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Abstract

Thedevelopmenbf ahigh-densityactive microelectroderrayfor in vitro electrophysiologys reported Basedon the Active Pixel Sensor
(APS) concept the array integrates4096 gold microelectrodegelectrodeseparatior2Om) on a surfaceof 2.5mm x 2.5mm aswell as
a high-speedandomaddressindogic allowing the sequentiakelectionof the measuringpixels. Following the electricalcharacterization
in a phosphatesolution, the functional evaluation has beencarried out by recordingthe spontaneouglectrical activity of neonatalrat
cardiomyogtes. Signalswith amplitudesfrom 130V, to 300V, could be recordedrom differentpixels. The resultsdemonstrateéhe
suitability of the APSconcepfor developinganew generatiorof high-resolutiorextracellularrecordingdevicesfor in vitro electrophysiology
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1. Intr oduction

The recordingsof extracellularpotentialsfrom cultured
excitable cells using microelectrodearrays (MEAS) have
becomea well-acceptedechniquein both fundamentale-
searchandappliedelectrophysiologyAt presentmulti-site
recordingsaimedat monitoringdistributed patternsof elec-
trical activities of neuronalor cardiomyogte cell cultures
areexploitedin the investigationof signal propagatiorand
processinglearningprocesseandmemory(DeMarseetal.,
2001; Jimbo et al., 1999; Mussa-haldi and Miller, 2003;
Shahafand Marom, 2001). Furthermorethe MEAs sene
as test-platformsfor toxicological studies,drug screening
andcell-basediosensorgDeBusscherandKovacs,2001;
Keeferetal.,2001;Morefieldetal., 2000;Offenrausseand
Knoll, 2001).

* Correspondin@uthor Tel.: +4132 72055 20; fax: +413272057 11.
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The current MEAs (Gross et al., 1982; Pine, 1980
provide typically 30—-160 electrodeswith inter-electrode
spacingof 100-50Qum. Several MEAs are alreadycom-
mercially available (Multichannel Systems; Panasonic;
Ayanda-Biosystems)These arrays are fabricatedmainly
by thin-film technologywith Pt, Au, IrOy, ITO and TiN
microelectrodegmbeddedn aninsulationlayer of SizNg,
EPONSU-8or polyamide Thecellsareplatedandcultured
directly on the active area allowing the non-invasie,
long-term(upto severalmonths)monitoringandstimulation
of thenetwork electrophysiologicahctivity.

Becausehe recordedsignalsoriginatefrom the cellsin
closeproximity to the electrodesaandbecausef therandom
distribution of thecellularnetworks,thenumberof recording
sites,i.e.,thespatialresolution,s therefordimited. Consid-
ering a typical culture of 50,000neuronsand typically 50
electrodesthis representanundersamplingof the network
activity by afactor1000.Althoughthenumberof electrodes
couldbeincreasednthesamehin-film technologicabasis,
thereare practicallimits imposedby the manageabl&um-



ber of electrode-contagbad connectionsand by the rising
compl«ity of the externalamplificationcircuit.

Thereare four approacheshat are pursuedin orderto
increasethe numberof effective recordingsites. The first
oneconsistof patterninghecell networkson MEASs by us-
ing adhesiompromoters/inhibitorsr guidingmicrostructures
(Heiduschkaet al., 2001; Martinoia et al., 1999; Saneine-
jad and Shoichet,2000; Yeung et al., 2001). The second
methodologyrelies on confinementof individual neurons
over eachelectrodetheso-callecheuro-cageduilt in away
allowing the formation of networks (Maher et al., 1999.
In the third approach,a large number of closely spaced
electrodesare addressedy a methodologybasedon light-
addressabl@otentiometricsensorgLAPS) (Geoge et al.,
2000a,h. LAPS-basedEAs integratethousand®f micro-
electrodesaddressedby a laser Thus,Bucheret al. (2001)
describea light-addressablenicroelectrodechip with 3600
electrode®n a surfaceof 1.8mm x 1.8mm. Althoughthe
numberof electrodescan be dramaticallyincreasedusing
LAPS, the issuesof lateralresolution,speedof addressing
andpossiblephototoxiceffectsduringlong-termrecordings
still remainto be assesseflGeogeetal., 2000a,b.

