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This paperpresentsa review of microfabricatedsystemsfor geneticdiagnostics.Geneticdiag-
nosticsarepowerful technologydriversandexcellentcandidateapplicationsfor miniaturization
technologiesbecausethedemandfor inexpensive geneticinformationis essentiallyunlimited,and
thecostandtime for thediagnosticdecreaseswith samplevolume.Processingof DNA molecules
in themicroscalehencerequiresthe implementationof microfluidic devicescapableof handling,
mixing, thermalcycling, separating,anddetectingnanoandpico liter liquid samples.Thepaper
discussessomeof thefundamentalmacroscaleprotocolsusedfor geneticanalysesandhow these
processesscaledown to microscopicvolumes.Theconstructionandperformanceof microfluidic
devicesfor DNA amplification,separation,hybridization,anddetectionarediscussedshowing that
sofar no fundamentalimpedimentsexist for MEMS-basedgeneticdiagnostics.

1. INTR ODUCTION

A fundamentalrequirementfor thecommercialsuccessof any microfabricationtechnologyisanapplication

with avery largedemand.Theseapplicationsareessentialtechnologydriversthatprovide sufficient economic

pull for theadequaterecovery of facility coststhatsustaincontinuedresearchinto new andimproveddevices

at very low unit cost. This paperdiscussesa new type of applicationfor micro electromechanicalsystems

(MEMS) thatnotonly satisfiesthis requirementbut alsopromisesenormouspotentialfor growth.

Genetictests(or assays)have anenormousscopeof applicationsin biotechnologyandmedicine,ranging

from agricultureandfarming[1] to the detectionof pathogensin foods[2] to geneticdiagnosticson human

subjects[3]. Currentlyabout400 diseasesarediagnosableby molecularanalysisof nucleicacids,and this

numberis increasingdaily. Humanshave approximately100,000genesthat could be potentially testedfor

defectsor thepropensityfor diseases.Essentiallywith thesameprocedure,thecontentsof every geneon any

form of life couldbeexamined.Sucha broadbaseapplicationmayprove to betheultimatetechnologydriver

of all time.

Recently, therehasbeenmuchinterestin the implementationof microfluidic devicesfor geneticassays.

Thesedevices areexcellentcandidatesfor miniaturizationbecause:(a) the demandfor geneticinformation

is essentiallyunlimited hencedeterminedonly by the costof informationretrieval, (b) the performanceand

costsof geneticassayscanbe improved in themicroscale,(c) the samemicrofabricatedpart canbe usedfor

many differentassaysby changingthenatureof its reagents,not thedeviceconstruction,and(d) geneticassays

canbenefitfrom theautomationandcontrolprovidedby miniatureelectronicdevices.Theimplementationof

thesedevicespresentsnew andinterestingtechnologicalchallenges.Geneticinformationis containedin a long

polymerof nucleicacid,typically in solutionin a weaklysalinewater-basedbuffer. Theextractionof genetic

informationinvolvesaseriesof chemicalmanipulationsof thesamplerequiringmixing with reagents,thermal

cycling, labelingandfragmentationanalysisusingconventionalmolecularbiology protocols.A miniaturized
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device for geneticassaysis hencea chemicalreactorcapableof performingsomeor all of thesefunctionsin

microscalevolumes,includingthedetectionof theassayoutcome.

2. THE NATURE OF GENETIC INFORMA TION

Geneticinformation in humansis storedin the cell chromosomes.Eachchromosomeconsistsof long,

compactlypacked, supercoiledlinear polymerstrandsof deoxyribonucleicacid (or DNA). The chromosome

information is storedas a long string of DNA fragmentsgroupedas genes,eachexpressingan identifiable

functionor characteristicof theorganism.In humans,for example,eachof the46 chromosomesis 50 � 400 �

106 unitslongwhile thesinglechromosomein theE. coli bacteriais 4 � 106 unitslong.

