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Chapterl

Introduction

1･1 Micromanipulation

l･1.1 Micromanipulator

Manytypes ofroboticmanlpulators have been studied,SOmeOfwhich

areaimlngathandlingsmallobjectsranglng丘ommillimetertomicrometer

Order ofsize･Graspingand clampingare required to handle muchsmaller

Objects･Fukudaet･havereported abilateralcontrolmethod[1]ofsuch

micromanlpulators,requlrlngthecontractivepositionandforcecontroIs,and

alsoavisualrecognitionmethod[2]ofobjectsforthemicromanipulator.Itis

advantageoustodevelopasmallmanlpulatoritselfinsizeforhandlingsmall

Objectsratherthantousetheconventionalrelativelylargersizeofmanlpulator.

Thus,theactuatoremployedatsuchamicromanlpulatorisrequiredtobemuch

Smallerthaneverandtohavemoredegreesoffreedom･Inthissense,itturns

OuttObedi氏culttouseanordinaryelectro-magneticmotors･Therefore,the

developmentofanewactuator[3-5】hasbeendesired.



1.1.2 NeedsforBio-Micromanipulation

Recently,bio-SCienceisprogressedsomuchwiththeadvancementofthe

bio-teChnology,SuChasgeneenglneerlng,Ce11englneerlng,aSShowninFig.1.1.

∫'〃fcroma〃岬Uね〟0〃∫∫

isbasictechniquefor

Gene

Man]Pulation

(遥蛋〕〔蛋遜

_■tて､‥∴-

isrequiredin

(TransgenicAnima[,Plant)

l

Figurel.1:BiologicalApplicationFieldofMicromanlpulation

Intheseresearchfields,Operationofthemicro/nanomanipulation,maSS

production,repetitiveprocesslng,andhighspeedandhighprecisionprocesslng

arerequired.Forthebreakthroughinthesefields,integrationofthedistributed

researchfieldsandsystemtechnologleSisimportant･Atthismoment,COnVen-
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tionalrobotics haspotentialityhrthe breakthroughinthe bio-englneerlng.

We shouldintegrate the robotics and bio-englneerlng.We callthisfield of

Studyasthebio-rObotics[8].

BasictechnologleSOfthebio-rOboticsaremanlpulationtechnology,micro

SyStemteChnology,Visualizationtechnology,humaninterfacetechnologytoim-

proveoperability,autOmationtechnology,andsoon･Especially,micro/nano

manlpulationofaDNAmolecule,animalorplantcell,andembryoisimpor-

tant.However,reSearChworksarenotenoughatpresent.

Micromanipulationcanrough1ybeclassifiedintocontacttype[6,7]and

noncontacttype.Wbpresentanewdirectionandnewmethodsofthenoncontact-

typebiomicromanlpulation.

As an example ofthe contacttasks with the conventionalmicromanipu-

lator,nuCleartransplantationorembryoculture requlreS those technologleS.

Most ofthe bio micromanlpulation tasks are performedin water solution.

Thus,COmParedwiththegeneralmanipulationtasksintheair[6,7],Wehave

toconsidermanydif艶rentkindsofforcesactingonthecellinsolutionsuch

asthegravity,buoyancy,reSistanceforcefromviscosityofthefluid,Brownian

motion,interactiveforcesinthemicro/nanoworld,aSShowninFig.1.2,SuCh

asVanderWaalsforce,electrostaticforcedependingonthesurfacecharges.In

thecontactmanlpulation,aSShowninFig.1.3,theinternalforceisgenerated

attheobject.Itisimportanttocontroltheinternalfbrceprecisely.Itisnot

easytocontrolitsforceautonomously.To realize theflexible manlpulation,

We have to consider anintegratedmicro fbrcesensor on the microgrlpper.

3
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Figurel.3:MicromaJlipulationwithMicroGripper[7]

Moreover,Sincesi2;eOfeachmanlpulationobjectisinmicronorder,itisquite

difnculttorecognlZeitscon丘gurationandtomanipulateitfreely･Automa-

tionofmanipulationisalsoquitedifBcult andskills ofhumanoperatorare

requiredincontacttasks.Moreover,ifthereisaflowinasolution,且uidforce

willdisturbits motion.To reduce thein8uence on the environmentalcon-

ditionandcontroltheirmigration,Wehavetoconsidermoresuitableforces

actingonthem.Andalsoifweoperatetheconventionalmicromanipulatorin

observingbiologlCalce11swithamicroscopeandmanipulatethemwithit,it

isdifficult tohandlethemsequentially.In thisway,aSdescribedabove,We

havedifficultiesindevelopingamicromanipulationsysteminacontacttype,



Whichismorecomplicatedsystems andrestrictedtolimitedtasks,tOrealize

autonomousfunction.

Ontheotherhand,ifweapplytheexternalforcetothebiologicalobjectin

asolutioninnoncotactways,nOtinacotactwqy,WeCanaChievethesequential

tasks,SuChastransportation,manlpulation,SeparationofbiologlCalmolecules,

bycontrollingitssuitableforceactingonthem.Andalso,becausealmosta1lof

thebiologlCalmaterialsaresoftandflexiblematerials,itiseasiertomanlpulate

theminnoncotactwaysthanincontactwayswhenwehandlebiologlCalobjects

noninvasively.

Then,WeCOnSiderhowtohandle■abiologlCalmoleculeinanoncontactway

anddiscussthemethodsofcontrollingtheenergyfieldinbiomicromanlpula-

tion.ThemethodstoapplyexternalforceactingonthebiologlCalobjectina

noncontactwayaredescribedasfo1lows.

(1)ElectricField

CoulombForce(D･C･field)

DielectrophoreticForce(A･C･field)[14,37,111,112]

(2)LaserBeam[46,47,77,78]

(3)UltrasonicField[39,40]

(4)FluidFlowofSolution

Fig.1.4depicts the concept ofbiosynthesis based onfield control.Tab.1.1

Showsthe methods andcharacteristics ofcontrollingtheenergy Fieldinbio

6



Figurel.4:BiosynthesisbasedonField Control

micromanlpulation.Amongthesefor us,Laser Beam and Ultrasonic Field

requlrepOSitioninformationoftheobject,andthesenslngSyStemisneeded

forautomation.Whenweconsiderpreciseandnoninvasivehandlingofmicro

Objects,LaserBeamissuitabletool.Ultrasonic Fieldwi11disturb theenvi-

ronmentwiththefluidflow･Tab･1･2showsthecomparisonoftheenergyfield

tocontrolthebiologlCalobject･Forthesereasons,WeCanSimplifythesystem

byuslngtheelectricfieldandlasertweezers.IncaseofuslngCOulombforce,

COnVeCtioncausedbyelectroosmosis,pOlarizationofthemicroelectrode,and

electrolysiswilloccureasily.So,WeprOpOSetOuSedielectrophoreticforceto

COntrOlthebiologlCalobject,eSpeCia11yglantDNAmolecules,andmicrobes.

7



Tablel.1:Methods ofContro11ing the Energy Fieldin Bio Micro-

manlpulation

Application Cont.roIMethod Selectivity

Electric nanSPOrtation HighFrequencyElectricField DifrbrenceofDielectric

Field Separation Pattern1ngOfMicroelectrode PropertiesofParticles

Optical

Field
TrapplngOfSingleObject

3DConfocal

ScanlngOfLaserBeam

withMirror

TrapplngParticles

1argerthan

thewavelength

OfLaserBeam
ロ1trasonic Filtration Con丘gurationof Di鮎renceofSizeand

Field Fixation MicroResonator DensityofParticles

･Tablel･2:ComparisonoftheEnergyField

TranSpOrtation Selectivity Controllability Fixation Resolution
3D

Operability

Electric

Field
○ ■◎ ◎ ○ ○ ◎

Optic山

Field
△ △ ◎ ◎ ◎ ○

Ultra50nic

Field
△ ○ ○ ◎ 田 田

◎:Good,○:Fair,△:Poor

1･2 BiomedicalApplication to Micromanipu-

lationin MEMS

l･2･1MicroFluidicDevicesandMicroChipTbchnology

Basic technologleS requiredforthe bio micromanlpulation are classified

asfo1lows:Separation,tranSpOrtation,andpositionorientation,COntrOltech-

nology,COntaCt,nOnCOntaCtmanlpulationwithhighspeedandhighprecision.

Fig･1･5showsthehistoryofthedevelopmentofthebiotechnologyandbiomed-

icalstudyandapplicationtoMicromanipulationinMEMS.

Electrophoresisisapowerfulseparationtechniquethathasbeenusedfbr

years,eSpeCiallyinbiochemistryandbiology,brtheseparationoflargecharged

8



Figurel.5:History ofthe Development ofthe Biotechnology and

ApplicationtoMicromanlpulationinMEMS

moleculessuchasproteins･Itisbasedonthedi鮎rentialmlgrationofcharged

SpeCiesundertheinfluenceofanelectricalfield.Althoughthisconceptcanbe

implementedinvariousways,ithasbeenmainlyusedasgelelectrophoresisin

Whichseparationsareperformedinslabsortubesofgel.

In1981,Jorgensonperformedtheelectrophoresisexperimentinasmallcap-

illarywithaninternaldiameteroflOOFLmOrless,eXtendingtheconceptofelec-

trophoresisandachievingenormousplatecounts[9]･Athighfieldstrengths,

the sma11dimensions ofthe capi11ary provide efBcient heat dissipation,pre-

Vent COnVeCtion,and separate with theoreticalplatesin the mi11ions.This

extraordinarilyhighefBciencyhasbeenappliedtocategoriesofmoleculesthat

9



previouslyhadbeenseparatedbyHPLC,SuChasorganicoligomersandsmall

Organicandinorganiccompounds･

Recently,micromachining,microlithography,Opticalfibers,ultramicroelec-

trodes,andnanotechnologyarehavingadramaticimpactonanalyticalchem-

istry.A.Manz
proposed"micrototalanalysissystem"[53,54,57,58].Mi-

CrOChipswithmicrichannelsandreservoirsprovideawaytomanlpulatesmall

volumesforsamplehandlingorseparations[48,50,55,59]･Microfabricationand

microfluidictechniques[49,52】havebeenprogressedtowardsmallvolumehan-

dlingandintegratedmicrodevices[51,56]capableofchemicalandPiochemical

analysis.Thetrendinchiptechnology[60]hasappearedtobetowardsmaller

devices.ThenovelapplicationofmicrotechnologleSandminiaturisationtothe

pharmaceuticalindustryprovidestooIs andtechniquesforallareasofDNA

Separation[61-63】andthedrugdiscoveryprocessandclinicaldiagnostics･The

Studyofsystemintegration[64-67]willbemuchmoreneededinfuture･

Compared with capillaryelectrophoresis by D.C.electricfield,the prin-

Cipleofdielectrophoresis,prOPOSedbyH･A･Pohl[37】,isdefinedasthelat-

eralmotionimparted on uncharged particles as a result ofpolarizationin-

ducedbynonuniformelectricfields･Manytheoreticalandexperimentalstud-

ieshavebeeninvestigated･Microelectrodestructures[18,22],Capableofex-

ertingdielectrophoreticfbrce[14,i6,17,19,99,103,104】,electrorotationalforce

【10-12,109,118]andtrave11ingfieldforce[15,20,23,101,102,105,106]onbiopar-

ticles,arebeingdevelopedtoperhrmawiderangeofapplicationstobiopro-

CeSSingfunctions[21,26】,SuChasmanipulation,trapping,tranSpOrtation,Sep-

10



aration,Cultivation[11,13,24,25,100,107,108,117,119]ofbiologicalmolecules.