A further concept,basedon standardcomplementary
metal-oxide-semiconduct¢€ MOS)technologyseemgpar
ticularly attractve for overcoming the current spatio-
temporallimitations. The CMOS designallows fabrication
of high-densitystructurespn-chipamplificationandintegra-
tion of additionalelectroniccircuitry to berealizedoy acom-
merciallyavailableprocessCMOScircuitsdevelopedfor in
vivo or for in vitro recordingwith MEAs have beenreported
previously, in particularasoff-chip or on-chipamplification
circuits (Bai and Wise, 2001; Najafi and Wise, 1986; Pan-
crazioetal., 1998, for multi-parametriadevices(Lehmann
etal.,20017) or for portablebiosensosystemgDeBusschere
andKovacs,2007). Morerecently CMOSarraysfeaturing4
x 4 metallic electrodesith a pitch of 250pum andon-chip
amplificationandstimulationcircuits (Heeret al., 2004 as
well asa high-densityFET arraywith non-metallizedyates
(Eversmanretal., 2003 have beenreported.

Theaim of our work is to develop high-densitymetallic
microelectrodearraysfor a high spatio-temporatesolution
imagingof the electrophysiologicaactvity of electrogenic
cellculturesToachievethis,consideringhepotentialadvan-
tagef metallicelectrodeor low-noiserecordingsywehave
adopteda different CMOS design(Fig. 1), namelya solid-
stateactive pixel sensor{APS) conceptthat was originally
developedfor imagesensorgWillemin et al., 2001). Real-
ized by CMOS technology the APS allows, upon modify-
ing the pixels’ functionality a straightforvardintegrationof
metallicmicroelectrodegyn-chipandin-pixel amplification,
timing andcontrol circuitsandmulti-plexers (Berdondiniet
al.,2002,2003.

Here wereportonthedevelopmenbfanAPS-basedigh-
densityMEA (APS—MEA).It consistof anarrayof 64 x 64
pixelelement®nanoverallactive areaof 2.5mm x 2.5mm.
Eachpixeldefinesasurfaceof 40 um x 40 umandcomprises
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Fig. 1. TheAPS—MEAconcept.

agold microelectrodef 20pm x 20wm andanunderneath
pre-amplifier The sameaddressindogic circuit, previously
developedfor light-sensitve APS devices,hasbeenimple-
mentedn this first-generatiorof APS—MEAs.Theaddress-
ing logic is integratedon the sidesof thechip andallows the
sequentiahddressingf all pixelsor of apre-definedub-set
atamaximumsamplingfrequeng of 10 MHz.

The designparameterselectrical characterizationgnd
multi-pixel recordingof thespontaneouactiity of neonatal
ratcardiomyogte culturesarepresented.

2. Materials and methods
2.1. Systendesign

The device was designedon Mentor Graphics(Mentor
GraphicsCorporationWilsorville, USA), andfabricatedus-
ingastandard.5p,.m CMOStechnologyAlcatelMicroelec-
tronics,5 metallayerstechnology).

The addressinglogic of an existing APS systemwas
adaptedo the 64 x 64 pixel array andthe pixel circuit was
designedor electrophysiologicatecordings.The samein-
pixel circuit was integratedin all the 4096 pixels, andthe
microelectrodesvere designedas contactpadsmeasuring
20pm x 20pm.

2.2. Designof thein-pixel pre-amplifier

Thein-pixel pre-amplifierhasto fit into the pixel dimen-
sions,andthusonly circuits with low numberof transistors
wereconsideredWeoptedfor adifferentialamplifier, thefive
transistoroperationaltransconductancamplifier (5-OTA),
becausef its high open-gainand stability to biasvoltages
whenoperatedn common-modéFig. 2A). It amplifiesboth
continuougDC) andalternating(AC) signalsappliedon the
differential pair, constitutedof the n-MOS transistordVIN1
and MN2. The p-MOS transistorsMP1 and MP2 and the
n-MOStransistorsMN3 andMN5 form two currentmirrors.
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Fig. 2. (A) Schematicof the 5-OTA (B). Schematicof the in-pixel pre-
amplifier

The transistorsof the pre-amplifierwere optimisedby
simulations on Accusim (Mentor Graphics Corporation,
Wilsorville, USA) in orderto achieve the highestopen-loop
gainandthelowestnoise Analytically, consideringhemodel
of stronginversionof a MOS transistoyit canbefoundthat
(i) thegainincreasedy the squareroot of the gatewidth of
theinput transistordMN1, 2); (ii) the gainincreasesvhen
thegatesof thetransistorsn the currentmirror (MP1,2) are
longerthanin thedifferentialpair (MN1, 2); andthat(iii) the
gainincrease®y the squareroot of decreasinglrain-source
current.