The units of a singleDNA strandarecallednucleotides.Eachnucleotideconsistsof a base(B), a sugar

linkage(S), anda phosphatebridge(P) asshown in Figure1. The sugarlinkagegivesthe nucleotidedirec-
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Figure1: (a) DNA nucleotide,(b) singlestrandedDNA chain,and(c) doublestrandedDNA with complemen-
tarybasepairs(bp). Thetwo strandsarejoinedby hydrogenbonds.

tionality with two distinct endslabeled5
�

and3
�
. Therearefour typesof nucleotidescorrespondingto four

differentbases:adenine,guanine,cytosine,andthymine,commonlylabeledA, G, C, andT. Nucleotidescan

only belinkedin aspecificdirectionformingsinglestrandsof DNA asshown in Fig.1(b).Individual basesare

hydrophobic,but strandsof DNA arequitesolublein waterdueto thepolarbackbone.SinglestrandedDNA

tendsto attach(or hybridize) throughweakhydrogenbondsto anotherstrandof complementarybasepairs

(G-CandA-T) formingadoublestrand(or duplex). Double-strandedDNA is morestablein waterbecausethe

hydrophobicbasesarehiddenby hydrophilicbackbones.

DNA assaystake two generalforms. In diagnosticapplications,theassaydetectsthepresenceof aspecific

basepair fragmentin a fingerprint patternmatchingfashion. In sequencingapplications,the assayyields

the actualbasepair order. Sequencingassaysinherentlyprovide muchmoreinformationthanfingerprinting

assayssincetestpatternsareoften not uniquedueto the presenceof mutations.Both assaysareperformed

usinga setof well known molecularmachinery. Typically, theanalysisis performedover a small fragmentof

DNA whoseconcentrationis chemicallyamplifiedusingenzymatictechniquessuchasthepolymerasechain

reaction(PCR).After theamplification,thesefragmentsarechemicallycut into smalleronesandstainedwith

a fluorescentdye. Informationaboutthe natureof the sampleis obtainedfrom the analysisof the fragment

populationusingelectrophoreticseparationsor hybridizationtechniques.

3. BENEFITS OF MINIA TURIZA TION

In macroscopicprotocols,relatively large microliter volumesof DNA arehandledin vials andmanually

loadedinto desktopthermalcyclersandgelsseparators.Thesemacroscopicsystemsareslow andexpensive.

For example,a typical sequencingprotocolrequires6-8 hoursto completeata costof severalhundreddollars.

Further, thehigh costof thesesystemsrestrictstheseteststo laboratories.

Alternatively, smallersamplevolumescanbeanalyzedwith miniaturizedequipment.Thereis amplejus-
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tification for theminiaturizationof thesesystemsin bothclinical andresearchsettings[4]. Scalingdown the

assaysresultin anincreasein throughputdueto reducedanalysistimes,reagentcostreductionsduetominiscule

reactionvolumes,andmuchlower systemcostsdueto introductionof batchfabricationtechniques.Figure2

shows the effectsof scalingon the assayparametersfor a cubic sampleof linear dimensionL


S with S asa

scalingparameter. Thevolumeof sampleandcostof reagentsscaleby S� 3. Thesamescalingfactoraffects
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Figure2: Scalingof assayparameters(a)costsandtimearereduced.(b) ThedetectorS/N ratio is degradedby
scaling.

thethermalcycle time while separationtime Scalesby S� 1 (a muchcelebratedargument[5]). Ultimately, the

minimumassaytime is limited by thespeedof theenzymeitself (30-100bp/s). Microsystemcostscalesby

S� 2, but it is limited by thepackagecost.

The benefitsof scalingcomeat the expenseof stretchingdetectionlimits. For a fixed concentration,the

numberof moleculesin thesamplescalesby S� 3. If thedetectorareais fixed,thesignal-to-noiseratio (S/N) is

severelydegradedby S� 3. TheS/N reductionis not assevereif thedetectorareascaleswith thesample(S/N

∝ S� 1). This favorstheuseof miniaturizeddetectorsplacedcloseto thesample.

Scalingalsoincreasesthesurface-to-volumeratioof thesample(S/V) accentuatingtheinfluenceof surface

phenomenasuchasenzyme-wall adsorptionandsampleevaporationthatmay affect themicrosystemperfor-

mance.Further, scalingcauseshydrodynamicproblems.Theresistanceof capillariesscalesby Shencesample

transferrequireshigh pressures.Capillary forcesarealsoscaledby S makingsamplelocalizationvery dif-

ficult andthe control of surfacepropertiesessential.It seemsreasonableto assumethat the scalingfactor is

determinedby detectionnoise.At a scaleof 10 µm thenumberof DNA molecules(100-1000)mayreachthe

practicaldetectionlimits. It is conceivable that scalingfactorsof 100 or larger arepossiblewhenhandling

picoliter samples.This resultsin 100-foldincreasesin throughputandsimilar decreasesin cost.

