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Abstract

Thedevelopmentof ahigh-densityactivemicroelectrodearrayfor in vitro electrophysiologyis reported.BasedontheActivePixel Sensor
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(APS) concept,the arrayintegrates4096gold microelectrodes(electrodeseparation20�m) on a surfaceof 2.5mm × 2.5mm aswell a
a high-speedrandomaddressinglogic allowing the sequentialselectionof the measuringpixels.Following the electricalcharacterizat
in a phosphatesolution, the functional evaluationhasbeencarriedout by recordingthe spontaneouselectricalactivity of neonatalr
cardiomyocytes.Signalswith amplitudesfrom 130�Vp-p to 300�Vp-p couldberecordedfrom differentpixels.Theresultsdemonstrateth
suitabilityof theAPSconceptfor developinganew generationof high-resolutionextracellularrecordingdevicesfor in vitro electrophysiolo
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1. Intr oduction

The recordingsof extracellularpotentialsfrom cultured
excitable cells using microelectrodearrays (MEAs) have
becomea well-acceptedtechniquein both fundamentalre-
searchandappliedelectrophysiology. At present,multi-site
recordingsaimedat monitoringdistributedpatternsof elec-
trical activities of neuronalor cardiomyocyte cell cultures
areexploited in the investigationof signalpropagationand
processing,learningprocessesandmemory(DeMarseetal.,
2001; Jimbo et al., 1999; Mussa-Ivaldi and Miller, 2003;
Shahafand Marom, 2001). Furthermore,the MEAs serve
as test-platformsfor toxicological studies,drug screening
andcell-basedbiosensors(DeBusschereandKovacs,2001;
Keeferetal., 2001;Morefieldetal., 2000;Offenḧausserand
Knoll, 2001).

∗ Correspondingauthor. Tel.: +41327205520; fax:+41327205711.
E-mail address:luca.berdondini@unine.ch(L. Berdondini).

The current MEAs (Gross et al., 1982; Pine, 198
provide typically 30–160 electrodeswith inter-electro
spacingof 100–500�m. Several MEAs are alreadycom
mercially available (Multichannel Systems; Panason
Ayanda-Biosystems).Thesearrays are fabricatedmain
by thin-film technologywith Pt, Au, IrOx, ITO and TiN
microelectrodesembeddedin an insulationlayer of Si3N4
EPONSU-8or polyamide.Thecellsareplatedandculture
directly on the active area allowing the non-invasive
long-term(upto severalmonths)monitoringandstimulatio
of thenetwork electrophysiologicalactivity.

Becausethe recordedsignalsoriginatefrom the cells i
closeproximity to theelectrodesandbecauseof therando
distributionof thecellularnetworks,thenumberof recordin
sites,i.e., thespatialresolution,is thereforelimited. Consi
ering a typical culture of 50,000neuronsand typically 5
electrodes,this representsanunder-samplingof thenetwor
activity by afactor1000.Althoughthenumberof electrod
couldbeincreasedonthesamethin-film technologicalbas
therearepracticallimits imposedby the manageablenum



ber of electrode-contactpadconnectionsandby the rising
complexity of theexternalamplificationcircuit.

Thereare four approachesthat are pursuedin order to
increasethe numberof effective recordingsites.The first
oneconsistsof patterningthecell networksonMEAs by us-
ingadhesionpromoters/inhibitorsorguidingmicrostructures
(Heiduschkaet al., 2001; Martinoia et al., 1999; Saneine-
jad and Shoichet,2000; Yeung et al., 2001). The second
methodologyrelies on confinementof individual neurons
over eachelectrode,theso-calledneuro-cages,built in away
allowing the formation of networks (Maher et al., 1999).
In the third approach,a large number of closely spaced
electrodesareaddressedby a methodologybasedon light-
addressablepotentiometricsensors(LAPS) (George et al.,
2000a,b). LAPS-basedMEAs integratethousandsof micro-
electrodesaddressedby a laser. Thus,Bucheret al. (2001)
describea light-addressablemicroelectrodechip with 3600
electrodeson a surfaceof 1.8mm × 1.8mm. Although the
numberof electrodescan be dramaticallyincreasedusing
LAPS, the issuesof lateral resolution,speedof addressing
andpossiblephototoxiceffectsduringlong-termrecordings
still remainto beassessed(Georgeetal., 2000a,b).

