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ABSTRACT

Nitric Oxide (NO) senesasanimportantintercellularmessenger
in the humanbody andis mechanisticallyinvolved in vascular
diseasestroke, chronichearfailure, and epilepsy We presenta
multi-electrodeNO measuremergensomwith integratedmicroflu-
idics. An arrayof carbon-baseélectrodegletectthe spatialand
temporaldiffusion profile of NO in a PDMS laminarfluidic chan-
nel. The array interfacesto a multichannelpotentiostaticvVLSI
systemrecordingthe amperometrioutputin realtime, with five
ordersof magnitudein dynamicrangeover four scalesdown to
hundredof picoamperesTheintegratedsensoifluidic-VLSI sys-
temis expectedto sene asa powerful tool to studythe diffusion
mechanisnof NO underdifferentfluid flow paradigms.

1. INTRODUCTION

Nitric Oxide(NO) hasbeenlinkedintrinsicallyto themechanisms
of anumberof debilitatingdiseasestatedik e stroke, ischemicin-
jury andheartattack[1]. A numberof thesephenomenarerelated
to alterationsn theflow of bloodto theaffectedareasof thebody
NO is the mostpotentvasodilatorknown, dueto its actionin the
endotheliakcells of arterialvesseld2]. Understandingts mecha-
nismof actionthroughits releasediffusionanduptale in theen-
dotheliallayer of blood vesselscould provide invaluableinsights
into the diseasestategshemseles.

The measuremendf biological NO signals poses multi-
ple challenges. Primarily, in vivo, NO has a fleeting lifetime
(t1/2 <250 ms), and thereforeary sensortechnologymust be
capableof capturingthis brief signal. The concentration®f NO
presentn vivo arealsosmall,typically lessthanl M, exceptun-
derextraordinaryconditions.Thesedemandgall for atechnology
capableof sensingsmall concentration®f NO rapidly, andfrom
distributedlocationssimultaneouslyWhile opticaltechniquesnd
indirectchemicaldetectiorarepopular electrochemicabxidation
atanelectrodesurfacecouldprovide thebestprofile of featuregor
suchadetectiorsystem.

A numberof NO sensorshasedon different forms of car
bon have beenreported,andhave beenusedsuccessfullyin vivo.
Geoge et al. [3] reportedthe designand fabricationof an NO
sensorarray using carbonink screenprinting. Sensorsasedon
electrochemicabxidation-reductior(redox) reactionsrespondto
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Fig. 1. Microfabricatedmulti-electode NO sensorarray with
integratedmicrofluidic channels.

a broaderclassof neurochemicals Theseinclude dopaminean
importantneurotransmittethat plays an importantrole in disor
derssuchas Parkinson$ disease. The carbonsensorarray was
usedfor monitoringthe concentratiorof electroactre neurotrans-
mittersfrom distributedlocationsin thebrain.

Herewe presenaimicrofabricatedsensoarraywith integrated
fluidics, andinterfacethis device with a multi-channelVLSI po-
tentiostaticdataacquisitionsysteni4] for thesimultaneousletec-
tion of NO, dopamineandotherneurochemicals multiple loca-
tionsin afluid flow channel.

2. MULTI-ELECTRODE MICROFLUIDIC NO SENSOR

Microfabricationtechniquesave beenemplg/ed to constructar
rays of microelectrode®n silicon substrateg5, 6], or on glass
cultureplates[7]. Sophisticatedsemiconductofabricationtech-
nigueshave beenemplagyed to devise arraysof microsensor$g],
and,in somecasesanaloginterfacecircuitry [9].

Theseelectrodearraysmeasurelectricalneuralactiity. Con-
tinuous measuremenbdf the activity of biochemicalsignaling
moleculesis now possibleusing electrochemicasensortechnol-
ogy. Theintegratedmicrosensoarrayspresentedn [3] arecapa-
ble of mappingthe spatialand temporaldistribution of neuronal
messengersr neurotransmittersuchasNO anddopamine.