1･2･2 HumanGenomeProJeCtandDNASequencing

FortheHumanGenomeProject[28],thekeytosequencingthousandsof

unidentifiedhumangenesistoautomateandspeedupthespecialequlpment,

SuCh asmicrofluidicsthatprepares andsequences DNAsamples.Determin-

1ngthe human genome sequence andfinding the genesis reallyjust afirst

Step･Fig･1･6depictsthehistorythedevelopmentofDNATechnology.After

SequenClng,WeStillneedtodeterminewhatproteinsthegenesproduce,and

Whatthoseproteinsdointhece11･Oncethegeneticcodeforadiseaseisbroken,

geneanddrugtherapleSCanfo1low.Wbstillneedtoknowthestructureand

functionoftheproteinproducedbythegene,andhowthatproteininteracts

in the environment ofthe cell.

Genesandtheproteinsholdthekeytounlockingthemysteriesofgenetic

diseases.Oncethegeneticcodeforadiseaseis understood,reSearCherscan

begindeveloplnggeneanddrugtherapleSforthatparticulardisease.Theul-

timategoaloftheworldwideHumanGenomeProjectistofindallthegenes

in the DNAsequence,developtooIsforuslngthisinformationinthestudy

Ofhumanbiologyandmedicine,andimprovehumanhealth･Sequenclngln-

VOIves determinlngthe exact orderofthefourindividualchemicalbuilding

blocks,Orbases,thatformDNA･ThetotalDNAinaslnglehumancellhasap-

proximately3billionpalrSOfthechemicalbuildingblocksadenine,prOjectsto

detectbiologlCalsignaturesofcollectedsamplesandinbioremediationprojects

11
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Figurel.6:History ofthe Development ofthe Biotechnology and

DNATechnology

tooptimizemicro-Organismaction･

WhenbiologicalresearcherswanttosequenceasectionofDNA(Fig･1･7),

theyclonefragmentsofthatsectionandthenrunfournearlyidenticalreactions

On thosefragments[27]･In these reactions,thefour bases are chemica11y

labeled withfourdifhrentfluorescent dyes.Tb sequence asection ofDNA,

researchersfirstusespecialenzymesthatactasbiologlCalscissorstocutDNA

atspecificpointsintosmallerfragments.Theythencloneormakehundreds

OfidenticalcopleS Ofthesefragments.When researchers wish to sequence

afragment,they run hur nearlyidenticalreactions uslng that DNA as a

template,in which theた)urbases arechemicallylabeled withfourdiff6rent

fluorescentdyes[84].Anele占triccurrentisthenappliedtothegel,and,because
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Figurel.7:GeneticAnalysis

theDNAitselfhasanegativecharge,thefragmentsmlgratefromthetoptothe

bottomoftheplate･TheDNAfragmentsmoveatdifhrentratesdependingon

theirsize‥Smalleronesmovefasterthanlargerones･Asthefragmentsmlgrate

pastacertainpointinthegel,alaserbeamscansbackandbrthacrossthe

plate,eXCitingthedyesontheDNAbases･Asthe丘･agmentSpaSSthelaser,the

basesareseparatedfromsma11esttolargest･Thefluorescentsignalsgenerated

bythelaseraredetectedbyphotomultipliertubes,andacomputercaptures,
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stores,andprocessesthem[68]･

Anotherwaytospeeduptheprocessistoincreasetheelectricfield.The

velocityoftheDNAincreasesproportionally･Inthecurrentsystem,however,

justincreasingthefieldleadstootherproblems(Fig･1･8)･

Weakpojntof

Geletectrophoresis

Migratjon Ve]ocity

5JoⅣJ

(tdomuchsequence
timeandcosts)

DurabiJityofelectrodeis

notgood

(EIectro]ysisbyDC
E]ectricFieId)

SizeIimitation

OfDNAmo[ecuIes

Separationof

GiantDNA

molecuLes

(LessthanlOMbp)

Figurel･8:WeakpointofGelElectrophoresis

Ahigherelectricfieldincreasesthepowerdisslpation,Whichincreasesthe

temperatureinthesievingmedia･AndwhenthegelheatsupandtheDNA

samplesinit,thermaldiffusion causes thefluorescent bands to spread out･

Thebandsrunintoeachotherandcannolongerbeidentified asindividual

and distinct bands.This problem can be slgnificantly reduced by uslng a

14



verythingel(about50micrometersthick)orothersievingmediainplace

Ofthe polyacrylamide gelnowbeingused･The thinnergelmeans thatthe

temperaturegradientacrossthewidthofthegelissmaller,andthethermal

diffusionoftheDNAfragmentbandsisless.

With this thin sievlng media,theinstrument can run with an electrical

fieldthreetofourtimeshigherthanthatusedontheconventionalinstrument.

Thus,thespeedoftherunincreasesbythesamefactor.

Recentadvancesingenetic-englneerlngteChnologleSthenmadeitpossible

toexamineandsequenceDNAfasterandmoree氏cientlythaneverimaglned.

Forinstance,becausetheDNAfragmentsaremovlngatahighervelocity

whentheycometothelaser,thelaserhastoscanacrosstheplatesfaster･In

addition,glVenthe96lanesnowandthe384tocomeinthefuture･

Othersystemsbeingdevelopedincludethelaser-inducedfluorescentdetec-

tionsystem,thefluidicandpumplngSyStemforthepolymermedium,atem-

peraturecontroIsystem,andanalysISSOftware･Theseimprovementsplusthe

microchannelplatesthemselvesadduptomaJOrpartSOfthehigh-throughput

DNAsequencer.Thefinalproductionsystemisstilldowntheroad･

1.2.3 HighThroughputScreeningofMicrobes

ManybiologistsareeagertomanlpulateandseparateaslnglebiologlCal

particlefortheirexperiment.Withtheconventionalmethod,ittakessomany

times to reculture on plates.This method has such strong.probability fbr

purecultureoftargetedmicrobes,SuChasaEscherichiacoli･Itwillbesuch
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apromlSlngmethodofpurecultureofmicrobe払rthebiologiststodiscover

anewmicrobe.Itispossibletomanlpulatemicrobes,SuCh asaEscherichia

coliand a yeast ce11,With the Laser manipulator we used･Once a target

Escherichiacoliistrappedatthefocalpointofthelaserbeam,WeCaneaSily

realizenoncontactmanlpulationautomatically.

1.3 Motivation and Goals

Inthisstudy,themanlpulationofDNAmoleculesisdefinedas"transporta-

tion"and"separation".WeanalyzethetransportationoftheDNAmolecule

bydielectrophoreticforce･Sinceahighfieldgradientcanbeobtainedbetween

theelectrodegapsbasedontheelectrodepattern,thedielectrophoreticforce,

whichisinproportiontothemagnitudeofthefieldgradient,isgeneratedbe-

tweentheelectrodegapsanditispossibletotransportDNAmoleculealong

theflowchannel.ItisconsideredtobepossibletoseparateaDNAmolecule

when DNAmolecules arecontinuouslytransported.Byuslngmicromachine

technology,itispossibletominiaturizetheelectrodesandtheflowchannels,SO

thatthebasictechniqueofmanipulationofindividualDNAmoleculeswillbe

advanced.WeshowthattransportationofDNAwiththestateofcompacted

globuleisprofitableinthefuturepracticalapplicationfortheseparationof

glantDNAssuchashumangene･

Thenweproposenewmethodologyofselectivetransportationsystemof

Escherichiacolibydielectrophoretic fbrceandopticalradiationpressureand

carriedoutapreliminaryexperiment.Wedemonstratedtheexperiments･
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Thus,thebio-autOmationwillbegreatlyimprovedbytheproposedmicro

manlpulationtechnologyinthefuture･

1.4 0rganizationofthisDissertation

ThisThesisconsistsof6chapters.Fig.1.9showstheorganizationofthis

dissertation.

Chapter2describesnoncontacttransportationofDNAmoleculebydielec-

trophoreticforce.Asimplemicroelectrode-flowsystemisdesignedandexper-

imentswerecarriedout.ExperimentaldemonstrationofDNAtransportation

uslngdielectrophoreticfbrceanddirectobservationoftheDNAmoleculeina

non-uniformelectricfieldwascarriedoutwithfluorescence microscopy.Mo-

tionoftheDNAmoleculeismodeledintermsoftheelectricfieldgenerated

bytheelectrodedesign.

Chapter3describesanewmethodologyonnoncontacttransportationof

DNAmoleculesbydielectrophoreticforcetogetherwiththeMicroDNAFlow

System.Wbutilizetheconformationaltransitioninthehigherorderstructure

OfDNAfbrtransportation.Wedesignedasimplemicroelectrode一flowsystem.

ExperimentaldemonstrationofDNAtransportationintheglobulestateuslng

dielectrophoreticforceanddirectobservationoftheDNAmoleculeinanon-

uniformelectricfieldwerecarriedoutwithfluorescenceinicroscopy.Weshow

thattransportationofDNAwiththestateofcompactedglobuleisprofitable

in thefuturepracticalapplicationbrtheseparation ofgiant
DNAssuch as

humangene.
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Chapter4describesanewmethodologyofselectivetransportationsystem

OfEscherichiacolibydielectrophoreticforce and opticalradiation pressure.

WehavedevelopedaprototypeofMicrochannelsystemforhighthroughput

SCreenlngOfEscherichiacoli･Experimentaldemonstrationofnoncontacttrans-

portationandmanlpulationofEscherichiacolibydielectrophoreticforceand

radiationpressureoflasertweezers werecarried out with Lasermanlpulator

SyStem.In experiments,WeShowthat transportation and separation ofEs-

Cherichiacoliwithelectricfieldandopticalradiationpressureisprofitablein

thefuturepracticalapplicationforthehighthroughputscreenlngOfmicrobes.

Chapter5describes Bio-Micromanipulation system･for highthroughput

SCreenlngandmicrosurgerylnmicrochannel.Wediscussedresearchissuesin

thebiomicromanlpulationandpresentedanewdirectioninthisfield.Wecon-

SiderthebasicstrategiestoimprovetheworkingefEciencyandtheoperability

Ofthebiomicromanlpulation.Applicationofliposometomicroencapsulation

delivery andconcept oftrapplngSlngleglobularDNA bylasertweezers and

itsapplicationtoMicroencapsulationbyliposomeisshown.

