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Abstract. Polymerasesarea family of enzymesresponsiblefor copying or replicationof nucleicacids(DNA or RNA)
templatesandhencesustenanceof life processes.In this paper, we presenta methodto exploit a strand-displacingpoly-
merase� 29 asa driving force for nanoscaletransportationdevices.The principle ideabehindthedevice is strongstrand
displacementability of � 29, which candisplaceany DNA strandfrom its templatewhile extendinga primerhybridizedto
the template.This capabilityof � 29 is usedto power themovementof a targetnanostructureon a DNA track.Themajor
advantageof usinga polymerasedrivennanotransportationdevice ascomparedto otherexisting nanoroboticaldevicesis
its speed.� 29 polymerasecantravel at therateof 2000nucleotidesperminute[1] at roomtemperature,which translates
to approximately680nanometersperminuteon a nanostructure.We alsodemonstratetransportationof a DNA cargo on a
DNA trackwith thehelpof �uorescenceresonanceelectrontransfer(FRET)data.

1 Intr oduction

1.1 DNA Nanorobotics

In recent years, there has been tremendousprogressin
DNA basednanodevices [3,11,12,19,20,25,26,29,30,42,
43,53–55]. Recentresearchhasexplored DNA as a mate-
rial for self-assemblyof nanoscaleobjects[10,18,21,24,35,
49,51,52], for performing computation[2,6–8,22,23,47,
48,50], andfor the constructionof nanomechanicaldevices
[3,11–13,19,25,29,36–39,42,44,45,53,56,57]. A poten-
tial applicationof autonomousDNA nanoroboticaldevicesis
in thedesignof a controllablemoving device integratedinto
a DNA lattice for ef�cient transportationof nanoscalemate-
rials.

1.2 Polymeraseasa Machine

We have known polymeraseas an enzymeresponsiblefor
thecopying andreplicationof DNA or RNA template.Poly-
merasecopiessequenceinformationof DNA or RNA by ex-
tendinga primerhybridizedto the templateby addingavail-
ablefreecomplementarynucleotidesto its 3' end.

Researchershavebeeninterestedin understandingtheex-
actmechanismof polymerasefor extensionof primer, andthe
mechanicalpropertiesrelatedto primerextension.Gellesetal
[14] reviewedRNA polymerasemovementsduringtranscrip-
tion andstudiedmechanismsof RNA polymerasetransloca-
tion alongDNA. Wangetal [46] measuredforceandvelocity
for singlemoleculesof RNA polymerase.Many researchers
preferredto view the polymeraseasa machine,andstudied
the mechanismsof their movements.Most notably, Spirin
[40] consideredthestructureandfunctionsof RNA in terms
of a conveying molecularmachine.He studiedthe principal
schemeof forwardmovementof RNA polymerasealongthe
DNA template.Binding of substratesand utilization of en-
ergy from chemicalreactions,providessuccessive selection
and�xation for subsequentconformationalstatesof enzyme
complex. This in turn providesdirectionalityby meansof a

“Brownian ratchetmechanism”.Goel [15] revealedthrough
a seriesof single-moleculeexperimentsthatmechanicalten-
sionon DNA cancontrolboththespeedanddirectionof the
DNA polymerasemotor. Thomenet al [41] addressedthe is-
sueof how theenzymeconvertschemicalenergy into motion.

In theseexperiments,mechanicalpropertiesof various
polymeraseenzymeswere explored. However, in none of
thesestudieswas the mechanicalenergy of the polymerase
washarnessedor exploitedto transportotherobjects.

1.3 Our Contrib ution

In this paper, we presentthe�rst designof a nanotransporta-
tion device poweredby a polymerase.We use� 29, a poly-
meraseknown for its exceptionalstranddisplacementactiv-
ity, to pushaDNA cargo.Researchershavestudiedthestruc-
tureof � 29polymeraseandhaveprovidedusefulinsightsinto
its exceptionalstranddisplacementandprocessivity, andhave
deducedits translocationmechanism[9,16,17,32].

In Section2.1we describethebasicprincipleof our nan-
otransportationdevice,andin Section2.2wedescribeahigh-
level designof the device. In Section3, we outline experi-
mentalmaterialsandmethods.In Section4, we discussour
experimentalresultsin detail.

