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WD 2004/ 104551 PCT/ US2004/ 015327 OPTI CAL
FRACTI ONATI ON METHODS AND APPARATUS [ 0001] This
w0 poogno4sen was made with U S. Government ' suppPCT/USI0€015327
G ants No. DMR-0304960 and DBI-0233971 awarded by the
Nat i onaPPEECARIRAGTHMIATHEIN MEFHODS ANGU SR PARANRSEC
Program of the National Science Foundation under Award
[0081). TIDVRIrG213¥Y SvasThede). Bith Gover Mo atnnadng osupasrt cendeai Grants No.

VR0 AR PLaPHSLT 5 PSRESR $6RBH ok ation, ma

thrciuff&MQHé MRSEGS P@%g?s@rdff@ﬁe BeASKAISkenys FBuﬂdzIﬁbﬁ ﬁﬁa@ramv% No. DMR-
a nmethod and system 10 for sorting snal

0213343.i dhedJ. SN@O@elpmem gloe Aes gortaimgighisvterihe @IVGIHQOH pursuant to these
use of hol ographic optical tweezer
CO”?ra&E%%l%%‘g%@ﬁat sorts small objects such as .
macr onol ecul es, bi onol ecul es, nanocl usters, coll oi dal
particles and bi ol ogi E&lld oftHesSInvBagdsgr ound of the
I nvention [0003] Optical tweezers use optical gradient

[0002)r Tlgls ifventioR s SoiBbined dentRhlly with drPleidtat®aalie methdd and system
vol umes of nmatter in both two and three di nensi ons.

A
for pR3ting ﬁlalsH pertfclasmbéere pprticabarly: thedpegntiop ydigesteddo use of holographic
optl%Ql' I%@% 911% nﬁﬁt g&ft grﬁglﬁ 0‘6)23 %pstulcﬁ aals ISAC?&:EQEC&IQS biomolecules,
create large ers o Ic tweezers

nansclogtees, bcﬂhﬁdallpemﬁes'ﬁh&smlég/hmze]ﬂss can be arranged in
any desired configuration dependent on the need at

hand. [0004] Al thoygh S¥St e ﬁr known to nove
particles precisel Mﬁiﬂﬂ-\i’& y high 20
gree of confidence, conyentjonal systens re a
100@’§p piigal WBRZSr s AoPBead S H Bt desicatitor (5P S%%léwsaﬁﬂﬁ/ magrgmeter-scale,
Vol&h@ﬂooﬂﬁa@ergﬁ‘%%t%% anid TR @fnerSRAR YA Jﬂﬂ %Pg;]&ﬁlb ok of optical tweezer

hol ograns can be tinme consum ng
cansmbstwmpumpgcnﬂpwﬂahffmn’a‘{fe eftical Blenﬂént tohaeato large numbels of optical

essabl e projecti stens. required.to :
PR difhe SIS LoD UERE. QIREAPE it Tiape A BESb b Ty desired
conﬁg&%ﬁoﬂM&ﬁ%ﬁ&ﬁQ&Hh@ﬁ&ﬂh%ﬁ%&Pr systenms, such as scanned
optical tweezers, tend 25 to be prohibitively

expensi ve. Summary of the Invention [0005] The
[00¢H haliharghotysiemsyare émmmltco@ocva lpwlcéasdar@cam ped alithya relatively high

degte%p qcoﬁﬁhel%%f ;({erlqsantgoes ms?eérlls feﬁgl]lr cl e a %?Slga%agg kxgp I BIR & ée projected for

eac}iﬂﬁhiwﬁe Qdtep Yf ial paiicle’st Mesen. be(b@ﬁplﬂfr{:‘g itané ll:ﬁ)iﬁgrams can be time
fractionation, Optical fractionation can continuously

consgning; @R nreuEesy evibsteniial s semawelionpdr effpbpul Burthsagorst - computer-

addgeggalﬂ 1%g@g%io%&%@%gﬁﬁlﬁégtﬁgfnﬂﬁgﬁlgﬁss&ﬂ cglﬂfutgpgenerated optical

tweezers or other dynamic optical tweezer systems, such as scanned optical tweezers, tend

to be prohibitively expensive.

Summary of the Invention

[0005] The behavior of many technologically and commercially important systems results
from classical transport through modulated potential energy landscapes. One method of
utilizing these behaviors is optical fractionation. Optical fractionation can continuously
(within a given time segment) sort populations of small objects into separate fractions on
the
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basis of their differing abilities to nove through

arrays of optical traps. In particular, objects
waleoamsby an external force, such as vi scous BCHYSIN4/615327

flowng fluid, encounter an array of traps whose axes

of symmetry are oriented at an angle with respect to

the driving 5 force. Typically, these traps would be

created wi.ith the. hol ographi ¢_opki t -
basis étth&:}Fla Lfﬁhlepm%ggﬂmgf g(gtlg Vﬁoﬁlémggﬁhr %1%& syg\fle §§t?<%% r%l(‘:ag% bI;/l particular,
objdcREIRAIEEY hitlexRARI GrcBlukE a6 Marbeddhy intdhBowingpluit gattounter an

to hop fromtrap to trap, and so are def] ected away ..
arrafyreditraph avhdise exes efsystmatieare drieyieA gt #Baagle iy gspect to the driving

obj ects that, ar r r inf - mence tical tw
o) gt LRl LU Rl oncl s

tectueC Ahoké BBecR asGe shomyly mflueacal iathe potkatinkbateegy wells created by

Dependi ng on 10 the configuratio f the traps, . the .
the ]gmaps ttegnﬂ t rlng@ rfeany granﬁw% iTi Fe ﬂeﬁ@tﬂﬁ?‘m ftog EFE’F&%?OH of the
ivindforban i & by GHTREARE €6 less
o D B R R SRR LBt e o
stroREROETIEed b/ the @btical erps pasetnengh ithe asayvindefiecteie Depending on
scope of the invention to choose nultiple.fracti .
the chnEglg]ap%loi dhe 12ps tg? é)ﬁ%ﬁp%t’ 1qVﬁ11tbqpem@%tged}1 %ﬁ%, fo a&’e{}f’ect different
fradtBh '599? S 2 HB0RE € IRYmb f?:ir@@iﬂﬂﬁﬁ’ce@}f%el dlesh $PRIatibe W$ the above
range-of "directions in and optical 15 c%;ior{gt ogr ap2¥1}§é i
desttiddddnaryreentdeihedtiegrefantduddiefévsttibty Wiliatinosore & nveniion
col l ected. separatel y. 0 Typi cal h )
to ﬁ@?‘é“@p t&&ﬁsg?ﬂ}%’? goén%ﬁagecgg%lt & oa)f%nlﬁlé’f r%}:.\ccfl}éo r?glbOdlmentf :
het@bBerftoiP Siasd théy Be fdnhnbd duf oxbaginols eargl offtdreogds. inlam “optical
oné preferred erbodi nent, the channels take the for
chrofnatograpby antthddH jThacdsfisated sndaindeflacies fapiiqns, cghde collected
c%?&tlai ning the input m xed sanple and the 20 ot her
SCPgiHt&i ni ng just the background fluid, are brought
together to flow side-by-side for a set distance 4
[0006f Ty}liicil@y, fig: BeRdEEiceds inptiosaine and thetouuafinetians ard dispersed in a
the channels are small enough @%‘Ee .Re%ng{ldwrﬁggl the f ¢
ﬂulfllcﬂowm@ tipugh ﬁ]’{};aWPléh It qrg Pé?ﬁﬁlff?i | AgH h@ ° ¢ qﬁ?' e the form o
- 9 ' f ’ RlndemeYnitdeixbd sanple and the
asp 3%%?%1% J%ﬁ%@rm@lﬁsgﬁﬁé §,Onotc>j81\ggt sﬁblen thLh%d i ?I(p.utS pef
othbt emts@iediusiothe dadikgrannid ftuidy essbrohghtgegetherttoi fovh sidederside for a

the flows into the buffer 25 channel, except h
setbi}istg]pqef lgpsfp%belflg)@me]rat@jll éntgsiBV@C?LnB]Ft &Wé’ngliseggﬁ?g ShalARR are small
enéal.{é‘ég{}feggé&ngfdsaﬁlﬁﬁoetr %%Eit%&!'iné rRed {OR@dll Sxbuehithg tBd two flows do

I Screte Optl ca traps to conti nuously sort .
notsHt, | buphpthet Sowansiddrbysaisiia aofantihei mapmsr atGansequently, objects in the

caffinities_for the tical ,tra nd. for '
inpa tflo, é{fqujd &8h ppgaarﬁgrcggs_s the eseﬁ%r&ﬁ‘gﬁ Peélavee?rtgg {}?ogxtﬁs' {hgo the buffer
ché@%?e%efpftgéghg ¥ difkibhe than the desired fraction.