Chapter6summarizestheresultspresentedinthisdissertationanddiscuss

research directions fbrfuture
works.
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Chapter2

NoncontactTransportationof

DNA Moleculeby

Dielectrophoretic Fbrce

2.1 Introduction

Recently,therehasbeengreatinterestinthesequenclngOfthegenomeof

Variousspecies,eSpeCiallythehumangenome.TheDNAmoleculeconsistsofa

SequenCeOfunits,Ca11ednucleotides,Whichconsistofaphosphateandasugar

groupwithabaseattached.TherearefourtypesofnucleotideintheDNA.

Physically,theDNAiscarriedinstructurescalledchromosomes.Eachhuman

has46chromosomes.Thetotallengthofanindividual,sDNAisabout3Ⅹ109

bases[27]･Atpresent,Only4%ofthesequencingofthehumangenomehas

beendecoded･ItisnecessarytodevelopatechniquebywhichDNAmolecules

Canbeseparatedbythelength･ItwouldbeexpectedtoseparateaglantDNA

molecule(Mb～10Mb)individually[27]･

Ontheotherhand,Sinceremarkableprogresshasbeenmadeinthedevelop-

mentofmicromachiningtechnology,microdevicessuchasthemicroelectrode,

micropump!and micromotor have been fabricated on Silicon waf6r.Micro

20



electro mechanicalsystems have been consideredforapplicationin thefield

Ofbiotechnology.Forexample,themanlpulationofmanykindsofmicroor-

ganismssuchasacell,aSlngleDNAmolecule,aChromosomeetcisavery

essentialtechnique･Inconventionalstudies,CellmanlpulationonaFluidIn-

tegratedCircuit(FIC)[112,113,115],andthetrappingofbiologicalparticles

byuseofultrasonicresonancefields[39,40],andopticaltweezer[72,76-78]

havebeenpresented･Micromachinetechnologymakesitpossibletofabricate

microelectrodesandmicroaowchannels[48,54]ofthesarrtpsizeasbiological

particles,SOthatthistechnologyhasgreatpotentialtoseparatemicroorgan-

isms such as DNA molecules.

Atpresent,gelelectrophoresisisthebasictechniqueusedintheseparation

OfDNAmolecules･However,eaChresearchgroupcarriesouttheexperiments

Only to have to searchforthe best conditionsfor separating aglant DNA

moleculewithinthelimitofseparation[27]･Ingelelectrophoresis,ittakestoo

muchtimetoseparateDNAmacromoleculesanditisverydi伍culttoseparate

themin gel･Asforthe pointofimprovlngthe durabilityofthe electrodes

and the contro11abilityofthemanipulation ofaslngle DNA molecule,elec-

trophoresisin a DCfield causes electrochemicalreaction and electroosmosis

SOOftenthatitisnotsuitableformanlpulationofDNAmolecules.TbsoIve

theseproblems,ahighfrequencyACfieldissuitable[37,110,112,113,115].

Forthisreason,thestudyofce11manlpulationbyuslngthedielectrophoretic

fbrcehas been
reported【14-16,19,41,110,112,113,115].Oneoftheappli-

Cationsofthedielectrophoretic brceto DNA moleculesIS,fbrexample,the
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electrostaticorientationoftheDNAmolecule[113-116].Theapplicationof

noncontact manlpulationofaslngleDNAmolecule bythedielectrophoretic

forcehasnotbeenreportedsofar･Inourstudy,Wedefinethemanlpulationof

DNAmoleculesas‖transportationM and"separation‖･Weanalyzethetrans-

portationoftheDNAmoleculebydielectrophoreticforce.Sinceahighfield

gradient canbeobtainedbetweentheelectrodegaps basedontheelectrode

pattern,thedielectrophoreticforce,Whichisinproportiontothemagnitude

Ofthefieldgradient,isgeneratedbetweentheelectrodegapsanditispossi-

bletotransportDNAmoleculealongtheflowchannel.Itiscon畠ideredtobe

possibletoseparateaDNAmoleculewhenDNAmoleculesarecontinuously

transported!eSPeCiallyinthecirclepacket(asshowninFig･2.4)aswepro-

posed･By uslngmicromachine technology,itis possible tominiaturizethe

electrodesandtheflowchannels,SOthatthebasictechniqueofmanlpulation

OfindividualDNAmolecules wi11be advanced.

ThischapterproposestheconceptofMicroDNAFlowSystem,aSShownin

Fig･2･2･Inoursystem,DNAmoleculescanbemanlpulatedandtransported

andfinallybeseparatedindividuallybyuslngthedielectrophoreticforce.At

first)We developed a simple electrode design on a glass plate to show the

possibilityoftransportingDNAmoleculesbasedonMicroDNAFlowSystem.

In theexperiments,We Observedthemotion ofDNA molecules betweenthe

electrodesandmeasuredthevelocityofmlgrationofaslngleDNAmolecule･

Thus,thepossibilityoftransportationofDNAmoleculescanbeshown.
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2.2 ManipulationofDNAMolecules

2.2.1 MicroDNAFlowSystem

InordertomanlpulateandseparateanarbitraryslngleDNAmoleculein

afluorescencemicroscopysystem,itisessentialtohavethefo1lowlngpOints

inMicroDNAFlowSystem:

(1)noninvasiveness

(2)selectivity

(3)noncontact

(4)highsensitivity

(5)highspeed

(6)durability

(7)bioautomationprocess

Althoughelectrophoresisisoneofthemostusefu1separationtechniques,those

points;(2),(4),(5),(6),(7)mustbeimproved･

2.2.2 Gelelectrophoresis

Atfirst,WeeXplain thediff6rence between the electrophoreticforceand

thedielectrophoreticforceactingontheDNAmolecule.

Gelelectrophoresisisamethodofdistinguishingentitiesaccordingtotheir

mobilityin a DC electricfield.The electrophoretic mobility ofa molecule

isinfluencedbyitssizeandelectriccharge,eSpeCiallyingel[27]･TheDNA
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moleculemovestotheanodeinaunihrmfield,becauseithasminuschargein

gel･BygelelectrophoresIS,however,itisimpossibletoseparateaglantDNA

molecule(morethanlOMbp)･Inaddition,ittakestoomuchtimeanditcosts

toomuchtosequenceit.

2.2.3 ManlpulationofDNAmoleculesbyDielectophoretic

Force

The dielectrophoreticforceactingonthe DNA moleculeisgeneratedin

anonuniformfield[38]･Thepolarizationisgeneratedbyanexternalelectric

fieldperunitvolume,SOingeneral,theEquationofthedielectrophoreticforce

Pbisexpressedasfbllows【37],

為=2打α3亡m月｡
Kp一片m

句+2Km

J=√=i

㍍p=亡p-ブ聖
(J

.Jm
凡m=亡m~J~

｣ノ

▽β2 (2.1)

(2･2)

(2.3)

(2.4)

a:RadiusofaDNAmolecule(m)

E:Externalelectric strength where DNA molecule exists between elec-

trodes(V/m)

ep,em‥PermittivityofDNAmoleculeandmedium

qp,CTm:ConductivityofDNAmoleculeandmedium

lCp,PCm:ComplexpermittivityofDNAmoleculeandmedium

24



LJ:Angular丘･equenCy･

Thepolarizationisgeneratedbyanexternalelectricfieldperunitvolume,

SOin general,the EquationofthedielectrophoreticforceFbis expressed as

bllows,

為=盲α叩αd且2 (2.5)

whereαispolarizability(C/m3),Visvolume(m3).

In a highfrequencyfield,the DNA moleculeis drawnin the direction

Ofthehighfieldgradientbecausethedielectrophoreticfbrceoperatesinthe

directionofgradE2･TheforceactingontheDNAmoleculeinanonunifbrm

fieldis shownin Fig.2.1.The conformation ofaslngle DNA moleculein

an aqueoussolutionisinthecoilstate.IngeneratingahighftequencyAC

field,however,thefieldaroundtheDNAmoleculebecomesanonuniformfield･

So,its conformationtransforms.Due to this electricfield,the positive and

negativechargesintheDNAmoleculegeneratetowardtheelectricfieldbyits

polarization.Asaresult,theDNAmoleculemlgrateStOWardthenormalto

thelineofelectriclinebydielectrophoreticforce.

2.2.4 Concept andprinciple ofselectivetransportation

SyStemOfDNAmolecules

Inthefuture,nOnCOntaCtmanlpulationofaslngleDNAmoleculewillbe-

COme amaintechniqueofgenemanlpulation.In ourstudy,We prOpOSethe

SelectivetransportationsystemofDNAmoleculesforthepurposeoftransport-

1ngandseparatingaslngleDNAmoleculebyuseofthedielectrophoreticbrce
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Line of EIectric Force

Figure2.1:Polari2;ation of DNA molecule and dielectrophoretic

払rce

inMicroDNAFlowSystem,aSShowninFig･2･2･Micromachinetechnology

hasan advantageinmassproductionofavariouskinds ofdesigns ofMicro

DNAFlowSystem.

ThischapterdescribestwodesignsforMicroDNAFlowSystem.First,in

alinepacket,aSShowninFig･2･3,SOmepaCkets arelocatedalongtheflow

Channel,and aslngle DNAmoleculeisseparated at the point ofthepacket

bycontrollingthemagnitudeandthedirectionofthedielectrophoreticforce.

Theydepend upontheelectricfieldgeneratedbytheelectrodeslyingalong

thelinepacket.

Intheseconddesign,theDNAmoleculeislnjectedfromtherouteAinto

a circle packet as shownin Fig.2.4andin order to have DNA molecules
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mlgratedalongthecirclepacket,theelectricfieldbetweeneachelectrodeis

generatedstepbystep･Next,atthesametimetheelectricfieldisturnedoff,

anarbitraryDNAmoleculenearthepacketisdrawnintorouteAorrouteB.

Inthisway,thiscirclepackethastheadvantageofflowlngDNAmolecules

continuouslyuntilatargetDNAmoleculeisseparatedfromtheaggregation

ofDNA molecules.And by controlling an electricfield between the serial

electrodesalongit,itcanbepossiblethatDNAmoleculesinaggregationstate

exhibit conformationalchange to be be easily separated throughthe circle

packet.

Thus,byuslngdielectrophoreticforce,itispossibletomanlpulateaslngle

DNAmoleculeandseparateit.Inelectrophoresis,thetotallengthoftheflow

channeldependsontheelectrodegap,butinMicroDNAFlowSystemitis

easierto extend theflowchannel.