2 Our Polymerase� 29 based
Nanotransportation Device

2.1 BasicPrinciple

With our polymerasedriven nanotransportationdevice we
aim to exploit the mechanicalenergy of polymerase,when
it travels towardsthe 3' endof DNA tracks.AnotherDNA
strand(DNA cargo),whenattachedto thetemplateblocking
thepathof polymerase,is pushedby themoving polymerase.
Polymerase� 29 is ourchoicefor pushingthecargo.Figure1
(a) illustratesthebasicideaof our� 29polymerasenanotrans-
portationdevice.



Fig.1. (a) Basicdesignof thepolymerasedrivennanotransportationdevice.PolymeraseextendstheprimerB P , andpushesthewheelW
on thetrackT . ProtectorstrandB Q preventsthewheelfrom moving on its own, but is dislodgedby polymeraseextensionof B P on left
(d) Thedesignof polymerasebasednanotransportationdevice in termsof lengthsof DNA sequences

In orderto brake this polymerasenanotransportationde-
viceatadesireddestination,weuseasequenceof consecutive
A's (known asstoppingsequence) on thetemplate.Thetem-
platedoesnot containany A's beforethestoppingsequence.
If thereactionsolutionlacksthenucleotideT, thenthepoly-
merasecan still extend the primer till the beginning of the
stoppingsequence,but can not advancefurther, and hence
thedevicegetsbraked.

The major advantageof usinga polymerasedriven mo-
tor over othernanoroboticaldevices is its speed.� 29 poly-
merasecantravel at the rateof 2000nucleotidesper minute
at roomtemperature[1],whichis equivalentto approximately
680nanometersperminute.

2.2 Designof � 29 PolymeraseNanotransportation
Device

Figure 1 a) illustratesthe basic designof our polymerase
basednanotransportationdevice.Thepolymerasepushesthe
wheelcargo on the track (template).It shouldbe notedthat
thewheeldoesnot roll on thetrack.It is intertwinedwith the
track and getspushedwithout rolling. The wheel hasa 21
bases(2 helical turns) long complementarysequenceto the
region of trackonly nearits initial position.Thereforeit hy-
bridizeswith thetemplatetrackonly attheinitial positionand
nowhereafterthat.Thehybridizationsiteis neededto ensure
that the wheel is initially attachedto the track at a unique
position.However, oncethe wheelhasbeendisplacedfrom
its initial position,it canjust slip on thetrackarbitrarilyeven
withoutapushfrompolymerase.In ordertopreventthewheel
from slippingaway on thetrackon its own, a strandB Q, re-
ferredto asprotectorstrand, is hybridizedonthedownstream
region of the track. It is shown in Figure1 a). Anotherpur-
poseof strandB Q is to impart rigidity to the track, which
otherwisemight fold ontoitself.

Figure1 b) shows moredetailsof the system.The track
is chosento be a DNA strandof lengthapproximately100
bases.Thewheelhybridizeswith track in a 21 baselong re-
gion, which is 25 basesaway from the 5' endof the track,
asshown in Figure1 b). The strandB P is a 25 baseslong
primerthathybridizesto thetrackT asshown in Figure1 b).

A freespaceof 16 basesis left sothereis roomfor thepoly-
meraseto bind. Thereis a sequenceof 15 consecutive As in
thetrackT, thatactasthestoppingsequence.Thetotal length
of thewheelstrandis 50 basesandtheprotectorstrandB Q
is 35baseslong.

We would like to point out a few design constraints,
beforewe describethe experimentalmethodsin Section3.
Thereshouldnot be any A's in the track betweenthe initial
positionof thepolymeraseandthestoppingsequence,sothat
thepolymerasedoesnot stopbeforethedesiredposition.We
usedthe primer of lengthmorethan6 basesfor polymerase
� 29 as recommendedby the manufacturer. For circulariza-
tion of a singlestrandDNA (for constructingthe wheel),a
lengthgreaterthan40 basesis preferred.For thepolymerase
� 29 the recommendedtemperatureis 30� C. At 25� C, there
is a 5% loss in ef�ciency. ProtectorstrandB Q shouldhave
di-deoxynucleotide(ddNTP)at its 3' endin orderto prevent
extensionby polymerase� 29.

