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ABSTRACT

Nitric Oxide(NO) servesasanimportantintercellularmessenger
in the humanbody, and is mechanisticallyinvolved in vascular
disease,stroke, chronichearfailure, andepilepsy. We presenta
multi-electrodeNO measurementsensorwith integratedmicroflu-
idics. An arrayof carbon-basedelectrodesdetectthe spatialand
temporaldiffusionprofile of NO in a PDMSlaminarfluidic chan-
nel. The array interfacesto a multichannelpotentiostaticVLSI
systemrecordingthe amperometricoutputin real time, with five
ordersof magnitudein dynamicrangeover four scalesdown to
hundredsof picoamperes.Theintegratedsensor-fluidic-VLSI sys-
tem is expectedto serve asa powerful tool to studythe diffusion
mechanismof NO underdifferentfluid flow paradigms.

1. INTRODUCTION

Nitric Oxide(NO) hasbeenlinkedintrinsicallyto themechanisms
of a numberof debilitatingdiseasestateslike stroke, ischemicin-
jury andheartattack[1]. A numberof thesephenomenaarerelated
to alterationsin theflow of bloodto theaffectedareasof thebody.
NO is themostpotentvasodilatorknown, dueto its actionin the
endothelialcellsof arterialvessels[2]. Understandingits mecha-
nismof actionthroughits release,diffusionanduptake in theen-
dotheliallayerof blood vesselscould provide invaluableinsights
into thediseasestatesthemselves.

The measurementof biological NO signals posesmulti-
ple challenges. Primarily, in vivo, NO has a fleeting lifetime
(�����	��
 250 ms), and thereforeany sensortechnologymust be
capableof capturingthis brief signal. The concentrationsof NO
presentin vivoarealsosmall,typically lessthan1 � M, exceptun-
derextraordinaryconditions.Thesedemandscall for atechnology
capableof sensingsmall concentrationsof NO rapidly, andfrom
distributedlocationssimultaneously. While opticaltechniquesand
indirectchemicaldetectionarepopular, electrochemicaloxidation
atanelectrodesurfacecouldprovidethebestprofileof featuresfor
suchadetectionsystem.

A numberof NO sensorsbasedon different forms of car-
bonhave beenreported,andhave beenusedsuccessfullyin vivo.
George et al. [3] reportedthe designand fabricationof an NO
sensorarrayusingcarbonink screenprinting. Sensorsbasedon
electrochemicaloxidation-reduction(redox)reactionsrespondto
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Fig. 1. Microfabricatedmulti-electrode NO sensorarray with
integratedmicrofluidicchannels.

a broaderclassof neurochemicals.Theseincludedopamine,an
importantneurotransmitterthat playsan importantrole in disor-
derssuchas Parkinson’s disease.The carbonsensorarray was
usedfor monitoringtheconcentrationof electroactive neurotrans-
mittersfrom distributedlocationsin thebrain.

Herewepresentamicrofabricatedsensorarraywith integrated
fluidics, andinterfacethis device with a multi-channelVLSI po-
tentiostaticdataacquisitionsystem[4] for thesimultaneousdetec-
tion of NO, dopamineandotherneurochemicalsin multiple loca-
tionsin afluid flow channel.

2. MULTI-ELECTRODE MICROFLUIDIC NO SENSOR

Microfabricationtechniqueshave beenemployed to constructar-
rays of microelectrodeson silicon substrates[5, 6], or on glass
cultureplates[7]. Sophisticatedsemiconductorfabricationtech-
niqueshave beenemployed to devise arraysof microsensors[8],
and,in somecases,analoginterfacecircuitry [9].

Theseelectrodearraysmeasureelectricalneuralactivity. Con-
tinuous measurementof the activity of biochemicalsignaling
moleculesis now possibleusingelectrochemicalsensortechnol-
ogy. Theintegratedmicrosensorarrayspresentedin [3] arecapa-
ble of mappingthe spatialandtemporaldistribution of neuronal
messengersor neurotransmitterssuchasNO anddopamine.