The noisewas reducedby designoptimisationsimulat-
ing the contritutionsof thermalnoise,shotnoiseandflicker
noise(1/f noise)and calculatingthe referredinput noiseas
the sum of the noise sourcesreferredto the input transis-
tors.Noiseis reducedvith wide gatesin thedifferentialpair
by increasinghetransistoitransconductancesmdwith long
gatesin the transistorsof the currentmirror by decreasing
their transconductances.

In additionto thefive transistoroperationatransconduc-
tanceamplifier (5-OTA), in eachpixel threeadditionaltran-
sistors(T1, T2 and T3) were integratedas can be seenin
Fig. 2B. This allows operatingthe pre-amplifierin openor
closed-loopmodes.In the open-loopmodethe signalis di-
rectly amplified by the open-gainwhile in the closed-loop
modethe gainis setto oneandthe pre-amplifieractsasan
impedancdransformerTransistorsT; (N-MOS)and T2 (p-
MOS)functionasvoltagecontrolledswitches Applying Vss
(0V) or Vpp (3.3V) ontheirgategSM), it is possibleto se-
lecttheclosed-loogronfigurationT;— oo andT,— 0) orthe
open-loopconfiguration(T;—0 and To— o0), respectiely.
TheSMvoltageandthereferencelectroddRE)arecommon
to all pixels.

In the open-loopmode,while the non-inverting input of
thepre-amplifielis connectedo thepixel microelectrodethe
referenceslectrodewhichis commonto all microelectrodes,
is externally connectedo theinvertinginput (Fig. 3A). The
DC polarizatioronbothinputs(Vpc in) controltheopen-loop
gainandbandwidth.

In the closed-loopmode, the referenceelectrodeis not
connectedFig. 3B). Theamplifierhasagain of oneandacts
asanimpedancearansformerTransistorTz is aMOS output
capacitanceharacterizethy a10 pm x 10um gatesurface
andwith avalueof 400fF. It is usedfor loweringthe output
signalbandwidth.

Thesinglepixellayoutis shavnin Fig. 4. TransistotMN5
is commonto all microelectrodeandit is integratedoutside
thepixels.
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2.3. Chip post-pocessingand padkaging

TheAPS—MEAsprototypewasfabricatedy usingastan-
dard0.5pm CMOStechnology(Alcatel Microelectronicsb
metallayerstechnology)with a silicon—aluminium-ally as
the metal layers. This material,dueto its ratherpoor sta-
bility in physiologicalsolutionsand poor biocompatibility
is, however, inadequatdor electrophysiologicatecordings
and hasto be modified. We have realizedthis by usingan
electrolesgost-processingtepthatwe developedandpre-
viously reported(Berdondiniet al., 2004). Briefly summa-
rizing the post-processingteps:after receving the devices
from the foundry, the APS—MEAswerecleanedn acetone,
rinsedin isopropanolnddried with nitrogen.Thenthe de-
viceswere packagedn a 32mm x 30mm printed circuit
board(PCB), wire-bonded Al wiresof 50wm in diameter)
andthewiresprotectedvith epoxyglue.Thegolddeposition
was performedin two stepsat 25°C by dispensingdropsof
solutionsontheactive areaIn thefirst solution(Atomex so-
lution from Engelhard-Clal)gold initiation sitesareformed
by displacementf aluminium,while in the secondsolution
(Cathagoldrom Engelhard-Claldiluted1:20with DI water)
theactualautocatalytielectrolesslepositiortakesplace For
a depositiontime of 15min, the thicknessof the gold layer
was estimatedat aboutl pm.

Thepost-processingith theelectrolesslepositiorisvery
convenientsinceit doesnot requireary photolithographic
stepspffersafastdepositionrateandmorewer, it doesnot
requireary inter-layersbetweerthe CMOS metallayerand
gold. It shouldbe notedthat no additional post-processing
was performedfor modifying thetop CMOS standardsiO,
insulationlayer.

A PMMA spacewhichalsoholdsaglassculturecylinder
(20mm in diameterand 10mm in height) was glued onto
the PCB using the sameepoxy resin (Fig. 5A). The PCB
providesa DIP24 soclet connectorfor the rapid mounting
anddismountingon theinterfaceboard.

