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OPTI _CAL FRACTI ONATI (]\I METHODS AND APPARATUS Abstract:
WO%%@{/%}g%Sgrrays of optical traps can be used t(ﬁ&%#zf}oowmssz’i

pi c objects with exponential sensitivity

size. yefcont FRACTIONAGHOABIHBIODS! AND QPP ARATUS
conpetition between an externally applied force and

i ng.ahj ect s di f f.ani ngeaf £Lnities £or opLi

oods ST YRGB G54 Sl VAl 19521 OGS, BRI IPLbAR), crams o

DMRHE)3E4960 tdnat DBT2089E atvaaled! yyi thel Neneed $njeddeeFbmasion, and
tend to _becone kinetically |ocked in to the array and

throughs the MR et Frograny oibe Neatioagl Srdsuee; ipugdaiion wiser ApyasdNo. DMR-
a I [ t : : :
2 R R PR LB T R AL R BRI 10 theso
contegpproaridiavwargs.f or forward or reverse novenent through
the patterns. Unlike other sorting techniques,

optical fractionation,can 9pe ate continuously and can
be continuously opti R@‘Mi‘l‘é@@é@ﬂenti al sensitivity
arises, quite generall fromthe particle size
003 Eim’@%e@%lr I%tcﬂﬁceﬁ%e( P yv%qﬂr gﬁﬁﬁ@ﬁ%ﬁa@m ofif aaaod and system
for VRN LAREs PALISZA044 Q] 382 Fiv el &rected ¢ f holographi
or A P e e U el [0001] Fhis o o rowostapiie
optitat ventieoreckas ueatia soirts EnidliSobj @y encinenmaswpmoedulagn emolecules,
ants . -.0304960 and |- 0233971 awarded by the
e 0 S B LR UHEP BT S & t hi ougn ¢ he MRSEC
Program of the National Science Foundation under Award

No. DWMR 0213745. TRgclkéroun@RY GidMiBRhtiga SO has certain
rights to the invention pursuant to these contracts

(00BN ST foezéth @bdlogical Radiny 8REdsAD _t][ﬂgg%h UHiafly micrometer-scale,
invention is concerned generally with i n‘pf ement ati on
volupfesaf mettien th kol tey sndirecidmensionr 4 ihalpgeaphid form of optical tweezer

articles. Mre rticularly, .the inventi IS i .
can gi;e‘, %8?%1 uters gﬁ%eéatgrf dﬁjgfxcgglﬁ g@ﬁlb%l el%'B?I}q é% Frqa&e&g&g&nmnbels of optical
twedz8G&NRbALQ iRgle RO&t BeapdTBl ThRb] 9&kSerS UGH BS arranged in any desired

macr onol ecul es, bi onol ecul es, nanocl usters, coll oida
confpgratien depeadant bk dheotped at handl | s. Background of the
I nvention [0003] Optical tweezers use optical gradient
oA 20 IR o B R B GE, Erypfvr i
degree oo goitenee, foonmmiondpiybtemk réneRzescpa@nhalsgrat to be projected for
omput er-generated diffractive optical elenent to

C .
cacle fisgtees PP ol AURHIAISS Srotist | Campuiingepelipler pelpggms can be time
e Dea » - an LN
ool Can P b PR M AP (HERERIRC IR, DPRARIR O computer
addiesatle pRGEDbn Alykieasglegsyal esrsngisendononoh toonpwe-generated optical

particles precisely f\nd with a relatively high . 20
e el ¥eotBE COATTEURMIE! MESATHEIBHa IS A SRS dilirplevgezers, tend
to bEFRABH R PRk KGR t 0 be projected for

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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each discrete step of a particle's notion. Conputing

hol ograns can be time consum ng an
wo%g@ Og?f’ﬁl conput ational effort. Cel’Clrlq?[ﬁjgﬂ"{'ﬁﬁ°327

Furt her nor
comput er - addressable projection systens required to
i npl ement such conput er-generated optical tweezers or
ot her dynam c optical tweezer systens, such as scanned
basiOBF e difveRpesslititetdmoRb (uoublk Jorayhidfi ctptwell ;raps In particular,

expensive. Summary of the Inventio (LOOO ;
ob;ebt@@yﬁ:@.bycfm PrefprjRa @%@p%g%gﬂsm}m 4 & Vefl%lﬂluyd encounter an

A f to the drt
array ﬁfgrﬁ%snwhosf?y% ?gg g@tﬁfeé ry S Blg%g%cg%taﬁ blggﬁ{:: g\%ﬁé}?’éw o the driving
forcBEt Moslcafy, tbdd Itrap:ﬂquuhdeéne brehiadi oitk the lmqiogr@}dno optical tweezer

techfg{glig f,\,:ng,s,a%ngcﬁ %%é gt?c%)g y;lgi h@?ﬁ%@tbé{gﬁ? p%cn ep:e%ﬁ ‘cﬂfs)éleated by

e S L) B, B 48 s Lm0 ein of

drivétif foedel NQthabbbjetis ethattame movesttinedy gilveneed /by B dptirg frce or less

srorgy oencatied R 8h% PRl ot gt Fodut By AR "Blpending on

8P th AT ERY 1R plek@RSpWIeRe RXEDeoltilppimetdefiect different
the %Ql %H%tgt{?t ed at raﬁﬁsyan Pe W th respect?to the driving

ﬁacﬁ@ﬂisty diffped advhgrnts. hbs@nw gipaIpsYlcs. Jee @}e@gﬁ@@mg\‘rﬂl@hof ‘316 above

desca egg?rga?ﬁﬁn@hglp}e%ﬁg @g#eHF%i\E gl% Helby(:?ﬁvelﬂlglg hgnt lecfof the invention

to EREOYmURIDIS Bigidhe dobycollebigod r apsr teﬁdadlpteo o mné r enbodiment, a
trap to trap, and so are defl ected away

hetabgamedisosanufle miy bquamy@(h@utflgrac@nt@%fang% i ggilgct{qqgtm an “optical
are m)r ,,st ro fI [ C& 0
chr@lg%tggrag @94 1e déﬁg&gg kﬁ%ﬁleﬁ'ﬁf‘efgﬁie& R8etfoRt C8mObe collected

uence optical traps pass
sephidfePHgh the array undefl ected. Depending on 10 the
confl guration of the traps, the present invention nay

be utilized to deflect different fractjio ) .
[0086]f Triently, thed\rtrrQgcrppIsSBRRY S&W&m the, ea@“{]’??@%ef g fispersed in 2