3 Overview of Experiments

The very �rst challengeis to assemblethe circular wheel
strandona lineartrackstrand.The5' endof thewheelneeds
to bephosphorylatedso that it canbe ligatedwith its 3' end
andform a completecircle. If the wheel is alreadycircular-
ized,thetrackmustbethreadedthroughthewheelto form a
doublehelical region; this canbe extremelychallengingex-
perimentally. Therefore,we usea techniqueknown aspad-
lock probes[27,4] to attachcircular wheel to the track. The
trackactsasa linker for circularizationof linearwheelstrand
by hybridizing with both endsof the wheel,which canthen
beligatedwith eachotherto form acircle.

In orderto ensurethatthewheelis alwaysattachedto the
track,wecircularizethetrackaswell by ligating its two ends
together. The circular wheel is in an intertwinedconforma-
tion with the circularizedtrack, and hencedoesnot detach
from it. Thefactthat thetrackandthewheelareinseparable
from eachother, makesit easierfor usto detecttheassembly
in adenaturinggel. It alsoensuresthatthewheelstayson the
trackduringtheexperiment.



Fig.2. Overview of thecompletesetup assemblyof polymerasebasednanotransportationdevice

We areableto usea strandBP simultaneouslyasa linker
anda primer. Figure2 summarizestheentireprocess.Track
strand T is �rst circularized using the linker-cum-primer
strandB P, andthenligatedusingT4 ligase.In thenext step,
thewheelstrandis circularizedusingthetrackstrandT asthe
linker, asshown in Figure2. This is doneby hybridizationof
thelinearstrandW with circularizedT, followedby its liga-
tion to sealthenick in it. It shouldbenotedthatthepresence
of the phosphategroupsat the 5' endsis requiredfor these
circularizations.

Thenext stepis thehybridizationof protectorstrandB Q
onto this assembly. It shouldbe notedthat ddNTP(dideoxy
NTP) is requiredat theendof strandB Q to prevent it from
extendingunderthe in�uence of polymerase.As mentioned
earlier, we leave a spaceof 16 basesbetweenthe strandBP
andthewheelonthetrackin whichpolymerase� 29canbind.
The wheel is chosento be 50 basesso that it canbe easily
circularized. The track contains15 consecutive A's as the
stoppingsequence.It is expectedthat in the presenceof all
four nucleotidesin thereactionsolution,thepolymerase� 29
will continueextendingtheprimerandcircling on thecircu-
lar track,while displacingany strandthat comesin its way.
This resultsin a rolling circle ampli�cation, asdescribedin
Section4.

DNA sequencesfor thepolymerasemotorweredesigned
andoptimizedwith theSEQUIN software[34].Experimental
protocolsandthesequencesof all strandsusedherearegiven
in SupportingInformation.

4 Resultsand Discussion

Construction of Cir cular Track Using Link er Strand 3
�M T and 3 �M BP were annealedtogetherin 1X TAE
buffer. The solution was heatedto 90� C and then cooled
down to theroomtemperatureover a periodof 4 hrs. It was

then ligated with T4 ligaseto obtain circularizedT. Small
aliquotsweretaken from theresultantsolutionto analyzein
10%denaturinggel (runat50� C at220V for 1.5hours).Fig-
ure3 a) shows strandsB P andT againstT:BP (ligated)in
thedenaturinggel.In theT.BPcolumn,thetopmostbandcor-
respondto circular track.ThestrandB P separatesfrom the
circular track in denaturinggel andcanbe seenat the same
heightasB P in Figure3 a).

Attachment of Wheel onto the Cir cular Track StrandW
is addedto the circular track and is circularizedusingpad-
lock probemethod.W is annealedwith T:BP at 1:2�M for
4 hours(cooling from 80� to roomtemperature)in presence
of 1X TAE buffer. It wasthenligatedwith T4 ligase.Thuswe
havetheproductT:BP:W(l igated) formedwith two endsof
W ligatedwith eachother.

The productwasanalyzedusing10% denaturinggel as
shown in Figure3 b).Thewheelandthetrackareintertwined
with eachotherasdesired.In Figure3 b), thetopmostbands
in wells labeledasT:BP:W arecircularizedwheelandcir-
cularizedtrackintertwinedwith eachother.

Action of Polymerase� 29 T:BP:W solutionfrom previous
stepwasannealedwith equimolarsolutionof B Q in presence
of 1X TAE.Mg buffer The solutionwasannealed(heatedto
75� C andcooleddown to room temperatureover 2 hours).
Multiple samplesweredrawn from it for variousexperiments
of polymerase� 29underdifferentconditions.

