100mg of photo-acid-generator(triarylsulfo
nium hexafluoroantimonatesalt,Aldrich), 10mg of silani
ing agent(3-glycidoxypropyltrimethoxysilane,Aldrich) an
1ml of thesolvent�-butyrolactone(Aldrich).Next,SU-810
wasspin-coated,pre-bakedonahot-plate(ramptemperatu
from 35to 95◦C andtotaltime105min) andexposed(wave
length365nm anddose1800mJ/cm2) usinga maskalign
(AL-6, ElectronicVision) in proximity mode(separationo
50�m). Following a post-bake (65◦C for 10min and95◦
for 15min), the SU-8 was developedin PGMEA (15min
andrinsedin isopropanolanddeionizedwater. Theadhesi
layerwas developedduringthedevelopmentof theSU-8.

Finally, thewafersweredicedandthechipswereclean
in deionizedwaterandoxygenplasma(at roomtemperatu
for 20min) in ordertoremoveall remainingtracesof solven
andnon-reticulatedpolymers.

2.3. Chip packaging

Thechipsweremountedonprintedcircuit boards(Micr
PCBAG, Thundorf,Switzerland)thathasa12mm in diam
teraperturein thecentreto providebacksidelight accessfo
culture imagingwith an invertedmicroscope,wire-bond
andthe wires insulatedwith an epoxyresin.The PCB ha
dimensionsof 49mm× 49mm andits designis compatib
Rsensshouldvalue0�, but in this casean amplifier wou
beneeded.In orderto keeptheset-upsimple,ahighervalu
resistor, whichhasbeendefinedempiricallyaftermeasuri
the appliedvoltage (Uapplied) with respectto the stimul
tion voltage(Ustim) for different resistorsand minimizin
theerrorbetweenthemwasused.It hasbeenfoundthatwit
Rsens= 3.3k� theappliedvoltagepracticallyfitted theide
biphasicpulseof thewaveformgenerator.

Theexperimentswereperformedin aphysiologicalsolu
tion (NeurobasalMediumwithout l-glutamineandwithou
phenolredfromGIBCO)allowing toneglecttheOhmicdro
in thesolution.

ThemeasuringsystemwasautomatedbyusingLabView
(from NationalInstruments)andtheGPIBinstrumentsinte
face.In additionto themeasurementof thetransientcurren
i(t), thelong-termstabilityof theinjectioncurrentversusth
numberof appliedstimuli was alsoevaluatedandexpress
astheroot-mean-square(rms)valueof theinjectioncurre
(computedin Matlab environmentfrom the measuredtran
sientcurrentacquiredeach10stimuli).

2.5. Cortical neuronal cultures

Dissociatedneuronalcultureswereobtainedfromcerebr
corticesof embryonicratsat gestationalday18 (E18).Th
cerebralcorticesof four to five rat embryoswerechopp
into small pieces,dissociatedby enzymaticdigestion i
trypsin 0.125%– 20min at 37◦C – and finally triturate
with afire-polishedPasteurpipette.Dissociatedneuronswe
platedonto poly-d-lysine and laminin coatedMEAs, in



100(l dropcoveringtheelectroderegion(≈1200cells/mm2);
1h later, when cells adheredto the substrate,1ml of
mediumwasadded.Thecellswereincubatedwith 1%peni-
cillin/streptomycin,1% glutamax,2% B-27 supplemented
NeurobasalMedium(Invitrogen),in ahumidifiedatmosphere
5%CO2, 95%air at37◦C [42]. Fifty percentof themedium
was changedtwiceaweek.