2･3 Migration Modelof DNA Molecule be-

tween Micro Electrodes

2.3.1 Structure

Wedesignedasimpleelectrodedesign(asshowninFig･2･5)fbrthepurpose

OftransportingtheDNAmoleculeinonedirection･Theelectrodesconsistof

metaltapemadebystainlessonaslideglass.Itsthicknessis30pm･Theresin

madeofpolyesterwasspreadonthesurfaceoftheelectrodesastheinsulator･

Theangles6betweentheelectrodesareoftwokinds;6=300,and6=600･
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Flow

Figure2.2:MicroDNAFlowSystem

Figure2.3:Linepacket
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lnput

Figure2.4:Circlepacket

2.3.2 Modelofelectricfield

We calculated amodelofelectricfieldin acoordinatesystem asshown

inFig･2･6･Genera11y,itisquitedifRculttosoIveLaplace,sequation,Which

expresses potential･Forsimplicity ofcalculation,We aSSume thefo1lowlng

conditions:

(i)Sincethethicknessoftheelectrode(30FLm)ismuchlargerthanthesizeof

theDNAmolecule(diameterabout2nm),theelectrodesareconsidered

toconsistoftwoinfiniteplanesbetweenaninteriorangle6･

(ii)Aninfinitesma11gapexistsattheoriginr=0･

(iii)PotentialfisafunctiondenotedbyLaplace'sequationinacylindrical

COOrdinatesystem･
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Figure2.5:Electrodedesigninanexperiment

Here,theabsolutecoordinatesoftheDNAmolecule(x,y),Whichexistsbe-

tweentheelectrodes,isexpressedbyr,0.

ご =

γCOSβ

y
=

γSinβ

(2.6)

Thefield between the electrodesis described by Laplace,s equationforthe

potential¢[V],

土塑=0.
γ2∂β2

Sincer≠0,Wehave

､土塑=0,β=0,¢=0;β=∂,¢=鴨
γ2∂β2

β=0,¢=0;β=∂,¢=鴨Wehave

二=;∵
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Figure2.6:The modelofthe coordinate systemfor electricfield

calculation

Since

β=-▽¢ (2･10)

Whereao:unitvectorinO-direction.Wbhavethemagnitudeoftheelectric

丘eld:

l且】=語
Hence,thefieldgradientisglVenby;

タγα欄2=(一語)ar
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wherea,:unitvectorinther-direction.Wehavethemagnitudeofthefield

gradient:

lタγ叫呵2】=
2t菅
γ3∂2

(2･13)

2.3.3 CalculationofDielectrophoreticForceandmodel

ofmotion ofthe DNA molecule

TheexpressionforthedielectrophoreticfbrceFhisobtainedbysubstituting

theEq.(2.5)intotheEq･(2･13):

為=-αγ

Wbhavethemagnitudeofthedielectrophoreticforce:

閻=αγ(富)去

(2･14)

(2･15)

Next,WederiveadynamicmodelofaDNAmoleculebetweentwoelectrodes･

W6assumethefo1lowlngCOnditions:

(i)TheDNAmoleculeisasphericalparticle･

(ii)TheCoulomb'sforceactingontheDNAmoleculeacts丘･Omthecenter

OftheDNAmoleculeinthedirectionofthetangenttothelineofelectric

brce.

(iii)TheDNAmoleculesintheexperimentsystemmigratealongthemiddle

direction(0=6/2)betweentheelectrodes,aSShowninFig･2･5･
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Therefore,aSSumethedynamicmodeloftheDNAmoleculeisasillustrated

inFig.2.1.W6havetheequationformotionasfo1lows:

m霊+6叩芸=舶)+軸)
(2･16)

Where ris vectorofthe DNA molecule,mismass ofthe DNAmolecule,

etaisviscosityofthesoIvent,aisradiusofthe DNAmolecule,為(r,t)is

theelectrostaticforceactingontheDNAmoleculeincludingdielectrophoretic

forceexceptfortheCoulomb'sforce,PLl(r,t)istheexternalforceincluding

gravityexceptforanelectrostaticforce.

Let the mass ofaslngle DNAmolecule beneglected.Thetermofthe

inertialforceandthetermoftheexternalforceintheEq.(2.16)isnegligible.

Wbhaveastheequationofthemotioninthedirectionofthemlgrationas

払1lows:

6m叩〃=為(γ,り (2･17)

WhereUisthevelocityofmlgrationoftheDNAmolecules.Wbcanobtainthe

Eq･(2･18)bysubstitutingtheEq･(2･15)intotheEq.(2.17).

6m叩〃=αγ
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WecangetthevelocityUofmigrationoftheDNAmoleculebysubstituting

theEq.(2.19)intotheEq･(2･18)as払1lows‥

αと,一言1
6灯りα∂2γ3

4αγ呼tan3
3叩α ∂2

た｡雫豊吉

1
一
♂

∂
一
2
一 (2.20)

(2.21)

WherekdisthephysicalcharacteristicparameteroftheDNAmoleculeinthe

electricfield.

2.4 Experiments

2.4.1 Experimentalapparatus

The experimentalsystemis schematically shownin Fig.2.7.With the

fluorescencemicroscopy,itiseasiertoobservethedynamicsofDNAmolecule

inanaqueoussolutionandgel,andperformaquantativeanalysis[29-31,83】.

FluorescenceimagesofDNAmoleculeswereobservedbyuseofaZeissAxiovert

135TV microscope equlPped with alOO x oil-immersed objectivelens and

recorded on videotapes with thesampling rate of30frames/s throughthe

high-SenSitiveHamamatsuSITTVcamera.Thedatawereanalyzedwithan

imageprocessor,AruguslO(HamamatsuPhotonics).Theappliedvoltagewas

COntrOlledbyanarbitrarywavefbrmgenerator.
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Barrier

Filter

Figure2.7:Schematicdiagramofexperimentalapparatus

2.4.2 Materials

BacteriophageT4DNA,166kilobasepairs(contourlength55FLm),WaSem-

ployedfromNipponGene.Trisborate(TBE;pH7･8)buffbr,T4DNA,YOYO,

and2-merCaPtOethanol(2-ME;aSanantioxidant)wereaddedinthesolution･

Thefinalconcentrations are asfb1lows:TBE,45mMTris;45mM boric acid,

EDTA,1mM;T4DNA,0.2mM(innucleotide);YOYO,0.1mM;2-ME,4%(v/v)･

2.4.3 Experimentalresults

Wecarriedoutexperimentsasfo1lows:theappliedftequencylSCOnStant

lMHzandtheappliedvoltageisconstant50V.ByuslngtWOkindsofelec-

trodesamples,WemeaSuredthevelocityofmigrationofDNAmoleculebetween

theelectrodegaps.
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Intheexperiments,WedeterminedthedependenciesoftheveocityofDNA

molecule on the diffbrencein the electrode gap and the angle between elec-

trodes,Whichisoneofparametersoftheelectrodedesign,aSShowninFig.2.8.

Fig.2.8showsthefo1lowlngpOints:

(i)Astheelectrodegapbecomessmaller,thevelocityofmigrationofDNA

moleculesis faster.

(ii)Astheangleoftheelectrodes,Wheretheelectrodegapisthesamesize,

becomeslarger,the velocityofmlgration ofDNA moleculesis faster･

Becausetheangleoftheelectrodesisbigger,thedi鮎renceinthefield

gradientisbigger･

FluorescenceimagesofaT4DNAmoleculeinanexperimentisshownin

Fig･2･9･ThecenterofthewhitecircleinFig･2･9isaslngleT4DNAmolecule･

Fig.2.10showsthetransportationtrajectorythattheDNAmoleculemlgrateS

Straightbetweentheelectrodes･

2.5 Discussion

Usingtheleastsquaremethod,WeObtainedtheparameterkdfromthe

result ofthe experiments.Thougheach parameter,related to the physical

characteristicsoftheDNAmolecule,isunknown,thecoe伍cientofthetermof

thedielectrophoreticforceactingonaslngleDNAmoleculecanbeestimated

bycalculation.Theresultofthecalculation,basedonthemodelandtheEq■

(2.20),isshowninTab■2･1･ThesolidlinesasshowninFig･2･8expressthe
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Figure2･9:FluorescenceImagesofT4DNAMoleculeS11Spendingin

aMedium(atE=0)
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Figure2.10:TlansportationTrajectorythattheDNAMoleculeMi-

gratesStraightBetweentheElectrodes
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resultofthecalculationuslngtheleastsquaremethod･Fig.2.8showsthevari-

ationinthevelocityofmlgrationoftheDNAmoleculewiththechangeinthe

electrodegap･Thedispersionofeachparameterkdbetweentwokindsofthe

electrodesamplesintheexperimentsisappeared.Becausetheparameterkd

dependsonlyupontheviscosityofthemediumandthephysicalcharacteristics

OftheDNAmolecule,thevaluesareexpectedtobeequaltoeachother.The

Table2.1:Theresultsofcalculation ofparameter kd

Angle(deg) たd

30 2.145×10-3

60 2.596×10-3

reasonwhytheparameterdeterminedbytheexperimentalresultsisdif艶rent

isconsideredinthefo1lowlngpOints:

i)Theelectricfieldintensitywasnotobtainedpreciselybecauseofamea-

SurlngerrOrinthewidthandtheangleoftheelectrode･

ii)The diffbrence ofshape,VOlume,and polarizability amongindividual

DNAmoleculesintheexperiments.

iii)Thephysicalparametersincludingkdmaydependuponthemagnitude

ofthe electricfield.

iv)Measuringerrorcausedbyheatconvection,ionflow,electrification,Vi-

bration etc.
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Ⅴ)TheshapeofDNAmoleculeislikealongchain,SOitmaybeimpossible

toassumeitisasphericalparticle.

vi)Ifthe polarizationoftheDNAmolecule becomes unbalanced,itmay

bepossiblethattheCoulomb'sfbrceactsontheDNAmoleculeinthe

directionofitsmlgration･

Those are hypotheses,SOitisnecessarytoconsider measurlngthephysical

parameters ofthe DNA molecule and establish a dynamic modelofDNA

molecule.Fromthequalitativeviewpoint,intermsoftheexperimentalmodel,

whatwediscussedinthischaptercanbeconfirmed丘omthemodelwepro-

posed.