ﬂulaglog\{ng% ot & ¢ elgqg\éﬁc Aesedd Qﬁ@ocﬁm@ﬁtr YheSdRaReH IBRE the form of

err wever, I's wt |nthescope of the
a sb- BMl%ﬁt}E@meubﬁ 1@h®msbmﬁﬂp|um end cardeinmgsthe swput mixed sample and the

othggécggélt@:gg nggé g%{?‘ Lﬁzgyﬂtga, %gﬁaﬁcg\gé%g Sc[xg'gﬁ}? go ?ohvt Sl%%—bg -side for a
set #@{{%l%goge{(ﬂjeﬁ%ﬁé Q%Ab% B &l 1RBtdgRl dhankdis. omatiRociaphys are small

and undeflected fractions can be
enc@h) @e tRagmolkle parriee fyr. th @l@@@}g ftyidi ig majl enppgh that the two flows do

nolames, ARL FRRFeRO T F O PP o £ TR Shg I ERaraRE bjests in the
inpgp ?IOW GloBld ?tegfﬁﬁ%ﬂjﬂ%%ss thb %eﬁi}@ﬂﬂl&ebmak ehd Hewk anm the buffer

so-called Hjunction, in which two inputs, one
chanaal axd&ph;mhimbynhffusmmxed sanpl e and the 20 ot her
contai ni ng just the background fluid, are brought

00&3? g)fng ea%*éqtcﬁ al‘ L}@dﬁ%%{qgw}éﬁ% 1{%%/\5%@%3:8 ¢ Btl%ﬁt %hﬁ%ﬁﬁﬁ%mng an array of
dishRR€ ShAMals s citBlubusly 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.
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enough, the Reynol ds nunber for the flowng fluid is
snal | ough that the two flows do not m x,
w Héﬂﬁgﬁ ow si de-by-side in a | am nar nanner .W/USZOWOISS”

t | j.ects in the . input, fl d..not :
(0ofHRAHE bkt S bosel dderion Bt se A e iRR ot g dchmique
knotweashetitic) perd®alsibainn@hich &%&ERIbj RS A3 RSanBYorehd &ﬁéé&hﬁﬂitsticaﬂy by a

0

[0007] One aspect of the present invention relates
projgpied ceguepeaef pplied sppingipaderan Abe diffoencedpebweet eptical peristalsis
o [ t |, 0bj S. 0 ,
w308 Lo 3RS RS BRI 00 SR metiod wit
quabifativelinetyr egmbads f ocludingoriedit gniexioar tidhtotioapPhising through
force., The undesired fraction is npre diffusive or _
an 5Ber BapWaNat HENGaeTsed Midas 0o ANPGRS ROsSIbHETes for sorting
the present invention relates to
heté‘?é vg%%sgamgg%si cal fractionation. In reverse optical
fractionation, the desired fraction is nore diffusive
or notile than tHeriehdesiipddn bf dot Donwvings WO
2004/ 104551 PCT/ US2004/ 015327 [0008] Anot her aspect
[00Qff] Elte Ipshesendptical &atticmatiom whkteds a aniceatlifific & jortioh dmprises a
techni que . kngwn_as optical peristalsis,.in which
first fgpi G@Bﬁ@&%%ﬁr BOIEFOZFATA t BHPHetR M ARSI Jny geoond flow
j e : i.cal trapping patterns. The
Cong{ogéfcgﬁﬁ‘gg bgt vveg’nmg{)utfl?eg?lh&%eri stalsis and the
di scl osed optical thermal ratchet technique endows the
[0088)Stlem Asdowet lsversei emiicl duatidntativn vehgreimew microfluidic H-junction

apabilities, including without [jmtatjon
confyBi R e PGS SRR GUBTE ety B PSRmgaFFoss paraple to be
frackieNAE® ahd ARt tB& ST vATHP e RS nNSW BRSS! Rilkiidd; es for

sorting heterogeneous sanples. Brief Description of

the Drawi ngs [0009] FIG 1 shows optical fractionation

[60hH e A Aashaver opidg by ¢ a sdeeetioforcentipel Sagtienatiog and FIG. 3B
LI | _ i N A .het er,oqgeneous sanple to be
Sho% %2‘@? {')lﬁ%}%é‘ﬂ g@é;é@iogl gg%%)ﬁqgh% IJloi\?’vA’ conposed of the
background, or buffer fluid; [0010] FIG 2 shows
[0OIRVIEGs @ shipive alad ogftical kdparibn off larpe sificn sphett oaf shialtkitica spheres;
H junction contains t_vvoflovvi(r;?%f!uids, one of which
t

FIGe 4 dpids semescaiagye Hebgiorisanp e disicsaneter sadiysotphetisy measured at

t e f [ t f et L.of:
VoG 3 BT T T AP T RaRBonl, Jorrtia! horamkt 18 sphres
ovtapdd salultbnaakiyo a6 60, isahe tivlcGvediZed shendsieasityopf Vi 7&Wwnicrometer
..0f the optical fractionation.in. 3A 2] FIG. 4
radigh &Rger?%getlﬁb&q CalieleParneie daffSﬂisfaﬁ@i%%]-‘w "Da s PRgregeraged areal
dendityP5R BBk crSinbics AR AB Ster sp’ﬁler@(s) 44 HERI &P mean are%l density;
representative trajectories of 0.79 mcroneter radius
spheres nmeasured at 1/60 sec. intervals; FIG 4B
[00E1dUe. 6 hButtraggsdbe epitedlyotscdved qriabyomieseprratiquiobtiined with a single
T soghe{.%@ 20 obtai ned sinultaneously; FIG 4Cis the
et YRUH 8PRYed areal density of 0.79 micrometer

[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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radi us spheres relative to their nmean areal density;
a FIG. 4D is tinme-averaged areal density
quﬂﬁ% Ster radius dianeter spheres rel ative ?IE)CT?H%%?MIﬁ”
nean _areal density;. J0Q13] FI G i |l pstr.at he_..
(0013} AR ap 1 usiebs metiriabia tgopt Slppt PhACYBD bR & opfiga) thermel
ratcl"j’?t%ngﬂzhfentaltibﬂ ﬁeﬂﬁnﬁﬁttihg@iuxtréﬂ’.@@l 25 [0014] FIG 6A
ITTuStrates a prior art optical peristalsis nethod
wherein a pattern of optical traps |ocalize an
obj ect; FI GDegBled| PDeperip i Preliercd Jompodian S opt i cal

trap pattern with another shi fteby a i sance; FIl G. .
[0065] THel prssenhtimengion relatssHermethpds awyl paparaln for opfigg)dractionation.