2.6. Electrophysiological experimental set-up

Theexperimentalset-upis basedon theMEA 60 System
(MultichannelSystem,MCS, Reutlingen,Germany), con-
sisting of a mountingsupportwith integrated60 channels
pre-andfilter amplifier (gain1200×), a personalcomputer
equippedwith a PCI data acquisitionboard for real-time
signalmonitoringandrecording,an invertedopticalmicro-
scope,ananti-vibrationtableandaFaradaycage.Theculture
chamberwassealedusingsiliconeringsandaperfusionsys-
temaswell asa temperaturecontrolwereinstalledallowing
long-timeexperiments.Signalswererecordedandmonitored
by usinganin-housedevelopedsoftwarefor real-timespike
detectionanda commercialsoftware,MCRack (MCS) for
on-line visualizationsand raw datastorage.Commercially
availableMEAs (MEA 200/30,MCS) wereusedfor valida-
tion andcomparison.
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Fig. 3. (a) Optical views of a singlechip (14mm× 14mm) and(b) of the
packageddevice (50mm× 50mm).

mainly limited by defectsintroducedduringopeningthesil-
icon nitride passivationlayer. This technologicalproblemis
oftenassociatedwith largechipareas.Ontheotherhand,the
useof the two photoresistlayerslift-of f techniqueallowed
achievinganexcellentreproducibilityandwell-definedmetal
structurecontours.Residuesof SU-8,observedoccasionally
on theelectrodesaftertheSU-8development,couldbeeffi-
ciently removed by introducingtheoxygenplasmacleaning
step.Finally, theaveragethicknessof theSU-8structuresof
346± 8�m, with a typical error in dimensionsreferredto
thedesignedone,lowerthan3%confirmsagoodfabrication
processcontrol.

The first clusteringstructureswere realizedwithout an
adhesionlayerfor theSU-8.It wasfoundthatalbeittheSU-8
adhesionwas goodandpassedthescotchtestafterprocess-
ing, thestructureslifted-off after2–3daysin physiological
solution. As observed also by Voskerician et al. [36], the
lossof adhesionstartedfrom thesidesof thestructures.This

5

.7. Data analysis

Thetypical observedelectrophysiologicalactivity in net-
orksof dissociatedneuronsusuallyrangesfrom stochastic
pikingto organizedpopulationbursting.A populationburst
onsistsof episodesof activity (i.e. denselypacked spikes)
ccurringat many channelsandspreadover the entirenet-
ork. Thesepackagesgenerallylast from hundredsof mil-

isecondsupto secondsandaretimedividedby long“silent”
hases.To investigatethenetwork behavior in spontaneou
i.e.notstimulated)conditions,weusedalgorithmsfor spike
ndburst detection.The spike detectionalgorithmconsists

n a hard-thresholdcrossing,computedusingfive timesthe
tandarddeviationof theraw signal.Theburstsweredefined
ssequencesof threespikesoccurringin lessthan100ms.A
isualcontrolof theautomaticdetectionresultscorroborate
hereliability of thesemethods(seeSection3).

Toevaluatetheresponsivenessof thenetwork toelectrica
timulation,wecomputedthePost-StimulusTimeHistogram
PSTH),whichrepresentstheprobabilitytoevokearespons
ponastimulusdeliveredfrom specificsite[43].

. Results and discussion

.1. Pt-MEA with thick SU-8 clustering structure and
t-RTDs

TheclusteredMEA anda ready-to-usedevice areshown
n Fig. 3. A fabricationyield of 85%was achieved andwas



Fig. 4. (a) Measured injection current on one microelectrode, 30�m in diameter, upon 100 and 35,000 voltage stimulations of 1.5 Vp–p and 500�s in period.
(b) Calculated injected rms current during a stimuli versus the number of applied stimuli on one microelectrode.

6

Fig. 5. Pictures of in vitro E18 cortical neurons. (a) On a conventional MEA
div. The metal at the microelectrode sites is 40�m in diameter.
, at 2 div and (b–d) on the clustered MEA: (b) at 2 div, (c) at 11 div and (d) at 11



Fig. 6. Two culture health indicators on conventional and clustered MEAs. (a) Average cell culture life duration computed on the five best results fromtwo
batches. (b) Mean cell densities computed on 10 2-div samples.

Fig. 7. Effect of the clustered organization on the mean spiking (a) and bursting (b) spontaneous activities; computed using active channel recordings of,
respectively, 8 clustered MEA and 10 conventional MEA batches of 21–34 div. The corresponding recorded raw signals are shown on the right and the line
stands for the detection threshold.