A further concept,basedon standardcomplementary
metal-oxide-semiconductor(CMOS)technology, seemspar-
ticularly attractive for overcoming the current spatio-
temporallimitations. The CMOS designallows fabrication
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Fig. 1. TheAPS–MEAconcept.

agoldmicroelectrodeof 20�m × 20�m andanunderneath
pre-amplifier. Thesameaddressinglogic circuit, previously
developedfor light-sensitive APS devices,hasbeenimple-
mentedin this first-generationof APS–MEAs.Theaddress-
ing logic is integratedonthesidesof thechipandallows the
sequentialaddressingof all pixelsor of apre-definedsub-set
atamaximumsamplingfrequency of 10MHz.

The designparameters,electrical characterizationsand
multi-pixel recordingsof thespontaneousactivity of neonatal
rat cardiomyocyteculturesarepresented.

2. Materials and methods

2.1. Systemdesign

The device was designedon Mentor Graphics(Mentor
GraphicsCorporation,Wilsonville, USA),andfabricatedus-
ingastandard0.5�mCMOStechnology(AlcatelMicroelec-
tronics,5 metallayerstechnology).

The addressinglogic of an existing APS systemwas
adaptedto the64× 64 pixel array, andthepixel circuit was
designedfor electrophysiologicalrecordings.The samein-
pixel circuit was integratedin all the 4096 pixels, and the
microelectrodeswere designedas contactpadsmeasuring
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f high-densitystructures,on-chipamplificationandintegra-
ionof additionalelectroniccircuitry toberealizedbyacom-
erciallyavailableprocess.CMOScircuitsdevelopedfor in

ivo or for in vitro recordingwith MEAs havebeenreported
reviously, in particularasoff-chip or on-chipamplification
ircuits (Bai andWise, 2001;Najafi andWise, 1986;Pan-
razioet al., 1998), for multi-parametricdevices(Lehmann
tal.,2001) or for portablebiosensorsystems(DeBusscher
ndKovacs,2001). Morerecently, CMOSarraysfeaturing4
4 metallicelectrodeswith a pitch of 250�m andon-chip

mplificationandstimulationcircuits (Heeret al., 2004) as
ell asa high-densityFET arraywith non-metallizedgates

Eversmannetal., 2003) havebeenreported.
Theaim of our work is to develophigh-densitymetallic

icroelectrodearraysfor a high spatio-temporalresolution
magingof the electrophysiologicalactivity of electrogenic
ellcultures.Toachievethis,consideringthepotentialadvan-
agesof metallicelectrodesfor low-noiserecordings,wehave
dopteda differentCMOS design(Fig. 1), namelya solid-
tateactive pixel sensor(APS) conceptthat was originally
evelopedfor imagesensors(Willemin et al., 2001). Real-

zed by CMOS technology, the APS allows, uponmodify-
ng thepixels’ functionality, astraightforwardintegrationof

etallicmicroelectrodes,on-chipandin-pixel amplification
iming andcontrolcircuitsandmulti-plexers(Berdondiniet
l., 2002,2003).

Here,wereportonthedevelopmentof anAPS-basedhigh-
ensityMEA (APS–MEA).It consistsof anarrayof 64× 64
ixel elementsonanoverallactiveareaof 2.5mm× 2.5mm.
achpixeldefinesasurfaceof 40�m×40�mandcomprises
0�m × 20�m.

.2. Designof thein-pixel pre-amplifier

Thein-pixel pre-amplifierhasto fit into thepixel dimen-
ions,andthusonly circuitswith low numberof transistors
ereconsidered.Weoptedfor adifferentialamplifier, thefive

ransistoroperationaltransconductanceamplifier (5-OTA),
ecauseof its high open-gainandstability to biasvoltages
henoperatedin common-mode(Fig. 2A). It amplifiesboth
ontinuous(DC) andalternating(AC) signalsappliedonthe
ifferentialpair, constitutedof the n-MOS transistorsMN1
nd MN2. The p-MOS transistorsMP1 and MP2 and the
-MOStransistorsMN3 andMN5 form two currentmirrors.