In thepresentvork, distributedbiochemicakignalacquisition
is combinedwith microfluidicsto studyNO transportphenomena
in a simulatedvascularflow ervironment. The integratedfluidic
multi-electrodeNO sensoris shawvn in Figurel. Two microflu-
idic channelsare shavn, eachinterfacing with 45 carbon-based
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Fig. 2. Block diagram of the integratedtradk-and-holdpotentio-
stat.

NO sensors.Electrodesare 100 xm wide and consistof a base
layerof Ti (50nm),Au (250nm)andC (250nm),with C forming

the electrodesurface. The fluidic channelsare madeof PDMS,

andeachmeasure cmlong,5 mmwide and100um deep.These
dimensionsarephysiologicallyrelevantbecausef the presencef

endotheliakellsatall dimension®f thearterialsysten{1, 2], and
have beenusedfor the studyof NO releasdrom culturedendothe-
lial cells. Inlets at the centerandboth endsof eachchannekllow

spatiallycontrolledinjection of the perfusatgphosphatéduffered
saline—PBS),the analytefNO anddopamineandtheintroduc-
tion of thereferenceelectrodg/Ag/AgCl).

3. MULTI-CHANNEL VLSl POTENTIOSTAT

Amperometricsensingover the carbonelectrodesequirespoten-
tiostaticinstrumentatiorfcurrentmeasuremerstregulatedpoten-
tial). Each potentiostatchannelsenes one working electrode,
maintainedat virtual ground,anda redoxpotentialappliedto the
referenceelectrode.The potentiostaprovidesthe necessaryolt-
agefor driving the redox reactionsat the sensomwith respecto
a referencein the bath anda counterelectrodeon the electrode
array[14].

A two-electrodesystemcanbeemplg/ed,in contrastwith the
moretraditionalthree-electrodeonfiguration.Thisis becaus¢he
currentproduceddy the oxidationof biochemicakpeciest phys-
iological concentrationss typically in thenano/piccamperdevel,
andassuch,thesecurrentlevels do not affect the referenceelec-
trode.

Wiring connectingsensorgo potentiostatsan be extensve
andnoiseproblemstypically arise. Additionally, an array of ex-
ternalcommerciabench-topotentiostatnstrumentscanbe pro-
hibitively bulky and expensve. An integratedpotentiostat@array
allows to reduceform factor and minimize interconnectand to
performdataacquisitionin closeproximity to thesensomrray

Integratedpotentiostatsvith oneor few parallelchanneldhave
beenpreviously reportedby otherq10, 11] andourgroup[12, 13].

3.1. Architecture

Thetrack-and-holgotentiostaf4] in thepresensystenmintegrates
16 current-moddnputs, 4 voltagereferencesettingthe voltage
levels of the virtual-groundcurrentinputsin groupsof 4, anda

singlefull-rangedifferentialvoltageoutput,on asinglechip. The
block diagramof the single-chippotentiostats givenin Figure2.
Eachof the 16 channelss independentlyonfiguredfor a gain of
attenuatiorcoveringfour ordersof magnitudeallowing to acquire
bidirectionalcurrentsin the rangefrom 100 pA to 50 A, at a
referencevoltagerangingfrom 0 to 5V. Programmableut-of fre-
gquenciegangingfrom 50Hz to 400kHz prevent aliasingof high
frequeng componentsand allow to decreasehe level of noise
generategrior to sampling. The maximumfully sustainedsam-
pling rate rangesfrom DC to 200kHz. The outputsof the chip
are pipelinedand continuouslyvalid, interfacing asynchronously
to anexternalADC onthePChostacquisitionboardfor datapost-
processing.