7



Fig. 8. Spontaneous bursting activity raster plot recorded on 21–30 div cultures for 60 s on the (a and b) clustered and (c) conventional MEAs. Raster plot spots
are sorted by clusters on the clustered MEA and the burst summation is shown in the lower part. (d) Close-ups of the bursting activity on the clustered MEA
showing consistent time lags.

8



resultmotivatedthedevelopmentof anadhesionlayerableto
establishachemicalbondingbetweenthesiliconnitrideand
theSU-8.Devicesfabricatedwith theadhesionlayerbased
on the EPON825 allowed to achieve goodSU-8 adhesion
ontoPyrex substratesin physiologicalsolutionup to several
months.

The Pt-RTD temperaturesensors,althoughnot usedin
thiswork,werecharacterizedbymeasuringtheirresistivity at
22.4◦CbeforeandafterthePECVDsiliconnitridedeposition
andpatterning.A homogenousdecreaseof theresistivity of
15% was measuredfor a total metal thicknessof 1495Å.
This resultedin anaverageresistivity (fivepointsperwafer;
10 wafersmeasured),ρTi–Pt, of 1.87× 10−7 �m and in an
averageresistanceof the Pt-RTDs of 1.0534k� ± 38� at
22.4◦C. Themeasuredtemperaturecoefficient of resistance
(TCR),α, was2.8364± 0.16× 10−3 C−1.

3.2. Microelectrode evaluation under long-term
stimulation

Asalreadyemphasized,themicroelectrodefunctionalsta-
bility underlong-termvoltagestimulationisof crucialimpor-
tancefor studyingplasticity in neuronalnetworks. Fig. 4a
shows a typical exampleof the recordedinjection currents
after100and35,000biphasicvoltagestimuli with theampli-
t
p
t
(
p
a .

c
r
s

mean-squarecurrentof 13.3± 0.35�A per microelectrode
(rms current density 1.88A/cm2) over 35,000 stimuli of
1.5Vp–p.

The averageinjectedcharge densitiesover 35,000stim-
uli for eachphaseof the stimulustrain (1–3) are, respec-
tively, Q1 = 4.62× 10−4 C/cm2, Q2 =−4.53× 10−4 C/cm2

andQ3 =−1.47× 10−4 C/cm2. A dissymmetrybetweenthe
positive and negative phaseis observed in terms of the
injectedcharge (0.9× 10−5 C/cm2) andis not, asmight be
expectedfor a 50%duty cycle high-amplitudevoltagestim-
uli, compensatedfor in the discharge phase[44–46]. How-
ever, the stability of the injection currentdemonstratesthat
thisdoesnotaffecttheelectrodes’functionalreliability. This
hasbeenfurther confirmedby cyclic voltammetry, where
practicallyunchangedvoltammogramswereobtainedprior
to andafter the functionalstability experiments(resultsnot
shown). Moreover, the charge injection dissymmetrydoes
notseemto induceany problemsin theelectrophysiological
recordings(seebelow).

3.3. Functional experiments with rat’s cortical neuronal
cultures

Theeffectsof theclusteringstructureon thespontaneous
andevokednetwork activities wereevaluatedby comparing
t
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udeanddutycyclecorrespondingtotheneuronalstimulation
rotocolusedsubsequently. Thethreephasesof thestimulus

raincorrespond,respectively, to theanodic(1) andcathodic
2) pulsesfollowedby adischarge(3).Thepracticallysuper-
osedresponsesafter100and35,000stimuli demonstratean
dequatestimulationfunctionalityof thePtmicroelectrodes

Thestabilityof thechargeinjectionis moreevidentupon
omputingtheroot-mean-squareof theinjectioncurrentwith
espectto thenumberof deliveredstimuli (Fig.4b). It canbe
eenthat Pt microelectrodesshow a stableinjection root-

ig. 9. Post-Stimulus Time Histogram (PSTH) on (a) a clustered ME
epresents the PSTH computed for the recording microelectrodes, be
ndicated by the letters of the connected clusters. Note how the clus
elonging clusters. Cluster B is not active. (b) The graph reports a 8× 8 grid

t is not possible to distinguish different features of the PSTH. TheX-axis s
he recordingson clusteredandconventionalMEAs. Neu-
onal cultureson the clusteredMEAs were routinely kept
ctiveandhealthyup to 45–60days(Figs.5 and6). Further-
ore,thedistributedorganizationwasfully compatiblewith

ong-termcell culturesandcomparableto that observed on
onventionalMEAs.