In thepresentwork, distributedbiochemicalsignalacquisition
is combinedwith microfluidicsto studyNO transportphenomena
in a simulatedvascularflow environment. The integratedfluidic
multi-electrodeNO sensoris shown in Figure1. Two microflu-
idic channelsare shown, eachinterfacing with 45 carbon-based
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Fig. 2. Block diagramof the integratedtrack-and-holdpotentio-
stat.

NO sensors.Electrodesare100 � m wide andconsistof a base
layerof Ti (50nm),Au (250nm)andC (250nm),with C forming
the electrodesurface. The fluidic channelsare madeof PDMS,
andeachmeasure7 cmlong,5 mmwideand100 � m deep.These
dimensionsarephysiologicallyrelevantbecauseof thepresenceof
endothelialcellsatall dimensionsof thearterialsystem[1, 2], and
havebeenusedfor thestudyof NO releasefrom culturedendothe-
lial cells. Inletsat thecenterandbothendsof eachchannelallow
spatiallycontrolledinjectionof theperfusate(phosphatebuffered
saline—PBS),theanalytes(NO anddopamine)andtheintroduc-
tion of thereferenceelectrode(Ag/AgCl).

3. MULTI-CHANNEL VLSI POTENTIOSTAT

Amperometricsensingover thecarbonelectrodesrequirespoten-
tiostaticinstrumentation(currentmeasurementat regulatedpoten-
tial). Each potentiostatchannelserves one working electrode,
maintainedat virtual ground,anda redoxpotentialappliedto the
referenceelectrode.Thepotentiostatprovidesthenecessaryvolt-
agefor driving the redox reactionsat the sensorwith respectto
a referencein the bath anda counterelectrodeon the electrode
array[14].

A two-electrodesystemcanbeemployed,in contrastwith the
moretraditionalthree-electrodeconfiguration.This is becausethe
currentproducedby theoxidationof biochemicalspeciesat phys-
iologicalconcentrationsis typically in thenano/picoamperelevel,
andassuch,thesecurrentlevelsdo not affect the referenceelec-
trode.

Wiring connectingsensorsto potentiostatscan be extensive
andnoiseproblemstypically arise. Additionally, an arrayof ex-
ternalcommercialbench-toppotentiostatinstruments,canbepro-
hibitively bulky andexpensive. An integratedpotentiostatarray
allows to reduceform factor and minimize interconnect,and to
performdataacquisitionin closeproximity to thesensorarray.

Integratedpotentiostatswith oneor few parallelchannelshave
beenpreviouslyreportedby others[10,11] andourgroup[12, 13].

3.1. Architecture

Thetrack-and-holdpotentiostat[4] in thepresentsystemintegrates
16 current-modeinputs,4 voltagereferencessettingthe voltage
levels of the virtual-groundcurrentinputs in groupsof 4, anda

singlefull-rangedifferentialvoltageoutput,on a singlechip. The
block diagramof thesingle-chippotentiostatis given in Figure2.
Eachof the16 channelsis independentlyconfiguredfor a gainof
attenuationcoveringfour ordersof magnitudeallowing to acquire
bidirectionalcurrentsin the rangefrom 100 pA to 50 � A, at a
referencevoltagerangingfrom 0 to 5V. Programmablecut-off fre-
quenciesrangingfrom 50Hz to 400kHzprevent aliasingof high
frequency componentsand allow to decreasethe level of noise
generatedprior to sampling.The maximumfully sustainedsam-
pling rate rangesfrom DC to 200kHz. The outputsof the chip
arepipelinedandcontinuouslyvalid, interfacingasynchronously
to anexternalADC onthePChostacquisitionboardfor datapost-
processing.

