OPTI CAL FRACTI ONATI ON METHODS AND APPARATUS Abstract:

Static arrays of opti cal traps can be used to sort
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(57) Abstract: Static arrays of optical traps can be used to sort microscopic objects with exponential sensitivity to size. Such optical
@ fractionation relies on competition between an cxternally applied force and the moving objects’ differing affinities for optical gradient
& traps. In areverse fractionation method, objects that are more strongly influenced by the traps tend to become kinetically locked into
the array and are systematically deflected back into an input flow. Tna thermal ratcheting method, patterns are spaced to allow particle
diffusion, thus providing the opportunity for forward or reverse movement through the patterns. Unlike other sorting techniques,
optical fractionation can operate continuously and can be continuously optimized. The exponential sensitivity arises quite generally
from the particle size dependence of the potential wells” apparent widths,




configuration dependent on the need at hand. [0004]
Al t hough systens are known to nove particles precisely
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projected for each discrete step of a particle's

For.two-%BatrIcogfgs,'amgvgm}hlf;révﬂzgmﬂ}é}mtlé xQJ ’%}ui9—0| o_gr ams can be_ time

ance NowORTHIT NI BRLHEAHESS wSHhRssant i al conput at i onal

ning of @EH kdar isskelbf Rdverrmafe, conputer- addressabl e projection
systens required to inplenment such conputer-generated
optical tweezers or other dynam c optical tweezer
systens, such as scanned optical tweezers, tend 25 to
be prohibitively expensive. Summary of the Invention
[ 0005] The behavi or of many technol ogically and
comercially inportant systens results fromclassica
transport through nodul ated potential energy
| andscapes. One nethod of utilizing these behaviors
is optical fractionation. Optical fractionation can
continuously 30 (wwthin a given tine segnent) sort
popul ati ons of small objects into separate fractions
on the WD 2004/104551 PCT/ US2004/ 015327 basis of
their differing abilities to nove through arrays of
optical traps. In particular, objects driven by an
external force, such as viscous drag in a flow ng
fluid, encounter an array of traps whose axes of
symetry are oriented at an angle with respect to the
driving 5 force. Typically, these traps would be
created with the hol ographic optical tweezer
techni que. Those objects nore strongly influenced by
the potential energy wells created by the traps tend
to hop fromtrap to trap, and so are defl ected away
fromthe direction of the driving force. O her
objects that are nore strongly influenced by the
driving force or less strongly influenced by the
optical traps pass through the array undefl ected.
Dependi ng on 10 the configuration of the traps, the
present invention may be utilized to deflect different
fractions by different anobunts. |In sonme circunstances,
the cl ean separation of the above described binary
enbodi ment is preferred. However, it is within the
scope of the invention to choose nultiple fractions
for collection. For exanple, in one enbodinent, a
het er ogeneous sanple nmay be fanned out in a continous
range of directions in an "optical 15 chronatography”
met hod. The defl ected and undefl ected fractions can be
col l ected
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separately. [0006] Typically, the heterogeneous input

sanpl.e.and the output fractions are disperse
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wi ng through channels. In one preferre

enbodi WFIC@FR@J@@@O@I‘&HWWT‘T@OﬁQWNBfAPPMM I ed

H-junction, in which two inputs, one containing the

o, oABEETR, S0P 0P 73, SLOTR B U001 v o,

DMRHBE4D§0 sinde DBIF02439Bleavdidztiang ethbeNaniendbefdighce Foundation, and
separ at ed |nto t wo gut put channel s. If the channel S

througte the MRSECeRingram of e Nigas) Seirgritsapdstion wier Vs Alp- DMR-
| t
021 ’}ljlrtlﬁ ?glltlﬁ:er § J(J)\\rlvéf'ﬁskﬁl %}Qhaéy & feﬁgm 1“‘1‘@}%%&%&9&1&& piFsdant to these
contCatsagusntrtly, objects in the input flow would not
ordinarily cross the separatrix between the flows into
the buffer 25 channeﬁ !egciggi Eerhaps by diffusion.
[ 0007] One aspect of ntion relates to
cal fractjonation using an arr of .discrete
Oﬂﬂgﬁ%@amm ERS i Py e P Sghpigh pﬁee%et%crﬁ and systemn
for slohﬁlgb%%éf{?}?eﬁﬁcﬁag‘ eMcné' ?irﬁ&ﬂé{% t8d fhvRhGdies dhieEted RSy e ofémlo graphic
optica aps and a conpeting externally app ie
opti¢ad rtweeze'l"h@:}mrLHE§hate®rtsfsna1¢lt olpects susipaendbfoiudeonéespbiomoleculies,

tile t esired frac However, anot her
nan 1}5%%? & 0?@ PH Bdlﬁ %‘gﬁﬁf’f L‘h‘{f{]on relates to
"reverse" optical fractionation. In reverse optical

fractionation, thepdesdoaadiof@sdiBRntisn more diffusive
or notile than the undesired fraction. 2 WO

[000%?%t&%z&%éé&%%ﬂéﬁ&@ﬁ?ﬁom&s%% sﬁﬁgt ﬁﬁiaﬂ?%ﬁ%f‘cimetm scale,
tthe present invention involves I cati on of
vohmmfmﬁnf@r nkimhm@sn@imedhmep@omtzélhslograpﬂlw fahih ot Optlcal tweezer

ects are, transpaorted .d ter ni st

can 0 o EEedurEhEe LIRRTRRI PP CBaBBAg cRite BrastiMipeds of optica
twedhedss ﬁbﬁﬂﬁemﬁgfe\/\@gﬁ Bl Cai“hdéﬁrtlv\%%@é@'c‘én Ndrbfed in any desired

di scl osed o cal thermal ratchet technique endows the
conligusaiéon davgndast o dhaseet abhagdal i t ati vel y new

capabilities, including without limtation

thr : f :

[000911 q’g?@agl gﬂ%émg gfgjlé%%%l délaeng‘\gé; algglgg %Le%fs%]l}}(ﬁﬂ\'@ltﬁ% e all%ely high

deg@@ ot cogfiddnet, oaganionulsystams reguireBr spbrakelalo gitn roedfrojected for
he Drawi ngs_ [0009] FIG .1 shows optical, fractionation

cachyBPErS, S o QPG Golion: D DG GHBE P SeBoaEatg can be fime
con%u'n{lﬁ% SAPWe ﬁ?ésa's%s@&tﬁih el St R3G GO, Sa ttﬁeeﬁl‘?m@,e computer-

onat e and a secon ow conposed o
addiesekpr profebtionr sybtehdsereqhired do 1n1plement such computer-generated optical

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

to be prohibitively expensive.

Summary of the Invenfion

[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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[0010] FIG 2 sPows reverse optical fractionation
in.a mcrofluidic Hjunction contains t
qu%ag'&ﬁ'ﬁﬁlfl ui ds, one of which contains a het erogengoit1s37
sanple to be fracti onat ed, and the other of which

contains only buffer solution; 15 [0011] FIG 3A shows
a side view of a schematic for optical fractionation;

bas@BP' tl’fdquIf%mgShlﬁﬁﬁesatd apveitewugh drhgs aftopdiakl traps. In particular,
fractionation in 3A; 0012; FIG 4 shows

objesiesarvar byrnogxipraph e SR S e FPom AR nER € Froounter an

arra%gp % Sihode azes %’%s 83&5 SREGSE M At bYBe WAid 1%@}‘6@{ toeﬁhe driving

M cronet er eres neasuted at
forc8.€CTyhibAIBY, iRk u’épﬁwoixai éjeomaueﬁ ewlth afhe clthivgfél@hi@fomwsl tweezer

tech,lrlnmc@g o%e @ct)s?e;o‘t{] %gé %S(’)ﬁ% her fyalélglgel%%é ip/r%@cgﬂéﬁen@élteﬁgr%gggél% 'created by

|
the g%,pe at]gﬂrcg éoﬁé(l)r% )E;% %p %ptgﬁf %ﬁDd Irsg a?alt drlregﬁ:gf/egréghgldﬁ cgi:fgﬁ direction of the

dnvﬁ%lnﬁtdey ©fhed obRctyi thatone trere staatigls irdlug by &y@r@?ve@g force or less
seohgiy gekvieeLoy R Goel B eb S5 Rg prh (Gpthohd> DBpending on
the %81&%11?&’(& g‘nfp 'Eﬁea% Ex‘;%d gf’éséltsihﬁ@it@n b Q)eolftﬁﬁﬁﬁ It@ aleflect different