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,
Wilsonville, USA) in orderto achieve thehighestopen-loop
gainandthelowestnoise.Analytically,consideringthemodel
of stronginversionof a MOS transistor, it canbefoundthat
(i) thegainincreasesby thesquareroot of thegatewidth of
the input transistors(MN1, 2); (ii) the gain increaseswhen
thegatesof thetransistorsin thecurrentmirror (MP1,2) are
longerthanin thedifferentialpair(MN1, 2); andthat(iii) the
gainincreasesby thesquareroot of decreasingdrain-source
current.

The noisewas reducedby designoptimisationsimulat-
ing thecontributionsof thermalnoise,shotnoiseandflicker
noise(1/f noise)andcalculatingthe referredinput noiseas
the sum of the noisesourcesreferredto the input transis-
tors.Noiseis reducedwith widegatesin thedifferentialpair
by increasingthetransistortransconductancesandwith long
gatesin the transistorsof the currentmirror by decreasing
their transconductances.

In additionto thefive transistoroperationaltransconduc-
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 theopen-loopmodethesignalis di-
rectly amplifiedby the open-gain,while in the closed-loop
modethegain is setto oneandthepre-amplifieractsasan
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In the open-loopmode,while the non-inverting input of
thepre-amplifierisconnectedto thepixelmicroelectrode,the
referenceelectrode,whichiscommontoall microelectrodes,
is externallyconnectedto theinvertinginput (Fig. 3A). The
DCpolarizationonbothinputs(VDC,in) controltheopen-loop
gainandbandwidth.

In the closed-loopmode,the referenceelectrodeis not
connected(Fig.3B). Theamplifierhasagainof oneandacts
asanimpedancetransformer. TransistorT3 is aMOSoutput
capacitancecharacterizedby a 10�m × 10�m gatesurface
andwith a valueof 400fF. It is usedfor loweringtheoutput
signalbandwidth.

Thesinglepixel layoutisshown in Fig.4. TransistorMN5
is commonto all microelectrodesandit is integratedoutside
thepixels.

Fig. 3. (A) Open-loopset-up.(B) Closed-loopset-up.(C) Set-upwith cell
cultures.

3

impedancetransformer. TransistorsT1 (n-MOS)andT2 (p
MOS)functionasvoltagecontrolledswitches.ApplyingVS
(0V) or VDD (3.3V) on theirgates(SM), it is possibleto s
lecttheclosed-loopconfiguration(T1→∞ andT2→0)or th
open-loopconfiguration(T1→0 andT2→∞), respectivel
TheSMvoltageandthereferenceelectrode(RE)arecommo
to all pixels.



Fig. 4. Singlepixel layout.

2.3. Chippost-processingandpackaging

TheAPS–MEAsprototypewasfabricatedbyusingastan-
dard0.5�m CMOStechnology(AlcatelMicroelectronics,5
metallayerstechnology)with a silicon–aluminium-alloy as
the metal layers.This material,due to its ratherpoor sta-
bility in physiologicalsolutionsand poor biocompatibility
is, however, inadequatefor electrophysiologicalrecordings
andhasto be modified.We have realizedthis by usingan
electrolesspost-processingstepthatwe developedandpre-
viously reported(Berdondiniet al., 2004). Briefly summa-
rizing the post-processingsteps:after receiving the devices
from thefoundry, theAPS–MEAswerecleanedin acetone,
rinsedin isopropanolanddriedwith nitrogen.Thenthede-
viceswerepackagedon a 32mm × 30mm printedcircuit
board(PCB),wire-bonded(Al wiresof 50�m in diameter)
andthewiresprotectedwith epoxyglue.Thegolddeposition
was performedin two stepsat 25◦C by dispensingdropsof
solutionsontheactivearea.In thefirst solution(Atomex so-
lution from Engelhard-Clal),gold initiation sitesareformed
by displacementof aluminium,while in thesecondsolution
(CathagoldfromEngelhard-Clal,diluted1:20with DI water)
theactualautocatalyticelectrolessdepositiontakesplace.For
a depositiontime of 15min, the thicknessof thegold layer
was estimatedatabout1�m.