wéver, another aspect of 30 the present invention
relates to "reverse" optical fractionation.. In reverse ¢
[00871 iQuel aspéat of theoprasdnd inventien tedales OPMtcAlciAGINALON YRS an array o

dlsglf?%él/%ib‘g,‘§5§£ ; bé%&@%%g{g%% WndRsiy;&ds fohafe! Odkis 6f Wir relative

affinities for the optical traps and for a competing externally applied force. The undesired

fraction is more diffusive or motile than the desired fraction. However, another aspect of
the present invention relates to “reverse” optical fractionation. In reverse optical

fractionation, the desired fraction is more diffusive or motile than the undesired fraction.
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[ 0008] Anot her aspect of the present invention
i nvol ves a nodification of a technique known as
wo@pittaedssperi stal sis, in which small objects aP€r/US2004/015327
transported deterministically by a projected sequence
[0008] Apbtheabspechppithg ppesehie invsntiobh mvdifek ex enweifibioneeha technique

optical. . peristalsis nd th i.scl osed optical thermal
nchf o, gt B BT BhUBI TG SSite A e RER Fo e LA gcally by
proféRldi dedhidné€ oY opB¥AI1 AR rgl ﬁ;ﬁt @8, THaCdiFEieRse %t(x}%]?l?tg}co’%ical peristalsis

S
imtation bidirectionha nmpi ng through an e
andk hevscesefl| apticalethermgall ratehet tekkwqesrbndives theesystem and method with

sihilities.far sortir het er.ogeneous. sanpl es. )
PRt e oo P IR S a00 b BRcors” amppine through
an Qfffett anotvhaat | DAt devsrsMhen®idlsod ombedRks! HeWi Goddibilities for sorting
-junction conprises a 10 first flow contaihing the
hetpfag@rcepesBles- sanpl e to be fractionated and a second
fl ow conposed of the background, or buffer fluid;

[0010] FIG 2 shoypef BUGIRfioRRirh@Drihafs onati on

wherein a mcrof lTararc =T unctT o corntai ns two :
00BN Yl 5y A0l ME RO PR AR CTORRRR Sy

first dlotraicostapivgy theifikerogatbailsi eumipld So[ B Fhktibhdfed 3Ad She¥sond flow
a sicgg ¥1i gw of a schematic for optical fractionation;
comppgedpiine Backezobids onbyéE idiw of the opti cal
fractionation in 3A; [0012] FIG 4 shows the optical
[00$GPAICRL 5 AhoRls 1REHE §}]_5tkdaP FraeB&fion (AR Inidldiuiflc H-junction
spheres; FI G 4A depicts representative trajectories
congefind) tw9 flowmgmdlugds, rami of wipbler @sitaea suhetregenedys68ample to be
ec. intervals, FIG. 4B shows the trajectories of 0.5
fraqSEigeiis Al Al i FoleS cuB B SERHDI « aneous! y:
FIG 4Cis the tinme-averaged areal density of 0.79
[00M JCFTOTetAL khowalisithe SiRWES S sétRhkic iBr bptiddl €iactif®Adn; and FIG. 3B
areal density; and FIG 4D is time-averaged areal
shows adpr yiewrolghsoptigat fieetianetion wlAis di anet er spheres
relative to their nean areal density; [0013] FIG 5
i A4l r ' . . ' o )
ool AL TR UL B8 LA N SATLUE UMY iy s s s
FIG. vap8epiats réfibsodiative Gajdatvrick lofi St TRingS omeRrF r@tiudkgheres measured at
ical peristalsis nmethod wherein a tpatter_n of

pt )
1/60 e Bltetvalen BI0) ABSRows dbe dBjcstaes MCD-SomIiFOMsiar i spheres
. : . opiA t r i : t .
oo IRl APy AL RS Bl ORI et
radighisbhards peletier to dfeit meps araahdenddlyG.ané FIA. |ADs tis sitesaveraged areal

C. ion of one cl.e of optical peristalsis; and 3 .
denly Bb3) Torametope D Sotien G ropBon har gioap artal ety

iIlustrates numerical solution of equations of motion
[00f3)rFIEN 50RhétEAs t}he QpaEdIly k?{{lﬁé@(ﬁudﬁw be8&atAfoh Wbtained with a single

. denonstrating flux reversal.

line of optical traps;

[0014] FIG. 6A illustrates a prior art optical peristalsis method wherein a pattern of optical
traps localize an object; FIG. 6B illustrates replacement of an optical trap pattern with

another shifted by a distance; FIG. 6C illustrates yet another shifted pattern of traps; and

FIG. 6D illustrates completion of one cycle of optical peristalsis; and
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Det ai | ed Description of Preferred Enbodi nents [00161
The present invention relates to nethods and appar at us
wo evo4aptsscal fractionation. 5 One aspect rel aP@BUS®04/015327
optical fractionation using an array of discrete _
[00PR)tHICAY illi@Rsest Mumeual sslutiors by eqeitions wénotion] foc s optical thermal
the basis of their relatjve affinities for the optical
ratchetape lemgntptiogdemopgra e thiy 18%8alnal |y appl i ed force.
Anot her aspect of the present invention relates to

"reverse" Oofydigiidd DeasigtRMSITGeferfed Dinbddaseest of the
present inventton refates to the use of a
[OO%@S@I&E&&E«%@) grelfé?fti'oﬁqlelafté'saﬁ)t medté QRd tapphat@URr obfical fractionation.

system has been devel oped for studying
On¢raspdcatreldtes rtanepioat frachondtiophusing diny fgasa of c&bgretiegaptical traps to

confBRaiTD: 5t St SUEPere et gt e itpRisy for tho optical waps

and! YR 67 E6SpetiMy b&etnBRY rapPREd @st8c.ar Snd@hél ypeet vl tHe present invention
digital video mcroscopy. Experiments on this system

relatisrtorisevieased optieal feactioraiioparA itird aspeetaefethe presgnt mmugtfongrelates to

st ai rcase, hi egarch f..Ki i | ocked-in states as
the {EG0%4 FAGhInE: o‘%’ﬁf%‘ﬁ%‘ﬁ“?@‘r%ﬁe‘s‘f%%@éﬁfs to the driving

force. Wthin each of these states, the particles’ . .
B e Mot ot ho e
~ through the lattice of traps independent o .
indgyidug) ‘calleifplesnharas Gie amiren dhrapgh 8r1§g‘§% agay oL @Pgeamal wells created

ith 2586 AL y tRgdr gt SupiyAef ekt BRnal vid
Wlthaglsgr%{gdl}%?%% t\x{e%%g%,o\?@ (lzllg th\héier %gfsti?g&?ager: a (h};)nti nu_ousi%na viee
midrbeopy.0NBijepimdnec bni thisesystenwidemongttae et ebrived. particles trace out a

popul ation . is defl ected narr of traps whil h
Depigs sisgraserier3ieiy o6 Cpeasul) RFLEH e Tk Aey Sorsd 8T rospect
to tAE 'ﬂHQﬁjxgl ¥ Ri8aRRLG & RERGh&athe t trdfecfie®follow symmetry-
optica ractionation and furthernore denpnstrates

selédiat dbpttionatthibngic theolettideost wapscisdenenilen afathe dejsyfgorientation and
exponential |y on rticle size,.Therefor hj . .
theppé‘fnﬁ@a%ﬂgg%gteéflp@:e@ﬁ/ﬂ@i fc?r{} itl?eydrbvr%%?oarf?. e?%(%l deglyecté%ril was predicted

to REEMEOUES YoabB PRIt £ dkon@ihtibuRd fasredhation erecHrd@lied In Qrikeick athe selected
enonstrate one form of the concept of optical

pofulatcni Brdefiectesd by asiargy o traps veileaie gestiisibe cegple passes through
optical .traps.t ont i nuousl [ eGt S . .

o SFRLSE. 55ERb B BRI OURYS Y B BAL O 2D o

an@PhirgRlmbreaRenMdirdied that OBREAal NGactidrationk| yesopytidnedcan  depend

force. This approach utilizes tra] eoitori s of

. two
expliehigalsnen piutiele Hre.c Fhewsteralthis methedoalpmeriders frapiyibeoparalicled

in water . flow i near array of optical
bytaWéBrzeé’}c’%wlgrlF%%eg%ogﬁéatﬁaglﬁ%#é with respect to the
flow The flow ng colloidal dispersion was confined

[0018] ©rf da denfdn#traraone 40romofizs sonchpinefedptBe! freetimsatipy by using an
bondi ng the edges of a cover, s cro

lip t . N i . .
arrgy pfdiscratepdisal fraps de FORHRRELY sgtlﬁ gﬁn@ﬁ 8%}&51300%’5 § ﬁ?lgg of their relative

", 1 1 B . h
aftglgg%tnﬁt 8%%%?&%/52@2@5 ércg?ﬁéﬁﬁé‘ Ext@ﬁia%ﬁ eppliddefokdeWrieh approac

m nutes. The sanpl e ,
utitiossirsieedried ofl twb xdifferenbfsizas of Gofloidal sHigh Lsphesh aligpsrsed in water
WD 2004/ 104551 PCT/ US2004/ 015327

flowing past a linear array of optical tweezZers arranged at an angle with respect to the flow.
The flowing colloidal dispersion was confined to a 4 mm x 0.7 mm x 40 pm glass channel
formed by bonding the edges of a cover slip to a microscopic slide. A pressure difference
applied across this channel creates a roughly constant Poisseuille flow of about 60 pm/sec

over several minutes. The sample consisted of a mixture of a = 0.79 pm radius spheres
4
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(Duke Scientific Duke Scientific Corporation, 2463
Faber Place Palo Alto, California 94303, Lot No.