and Fl 6D il |l ustrates c. i . - ; .
Oncpgteebrger e ek SRR SRR S IR Bl 1 AHFE Ghical waps o
conﬁ’%%%@%%@éﬁ 3%icts QBB bakh Gf thkid felatist radfisisien dorethé oplical traps

solution of equations of motion for an optical thernal .
andr fat cheampeticrermally GADERSTBIER. 1 ANORPT f485Ct 1y diesgesent mvention

Det ai.l ed Description of. Prefar ' ; [; I rel £
o B SSu SP g e B R 088y s
the L8 o foPtrheRdtidol aplitHMatiiemtion fedinguaspect rel ates to

optical fractionation using an array of discrete

optical traps to continuqusly sort small objects on. . -
(007 A bmedel saitcmniaer bpeh APTSepedt PF altEE el Pt n which
indiy; f ' 1% begofeanisiewells created
im0 0,80y TREL S RPLI N R00) LogoLanonls co
with I @¥aesebpitpl i eabzds,ashilentiromotisng hire chnalypedtwish dipgal video

present invention re{ﬁgt es to, the u

e.of a X
micrpPR et FHEHIMSHL et afeeg}%&idgwgp %101@5 trace out a

r e AZPP R _

De&i?g%galrcégq}?&%lclﬁ Y8 RIRDAR 106eR-idewedsaRele hody Bluthyddngith respect
nodulated transport, 1n which individual coll.oidal

to thpligviag fare Withiesachinfolegh stutaselfaparticksr Wy cgipries follow symmetry-
potenti al | I's created ith discre t] S :

s s s ionsy e BeH 18, s ot s ap SRfSeRy S b s orentation and

the%f&leta"f‘é AN AR 1210308 AR Hom BeRBifEr s, Buchhieslestst eam predicted

enonstrate that driven particles trace out a Devil's

to ptaiidease tasier far chycoofinkguefngionpijon dedsdien s rpgh thy selected
the array is rotated with. respect ! i\

poRURcE, SRR St GPt RESEPEPRTs Re g i Sl esses trough

L‘mﬁiﬁé’ér@&t QhisCSefhBld 108y $ye¥BREE Yypragflab défehstiatien bif @pscal fractionation
through the lattice of traps independent of thg)a. denend

andar fatilesnoei sismansioriesanidat ¢ pidical ofrectipnaliores | E¢pation can  depen
lateraglly a fr.om ri i ook alleled

B o s A

by b @6idvnat/iresori-aGhRinguectniqushi ch the sel ect ed

ypoﬁggl ati oﬁgli@lgbldefl eé%gd by an array of traps while the
rest of the sanple passes through 20 unhi ndered. Thi o

(00181 Kgap glpmenaErn PES A0R g&ﬂ}@c%ﬂnca}g%eg){hrcg ﬁg(ﬁlo tion gy using an
OPL] " ELIORRL ! B8 BRES bAKESE their relative

o gl AP B BB R erapom s omnat sakeor v

AfEN RPN theadgiialbmapantli fof e cempetingThsenshldy eppplivdsiorce. This approach

met hodol o offers_sensitjvity upparal.l.el ed . :
utilizes trajectoggs of two di?ferent s{zes of collbdaf 31lhca 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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by any previously reported sorting techni que. [0018]

 can denonstrate one form of the concept
wop Bk ¢! : gggﬂ%%m&ﬁn

ation by using an 25 array of di scr

opti.cal aps to t -uous el | s -

uighasifigics FBRE e RHRRIoh, PR EBL TP FRb°AM, Clifonic

943og%dt<m£ 24 §PSndNo= 0 B A r&RePgiheRy (mtteemattiﬁc IaqntpN@ d@057), both
orce. This ‘approach utilizes traj ectorl

e
of vaidlf eperite Sgkesd t5f vaBin ciiam 4| the plaphét ézﬁ%us%elP%}sﬂs using.
|
convF%%Lﬁlgglg-f#eg%%qé%ogc@g ﬁﬁ% rc]l g%}%?\%dt ﬁl?a}feysfsgcié Cltﬁ\ﬁjt{%e%ﬁbw these spheres
can iﬁé eMMablyT Btifd 03Med hrc tiel iisEadf ﬁibﬁa@psmmemsd dorst puosigle an ideal

oa4mﬂx07mﬂx40mlasst} 30formadé/d 1
modticﬁyaﬁeﬁgthaf@ TBIGERSEORIF 1%§pe%§; P ogyflp% gnzmoercgg @86{1%111 ored in rea

time ﬁ[‘aﬁhcaf '%IEE U By Al u%eﬁ Eslsl Cﬁnal?%ﬁﬁér@sd aBFERSH ‘P*BGS 4A and 4B,

es aro 'y constant Poisseuille flow of
resp@ﬁ%ly 60 n1$ec over several mnutes. The sanple

consisted of a mxture of a = 0.79 mradius spheres 4
WD 2004/ 104551 PCT/ US20Q4/ 015327 Duke. Sci ik :
(0010, RI0aCTRTSTHE TSBEPSr Ao Aes FaUupt AbaBUBhg sotle into 2

va N BweP 4393 waliQff tﬂNDchaﬁﬂélﬁﬁ')thahkdmﬁaﬂer&pﬁextemﬂoatmc
monp a&f& S spoer es B’Skg Scientific Lot No. 19057)

somairhmﬁngﬂim danalze th@)&@t@ehigh@ waitsnnthg dorsgenifle f}% pbq»llgﬁ avithin the

g SR S PRy BORLETUA B g v 17+

r ki Syithh RRSRr&RNBh&Ss Sy Can 3be Z@hﬂ%bl yl“he viscous drag on a
E"Lm/g%é%@ﬁg%‘?sheld on thgea@bg& S ofb their appear an

statibhary sphavi Be=pmn i ‘d?@sacterﬁﬁél by asyrag eontliFisRe Tnie fr%"é?%g% foth on the
response to i cal t [ Nirh
spherg §|ragl{l§ o an%;{l) o3 lti; Ip J%{é C?g?{) ggﬂ? %?%%Pandg Slﬁﬂulaﬁons drag