Thepost-processingwith theelectrolessdepositionisvery
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Fig. 5. (A) Chippackaging.(B) Top view of apackageddevice.

for evaluatingtheAPS–MEAfunctionality. Thesinglesignal
outputis connectedto anexternalcircuit with differentam-
plificationfactors:againof oneusedfor theopen-loopmode
anda gain of 100usedfor theclosed-loopmode.Addition-
ally, in theclosed-loopmode,thesignalis filteredasshown
in Fig. 6A. The on-chiprandomaddressinglogic was con-
trolledusingamanualswitchandproviding asix bit address
for the columnanda six bit addressfor the row. Currently,
this simple interfacedoesnot allow rapid switchingof the
recordingelectrodesto beperformed.

2.5. Electrical characterizationin phosphatesolution

Thefunctionalelectricalcharacterizationwas performed
by applyinga smallamplitudeAC signal(VAC, In) and a DC
polarizationsignal (VDC,In) to the platinumwire reference
electrodewith respectto theelectricalground(Fig.3A). This
wire wasconnectedto anexternalDC voltagegenerator(HP
E3632ADC PowerSupply)in serieswith theAC signalgen-
erator(HP30120AWaveformSignalGenerator).Theexper-
imentswereperformedinsideaFaradaycagein aphosphate
buffer solution(150mM, pH adjustedto 7.3 with H3PO4).
Sincethemicroelectrodesareat a floatingpotential,no po-
tential drop is establishedat the microelectrode–electrolyte
interfaceresultingfrom theDC polarization.In otherwords,

4

onvenientsinceit doesnot requireany photolithographic
teps,offersa fastdepositionrateandmoreover, it doesnot
equireany inter-layersbetweentheCMOSmetallayerand
old. It shouldbe notedthat no additionalpost-processin
as performedfor modifying thetop CMOSstandardSiO2

nsulationlayer.
A PMMA spacerwhichalsoholdsaglassculturecylinder

20mm in diameterand 10mm in height) was glued onto
he PCB using the sameepoxy resin (Fig. 5A). The PCB
rovidesa DIP24 socket connectorfor the rapid mounting
nddismountingon theinterfaceboard.

.4. Chip interfaceboard

We built a chip interfacefor providing the supplyvolt-
ges(5Vp-p and3.3Vp-p) necessaryto operatethechip and



Fig. 6. Gain-frequency behaviour of a single pixel of the APS–MEA in
phosphatesolution(150mM). (A) Externalamplifiergainfor theunity-gain
mode.(B) Maximalmeasuredopen-loopgainof asinglepixelpre-amplifier.
(C)Behaviourof asinglepixelpre-amplifierconfiguredin closed-loopmode
andbeingexternallyamplified.

theDC polarizationdoesnot induceany electrochemicalre-
actionat themicroelectrodes.

Thegain-frequency behaviour of theamplifierwas char-
acterizedwith a sinusoidalsignal with amplitude which
was reducedfrom 100mVp-p to 2mVp-p usinganattenuator
(HP355DVHF Attenuator).Theappliedfrequenciesranged
1–50kHz. In orderto operatethepre-amplifierin open-loop
mode,thesameDC polarizationwith respectto theelectrical
groundmustbeappliedto theinputpair, i.e.,ontherecording
microelectrodeandontheinvertingamplifierinput.A poten-
tiometerwas usedfor compensatingtheDC offsetbetween
the inputs.In closed-loopmode(Fig. 3B), the polarization
voltage(VDC,In) andthesinusoidalsignal(VAC, In) wereap-
pliedonly to theplatinumwire.

2.6. Cell culture recordings

The devices were rinsedin deionisedwater, dried with
nitrogen,coatedwith collagen(humanplacenta,type VI,
Sigma)acting as an adhesionpromoterand sterilizedun-
der UV light for 90min with the reservoir filled with cul-
ture medium.Primary culturesof neonatalrat ventricular
cardiomyocytes were obtainedusing previously published
procedures(Rohr et al., 1991). The cell suspensionwas
pre-platedin large culture flasksin order to reducethe fi-
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broblast content and the myocytes remaining in suspe
sion were seededat a densityof 1.9 × 103 cells/mm2 o
the APS–MEAs.The cultureswerekept in an incubatora
35◦C in ahumidifiedatmospherecontaining1.2%CO2, an
mediumexchangeswereperformedonthefirstdayaftersee
ingandeveryotherdaythereafterwith supplementedmediu
M199(Gibco,Basel,Switzerland)containingareducedcon
centrationof serum(5%).