0014 Aillustrates a prior ar
ﬁacﬁ@ﬁs bﬁﬂlf&@@ﬂt%@tmts hte&d‘lp@ﬁj cmm@m%mweg tbatc}e‘@n ﬁe}gﬁlatlon of the above

descfl%ﬁfi g@ﬁ;éﬁ{n 5%111%81} gslpél% ?lgrlbx% (,16:1% %E;EM H{e,' d %ﬂh@?ﬂvemwn

to §1E60;s$ edulipa FictbascRE dﬂll@ctuﬁﬁ [ FbltJderaﬁipﬁ metonanemh@(hment a
ted pattern of traps; and FIG 6D illuystrates
hetompkats MM TOYDCHERE Off 1Bt FUHROFRRIISE Af SiEctiogadn 30 “optical

chr%lggtégr%' lpﬁé@ﬁ%ﬂﬂi@%@ﬂﬁt? Sa%%? c[qux]:é]i Fh&ond can be collected

| on of equations of notion
sep%@ftﬂ vl optical thermal ratchet inplenentation
monstrating flux reversal. Detailed Description of
Preferred Enbodi nents [0016] The present
[ooa@}| Byenliyotheeiehuascrants BPHSrRPISTIIRS BB@P@?G%OHS are dispersod in a

fluid Ii%%%u%x% <§ U shanielONE A8 P%%né@érﬁ%cﬁﬁm%ﬁt ARt dhaddeis take the form of

n using an array of |screte optlcal traps

a s-6alled AN diRHON; S1|nyW]Sth tws mphits, obg e(mt&nmg thiephgiedgemple and the
their relative ffl nit

Othﬁfoqml?éaﬂé]@ﬁ]ﬂ@%t R é%%gé%@fﬁ‘yf =g%5| Parg byl 1 P800y -sice for o

set %ﬁ{%fncte b%? @éﬁ?ﬁied ﬁﬁ@ %b% HielRheds.t Of THevemses are small
cal ract| at’i on. hird aspect of the present

endudl et iReynokdk abeshet dor the élom,r@ Bfidais sl lctvenghh gt the two flows do
optical fractio on technigue. 001

no@gagq,@,xﬁ Heggerb%%\ﬁ s&iq,@f 616% dn @olgméqau (WEIH%‘ i @&1}%0{%‘3%%1 objects in the

inptu{ HIIPRoh1a hbt Mﬂn?aﬁ‘ﬂy cross the separatrix between the flows into the buffer

channel, except perhaps by diffusion.

[0007] One aspect of the present invention relates to optical fractionation using an array of
discrete optical traps to continuously sort small objects on the basis of their 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.




10

15

20

25

i ndi vi dual colloidal spheres are driven through a

r | ar.array of potential wells created wt
Wod%%g%}(}g‘tgsel optical tweezers, while their noti or‘|IJs%Tél‘|ISez00‘”015327

a d wth digital video .mcroscopy. ri.ment.s .

00§ 4388 Hopdl Pt Reseiit B enie a9 n ot PEPLeE gy dechnique
koGt asaodp 108V pdristal§ib,BinM WBRE shHall o <ehy ar@ftrdtsp@tddCadibiministically by a

| ocked-in states as the array is rotated with respect
projested gequsacelpf opling! teppiag raiterhs n Tea difotnachesweset epting] peristalsis

t Leles' trajectori .1 ow Ly-..sel ected .
ond B8 BEIEKE oBlee BB P a B R e RTE R i B ER Bprod wi
qualibeivelyray sapabilities alnchidimneithdudingitaion wdeedRhhegiBging through

%ﬁ%eragly away fromthe drjving force. Such defl ection _
an \wégcty Kaefv t &9 BWo Iprsvat dend pisop gaibedicy rney ceassibiilisasfor sorting

j j technique in which the sel ected
het(%% uggﬁ%ﬁp?% defl ected by an array of traps while the

rest of the sanple passes through 20 unhi ndered. This

met hodol ogy pr esdetief Begoripdbn ofithed@raomisos at i on of

optical fractionation and furthernore denonstrates
[000djatIGo it shoals dptimal fractidratioy svheedob uticeofliddio Kiependn comprises a

exponentially on particle size, Therefore this
ﬁrsh@f)woa@rfaﬁwgof#eeh [CEQZRRFAUS vﬁaW’l‘Uﬁ‘bg’ﬁaﬁﬁ%tl“é’&tedbim%ﬁysewﬂd flow

j ed. N .techni que. [0018] One can
Congt)rgrén@nésﬁ{?%?aéﬂ ne lgbglrrlﬁg?é tﬂﬁgl’concept of opti cal

fractionation by using an 25 array of discrete

[00bHtHICal 2 tshaps teversontpiivabiiskijorstion whakin ebjeobfuidic H-junction

he basis of their relatjve. affipnities for the
conlglfs 855 SSipe’ Ao s7eaoh ST 149G AUk &r REFTPEEpp | wple to be
fractioh£6d, afd tife AR Fa@Nch BdtdihZ @8y bgbesh@fdres of two

di fferent sizes of colloidal silica spheres dispersed

in water flow ng past a linear array of optical

(00} M8feds. diovgnysifieatiowrpiamgihemalic forr enfisat fragtéonatien; and FIG. 3B
Sho%%g\gép4Vi§%eo)j(?ft%eoégﬂt[nl}qﬁ %géfk%?ﬁog.{ e ,Spersi on was confi ned

ass’channel 30 forned by
bondi ng the edges of a cover slip to a mcroscopic
[00ED)i [ 4Ahpwesisunsticd]l Edparasionef lappkitied sptero $9nt fhall silica spheres;
channel creates a roughly constant Poisseui]le flow of
FIGapéudersts mpseentagye fragsirgicapt fiunissomatae raippipberes measured af

i f mar Mgkt = 0. 79. mer adi v
1660, P ETIN RGPy, I B9LUR Sh sprs
ovtdinddesiSuillemtaukiyc FOGT por st the mim2463iged beeal Rleasiey BPAIDGY micrometer

Alto, California, 94303, Lot .No, 241 a a=05tm
radipg $PYECSS pHiFEs o Biske™sR} gt ﬁ?f@}tzbfrm@@ig%m timggypraged areal
den@fy YU, SO &REmbBer Hdﬁlﬁﬂﬁgmgt@l WihbRk Re1 38 d rﬂé«%if‘mtelé‘l? alRhBGsity;

at” 1/60 sec intervals using, convention

bright-field mcroscopy and digital video analysis.
[00 R ritive £ dvsdratastibs epaiphlyrress I Edopmlityeof spimbiby obtained with a single
I di sté.n g{z}shed on the basis of their appearance, and

nﬁ@ﬁﬁglﬁg PHe an i deal

[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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nmodel system whose mi croscopic response to optical

Wq$l)§$/&°nat' on can be nonitored in real tine. a(;[yﬁ#%m/msn?