coe?ﬁ@f&%’fse@anmﬁhlaltdﬂi frdrfeSheift Ai fAndyidd, D neiapend Eistam-Smoluchowsky
00 Silica spheres are roughly twi ce as dense a i 7 The
leiamm & ardThhereforiesk ds tthe tﬁlﬁfﬂléﬁi 0y Sepvo1hylgvpprplyre 7. T

baye the lower glas P&ke WIddyt MRctuations in
diffg iP5y 5 SHEr &80 P%a@?%%lédsgﬁr?gg i Ctﬁlﬁ{gg er: becausyte t hey
traj @idtidsisAB 8¢ tho&d MEFIGH @APﬁl(B@uMdle g epaliyp tloef atppélevlﬁ folge @1 can be
the channel, the snall er s%her es travel sonmewh tophoresis, or
plo‘flésd cry, PeaSes Ahin a8 pelEptrorRsIS %Poﬁmﬁ%é‘&agm ophot

e larger spheres' ub = 13 4 2 nlsec..
gm\ﬁ;ﬁaglgwl Ssedlmetn%tl%ﬁ

cous drag on a stationary sphere, Fl =yu, is
characterized by a drag coefficient, y, that depends

(0020t TheoBptidag thbs Sphihie ilstraiion syerqcreaied il dheo Aypargic holographic
proximty to bounding surfaces.. The ul at

i M L S T s Poverdtl 89 1.7 = 0.8

m\lvdof {a#aj 1}@%21?%25!?? WeieNGrdnb&d H NEh&LIe STRI0aehs kylth respect to the

where KII T is the thermal eperg )[/
chaggelseaat, Wﬁhp&n‘&t—tmneeﬂer E‘];h?elngdpf pusidvi & &d bin Egely trap may be

moél:epalgféggggq? ﬁﬁusfs{a]%gi | h i “élf?é%%%lg[ﬁ ‘g aﬁﬁindm, &.both depend

RdeAB.aiMore gener aI ly, the applied force FI can be
on% gr ovi E J{y%y processes such as el ectrophoresis,
el ectroosnosi s, magnet ophoresis, or
[0021] Were it not for the optical traps, a particle driven through a viscous fluid by an

applied force  would travel at a mean speed u = F /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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gr avi tational sedinentation. [0020] The optical traps

illustration were created with the
qu’g} gg@éﬁf}h qﬁ@’{?ﬁgzﬁm/omz?

optl cal tweezer technique. Twelve
can%%%ﬁé ggcgl% epgéiﬁﬁég%ﬁﬁl%qw’#sgg rbgg glém]am oit 1191 gnce In this
casgtth® partﬁb%. \Qﬂﬂ-b@pﬁsswl 1300146 &Sgp&‘i:trap and Elfefz&tmaarmaptmsd by the array.
.axi s Qente nt er aci ng
Thiggs th F’%ﬁ? FEFIp %‘@‘fﬁé(d og]ge iny gﬁ@ﬁ’PV Gg"bg Sde ﬁctlon angle 0 was
I
sele@igzggcg dUeatlbé@el]l(q) e‘ché"g r@ eo‘?zﬁr P%ljﬁsdéﬁ%im gf'zt]:t usazer:keeka?l%lt}ﬁa&sport. The
relafive ddftectiph i ofil captuagh, paatiqies’t irajcetodics vreﬂmattvl&r oaigescaped  particles’
viscous fluid an. i ed force FI veI
oSS B Bt B ok A3 Rt lip pResf e apd imdenected
fradions 3fh beScodlbikll GiRRLLY ah@bEeprdebe lgmdvﬁaéchhh%@&n?rﬁme 1.
deflect a particle away fromits trajectory he
deflection is small, then the particle will continue
(003 Givawethe doonsst geomeiyr dha tassr Ipon*eel oWas tselpstvagsd Hey empirically

det%‘{l“léfi% (ﬂgﬁﬁolﬁgﬁ@he%gfpgg%qgf Wénez%laﬁf é%}%frest A ’aago}orles in FIGS.
4A BT HHSEOQAH:04B 38 tBAMER sphéres Qleesljz@ﬂéﬁf&nbagl fleefld HyN@e array of

particle into its neighbor's domain of influence. I'n
trapg fpger tb@?@é,onﬂlh@n% mlﬁé%‘srwllm smfﬂm@, sel. fGowequeagyst snall spheres
o SRR R L B s gL i o
can Thecelbtedct Conveasly,ehe d\aa&;tees eilgetspﬂlerta@ aﬁecéﬂc@ﬁt@até@ into a small
the angle of maxinmum deflection for this | ocked-
regiop.gh &wﬂi of thpomicap{ran Py HesIcdReY BAY bF se%@telrywﬂected Because
the ?ﬁﬁhbzﬁ ofSof shiad S%ﬁhl%g % c'fﬂfee%o"i’ltcéﬁﬁeau'bﬁ o??%@@ glg}a‘g%rxfeélﬁ{s fom lateral
rajectories Is asi's tor sort i
def%ctamt ofothatdrger. fradien difsl cqmceldﬁamdmmmﬁeﬁﬂoe@m edn proceed continuously
ons_can be collected separately and this process
andt u #&m adRREgET 9 A Prghinp de teghmques F‘(f)-‘(’éizﬂ.@]ge lyEPAORESSLS,
traps' geonetry, the |aser power was set between the
Gﬂﬁfpﬂﬁé Cc?la'hi’atlvg ehfdenfdnt B §880L A% fqj&863RE cQﬁ g %ade nore
large and smal |l spheres. The traj ectorl es in FIGS
conmllalgdaymwdmmg the atatistidsatl terseoflthouyendssytefetoras eoilected in FIG.
systematically deflected by the array of raps under
4C t dndstD ¢ e, twonkt ﬂwﬁﬁzme»amggMEaledens@mr( ; ofseghanert in regions of
Consequent ly, smal] spheres flow uninpeded into the
areer@sxl Dt by’ shraetedvai n, tdimatlzst by utian tofe-hargedsphag dasisity 7, for

e they__can be col |l ected.  Conversely,
eaola BPPUEHEY Thf §RIEHh &P e TS B ot qaﬁﬂf@ gaugRd i that large
sph&%g ht%nloﬂ%hlg ?%kﬁébq t@hest 19@reolﬁée'1%€9 bd fcﬁ‘ﬁd Qﬁ raat}’apWi‘H%'i & heWuk flow,
ely collected ecause
whﬂ:umnaﬂl sldten‘ezsnarefonsn’mlrete isrpbfenmse Hhelyt r(évem) ﬂmesp&m%i odatofe speeds,
heres resul. m | at er al defl ectio