Thesameset-updescribedfor theelectricalcharacteriz
tionswas alsousedfor theelectrophysiologicaltestsexce
that only the DC polarizationwas appliedto the platinu
wire (Fig.3C).Thein-pixel amplifierwasusedin theclose
loop configuration.The outputsignalof the chip consist
of thepolarizationvoltage(VDC,In) addedto thecellularsig
nal (Vcells). Thesignalwas amplifiedexternallyandfiltere
asshown in Fig. 6A andthe acquisitionwas performedb
usinganoscilloscope(Tektronix,TDS360).

3. Resultsand discussion

The CMOS chip measures3.1mm × 3.4mm (Fig. 5B
andintegrates64× 64pixels,onanactivesurfaceof 2.5mm
× 2.5mm.Eachpixel hasadimensionof 40�m × 40�m,
microelectrodeof 20�m × 20�m anda pre-amplifier. Th
resultsin anelectrodeseparationof 20�m (or 40�m centr
to-centre).Thedevice has24 bondingpads;12 of thema
usedfor digitally addressingtheactivepixel;1 istheanalog
outputandthe remainingpadsareusedfor groundingan
supplyvoltages(3.3V and5V).



3.1. In-pixelpre-amplifiersimulations

Simulationswere usedfor optimising the pre-amplifier
open-loopgainandnoiseby modifying thechannels’length
andwidthof thetransistorsin the5-OTA. Thedimensionsare
for transistorsMN1 andMN2 of 5�m in width and10�m
in length;for transistorsMP1andMP2of 1�m in width and
10�min length;andfor transistorsMN3 andMN4 of 1.1�m
in width and3�m in length.Oncethegeometriesfixed,the
open-loopgain, the bandwidthandthe referredinput noise
weresimulatedtowardstransistorgeometriesandfor polar-
izationvoltagesbetween1.4V and1.6V. Gainsfrom 23dB
up to 50dB with frequency bandwidthof 270kHz–14kHz,
respectively, wereobtained.Thepolarizationvoltageallows
theprogrammingof theopen-loopgainandbandwidth.For
bothmodes,thesimulatedpre-amplifierreferredinputnoise
resultedin 79.6�V rms.

Aspreviouslydiscussed,ahighamplifierinputimpedance
is necessaryto compensatetheelectrodeimpedance.In the
designedcircuit, theinput impedanceis essentiallygiven by
theinput parasiticcapacitance(gatecapacitanceof thenon-
invertinginput),which is 200fF. Theresultingimpedanceis
thengiven by Zin = 1/2πfC, wheref is thefrequency. At a
frequency of 1.1kHz, theimpedanceis 723M�.

3.2. Pre-amplifiercharacterizationin phosphate
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We canconcludefrom this first experimentthat thecon-
tributionof thenoiseontheinputpairhasatleastthreedirect
consequencesfor theopen-loopmode:it introducestherisk
of saturatingthe amplifier, an additionalAC-noisesource
is addedto the outputamplifiedsignal,andthe stability of
the amplifier gain (programmedwith the DC polarization)
is affectedwithin thebandwidthandversustime. For these
reasons,theopen-loopmodeis not well adaptedfor our ap-
plication;although,it showsausefulgain.

Theclosed-loopmodeis easierto operatesincethefeed-
backcompensatesfor theinstabilitiesof thepolarization.The
gain-frequency behaviour of the pre-amplifierin a 150mM
phosphatesolutionis shown in Fig. 6C. This resultconfirms
a betterstability of the pre-amplifierwhenoperatedin the
unity-gainmode.Themeasuredtotalnoisegiven by theinte-
gratedpre-amplifier, thechipinterfaceandtheenvironmental
noise,was of about80�Vp-p.