Fig･2･11showsthedependenciesoftheelectricstrengthuponthedi鮎rence

intheelectrodegapandtheanglebetweenelectrodes･Fig･2･12showsthe

dependenciesofthefieldgradientgradE2uponthedif艶renceintheelectrode

gapandtheanglebetweenelectrodes･ComparedwithFig･2･20andFig･2･11,

Fig･2･12,thefieldgradientE2hasmoreinfluenceonthevelocityofmlgration

oftheDNAmoleculethantheelectricfieldstrength.Thetheoreticalcurve,

asshowninFig.2.12,WaSCalculatedbytheEq･(2･13)･Fromthisresult,itis

consideredthatthefieldgradientE2isaverylmpOrtantparameterindesignlng

apreciseelectrodetocontrolthemotionofDNAmolecules･

2.6 Summary

Insummary,WeCarriedoutexperimentsinvoIvingnoncontacttransporta-

tionofDNAmoleculesbyuslngdielectrophoretic払rce･Comparedwiththe
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method employlng electrophoresIS,electroosmosis and chemicalreaction on

electrodesdoesn'toccurbyuseofanACfield.InaMicroDNAFlowSystem

itisalsoeasiertoextendtheflowchannel.W占designedasimpleelectrode,

Carried out the experiments and measured the velocity ofmlgration ofthe

DNAmolecule.WbobservedthedynamicsofDNAmoleculesbetweenelec-

trodesinanACfield.Wbshowedthepossibilityofnoncontacttransportation

OfaDNAmoleculebyuslngdielectrophoreticforce.WeareplannlngtOCreate

anewmodel,tOrealizetheseparationofDNAmolecules,andtoproposea

manlpulationsystemtakingintoconsiderationtheconformationalchangesin

theDNAmolecule.Thus,thebio-autOmationwillbegreatlyimprovedbythe

proposedmicromanlpulationtechnologyinthefuture.
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Chapter3

TransportationofDNA

MoleculebyDielectrophoretic

FbrceUtilizingthe

ConformationalTransitionin

theHigher Order Structureof

DNA

3.1 Introduction

This chapter analyzes the transportation ofthe DNA moleculein the

globulestate[33-36]bydielectrophoreticforce[125]･Itisverydi伍cult
to

transportDNAmoleculeinthecoilstatestably.Since ahighfieldgradient

Can be obtained between theelectrodegapsbased on theelectrodepattern,

thedielectrophoreticforce,Whichisinproportiontothemagnitudeofthefield

gradient,isgeneratedbetweentheelectrodegapsanditispossibletotransport

aglantDNAmoleculealongtheflowchannel.Micromachinetechnologymakes

itpossibletofabricatemicroelectrodesandmicroflowchannelsofthesamesize

asbiologlCalparticles,SOthatthistechnologyhasgreatpotentialtoseparate
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microorganismssuchasDNAmolecules･Inconventionalstudies,Ce11manlp-

ulationonaFluidIntegratedCircuit(FIC)[112,113,115],Cellmanipulation

byusingthedielectrophoreticforce[14-16,19,41,110,112,113,1'15],thetrap-

pingofbiologicalparticlesbyuseofultrasonicresonancefields[39,40],Optical

tweezer[72,76-78],theelectrostaticorientationoftheDNAmolecule[113-116],

andopticalmanlpulationofsingleDNAmoleculebybindingbetweenthela-

texbeadandtheDNAmolecule【47】havebeenpresented･Theapplication

OfnoncontactmanlpulationofaslngleDNAmoleculebythedielectrophoretic

forceandtransportationofDNAmoleculeutilizingtheconformationaltran-

Sition[33-36]inthehigherorderstructureofDNAhavenotbeenreportedso

hr.

Inoursystem,DNAmoleculescanbemanipulatedandtransportedand

finallybeseparatedindividuallybyusingthedielectrophoreticforce[125】,aS

ShowninFig.3.1.Atfirst,Wedevelopedasimpleelectrodedesignonaglass

platetoshowthepossibilityoftransportingDNAmoleculesbasedonMicro

DNA Flow System.In the experiments,We Observed the motion ofDNA

moleculesintheglobulestatebetweentheelectrodes･Thus,thepossibilityof

SeparationofDNAmoleculescanbeshown.
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Figure3.1:ConceptofMicroDNAFlowSystem

3.2 ConformationalTransitionofDNAandTrans-

portationofDNAMoleculebydielectrophore-

sis

3.2.1DielectrophoreticFbrceactingontheDNAMolecule

in a Nonuniform Field

ThedielectrophoreticforceactingontheDNAmoleculeisgeneratedina

nonuniformfield.ThepolarizabilityoftheDNAmoleculedependsnotonly

uponthedielectriccharacteristic,butalsouponitsconductivity.●Somecells

andDNAmoleculesetc.haveconductivityinanaqueoussolution.So,their

COnductivityaswellasthedielectriccharacteristicisverylmpOrtant･Inthis

CaSe,dielectrophoreticforce為isglVenby,

為=2汀α3〔m月e
代クー片m

指p+2片m
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Inahighfrequencyfield,theDNAmoleculeisdrawninthedirectionofthe

highfieldgradientbecausethedielectrophoreticforceoperatesinthedirection

ofgradE2･TheforceactingontheDNAmoleculeinanonuniformfieldis

ShowninFig.3.2･Asaresult,theDNAmoleculemlgrateStOWardthenormal

tothelineofelectriclinebydielectrophoreticforce[125]･

Lineo†引ectricForce

Figure3･2:Polari2;ation of Globular DNA Molecule and dielec-

trophoreticForce

3.3 ConformationalTransitionin the Higher

Order Structure ofDNA

IthasbeenknownthattheconbrmationalchangeofaDNAmoleculein

an aqueous solutiondependsonthe composition,temPerature,andconcen-

tration ofthe soIvent and that the condensation ofaslngle DNA molecule

isinduced by polycation,hydrophile polymer,and surfactant under asuit-
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ablecondition[33]･Generally,theconformationofapolymerchainsuchas

DNA moleculeis dif艶rent fromin agood solvent and apoor soIvent.The

COnformationofDNAmoleculeinagoodsoIventisinthecoilstate,andthe

compactizationofaDNAmolecule,Whichisintheglobulestate,1Sinducedin

apoorsoIvent･Fig･3･3illustratestheconformationalchangeofaslngleDNA

molecule and Fig.3.4showsfluorescentimageofconfbrmationaltransition

OfDNAmolecule[35,36]･Recentlythecoil-globuletransitionhasbeeninves-

tigatedboththeoretica11yandexperimentally[32,34]soithasbeenpossible

toproduceaDNAmoleculeinthecompactglobulestateinvitro[36]･Itis

easytotransformtheconformationofaDNAmoleculeforitstransportation

sincethisconformationaltransitioninthehigherorderstructureofDNAis

reversible.

一■ -

G]obdestate

Figure3.3:ConformationalchangeofDNAmolecule
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Coilstate Globulestate

Fig11re3.4:FluorescentimageofconformationaltransitionofDNA

molecule【35]

3.4 Transportation ofDNA Moleculesinthe

Globule State

Inthefuture,nOnCOntaCtmanipulationofasingleDNAmoleculewillbeT

COmeamain teclmiqueofgenemanlpulation.In ourstudy,We prOpOSethe

selectivetransportationsystemofDNAmoleculesutilizlngtheconbrmational

transitioninthehigherorderstructureofDNAforthepurposeoftransporting

andseparatingasingleDNAmoleculebyuseofthedielectrophoreticforcein

MicroDNAFlowSystem[3]･ItiseasiertomanipulateasingleDNAmolecule

ifthe Brownian motion doe,snt have aninfluence on the structure ofDNA

molecule.ADNAmoleculeinthecoilstatemaybetornoffd11ringanobser-

vationandthetransportationsincetheDNAmoleculeinthecoilstatetends

tohaveagreatin飢1enCeOftheBrownianmotionandtheheatconvection･So,
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itisconsidered thatthe DNAmoleculeinthe coilstateislesssuitable brtbe

transportationofDNAmolecules.Ontheotherhand,aSlngleDNAmolecule

bothin the globulestate andinthe coilstate can not be manlpulated and

transportedbyLasertrapping[47,76-78],Sinceitistoosmall･

In this chapter,We demonstrate the transportation ofDNA moleculein

theglobule state by dielectrophoreticforce･A DNA moleculeis polyelec-

trolyte[95-98]･However,the compactization ofasingle DNA moleculeis

COnSidered toinduce charge neutralization,SOitis not e鮎ctive to use the

electrophoresisthatisoneofthemethodsofseparationofchargedparticles.

Dielectrophoresisissuitablefortransportationandseparationofdielectricpar-

ticles.Intheexperiments,WeObservedthetransportationoftheDNAmolecule

intheglobulestatein2-prOpanOl.

3.5 Experimemis

3.5.1 Materials

BacteriophageT4DNA,166kilobasepairs(contourlength55FLm),WaSpur-

ChasedfromNipponGene.Trisborate(TBE;pH7.8)bu鮎r,T4DNA,YOYO,

and2-merCaptOethanol(2-ME;aSanantioxidant)wereaddedinthesolution･

2-prOpanOIwasaddedinordertokeepDNAmoleculesglobulestate.Thefinal

COnCentrations are asfollows:TBE,45mMTris;45mM`一boric acid,EDTA,

1mM;T4DNA,30nM(innucleotide);YOYO,6nM;2-prOpanOl,40%(v/v);2-

ME,4%(v/v);SaCCharose,0･4g/ml;glucose,2.3mg/ml;glucoseoxidase,0･1mg/ml;

Catalase,0.018mg/ml.
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3.5.2 Experimentalapparatus

TheexperimentalapparatusisschematicallyshowninFig･3･5andFig･3･6･

TheobservationofDNAmoleculewithfluorescencemicroscopyhasbeencar-

riedout[30,31】･Withthefluorescencemicroscopy,itiseasiertoobservethe

dynamicsofDNAmoleculeinanaqueOuSSOlutionandgel,andperformaquan-

tativeanalysis[30,31】･FluorescenceimagesofDNAmoleculeswereobserved

byuseofaZeissAxiovert135TVmicroscopeequlppedwitha40ⅩObjective

lensandrecordedonvideotapeswiththesamplingrateof30frames/sthrough

thehigh-SenSitiveHamamatsuSITTVcamera.Thedatawereanalyzedwith

animageprocessor,AruguslO(HamamatsuPhotonics)･Theappliedvoltage

WaSCOntrOlledbyanarbitrarywaveformgenerator.