Comparingthe spontaneousspiking and bursting activ-
ty ratesrecordedon, respectively, conventionaland clus-
ered MEAs, as shown in Fig. 7, no apparentdifference
f the mean level of activity was observed. However, a

(b) a conventional MEA. (a) The graph reports a 10× 6 grid where each ce
to different clusters as indicated by the five labels. Electrodes in theannels ar
EA is able to evoke responses of different shapes and features acthe
ccording to the conventional MEA layout. Note that within the entire
[0, 400] ms, while theY-axis scale is [0, 1].



moredetailedexaminationof the burstingactivity patterns
betweenandwithin theclustersrevealedcertaindifferences.
In comparisonwith conventionalMEA, whereculturestend
rapidly toward a synchronizedburstingactivity distributed
over theentiremicroelectrodearray, on theclusteredMEAs
therecordingsexhibitedadistributionof synchronousbursts
in the clustersand asynchronousburstsbetweenthe clus-
ters(Fig. 8b andc). This is evenmoreevidentwhenall the
burst occurrencesfrom all the microelectrodesareconsid-
ered(Fig. 8b andc, lower part).Theasynchronousbursting
betweentheclustersresultedin asequentialpatternof bursts
with consistenttime lags(Fig. 8d) andwas routinely found
from one culture to another. Thus, asynchronousbursting
areasmight be linked to the distributedorganizationof the
culture.

The behavior of the network in interconnectedsub-
populationswas even more evident looking at the evoked
activity patterns.The network responsivenessto localized
stimulationswas evaluatedby meansof the Post-Stimulus
Time Histogramasshown in Fig. 9. It canbe seenthat the
clusteredMEA impartsa distinctvariability on thenetwork
responsesto a singlestimulation(i.e. a train of 50 pulsesat
0.2Hzand1.5Vp–pfromasingleelectrode):thePSTHshape
was differentfor separatedclusters,while it maintainedthe
samefeatureswithin thesamecluster. Thesub-populationin
the stimulatedcluster(clusterD in Fig. 9a) shows a higher
probabilityof evokedresponse,yettheevokedactivity clearly
propagatesto theconnectedclusters.This variability of the
network responsivenessis not observed on a conventional
MEA (Fig. 9b), wherethenetwork freelygrows in theavail-

10
Fig. 10. Mean latency of the evoked responses computed fro
m data ofFig. 9on (a) a clustered MEA and (b) a conventional MEA.



able space,producinga denselayer of strongly connected
cells. Upon stimulation in this condition, eachsite of the
arrayshowsaverysimilar response.

Fig. 10 presentsthe computedmean latency of the
responsesto the deliveredstimuli. Comparedto the stimu-
lated cluster, the other clustersshow a longer latency and
a larger variability in the responsetime, demonstratingthe
sub-populationsinterconnectionsandthedifferentpathways
involved in the network dynamics.It is worthwhile to note
thataverysimilarbehavior is observedbetweenthenetwork
in thestimulatedclusterandthewholenetwork onaconven-
tionalMEA.

4. Conclusions

In this paper, the fabrication,the functional evaluation
andthebiologicalvalidationof a microelectrodearraywith
anintegratedSU-8clusteringstructureweredescribed.The
purposeof the interconnectedclusterstructureis to reduce
theisotropicnetwork distribution,aswell asto discernlocal
relationsbetweencell growth,activity andtheir involvement
accordingto their useasinput,outputor processingareas.

The recordingof the spontaneousactivity demonstrated
a clear differencein the distribution of the bursting activ-
ity betweenthe conventional and clusteredMEAs. Thus,
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