The resultsobtainedin closed-loopmodefrom different
pixels showed small differencesof a few milli volts in the
polarizationvoltagesnecessaryto operatethepre-amplifiers.
Suchasmallmismatchbetweenthepixelscanbeconsidered
asacceptablebut will requireanexternalcompensationwhen
operatingthedeviceathighaddressingfrequency. Thenoise
level andthe gain-frequency behaviour wereequivalenton
differentpixels.

Thesimulationof the integratedpre-amplifiernoisecor-
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olution

The in-pixel pre-amplifierof different pixels was char-
cterizedin bothopenandclosed-loopmodesby manually
ddressingdifferentpixels.In theopen-loopmode,thesame
C polarizationwas applied to the input pair of the pre-
mplifier:on therecordingmicroelectrodevia theplatinum
ire andontheinvertinginput.Thispotentialactedasaref-
rencepotentialfor the measurementsin the phosphateso-

ution. Theopen-loopgainwas measuredby addressingthe
ecordingpixel andapplicationof an AC signal.The max-
mum gain between29.5dB and30.8dB over a bandwidth
f 10kHz hasbeenmeasuredfor a DC polarizationof 0.7V
Fig. 6B). A similar behaviour, with only small changesin
herequiredpolarizationvoltagefor achieving themaximum
ain,was observedonall pixels.

The experimentalgainsand bandwidthsare lower than
he simulatedones,becauseof difficulties to stabilize the
ain due to the high sensitivity of the differential pair to

henoiseon thepolarization.This noiseoriginatesfrom the
ifferencebetweenthepolarizationof the two amplifier in-
utsintroducedby theohmicdropin thesolutionandat the
lectrode–electrolyteinterfaces.This offsetcanbecompen
ated,but the polarizationson the two inputswill never be
xactly the sameand,thus,this will alwaysbe a sourceof
oise.Additionally, alsotheDC signalgeneratorcontributes
ith noiseamplifiedby theopen-loopgainof theintegrated
ircuit. The lowest total output noise that we achieved is
00�Vp-p, which limits theperformancesof theopen-loop
ode.
espondsto theexperimentalnoisein theclosed-loop.This
ndicatesthatthemainnoisesourceis dueto thein-pixel pre-
mplifier. Thus,theelectrolessgoldmicroelectrodesseemto
how an excellentnoiselevel dueto their roughnessandthe
esultinglow impedance.In the open-loop,it was not pos-
ible to achieve the samenoiselevel dueto the additional
reviouslydiscussed,noisesources.

Finally, it isimportanttonotethatin bothoperatingmodes
ocross-talkbetweenthechannelswasobservedwhenmanu-
lly switchingbetweentherecordingpixels.Comparedto the
assiveMEAs wheretheacquisitionis performedin parallel
ndwherethecross-talkisabiggerproblem,theAPS–MEAs
how the advantageof recordingsequentiallythe electrode
ignalsin orderto avoid cross-talk.

.3. Recordingsfromneonatalrat cardiomyocytes

Electrophysiologicalmeasurementswere performedby
ulturing neonatalrat cardiomyocytes on the APS–MEAs
heseculturesshow a spontaneouselectricalactivity with
igh-amplitude(extracellularpotentialsupto1–2mVp-p) and
xtracellularelectrophysiologicalsignalsalreadyafter two
aysin vitro.

Onall devicesthecardiomyocytemonolayersshowedsyn-
hronouscontractileactivity with abeatrateof afew hertz(vi-
ualobservations).This behaviour was identicalto cultures
aisedunderstandardconditionsonglasscoverslipsand,thus,
onfirmedtheadequatebiocompatibilityof theAPS–MEAs

Signals from several recordingsites were obtainedby
anuallyaddressingthemicroelectrodesanddataacquisition



Fig. 7. Single pixel recordingsfrom different pixels and different time
scalesof spontaneouselectricalactivity for rat cardiomyocytesculturedon
APS–MEAsfor 2 days.(A) Samplingrateof 1kS/s,signalamplitudeof
136�Vp-p. (B) Samplingrateof 25kS/s,signalamplitudeof 168�Vp-p. (C)
Samplingrateof 50kS/s,signalamplitudeof 284�Vp-p. Theshapeof the
recordedsignalis affectedby thelow samplingratesof theoscilloscope.