) th
these JGF 5 FORRERL RS TPIgE AR SR cHiemPed in local

pot&GAR) Mxﬁﬁﬁ%ﬂn&%é érﬁéifé'r' Spheresaird sﬁﬁw sl%fe&r s advant ages
over batch-node techni ques such "as ge

el ectrophoresis. [0023] This qualitative
(00343t Erepgealisy iobrihofesplingg seppraiton rcajt dist griged byamebrrimgdibe relative

popm%{mn concentrations as a function of position in the flow:

M
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conmpel ling by considering the statistics of tens of
s of trajectories collected in FIG
woﬁlzfy?#]l%—%}g we plot the time-aver aged ar eal den?B lé%(ﬂ%qssﬂ
OO%] "ﬁﬁ%?i |Ozf2n g:ht%(@ 1%&%@1@%‘ %gg » éa%(gglﬂ ag %Q?}}(Ienrmm value of u:rnty

in adedigusn tcyntﬂ@mftg)bnlyea@gb PsHdsa tah@ NninkiB @orBPes @8gion with only small -
relative affinities for the traps can ber& m%ed in
sphethit 4 #icen SpRer¥siodPe Topugang the m den 4 bgpwe the array of

trap\%\ﬁléﬂf‘dg}ése{ ngffrFe%ﬂg QbiRgy bfnRe O(gﬁg—t(}h ag sljtcpmji Bg R & {:lk(gi\%ym FIG. 5B.

heres ar'e three t nmor e
A stEarsettin siphehestray of ‘mapsy eloap dimd R, aﬁ& pldiedens rlatg'mosiroles in FIG.

e consi ste th t he heres bein
WBBF%???% ?ugfeléf OeFrgent P‘ae’é%%% 8'3 B ZYeorRn Pl omheses. Much of
the E ltl'cﬁ:'i bé BREbREI &Y 1R SR i 15 APBLr tk%@ﬁfb]t aﬂ@v@e%large spheres
quality of the resulting separation can be gauged
to evermsu r(ilcrigsmhendueb@tasc\ape Ipopdemtinche tope epltaret |oonec—:naetian profile

covprgféish B g SR Tath kDt cPlsias e e Soarins dnsrcasinely
likelyO£22RE IaTQé $phbtg Wh@ s th@%h&mtr@éi‘ﬁ’@ﬁti bk 'tx@ﬁfméf‘ and, &Bisions are

., reaches a maxi mum value of unity in a region
mot’é @%@ﬁ\rﬂbﬁg‘f%@ﬁt@/by amg@tlgg levess pasaildl Hinerust toape. iAs faw as three lines

p10¥1 teﬁs%n%/mia oy(Nper {Eﬁtgnﬁﬁ ST hgée} ﬁh;c:'l%gss%%tt e}%%p'g{eg@a? \r%:g{igﬁions, with
mo@be@dmBie netdsops ik amat Suspe@ikect |y nixed sanpl e,
(Xy) 0, as shown by the small circles in FIG 5B. 5 A
imlar section after the array of traps, along line

{00@] ’,Igﬁ:ddaﬁgqt &t FEES adA 4B e Thor P demopstatethat sarays of discrete optical

tlap? %ﬁ?g&g{] gxtor‘fs;% s%ﬁhégi%@espﬁj&%%tdgg l(’)?ltﬁenﬁs%' o@%ﬁljsrl] Oe?%gthe physical

con&moaﬁ tendibpbae tipe cﬁ” @httick toRScdps fidhe adbfiay ofJifI agsielife drivdier type is
al | oned, | ar ge}as pheres .t.0 esca Col |.i sion-induced

capeedyavidss WGibadp for ptinpang gpie ﬁ)gﬁﬁféqf@émn concentration

profile downstreamof the trap array in FIG 4C, wth

Oﬁmlﬁ‘dl %in%lﬁ;lt?n@re%ﬁﬁ%ﬁge Qﬁﬁ%@%% %ggﬂéan Qja% s whs %ia@?eﬁ, centered

|"ar gé” spheres saturate t stream en
at rtﬁh@b/ 2,raalpa rarticly neSubdir modpdigiabns Gr Ehe paktlc aftbebpitaeiay energy is
avoided by projecting several parallel lines of traps.

three l'ine prOV| e essentially perfect
| der tr(e+|d§r) nt ex;ﬁe i nt al
% sary”in densef?)
susp The dat |n F 4A, 4B and SA,
5B dermnst rate that arrays of discrete optical 15

[goé$q?%eg€gg§,&§;ggg,%g§‘l§d S ﬁt"v@ﬁe? spheres on the basis

rrng t he physrcal condi tions
| eadi ng one type of partlcle to escape froman array

of traps V\hr aQt;, ovi;des t he
sffem eﬁp wT 7] For (3)
srnplrcrty, @"helnluérvce f st2towo |sr pti cal

traps was_ Bmal yzed, centered

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
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at x = fb/2, on a particle near their mdpoint at x =

0, The.particle's total potential energy is el =
W002004_/£b?1?%1x+ L 2)2 expl y 20 Vexpl - (X--,Y +exEIJCT?U§w‘?4(&°327

2~-Fi r 2)502 1 26 J 1 26 [0028] It escapes by
. Hass hrdugh a point where r | Fr,r)=Fisi LOy
Smtgxﬁa?%{p Jgditexpl -"x+)Z L(3) | | 26y O F(%g y

conmponent” of the total force, vanishes. Particles

whef1QHL eGPy en @A gzggﬁzy)rx;fwf Qepatld8" 8 U ifticles’ materia

trapping force is wea =4 the separation a
profRbtdEBxionmd Hefilsizel Duk Rot Bh She 8§Figuk RN EXIhBUMps. Here V; = Fyo
attai nabl e deflection still admtting captured
charctajiest tiei ésving {giceen Sirbyjarly, Wik 200464104584t o(a) of an optical trap
PCT/ US2004/ 015327  ( z_.sin0O f(a)expl -$ 22ué4 where |
depersis nok paly; Qethe edthsey ehfeHosysss Leap of ighty b éfﬁ@ fdisthigsize of the
partgc?f{'ti cles' material properties, including their size,
ut not on the configuration of the traps. Here V, =
Fla characterizes the driving force. Simlarly, the
agﬁ@é)&gbze}xg?@nt a(a) of an optical trap 5 depends not (g}
only ‘on fhe width co of the focused beam of light, but