First of all, four samplesof T:BP:W:BQ wereprepared,
and� 29polymerasewith polymerasebuffer, BSA anddNTPs
wereaddedto themasfollows: �rst samplecontainedall the
dNTPs,secondsamplecontainedall but T , third lacked C
andT, andthefourthsamplehadonly nucleotideA in it.



(a) (b)

Fig.3. StrandT circularizedusinglinker strandB P. Thebottommostbandscorrespondto B P . And it is markedagainst50bp ladder(b)
StrandW is hybridizedwith T:B P asshown in Figure2, andsubsequentlyligatedto form circularwheelandcircular track intertwined
with eachother. Denaturinggel is unableto separatethem

10%native gel in Figure4 (a) shows T:BP:W:BQ sam-
ple with four nucleotidesexhibit thephenomenonof rolling
circle ampli�cation, due to the extensionof the strandB P
on the circular track. The presenceof multiple bands in
caseof T:BP:W:BQ implies the formation of various in-
termediateproducts,but therolling circle productformedon
T:BP:W:BQ in presenceof four nucleotidesandpolymerase
� 29 is mostdominant.

The wheel as well as track are alreadyligated to form
a circle, the only primer in our setupare the strandBP and
BQ.Therolling circleampli�cation indicatestheextensionof
only thesetwo strands.We have alreadyshown in Section4
thatwheelandtrackformedtwo circlesintertwinedwith each
other(inseparablein a denaturinggel). Therefore,thecircu-
lar motionof thepolymeraseon thecircular trackduringthe
rolling circle ampli�cation shouldimply that thewheelgets
pushedon the trackby polymerase,dueto thestrongstrand
displacementpropertiesof the� 29polymerase.

Brakeson PolymeraseDri venNanotransportation Device
The stoppingmechanismis basedon a sequenceof 15 con-
secutive As on the track andthe lack of the dNTP T in the
reactionmixture.It causesthepolymeraseto getstuckat the
stoppingsequenceandin effectstopsor brakesthenanotrans-
portationdevice.Weperformedaseriesof experimentsto test
theef�ciency of thisbrakingmechanismandto determinethe
conditionsfavorablefor it.

T andB P wereannealedfrom 90� C to room tempera-
tureovera periodof 2 hoursto form T:BP. Four samplesof
T:BP weredrawn from it, and � 29 polymerasewith poly-
merasebuffer, BSA anddNTPswereaddedto themasfol-
lows: �rst samplecontainedall the dNTPs,secondsample
containedall but T , third lackedC andT, andthefourthsam-

ple hadonly nucleotideA in it. Thesampleswereincubated
at30� C for 30minutes,andthenpolymerasewasdeactivated
by heatingto 65� C for 10minutes.

It wasobservedthat� 29did notwork well with ourbrak-
ing mechanism,whentakenin excessof 30units/ml.Theex-
onucleasepartof thepolymerasethatis responsiblefor proof-
readingdoesnot work sowell if � 29 is in excess.No differ-
encewasvisible in the productformedin presenceof all 4
dNTPsvs3 dNTPs.It completesonefull circlewhetherall 4
nucleotidesarepresentor only 3 nucleotidesarepresent.In
suchconditions,whenever� 29doesnot �nd thecorrectbase,
it addsincorrectbasesto extendtheprimerandproceedsfur-
ther. Theinability of � 29to stopatstoppingsequenceof con-
secutive As in the absenceof T in presenceof excess� 29
is poorly understood,andexploring it is beyondthescopeof
this work.

However, lowerconcentrationof � 29 is favorablefor our
braking mechanism.A similar experimentwith quantity of
� 29 decreasedto 23 units/ml in its sampleswasperformed.
Thesamplesasanalyzedin 10%nativegel areshown in Fig-
ure4 b). It canbeseenthatin � 29 samples,in presenceof 2,
3, or 4 dNTPs,differentproductsareformed,shown by the
existenceof differentbandsFigure4 b). With 4 nucleotides,
it completesonefull circle,while with 3 nucleotides,it stops
at thestoppingsequence,andwith 2 nucleotidesit stopseven
earlier. Thusat thisconcentrationof � 29brakingmechanism
workswell.