3.2. VLSl Implementation

The input currentto eachdatachannelin Figure 2 is summed
with areferencecurrentl,., to corvertthesignalfrom bipolarto

unipolarform. A transconductancamplifierdrivesa PMOSload

transistorto provide a low impedancenput stage. The acquired
input currentis thenfed into a scalingcircuit which normalizes
the signalto therange[0, 1] uA. The samescalingfactoris used
to attenuatehereferencecurrent!,..; attheinputstage.Thenor

malizedcurrentis fed into ananti-aliasingow-pasdilter.

The integrator at the end of the channelis usedfor current-
to-voltage corversion. The timing of integrationin one of the
referencechannelgbottomof Figure2), supplieda constantcur
rentequalto the normalizedcurrentrange(1 pA), setsthe volt-
agerangeof corversionin the 16 channelsA 16-to-1multiplexer
selectshe integratedsignal of oneof the 16 channelsat the out-
put. The outputof the secondeferencechannel suppliedhalf the
currentof the timing referencechannel,senes as a ‘zero-level’
referencdo the otherchannelsn a differentialoutputformat, for
reducedsensitvity to noiseandpower supplyvariations.In hold
mode thedifferentialoutputfrom the previousintegrationcycle is
bufferedandheld at the outputwhile the currentintegrationpro-
cesdstakingplace.

The track-and-holdpotentiostatwas integratedon a 2.25 x
2.25 mm? die fabricatedn a 1.2 um double-polyCMOS process.
The chip micrographis shavn in Figure 3. Input sensitvity is
50 pA in the smallest(+£50 nA) scale,and 25 nA in the largest
(+£50 pA) scale.Power dissipationis 12 mW at5 V supplyvolt-
age. Detailson the circuits and characterizatiorof the chip are
presentedh [4].

4. EXPERIMENTS

4.1. Single-Channel Dopamine Recording

Theresponsef theintegratedpotentiostatindsensoisystemwas
calibratedwith standardsolutionsof dopamineaswell asNO. In
the first experimentsa single channelof the potentiostatvasin-
terfacedwith a carbonmicro-fiberelectrodeto monitortemporal
variationsin dopamineconcentratiorin a solution,and compare
its performancevith thatof acommerciapotentiostat.

A standardsolutionof dopaminewas preparedy dissolving
20mgof dopaminehydrochloridein 99 ml of degasseddeionized
water 1 mlof perchloricacidwasaddedo keepthesolutionstable
over time. Commerciallyavailable carbonmicro-fiberelectrodes
(World PrecisioninstrumentsFL) were utilized. The OD of the
carbonmicro-fiberwas30 um. Thesensorsverealsocoatedwith



Fig. 3. Chip micrograph of the 16-channelintegratedtradk-and-
hold potentiostaf4].

Nafion, which is a cationic exchangeresin. Its chage selectve
propertiepreventthediffusionof negatively chagedionic species
acrosst, thuspreventingsuchspeciegrom reachinghesurfaceof
thecarborelectrode However, its presenceloesnotinterferewith
theoxidationof dopamine Theelectrodesvereelectrochemically
activatedby successke cycling from 0 V upto +3.0V for 20 s,
+2.4V for 15secand+1.8V for 10 secat 70 Hz [15]. This pre-
treatmenincreaseshe sensitvity andstability of the responsef
the electrodeghroughthe productionof an oxide layeranda net
increaseof surfacearea.

Eachtest was conductedin 25 ml of degassedphosphate-
bufferedsalinesolution(PBSw/o Mg++ andCa++)atapH of 7.4.
Controlledamountsof dopaminesolution were introducedfrom
gas-tightsyringesdirectly into the solutionfollowing which the
solutionwasbriefly stirredto ensureauniformdissolutionof thean-
alyte. Thecurrentwasallowedto stabilizefor four minutesbefore
thenext bolusof dopaminevasadded.Standarcchronoamperom-
etry wasemplg/ed to measurdhe current,in which the working
carbonelectrodevasheldat 900mVwith respecto the Ag/AgCI
referenceelectrode. The currentwas recordedas a function of
time asshavn in Figure4. The currentmeasuredy the poten-
tiostatregistersaninitial transientin response¢o eachdopamine
bolusaddition, followed by a steadyrise in the backgroundcon-
centration.