00230680001 85 BAHNS PP LS R IEh By 0l st
partRdsl Cohis ifuaiafte defAlGRe JAG8 4 BARLIBARI kekditions for exponentially
particles. This qualitative dependence of a on a
sengigteadshigtiens. c¥adillicongniedr uexpor@ntor allusjratite eemygile pymposes.
separations. W will continue to use Eq. (5) for
i 4.l ustrative a uf po 00930 r rese
ondgy 2kt B4R RGPS BRERS: sl OOABheF e b 5ot
sphébél résptilvelys Qﬁﬁ? BfarmbESReedtiovehylysiv % debrhidi@iahe optical traps’

fluctuation analysis to characterize the optical
depihsafbe samgeptahisis reHeals armel 3hal O] wnped faldst B.0Z Loy By the traps’

. i_and_ 0. . 0 f
o e 2085 B R0 A e RS 1 GERRIS s

- 6=304QA thk @malln@hich i Yo Rk @sthadobservation 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(elb) = a‘“‘*a(jb), 7)

and is optimized by setting

oS(elp) _ oalalp) _ @)
8b  obda
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15 0=32 for the small, which is consistent wth the
obser v t| on that |arge spheres are system c
Woc?&Bf’bﬂr , While small spheres escape, The tot zﬁl]yﬂsmmmlﬁﬂ
t | .deflection for a marginally captured particle
[005% g@% q(?ap array is (N-1)b sin 0. Accordingly,
A(al b)= bsin0O (6) establishes the |ateral deflection

per tg2ap, and t M the array's
eg—(rgra‘gcjf éﬁb ngx éﬁe%xn r-trap spacing b = {9)

2a(dp "opt/i mi zes this efficiency at A = 4/e VO/FI. This
result is useful for designing a practical optical
whergacti onati on system but does not necessarily
opt| mze its sensitivity to particle size. [0031] The
?Ltlaﬁ$wo be formul ated as S(alb) -- aA(alb) (7)
&nd Ts_optf) zed by setting aS(alb) _ a20(alb) = 0{10)
(8) at abaa 8@/\0 2004/ 104551 PCT/ US2004/ 015327

[ b 2 60,z +a z 3-x(a)+ 9-2x(
Iﬂﬂﬁﬁ%‘%mt@) s éeﬁm%zvat)we% &FPR bf%a)wfmlwn agay of optical
g
e AR b P LD LIS Bpich il be
cap@ued, land fremell yemsdles, waligh wilk¢sommui sh bet ween "I ar ge”
particles, which w I I be captured, and "smal | "

icles ch w | sca 003 .practic
[0"%@3% & Fipieh SRathie: SRy TBuSIBRY & PRSI i oigiing optica
fracBBhAted] in  Fia@hk oAt iR ﬁaﬁzc@esvdo‘ﬁ%\fh%lé oM. ﬂ(:)ocﬁe wavelength of light,
particles conParabI e in size to the wavel ength of

or syjagfiet; the deptlp ot theaporeatial whid Shl@t];id lacadé Mthéh@pm@ntes avolwek Vo = 4d’

: . Vo & , _ .
wiGhRHL 45681 8ot Hed 18 RONSLEASIo WOLTRALD T, £, g i 0 i
propadbhs, to\d. SuBstitusts tl’(haéptfzﬁﬂbd |s§ac11€%)9 RRGLhe '&ﬁltelfo‘ﬂ B2 flow-based

Substituting the optim zed spaci ng into the
seppii i Bh (Fborields ow based separation in Eq. (4) yields

2Aa2 60 3 1 9 60 60 sin8 Bexp 2a2 4 2 4 + a2 + a4 (1

1)

: 2Aa’ o 3 19 ot o
sing ~ Ba exp[i’o —_———— Z+5‘—2°—+G—i. (11)

a a

{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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15 [0035] Equations (4) and (5) further denonstrate
t,.0pRti cal fractionation depends only 1lin
wo%b@baﬂl?%s of : %ﬁ{f/é’sz%umm

the potential wells. Thus, varia
t Q t:.cal. a .
oo50ih (45 aBp s et e LhGalncSSSRIEToPILLSAl opic
fractimquolnl tn eau:h §7bj ectamsjplg»mm ald ryanoelnstbe velonyp eirgaisechsfosire measured

. the substantially stro r dependence on particle
m ff‘g% pLnanpme 6‘632-? Pﬁfﬁl%]&&ﬁ% Eﬁgtdﬁ@w?latraé tﬁﬁ@ﬂ@&%&pﬁ% 1 micrometer-
scald %%?ec@se{mﬂ@hﬁ@&&e@é&lec@ég ecfté %Pﬁ'fﬁ&ﬁtzh gl% b %n%e&'ié gﬁlancmg the

for nodel system of col'loldal sil spheres,
raticha/8 lssh@mralhaﬂelshé megiinidgu eThqsr@m sresmemp&mém aca:lomphshed by

sensi tivit based separ at oin
morS s e G A R oS PR al AR sl BhE T ents or
whifi ﬁﬁtlht@%bb@ Rith)Bd SaHiSle Y RGERInbMF 8ihahgedsel ected to

optim ze separation on the basis of size, and that

exponential sensitivity should be the norm 25
[0038d Jaianuningroptind %@fém@at@m bt bl & Bepteie thavrdleesi @satignan array of

trapg)@%)ag %éiu{g tﬁ? 91 ﬂ xs*rﬁ)t( éﬁ%&ﬁ}?% Wa tth%%ﬁg' 8% AL ész%luhgt%ﬁ %artlcies 18
doflSQBE EGbsCHE QepatMl aﬁ@ %6 %%@@%1% Uﬁ&%sgéé?’gﬁ;cessful operation
[0037] Equati on (11) further provides insights int

requiRe tRAIBE Richple aed loaPRAtich @i @diTi6Abr mbARGTthONRE @RediRd fraction
such objects as proteins and nanocl usters whose
spothmensivonssses the ecpmegyinkeh adcaptielydowfatnanonet ers. In
particular, Eq. (11) dermnstrat es that noving froml
cale o Onaorretrsc