3.2. VLSI Implementation

The input current to eachdatachannelin Figure 2 is summed
with areferencecurrent������� , to convert thesignalfrom bipolarto
unipolarform. A transconductanceamplifierdrivesa PMOSload
transistorto provide a low impedanceinput stage.The acquired
input currentis thenfed into a scalingcircuit which normalizes
thesignalto therange[0, 1] � A. Thesamescalingfactoris used
to attenuatethereferencecurrent� ����� at theinput stage.Thenor-
malizedcurrentis fed into ananti-aliasinglow-passfilter.

The integratorat the endof the channelis usedfor current-
to-voltageconversion. The timing of integration in one of the
referencechannels(bottomof Figure2), supplieda constantcur-
rent equalto the normalizedcurrentrange(1 � A), setsthe volt-
agerangeof conversionin the16 channels.A 16-to-1multiplexer
selectsthe integratedsignalof oneof the 16 channelsat theout-
put. Theoutputof thesecondreferencechannel,suppliedhalf the
currentof the timing referencechannel,serves as a ‘zero-level’
referenceto theotherchannelsin a differentialoutputformat,for
reducedsensitivity to noiseandpower supplyvariations.In hold
mode,thedifferentialoutputfrom thepreviousintegrationcycle is
bufferedandheldat the outputwhile thecurrentintegrationpro-
cessis takingplace.

The track-and-holdpotentiostatwas integratedon a  �!" $#&%
 �!" '#)(*( �

die fabricatedin a1.2 � m double-polyCMOSprocess.
The chip micrographis shown in Figure 3. Input sensitivity is
50 pA in the smallest( + 50 nA) scale,and25 nA in the largest
( + 50 � A) scale.Power dissipationis 12 mW at 5 V supplyvolt-
age. Detailson the circuits andcharacterizationof the chip are
presentedin [4].

4. EXPERIMENTS

4.1. Single-Channel Dopamine Recording

Theresponseof theintegratedpotentiostatandsensorsystemwas
calibratedwith standardsolutionsof dopamineaswell asNO. In
the first experimentsa singlechannelof the potentiostatwas in-
terfacedwith a carbonmicro-fiberelectrodeto monitor temporal
variationsin dopamineconcentrationin a solution,andcompare
its performancewith thatof acommercialpotentiostat.

A standardsolutionof dopaminewaspreparedby dissolving
20mgof dopaminehydrochloridein 99 ml of degassed,deionized
water. 1 ml of perchloricacidwasaddedto keepthesolutionstable
over time. Commerciallyavailablecarbonmicro-fiberelectrodes
(World PrecisionInstruments,FL) wereutilized. The OD of the
carbonmicro-fiberwas30 � m. Thesensorswerealsocoatedwith



Fig. 3. Chip micrograph of the 16-channelintegratedtrack-and-
holdpotentiostat[4].

Nafion, which is a cationicexchangeresin. Its charge selective
propertiespreventthediffusionof negatively chargedionic species
acrossit, thuspreventingsuchspeciesfrom reachingthesurfaceof
thecarbonelectrode.However, its presencedoesnot interferewith
theoxidationof dopamine.Theelectrodeswereelectrochemically
activatedby successive cycling from 0 V up to +3.0 V for 20 s,
+2.4V for 15 secand+1.8V for 10 secat 70 Hz [15]. This pre-
treatmentincreasesthesensitivity andstability of theresponseof
theelectrodesthroughtheproductionof an oxide layer anda net
increaseof surfacearea.

Each test was conductedin 25 ml of degassedphosphate-
bufferedsalinesolution(PBSw/o Mg++ andCa++)atapH of 7.4.
Controlledamountsof dopaminesolution were introducedfrom
gas-tightsyringesdirectly into the solution following which the
solutionwasbriefly stirredto ensureuniformdissolutionof thean-
alyte.Thecurrentwasallowedto stabilizefor four minutesbefore
thenext bolusof dopaminewasadded.Standardchronoamperom-
etry wasemployed to measurethe current,in which the working
carbonelectrodewasheldat 900mVwith respectto theAg/AgCl
referenceelectrode. The currentwas recordedas a function of
time asshown in Figure4. The currentmeasuredby the poten-
tiostatregistersan initial transientin responseto eachdopamine
bolusaddition,followed by a steadyrise in the backgroundcon-
centration.