%okies for | arge and snall spheres appe

003 ﬁeoﬁé\ﬂﬁ{?rda%%%@%%?ﬁ@ﬂé@i? “QEOP BhBorRETgF B §ES thermal
1atcl’?§tu?xbfe%-d F}a‘ﬁoﬁ der%gnﬁﬁ'ﬁﬂb@uﬁﬁeﬂ'éﬂs‘-‘aﬁ above the lower glass
e channel, wth the smaller spheres floating

somewhat hi gher because they are IlgEter G ven t he

Poi sseui | | e Detailoddpescripaion;of Rirpfeyed g aeimgents ¢ e

smal | er spheres travel sonewhat faster, vvlth a nea
[OOIﬂjéﬂI& p)feseunB inventiof 1glatqa1tge1@eth@@mp@1 @gpawﬁmﬁ fonerheal gféqctlonatlon

Onesla%p(epb ﬁ%}fﬂ}es StB hcéo%gal éianzzmbafﬁon U r}%'ragg% 3:9%;9&e atadatlcal traps to

confiREfukisCd@Nimaly ebjebdlond@p ®ads obaidy @intivh @fﬂl‘.ﬁtlsp Iﬁ&rthe saptlcal traps
radius, a, and also on its prOX| mty to boundin

andsfior faampetmﬁeﬁméﬂﬂhtapblh@ szeag Ancdier4%erritlstheapetsat invention

rela@s ﬁg?ﬁ%v%rdsgﬁég Ca%% tir(mgatr of, a g{nd %@eot[eg?_lﬂiﬂéb Egpgwentlon relates to
the b§e dEchdapsmml opnen %&cﬁ@&lﬁ@n&échhﬁ;ﬂ'per ature T. The
diffusivities, In turn, can be neasured fromthe

[ootgg]ag%g(ﬁ ﬁ;ﬁa\:’tg{n&gst ﬁgezgﬁgxt/ejat ! %? élu gﬁl&gpg\;la e{ril tgasnsg’gr? in which
indlgvlg a %&Iélgﬁlﬁsg)h@es ch?@dp@erg O BR QY b deghiY aPLP6 L PERELHAURHIS created

ropnoresis ectroosnobsi s, magnet op oresis,
witRl dis@eRV bptedal onebzesgdinindat %Homotlpﬁr{)a@q aMpkyzept Wikl digital video

ml%&&%gga’ Lo%aqte%ksegﬁlmlng Sﬁlé S{Ylﬁ%g} &%g%%f % gﬁﬁvteﬂ eéarlﬁcleﬁ trace out a
Deﬁb\? %{aﬁ{c%ecﬂ?& Fﬁﬁ% of Eﬁ%ﬁ&ﬂﬁﬁ lo@é@hn@%r&dh@b{néy % rf)ta@ad&mth respect

aser t at nm were arranged in a line
to tht dfiving Tarcl. wmmsewltdfth@spems the petisle StrejRetaries fodlow symmetry-

SGI%g%id]gf%:M : hﬁ%e}ngg}r tl{eglag}ecggo aspg %@gﬁﬁ?ent %g;ﬂslé’ agr%y’g -ohiefation and

the 61%%(1: @éﬂeﬁ@dhaﬁ:@ﬁﬁ?%m@?ﬂ%&‘n the, drﬂznﬁ)g ercﬁH fSucErdeﬂbctidm was predicted
epend on the sphere'sS radius, a. [0021] Were it

to resvidhehopimsisafor ta apsiineoysafestonation iiveiqasr SugHish e selected

d
poé‘!l%%agﬁlsé ({Fgglateg]%& i iugaf,?)lg 'tﬁeag%&@)[ ]%etpg Ir%s\e%lfl tgf |Se@1¥ral I?é?sges through
untfi h?ﬁr@(@ $isSMEfbEd IR byesks Gepradthral Q@hbx@ﬂdaﬁbm af wpticdl firactionation
ect a particle away fromits trajectqry
andlefirthetion idsmensirates t thah @M@abaﬁﬁqt@lnéu% Fl r‘?,SGLrWOﬂu gan  depend
GXL%glelé’{ré gfe(l?ib g\r{}‘%t % Caméﬁ?@é%ﬁ; Eﬂe@ﬁc%ieo Lydns s@ﬁk‘?ﬁWunpmaﬂeled

f trap

by QhPEfevitaBg ,16 sbft teEhn¥¥e2004/ 104551
4 c??ﬁ’szoo FORAT bt 0

[0018] One can demonstrate one form of the concept of optical fractionation by using an
array of discrete optical traps to continuously sort small objects on the basis of their relative
affinities for the optical traps and for a competing externally applied force. This approach
utilizes trajectories of two different sizes of colloidal silica spheres dispersed in water
flowing past a linear array of optical tweezers 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 um 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 um/sec

over several minutes. The sample consisted of a mixture of a = 0.79 pum radius spheres
4
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can be strong enough to deflect the particle into its

' 's domain of influence. In this cas <
W"&ﬁ‘#’t%g%é w || be passed fromtrap to trap ang)CiT}é&%004/01°327
ef fectiyely.captur the. arr. [ Syl forni
Dusng S BB PP SRL 0y TP TikcR, PG, Atto, California
9a3086f d10&. ANeANEILe: D0Wasn rahegiheds (DuleSdboie Lat Wie 9057), both
angl e of maxi mum defl ection faor this | ockeg-

€ ) ln__ . :
of whidnsporte, tFledsto ayifin 0 8t [ache drans ok 4 @(L (S&g intervals using.

ticles,. £na ' :aPEg-RanblS HRse spt

conBigref AR PSR opTand 8l ¥iten PnfREAPOHIRALDIC; RSo sphercs
can §¢ databBnatinmisibierrdek| tesisedf tutl apperridcec bedi thus provide an ideal

fractions can be call ected separ alt_(_elé and thli) RrOcess, . 1
mod¢lssysleBMmheIeHBISHRSTRRIF FepppRseRp @piigal frachaien gy OF Tpptorec m rea
. traps’ ge s t1de DB HENETpNESs SBpePeieelSt PR and 4B,
mey, '}‘ia%;g}ﬁ?/%’%éeét goltrrm&h%eg%tﬁ resholsgs forgféescag)le of the
respéoiv@®. and smal | spheres. The trajectories in FIGS. 10

4A and 4B denonstrate that the | arger spheres are

systematically deflected by the arra f r ~
(0018} S5 acueree; WroouHh Genes trars & Liferd QRERIE Rl ino o
mong egg e]([ﬂlglensfggoé% theSlPBlel cBRNGLEDS thd hinbiell WRadedsialle dpheres floating
[

adow in"the distribution of |arge spheres,. .
somwhettehipheybecoan they enl ligdted GiGonie rP@éqs«;qﬂIta w profile within the

defl ected. | arge spheres are,co Nt [ | —
chatgyi B S PR EEHE O1v el eSO Chr it e el Spfbdo Bl = 17 + 9

m/ERY c?ﬁ separat el |sBE&e8. wheciause §b/dehe The viscous drag on a
pufifi gati on of sma | Spheres and the concent r(?ti 0%1 ofh b
statibaargepspheFesyy; éseiarastarzemby 4t &papociiernie gt ghdgenihiot on the

| ar ger. fracti,on, thi tical f y ' L,
sohe:Eh tpT bl ohia g e nde REENAT PERAS ISR R gtions” drag

coei?ﬁ\é?eﬁltsb@nng' smdadderhni hee gifudhitias Dgaking the Einstein-Smoluchowsky
el ectrophoresis. [0023] This qualitative

relaiiont &b pr dtAtH orhast Kalstis Ahe dherna) et Fele chiopacmige I The
..N0I. compel lin Lderd i.sti . At :
il L 6%, B, SEPRHACIIRS Oy i), hpions i
traj @ A Ructies @osover PIGH. 4ihand: 4Bre More gaeallya tieadpdiedgpicy /1 can be

&t
n 0 of spheres in _regions of area 60 x 24 center .
proitied by riopeassdsz SeFbyRSt PJSC%‘?T‘?S?SWES%\C\P@P%%%Péaﬁmwpﬁgresm’ o
~deni si;ty.no r . each popul ati on. The spheres’ "
gia‘flgﬂtlg??lv%dlg% %a(rqlio%l'l es for the traps can be gauged in
that |arge spheres are roughly eighteen times nore ,
[0020]KEeY optiraberabo dordthiin ilustratign tvam cientet it dhe §YRATBAR, holographic

while smal | sphergs are.only three tines mye |jk
OPt@k/‘éﬁ‘?eﬁﬁ'ete?zlE}H@%ﬁ‘e_sTwﬁ&eaqlﬁ‘i}‘é g é%glst,we%eri:,heélg a3 PP g‘}teit%isgy 17+038
mWHE 1a‘§8"]§él'ﬁ% LES) Mt grefer%@rén@é(gﬁ{ a SOy ®s 1baPrgo.5° with respect to the
tenporarily stopped 1n locCal potential mnim while
chabfie’ ssamib,| ith spheréscerte spaoipigyoBPondd = ©624p. THach trap may be
quality of the resulting. separatio b
moggled E‘lf_‘r il h@,l&hﬁ;é &FEEIS_}?H RP_éer%ﬁg B%ﬁ é}ratrogen rdggtﬁ,g\éﬁﬁﬂ,gﬁﬁgﬁg %ébogh depend
On%%gf;ﬁérg@rggiugglsltl oninthe flow Q~)=rzb 0- nst