4. MICR OFABRICATED AMPLIFICA TION DEVICES

A numberof micromachineddevices[6] have beendevelopedto accomplishfasterchemicalamplification

cyclesby basicallyreducingor eliminatingthe large thermalmasspresentin macroscopicsystems.Thefirst

of thesedeviceswasdevelopedby M. A. Northrup[6] at LLNL. This device consistsof a microwell cavity

structureformedin asiliconsubstrateby anisotropicetching.Thewell bottomisathin siliconnitridemembrane

with polysiliconheaterson theundersideasshown in Figure3. This typeof structureis essentiallythesame

usedfor many bulk micromachinedpressuresensors;henceit canbe fabricatedcheaply. The well lead is a

glassslidebondedto thetop. Dueto its smallthermalmass,thisstructurecanbeheatedat ratesof 15 � C/sand

cycle timesof about1 min. A twenty cycle amplificationin a 50 µL microwell wascarriedout roughly four
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Figure3 Siliconmicrowell for PCRreaction[6]. Figure 4 Comparisonof DNA frag-
ments from conventional and microw-
ell PCR[6].

timesfasterthanin aconventionalcyclerwith amuchlower powerbudget.

Themicrowell approachis suitablefor arraydetectionof multiplepathogens.Arraysof 8 and24wellswith

andwithout heatershave beenfabricatedon silicon anodicallybondedto glass[7]. Reagentsareloadedinto

eachwell usinginkjet-typemethodsto provide capabilityof in-situ fluorescence.Oneof themajorproblems

with thesilicon-baseddevicesis their cost. Simplerarraysof polypropylenemicrowells have beenfabricated

usingconventionalmouldingandstampingmethodswith well depthsof 250µm. Thesepassivedevicesrequire

anexternalcooledCCDcamerareadout;thereforethey mustbeusedwith anexpensive reader. Recently, diode

detectorshave beenusedin silicon microwell structuresto provide quantificationof PCRproductsby electro-

chemiluminescence[8]. Thesedevicesshow adetectionlimit of 40 femtomolesof DNA which is substantially

lessthanthatfor commercialmacroscopicdevices.

5. ELECTR OPHORESISMICR ODEVICES

In capillary electrophoresis(CE) systems,bandresolutionis not only determinedby the separationvolt-

agebut alsothe lengthof thesampleinjectionplug. High resolutionseparationswith millimeter-sizedplugs

requirelong capillaries( � 1 m) andseparationtimes. Fasterseparationtimescouldbeachievedwith shorter,

microfabricatedchannelsif usedalongwith micro injectionandmoresensitive banddetectionschemes.

Thefeasibility, properties,andperformanceof electrophoresisdevicesmicrofabricatedonplanarglasssub-

strateshave beenstudiedby many analyticalchemists[9]. Thesedevicesconsistof two crossingperpendicular

channels.Thefirst channeldefinesthesampleinjectionplugandthesecondseparatesthesample.Thesechan-

nelsaremadeby wetetchingtwo 10 µm deepcrossinggrooveson Pyrex glasswafers[5]. Platinumelectrodes

arenext depositedandpatterned,andchannelsarenext sealedwith a topglasswaferwith accessholesbonded

to thesubstratethusforming two crossingcapillaries.Dueto thepresenceof themetalsteps,hermeticbond-

ing canbe accomplishedusingcementor by thermally fusing the glasspiecesat 660 � C. Othermethodsof

fabricationfor thesedeviceshave beenrecentlydeveloped[10].