Figure3.5:Schematicdiagramofexperimentalapparatus
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Figure3.6:Schematic diagram ofthe observation sample and the

experimentalsystem

3.5.3 Experimentalcondition

Wbcarriedoutexperimentsasfo1lows:theappliedfrequencylSCOnStant

lMHz andtheappliedvoltageisconstantlOOVp-P.Byuslngthreekinds

Ofelectrodesamples,aSShowninFig.3.7,WeObservedthemotionofDNA

moleculein the globule state throughthe packet,aS Shownin Fig.3.7,by

SWitchingtheelectricfield･Wedesignedthreekindsofelectrodedesigns(as

ShowninFig.3.7)forthepurposeoftransportingtheDNAmoleculeinthe

globulestate･Theangles(61,62)betweentheelectrodesareofthreekinds;

(61,62)=(600,600),(300,1200),(1200,300).Theminimumelectrodegapis

lOO/Jm.
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Figure3.7:DesignofPacketinanexperiment

3.5.4 Results

Inourpreviousexperiments,Wehaveconfirmedthedependenciesofthe

VelocityofDNAmoleculeonthedi鮎renceintheanglebetweenelectrodes,

Whichisoneofparametersoftheelectrodedesign.Astheangleoftheelec-

trodes,Wheretheelectrodegapisthesamesize,becomeslarger,thevelocity

OfmlgrationofDNAmoleculesisfaster･Becausetheangleofthe-electrodes

isbigger,thedifftrenceinthefieldgradientisbigger･

Fromthisresults,WeCarriedouttheexperimentsbyuslngthreekindsof

designsofpacketanddeterminedthesuitableelectrodedesign･

ItisnecessarytopassbetweentheelectrodesinordertotransportDNA

moleculesfromChltoCh20rCh3,aSShowninFig.3.7.Usingthepacketwhich
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hasanangle(61,62=(300,1200)betweentheelectrodes,WeObservethatDNA

moleculesmlgratefromX4directiontoXldirection･Usingthepacketwhich

hasanangle(61,62=(600,600)betweentheelectrodes,itisobservedthat

theyaggregateinthemiddleofthepacketbetweentheelectrodes･Inthecase

ofthepacketwhichhasanangle(61,62=(1200,300),DNAmoleculesmigrate

fromXldirectiontoX4direction,SOtheyaretransportedfromChltoCh2

0rCh3.Ineachcases,DNAmoleculesdon,tmigratewhentheelectricfield

isoff.Theseresultsareingoodagreementwithourpreviousresultsthatthe

dielectrophoreticforceactingontheDNAmolecule depends厄ponthefield

gradientE2･Fromthisreason,WeCarriedouttheexperimentsandobserved

themotionoftheDNAmolecules,uSingthepacketwhichhasanangle(61,

∂2=(1200,300)･

Fig.3.8～Fig.3.14shows the transportation trajectory that the DNA

moleculemlgrateSbetweenthepacket,aSShowninFig･3･7･Fig･3･8illustrates

thatsingleDNAmoleculeisintheglobulestatewhenthehigh丘equencyfield

isoff.ItshowsthatthereisnodamageinthestructureofDNAmolecules

intheglobulestateaftertheyaretransportedbetweenthepacket･Itismore

stabletotransportDNAmoleculeintheglobulestatethaninthecoilstate

anditissuitableforthetransportationbydielectrophoreticforce･

Fig.3.10～Fig.3.14showsthemotionofDNA molecules whilethehigh

frequencyfieldswitchesonandoffnearthepacket･Theyshowthatbycon-

trollinganelectricfieldbetweenelectrodes,itispossiblethatDNAmolecules

inaggregationstateareeasilyseparatedthroughthepacket･
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Fig.3.15～Fig.3･17showtheresultsoftheelectricfieldcalculationaround

themicroelectrodeconfiguration.ThearrowinFig.3.15～Fig.3.17showsthe

mlgratingdirectionofDNAmoleculebydielectrophoreticforce.Ineachcases,

theobservationresultsofthetransportationtrajectoryofDNA,Whichisde-

pictedfrom Fig･3･9toFig･3.14,Showgood agreement withtheelectricfield

calculation.

3.6 Discussion

Byuslngdielectrophoreticforce,itispossibletomanlpulateaslngleDNA

moleculeandseparateit.Inelectrophoresis,thetota11engthoftheflowchannel

dependsontheelectrodegap,butinMicroDNAFlowSystemitiseasierto

extendtheflowchannel.Andbycontro11inganelectricfieldbetweentheserial

electrodesalongit,itcanbepossiblethatDNAmoleculesinaggregationstate

exhibit conformationalchange to be be easily separated throughthe circle

packet.Theoretically,We Canget the velocity U ofmlgration ofthe DNA

moleculeasfo1lows,
一'､

)

∂
-
2
一

亡m月｡ (3.2)

Eq.(3.2)showsthatthemigrationvelocityofDNAmoleculesintheglobule

Statedependsuponthedi鮎renceofshape,VOlume,andpolarizabilityamong

individualDNA molecules.The mlgration velocity ofDNA moleculesisin

proportiontothesquareoftheradiusofDNA･So,itispossibletoseparate
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DNAmolecules bylengthandpolarizabilitybydielectrophoreticforce.Itis

ShownthatthetransportationofDNAwiththestateofcompactedglobuleis

profitableinthefuturepracticalapplicationfortheseparationofgiantDNAs

SuCh as human gene･Infuture we consider the Micro DNA Flow System

andournewmethodologyutilizingconformationaltransitionofhigherorder

strucureofDNAasoneofthebiomanipulationandautomationsystemsfor

DNAsequenclnglSaprOmlSlngteChnique.

3.7 Summary

This chapter presented a new methodology on noncontact transporta-

tionofDNAmoleculesbydielectrophoreticforceutilizingtheconformational

transitionin the higherorderstructure ofDNAfortransportation･Exper-

imentaldemonstration ofDNAtransportationinthe globulestateuslngdi-

electrophoreticforceanddirect observation ofthe DNA moleculein anon-

uniformelectricfieldwerecarriedoutwithfluorescencemicroscopy.Wbshow

thattransportationofDNAwiththestateofcompactedglobuleisprofitable

inthefuturepracticalapplicationfortheseparationofgiant DNAssuchas

humangene.
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Figure3.8:Compacted globule DNA molecule suspendingln
a

medium(atE=0)
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Figure3.9:Transportation trajectory that the DNA molecule mi-

gratesstraight betweentheelectrodes
nearXlpoint(asshownin

Fig･3.7)
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Fig11re3.10:Ttansportationtrajectory七hattheDNAmoleculeturns

totheleftnearX2point(asshowninFig･3･7)
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Figure3.11:TransportationtrajectorythattheDNAmoleculeturns

totherightnearX3point(asshowninFig･3･7)
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Figure3.12:TransportationtrajectorythattheDNAmoleculenear

X4point(asshowninFig,3.7)migratestotheleittowardtheCh2
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Figure3.13:TransportationtrajectorythattheDNAmoleculenear

X4point(as showninFig･3.7)migrates totherighttowardthe
Cb3
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Figure3.14:TranSpOrtationtrajectorythattheDNAmoleculemi一

苧rateSina2igzagthroughⅩ4point(asshowninFig･3･7)byswitch~
1ngtheelectricfield(Ⅹ:SWitchingpoint)
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Chapter4

ScreeningofaSingleEscherichia

COliinMicrochannelbyElectric

Field and Laser tweezers

4.1 Introduction

In this chapter,We preSent a neW highthroughput screenlng method

in microchannel.Wb have proposed the selective transportation system of

DNAmoleculesforthepurposeoftransportingandseparatingaslngleDNA

molecule by use ofthe dielectrophoreticforcein Micro DNA Flow System

[127,128].

Inthisstudy,WeprOpOSeamicrosystem combined with opticaltrapplng

anddielectrophoreticbrceandcarriedoutapreliminaryexperimentofmanlp-

ulationofasingleEscherichiacoli.So,thetechnique,Whichisolatesasingle

Escherichiacolispeedinglyandreliably,1Sneeded.Themethodology,thatan

arbitrarybiologlCalparticlesintheaggregationstatecanbemanlpulated,is

neededbecausethereareanumberofEscherichiacolisinanaqueoussolution.
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4.2 HighThroughputScreeningofEscherichia

coli

4.2.1 0perationImprovementbyDielectrophoreticForce

and Laser tweezers

Generally,manydi鮎rent kinds offorces are actingon the cellinsolu-

tionsuchasthegravity,buoyancy,reSistanceforcefromviscosityofthefluid!

Brownianmotion,interactivefbrcesinthemicro/nanoworldsuchasVander

Waalsforce,electrostaticfbrcedependingonthesurfacecharges･Moreover,

ifthereisaflow,fluidforcewilldisturbitsmotion.TocontrolthebiologlCal

object,Weneedtocontroltheexternalforce.Tbapplyexternalfbrceacting

OnthebiologlCalobject,thefo1lowlngmethodscanbeused･

(1)ElectricField

Coulombforce(D･C･field)

Dielectrophoreticforce(A.C･field)【14,37,111,112】

(2)UltrasonicField[39,40]

(3)LaserBeam[46,47,77,78]

(4)FluidFlowofSolution

(2)and(3)requirepositioninformationoftheobject,andthesensingsystem

isneededforautomation.However,Whenweconsiderpreciseandnoninvasive

handlingofmicroobjects,(3)issuitabletool.(4)willdisturbtheenvironment

with thefluidflow.So,We Can
Simplifythe system by uslng the electric
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fieldandlasertweezers.IncaseofuslngCOulombforce,COnVeCtioncausedby

electroosmosis,pOlarizationofthemicroelectrode,andelectrolysIS Willoccur

easily.So,WeprOpOSetOuSedielectrophoreticforcetocontrolthebiological

Object.

4.2.2 DielectrophoreticdispersionofEscherichiacoli

In
ahighfrequencyfield,theEscherichiacoliis

drawnin the direction

Ofthehighfieldgradientbecausethedielectrophoreticforceoperatesinthe

directionofgradE2･TheforceactingontheEscherichiacoliinanonuniform

fieldisshowninFig.4.1.Fig.4.2showstheschematicdiagramoftheobser-

vationsampleintheexperiment.Fig.4.3showstheschematicdiagramofthe

electrode design.Theforce為ie and fb,aSShownin Fig･4･3,repreSentthe

dielectrophoreticforceandtheviscousforce,Whenthehighfrequencyelectric

fieldis applied between the electrode3and the electrode4･In generating

ahighfrequency ACfield,thefield around the Escherichiacolibecomes a

nonuniformfield.Duetothiselectricfield,thepositiveandnegativecharges

in theEscherichiacoligeneratetowardtheelectricfieldbyitspolarization･

ThepolarizabilityoftheEscherichiacolidependsnotonlyuponthedielectric

Characteristic,butalsouponitsconductivity.SomecellsandEscherichiacolis

haveconductivityinanaqueoussolution.So,theirconductivityaswellasthe

dielectric characteristicisverylmpOrtant.As aresult,theEscherichiacolis

mlgratetOWard thenormaltotheline ofelectricline and aggregatein the

stateofthepearlchainfbrmationbydielectrophoreticforce･Oncethetarget
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Escherichiacoliistrappedatthefocalpointofthelaserbeam,WeCaneaSily

realizenoncontactdispersionofunneededEscherichiacolisautomaticallyby

COntrOllingthemagnitudeoftheelectricfield.

Figure 4･1:Electricaldispersion of Escherichia coliby dielec-

trophoreticforce

4･2･3 0pticalTrapplngOfEscherichiacolibyLaserTweez-

erS

ManybiologistsareeagertomanlpulateandseparateaslnglebiologlCal

particlefortheirexperiment･Withtheconventionalmethod,ittakessomany

times to reculture on plates.This method has such strong probabilityfor

purecultureoftargetedmicrobes,SuChasaEscherichiacoli.Itwi11besuch

apromlSlngmethodofpurecultureofmicrobe払rthebiologiststodiscover

anew microbe.Itispossibletomanlpulate microbes,SuCh asaEscherichia
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Asing]eE.co]iTrapped AggregationofE.coli

Figure4.2:Schematicdiagramoftheobservationsample

COliand a yeast cell,With the Laser manipulator we used･Once a target

Escherichiacoliistrappedatthefocalpointofthelaserbeam,WeCaneaSily

reali2;enOnCOntaCtmanlpulationautomatically.