For comparisonwith the 16-channeNVLSI potentiostatthe
carborfiberelectrodesverealsotestedisingacommerciabench-
top potentiostat/galnostaf EG&G PrincetonApplied Research,
Model 273, Princeton,NJ) controlledby a microcomputewia a
GPIB interface. The comparatie performances depictedn Fig-
ure5.

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

A secondsetof experimentsnterfacedfour potentiostatichannels
with four of the carbonelectrodesalong the fluidic channel,as
depictedin Figure 1. Figure 6 recordsredox currentsfrom the
four sensorsmonitoringdiffusion of NO into thefluidic channel,
asit is injectedon oneside.

In Figure 6 (a), 50 ul of standardNO solution was added
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Fig. 4. Measued input-referred chronoampesmetrysensorout-
put current. Contolled amountof dopaminesolutionwete intro-
ducedinto degassehosphate-tiffered salinesolutioneveryfour
minutesandbriefly stirred.

andtheredoxcurrentsfrom the electrodeseld at +900mV were
recorded.Theworking carbonelectrodesvereheldand+900mV
with respecto anAg/AgCl referenceelectrode Eachchannelvas
sampledat 200mstime intenval. Thetemporaldifferencebetween
the four sensorcanbe seen. The mostupstreamsensor(#1) re-

spondedirst, while theresponsef thesensorfurtherdovnstream
(#2 through#4) wereslightly andgraduallydelayed.The analyte
wasthenwashedout with PBS,andthe sensorgeturnedto base-
line currentlevels.

The responsef the fluidic channelto injection of a smaller
amount(10 ul) of standari2mM NO solutionwas addedto the
channel,which alreadywas full with PBS. As before,the most
upstreansensor#t1 respondedo the NO bolusfirst, followedim-
mediatelyby sensor#2. At this level of concentrationthe further
downstreamsensorst3 and#4 did not appreciablyrespondjndi-
catingthatNO did notsuficiently diffusedowvnstream AgainPBS
wasusedto flushoutthefluid aftertheinjectionof NO.

Becausef the electrochemicalechniquebeingusedto sense
the concentratiorof NO, the sensorsareinherentlysusceptibldgo
thepresencef interferingelectroactre specieslt hasheenshavn
by our group[3] thatwith the useof surfacemodifying polymer
layers,a selectve responsedo NO canbe achieved without sac-
rificing the sensitvity of the technique.In the presentform, the
uncoatedsensorgoulddetectspurioussignalsfrom interferents.

5. CONCLUSIONS

A multi-electrodeNO sensorarray was interfacedwith a multi-
channelpotentiostatto sensespatiotemporaldynamicsof bio-
chemicaldiffusionandtransporin microfluidicchannelsin com-
parisonwith previously reportedNO sensorsthe presentsystem
integratesa large numberof NO electrodesinterfacing with mi-
crofluidics and potentiostats,jn a single unit for simultaneous
multi-channelNO measurement.The performanceof a single
channelof the VLSI potentiostatvasshavn to be comparabldo
that of a commerciallyavailable benchtopinstrument,at signifi-
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Fig. 5. Comparisorof ampeometricrespons®fthe VLSIpoten-
tiostatwith that of acommecially availablebend-topinstrument,
usingsamecarbonelectiode for a range of dopamineconcenta-

tionsin thesolution.

cantreductionin form factor Real-timerecordingof NO diffusion
in a laminarchannelwas experimentallydemonstratedApplica-
tions of the integratedsensoiincludereal-timespatialsensingof
electrochemicatransportin vascularflow, andspatialmonitoring
of neurotransmitterelease.
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