was carriedout usingan oscilloscope(Fig. 7). The oscillo-
scopedoesnot allow high samplingratesandautomatically
selectsthe samplingrateasa function of the time window.
For this reason,Fig. 7A–C shows therecordedspontaneous
activity from differentpixelswith differenttime framesand
different samplingfrequencies.The recordedspontaneous
activity of cardiomyocytes showed signal amplitudes
between130�Vp-p and300�Vp-p with a total signallength
(positive andnegative phase)of 2–3ms. It hasto be noted
thatthesignalshapesareaffectedby thelow samplingrates
of theoscilloscope.Wewereableto reusetheAPS–MEAsby
cleaningthedeviceswith isopropanolandrinsingin DI water.

Theseresultsdemonstratethatit ispossibleto recordelec-
trophysiologicalsignals.Although the integratedaddress-
ing logic could operateat high addressingfrequencies,the
presentset-updid notallow to performrecordingsby rapidly
switchingthepixels.Therefore,it wasnotpossibleto experi-
mentallyevaluatetheswitchingdelaytime.Consideringthat
the integratedaddressinglogic provides a maximumsam-
pling rateof 10MHz for light-sensitiveAPSdevicesandas-
sumingthis value for the 64 × 64 pixels APS–MEA this
resultsin a framerateof 2.44kHz (or a delayof 0.4ms)for
thewholeactiveareaor aframerateof 20kHz (or adelayof
50�s)whenreading500randomlyselectedmicroelectrodes.
Thus, the assessmentof two-dimensionalnetwork activity
could be performedover the entirearray(low-time resolu-

y

measuringtheaddressedpixel signalon thesingleanalogue
outputline of thechip.

4. Conclusions

Theaimof thiswork wasto demonstratethefeasibilityof
the APS conceptfor realizinghigh-densitymicroelectrode
arrays.Therefore,afirst-generationof theAPS–MEAsinte-
gratinganarrayof 64 × 64 gold microelectrodes(20�m ×
20�m), in-pixel pre-amplifiersandon-chipaddressinglogic
on anoverall active areaof 2.5mm × 2.5mm was realized
andtested.The APS–MEAswerefabricatedby a standard
0.5�m CMOS processthat usesSiO2 insulationlayer and
aluminium-alloy electrodes.Theelectrodematerialwasmod-
ified by apost-processgoldelectrolessdepositionstep.

Electrical testsin a phosphatesolutionshowed that be-
causeof a lower noise level, the closed-loopunity-gain
mode (80�Vp-p) is preferableover the open-loopmode
(500�Vp-p). In this mode, the device functionality was
demonstratedby performingsinglepixel recordingsof spon-
taneousactivity of culturedcardiomyocytes.Electrophysio-
logical signalamplitudesbetween130�Vp-p and300�Vp-p
weremeasured.Bothsimulationandexperimentalresultsob-
taineddemonstratethe functionality of this first-generation
of APS–MEA,andconstitute,thus,aneffectivestartingpoint
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tion) or in specificareasof interest(high-timeresolution),b
for developinghigh-resolutiondevicesbasedontheAPScon
cept.

Althoughthecurrentnoiselevel isadequatefor cardiom
ocytesrecordings,thenext developmentswill concentrateo
reducingthein-pixel pre-amplifiernoisefor vertebratene
ronal activity recordings.This is an important issuein a
extracellularrecordingssincethe electrophysiologicalsig
nalshave amplitudesfrom 100�Vp-p to 1–2mVp-p for ra
cardiomyocytes(Kuceraet al., 2000) andfrom 20�Vp-p t
200�Vp-p for vertebrateneurons.Themaximumsignalban
width is between0Hz and4kHz.Thefunctionalcharacter
ticsof thepre-amplifierhavethusto fulfil therequirementso
recordinglow frequency andsmallamplitudesignalsthroug
a high impedancemicroelectrode–cell–electrolyteinterfac
(mainly capacitive). Thecurrentstateof theart in analog
amplifierdesignshouldallow achievingbettersignaltonois
ratiosby furtheroptimisationof thepre-amplifier. Addition
ally, a high-speedaddressingelectronicsneedto be imple
mentedin the recordingset-up for rapidly switching th
recordingpixels. If necessary, the frameratecould be fu
therincreasedby designingAPS–MEAswith additionalou
put signalssuchasusedin high-speedlight-sensitive AP
devices.