wQ2m89)45and a = 0.5 mradi us spheres (Duke SciPkar/U82004/015327
Lot No. 19057), both of which can be tracked to
(Duké tSRichtiBi0 Diikd Scichefipl Govpomtiod, B46% &FebérnPlacy dtado ulkm gGalifornia

convent i onal ght-fi-el d.m crosco
94333y Sos 40 EHb A5 L LS RGBS SRS TRLNEL B bott
of \giﬁi%h' Qgubs hegdied tB h@nﬁfﬁs B§ @b inheld paRpear ?Mmeseoaﬁldervals using
provide an ideal nodel system whose _m croscopic

convmnﬂm@lbﬁdidtmwmscmmd Gatialivigeocmalysis. ForthesREg, these spheres

can” eﬁrlg G %@y %’é’ﬁﬁpbﬁ?&? tééeajbg% g% ahej%gﬁ)ﬂeral‘eagigg,c u§ 'ﬁ%\hde an ideal

mode@ QJRekn Sitloké miGBRRPRSredichsé @IGHticyl fnttimation dﬁﬂb@n&mtored in real
water and therefore settle intgo a, 10 nonol aye sh
timabBygicalhbaieoaties dpmdareaatnd small hwpheresnmaear ik éﬁﬁ A and 4B,
snpller spheres floating sonewhat hi gher because they
TeSPRF&YSY'ght er. G ven the Poisseuille flow profile within
the channel, the smaller spheres travel sonmewhat
[00fHSSikiEa splhdréls a.rd’recarghﬁpewd:eods dsnse as7wa931 ands gherefore settle into a
conpared with the | arger

e SPIPREE b g i
song%?ﬁ%ﬁgagﬁ%g@/ tlﬁgdi’réglgﬁ%?f fdicke Mo PYissdull® AORPEOHE within the

re"sradius, a, and also on its
chapiigdx thei driyalteo sbhxtrlasi tragelsyomicxdas fasTire V\p’@p@ imgaingipsed @f gy = 17 + 9
coefficients, e estlnated fr their
WM$RS, f GRS, ‘é(g Be gFrnEP PSS BP fs §en| ng éﬁlglsuchThe yiscous drag on a

statfo‘?ll ﬁ[ igABreDFT KB Tk )éhar%@ﬁﬁed@-ra tsagtdoeffichar, MR itha mlengS both on the
at fempérature T. The diffusivities, in tu

sphela:hs bdiuspasandedsd oo mstmgxml‘@h@v@@ém\gequg@pqsy The populatlons drag
coe, Kt{%ﬁg %él!lB ns l}tlgataé ﬁ%ﬁe&r&frﬁsﬁfﬁgp ﬁsucftl%?%em glhcﬁn%luchowsky

1relaggnpbmél daty, by helcORgF SRS ttRualRrasl ehegy rsap;]leoatesemperature T. The
el ectroosnosi s, magnet Ophor eslis, or ar avi tatj ona

diffcifitiosn tiat Lok, cEOGE0 MAFHERPB At FEPS S Tekfly fuctuations in
h
trajsﬁppgsaﬁuct \ﬁér@\é\/grn%e ER §a4£1§ Qn NibR 0#/\{1 ChBQ k}ﬁﬂ&?ﬁﬁ‘éecF | can be

ni que. melve e opti cal
prokd’&&z sy Spro@sés pavier &d chytréphoreds, Selenwmndsazs emagnaggythoresis, or
532 nm vverearrangedlnallneatO:120 0.5
grawtatmn@b@é@mm@tm he 25 channel's axis, with

center-to-center spaC| ng of b =3.6 0.1 m Each trap

[00@% TRE 88{{?% e&@g gﬂﬁﬂlltlﬁ? GRdte rdffe P 4@ Nhk adynéRlid holographic

bot h depend on the
optsdah exeszer teathigss. éiiwe[l@a{)ﬁﬂsd:re%mmqat t\m@ﬂze]fso paqlhgox@j@;pdc‘;m 1.7 £ 0.8

e 2 S S SR 8 SR LR 8t

chcf-&glvé ded hal cénlf@ t@%ﬁﬂe?Qpidi’ﬁg? of lpl= 33@ 49, ISlIJlirf i (Eael‘ittke}p may be
, the optical traps only deflect a particle a %/a%
mofdekmhas 1asroughiy Emesign potentiH avelevhesstdepth, Vo, anhidihy Fepoth depend

t.he ficlL,e wll continue to travel downstream from
on flifes Flﬁe”@}fhus’t‘?aps and may be said to have escaped

fromthe line of traps. On the other hand, each trap
[0021] Were it not for the optical traps, a particle driven through a viscous fluid by an

applied force F; would travel at a mean speed u = F1/ ¢ Provided that the applied force F;

is sufficiently large, the optical traps only deflect a particle away from its trajectory. If the

deflection is small, then the particle will continue to travel downstream from the line of

traps and may be said to have escaped from the line of traps. On the other hand, each trap
5
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5 WO 2004/ 104551 PCT/ US2004/ 015327 can be strong

enough to deflect the particle into its neighbor's
waloovaitewsef i nfluence. In this case, the partiBCEUSZ004/015327

be passed fromtrap to trap and is effectively
Calbbﬂoitmﬂgdi‘nbygh trededlectathe pafivlesinicsits hﬁ'ghmmddmam of influence. In this

aII cked-i ort Iec on .angl.e
casty {rards Y BF Heset dieun B8 0 fop 0l 6P BB R the aray
Thideik! tﬁétm&ihaﬁl@ﬁl bhiknetiog ke thokBd-ir %ﬁw Theed&flection angle 0 was
rel ati ve defl ection of captured particles’
selqciesd tochoeloass tor t«bﬁ@ﬂglﬁ@ftr@a@mé qstion.ifer s locked-in transport. The
2L AR5 o AR PR 10K, PRl 6 sned parictes

trajéastanés BN%e Gasis ber mﬁﬂl@By @@tlsﬁ [edcaibediiona Mle tdeflSctpd @6 S8 deflected
i s shown schemati cal | FIG 1.  [00221 Gven the

fragtions gan e ephecied, Sew@elyyg@érthlﬁ BiRsesvia shever sehempiien it md1G. 1.
enpirically detern1ned t hreshol ds for escape of the

oob ng,eS d r €S |

[ %fgﬁvdeﬁ4%wdg% r atet htgt hltg %ér ?%\?%Ie?xfaép érwtgeést‘;5 Jg\% thel%mpmcally

deteryshediiréshalds fozd@bhlm:dﬂ‘eﬂie Barge laed alnahyv,pbe&res t Th@ frajentdeies in FIGS.

th ond n e the smaller er e not
4 i ey e BE Lk 08eF R TRSCGA R P the amay of
trags@®dbt thBg ®Rafews, '\ﬁhﬂehcﬁe gﬂn§1tlér s%lzﬂ)érb@ﬁre Qbt. @51%%@%%@1%" §iviall spheres

where they can be col | ected nver sel
floyeminapeded interthe rephitigediadow i in dine érstrrtamed dif fiange apbered, Iwhere they

can @eg gleecgeedpapig{nz?r}gelg,g : hcgelﬂggted é%rég ggrfg ra%%aéonce {xate& 1n% a small

regi@wd’c fihec@id athebpisdmklap spbe m@ream% hhe Hé%ﬁﬁateﬂ}aw%tegf Because
spheres results fromlateral deflection of the

| arge
the uo&rlgéﬁthnr efcmadhspheres sné phg equicentraiion] ofHanse sphgreptassls from lateral
deﬂ%@@oﬂ’ %91?1@ q&%$£%%§2%§4 J etlsc%fs]graﬁ[blﬁ%ugx{ P%cgss%(ja\ﬁ%%caegg continuously
and&hﬁ@(bﬂfﬁp RdvaREigss o{ze@ﬂbﬁﬁ:}l mbdesteCiiadids 3tétvas gel electrophoresis.
|nterpretat|on of just a few trajectories can be nade

r I|n by considering the statistics of tens
001 Tiis auiiatrve 1 Igergyesatiogr PEJuslol 63 cEpFioress canpbe quade more

conﬁﬂ?’:ﬂ}fg@y B RieriM@ iRl s@itlsﬁ&eofttbﬁgeoﬂﬁgﬁs%g%doiﬁtgaj@ég ?&%ﬁl@é’ted in FIG.

of spheres i1n regions of area

4C C%ﬁﬂlt ﬁbeq{éi‘& We plod W BinkbZ9EraB¥d Euté@l H&RNy b L}i ﬁé}gﬁh regions of

areal denisity no for each population: er es’
a [ .
ared ﬁé Qtzhgrélefc&ggjﬁg ragz fé%natrhgg% m ﬁ}%singa%mrgg-a?é}%ge%daréﬁ denisity », for
each ipkphlgtidrn Fhe fsphotes’ iralativé aﬁhﬂﬁd&aﬂ’or ithte trines &l e giuxged in that large

while s heres are on three tines nore |ik
SPhesey &P 1o %@mﬁgﬁ%@ tpes @Pr%ly kedp &b fourd el ﬂl@ﬂ.%&he bulk flow,
whifd Em&IP @ﬁlﬁe%seﬁ% omp)fe ﬁlréchﬁﬁn céh £ LiRPET 8RRt Shheres’ ir?lgtwe speeds,

tenporarily stopped I n poténtial m ni
thesehmtiosredré enonsipthet gsthathe kalrgqnl sphstesviging [t@H2ekarilkhetopped in local
ratlon can be gauged by