Figure5 shows a typical etchpatternconfiguration.Themostimportantpartof thedevice is thechannel

intersectionwhichdeterminesthesizeof theinjectionplug. After introductionof themobilephase,thesample

is placedin thelower reservoir. A low voltageis next appliedacrosstheverticalcapillaryforming a long plug

thatfills thecapillarywith sample(with no separation).Next theverticalcapillaryvoltageis turnedoff anda

high voltageis appliedacrossthe horizontalcapillary moving the plug of sampleat the intersectionforward
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Figure5 Simplecross-channelcapillariesetchedinto glass
arecapableof fast,high resolutionDNA separations[11].

Figure6 Confocalepi-fluorescencereadoutfor CE
chips[12]

and resultingin a high resolutionseparation.Typically the migrating bandsare recordedusing a confocal

fluorescencemicroscopefocusedataspecificspot[12] asshown in Figure6. In theaboveschemetheinjection

plug lengthis enlargeddueto lateraldiffusionandconvectioneddiesat theintersection[9]. Thecrosschannel

voltageconfigurationcanbechangedto form asharperplug if countercurrentsareinjectedinto theseparation

channelto prevent the plug diffusion [9]. The resultingplug volume is constantyielding higher resolution

separations.

Theperformanceof planarcrossingchannelsfor separationsof DNA wasdemonstratedby Woolley [11].

Figure shows separationsof DNA fragmentson a short,8 � 50 µm2, 3.5 cm long capillary. About 430frag-

Figure7 Separationof DNA fragmentsin planarglasschips
usingmulticolordyesandconfocalmicroscopy detection[11].
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Figure8 Low-resolutionseparationof DNA
fragments recordedwith on-chip detector
diodesthuseliminating the needfor expen-
sive readoutoptics[13].

mentsweredistinguishablein about10 minutesseparationtime usingfieldsof 200V/cm. Thechip separation

is about3-5 timesfasterthanconventionalCE and50 timesfasterthanslabgels. Direct sequencinghasalso

beencarriedout in thesestructuresusingmulticolor dyes.
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The separationquality dependsnot only on the device geometrybut alsothe type of separatingmedium.

For DNA fragments,thepolymerizationuniformity of conventionalslabgelmatrixmaterialsin capillariessuch

aspolyacrylamideis difficult to control. For this reason,unpolymerizedliquids suchaslinearacrylamideand

hydroxyethylcellulose (HEC)areoftenused[14]. Unlikecross-linkedpolymers,thesesieving materialscanbe

pumpedout of thechannelallowing thereuseof thechip. In all of thesedevices,thepresenceof DNA bands

wasobservedusingfluorescencemicroscopy techniques.Thereforethesedevicesmustbeusedin a laboratory

setting.

Recently, separationchannelshave beenfabricatedon silicon substrateswith on chip detectorsandfilters

[13]. DNA separationsarepossibleon silicon substratesbecausehigh voltagedropswhich may breakdown

the isolationdielectrics[15] aregenerallynot requiredandwhenneededcanbe properlyhandledusingvery

thick dielectrics.Thepresenceof individual bandshasbeenobservedwith fairly high signalto noiseratios(of

about100)asshown in Figure8. Thefabricationof thesedevicesis discussedin section6. On-chipdetectors

eliminatetheneedof expensive readoutopticsandopentheroadto low-costdisposabledevices.

5. MICR OMACHINED HYBRIDIZA TION ARRAYS

Hybridization is the term usedfor the hydrogenbondingof two complementarysinglestrandsof DNA

thusforming a doublestrand. This renaturationprocessof DNA occursat specifictemperatureandsalinity

conditions. In hybridization-basedDNA analyses,oneof the strandsis known (a DNA probe)andthe other

unknown. The hybridizationbond is specificsinceit occursonly when thereis a matchof complementary

strands.The presenceof a doublestrandin the mixture (detectedby fluorescence)is indicative of a match;

hencehybridizationservesis asequencedetectionmechanism.Therearemany differentkindsof hybridization,

but themostrelevantto thispaperusesDNA probeswhichareimmobilized.Theseprobesareattachedto arigid

surfaceusinga linkermoleculeasshown in Figure9. TheDNA probescanbeeithersyntheticoligonucleotides

or longerDNA fragmentstypically arrangedin arrayform.