[0021] Were it not for the optical traps, a particle driven through a viscous fluid by an

applied force Fi would travel at a mean speed u = Fy/9 Provided that the applied force Fy

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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Jhis figure of nerit, shown in FIGS. T%Eq
W({Z%%gdéﬁ:’els a maxi mum val ue of unity in a reglqjc;&n 0(?4%1-»327

[ y. r
cwn S SH0 AT UNBLGE, FRDSE SR O3 AT By, 1m i
casd,ahé perticleomilhbo pagstd ol gy & rp Bh@Gis Eﬁﬁed&@é@wﬁpﬁﬁ&i by the array.

arr of _traps veal a perfectly mxed s
Tiﬂ%g(l_%/ dnechanigio @ﬁ%ﬁ“mc FREPRE. | %ht e%t@n gngle 6 was

seleatedl tbgf ?@&t 598 %ﬁ%l@ rof tntﬂagmﬁ a¥erRbadd ?%Sﬂusg%%&%—lln' tMhsport. The
B, and plotted ar ger C|rc es In ,
reladeemdeﬂacabms of omaghllrgd Qﬁrtmcéeséenajeptmeﬁl whitiven tof edeapdd  particles’
S S, the b und, ca
iR T PR s RO B GPLC Aot o bt ettt St ypdeflected
fracibh9Wethd RI88tS Bé}ﬁfa%@i%y ’Lh@t 185 5RR8ss 1M dvhSdBBmbAMMGSH FI1G. 1.
escape is evident | ar ge spher es concentrati on
rofile downstream of the trap array in FIG 4C, wth
{Oﬁfzil (Givenofhs aae e@eaa}@éybéhﬁadmg navear ewss gl ;bem-:ehu kel pmpirically

R B SR AT ISR e i Papge in FiGs.

4A aM@uUBetknihsER] tﬁéttth@ﬂu@@\é?ﬁﬁjes R AklcBlatibdINeSefRbtciNAP e array of
As few as three lines provide essentially perfect

trapp pager thergtcopditignd ethile e pnales Aphessqrse pafe cmsequenﬂy, small spheres

ﬂov& Slgghe#ggg E%tovq'l% g%imﬁ; shl?(go(\t?ml Gk @?@ﬁ&%@éf Zr@gg%ﬂ"fgﬁ where they

can&B: deta! r gbavdriedy, the defiscted 1adgs cpedres apt é@rbntrdéd into a small
ps can continuously separate spheres on the basis
regl@ﬂ “f fsi andyf e ORSsHS TR PT R VRAS (AR SR AP scRaspal Goblggted. Because
f C ££9

the éﬁﬁﬂ%@%&%ﬁ %gé’ite gt?t{ {prégﬁféﬂra;ﬁgg%gﬁegaé p;?ﬂ dﬁgﬁlﬁﬁom lateral

deﬂbasmsoﬂ‘ the laptd facivnghapiptical fidt@abionaotan caf @E&Z&ad Eextinuously
Sj np mta/ the inf ce of ust t wo dlsc:{ete opti cal

andtti; Vézﬁgqg§§%@r %tgg d&.}e ]é&ﬂqu('is sughsgel glgctgpphoresis.
particle near their mdpoint at X 0. The particle's

(002t Alis PRLERI 8l 111@&?1"6933(1011 of :Hu:ﬂ g fevs( tpajec'to]nés( )621'11 Lbez)ngade more
expl 'y 20 Vexpl - (X--,Y +exl - (2)

con@@llihg by2@mpiRedsd thletsta@sfmfapﬂ"§eltsyofr§h®5am® thhnamspgmea cpﬂemd in FIG.
where r | Fr,r)=Fisin0- LOy expl "x zJ J.yexpl - x+;

4C )and1413) Here, we plot the time-averaged areal density » ( Yof spheres in regions of

area 60 x 24 Bm” centered at 7 , normalized by the mean time-averaged areal denisity #, for
each population. The spheres’ relative affinities for the traps can be gauged in that large
spheres are roughly eighteen times more likely to be found in a trap than in the bulk flow,
while small spheres are only three times more likely. Given the spheres’ relative speeds,
these ratios are consistent with the larger spheres being temporarily stopped in local

potential minima while the smaller spheres are simply slowed.

[0024] The quality of the resulting separation can be gauged by measuring the relative

population concentrations as a function of position in the flow:

M
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26y O the y conponent of the total force,

Particles should escape nost readil
wo_zi}@]n%ﬁzre t he trappi ng force is vveakest E%THJ%%OMG){SW”

oA R S TP 95, S s oy
in € aglion etnihirdjeohbr ia@ge Isphegftsy%ﬂd x’ﬁmuz Mo 1210@%%;@1455&11 only small -

PCT/ US2004/ 015327 Z sin0 f (a)
spheRe Pefostip érap%eﬁsestp b goH 1lpes B nq i@dP\FIGd &peieredhe aray of

trap 3‘%4&%%{ criddfy o %rulx Ig g@gﬂa%s as hﬁcﬁw% Bk & {Jgeﬁi &{f%z&f FIG. 5B.
A skhidar settaomaaftos rthez msa}t bt%twps; giong hfae r& end $ﬂoﬂeldaa|s lIytget diecles in FIG.

arent extent of an.optic trap 5 depends. not
5, PR e bl RSBt 52 bt B oy SR en0% M of
the )@& r&ﬁgicaﬁbé’ h#gveka EJk%lhs@@i{s ih SheSs f}?of(tgags 0211 g%&w@(?la(‘ge spheres

Lar ger partl cles are | n uenc
to esppec dloltisiap-iaduced lesragers mdqet inHhe lagalsplmres concentration profile

BBl PERid AR ROHG 1oy Ve GORBHIRAER P cre QEans creasingly

hke%ﬁﬁathéldrgﬁﬁ)heiﬁ% sﬁ\ﬂufalte ﬂl@%wﬁb@eaﬁﬁ’ ehtB6f 1RE trap Bdrad.OKuch collisions are
| ustrative exanpl e purposes. [0030] For the present

mog aﬁﬁc’i\ﬁﬂm@ldﬂhb}anm @ting soward robaliel Haek ¢iorapshe\d arges three lines
spect |

p10¥1?% éetssentlal INA p st acfrtetia% jofial O@hgl?cga& ttﬁ? kaeése{at% gxpg&l}egtﬁl conditions, with

moﬂcrb@@ﬁmngdﬁ@ésﬁﬁyﬂ H@ns%ﬁé’(@ anangsis reveals a = 0.94
0.07 gni and 0.74 0.07 gmfor the traps' apparent

These results su%qest critical angl es of

iﬂﬂ%ﬂl’ﬁ@id%fm tHaS| dpgdB et bs Rngmesstptg shaf grrayhef discrete optical
tlap?'@% L:onﬁ@%bﬁﬁ S a‘f&@%&/ﬁe{r@sﬂ&n e bllsik e tl?e%s%% mbrffdetlﬁgttpe physical

arge sphere re emcal capt
condipbas kadiag oap&pei@atinial daipe rfﬁim d@fahey?bf @apsfvatiileBanother type is
|nallyc ptured particle.in an Ntrap array is
Cap?lkﬁqg 1318"%1?%1“6 ﬂé é%roél’?ﬁﬁ@?li}% oplagal (3§ HOTREPRO ( 6)

establishes the lateral deflection per trap, and thus
[00PN A RGBS HFGSthE RELRREAYT B! F4BAE ¥ptical traps was analyzed, centered

atx = :b/2, on a particle near their midpoint at x = 0. The particle’s total potential energy is

V(;)= -V, [exp[— —(EZLO_—%—)—J + exp(—- %H exp[w Z—J::TJ Y (2)

[6028] It escapes by passing through a point where

F, (;)= Fsing - % y{exp(- —(%;‘%—)_—} + exp[— LJ:T—%TKH exp[— 5}::_2—} (3)
=0 '
the y component of the total force, vanishes. Particles should escape most readily near
x =10, where the trapping force 1s weakest, and y = ¢ the separation at of maximum force.