For comparisonwith the 16-channelVLSI potentiostat,the
carbonfiberelectrodeswerealsotestedusingacommercialbench-
top potentiostat/galvanostat(EG&G PrincetonApplied Research,
Model 273, Princeton,NJ) controlledby a microcomputervia a
GPIB interface.Thecomparative performanceis depictedin Fig-
ure5.

4.2. Multi-Channel Spatial Sensing of NO in Fluidic Channel

A secondsetof experimentsinterfacedfourpotentiostaticchannels
with four of the carbonelectrodesalong the fluidic channel,as
depictedin Figure 1. Figure 6 recordsredox currentsfrom the
four sensors,monitoringdiffusionof NO into thefluidic channel,
asit is injectedononeside.

In Figure 6 (a), 50 � l of standardNO solution was added
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Fig. 4. Measured input-referred chronoamperometrysensorout-
put current. Controlled amountsof dopaminesolutionwere intro-
ducedinto degassedphosphate-bufferedsalinesolutioneveryfour
minutesandbrieflystirred.

andthe redoxcurrentsfrom theelectrodesheldat +900mVwere
recorded.Theworking carbonelectrodeswereheldand+900mV
with respectto anAg/AgCl referenceelectrode.Eachchannelwas
sampledat 200mstime interval. Thetemporaldifferencebetween
the four sensorscanbe seen.The mostupstreamsensor(#1) re-
spondedfirst,while theresponseof thesensorsfurtherdownstream
(#2 through#4) wereslightly andgraduallydelayed.Theanalyte
wasthenwashedout with PBS,andthesensorsreturnedto base-
line currentlevels.

The responseof the fluidic channelto injection of a smaller
amount(10 � l) of standard2mM NO solutionwasaddedto the
channel,which alreadywas full with PBS.As before,the most
upstreamsensor#1 respondedto theNO bolusfirst, followedim-
mediatelyby sensor#2. At this level of concentration,thefurther
downstreamsensors#3 and#4 did not appreciablyrespond,indi-
catingthatNO didnotsufficientlydiffusedownstream.AgainPBS
wasusedto flushout thefluid aftertheinjectionof NO.

Becauseof theelectrochemicaltechniquebeingusedto sense
theconcentrationof NO, thesensorsareinherentlysusceptibleto
thepresenceof interferingelectroactivespecies.It hasbeenshown
by our group[3] that with the useof surfacemodifying polymer
layers,a selective responseto NO canbe achieved without sac-
rificing the sensitivity of the technique.In the presentform, the
uncoatedsensorscoulddetectspurioussignalsfrom interferents.

5. CONCLUSIONS

A multi-electrodeNO sensorarraywas interfacedwith a multi-
channelpotentiostatto sensespatiotemporaldynamicsof bio-
chemicaldiffusionandtransportin microfluidicchannels.In com-
parisonwith previously reportedNO sensors,the presentsystem
integratesa large numberof NO electrodes,interfacingwith mi-
crofluidics and potentiostats,in a single unit for simultaneous
multi-channelNO measurement.The performanceof a single
channelof theVLSI potentiostatwasshown to becomparableto
that of a commerciallyavailablebenchtopinstrument,at signifi-
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Fig. 5. Comparisonof amperometricresponseof theVLSIpoten-
tiostatwith thatof a commercially availablebench-topinstrument,
usingsamecarbonelectrode, for a range of dopamineconcentra-
tionsin thesolution.

cantreductionin form factor. Real-timerecordingof NO diffusion
in a laminarchannelwasexperimentallydemonstrated.Applica-
tions of the integratedsensorincludereal-timespatialsensingof
electrochemicaltransportin vascularflow, andspatialmonitoring
of neurotransmitterrelease.
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50 � l injectedNO. (b): 10 � l injectedNO.
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