Hybridizationarraydevicescanbemicromachinedusinglithographictechniques[16]. Fodor’s technique

[16] permitsthe photo inducedsolid synthesisof oligonucleotides.First, a glasssubstrateis coatedwith a

linker moleculethathasaphotochemicalremovableprotectinggroup[17]. Upontheillumination of UV light,

the protectinggroup is removed at selectedareas. Next the first nucleosidewith a photo-labileattachedto

its 5
�

endis placedon the substrate,bondingonly to the deprotectedlinkers. The cycle is repeatedto build

oligonucleotidesof arbitrarylengthonebaseata time. A similar techniquethatusesprotectingphotoresisthas

beenreportedto producesmaller, 8 µm pixels[18].

The arrayprobepatchesrangefrom 50-200µm each;thereforea 1 cm2 cancontain10-40,000different

probes. The numberof possibleoligonucleotidesis much larger yielding, for examplefor a 15-merprobe,

415 � 109 combinations. Densearrayswith 20,000-96,600probepatcheshave beenreported[19]. Figure

10 shows the examplefluorescentarraysignatureof a testfor the HIV virus. Thesetype of devicesarenow

widely usedin geneticresearch[20]. Currently, thefluorescentsignalfor thesedevicesis readusingconfocal

fluorescencemicroscopes.

Oneof the importantfactorsin thesedevices is the detectiontime. The hybridizationof the sampleto

the probesis a diffusion controlledphenomena;henceslow. After the sampleis pouredon the array, it is

typically necessaryto wait for 90 minutesfor thehybridizationto complete.Recently, thehybridizationspeed

wasenhancedby the useof electricfields that direct the sampleto the probes.Sosnowski [22] fabricateda

platinumelectrodearraydevice on a silicon substratepassivatedwith silicon nitride anda permeableagarose
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Figure 10 Fluorescentsignature of hy-
bridization array for HIV virus assay[21].
Thepixelsare20-50µm wide.

gel. Throughtheapplicationof anelectricfield betweentheelectrodeandthesample,thehybridizationtime

wasreducedtwentyfive fold.

Furtheradvancesin this areawill requireimprovementsin inexpensive fluorescencedetection.Someat-

temptshave beenmadefor simpler, lessexpensive detectiontechniques.Recently, hybridizationarrayswith

radioactive labelshave beenimagedby placingthe arrayin closeproximity to a muchcheaperconventional

CCD chipeliminatingtheexpensive readoutoptics[23].

6. INTEGRA TED DEVICES

The devices discussedabove aregooddemonstrationvehiclesfor feasibility of molecularassaysin mi-

croscaleenvironments,but their practicalimplementationfor low-costapplicationspresentsmoreproblems.

Many of thesedevicesarecrudein constructionandnot manufacturablein their presentforms. Further,

DNA assaysrequirea combinationof thesedevices,but thereis no unifying platformthatsupportsthem[24].

In addition,mostof thesedevicesrequireexternaloptical readerswhich restricttheir useto laboratoryenvi-

ronmentsincreasingthe assaycost substantially. A solution to theseproblemsis an inexpensive integrated

fabricationtechnologythat accommodatesall the necessaryfluid, thermal,and detectionfunctionsundera

commonsubstrate.Simpleintegrateddeviceshave beenfabricatedby Woolley [24] andBurns[25]. Woolley’s

device combineda vertical PCRmicrowell with a planarglasschip CE stageto performDNA amplification

andseparationfunctionsin under45minutes.

Burns’deviceincorporatedsimpleinjectors,mixer, heatingchamber, andseparationchannelwith detectors.

Diodedetectorswereconstructedin a silicon substratewith a thick opticalfilter depositedon thesurfacethat

blocksUV excitation.Heatersandelectrodesarenext definedonthesurfaceandpassivatedwith silicondioxide

andp-xylylene.A network of capillariesandchambersis next formedabove thesurfaceby bondinganetched

glasswafer on top of the silicon substrate. In this device, sampleandreagentscanbe driven throughthe

systempneumaticallyor by heatedgastrappedin pocketsbehindthe sample[26], andthe samplespreadis

controlledthrougha seriesof hydrophobicstops[27]. This device demonstratedthe motion, amplification,

separation,anddetectionof DNA samplesintegratedin a singlepart. Integratedbulk glassdevicesarenot

manufacturedeasilybecausethesurfaceof thedetectorsubstrateis notflat; hencehermeticbondingcanonly be
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Figure11: Exampleintegratedglassdevice with injectors,mixers,amplificationchamber, separationandde-
tection[25]. Thetypicalon-chipdetectorsignalis shown in Figure8.
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Figure12: Injectionandseparationof DNA fragmentson integrateddevice. Thechannelis 500� 50 µm2. ( 50
bp ladder, 0.13µg/µL, SYBRGreen,8 V/cm, 10%T:2.6%Cpolyacrylamide)[25].