Wﬂ%ﬁ%Lﬁ?%ﬁﬁﬂﬂﬁgﬁPéﬁﬁﬁivégﬂﬁ FQFW@ so¥¥tdent rati ons as a

function of positionin the flow QO nbr - nsr ~1)
[0024bTieN§iality of the resulting separation can be gauged by measuring the relative

population concentrations as a function of position in the flow:

of - 2Lt 0

n\r J+nl\r
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6 WO 2004/ 104551 PCT/ US2004/ 015327 [0025] This figure
of merit, shown in FIGS. 5A and 5B , reaches a maxi mum
WO a00e04551 unity in a region containing only |BE€TES2004/015327
spheres, and minus one in a region wth only smnal
[0028hdhissfigute sbueiigshowansVErS € At and Fi@, fdachesad magjntune value of unity
1 Iairne. A ntF.IG 5A hefore . the ar %ﬁ of traps r(avea:ir@1 a "
B8t TIPS CURMBIEE, SPBpYY-=a. THRUS; ARGyiN 1 T4gfd Sy puly small -
spirdsC| ASsebtiorHriasvale 161 BéWialdHy $E8Une W iR FI@r5A Mfore the array of
array of traps, along line B, and plotted as | arger

trapy feypals aingripptly misd sagetmn K 1abcas showghiyytha emelratestes in FIG. 5B.

i f | ' I mal,| _spher.es, ch of . .
A B LERLhaRoehe0h0 o 5BE, QAL wfMPLRH M i i FiG
5Baderagynsthtes rayxhly Haperabht@oeidichiddrges t5d?h &ireS and SmEl$ §HLes. Much of

Ilision-induced escape is evident in the |ar

e
theyaplegraund eheAtbaiaddn copllisions & the owax of Baps thet ﬁl@@veﬂﬂ@rﬂe spheres
. . . ol Li si < b T
R e R T S i s R
dowhsredovwiSthe tamaeny i FIG. HEC twidlp callisiays alfliedtapobddosiing creasingly
., are st effectivel voi ded by projecting several .
hkﬁéaﬁarh%gﬁfaeisn%f‘é%%af%fﬁéﬁ@? REnstreaeandiof thedrap gay. Such collisions are
moBYf &¥dcHOeI19S9 81k %Bllp\foje@cﬁfr%e&fvmfa[ gﬁ%ﬂ&rlﬂfels O tdPdeh s IS as three Tines
present éxperinental conditions, wt nor e becom ng
proflcesssentially rpattent nctsustiemsindars the] fO&6} cXherimental conditions, with
m FI.GS. 4A 4B and. 5(% 5B demanstrate that arrays of
Off; RECPRYE BYEPALY I dpBser SUPENAGRS. ¢ ont i nuous! y separ at e
spheres on the basis of their size. Considering the
[00R6Y The @hta @GS, 4ONSIB gadbAY 5BNEerhREaRf thRRALdyE! & diScrete optical
escape froman array of traps while another type is
trapsgarpoatnuslyi Wparaterphergs s thobasipef theizsizg. Spnsidating the physical

f [ I on. . ppl kcity, the . dnfluence o .
corl A5 1005H 80 xh BR800 BLIRLEGL LN kDS BB SRl ooe s
capaired prdvidbs tiesbasisifar dptirhieingaatichln@dctionatidpoi nt at x = 0.

The particle's total potential energy is 021z _ 20 V

= -Vo ex 2 t exp -..~x + 2J ex 22 (2 2U2 20-
(00375 piooBl; ﬁ%@ﬁb@é’g 6fy5htes Fgcreimatigh téap.)g Svastanglraeds contered
- = e 2 Xt .
ol . BN IROL K20, TS sy
vani shes. Particles should escape nost readily near x

.~ 0, ef e (i heytyrappl ng. fo [ akest, .and y = 6
V(ftjheé%@[gt(—%—eé)—ﬁ& eap{a&iﬁzzav éx{ee.——;’%& Fnrthis cas€?)
the maxi kum?8tt ai nable defldgtian26ti)l admitting

captured trajectories is given

—te)

[0028] It escapes by passing through a point where

F, (_7:)= F,sinf — % y{exp(— %0—_72—)—} + exp(— (L;O_z—)—ﬂ GXP(— 2{7} €)

=0
the y component of the total force, vanishes. Particles should escape most readily near
x =0, where the trapping force is weakest, and y = o the separation at of maximum force.

In this case, the maximum attainable deflection still admitting captured trajectories is given

by
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by 7 WD 2004/ 104551 PCT/ US2004/ 015327 sin 0 a ex b
(4) f() p-gsz where the relative trap strength f (a) _
W@ 20043045 , / V depends on particles' material PCT/US2004/015327
properties, including their size, but not on the
confi gnYof the traps. Here V1 = Fla
sin@maf @Et he driving force. Similarly, tk®
appar ent t a(a) of an optl cal trap 5 depends not

only on _the WI dth ao of E ed beam of |ight, but
th‘éfP séleofﬁl%tﬁfé’ §ep estgngih e/ H;)ar(% ‘Z?)csi( /%z (dgpersly onaparfighes’ material
Har ger particles are influenced by the optical
Pfol?%{ﬁs é’ilc'é ding thedy sizg iyl nok R WagPRguration pf teglsapsTpilgre Vi =Fio

cha&ldﬁelr %:sattﬁev Q%Bef?)gceenc tu%{l?%o%a %}eﬁpléxi?‘en? G(a) of an optical trap

i Ons For exponen ensi ti
de &ﬁﬁaﬁoi‘tdngn& AW b5, 6P Rid Mﬁseﬁ%e‘dﬁﬁofﬁ‘i’%ﬂ(@t A8 on the size of the
|IIustrat|ve exanple pur poses 0030 or the present
parigde:a Vo/ V1= 1.3 and 0.73 were obtalned for the large
and smal | spheres, respectively, using thernal
yatuon anal ysis to characterize the optica
C@e fhs. The sane analysis reveals a = 0.94 +
0 07 gn1and 0.74 0.07 mfor the traps' apparent
[002@]dtdxger ﬁ&résles s uiflusnedglge she optidal dab amgleegerorfange than smaller
0=14. the | ar pheres and 32 for
PariiGiay | | Hhigyalitai0S denaienaher ficme CRaDBEd CoRtRIgR: (rapsponentially

SwAal
8, P ST TN
margi nal ly captured particle in an N-trap array is

[0030y- Horlhepresant date 3 \dirnyB ynd A(7aIviogre sbiagied Gor(By large and small

e R T
dep‘cH%t %e%ﬁrﬁ@ aﬁ?&é f&%zﬁs U i@@@k ®07 LH £8. 74& 9.08f [th ¢4:8R€ Yraps’
= 4/ e Vo result is useful for designing

apparept ‘mrtthsc al he&ptemlasl suggwt ciiteringlas ef/t1i+1 ot tlbdegerspheres and

o~ U DR Sl T SO0 el B R i
systeﬁﬁ@ug)calsta}ed ngl'fl% smaf sﬁﬁb‘i‘gé ScRt ITHe26d] Bierffetib&itbn for a
margmally captured partlcle 1)n an N-trap array is (N-1)b sin 8. Accordingly,

(a]b):: bsinf (6)

{5)

establishes the lateral deflection per trap, and thus characterizes the array’s efficiency.
Choosing the inter-trap spacing b = 2c(a) optimizes this efficiency at A = 4/e Vo/F;. This
result is useful for designing a practical optical fractionation system, but does not

necessarily optimize its sensitivity to particle size.
[0031] The sensitivity may be formulated as

S(elb) = aAfg:"’ ) 7)

and is optimized by setting

aS(alb) _ a°Alalp) _
b oboa

(8)
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This yields b2 =3-xa + 9-2X(a) + a, ) 02 ~~ xa() (9)
woadsiahesse  x(a) = a2 + 60 2 P(a) (10) a f(a)PCr/psB8s1s27

Equation (9) establishes the spacing between traps b
[0038} Twksixa¢ldan array of optical traps at angle O will

nost sensitively distinguish between "Iarge"

partigcles, which will be captured, and "small" I
p =Wl & 4 g 034] As a practica 9
exﬁ@éb&a ihese ?Q ‘{tsgﬁgyp g plied to optinizing ®)

optical fractionation in a viscous flow For

whelti cl es conparable in size to the wavel ength of
light, 10 or smaller, the depth of the potential well
shoul d scal the particles' volune Vo = Aa3,
V\,m'la ﬁie%vqgs s drag force is proportional to their (10)
radi us, V&= B4la@)so that f(a) is proportional to a2.
Substitutingthe optim zed spacing b into the _