(000 FABTE . ang R o GnrERE I et o AR v CERRERES iy emposie case,
where 1 'd@sn%/dBfrch}{ oneNehate ?ﬁﬁﬁf\% @f BB LH A6 uﬂ&ﬁﬁleﬁaﬁactmn. n
in principle, be acconpl | ~I'ncreasing t

additiohe ftsédny fiefhet be ditegfatl, tor 8 URES gvlieiestﬁéa&&lr@@gieﬁ:tloﬁrlﬁteracts less
sel ecti ng a wavel ength for which the interaction with
¢

stropgy Bar the gt ifscHas ofh 69 ywanhaet &4, sgfcotrd3py conventional optical

_ frach%t]ﬁqeﬁtﬂ a?e@]t. B&%htsf ﬁ&ﬁtthg ?1%%11? gia)gﬂrgi a@gtsi%‘alf%%%%{ cd in systems

ves C INng an array O

for WhIRH ot mﬁfdn@\é{mﬂ? SR By i§ baticlehe wes ilr&giots a microfluidic
e

fraction of particles is 10 deflected across the
H-jwwepan 400 i witta o Iﬂluicbﬂbhre td dowl Hewnided iope fsweldid, contams the

successful operatjon requires that the sanple have
et R G SRR AR | e 9Uiene ™ e HOAGE GPkP0, 1s composed

of thd B&éldg%hnds BP Bﬁﬁ&eﬂﬁ'ﬁl y%gf ?t%slﬁsthE ut SR ?i@ 'eﬁcnﬁﬁlt&%& array of

acceptably low rate. However, anot-her aspect
opticdd dwperse h30,i mmegtd dnau sngle vestithdresmect ethepioms,i tvkich cleﬂeots the

L TN SR R A,

unddflecf@Neddioh BE theb@mPld Re181 hohnd Iﬁeﬁ%ﬁcé‘iﬁ EdrSoutt ﬁ ﬂow 150, where
desired fraction interacts | ess strongly than

itis oelestedk r acti on, and so woul d not be sel ected by
conventi onal opti cal fractionation. The greatest

efjl.ts fr t he. present inventi woul d be real i zed
100485 28 B s 2 e iR PO o ebgrets out of
the RiddeihphiSAeHiIilD ahentito 1k Gufr €6 G0S IR B &t dtindigo 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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H -junction 100 with two fluid flows. One flow, the

put flow |10, contains the 20 hetero o
wd‘%oﬁ%?m‘sq Wommn

1o be fractlonated The ot her flow, t

bul?%ros}?! d;ilti?o%” 21 éejct? %Ipt ﬁehxﬁ )Qaqg%(}gcﬁg gag tt}egr% Léfttfe%pt to cross the
separtna)bewffeenoiﬁmtwal fldweearensted 30 arxayrcﬁn@adala&alﬁmmgtmo/d so as to

with.res t.to the flow, cts the . selected
dﬂ?“rt é’@ﬂ‘?céﬁwg%‘% < e s ke m*%% 2g§ff biegfstphieh (FQsw tha peparatrix
thrhPh GRI dBEL bPRapsTHS) abtNERfRA RO RGE: QR A 240. Those that
sarrpl e remains in the original stream or “output
renlBoin ik original Gipit flow, @bkt eehost thE D ewdssAkffshonmr bemause they were

| 2 rat her t.han atln tijcal tra rrays. to )
detfpefig i RREy o 0aPs 216 A BB epaalls P Bl bR 250, 1o s
cast,he 1&3&1i Uit ebr oW dxbts g Heme@BEt®Badl@t@HROMYSA input flow,
opt|cal traps to direCt objects back into the input

while i&@dnolleowa fraedign atitl esqape the tamssad chuss ﬁmpalam}o(to be collected.

Sin BT e R R ol 186 Binali e B pPe gt Sl B e able 10
crofd thjalgépatratﬁﬁ téﬁ@@c@ﬁ{ited! ns two flowng fluid streans,

one of which 210 contains a heterogenous sanple to be

fractionated, .and .the other 220 of which contains only
10048 Whesese Lptien Srpetipation yapira a0 s FRough Myrabersy| qwtlp@iﬁ:raps to fill
L h
e P BRRRE SR 362 A0 L BEE LTI U Ul o over o

reg&lmc gnuntaebmah thy rseyaratfixopétiveal the afisw30CaiideqngRly, Sevase optical
di rect %ects back into the m xed input flow 210,

ﬁa@&jné%%rwr% & ARy QhsalslEmnsrtaen poveRbonsy, @ﬁti% dragiipmafion and so
maﬁés 1{151%%%&@1@19 RE6L ﬁl@llésgfﬁ@ﬂ 1&({1#6'3% leféfafeec{le pupput Tl ow
. Those t hat remalin in e original I'mput flow,
e| t her because they are | ess diffusive or because they
[00dR) €o the d?dfiﬂltetbtite@tibyl Frémdionaticyhasf well- dp&m?ﬁiﬁc—;d ahfantages over other

t.ed se aratel.y i he out put flow 25
sorf [$SRpftes, S8 i heligiodi it tsyabip adipfedse These inctude
corfi@fib @CHRHalAL kathddt tBarl BEHINKQER bfHRMion |c@ﬂ¥1nuo‘ﬁ'§”dpﬁrrh£‘£1on through
more nobile fraction will escape the traps and cross

adﬁ@s’q@e@fe@faﬂ@w pawerolaber woldaetie dpticsitwicbzr Iggometby, e:h‘t\sng force, and

re l.es tr.on i nfluen ti
exciaii G ErsgFa0.H U9 o Rus e PBEEY e s Bopsp ePeniages 1o
systealsl Retvalch EOBAMioNNpeSS PRtibeRlonf 1%%?&1&10%@151%&6 or impractical.
requi res a | arge enough nunber of optical traps t

As fyifly convieatiennt japticati fas§ionatism revesir, ontishk fragicmntien may beneﬁclally
i h {ra cov

akPE8588EG PO 85 Ak o ORI 0 bEUEPG ol 0LERe woppin

beaﬁiﬁrts eqrtenfdeys orf ediasie ofidicbirefithiatt] ONRLI ANiviQALkERSty, as well
far fewer optical traps than convent i onal opti cal

as FUCHCPIOBRKICS i B pHcal1satienies craspecdioni epberl abserpeivity, surface

light required to create the traps. [0042]

chaﬁ%’ fﬂke egz?’ent that optical fractionation has
wel | - docunent ed advant ages over other sorting