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

by




10

15

20

25

20 Choosing the inter-trap spacing b = 2a(a) optim zes
fficiency at A= 4/e VO/FI. This resul
quéﬁ fisgt Yor desi gning a practical optical frac[{ClTlé a294/013327
system ut does not necessarily optimze its
e tL particle size. [0031] The sensigivity
sin§ 2 98(’6‘2’5\@ ted as S(alb) -- aA(alb) (7) ‘Ist)and i s

optim ze by setting aS(al b) _ a20(alb) = 0 (8) at

P&TA U 0%b3 0,
whes%)gﬁ% Sre}b&gvggﬁ’%f és@igaﬁgtﬁa ﬂgl ? f/ogﬂpgxag enggzﬁg]pamlés material

proﬁ@i‘@ése iRAudin S thet @de, M@ hofoh (ﬂ&) c&rﬂf@arat@n[ M@]tra%ﬁ u ?Hér@ W, =Fc
est abl i shes t he spaci ng between traps b for
chazauteazarsagheocﬂn\opglfoazle Srrm;bm}atthamgpme@t ok tieht u:r(}stof m optlcal trap
sensitively distinguish betwen " ar% articles,
depegsis a1t qilly omplle vadpt g ebithedpgpsed bgpm o élaahgubéqt elso agrthesize of the
paﬂyglé'l escape. [00341 As a practical exanple, these
results may be applied to optim zing optical
fractionation in a viscous flow For particles
cm@y@QJanm size to the wavel ength of light, 10 or (g}
srral I'er, "t he dept h of the potential well should scale

t he artlc es' the visc
{Oﬂigdlj &g&l 5 L 101%5 ?}F&Bg}lﬁl ﬁ;ﬁey Y% ?%gﬁf’tm]\é\%% &Slalg(;% range. &an smaller
partfest Nokis gﬁﬁtajﬁe dBicARAde| &Tlﬁ'ontcpeﬁ@ahsﬁéﬂ)%&ﬁ&lﬁ&hsﬂﬂ)xteklﬁonentzaﬂy
optim zed spacing b into the criterion for flow based

senseyegeatiatens. iy Eqvﬂl cadtinriedd dse BAA2) B0 1Bistrafveexadipls pu@oses.
Bexp 2a2 4 2 4 + a2 + a4 (1 1) 15 [0035] Equati ons

[00#0[} ) trnhOnééF enL&l Sef\@s elg% [[:1]1% 534 ﬁvéa%%] ttai%@é {cH%e laﬁg%amd sfmall
sphér@iﬁ reptanthahsing kﬁe&’maﬂﬂ&k&uaﬁb@ralnéltybl@ S chd’ﬂa@@ﬁ&ﬁh&: aptical traps’

dept hs for
depths. The same analysis reveals ¢ = 0.94 4 0.07 pm and 0.74 & 0.07 pm for the traps’

apparent widths. These results suggest critical angles of 8=14°+1° for the large spheres and

- §=3°+2° for the small, which is consistent with the observation that large spheres are

systemically captured, while small spheres escape. The total lateral deflection for a
marginally captured particle in an N-trap array is (N-1)b sin 8. Accordingly,

Alalp) = bsing (6)
establishes the lateral deflection per trap, and thus characterizes the array’s efficiency.
Choosing the inter-trap spacing b = 2o(a) optimizes this efficiency at A = 4/e Vy/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{elp)= 220600) 7)

Oa

and is optimized by setting

aS(alp) _ &*alalp) _
%6 oboa

(8)
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practical arrays of optical vortices should degrade
t he segar ation's resolution only linearly,

Wog@ﬂﬂf%f :fly can be conpensated for by the subs?pggrt’ﬁjsgp?“{}”fmF’
r e ependence on particle size. 20 [0036] In
[Ooéﬁn:g%?'))’?d?ﬁwe f oregoi ng exanpl es have denonstrat ed
optical fractionation in practice for a nodel system

of c@? oi daIﬁ Si : ;oW have shown that the
teghgrqng' = Pse I fala)sensitivity for {9}
si28opaded separations. The foregoi ng consi derations
denonstrate that an optical fractionation systems
whejeonetry can be selected to optimze separation on
the basis of size, and that exponential sensitivity
sh uid &fer bhef'fagrm 25 Separation on the basis of
othé :c“ha_crjﬁc“t“—?sti cs can be optinmized by a sinmilar (10)
line of Teasoning, although exponential sensitivity

| d not _be expected in.th eneral case. 9 WO ]
1003 O A 50 S B DR e g0 3PS EBEHIREh f 8yray of optical
- t i i RS e t 8il, Dbl Ve . .
g o e P SN WP LD Sttt DT Pafly ity which will be
cappred, eind Ssranlll’ prainded, wdidr willdsose. di mensi ons a are
measured in tens of nanoneters. In particular, Eq.

1) denobnstrates that noving . from1 mcroneter- scale ,
1008 € TROERT EONE: e SPRLDREES SOPIET 1 cop ERgHg optica
fracorhtidn eHibdoRs BRRANGMBANS SnfAatdh® Y B B8V8NAlkngth of light,

orders of magnitude. This can, in principle, be
or sgredlenpihe densl obihe notrmtiehwi B ghoHé siaie wiibithy patictehevolume Vo= 4d’,

i v i, ' \avel engt h,, and. sel.ecting. _ .
il P SR ALDO S SRRSO B RR, VB, oo ot ) i
propatibhall t8s’i Subetaned theyomnhasg eshcidDh3Rb haRHEFRAL foP Tow-based

optical_fractionation in such a systeminvol ves

sepypden imld-4f) belday of traps that spans the input nixed
flowin such a way that the desired fraction of

particles is (10 deflect > —{ he separatrix and
L0t @ L Béa ufflefofl dw. 1 nSopeoaspect, successful (11)
operati gn requiges 4 hat \|yhe ganpl“e| have | ow enough

diffusivity or notility that the unhdesired fraction

' t aneou crosses the separatrix at an accept abl
00f P BRES T ad] CRaiaue, denaanie: hatspatal Brckation depends only

lineRfF 8 the IBURIbE AR (oterd d Qs t 05 :
B LOUENL O e SEIRO 150 G LAROSI AR ARG v o
prasticahatdys afrgésdl vedides alodulddegiade thtSepaidiitn’emesolutionamly linearly,

further be directed to the case where the desired .
andgPhestfi 5e8 e SPRBPSaIEdder Y Harpiothally SHBEsk dgendence on particl
sizef raction, and so would not be selected by conventi onal

optical fractionation. The greatest benefits fromthe

fr esent invention would be realized in systens
[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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for which both conditions apply, although either is
wos%%j/hﬁk nt. FIG | depicts a mcrofluidic H 'd%%ﬁ{]ﬂﬂ
100w t (f i nput )

two fluid flows. One flow, the m xe

: ' . neou ‘e ] : .

(007 Btdn Q8T GRS JRGae) SHRL AARDERY BoSRTGob GeBifine optica
fractompiosad sudf oltjbes baplotpimund], namoclsibfsarhdsk dirtdensidjsects measured
. .in the input flow 110 C ter an array of  optical .
in G SEPERLTUS0, TBPPAE ht (bR GROPET S P EsgdEn § gricrometer-
scalb ®idct oW 10RbEdIn H8Ld Bt Sbit A€ at §q!i>§:ﬁta%gle‘c@ 36h! 20uiRd ohllBcing the

~sanple into the buffer output flow 140 for col IFection.
ratioTHgB phdeferd cardes fofavegindef Thie sanpl erineipid, i Aovotrdpdished by
TN e N T S AE -
whi€Hf 8RtihRehceBh Welthd paRclas [sB¥sorkafbiiRategobj ects out of

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

the invention can also use optical traps to direct

[00%Hj lepiagnendiar dptied Fembloppiput imPucde SYS6wN dBvalvesycrastingnt array of
I [.X, It her i ff.usi 0r. by, . ‘
ook Q5005 SAFAPREEAL B Lt DSl e ol A BB it i
deflbdted b&Fos3Be bepRatilk GHATAHIEHE Suft-AHNCE Q2 %g@a?ﬁi&%@é_sﬁﬁ operation
two flowi ng fluid streans, one of which 21 cont ai ns
requrel €42 tBY &AANE heRRMEed R gh el fria ety &%bﬁﬂbg BRhE R desired fraction
ot her 220 of which contains only 10 WO 2004/ 104551

SpoIR@TYoLIIS2064£0thE Sarativ bif &y aceoptablydow r@al y t hose
objects in the mxed input flow 210 that attenpt to