2.4. Chipinterfaceboard

We built a chip interfacefor providing the supply volt-
ages(5Vp.p and3.3Vp ) necessaryo operatethe chip and

(A)

(B)

Fig. 5. (A) Chippackaging(B) Top view of a packagedievice.

for evaluatingthe APS—MEAfunctionality Thesinglesignal
outputis connectedo an externalcircuit with differentam-
plificationfactors:again of oneusedfor theopen-loopmode
anda gain of 100 usedfor the closed-loopmode.Addition-
ally, in the closed-loopmode, the signalis filtered asshavn
in Fig. 6A. The on-chiprandomaddressindogic was con-
trolled usingamanualswitchandproviding asix bit address
for the columnanda six bit addresdor the row. Currently
this simpleinterfacedoesnot allow rapid switching of the
recordingelectrodego be performed.

2.5. Electrical characterizationin phosphatesolution

The functionalelectricalcharacterizationvas performed
by applyinga smallamplitudeAC signal(Vac,in) and a DC
polarizationsignal (Vpc,in) to the platinumwire reference
electrodewith respecto theelectricalground(Fig. 3A). This
wire was connectedo anexternalDC voltagegenerato(HP
E3632ADC Paver Supply)in serieswith the AC signalgen-
erator(HP 30120AWaveformSignalGenerator)Theexper
imentswereperformednsidea Faradaycagein aphosphate
buffer solution (150mM, pH adjustedto 7.3 with HzPOy).
Sincethe microelectrodesre at a floating potential,no po-
tential dropis establishedat the microelectrode—electrolyte
interfaceresultingfrom the DC polarizationIn otherwords,



40 -

s " ]

o !

1/ 1
gl \
g 25 \.
.i \.

/

154

1 10 100 1000 10000 100000
(A) frequency [Hz]

R

| %
7 \{

15

gain [dB]

T —r T T— T
1 10 100 1000 10000

(B) frequency [Hz]

40 -

35 / "

]
) L
30 4 ‘\
[ ]

-
g \
T, 2564 [ ]
c
5 \'
20
15 4
n
10 ML A | ML | M AL | T T
1 10 100 1000 10000
(C) frequency [Hz]

Fig. 6. Gain-frequeng behaiour of a single pixel of the APS—-MEA in
phosphatsolution(150mM). (A) Externalamplifiergainfor theunity-gain
mode (B) Maximalmeasuredpen-loopgainof asinglepixel pre-amplifier
(C) Behaviour of asinglepixel pre-amplifierconfiguredn closed-loopnode
andbeingexternallyamplified.

the DC polarizationdoesnotinduceary electrochemicate-
actionatthe microelectrodes.

The gain-frequeng behaiour of the amplifier was char
acterizedwith a sinusoidalsignal with amplitude which
was reducedrom 100mVp_, to 2mV ., usinganattenuator
(HP 355DVHF Attenuator).Theappliedfrequenciesanged
1-50kHz. In orderto operatethe pre-amplifierin open-loop
mode thesameDC polarizationwith respecto theelectrical
groundmustbeappliedto theinputpair, i.e.,ontherecording
microelectrod@ndontheinvertingamplifierinput. A poten-
tiometerwas usedfor compensatinghe DC offset between
theinputs.In closed-loopmode(Fig. 3B), the polarization
voltage(Vpc,in) andthesinusoidakignal(Vac,in) wereap-
plied only to the platinumwire.

2.6. Cell culturerecodings

The devices wererinsedin deionisedwater dried with
nitrogen, coatedwith collagen(human placenta,type VI,
Sigma) acting as an adhesionpromoterand sterilized un-
der UV light for 90min with the reserwir filled with cul-
ture medium. Primary culturesof neonatalrat ventricular
cardiomyogtes were obtainedusing previously published
procedures(Rohr et al., 1991). The cell suspensiorwas
pre-platedin large culture flasksin orderto reducethe fi-
broblast contentand the myogytes remainingin suspen-
sion were seededat a densityof 1.9 x 103 cells/mn? on
the APS—MEAs.The cultureswerekeptin anincubatorat
35°Cinahumidifiedatmosphereontainingl.2%CO,, and
mediumexchangesvereperformednthefirstdayafterseed-
ingandeveryotherdaythereaftewith supplementethedium
M199(Gibco,Basel,Switzerland)ontainingareducecton-
centrationof serum(5%).