achievedusingepoxies.Further, heatingprotocolsarevery inefficientbecauseof thehigh thermalconductivity

of silicon.

Alternatively, thesedevicescanbefabricatedusingflexible plastics[28–31]. Thesematerialscanbebonded

or depositedon mostsubstratesrelatively easily[32]. Further, many plasticmaterialsarebiocompatible,trans-

parent,andprovide a high degreeof chemicalandthermalisolation. Thick layersof plasticcanalsoprovide

thenecessarydielectricisolationbetweenthedetectorandCE electrodes.Plastic-on-silicondeviceshave been

fabricatedby severalgroups[28–30,33]. Thesemicrofluidic systemsarepartitionedinto two stackedlevelsof

functionalityasshown in Figure13. Thesedevicesarefabricatedusinga simplethreemask,low-temperature,

IC-compatibleprocessthat allows the integration of microfluidic andcircuit elements.The capillary struc-

turesareconstructedusinga thick layer of sacrificialphotoresistcoveredwith a vapordepositedplastic,p-

xylylene[32], or combinationsof p-xylylenewith thick polyimides.After etchingholesthroughthewalls, the

sacrificialresistis removedby immersionin acetone.Thefluidic elementsareconformalto thesubstratethus

overcomingtheplanarizationrequiredby bondedstructures.Thecapillariesarealsooptically transparentand

canrangefrom 0.5µm to 50 µm in height.Figure14 shows a top photographof plasticpolyimide/p-xylylene

capillariesconstructedon top of a regular CMOS circuit substrate.Figure15 shows the crosssectionof p-

xylylene channelsconstructedon top of a silicon substrate.The top wall is 10-20µm thick. The resulting

channelshave fairly largevolumes,areoptically transparent,areconformalto thesubstrate,andareperfectly

hermetic.Oneof themajorvirtuesof theplasticfabricationprocessis thatit only usesweakchemicalsandlow

temperatures( � 150 � C); thusthefluidic planecanbeconstructedon top of any conventionalcircuit substrate

without chemicalattackor thermaldegradationof theunderlyingcircuits.

Severalmicrofluidic deviceshave beenfabricatedusingthis technology. Webster[29] fabricatedCE chan-

nelswith integrateddetectors[25] asshown in Figure16. In integrateddevices,adropletof DNA samplemust

bemixedwith reagentsandtransportedthroughoutthesystem;thereforeasuitablemechanismfor theinjection

andpropulsionof dropletsis needed.In Anderson’sprocessor[34], thesefunctionsareperformedusingasetof

externallydrivenpneumaticvalves;thereforethis systemrequiresanexternalpumpor compressedair source.

The internalgenerationof samplepropulsionmechanismsis difficult dueto the needfor valves that require
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Figure13 Thepolymerfluid channelsandreservoirs are
constructedby depositionof plasticson top of a silicon
substrate. Etch-throughholesare formed in the silicon
substrateto serve as funnel-like inlets andreservoirs for
thesample,reagents,andbuffer solutions[28].
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Figure14 Topview of polyimide/p-xylylenechannelscon-
structedon top of a CMOS circuit. The low-temperature
processdoesnotdegradeany of thecircuit performance.
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Figure15 Examplecrosssectionof ap - xy-
lylenepolymerchannel[28–30].
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 v
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Figure16 Capillaryelectrophoresisdevice fabricatedusingplasticson

silicon. (a) Thechannelcrosssectionis 200 ! 20 µm2. (b) Photograph
showing separationof fluorescentlylabeledDNA fragmentsin plastic
CEchannelat elapsedtimes(HEC,0.5%,100V/cm) [29].

moving parts.At thesametime, thesmalldimensionsof thecapillariesmake thepressuredropsfor inducing

motionfairly large.