As anaside,weobservedthat� 29polymeraseis notable
to extendtheprimer beyonda nick, andthereforeno rolling
circleampli�cation isobserved.Figure4 b)showsthatin case
of T:BP, the longestproductformedon extensionby poly-
merase� 29 is approximately200basesin weight.
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Fig.5. (a) Fluorescenceexperimentthatshows that thecargo is not dislodgedfrom thewheelW (b) Fluorescenceexperimentthatshows
thatthewheelandthecargo move from their initial positions(c) Fluorescenceexperimentthatshows thatthewheelandthecargo reaches
to the®nal desiredposition

FRET Experimentson our PolymeraseBasedNanotrans-
portation Device ThePAGE analysispresentedin previous
sectionspresentsan indirectmethodto verify theactivity of
polymerasebasednanotransportationdevice. In this section,
we presentFRET (FluorescenceResonanceEnergy Trans-
fer) basedmethodsfor veri�cation of our nanotransporta-
tion device. For FRETexperimentsonourpolymerasebased
nanotransportationdevice, the wheel carriesa cargo with a
quencheron oneof its end,andthe�uorophore is locatedon

thetrackor wheel.Thesequencelevel detailof theconstruc-
tion for FRETexperimentsis givenin Figure10 of Support-
ing Information.

1. Demonstration that the Cargo was not Dislodged
fr om the Wheel This is demonstratedby having a
quencherin thecargo at the5' end,anda �uorophore in
thewheelat thecorrespondingpositionasshown in Fig-
ure 5 a). Initially, the completedevice exceptthe cargo
(containingthequencher)is assembled,andthe �uores-
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Fig.6. (a) The�uorescenceshown by theassemblyin absenceof thecargo containingthequencher(b) The�uorescencequenchedby the
assemblyof cargo containingthe quencher(c) The �uorescenceremainsquenchedeven after theactivity of the polymerase� 29, which
indicatesthatthecargo is notdislodgedfrom thewheelW
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Fig.7. (a)The�uorescenceis shown by theassemblyin absenceof thecargocontainingthequencher(b) The�uorescenceis quenchedafter
theassemblyof thecargo containingthequencher(c) The �uorescencereappearsafter thepolymerase� 29 pushesthewheelcontaining
thequencher
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Fig.8. (a) The�uorescenceis shown by theassemblyin absenceof thecargo containingthequencher(b) The�uorescenceremainsafter
the assemblyof the cargo containingthe quencher, away from the �uorophore (c) The �uorescencequenchesafter the polymerase� 29
pushesthewheelbeforeit stopsat stoppingsequence,andthesticky endof thecargohybridizeswith thetrackto quenchthe�uorescence

cenceis measured.Figure 6 a) shows the �uorescence
in the assemblyin absenceof the cargo. The cargo is
thenassembledonto thewheelresultingin thestructure
shown in Figure5 a). The �uorescencemeasurementof
theassembledstructureis shown in Figure6 b). All �u-
orescenceis quenched.After theextensionof theprimer
by polymerase� 29, the �uorescenceis measuredagain
(Figure6 c)). Thefact that it still shows no �uorescence
indicatesthatthecargo is notdislodgedfrom thewheel.

2. Demonstration that the Wheel wasPushedfr om Ini-
tial Position

Figure 5 b) shows the entire procedure.The 5' end of
cargo containsthe quencher, andtrack hasniC y5n �u-
orophoreat the 32ndnucleotide.Thepositionof the in-
ternal�uorophore is 32ndbase.Thecargo strandin this
experimentis 34 baseslong insteadof 30, with anaddi-
tional complementaryfragmentaddedat the5' sidetai-
loredfor thisexperiment.IowaBlack RQquencheris at-
tachedto the5' end.
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Fig.9.A schematicshowsaprogrammablearbitrarytracklaid ontopof anaddressable2D nanostructurefrom DNA origami(graysurface).
Thedanglerstrandsareshown usingthin lines,andthey have freeendsthatprotrudeout of thenanostructure.Thetrackis shown usinga
bold line, thatpartiallyhybridizeswith thedanglerstrandsin a desirablemanner.