The sameset-updescribedor theelectricalcharacteriza-
tionswas alsousedfor the electrophysiologicalestsexcept
that only the DC polarizationwas appliedto the platinum
wire (Fig. 3C). Thein-pixel amplifierwas usedn theclosed-
loop configuration.The outputsignal of the chip consisted
of the polarizationvoltage(Vpc in) addedo thecellularsig-
nal (Veelis). The signalwas amplifiedexternally andfiltered
asshavn in Fig. 6A andthe acquisitionwas performedby
usinganoscilloscopgTektronix, TDS360).

3. Resultsand discussion

The CMOS chip measures8.1mm x 3.4mm (Fig. 5B)
andintegrates64 x 64 pixels,onanactive surfaceof 2.5mm
x 2.5mm.Eachpixel hasadimensionof 40pum x 40pum, a
microelectrodef 20um x 20um anda pre-amplifier This
resultsin anelectrodeseparatiorf 20 um (or 40 um centre-
to-centre).The device has24 bondingpads;12 of themare
usedor digitally addressingheactivepixel; listheanalogue
outputandthe remainingpadsare usedfor groundingand
supplyvoltages(3.3V and5V).



3.1. In-pixel pre-amplifiersimulations

Simulationswere usedfor optimising the pre-amplifier
open-loopgainandnoiseby modifying the channelslength
andwidth of thetransistorsn the5-OTA. Thedimensiongre
for transistordVIN1 andMN2 of 5um in width and10pwm
in length;for transistorsiP1 andMP2 of 1 wm in width and
10uminlength;andfor transistordN3 andMN4 of 1.1 um
in width and3 wm in length.Oncethe geometriedixed, the
open-loopgain, the bandwidthandthe referredinput noise
weresimulatedtowardstransistorgeometrieandfor polar
izationvoltagesbetweenl.4V and1.6V. Gainsfrom 23dB
up to 50dB with frequeng bandwidthof 270kHz—14kHz,
respectiely, wereobtained.The polarizationvoltageallows
the programmingof the open-loopgain andbandwidth.For
bothmodesthe simulatedpre-amplifiereferredinput noise
resultedn 79.6pV rms.

As previouslydiscussedahighamplifierinputimpedance
is necessaryo compensat¢he electrodeémpedanceln the
designedircuit, theinputimpedancaes essentiallygiven by
theinput parasiticcapacitancégatecapacitancef the non-
invertinginput), whichis 200fF. Theresultingimpedances
thengiven by Zi, = 1/2xfC, wheref is thefrequeng. At a
frequeng of 1.1kHz, theimpedanceés 723M (.

3.2. Pre-amplifiercharacterizationin phosphate
solution

The in-pixel pre-amplifierof different pixels was char
acterizedn both openand closed-loopmodesby manually
addressinglifferentpixels.In the open-loopmode thesame
DC polarizationwas appliedto the input pair of the pre-
amplifier: on the recordingmicroelectroderia the platinum
wire andontheinvertinginput. This potentialactedasaref-
erencepotentialfor the measurements the phosphateso-
lution. The open-loopgainwas measuredby addressinghe
recordingpixel and applicationof an AC signal. The max-
imum gain between29.5dB and 30.8dB over a bandwidth
of 10kHz hasbeenmeasuredor a DC polarizationof 0.7V
(Fig. 6B). A similar behaiour, with only small changesn
therequiredpolarizationvoltagefor achiezing themaximum
gain,was obseredon all pixels.

The experimentalgains and bandwidthsare lower than
the simulatedones,becauseof difficulties to stabilize the
gain due to the high sensitvity of the differential pair to
the noiseon the polarization.This noiseoriginatesfrom the
differencebetweerthe polarizationof the two amplifierin-
putsintroducedby the ohmicdropin the solutionandatthe
electrode—electrolytmterfaces.This offsetcanbe compen-
sated but the polarizationson the two inputswill never be
exactly the sameand, thus, this will alwaysbe a sourceof
noise.Additionally, alsothe DC signalgeneratocontritutes
with noiseamplifiedby the open-loopgain of theintegrated
circuit. The lowest total output noise that we achieved is
500V p-p, Which limits the performance®f the open-loop
mode.