0B TR et P EUB5 N B i TR Shpositc cass
whellt T oRuCEAioRAE bl @ithllf TRl plh ho Wiaedfla faction.
oj ects which cross the separatrix through the array

addigibnf ttogm A3Meabe dreblcgobelicidasd R efeedespul Mitciibh AWeracts less
240. Those that 5 remain in the original input flow, .
stropgly Han fae gihse fagign.aamsd peseoudd ot devaslestedplr #oueentiongl optical

cSiigr, 29ELAEL e 06, 0L LA S8R B e n s

for WBRE botNeordeihs dhpIiUSinGg R eithRtit berieRhe Cres Wi ddpidi®a microfluidic
defl ected back into the mxed input flow, while the
H-jumotien 10D with fwadhidflows| 10mes flape titch@ite apgutafickv Cids sontains the
t he seEarat i X . to. be collec Sim'larlgf6 gbj ect s
oft

. d, .
betepqpepeisamplstode sy Attt Fﬁgﬁ@saﬂw We&uEst flew) 120 iromposed
of tPé\éoro%lcl@‘?odHa[ Br BBIE: hRa, 18bebRSH thF‘?r%ﬁE%Fwa“@ Xnb QP& an array of

_ ected. [0041] Whereas optica ractionation
opticaddwieem@ss 430, argegehaugharglebemwitf regpei tathet iapswhich deflects the

el S S Bk, How (i rursed
unddfibttedaf Q4B of AR B8RR RHains ReIGSHndl @ﬁreefiﬁ,odisoutput flow 150, where

Consequently, reverse opti cal
it is collected.

[0040] As shown in FIG. 2 rather than creating optical trap arrays to direct objects out of
the mixed input flow 110 and into the buffer flow 120, the invention can also use optical
traps to direct objects back into the input mixed flow as they attempt to cross the separatrix,
either by diffusion or by actively swinuming. 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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fractionation requires far fewer optical traps than

1onal optical fractionation and so 1 o
W(fﬂ)mell?dl% Ticient use of the |aser l'ight requi rgp to 04/015327

he, ti

e ikl PobtARSee GA02h 18 E0RaTthA ot 250 LRIABRL: to cross the

sepatthierbetvgemt thagwbetdwr ueesnter en ersg odpiptical traps 230 arrangd so as to
fratlontlon ers the sa n These

dirgeh cq% %%%Wﬁ’] G%%%‘“’é P gﬁ’“f g\t{ﬁe S%ﬁ%iﬁ WHER 1919f5 8o separatrix

thr QRN @kl By spaapmwgreo@csnemea%' i ﬁdffeQ %]Pput HHSUTE Mopose that
of - [ aser power, |aser wavel ength, optical” tweezer

rengpéivethe prigdeal mpngﬂfﬂ\@;@l@,er bevduRCihex pl@rimtdlﬁhswe or because they were

oSS b e A B S AR B 250, 1 i

cas6.OM¥ abksi Rffadivopt hivdle cﬁﬂj@&é WeNakl RAetted BhdldBlo the mixed input flow,
i nappl icable or inpractical. As wth conventional

Whti@thecram efm@b}tei %@ézpn onll e&@péﬂ@e&wtamd atost tlectebamtib torbe collected.

a of t he lLariz
Sm%r?aﬁyhg%t%?tsgfﬁl o) fos Yh fongfy {nﬁl W% Dysthp SBP%?&I a8 é’e more able to
crod AP RéPIPatiREaBB cdiedl t Obj ects on the basis of their
bi refringence, optical activity, elasticity, as well
as such ropertles as si ze, optlcal scattering

Iﬂﬂélb%l%ﬁ@éw pel fespstipnalion apatiies i loigeenoagly peelesr q;fwa)ﬁlg@ traps to fill
thear{‘lgibe usg%‘ urfpg?ﬁ%lv %1% thelréé'ddﬁig &% or%cﬂfi{% (%Elz)é I%é&lof%ﬁnﬁm to cover a

or $or |ng objec S
reglomeijust dirbfindsithe tsyparditie Betdictn ahe ofiovept | Cahseli@@Rerreverse optical
arra for reverse optical _fractionatian

ﬁaﬁw&a&\{% %g%feége‘tfﬁéﬁ@éﬂle%%s\ihw ceftventienap Ppes fracah%ptﬁn and so
e L e R R

[ 0044] I n another aspect of the present invention,
[00¢hleTordlhe exiteihibel Glljioiﬂsﬁ MﬂOllaticedllaSth@Bdotﬁ(iwentd@ acshowgthever other

sorfig feelyBhet Pt B0 B ol Sehe? Piedmiie dBPRige hese inotude

con®Rhbe2bpdri@iBlthdraheh %B’cchjxﬁbda @erﬁﬁm, %oﬁ)ﬁ"ﬁﬁo%ﬁ rbp@ﬂmzahon through
di screte optical traps is shown localizing a Single

adjedbinent of: Taser pawerelaner waetdngthatoptiad]l tyveeasp rgetsremjedirasn@ force, and

OO T e
sysﬁﬁlst RF RvIMER b hieRtbiig %Fﬁczﬂ rieRtiofRMY 9 Ra‘ith@la naf)ﬂil?cﬁﬁie or impractical.
ani zed into manifold The goal of both optical

As ﬁ‘é § gqriestienad wrtieg! fncipnatioa, h@/reesenommgb fre@e:mlabm ineayl beneficially
tak% Q@Jaﬁ?aﬁe oﬂl‘feh ol lbﬂﬁ%ﬁ] ?Pt%e %%%égmg 1Flg1r nsf s%\lsture of the trapping

e mani raps

beaAR[o GaL udgecth (fnf tHe Habis RO WdihBYe g ee1vp) tbpﬁi&al Rdtisityl Qasticity, as well
[0045] In optical peristalsis, the injtial pattern of
as pychpRropertieg s ade ApfieH seAteTes Cmsmt@ﬁ, phkcal absorptivity, surface

charge, and shape.

[0043] Microfluidic H-junctions are known {o be useful for sorting objects on the basis of
their diffusivity. The addition of optical tweezer arays organized for reverse optical
fractionation greatly enhances the selectivity of the process, and offers a vast array of new

physical bases by which to sort objects.
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mani fol ds are shifted by a distance conparable to a,

6B). Because the new potenti al
Wdﬁ@% dz;%qwl th the old, particles are transferr lchr/Uszooumssz'i

ter I n
[oo&’zg B a%ﬂ'eﬁ_%ﬁp@& Arfgzgée SeEérhg br{elg Sﬁ?ﬁm 7 ﬂ%@eﬁmﬁ% Esﬂi/t el{%%d. BY5S. 6(A-
D) ahlmfthe }B‘lncffiakdlpopa\’whlehnomfoat Ipalpsatals@ﬁeparytﬁ andfwill be useful for
erlsta sisis t gi nal
exofiipg e RGhurss B Spoetial hbwal Fthelo) g @A DB disoree
optieht t %s ﬁﬁé@&]nelobaﬁmir% 4 §1ﬁ‘@1§fo§f ect. "Bnd pARRER BRdtRhRy b E@ented as
one Id of traps inh the first” pattern to the nex
f:wormsnréte Ipdtenah}smergy whits, feaels bf padth e, sepdraied pyaitdtarce 1a In practice,

t many part s can be trapped in a gre
@aitemr‘fé d l%fﬁwf ot BV OVAAY Bl GRS eaF Py iBiOvRipaifolds. The

goapYJf Qa8 ?Eﬁca‘? eﬁ@ﬁlsﬁsohﬁ? faisB GoGR ﬁ’&&ﬁl‘:@ik 1P&Y iﬁtfclaﬁ WPermal ratchet

cycle. |rect|on of notion Ts una I guous
metted@ogy nedo byansfve cﬁ)gmpwsrlﬁmai snerwenifa@d dofc traph o aﬁﬁthex The two

revers onlLy by revers t.hat order 0046] The
DD P e B Pl EREP I e s 11 om opti oal

peristalsis in that the separation between nanifolds

[00115] T iddIREL RN, He iARf] HRtckS 0§H5’;§'>t1§@éﬁ1@eh)(vﬂl@£1ﬁﬁie1 in which the
han the individual traps' dt hs. Consequently,