Initially, thecompleteassemblyexceptthecargo is con-
structed,andthe�uorescencemeasurementis taken(Fig-
ure 7) a). On the assemblyof the cargo onto the wheel,
the�uorescenceis quenchedasshown in Figure7 b).But
aftertheextensionof primerby polymerase� 29, the�u-
orescencecan be observed againas shown in Figure 7
c). This indicatesthat now the cargo is not closeto the
�uorophore.We have alreadyshown in theprevioussec-
tion thatcargois notdislodgedfrom thewheel,therefore,
it meansthat wheel is not closeto the �uorophore any-
more.This impliesthat thewheelis indeedpushedfrom
its initial position.

3. Demonstration that the Wheel Reachedthe Desired
Final Position Figure5c) illustratestheentireprocedure.
Thesequencesareshown in Table1 of SupportingInfor-
mation.ThequencherIowa Black RQ is incorporatedat
the3' endof thecargo, which is a 30mer, andtrackhas
niC y5n �uorophore at the 11th nucleotide.The differ-
encein the designis becauseof dif�culties in synthesis
of oligonucleotideswith /iCy5/ away from the5' end.
Initially, the completedevice (Figure5 c) ) without the
cargo is assembled.As expected,the �uorescenceis ob-
served asshown in Figure8 a). Then, low temperature
annealing(heatedto 45� C andthencooled)is performed
to assemblethe cargo on the track,without the removal
of PM1.BQfrom thetrack.Evennow, the�uorescenceis
present,albeit reduced(Figure8 b)). However, oncethe
polymerase� 29 is addedto thesolution,andtheprimer
BP is extended,the �uorescenceis quenched(Figure8
c)). This indicatedthat thewheelreachedthedesired�-
naldestination.
However, it shouldbe notedthat the assemblyof cargo
(containingthe quencher)resultedin reductionof some
�uorescence(Figure8 a)to b)).Thisis becauseof thehy-
bridizationof thesticky end,x, of cargo with the �x sub-
sequenceof the trackT. Oneof thepurposeof PM1.BQ
wasto providerigidity to thetrackin orderto preventthis
from happening,but it doesnotseemto befoolproof.The
problemin usingour earlierversionof BQ is that it will
protectthe �x partof sequencepermanently, andhence,it
mightnotbeavailableto thecargoat theend.

5 Discussionand Future Work

We demonstratedthe functioning of a promisingnanoscale
motor device. The main advantageof using a polymerase

driven motor is its speed.As comparedto other exist-
ing molecular motors basedon ligation-restriction[55,5],
dnazymes[43,12,42] and fuel-strands[37,36,38,39,45,57,
56,44], a polymerasedriven nanotransportationdevice is
much faster. The more popularTaq polymeraseis un�t for
suchan applicationbecauseof the lack of signi�cant strand
displacementactivity in it. However we found that � 29
polymerasedoesnot show goodexonucleaseactivity when
presentin excess,which causeslow �delity . We alsofound
that � 29 doesnot extenda primer acrossa nick in the tem-
plate.

An immediate future goal is to demonstratetwo-
dimensionalrouting of the polymerasenanotransportation
device. It may be achieved by demonstratingthe mo-
tion of polymerasepowered nanotransportationdevice on
DNA origami[33]andaddressablelattices.Two dimensional
nanostructuresfrom DNA origami provides the basicplat-
form. They canbeconvenientlyreplacedby two dimensional
addressablelatticesformedusing4x4 tiles [28] for our pur-
pose.Our ideais to implanta seriesof singlestrandedDNA
statorstrandson the two dimensionalplane,so that a track
canbeassembledon topof thestatorstrands,asillustratedin
Figure9.

Thus, a polymerasebased nanotransportationdevice
can provide transportbetweenarbitrary points on a two-
dimensionalnanostructurealongarbitrarypath.

Furthermore,the wheel can be used for nanoparticle
transportationby using appropriateattachmentchemistry.
Loadingandunloadingmechanismsfor cargoson thewheel
can be designedusing stranddisplacementas describedin
[31].

Another extensionto polymerasebasednanotransporta-
tion device is to make it programmablein the sensethat
it has capability of making decisionson choosinga path
from amongstmultiple paths.Equally importantis to impart
backand forth shuttlingcapabilitiesto the polymerasemo-
tor. Thena possibleapplicationof polymerasepowerednan-
otransportationdevicecanbein theconstructionof nanoshut-
tles. Arbitrary tracks analogousto the railway tracks can
be laid out on nanostructures,and we might have multi-
ple polymerasenanoshuttlesworking in tandemcarryingout
nanoscaletransportationin a programmableand ef�cient
manner.
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