[0038] Equitimm ©presthblishedh dmegpacing rteddnopapsrd g whidh api @fa@’sof optical
2Aa 2 4 sin6z exp 3-19+6_+~4 (11) B 2a 2

trapg & %{lg%%é THoRey s %‘fq%bﬁgsﬁpal}lslﬁhatwessl 3% ’hE%mCIeS Which vall be
p@,ﬁg@rh%rc g11% hak Ept 15ah whii aghhonati on depends only

I'i near| yg%ln tﬁ ' \1’13 o}z‘lﬁt?c if)otentl al wells. Thus,

variations in pot entl al well depths for practical

[003¢} Ay sa ofraotptal cadamps; t ihess rsfvital thaglele ampplitheto optimizing optical

| |
SRR LM RRL B0 bRk MR o7 P BBNERaU b of gk
or ﬁﬁm)ﬂ daedeptd fbf@l@éﬁdt@ﬂtﬁd wliZould&chiB QR e thterpaﬁwm K¥lume Vo = Ad’,

t he foregoi ng exanpl es have denonstrated opti cal
while 4be i dsrars d%ag rforcgriacpropertiopal o r’fb@jelrafbyst‘&(wd?ra so that f{a) is

pro?&lt%)ﬂhldt%l o~ ' éﬂb%ﬁtu%ll?lg heD t1 ?z%grs%écgﬂg PJ? Ill\l\]'\l[.h EIS? %?non for flow-based

pr om ses~expo .
sepStanenhﬂEqCM;?j@a’rsatl ons. The f oregoi ng consi derati ons

) 2Aa* o2 3 119 2 oF
siné ~ ex 9© = __ =+ 20 420 11
B p(za2 4 2V4 & a* (1)

[0035] Equations (4) and (5) further demonstrate that optical fractionation depends only
linearly on the depths of the potential wells. Thus, variations in potential well depths for
practical arrays of optical vortices should degrade the separation’s resolution only linearly,
and generally can be compensated for by the substantially stronger dependence on particle

size.

[0036] In summary, the foregoing examples have demonstrated optical fractionation in
practice for a model system of colloidal silica spheres, and have shown that the technique
promises exponential sensitivity for size-based separations. The foregoing considerations
demonstrate that an optical fractionation system’s geometry can be selected to optimize
separation on the basis of size, and that exponential sensitivity should be the norm.
Separation on the basis of other characteristics can be optimized by a similar line of

reasoning, although exponential sensitivity should not be expected in the general case.
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denonstrate that an optical fractionation systenis
geonetry can be selected to optimze separation on
wo besbessss of size, and that exponential sensiPCWU$3004/015327
should be the norm 25 Separation on the basis of
[0037IhBquatioar @d) dnitberi povikes ioeightst intd 2l poysibilisy nifl applying optical
lLine.of, reasponin al.t.hou exponential sensitivity
fractidh 1ot 58 S8R Ak PRUCIR Sy RRERER v Raedimgnijes & hre measured
in 1@R0K i émetbr’Ch/patZfid) Bd. 332/ dent R34tk EMY AldvRTE fdh)1 micrometer-
further provides insights into the possibility of
scalgplisathie &P taBeneter-peads phicetsiab fixedsanghe fbjidctesjuire enhancing the
-pr j c t ose. di_mensi_ons. e :
ratff Db D e PRRRCHE RN oaBisHHIE 05 B Riser b ageomptished by
inciedsipg dennreatitpshe light, retingdtstwomlehgii, end Bat@lirg Seavddength for
_oﬁj ects to, 10 nanoneter-scale objects at a fixed angle
whigh {fq interachion vathdhe aadicles 1y weomsnix enanagd by sever al
orders of magnitude. This can, in principle, be
(00RO SR, optical BECERRIAD i et 1508 el Btating an amay of
trapaethig] sprgrt the figput mikied Aotvhie sunh ervent thaintheidekirddhfraction of particles is
particles is resonantly enhanced. [0038] I|nplenenting .
deflspied @gross thecepantai ad inte the bntfer 89t dnpihomesie successful operation
at . spans the input m xed

feq%%\%iﬁtﬁg% SEIRDY rf\%/ ?CI‘% 5{55%%@&3%% QT Mo4lEY Bt gre undesired fraction
' ' L. t h tri d
spofhbd EhERpisPs hh e R SRR I et eea L "

operation requires that the sanple have | ow enough
[002309]f Hosewdr;} ynodlicr mapédt iof thé Pedserthiavemnidasis rad@cfed astthe @Fposite case,
spontaneously crosses the separatrix at an acceptably
wharethe sleaired Gagomn Homeve diffusiist plemaidpdon the widesired fraction. In
resent invention.s directed to the opposite,_case,,
adaffofy & b TR b8k foo s shraMisgthd QTR Gpotiogh fmtagacts less
strohBBNthAahsARS | FRGioh! 86d 1s8Nwolll notHA8didiéPBy ddnvEfibnal optical
f.%l??her be direct eg to tl’?e c%se Where the dedired nat optica
fractipagtane nl Hergreatest bendfiés fomt the prgisgnttireamtivh evovddibs realized in systems
f acgti on, and so woul d not be sele conventi onal
for WE%

ted b s
1chgth cqndiiaqns SRab: ithoughigerss icignn B b demgimahisToliidic

- [ L Q.- ld be realized i.n syst :
QSR R A RN, 5ok P AR ERF By 1R contms e
hetesdifdneouisedainpldiobe fadlioRhiel s The itk Aot kitH Wuffdr fiawt IP0, 1i®Bomposed

10%WWth two fluid flows. One flow, the m xed input
of the Sarkeremds onbafles flpke Objasts: by bgdnpy o dif) encountpean array of

: [ tied. ! ] . fJl ow - ,S
opd AR50 TR0 sl SO, BUELS o oA 2oy gonics e
selectedt frectionpof ifid @umpltOintm ahelirbuéfer asutaitr fywof40 dpt ic6ddction. The

tweezers 130, arranged at an angle /_ with respect to
undetfietd’ %@ﬁﬁomf 8K ST ErRiRna the o1 BerleHerma et PURVIGIOW A&0, where
it ise8i& i nto the buffer output flow 140 for collection.

The undeflected fraction of the sanple remains in the

original stream or output flow 150, where 25 it is
[004}) | Aesitomah, in] DI04 @] rafier shomereatingropBicaliramtireys tohdirect objects out of

the Riixe f.nrﬁgt ﬁgxgvl ﬁ%l antdri%% e rb%)ft%r %%wdiio‘? %e 1%b .er?t%ns cz?nuglsg fuse optical
traps to direct objects back into the input mixed flow as they attempt to cross the separatrix,
either by diffusion or by actively swimming. As in the conventional method shown in FIG.
1, a microfluidic H-junction 200 contains two flowing fluid streams, one of which 210

contains a heterogenous sample to be fractionated, and the other 220 of which contains only

10
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the m xed input flow 110 and into the buffer flow 120,

the invention can also use optical traps to direct
wobjoeaosssback into the input mxed flow as t heRCHUS®NP015327

to cross the separatrix, either by diffusion or by
buffer soletion. s @nisnihege olfiscis mlttﬂtﬁenmmd\nepuh fhonal2 10ethtoat tesipd v cross the

crofIU|d nction 200 c ai ns
serpflat ety e ShonhGt s coghunie Al dkaSni ol e oR Birfded o as to
dirécthetj edto Haclo iso SBERhiRed InfR Adwatino n@s%@ts FEht B8ss the separatrix
ot her 220 of which contains only 2004/ 104551
thresegfy tspormay of tr3py 23@ e épﬂe:@qdum 8. bt(ﬁﬁﬂryoutn@sféow@@ct dhose that

.CI QS
0BT Ao, 0 b UL LB ey e
deﬂ)qm:techlay tHeray oZ3parBarnge coitechsl §e@ara€ﬂl§f ﬁﬁ&e@ﬁt{ﬁﬁtfﬁ)w 250. In this
&Jlg} |ntfgéhe m xed |n€ut fl.ow 210. Onjects whic
casgy Pedessdiygne chmatite obigsts TgH wﬂﬁﬁeﬁﬂoa@# intp élp% r@sel input flow,
whﬁE %h.é:ﬂ'c)feel‘%ﬁ@e ﬁﬁbtfoﬂ%vlﬁ%éa%% t?éjﬁ%&ét ﬁ?&%s 240 setpéﬂi?ﬁf to be collected.
5 remain in the origrna ut f
Slrmwbu o8] ac’mdha‘raare ldse stsomhl§ inﬂajeneedJllsy ﬂfecrmtusel tkdpe ywilleeemore able to
| ect ed by % rr y of traps 230, are collected

°“§% SERERYX] R bp ut flow 250. In this case, the

| ess diffusive or nDtiIe objects will be deflected
[0032F KWVikedéa® dpfiSalfrac@ndtiRUeqihitdW largdino8eft Hﬁmﬁ&r & GRRAT Raps to fill

fraction will escape the traps and cross
thesenbie anixpd inpoit Blovi dhis gevaeed pigioess| reqitiyes @ﬁy @@DBglt Itraps to cover a

re S I |anu nced b e_optical
reggo sﬁeﬁgéﬁxc{ C%Eeq 3%11 Egt“{eﬁlé 135(18 pﬁ?‘?ﬁ ri op%qu elcpy, reverse optical
fractivnagei eéi}un{eg)%lﬂawwl@tftféaﬁtr@ﬁ the@ ohvergbh MpticA fractionation and so
requires_a | arge enough nunber of optical traps to

makey moregfEcigpftyse of Hielagr ligpueadirasiio ctdstssthe siaps.sed
process requires only enough traps to cover a region