We canconcludefrom this first experimentthatthe con-
tribution of thenoiseontheinputpairhasatleastthreedirect
consequencdsr theopen-loopmode:it introducegherisk
of saturatingthe amplifier, an additional AC-noisesource
is addedto the outputamplified signal,andthe stability of
the amplifier gain (programmedwith the DC polarization)
is affectedwithin the bandwidthandversustime. For these
reasonsthe open-loopmodeis not well adaptedor our ap-
plication; although,it shavs ausefulgain.

Theclosed-loopmodeis easierto operatesincethefeed-
backcompensate®r theinstabilitiesof thepolarizationThe
gain-frequeng behaiour of the pre-amplifierin a 150mM
phosphateolutionis shovn in Fig. 6C. This resultconfirms
a betterstability of the pre-amplifierwhen operatedn the
unity-gainmode.Themeasuredotal noisegiven by theinte-
gratedpre-amplifierthechipinterfaceandtheervironmental
noise,was of about80wVp.p.

The resultsobtainedin closed-loopmodefrom different
pixels shaved small differencesof a few millivolts in the
polarizationvoltagesecessaryo operatahepre-amplifiers.
Suchasmallmismatchbetweerthe pixelscanbe considered
asacceptabléut will requireanexternalcompensatiowhen
operatinghedevice athighaddressingrequeng. Thenoise
level andthe gain-frequeng behaiour were equivalenton
differentpixels.

The simulationof the integratedpre-amplifiernoisecor-
responddo the experimentalnoisein the closed-loop.This
indicateghatthemainnoisesourcds dueto thein-pixel pre-
amplifier Thus,theelectrolesgiold microelectrodeseento
shaw an excellentnoiselevel dueto their roughnessindthe
resultinglow impedanceln the open-loop,it was not pos-
sible to achiere the samenoiselevel dueto the additional,
previously discussednoisesources.

Finally, itisimportantto notethatin bothoperatingnodes
nocross-tallbetweerthechannelsvasobseredwhenmanu-
ally switchingbetweertherecordingpixels.Comparedothe
passie MEAs wheretheacquisitionis performedn parallel
andwherethecross-talks abiggerproblem theAPS—-MEAs
shav the advantageof recordingsequentiallythe electrode
signalsin orderto avoid cross-talk.

3.3. Recodingsfromneonatalrat cardiomyocytes

Electrophysiologicaimeasurementsvere performedby
culturing neonatalrat cardiomyogtes on the APS—MEAs.
Theseculturesshav a spontaneouglectricalactivity with
high-amplitudeextracellulampotentialsipto 1-2mV,_p) and
extracellularelectrophysiologicakignalsalreadyafter two
daysin vitro.

Onall devicesthecardiomyogtemonolayershovedsyn-
chronougontractileactiity with abeatrateof afew hertz(vi-
sualobsenations).This behaiour was identicalto cultures
raisedunderstandaratonditionsonglasscoverslipsand thus,
confirmedtheadequatdiocompatibilityof the APS—-MEAS.

Signalsfrom several recording sites were obtainedby
manuallyaddressinghemicroelectrodeanddataacquisition
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Fig. 7. Single pixel recordingsfrom different pixels and different time
scaleof spontaneouslectricalactvity for rat cardiomyogtesculturedon
APS-MEAsfor 2 days.(A) Samplingrate of 1kS/s, signalamplitudeof
136V p-p. (B) Samplingrateof 25kS/s,signalamplitudeof 168V p-p. (C)
Samplingrate of 50kS/s,signalamplitudeof 284V, The shapeof the
recordedsignalis affectedby thelow samplingratesof the oscilloscope.

was carriedout usingan oscilloscopgFig. 7). The oscillo-
scopedoesnot allow high samplingratesandautomatically
selectsthe samplingrate asa function of the time window.
For thisreasonfig. 7A—C shows the recordedspontaneous
activity from differentpixelswith differenttime framesand
different samplingfrequenciesThe recordedspontaneous
actvity of cardiomyogtes shaved signal amplitudes
betweenl30Vpp, and300uVp.p with atotal signallength
(positive and nggative phase)of 2-3ms. It hasto be noted
thatthe signalshapesreaffectedby thelow samplingrates
of theoscilloscopeWewereableto reusehe APS—MEAsby
cleaninghedeviceswith isopropanoandrinsingin DI water
Theseesultsdemonstratéhatit is possibleto recordelec-
trophysiologicalsignals. Although the integrated address-
ing logic could operateat high addressindrequenciesthe
presenset-updid notallow to performrecordingsy rapidly
switchingthepixels. Thereforejt was notpossibleto experi-
mentallyevaluatethe switchingdelaytime. Consideringhat
the integratedaddressindogic provides a maximumsam-
pling rateof 10MHz for light-sensitve APSdevicesandas-
sumingthis value for the 64 x 64 pixels APS—MEA this
resultsin aframerateof 2.44kHz (or adelayof 0.4ms)for
thewholeactive areaor aframerateof 20kHz (or adelayof
50 us)whenreadingoO0randomlyselectednicroelectrodes.
Thus, the assessmertf two-dimensionalnetwork activity
could be performedover the entire array (low-time resolu-
tion) or in specificarea®f interest(high-timeresolution) by