4.3 Experiments

The cultured Escherichia colis diluted with a distilled water were cen-

trifuged.WeshowedthetransportationanddispersionoftheEscherichiacolis

and坤.eobservationofthemlgrationoftheEscherichiacoliswhen thehigh

frequency electricfield switches on and off.We carried out experiments as

fo1lows:the appliedfrequencylSCOnStantlMHz and the applied voltageis

COnStantlOlOOVp-p.Byuslngtheelectrodesamples,aSShowninFig･4･3,We

observedthemotionoftheEscherichiacolibyswitchingtheelectricfield･We

designedtheelectrode(asshowninFig･4･3)brthepurposeoftransporting
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Figure4･3:Schematicdiagramoftheelectrodedesign

theEscherichiacoli･Thethicknessoftheelectrode'is40FLm･Theminimum

electrodegapis50FLm.

TheexperimentalapparatusisschematicallyshowninFig･4･4･Thislaser

manlPulator consists oftheinverted microscope and two highpowerlaser

diodes(wavelength=690nm)･Itispossibletomanipulatetwomicroobjects

Simultaneously･Withoneofthelaserdiodes,thefocalpointinamicroscoplC

Viewcanbemovedarbitrarilywithtwodegreesoffreedombycontro11ingtwo

galvanomirrorsintheopticalsystem.Thetfappedd)jectsfo1lowsthefo-

Calpoint･TheotherlaserdiodeisfiⅩed,SOthetrappedobjectscannotbe

movedwithoutmovlngtheXYstage･TheresolutionoftheXYstage,Which

iscontrolledbymicrostepplngmOtOr,isIFLm.TheobservationofEscherichia
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COlihasbeen carriedoutwithamicroscope,aSShowninFig･4･4,equlpped

WithalOOxoil-immersedobjectivelensandrecordedonvideotapeswiththe

Samplingrateof30frames/sthroughCCDcamera･Theappliedvoltagewas

COntrO11edbyanarbitrarywaveformgenerator.

OpticaJFiberLight

Figure4･4‥Schematicdiagramofexperimentalapparatus

4.4 Results and Discussion

In our previous experiments[8-9],We Observed the dynamics ofDNA

moleculesbetweenmicroelectrodesinanACfield･Wbshowedthepossibility

Ofnoncontact transportationofaDNAmolecule byuslngdielectrophoretic

force･WehaveconfirmedthedependenciesofthevelocityofDNAmolecule

Onthedifftrenceintheanglebetweenelectrodes,Whichisoneofparameters

Oftheelectrodedesign･Astheangleoftheelectrodes,Wheretheelectrodegap
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isthesamesize,becomeslarger,thevelocityofmlgrationofaDNAmolecule

isfaster.Becausetheangleoftheelectrodesisbigger,thedi鮎renceinthe

fieldgradientisbigger･

Fromtheseresults,Wedeterminedtheobservationsampledesignandcar-

riedouttheexperimentsbyuslngtheobservationsamplechamber,aSShown

inFig.4.2.

ItisnecessarytodisperseunnecessaryEscherichiacolistowardeachchan-

nel,aSShowninFig･4･2,inordertomanlpulateslngleEscherichiacolibylaser

tweezersatthecenteroftheobservationsamplechamber.

Fig･4･5Fig･4･7showthemotionoftheEscherichiacoliswhilethehighfre-

quencyfieldswitchesonandoffnearthepacket･Theyshowthatbycontrolling

anelectricfieldbetweenelectrodes,itispossiblethattheEscherichiacolisare

easilytrappedbylasertweezersandtransportedanddispersedbyhigh丘･e-

quency electricfieldthroughthepacket.Fig.4.5illustrates themicroscoplC

imageofthehandlingofEscherichiacoliinMicrochannelbyopticaltrapplng

While the highfrequencyfield was offnearthe packet.Fig.4.6and Fig.4.7

Showthesequenceimageswhilethehigh丘equencyfieldswitcheson,andthe

pearlchainformationofEscherichiacoliwhenthehighfrequencyelectricfield

generatedbetweenthemicroelectrodes.Ineachcases,Escherichiacolisdon,t

mlgrateWhentheelectricfieldisoff.

Fig･4･8andFig･4･9showthemotionoftheEscherichiacoliswhilethehigh

frequencyfieldswitchesonandoffimmediately nearthe packet.Thesese-

quenceimagesdepictedthattheresponseofthemovementoftheEscherichia

73



COlistothehighfrequencyfieldisveryfast.

Fig.4.10andFig･4･11showthemotionoftheEscherichiacoliswhilethehigh

frequencyfieldswitchesonandoffbetweentheparallelelectrodes.Between

the parallelelectrodes,the electricfieldis an uniformfield.Theseimages

illustratesthattheEscherichiacolisdon'tmlgratethroughthemicroelectrodes

andmakethepearlchainformationandkeeptheaggregationstatebetween

theparallelelectrodes.

Fig.4.12showsthepearlchainbrmationoftheEscherichiacolisnearthe

entranceofchanne12whilethehighfrequencyfieldswitcheson.Theyshow

thatbycontrollinganelectricfieldbetweenelectrodes,itispossiblethatEs-

Cherichiacolisinaggregationstateareeasilyseparatedthroughthepacket･

4.5 Summary

In this chapter,We prOpOSed a novelmethodology on highthroughput

screenlngandmicrosurgery.WehavedevelopedaprototypeofMicrochan-

nelsystemforhighthroughput screenlngOfEscherichiacoli.Experimental

demonstrationofEscherichiacolitransportationuslngdielectrophoreticforce

and direct observation ofthe Escherichia coliin a non-uniform electricfield

WereCarriedoutwithLasermanlPulatorsystem.Weshowthattransportation

andseparationofEscherichiacolibydielectrophoreticforceandopticaltrap-

plnglSprOfitableinthefuturepracticalapplicationfor`thehighthroughput

SCreenlngOfmicroorganisms･
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Figure4･5:MicroscopeimageofEscherichiacolitrappedbyLaser

tweezersinanexperlment,Whilethehighfrequencyfieldswitches

ofr(E=0)
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Fig11re4･6:SequencepicturelthattheEscherichiacoliinthestate

ofpearlchainformationbetweentheelectrode2andtheelectrode3

mlgratetOWardtheCh2,Whilethehighfrequencyfieldswitcheson
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Figure4･7:Seq11enCepict11re2thattheEscherichiacoliinthestate

ofpearlchainformationbetweentheelectrode2andtheelectrode3

mlgratingtowardtheCh2,Whilethehighfrequencyfieldswitcheson
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Figure4･8:MicroscopeimageofEscherichiacoutrappedbyLaser

tweezersinanexperiment,Whilethehighfrequencyfieldswitches

o打(E=0)

7只



Figure4･9:TransportationoftheEscherichiacoliinthestateof

pearlchainformationbetweentheelectrode2andtheelectrode3

migratingtow訂dtheCh2
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Figure4.10:AggregationstateoftheEscherichiacoliwhilethehigh
丘eqllenCyfieldswitchesoLfbetweentheparallelelectrodes
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Fig11re4･11:AggregationstateoftheEscheridliacoliinthestate

ofpearlchainformation,Whilethehighfrequency且eldswitcheson
betweentheparal1elelectrodes
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Figure4.12:Aggregationstate
ofthe Escherichiacolisin the state

Ofpearlchainformation near the entrance ofchanne12while the

highftequencyfieldswitches~on
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Chapter5

Bio-MicromanlPulation System

forHighThroughput Screening

andMicro Surgeryln

Microchannel

5.1 HighThroughputScreeningSystemofMi-

CrObes

Recently,therehasbeengreatinterestinthehighthroughputscreenlng

andmicrosurgeryofmicroorganismsforthefindingofthenovelmicrobesand

thedevelopmentofdrugdiscoveryprocess.Biotechnologyhasprogressedin

geneticenglneerlng,1ifescience,medicineandagrlCulture･Forremarkablead-

vancementofbioscience,itisimportanttodevelopthenewtechnology,Which

manlpulateandseparatemicroorganismswithhighspeedandhighpurityand

noninvasivemethod.Intheseresearchfields,Operationofthemicro/nanoma-

nlpulationofcellsandDNA,maSSprOduction,Sequentialprocesslng,andhigh

Speedandhighprecisionprocesslngarerequired･However,theworkingefE-

ciencyandoperabilityisdependentontheskillsofthehumanoperator･Forthe

breakthroughinthesefields,integrationofthedistributedresearchfieldsand
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SyStemteChnologleSisimportant.Atthismoment,microelectromechanical

SyStemSteChnologyandmicroroboticshaspotentialityforthebreakthrough

inthebioenglneerlng･Forthesemultidisciplinaryresearchareas,therearebig

Challengestoimprovetheconventionalmethodanddevelopthenewsystem

integration･We haveconsidered the basic strategies toimprove the oper-

abilityofthebiomicromanlpulation.Weshouldintegratetheroboticsand

bioengineering･Wecallthisresearchfieldasthebio-rObotics[8】･

BasictechnologleSOfthebio-rOboticsaremanlpulationtechnology,micro

SyStemteChnology,Visualizationtechnology,humaninterfacetechnologytoim-

PrOVeOperability,autOmationtechnology･Especially,micro/nanomanipula-

tionofaDNAmolecule,animalorplantcell,andembryoandhighthroughput

SCreenlngOfmicrobesisimportant.However,reSearChworksisnotenoughat

present.