[0014§]3 Toqho Qﬂlgntt ’Jﬂ?{t ﬁ@f ﬁ%t c?ﬁag seafe{I '21‘80&{1831{@(1 advantarges over other

Consequent erse op |ca rac ionation requ
sorfmg tdchwgnes) mwml opltlcalpfsadtlbﬁmccmf‘f@m theosa@tle @pvthtages. These include

fractionatj.on aﬂ k(fef nore efficient use

COl}tIF}EO‘F%gg?Ta‘F?fb FRther tg\aql ,bg@htrg BRI AN, LOPHBHIS c[m@ggg?tlon through
djdg feﬁ@ £X48P
@ J m %cunen{)%&é&g}ja&gﬁvgg%éng%gﬁ ntg(}reb%s?c%; taiﬁl ﬁgy’ driving force, and
eXptoecIittml q;mt,mt}ememse &etfcrsalopﬁceédiactinaattlonmméﬂde rthestermivantages to

sysfeg%n{@?q%/ﬁgm agli\fegﬂo tlB%é%‘%“?ﬁoﬁ?ﬁO%g%:'ﬁ% us otha%tle or impractical.

As Gt Bbdhtihl t h@élgﬁ‘act@ﬁhﬁ’cﬁlt FBRHrsePbp t1da?%%€t1c5}fé%ﬁ’ma beneficially
| aser wavel ength, optical tweezer georret ry, drivi ngy

take eqi‘@@tagsmﬂ tlm@mhem of e tmpnmgt light pytheonedemucﬂev ef the trapping

t. actio ati hese advan
s Pt R R 8 A DR g Re P AL ARG Plgtcity, s wel
as Blﬁ:hepﬁdp@ftleb e pfld, Co’}i@ﬂc@l Sdatteliig %%és%@étlon RAptivhlt Ebsorptivity, surface
conventional optical fractionation, reverse optical
chageadhd @i on nay beneficially take advantage of the
pol ari zation of the trapping Iight or the node
r a S
[005?1] N%érUﬂgldgc;H Eﬁ tfoﬁl | <, I“rlllggonfg%ugeg%lt R ts?l%?ljg%%ie%%s h the basis of
theig| <h§fhsmzltyy Thes ad&hbn&ff qsticall tWe g pefatd mg@&eﬂl ##,reverse optical

ptical tterin r oss ction, optic
fracglggg)til%} t? enl-gagpgsatgl@ select?v?ty of the proe:ess and offers a vast array of new

physical bases by which to sort objects.
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charge, and shape. [0043] Mcrofluidic H -junctions
are known to be useful for sorting objects on the
wha®iso4551 their diffusivity. The additi on of PEI/USHN4/015327
tweezer arrays organi zed for reverse optica
[00f4 0Bt arotizer pspecoefahe biesenthavangiont therns rgchdtingtiy uglizadh &1GS. 6(A-

ce and offers st a new 30 ysi.cal
D) BhEE<EE, pified somsuPiconpudl SHisdisnoongaiy (BALI be useful for
expPEdinYSBO FédteE5 32 Fhe b ]thérfha@'i‘@tt:ﬁ&r RSPES.t 6 Of atpfdﬂem of discrete
present invention, thermal ratcheting is utilized
optrepkdgapsgs showy losHising maingiei qmo@aifh@pat?ﬁwﬁ ezs:hempmqaélmrepresented as

MTEHER O -
an ﬁcﬁ{lﬂ'ﬁftterrﬂ @oﬁﬂcﬁlclﬁd’s a Fr QR B optcalir§R @Efiz@PikS #lanifolds. The

traps is shown |ocalizing a Single object. The pattern
goal ot rﬁ@tlp@awqrytalseb ead of & Bereimodisplosecbpptical thermal ratchet
eng ach o separ at ed by
me%ga&o%% S to anr%%errg%?cifse it org 0 ngc{n&gg'g)llé a?l{ trraﬂg q SQ Angther: The two
applrdﬂaféhbkd@ft%r Brieai thepaycopslistahist r aps organi zed into
mani fol ds. The goal of both optical peristalsis and
also of the herein disclosed optical thernal ratch

[00d3)k mpglg@mstﬁ% the B patigh Joé EPRS Breneie Vit ﬁmtb@rdn which the

ma.{ﬁ&olﬁg ggei %ﬁlﬁ sﬁt ﬁl{sgan-gggz E‘r@% fé)?eo FJn bg{él%ca fé§)r !B'gc:ﬂl%gvthe new

pot@etal sieilh Svalaphh'ﬁh thei dld 3 ardelbd e Araaéfetred@ pSteiBiniBRhIRE ﬁﬁthe nearest
with another in which the manifolds are shifted b

y
magifelis pBdhe s alEMe {Bispropssdepsaly g0 Heddthset wther shifted
patfefVVof B3 @nblnglc | drSopRUar hRatdi IiE I:Jh%fl% edyn APt &Jlgqﬁal pattern is
are transferred determ nisiica e hear est
projeatedf GedFIG.NO)).nEhaewt ¢fiict of this d'j'dlﬁlspto daser thept@ipsd particle from

FI G. ith ye other shifted patt
Onedﬁl_ém_é@g 108 B3PS ﬁbﬁ%eéﬂfﬁt PRI o s et Sy i ale & ipHh s gattem. In
a0 s ) B P B o) i gl ot
be pransfewéd ffmand bynenarseti 6:0hengblds rmp&chmptthel pemsalsis cycle. The

tte to the nex mani.f o al theflr st
airdgfop o T pan DSBSy PP ARt PETEECSa P and can be
revér%&ﬁ&ﬁ?b?r@e@rﬁﬁf%t%@b’ opti cal traps and al | woul d
be transferred forward by one set of manifolds in each

optical peristalsis cycle. The direction of notion is

[006 ae goiaess |thermnal satehdiedifiors frpm eptingb peastalsisrigethahflep separation

betfrg%hg‘]%mfﬁl%s 1%2‘(?% ??rgftlige}lr rX@Tié ortfé) Cﬁr@b%&g?tfag tla% gesf}}ﬁan the individual

trappatidihb. [@ns&dushsy,Spdrficled abpddeinspairat pAtern Red Welree to diffuse
mani folds in the direction of notion is substantial I%/
wherpthg secqndapptierels; sngrgizedu alhose papisles\theftdiguse far enough fo reach the
tly t :
e SRR e RO 5] ARSI L 5 AEEL 0B G0 rcon
there nm ’gd: wresferfdiofoew pdr(thgaih by diffadioni drice slies ﬂhﬁﬂ paftatmglh phg'ected and
est rranl fold in_the second patte

h 5
aga{rg%cwmiﬁ?%@éaﬁ@a%e §Y6ls sefump ko the fshpatiegy ?P%Ygff PHHJal peristalsis, in

which deterministic transport ensures that all trapped objects move forward in each cycle,

this biased diffusion will transport only a fraction of the sample forward.

[0047] This embodiment of thermal ratchets, however, leads to a new opportunity. Particles

- too slow to catch the forward-going waves might still diffuse far enough to catch a well

retrograde to their starting point when the third pattern of FIG 6C is illuminated. These
12
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then can be transferred forward (again by diffusion)
once the third pattern is projected, and again be

W e@ngb4s5r ed when the cycle returns to the fi rBCT/US2004/015327
pattern. Unlike optical peristalsis, in which

parddee mivzhd bt itentfeaed peckwaddyr ese thiat ofathe inteapyedfold separation at

bj ects e forward in each.cycl.e s bi.as
eacfl i R P HPigh e R rarchiebiye iRt trpeguence of
trappg\Bdtibms38 deRPkhiled Y & belBatbdRBtn He PEEIBRI diffusion rates and the
ratchets, however, leads to a new opportunity
ratepafy ant,qhetbe SEGRPNSH Wlﬁ@) cﬂt@@ﬁmtghfeeprﬁw datg dhﬂgfqmv:@@, change the
t ffu catch wel |
du&ﬁ1$é6§%%£thb fmg ar |ng (J%ﬁmﬁﬁng% e third
pattern of FIG 6C is illumnated. These 12 WO
[0028]0BHel QppEitd BGE /0PH200%s 083 ATe irpRiehdecd fascgibptidag tweezer patterns
transferred backward b){ one third of_ the ) )
canjbigcateuiigeh 4o PeeseaPRpitig Xatay éa&q@de&?élaé 2 GRpesipepoigntial well
popul ation travels forward or backward through the
sequence of trappi ng patter s |s detier m ned by a
bal ance between thg ’(:Il f"fE ion rates an@ll t)he
rate at which the § enc% clessy2 angi ng the
cycling rate therefore can change thé 5 direction of
mean notion, a phenonenon known as flux reversal.
[ 0048] The expected flux of particles under the

[004Nf Thie el hes 2 dytathu\hgandpmdﬁadr This potentiplaw el isganifesily beatially

Y a‘lgcéglsgﬁt %(ﬂtetgloce aels{akﬁfs}}eg %ﬁé gtlaf) ctf@( t%?é’e\}gatg)ggc e r%tzrea for
ratcﬁlétzﬁehadi@r [ ﬂ@é@hluﬁﬁhﬁvé"@datnﬂl@ﬂl@wgﬁﬂah b¥.consiBékeWislh Battern to be

cr. This potential well is nanlfestly spatially
equaljyaraced by 2 distance &s fo Bfat thelaveraliqosamtipkinestatokids st at e of

the three-state cycle required for ratchet behavior.