Themodularpixel arrayapproachpermitsthefutureinte
grationof otherpixel functionalitiessuchasstimulation,tem
peraturesensingorpHsensing,in thesamepixelor, reducin
theelectrodepitch, in differentpixels.Thereductionof th
electrodepitch down to cellular or sub-cellulardimensio
combinedwith a large active areaintroducesnew featur
comparedto conventionalthin-film MEAs for analysingth



network activity at the cellular or network level. Thus,for
example,with respectto signalseparationandshapeanaly-
sis,thehigh-densityMEAs have theadvantageof exhibiting
asignalredundancy of recordingsfrom neighbouringmicro-
electrodes.By implementingnew signaltreatmentalgorithms
a betterunderstandingof the cellular network activity can
beachieved.This is particularlyinterestingfor theresearch
fields that usein vitro MEAs technologyfor modellingthe
signalpropagationin cardiomyocyte networksor for study-
ing thebehaviour of neuronalnetworks.
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thetechnicalassistanceandS.Martinoia(Universityof Gen-
ova, Italy) for theusefuldiscussions.TheOffice Féd́eralde
l’Educationet de la Science(OFES),Switzerland,is grate-
fully acknowledgedfor thefinancialsupport.

References

Bai, Q., Wise, K.D., 2001. Single-unit neural recordingwith active mi-
croelectrodearrays.IEEE Trans.Biomed.Eng. 48 (8), 911–920.

Berdondini, L., Overstolz, T., de Rooij, N.F., Koudelka-Hep,M., Mar-

B

B

B

B

D r
.

D

E

l,

G

G

Gross,G.W., Williams, A.N., Lucas,J.H.,1982.Recordingof spontaneous
activity with photoetchedmicroelectrodesurfacesfrom mousespinal
neuronesin culture.J. Neurosci.Methods5, 13–22.

Heer, F., Franks,W., Blau, A., Taschini,S., Ziegler, C., Hirlemann,A.,
Baltes, H., 2004. CMOS microelectrodearray for the monitoring
of electrogeniccells. Biosens.Bioelectron.2004, doi:10.1016/j.bios.
2004.02.006.

Heiduschka,P., Romann, I., Ecken, H., Schoning, M., Schuhmann,
W., Thanos, S., 2001. Defined adhesionand growth of neurones
on artificial structuredsubstrates.Electrochim.Acta 47 (1–2), 299–
307.

Jimbo,Y., Tateno,T., Robinson,H.P.C., 1999.Simultaneousinductionof
pathway-specificpotentiationand depressionin networks of cortical
neurons.Biophys.J. 76 (2), 670–678.

Keefer, E.W., Gramowski, A., Stenger, D.A., Pancrazio,J.J.,Gross,G.W.,
2001. Characterizationof acute neurotoxic effects of trimethylol-
propanephosphatevia neuronalnetwork biosensors.Biosens.Bio-
electron.16 (7–8), 513–525.

Kucera,J.P., Heuschkel, M.O., Renaud,P., Rohr, S., 2000. Power-law
behavior of beat-ratevariability in monolayerculturesof neonatalrat
ventricularmyocytes.Circ. Res.86 (11), 1140–1145.

Lehmann,M., Baumann,W., Brischwein, M., Gahle, H.J., Freund, I.,
Ehret, R., Drechsler, S., Palzer, H., Kleintges,M., Sieben,U., Wolf,
B., 2001.Simultaneousmeasurementof cellular respirationandacid-
ification with a single CMOS ISFET. Biosens.Bioelectron.16 (3),
195–203.

Maher, M.P., Pine,J., Wright, J., Tai, Y.C., 1999.The neurochip:a new
multielectrodedevice for stimulatingandrecordingfrom culturedneu-
rons.J. Neurosci.Methods87 (1), 45–56.

Martinoia,S.,Bove, M., Tedesco,M., Margesin,B., Grattarola,M., 1999.
A simple microfluidic systemfor patterningpopulationsof neurons

M

M

N

O

P

.

P
.

R -
l

S

S .

W

Y

8
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