5.2ImportantTechnologiesforBioMicroMa-

nlpulation

In this section,atfirst,We Classifybasic technologleS requiredfor the

biomicromanlpulationandweapplyourmethodologyandstrategleStOhigh

throughputscreenlngOfEscherichiacoliinmicrochannelasfo1lows:

i)Separation,tranSpOrtation,andposition/orientationcontroltechnology

Contact,nOnCOntaCt,Highspeed,highprecision

ii)MEMStechnology

Fabrication,microchannel,microvalve,microphysics,microsensor
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iii)Measurement/controltechnology

Sensor,Imageprocesslng,teleoperation

iv)Visualizationtechnology

Static,dynamic,2D,3D,fluorescenceimaglng

Asanexampleofthecontacttasks,nuCleartransplantationorembryocul-

turerequlreSthosetechnologleS.Mostofthebiomicromanlpulationtasksare

performedinanaqueoussolution･Thus,COmparedwiththegeneralmanlp-

ulationtasksintheair[6,7】,Wehavetoconsidernotonlythegravitational

forcebutalsothebuoyancy,fluidforcefromflow,Brownianmotion,interac-

tiveforcesinthemicro/nanoworldsuchasVanderWaalsforce,electrostatic

forcedependingonthesurfacecharges.Moreover,thesizeofeachobjectto

manlpulateisinmicronorder,itisquitedi伍culttorecognlZeitsconfiguration

andtomanlpulateit丘eely.Automationofmanlpulationisquitedi伍cult,SO

theskillsofthehumanoperatorarerequired.Ftomthesepointofview,We

SummarizethebasicstrategiestoimprovetheworkingefBciencyandtheoper-

abilityofthebiomicromanipulationforhighthroughputscreenlngandmicro

SurgeryOfmicrobesasfo1lows:

i)Utilizationofopticaltrappingbythelasertweezers[46,47,77,78]

Atpresent,pOlylyslneOrmicropipetteisusedforfiⅩation.Fixationby

the polylyslneis easy,but this methodis not reversible.Automation

Ofthe micro pipette operationis difBcult.So,We need to develop a

new methodin adiff6rent way･Once the biologlCalobjectis trapped
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at thefocalpoint ofthelaser beam,We Can eaSily realize noncontact

manlpulation automatically.In this chapter,WeShowthesystemflow

diagramutilizationofopticaltrapplngbythelasertweezers･

ii)rUtilizationofdielectrophoreticforcegenerated betweenthemicroelec-

trodes[14,37,111,112]

ToimproveworkingefBciencyandoperabilityinsolutionandtorealize

highspeedseparation,thetechniqueforsequentialprocesslnglSneeded･

Oncetheobjectistrappedatthefocalpointofthelaserbeam,WeCan

easilyrealizenoncontactdispersionofunneededmicrobesautomatically

bycontro11ingthemagnitudeoftheelectricfield･

iii)Realizationofautonomousfunction

Micromanipulationtasksareversatile.So,itisdi伍culttorealizeafu11

automationsystem.Weshouldstartfromclassifyingthebasicopera-

tionforhighthroughputscreenlng.Mostofthecontactmanlpulation,

SuChasnucleartransplantation,isperformedbythehumanoperatorby

handwith themicroscope.Wb cant expect quickresponsenorprecise

andrepetitiveoperationbyhand.So,WeShouldrealizeshearlngOfthe

autonomousfunctionandmanualoperation.
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5.3 Newmethodologyofselectivetransporta-

tionsystemofEscherichiacoli

Wb have developed a prototype ofMicrochannelsystem(Fig.5.1)for

highthroughput screenlngOfEscherichiacoli･Experimentaldemonstration

is shown.

Mkro¢hann0l Lasor叩Ot 干i盲i這声高露品ち㌻G蒜㌻
tw00王Or

Figure5.1:Micro Glass Chipfor HighThroughput Screenlng Of

Microbes

Fig.5.2shows the sequenceflow chart and the systemflow diagramfor

OurprOpOSedhighthroughputscreenlngOfEscherichiacoli.Atfirst,inorder

to
specifya target Escherichia coli,We prOpOSe the detection ofthe target

Escherichiacolibyimagerecognition.ThecharacteristicsofeachEscherichia

COliis dependent on thefluorescent color,the shape,the mobility,and the

mlgrationabilityetc･Usingthefluorescencemicroscopy,itispossibletodetect
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thefluorescenceimage ofthe Escherichiacoli.The sequenceflow chart we

proposeisasfo1lows:

Figure5･2:Systemflow diagramfor high throughput screenlng Of

Escherichia coli

i)ImagerecognitionofatargetEscherichiacolibyImageAnalyzer

ii)Settingthecoordinateswhichthelaserbeamradiatesbycontrollingof

XYStageorgalvanomirror

iii)LaserbeamON

iv)TrappingofthetargetEscherichiacolibylasertweezers

V)DispersionofunneededEscherichiacolisinanaqueoussolutionbydi-

electrophoreticforce while controllingofthe magnitude ofthe electric

丘eld
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Vi)RecoveryofsingleEscherichiacoli

Vii)Finally,aSingleEscherichiacoliisseparated.

Figure5.3:Schematic diagram of Fluorescence Microscopy with

LaserManlpulator

In thischapter,WeprOpOSeneW methodologyofselectivetransportation

SyStemOfEscherichiacolibydielectrophoreticforceandopticalradiationpres-

Sureandcarriedoutapreliminaryexperiment.Wbdemonstratedtheexperi-

mentsthroughthesequenceflowchart(2)to(5),aSShowninFig･5･2･
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5･4 ApplicationofLiposometoMicroEncap-

SulationDeliveryofEscherichiacoli

5･4.1GiantLiposomeasMicroCapsule

Liposomesarethesimplestartificialstructures,reSemblingnaturalmembrane-

delimited domains[85,88,89].Fig.5.4shows the schematic diagram ofli-

posome･When Escherichia coliand DNA molecule are entrappedinlipo-

SOmeS[90,91】,theresultingsupramolecularstructuresexhibitveryinteresting

propertiesfrom both afundamentaland apractic.alpoint ofview.Fig.5.5

ShowstheconceptoftrapplngSlngleglobularDNAmoleculebyLasertweezers

anditsapplicationtomicroencapsulationbyliposome.DNAmolecule-loaded

liposomescanberegardedassimplifiedmodelsofbiomembranesandtheycan

beusedashigh1yspecificmicroreactorsforexploitingthegeneticinformation

inavarietyofapplications.Thiscompartmentationcontributesslgnificantly

totheentrapmentofmicrobesandsingleglobularDNAmoleculeandtothe

Optimizationofthecellbehaviour.

5･4･2 0pticalTrapplngOfLiposomebyLasertweezers
●

NeutralphospholipidswereobtainedfromSigma,andincluededsoybean

phosphatidylcholine(soybeanPC)anddioleoylphosphatidyl-Choline(DOPC)･

TheselipidsweredissoIvedinpuremethanolorinal:1(v:V)chloroform-

methanolmixture.Next,0.1ILmOlofdrylipidfilmwaspreparedbyevapora-

tionoftheorganicsoIventinalO-mm¢testtubeunderanitrogenstream,

and then storedfor atleast2h under aspiration.The resultinglipidfi1m
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Figure5･4:SchematicdiagramofLiposome

WaSSWOllenwithlOOFLmlofTBEbu鮎r(90mMboricacid,2mMEDTA,pH

adjustedto8･ObyHCl)oraqueoussolutioncontainingM9Cl2,Wherethefi-

nalconcentrationofphospholipidwaslmM.Fig.5.6showsmicroscoplCimage

OfliposomeinMicrochanneltrappedbyLasertweezers.Wbcancontrolthe

COnformationofliposomeandapplyittothemicroencapsulationdeliveryof

microbe.

5.5 Summary

Inexperiments,WeShowthattransportationandseparationofEscherichia

COliandLiposomeswithelectricfieldandopticalradiation.pressure.Isolation

OfEscherichia colibyfluorescence microscopy with Laser Manlpulator was

SuCCeSSfu1.Usingthissystem,itisprofitableinthefuturepracticalapplication

for the highthroughput screenlng Ofmicrobes and drug delivery and drug

discovery.
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Figure5･5:Concept of trapplng Single globular DNA by Laser

tweezersanditsApplicationtoMicroencapsulationbyLiposome
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Fig11re5.6:MicroscopicImageofLiposometrappedbyLasertwee2:一

erS
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Chapter6

Conclusion

6.1 Summary

Inthischapter,Isummarizetheresultsobtainedinthepreviouschapters

SyStematica11y.

Chapter2described experimentsinvoIvingnoncontact transportation of

DNAmoleculesbyuslngdielectrophoreticforce.Comparedwiththemethod

employlngelectrophoresIS,electroosmosisandchemicalreactiononelectrodes

doesn'toccurbyuseofanACfield.InaMicroDNAFlowSystemitisalso

easiertoextendtheflowchannel.Wedesignedasimpleelectrode,Carriedout

theexperimentsandmeasuredthevelocityofmlgrationoftheDNAmolecule.

WeobservedthedynamicsofDNAmoleculesbetweenelectrodesinanACfield.

WeshowedthepossibilityofnoncontacttransportationofaDNAmoleculeby

uslngdielectrophoreticforce.

InChapter3,WedemonstratedthetransportationofDNAmoleculeinthe

globulestate bydielectrophoreticforce.A DNAmoleculeispolyelectrolyte.

However,thecompactizationofaslngleDNAmoleculeisconsideredtoinduce

Chargeneutralization,SOitisnote鮎ctivetousetheelectrophoresisthatisone
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Ofthemethodsofseparationofchargedparticles.Dielectrophoresisissuitable

fortransportationandseparationofdielectricparticles.Intheexperiments,We

ObservedthetransportationoftheDNAmoleculeintheglobulestatestably.

WbshowthattransportationofDNAwiththestateofcompactedglobuleis

profitableinthefuturepracticalapplicationfortheseparationofgiantDNAs

SuChashumangene.

Chapter4proposedanovelmethodologyonhighthroughputscreeningof

Escherichiacoli.ExperimentaldemonstrationofEscherichiacolitransporta-

tionuslngdielectrophoreticforceanddirectobservationoftheEscherichiacoli

in anon-uniformelectricfield were carried out with Laser manlpulatorsys-

tem.By controlling an electricfield between electrodes,itis possible that

Escherichiacolisinaggregationstateareeasilyseparatedthroughthepacket.

We showed that transportationand separation ofEscherichiacolibydielec-

trophoreticforceandopticaltrapplnglSprOfitableinthefuturepracticalap-

plicationforthehighthroughputscreenlngOfmicroorganisms･

Chapter5proposedanovelmethodologyandsystemonhighthroughput

SCreenlngOfmicrobes.WehavedevelopedaprototypeofMicrochannelsys-

temforhighthroughputscreenlngOfEscherichiacoli･Wediscussedresearch

issuesin the bio micro manlpulation and presented a new directionin this

field.Weconsiderthebasicstrategiestoimprovetheworkinge伍ciencyand

theoperabilityofthebiomicromanlpulation.Inexperiments,WeShowthat

transportationandseparationofEscherichiacoliwithelectricfieldandoptical

radiationpressure,andapplicationofliposometomicroencapsulationdelivery

95



isprofitableinthefuturepracticalapplicationforthehighthroughputscreen-

1ngOfmicrobes.Wediscusstheapplicationofliposometomicroencapsulation

deliveryofbiomaterials･

6.2 Future work

Forthesemultidisciplinaryresearchareasofbiotechnology,therearebig

Challengestoimprovetheconventionalmethodanddevelopthenewsystemin-

tegrationfbrBio-Micromanlpulation.Wehavetoconsiderthebasicstrategies

toimprovetheoperabilityofthebiomicromanlpulation.Weshouldintegrate

theroboticsandbioenglneerlng.

For example,in the case of DNA sequenclng,determlnlng the human

genome sequence andfindingthegenesis rea11yjust afirst step･Afterse-

quenclng,We Stillneed to determine what proteins the genes produce,and

whatthoseproteinsdointhecell.Westillneedtoknowthestructureand

functionoftheproteinproducedbythegene,andhowthatproteininteractsin

theenvironmentofthecell.Bioinformaticsisanecessaryfieldinthesestudies.

Whenwedesignthesystemforavariouskindsofresearchinbiosciencefield,

wehavetocontinuetoconsidersystemintegrationandnewmethodologyfbr

theprogressoflifescienceandbioscience.
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