As an illustrative exanple, the Ils can be

consi dered in L& pattern tgépe_;égually spaced by a

di stan . t the ovérall3potential in stat

is 15 ﬁﬁ;b SZ: p?% Vk(x) 20 > -|V o exp - 262(?%%)

where k = 0, 1 or 2.{ Again, as an illustrative

exanpl e, the potenti al energy | andscape can be

considered to cycle repeatedly through these three
Whéib &t=e@, 1@br EV,@Jgainn h@zm/ﬁlu&rélﬁvegihﬁplel e pofentidPerefgypandscape can

ared witht tine z é’#‘ required for
be “p%lﬁlthl@Flé% cysie tﬁpﬁateélwhtoyg@theée 9 lafes #pvengiervals T. This time is

to bRXShpHed Wit ABlANCEe between T
_L
2D

(14)

required for particles of diffusivity D to diffuse through the system. The balance between T
and T turns out to determine which direction a particle is driven through the system by the

sequence of potential energy states.

[0050] The probability p(x,t) dx to find a Brownian particle with dx of position x at time t
under the combined influence of the optical traps and random thermal forces is governed by

the master equation:

13
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and ti turns out to determ ne which direction a

particle is driven through the systemby the 25
waeguamsel of potential energy states. [0050] TRET/US2004/015327

probability p(x,t) dx to find a Brownian particle wth

dx of pogition X [ er the conbi ned

i nfl uen%zyof Olphejpéyt’itrmpt(?aﬂggdand random t her rTH(|15)

forces is governed by the master equation: 13 WO
[0034] ovrerohs PromREFOUSEGRA] BaBI0R sisypyt +2) = f P(y, z

~, 0)p(x,t)dx (15) [0051] where the propagator for each

st ate k is given by, P = eL (16) [0052]

for tines t<T, with: zﬁ?wﬁfé)ﬁ 5 L(y) =D ~yz -,0Q &!®
[0052] Yor tine§ GO58jithand where 13-1 is the thernal energy

scal e. The master equati on for one conplete

three-state cycle is, 3T) = f dY3P3(Y3, T \Yz, 0)

f dy2 2(Yz, T \Yi, m*rgf |@|( V{¥,0) P(x, t) (18)( ),
[ 0054] For the sy I)I‘IC @ﬁtlcala)twe zer potentials

[00%] eagg Q’Vr}il dﬁm {I{t]elgﬁaln%%%ge}{ %céetélo E?§ %%alts e_?_ egt%stlog 50()?ne complete
threé-)statel@clel[s,0055] The nean velocity of this steady-state
then is given by: v = - f p(x) av3 (x) + ap(x) dx (20)
ax ax [0056] FIG 7 shows nunerical solutions of this
pyst 8 of [deigt,i Dhs, Dp[d1BYY, 7 \19), oaiaﬂyml,m& 0p(x0 (18
representative values of 6/L. For very small val ues of
the cycle time T, particles are unable to keep up
[003d]tHortfhe sy@mhetly epidayitngesot gibitills eneragy doasidst@pethis master
and so diffuse randomy; the nean velocity
equelimichag adtrery-sipmiodion sughthat's 1imit. 1f traps in

consecutive patterns overlap (a = 0.15 L shown in
FIG 7) p J%Qgeé determnlstlcally from(g@?p to

IOO%@W%W&@Q%@ &fﬁégtet y—ﬁ%%ﬁﬁstl'r#étytgp Y'e;EnyG lor 20

noderate cycle tinmes T, and does not inprove for

| onger dwel |l ti Ooa;,e uently, the drift velocity
falls of}#*ap(lcl)mx)ﬂ-he—l% time limt. [0057] (B®xe

wi del y separate tfaps (%“— 0.10 L, in FIG 7) yield
anot her behavi or. Here, ‘

[0056] FIG. 7 shows numerical solutions of this system of equations for BV, = 10 and two

representative values of 6/L. For very small values of the cycle time T, particles are unable
to keep up with the rapidly evolvitlg potential energy landscape, and so diffuse randomly;
the mean velocity consequently vanishes in this limit. If traps in consecutive patterns
overlap (o = 0.15 L shown in FIG. 7) particles pass deterministically from trap to trap,
yielding a uniformly positive drift velocity. This transfer reaches it maximum efficiency for
moderate cycle times T, and does not improve for longer dwell times. Consequently, the

drift velocity falls off as 1/T in the long-time limit.

[0057] More widely separate traps (¢ = 0.10 L, in FIG. 7) yield another behavior. Here,
particles are able to keep up with the forward-going wave for sufficiently large values of T.
Faster cycling, however, leads to flux reversal, characterized by negative values of v. This
numerical result demonstrates the principle by which arrays of optical tweezers can be used

to implement a fully symmetric thermal ratchet with flux reversal.
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particles are able to keep up with the forward-going
wave for sufficiently large values of T. Faster

we yokiltgs1 however, |leads to flux reversal, PCT/US2004/015327
characterized by negative values of v. This 25

[0058AE ishadvn i@ FIGE 7 deopsnstr adcass frbw @etératdhigtie opycaMpegibtalsis at o =
arrays of optical tweezers can be used to inplenent a

0.16 &4 toytheyynaheatehet belpsioravith Hox kevtersal atro 11 QX0 Eeforp saree-state cycle of
4 PGT/ US2004/ 015327 [0058] As shown in
Ga\%&“&ﬂ@%@%&v@ﬁéc?@?s fromdetermnistic optical
peristalsis at a = 0.15 L to thermal ratchet behavior
[00&D} Ho fthisxpoiety €lug akvatalehas Haed Geberfoed R fehuldRg Ftodh &ariation in the
Gaussi an wel |l .potentjals at J3Vo, = 10.

ycl e of .

CY%@@Q]fTEI}? HiTe gfdichpan gsgor Glfsrebpondatione d 2 heiseageperys sample
I | - . e | , .
Wh?%e d?gérﬂé{ge? g gIch' E&fg‘g}]ﬁ@f;firc?ésngso oérlg d‘lﬁl?% or g nfa\%éc?p Sﬁa i orq? geslen different
populdiehe nogeneduducsdipheve whoseaneivshyeihiopgodid dittstions provided that T

i éq?effi cients yield different values of 'r. These i
is gplqetedy tonfirive, o neprksten Fogrard pid; thgtber berkmswd In this way, the
oc UL ANkl FuORPELILE SRR RESYLARTHA B s b
objetther backward. In this way, the -described optical

thermal ratchet is useful for separating and purifying

L1 fl.uid-botn 10 objects. [0060] A preferred
1005 Biet st BT <BPIORBH el HB I TBL 0 AP LI {rApFelchet has
advadfagBiebvdiastheraFY @R -BERE RYShHOM REentAl CREL cPASAE, thermal ratchets

separation schenes. For exanple, thermal ratchets

baspd sadingerdigiieted délgitraleeatrasisdeave deksnaanpdipd thasestipedNA fragments.

applied tao sorting. ra ts... These wever .
T BE0b ek J5ARls Bt PP Raat AR d Po GeC gwchet can be
imflghbfal ifedbehtetel and Beadly intEptREE Rite nicFINRED deVREY for lab-on-a-
.and readily integrated into mcrofluidic devices for.
chip gpplisatiens. o pplgab ratelat ibased. onsnsingleitied-shagetsrannashemival tweezer
. i - . a r . .
PPy SHEPL ATEEARS0 R 06 80k i BURRRGon ot o csuing
a spaiatly seimmehic pappiidagbrgyelandss apnirc i ild-Meraged sense, and thus the
spatially asymetric potential energy |andscape in

systetheResdiet o edi Beraiaoringinie fegsthe paocess desshberhahayee dn ZIFP preferred

. Dl e y . . .
s ELREP Rt N L L B350 1EEH bty svmmori
potedrh copty call; tndthd pateachthpatdlessnarp spatiatlysyanmsqiet.i dldidirectional
synmetr.i.c otenti.al ener wel | ; and the patterns
trarfgrde i Ewebrgﬂ%% apwt%%m@ft SYrEmeighthfopal 3 grqipnce of at least
thrde'RARSRL i edch JEleven by breaking spati ot enpor al
symretry throtugh a sequence of at least three

patterns in each cycle. [0061] One of the previously
[00p}]opos etiths yreraously prapesededymmagto b shermrbrapdhet exdngdes also involves a

.nvol v a .25 uences .of .three states. This . .
sea B et il BB R U SO0F Rt Boina g e g only o
onedidty, Hovever) vifit @b @thdtQWB \iBfing ¥ 4 BefehBin@B ehtch¥indQhér8By biasing

as a determnistic ratchet and thereby biasing
the diffusion. The process described in this document involves both diffusion and
localization in all three states, and therefore offers more selectivity and more rapid sorting

of heterogeneous samples.