measuringhe addressegixel signalon the singleanalogue
outputline of thechip.

4. Conclusions

Theaim of thiswork wasto demonstrat¢hefeasibility of
the APS conceptfor realizing high-densitymicroelectrode
arrays.Therefore afirst-generatiorof the APS—MEAsinte-
gratinganarrayof 64 x 64 gold microelectrode$20um x
20um), in-pixel pre-amplifiersandon-chipaddressindpgic
on anoverall active areaof 2.5mm x 2.5mm was realized
andtested.The APS—-MEAswere fabricatedby a standard
0.5pm CMOS procesghat usesSiO, insulationlayer and
aluminium-allgy electrodesTheelectrodematerialwasmod-
ified by a post-procesgold electrolesslepositionstep.

Electricaltestsin a phosphatesolution shaved that be-
causeof a lower noise level, the closed-loopunity-gain
mode (80wVpp) is preferableover the open-loopmode
(500uVp.p). In this mode, the device functionality was
demonstratedly performingsinglepixel recordingsof spon-
taneousactiity of culturedcardiomyogtes.Electrophysio-
logical signalamplitudesbetweernl 30V, and300uVpp
weremeasuredBothsimulationandexperimentalesultsob-
taineddemonstratehe functionality of this first-generation
of APS—MEA andconstitutethus,aneffective startingpoint
for developinghigh-resolutiordeviceshasedntheAPScon-
cept.

Althoughthecurrentnoiselevel isadequatéor cardiomy-
ocytesrecordingsthenext developmentswill concentraten
reducingthe in-pixel pre-amplifieroisefor vertebrateneu-
ronal activity recordings.This is animportantissuein all
extracellularrecordingssince the electrophysiologicakig-
nals have amplitudesfrom 100uVp.p to 1-2mVy_, for rat
cardiomyogtes (Kuceraet al., 2000 andfrom 20uVp to
200V ppfor vertebrateeuronsThemaximumsignalband-
width is betweerO Hz and4 kHz. Thefunctionalcharacteris-
ticsof thepre-amplifiehavethusto fulfil therequirementsf
recordingow frequeng andsmallamplitudesignalshrough
a high impedanceamicroelectrode—cell-electrolyiaterface
(mainly capacitie). The currentstateof the artin analogue
amplifierdesignshouldallow achiezing bettersignalto noise
ratiosby furtheroptimisationof the pre-amplifier Addition-
ally, a high-speedaddressingelectronicsneedto be imple-
mentedin the recording set-upfor rapidly switching the
recordingpixels. If necessarythe frame rate could be fur-
therincreasedby designingAPS—MEAswith additionalout-
put signalssuchas usedin high-speedight-sensitve APS
devices.

Themodularpixel arrayapproactpermitsthefutureinte-
grationof otherpixel functionalitiessuchasstimulation tem-
peraturesensingr pH sensingin thesamepixel or, reducing
the electrodepitch, in differentpixels. The reductionof the
electrodepitch down to cellular or sub-cellulardimensions
combinedwith a large active areaintroducesnew features
comparedo corventionalthin-film MEAs for analysingthe



network activity at the cellular or network level. Thus, for
example,with respecto signalseparatiorandshapeanaly-
sis,the high-densityMEAs have theadwantageof exhibiting
asignalredundang of recordingdrom neighbouringnicro-
electrodesBy implementingnew signaltreatmenalgorithms
a betterunderstandingf the cellular network actiity can
be achieved. This is particularlyinterestingfor the research
fields thatusein vitro MEAs technologyfor modellingthe
signalpropagatiorin cardiomyogte networksor for study-
ing the behaiour of neuronahetworks.
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