Recently, the motion of sampleswithin thesedevices hasbeenachieved taking advantageof the large

capillarypressurespresentin thesecapillaries.Handique[27] usedhydrophobicpatchesto stopthewettingof

thesolution,anda thermallyexpandingbubbleto cutandpropelindividual sampledrops.Man [30] developed

capillarystopsandinjectorsusingavariantof theplasticprocess.Thedevice usesasharpneckin thechannel

that createsa surface-inducedpressurebarrierthat stopstheflow. The injector wasdriven by thepressureof

anelectrolyticallygeneratedoxygenbubbleformedjust behindtheneckregion. Electrolyticbubbleshold two

importantvirtues.Thebubblevolumecanbepreciselymeteredsincetheintegratedcurrentis representative of

themolesof gas.In addition,thepowerdissipationrequiredfor thebubblegenerationanddropmotionis three

ordersof magnitudesmallerthanfor thethermaldrive. Theinjectorshown in thepictureonly requires100µW

of power to drive thesampleforward.
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Figure17: (a)Examplestopvalve/injectorimplementedusingplasticsonsilicon. Thesharplateralconstriction
formsa pressurebarrierthatstopstheflow. (b) Theinjector is activatedby theformationof anoxygenbubble
thatovercomesthebarrierre-establishingflow [30].

Unlikeglassdevices,plasticis moresusceptibleto therapidevaporationof buffer andgelsdueto thelarger

solid-phasediffusion coefficients. Typically a combinationof plastic capillary walls with glasscoatingsis

necessaryto eliminatetheseadverseeffects.

7. PACKAGING AND INTERFACING

While muchprogresshasbeenachievedtowardtheminiaturizationof geneticassaydevices,therearestill

fundamentalchallengesthatmustberesolvedbeforethepracticalrealizationof thesesystems.Two important

researchareasthathave notbeenaddressedarechippackagingandinterfacing.

Microscopicdevices requireboth electricaland fluidic connections.The packagemust satisfy both of

thesefunctions. Electricalconnectionstypically take the form of wire bondswhile fluid connectionsrequire

a reservoir or pocket for the introductionof the sample. From the packagingpoint of view, it makessense

to isolatetheseintrinsically differentsignalpathsfor several reasons.Electricalconnectionsare fragile and

do not needto beexposedhencethey canbeprotectedeffectively usingepoxies.On theotherhandthefluid

interfacemustbeopenfor theintroductionof liquid samples.A possibleapproachmayusethebacksideof the

chip for thefluid inletswhile thefront is usedfor thebondingwires. Thefluidic interfaceis equallyimportant

and introducesadditionalproblems. Sampleloading in thesedevices is in generala difficult operation. A

representative sampleof 1 µL drop of DNA in solutionrequiresa reservoir volumeof 1 mm3. This volume

is fairly largecomparedto thetotal chip innervolume. Evenat this largervolume,the introductionof sample

in thesesmall reservoirs requiresgoodalignmentanda very smalldispensingdevice. Theseproblemscanbe

eliminatedif anintermediatepartthatconnectsthemacroscopicto microscopicscalesis constructed.

Basedontheabove,two alternative interfacescouldbefeasible.A largereservoir with asealablemembrane

couldbeincorporatedwithin thepackage.This approachcouldpermittheinjectionof relatively large5-10µL

sampleswith a syringe.A secondalternative couldusedirectwicking of thesampleinto thesystem.To date

thereis no literatureavailableon practicalpackagingandinterfacingschemesfor electrophoreticdevices.

8. CONCLUSION

10



Thedemandfor geneticinformationis essentiallyunlimited,but conventionallaboratorygeneticassaysare

slow andexpensive. Assaycostandtime canbereducedby severalordersof magnitudeif thesizeof sample

andanalysisapparatusarereducedto microscaledimensions.The virtuesandfeasibility of micromachined

devicesfor geneticassayshave beenrecentlydemonstratedby many researchgroups.Theenormousnumber

of commercialapplicationshasfueledveryrapidtechnologicaladvancesin thesedevicesspanningthefieldsof

molecularbiology, chemistry, andmicrofabrication.
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