[0062] While preferred embodiments have been illustrated and described, it should be

understood that changes and modifications can be made therein in accordance with one of

15



the di ffusion. The process described in this docunent
i nvol ves both diffusion and |ocalization in all three
war@uasissand therefore offers nore sel ectivit yPEnuSI004/€15327
rapid sorting of heterogeneous sanples. 30 [0062]
ordifbryt skilp irethe rarteditiestd delparéng fomate ilbeation i itsbroad@dispgvts. Various
descr.ibed, it shoyl e _understood .t hat changes and
featifpsgiof edny gion s g"ﬂgleﬁé’&l Qletfgﬁ?‘@’inﬁ #Pccor dance with
one of 15 WD 2004/ 104551 PCT/ US2004/ 015327 ordi nary
skill in the art without departing fromthe invention
in its broader aspects. Various features of the
invention are defined in the following clainms. 16 WO
2004/ 104551 PCT/ US2004/ 015327 We claim 1. An
apparatus for sorting populations of small objects,
conprising: a first channel and a second channel; a
force source for driving the popul ati on of smal
obj ects through the channels; 5 a plurality of
mani fol ds | ocated at a convergence of the first
channel and the second channel and conprising beans
of laser light for formng a plurality of optica
traps; the optical traps being organized into a
plurality of patterns wherein the patterns are
arranged such that the mani folds of one pattern are
separated by the manifolds of the remaining patterns;
and 10 the optical traps being oriented at an angle
with respect to the driving force and arranged such
that each pattern of optical traps is separated by the
ot hers; wherein the popul ation of small objects are
sorted into at | east one desired fraction and an
undesired fraction. 2. The apparatus of claim1,
wherein the popul ation of small objects is dispersed
ina fluid 15 medium disposed in the first channe
and wherein a buffer is disposed in the second
channel . 3. The apparatus of claim1, wherein the
channel s conprise an H -junction. 4. The apparatus of
claim1, wherein the optical traps are created by
hol ographi c optical neans. 20 5. The apparatus of
claim11l, wherein the undesired fraction is nore
di ffusive or notile than the desired fraction.
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6. The apparatus of claim1, wherein the desired
fraction is nore diffusive or notile than the

wapaeddssed fraction. 7. The apparatus of cl ai nPAT/US2004/015327

wherein the separation between the manifolds in the

Wediaimct i on 25 of the driving force is substantially

10.

11.

12.

| arger than the i ndi vidual traps wdths. 8. The

. PR S ol i i

a§?ﬁﬁ’ln fle %HnF 'cles as_the patterns are

§ %r&@ ﬁ‘%‘ifa? foy dsivénegths agpulgionTsmabodyeats dr@rshdhashanpels;

wipdrality of meanplaldsdpepiedat @ cadupeangetod tha finstehanael and the second
pqubhandmnmrlsngﬁdams pataseclight forfappieg a pluehey ghaptiealiraps;
the aitichluisaps\heeig apotitedrinipat flemlity of pattergivdedein 3tk Jddiernd are
ahiied sofh tanthemiau®ids cF@papatdri graxepatlatiditgnte efanfomk of the
Pahdihigk@attemboadt | east one desired fraction and an
WRAichBehpk bR RRnted AR bx%l@gaﬁlt}@sp%ﬁﬁ $hQdriviRE %ﬂcg bitarranged
@ﬁbhecﬁgteéa@@ atfté}fl OF t?cafj A8 %%r op Q'f smal

em uf?l 181\{I ?I c a g% %1 soatgc? Ifl,t(é gmgzqt oae fiﬁ%redrﬂracgon and

fﬁté I1t 0 aI | ow an undesired fraction to escape

tl[?le aﬁﬂ?é‘%ﬁﬁ éllal%a) h%e/}'l l%gggéguﬁg{ L Ctg@ﬁ.&b:]%] s:]lgtd?slpgr%gd in a fluid
meéb@? é}sags AR 5ot apd wasrai 2 Bpfferce dispprpdgn e segond
fhapeked into the f| rst channel and wherein a buffer

is fed into the second channel. 12. The nethod of
dhapprar@us ahden h, vhacoibhehsingels sappriseamt-jMogtinnet i on.

17 WO 2004/ 104551 PCT/ US2004/ 015327 13. The net hod of
dhaippargys piieleined, wherpiniths epticel waps ang crehteddyytliobegraphic optical
treaps by hol ographic optical tweezer technique. 14.

The nmethod of claim 10, wherein the separation between

The appenathobficlainm 1§ Wkerdinrtke tndesiredfra¢tion idmioré dffulste@e motile than

e deudsd Badtical | y | arger than the individual traps
wi dths. 5 15. The nethod of claim 10, wherein only a

ThagppRAuebf E16En PORLdraihitRNd &ires MattioPRhdre|deFusiveasotile than

freruREedrdarRueh, the optical traps as the patterns are
sequential Iy energized. 16. The nethod of claim 10,

"Pﬁ@ bSdRathHEF AN AhQBinQhe ;EQaltloﬁ’ Beteeh 8% MhARNESin e direction

?M e Brecds %ﬁs&&’ual%ﬁ %H@%& ﬁ@ﬁﬁrg??ngfi fis.

ern I energl e

[Eatﬁ 0181m I7h\9he991 CJ) fal'R pes i | ttor}ngx%gflar&grg onlya
83%1;9 i ihet fiitongh S@P%F%gpés £ s b E Rl rguciiefly ehggized
g Cont I nuo ﬁ%i ?,533 ! at h@egpﬁte%l a% Iagap%edo to a?low t&xe population of

partlc es trap in one pattem to diffuse when another pattern is energized.

A method of continuously separating populations of small particles into at least one
desired fraction and an undesired fraction, comprising the steps of:

providing an external force to drive the population of small particles;

providing beams of laser light for forming a plurality of optical traps; and

organizing the optical traps to allow an undesired fraction to escape the traps while the
desired fraction is retained.

The method of claim 10, further comprising dispersing the population of small objects
in a fluid flow fed into the first channel and wherein a buffer is fed into the second
channel.

The method of claim 10, wherein the channels comprise an H-junction.
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steps of: providing an external force to drive the
popul ation of small particles; 15 focusing beans of

wo amenodssght to forma plurality of optical trEEEUSENG015327

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

providing a plurality of patterns each conprising at

[Cba stethwde fredaimf Id), dyrtheacémpmsing oledting theloptcaigraat by éawgraphic
opigcal tveqezemgechitper. mal |y energi zi ng each pattern at
intervals wherein the particles trapped in a

Phewietusl of cldier | whyreanibe geFesti@aidieedh e endnifoRistiv the direction

of fub Wsig indh PR AR SllREItiRRF Ta8Feh thap the hdiN@hATRIabY widths.
energi ze wherein the popul ation of small objects are

¥086 hﬁ:@ldderQzléﬁl 1oeagkreanenidasidoasn br @fétpl fﬁlaﬁ&@' of §all particles
Hﬁ@@ssfcﬁ'@grdf thfleh 3k optRal (78 aTRENGeR]s 464 &gk Ily energized.

urther conpri Si ng creat| g the opti cal trap

4k £ 1aiRPH, GRAkrel ! E56pul G0 GH81 pARCcIEOtra 9 i one pattern
pa

%ﬁl féo gnﬂft E\Vllgl rec?r 2 “o § ﬁe%%r?fn ng force |s
td'o Olall 7Y %%Fregrp & &\?[/Hé }'391%1‘6 eg vetf(rn?\‘?p mrg{l

of 'C n_-on e}
ﬂtéc R Py G SPRSHAPY PREPIEF B1ogs DockitA (gl optios W
tH#Bugh the optical traps as the patterns are
se ntially, energized. 22. The method_ of c¢laim 18,
5 @Pﬁ of ﬁ@lytwaawla@@p@wt@g peRwptionsafismallnariqles, serapiising the
ps@fattern 30 are left free to diffuse when another
pmvtd:mgl an sxtemet ffireeetd. drig theTprputasion od swill pedickes18,
Vdvasiap hesmnsref afertlipht fwaiotr alphsrahiywed opticalarags;tdmdough t he
prdvidiag a phaplitglof pytiandeabremefisingat Rasitdne lngsifsiy @ach manifold
Breloves & [t esohag;hedpatterns. 18
thermally energizing each pattern at intervals wherein the particles trapped in a
previously thermally energized pattern are free to diffuse when another pattern is
thermally energized;
wherein the population of small objects are sorted into at least one desired fraction and
an undesired fraction.

The method of claim 18, further comprising creating the optical traps by holographic
optical tweezer technique.

The method of claim 18, wherein the separation between the manifolds in the direction
of the driving force is substantially larger than the individual traps widths.

The method of claim 18, wherein only a fraction of the population of small particles
moves forward through the optical traps as the patterns are sequentially energized.

The method of claim 18, wherein the population of small particles trapped in one pattern
are left free to diffuse when another pattern is energized.

The method of claim 18, wherein some of the particles move forward through the
optical trap array and some of the particles move backward through the patterns.

18