malpﬁ;ﬂds aﬂeeénfcerxhppeddlstantmeoxﬁupamblep@t oefsse dile. 681 Bewmse the new
to dif gg quecon patter
poterisb Wl torkeP gl i

iPRFUSS & %Pa?é%%%&? ﬁlélégﬁdltyhtg the nearest

1nar%§31@5e§ﬁ led n&ﬁ'}:‘aﬁ@ﬂnd Tﬂstﬂ}gce%§?%gtsﬁﬁtlf@ B athOeY another shified
becone | ocalizZzed. This l'ocalized fraction then can be

patﬂerl‘aﬂ%framr eQné¢ syslarod wagdumrlbgalwh fsf ensidely varoethe legiginal pattern is

orofefich RERIE G TaP i ERHES: nl BBt Bt F R RRb P Biticte from

oneORitiEAd oPak %@I@éh%lfﬁst patternMd &8 3Rt BLAIRKIS b6 id HRNGRO Ekttem. In
ensures tha trapped objects nove forward in eac

pragipeldegreattininy partislesican pe ireprnd iwid greﬁtrlamgpwttcabﬁagﬁ, and all would

be ARG ROAL el BHefare ol IRErE s 18 sl SPlpddisapig cvole. The

dirdd€ivh QFRAGHH i Yinareikhbwl © Hetet@ed | BWilled sepbade’s beder and can be
forward-goi ng waves mght still diffuse far enough to

reveraeeonla bissversingethpbyyeeide to their starting point when
the third pattern of FIG6CIis illumnated. These 12
0 R 7
Oﬂwa?nlgef éé feal et \%é%%#{gl? %pti%?f Fh&étﬁﬁs"iﬁ%ﬁ& ke separation
betwednemanisii§ oh dhs énamtaihl Gflrramonaacshbﬁmﬁiaﬂy et I‘nleem the individunal
popul t| on travel s forward or backv\%{ld t hrough th

trapbse&g (msequen ,g@éucd%& trapnsd indhgditg patigEy aquleg ﬁee to diffuse
t t t t
whé??ﬂhgrég%n&ﬁ{aﬂﬁﬁn]ﬁ AL, g%gnglglogi 1@1‘cfe§2ﬁ§ t‘?ﬂé‘flf%sg ftéiﬁg?d?%h H&each the

neagt hiangoldahehe tsecm]ﬂqraetenampodiﬁrbgeomh éoligkd: eChisdocalfzed fraction
then can en‘ggljzs?er%fedafogxrf] g%ggearllogy lén 1sion Sonf:cla e thitd %gtt%gm is projected, and
again be transferred when the cycle returns to the first pattern. Unlike optical peristalsis, in
which deterministic {ransport ensures that all frapped 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

refrograde to their starting point when the third pattern of FIG 6C is illuminated. These
12
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[0048] The expected flux of particles under the
iaf e of cycling optical tweezer patterns,
wocfgﬁl/féﬁ% aﬁfﬁ dﬂ?omz”f

ated. A tweezer at p05|t|on Xj may be no

P PEGFan T oudle RS L e e DRy Haration a

eachnogttld dVhelhdérsa popxdahmmltravﬂk Ifommdmn |bﬁasxr:iryl thaizh ahé ysequence of

symetri c. atte of establ i shes. o
trappihg PefFEs 1%@%?@}1@95: Py %HCF Gt 5P thy a@%w&snﬁgﬁgmnd@tes and the

lgh e éﬁdV & mphy o
e o Y ne S Ut P BBy g charee e
direcliat dfimgenlmotsm, & phendrhencompahlas ok eesarsel. i n state k

is 15 N (x-~L-k L)2 Vk(x)=-~ Voexp - 2 (13) i=-A( 26

e lc = 1,.0r..2. Agai 2 an i l.lustrati
o048} SaE e aniidies @Bk s 1Pnile ob s ing PR ewecrer patorns
can 600tEleked Al ety a8 pbepGRk el Yod b @IEhad i‘@%ﬁssiéﬂrpﬁﬁentmi well.
states at even intervals T. This time is 20 to
conpared with the time z a D (14) required for
particles of diffusivity D tjo -f;fl)% t hrough the
system The bal an@@(’ﬁeﬁﬂé@ﬁp'l‘“?rr&ti turns out t(d2)
det ermi ne which direction a ‘partfcle/is driven through
the system by the 25 sequence of potential energy
st at es. [0050] The probability p(x,t) dx to find a
ol i-
10045 X BRLREL AU Wbl BRFpQERDL bechlip aBReluy spgtialy
symiiv@sntko NA phesimit v»feﬂfs eﬁsbluﬁleg@lwme df tiy thichatatmsyods required for
uation: 13 WD 2004/ 104551 PCT/ US2004/ 015327
ratch:%\]aehawﬁgl Ag anpélystzatwe@xwg & ()ha )Qveé g5y be considered in a pattern 1o be

equally spaced by a distance L, so that the overall potential in state k is

. (x~jL—fc—§-)2

Ve(x) =3 =V - 13
(@)=Y~ Toex 5 (13)

where k=0, 1, or 2. Again, as an illustrative example, the potential energy landscape can
be considered to cycle repeatedly through these three states at even intervals T. This time is

to be compared with the time
.L2
T = — 14
5 (14)
required for particles of diffusivity D to diffuse through the system. The balance between T
and © 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:
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[ 0051] where the propagator for each state k is given

" WO\%Pﬁf(h,iSl(y,tl x,0) = e (16) [0052] for ti "‘3’3@%‘1@004&1*3”

Z°5 L(Y) =D(a2-fazV(Y) (17) ay ay ) [
where g-1 is the.thermal energy scale. The naster
equat i 0RO #‘fbne_fpc(d’n%lxé})é(‘“ {Hfee-state cycle is{i5)
p(Y,t+3T)=f dy3P3(Y3, T\Yz>0) f dY2 (Yz, T\Y'0) f

{OOSngJﬁewﬁikegeogzg&&(fér%%ch(slﬁ% K if §98dhy For the symmetric

tical potenti als are Considering, this
master 10 equat| on has a st eady state sol ution such
that: p(x,t+3T) = p(xAQy.{|%))=¢0055] The mean (16)

{ggg?f%(%%éls\}%frt@ S st eady-state then is given by: v =

+ aP(x) dx (20) ax ax [0056] FIG 7
shows nunerical solutions of this system of equations
for 13V0 = 10 and two 2’re r tive val ues of
6/L. For very srralliz(y)l/‘vaﬂii5 3(:' etime T, (17)
particles are unable ug h the rapidly
[0058Y ahd inbgr bt énthicaticemnd r@yrgyasmd]sc dfe, mastdr squadiohffosene complete
randomi the nmean vel ocity consequently vani shes in
thre?‘ﬁtﬁgequi‘/ﬁlf If traps in consecutive patterns overlap
(a =0.15 L shown in FIG 7) particles pass
det erm n aII fr el ding.a
P SNy S Eos i e oot v O i AU BhéRefen a®)
reaches it maxi mum efficiency for 20 noderate cycl e

T, and dqes not. i nprove for, er dwel |l
(005t Rgbcfb% rﬁymneh% PPUgRY fTCRAET roFeia Jﬁ Foaust Fomgderog, (s master

l\/bre W dely separate traps

una?%ﬁzﬂ aggg%g{f&?ﬂe Sm]ﬁlon[sg&g%ﬁ d anot her behavi or. Here,

particles are able to keep up with the forward-going

wave for suffi¥enply,r) arge val ues of T. Fast(é?)
[oogﬁ Al Aban RENBN %bf thiLastRlytDaté tHX id BvEl B

aracterized by negative val ues of v. This 25
nunerical result denonstrates the principle by which
arrays th( g@ s (¥hedpbr)s, can be used to inpl nt a
y

fully s tther malgr atchet wth flux reversal’. 14

[0056] FIG. 7 shows numerical solutions of this system of equations for 5V, = 10 and two
representative values of o/L. For very small values of the cycle time T, patticles are unable
to keep up with the rapidly evolviﬁg potential energy landscape, and so diffuse randomly;
the mean velocity consequently vanishes in this limit. If traps i consecutive patterns
overlap (¢ = 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 lumit.

[0057] More widely separate traps (o = 0.10 L, in FIG. 7) yield another behavior. Here,
particles are able to keep up with the forward-going wave for sufficienily 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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V\D 2004/ 104551 PCT/ US2004/ 015327 [0058] As shown in
crossover occurs fromdetermnistic |.cal i
Wop@l’?’%“ﬁaqu s at a _ 015 L to thernal ratchet %ﬁ@%f’%‘fﬂr’:‘m
th fl = 0.10 L f th t
{OG%CAF%S}&%*L g ’?rpr%@p?el M@ﬁtﬁf%’l éi%%p%@ﬁ};{ye&nt%@ pemstalsm at o =
0. Ii qu et LtalEU ¢ DQaBor vxfi%huffu{ Fe\(/@{sﬁlait N2y pee @?Idaeﬁﬁééiﬁﬁg cycle of
resu tlng romvari ation e 5 cycle tinme, T.
Gmﬁh@nﬁ@ﬂ@o&ﬁh@@hﬁBﬁp—aolse for different populations in

a het erogeneous sanple whose differing diffusion
ficients yield fer nt val ues of ti

coe e C .
iﬂ%ﬁrlffeﬂewom&o e awe RED gescrt %e%ae%u&%%erem variation in the
cycfel i, tTa NBQUSI éﬂ%cp@aﬂoa?isé ?oﬂilff@l%ﬁﬂ ﬁlaﬁ&ﬁé’ g'pfﬁiet&lagéne-gus sample

i's sélected to drive one popul at i f orwar
wh(ista héiffebiag k didfudion| nodfficisntasayield I'Ihffendﬂfts omiveedodpt i C'Hhese different

hermal .ratchet is useful for separating. and purif g
popgwﬁpvs gt Qe Bkure! torn0 by REYIaneopYiy 8 PPROSHP Sfartiay pfovided that T
I [ r h ]
s QRLLATD RV 62 DohPalTRNEIR S oFe RNEIRERLE (T s vay, the
des&é@drcqtticalntksnhﬂmheﬂ:mr vsefidnipt egpatdimgnadd patfyhet snall fluid-borne
based on interdigitated el ectrode arrays have been
obieglpl i ed to sorting DNA fragments. These, however,
requi re sophisticated m crofabrication, whereas the
[006WTA %femhcm;cap @p B8l %0 | 1T GHBIELE Oa HERKABRSTRhM ratohet has
and readily inte ed into mcrofluidic devices for
advhmbgasn@@l cctmr;faagpﬂ-basad isopazatiom S@pme@aquraft)@n@ﬂe bhewser! ratchets

a sin red scanned. optical . tweezer
bas ol BTSSR OGNS Pt S8 (PP Rt e DNA fragments.
Thes@URNERtr, rddlii® RPRIAARHI FRtLESriORIE RkidAg théldoptical ratchet can be
spatlally asymmetric potential energy |andscape in a

implemenied, Bicapaivebnged readdy tintesrafadeinte yaeieRuisie daviess i lab-on-a-
ch1pa dll{cgt?tfn%nt%ggg?cgi tfgiéagg%g]dtoqe sgrﬁgqg gscr %%156 r%jgl’?%d Optlcal tweezer

pleﬁa@sﬂy apd bl delfonptratad aﬁﬁidu@@fltlﬁ FdveRaDVIEe 9par oiﬂ@tdlﬁb b¥ creating
symmetric otential energy well; and the patterns
a spadely @ﬁmlegwep@e&taﬂ SNEiEY SPRePEG 18, 2 ORIccRvieEaeer sRgge, and thus the
SYS%{?M%?E&% ?ﬂh? ggfrf zgsrbsrg% Jgén g-ghj g?&lggeéa(g%sgﬁfﬁ %gve. In the preferred
systeal tectibed hered¢ Rady optecal AP Gl Jeaédn @atedin theviesen ispatillly symmetric
pr oposed symTet ric therm {3 rat chet exanpl es al sQ
potfmwg pReagy wellp ands s patiers TBpmeghyesers satigdy Smmemc Unidirectional
e
tran@ﬁcﬁ{ ‘?saﬁﬁv%ﬁ 'Ig& goq%e%?{gngo ﬁ}gé\kggéenrﬁhﬁ é;@%gﬁﬂ e} g‘%ll\ﬁ i t‘él \As%'qgéé{éx% ®f at least
threa;waﬂezﬂeheeamhrays‘tbj c ratchet and thereby biasing the
di ffusion. The process described in this docunent

Ive both diffusion and localiz in all three
(00} Ped PR g eiioly e mrRamengis HogRualhet Sibialer Al igvolves a

seqh@RbSo S del shfes. This approach relied on particles being allowed to diffuse only in

one state, however, with the other two acting as a deterministic 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




of heterogeneous sanples. 30 [0062] Wile preferred
enbodi nents have been illustrated and descri bed

it
WOHBHIUHe understood that changes and nodi fif&dtVEeH015327
can be made therein_in accordance with one of 15 WO ,
ondi gy AR REES P TGEb PR SRR P HER Tale Wpadeh aats. Various
feat@rreg oMM HAE RAY ddangd §d &E;fémﬁwhg\éﬁ ton inits

roader aspects. Various eatureés of the invention
are defined in the followng clains. 16 WD 2004/ 104551
PCP/ US2004/ 015327 We claim 1. An apparatus for
sorting popul ations of small objects, conprising: a
first channel and a second channel; a force source for
driving the popul ation of small objects through the
channels; 5 a plurality of manifolds |ocated at a
convergence of the first channel and the second
channel and conprising beanms of |aser |ight for
formng a plurality of optical traps; the optica
traps being organized into a plurality of patterns
wherein the patterns are arranged such that the
mani f ol ds of one pattern are separated by the

mani fol ds of the renaining 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 others;
wherein the popul ation of small objects are sorted
into at | east one desired fraction and an undesired
fraction. 2. The apparatus of claim1l, wherein the
popul ati on of small objects is dispersed in a fluid
15 nedi um di sposed in the first channel and wherein a
buffer is disposed in the second channel. 3, The
apparatus of claim1l, wherein the channels conprise an
H -junction. 4. The apparatus of claim1l, wherein the
optical traps are created by hol ographic optica

nmeans. 20 5. The apparatus of claim1l, wherein the
undesired fraction is nore diffusive or notile than
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the desired fraction. 6. The apparatus of claim 1,
wherein the desired fraction is nore diffusive or
notile-than the undesired fraction. 7. The apparatus
of claim1l, wherein the separation between the

WO Bl ds in the direction 25 of the drivi RGTIUSR/0E327

substantially |arger than the individual traps w dths.

We clgm:The apparatus of claim 7, wherein the optical traps

are adapted to nove forward only a portion of the

ﬁ%ﬁﬁﬁﬁi If?;'i‘ sOfin Eoerf? ma@a{stdf%hl%ﬁ oﬂfec%sgg?lgﬁt 515 ghs are ,

F cc O d Vm ep%gfla 01&)9 s%letel ﬁ%tgttf:ﬂu@h@ 5@1}1»;5

LR %gﬁf&%ﬂl@&%éﬁw SEiB! Hoh o e B
channel and comprising beams o ght for formmg ap rahty of optical traps;

the optical traps being organized inio a plurality of patterns wherein the patterns are
arranged such that the manifolds of one pattern are separated by the manifolds of the
remaining patterns; and

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 others;

wherein the population of small objects are sorted into at least one desired fraction and
an undesired fraction.

. The apparatus of claim 1, wherein the population of small objects is dispersed in a fluid

medram disposed in the first channel and wherein a buffer is disposed in the second
channel.

. The apparatus of claim 1, wherein the channels comprise an H-junction.

. The apparatus of claim 1, wherein the optical traps are created by holographic optical

means.

. The apparatus of claim 1, wherein the undesired fraction is more diffusive or motile than

the desired fraction.

. The apparatus of claim 1, wherein the desired fraction is more diffusive or motile than

the undesired fraction.

. The apparatus of claim 1, wherein the separation between the manifolds in the direction

of the driving force is substantially larger than the individual traps widths.

. The apparatus of claim 7, wherein the optical traps are adapted to move forward only a

portion of the population of small particles as the patterns are sequentially energized.

. The apparatus of claim 7, wherein the patterns are adapted to allow the population of

small particles trapped in one pattern to diffuse when another pattern is energized.
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