[004 HcMnirgfieidic Hewenses aptluman forBctictdabt eorting bdjeststdiethe basis of

i ncl ude

sapg, advant Thes
their c{TFfuswrcy ’Fl?e addition of optical tweezer arrays 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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continuous operation rather than batch-node operation,

w&ﬂy‘&hkdl&%“s opti m zation through adjustnent qic?‘/ﬂlﬁﬁﬂmssz'i

“Taser wavel ength opti cal tweezer geone
iy z
T ey i T
D) tshow stjastlﬁnmﬁabmpnhlwhlchompzmat lpenahlsmpbparabs and will be useful for

act|ont|o ei t her |na ble or_inm actlca
AP PF SiraPPs ﬁ%%rr @tﬁto&aﬁ% A gy Bptlegn of discrete

optl@ﬁ’ltti'a%%‘ |15 gﬂo%t lb@ﬂﬁiﬂgoi‘sﬂ? fe@? i ﬁalt e¥in 1st8@1|ff§neﬁﬁ;‘éﬁm @sented as

e pol ari zation of rappi ng light or the no
twosdisazeit potendhl trivegyt walhpicach obeddth o, Gepwaibd bjdtareedn In practice,

t he basis of%éhel r birefringence, optical activity

an gqtupd peitspyvould Edpde 2 greqt megy wpaﬁ%}&aiﬁwé@%edswemmfolds The
| t e N t

goag%gé)‘rbgi Io@flf%il/,&gﬂaﬂ% é‘sg gﬂ? %Lsgrég&te IR he hglgc’g!)sed %pigo]al thermal ratchet

methbdology us do drzhisfeunﬂrgecmﬂ@om enk mnmmfcﬂ_d dafeffraqssetqﬂa_nbﬂnex The two

sor obj ects.on the i,s of their diffusivity.

app‘ﬂf’ﬁﬁ%?d:gff? ]JB(lilDS’fthS%?‘fcé’g}p?]tg Yer arrays organi zed for
reverse optical fractionation greatly enhances the

(00835 ]%Q%)‘n&éltp\én@tfalsisl"' €1cARRGEPS tcrR DRl 18kl Ml fith @fo‘ﬂ@%{ lﬁ’ﬁ)vhzch the
new sical bases by which to sort objects.

mard 00dy mmm@dvasr/m@w OeERATELLE] @044 sek rFI@n@E)erBecause the new
aspect . of t i nvention, rat.chet i

ot BT oo e UG R Ol by Al THLA e P DU poRCil e nearest

mafIRSIiL 8h tl&eﬁé@tg%ktéﬂns PRERb&Ss Mtal il FIOL (¢S @il yet Ahother shified
explaining the features of the optical thernal

pathem chigtps. | QnekRle @A opticgaterietatsivts dingdetetvérenope iogiginal pattern is

oro bRBSeERIMT, 787 Bt SRRt SUS 58 bitrer D EaBBAd Bdicte from

onePQkEMNId aF t1epeiOthe iRk SatteBReNthe ekt Hahifeld, SIBPAL BicelisPYattern. In
di stance L. In practice, an actual pattern woul d

pra¢tn:@|meatangr}emrtmﬂﬁmarbb@ frepitedtinaparcatr gam eptipal eps; and all would

e e B R e R
dird¥Ebip @dahedon is umnbxgam;ﬁ;e rdetémlﬁ@ﬁsmf Hgms@nend®@iofddrdand can be
of traps to another. The two approaches differ in how
reverRe) OTHE B APICFte thet @rder1 0 [ 0045] In opti cal
peristalsis, the initial pattern of traps is repl aced
t I t f f;
1004 P BN R ncrfhal Al difters Tl f18| B 1 At o eparation
betwest mpotfelds |1ﬁ|the/vﬁirb®i1cmvef krapiom it subdtentelllg, laper thal g individual
are t%ansferred eterm nistically tao.the nearest

trapge Hi4i8H d & opResRtR dif ey Eﬁl?i?edﬁﬁl the grgcradieny aselsfistpto diffuse
Wh%@B é@&inﬂ" ﬁapcﬁﬁelrs AR ART 'ﬁf&'s% E&L@lcie@ efﬁit%ﬁlfx* es%ffa%ﬂﬁﬁ’tﬂ%h to reach the

otlca peristalSis I's co te
neaoast manﬁbldpatmersacdnﬂ Heltepr nipedly ddcor(s é@:aﬁteﬁ Bhiks. loa"iimed fraction

ther G B E o oBHBS AT BY B4 Apee i HHE PREERRS brojected, and
agaﬁ?ﬁé @érﬁfén%dtv!?l?enntﬁé EydT@fEtﬁl‘ﬁls % ﬂ’él fﬁ’@t ﬁd@te?ﬂ“ q_}{lfﬁ'ﬂf&c'(;pﬁcﬁl pel'lStELlSIS 11

pattern. In practice a great nany particles can
whith dpadinisicdrayseat cmsuwss pt At abptadaggsctamd valférmeodikdeach 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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be transferred forward by one set of manifolds in each

J.cal..peristalsis cycle. The direction of ' d
Wogzﬁta'\l/ ?%Sdousl y determ ned by the sequence's ofﬁ?dsgghdm?ssn

. r : :
po ) 1428 SENRLARY ARAPYy FYRER 18 LA PRI spraion
eaclopydle alWhehdrsd abpgiistiom tiehads foderd epandtvwad thivelivabe sequence of
mani fol ds.in the di %ecti n of notiopis ,Silb§t nti I[¥
trapping paferp é%dqtﬁ@npﬁ%i vid qncetbpgrbegn taﬁz geticles’ diffusion rates and the
; i s j £ Jratt o
o PIRREY IS ok L2 ApBE®] gy Sy B B ctunse e
direeter firaed. mdthos e ppemdamaloadknviwatas diuk frexsesaf.ar enough to
reach the 25 nearest manifold in the second pattern

Ldly bec | ocal.i.zed. ., This Jocalized_.fract.
004} Bhye peR B P TR B8 sl Msp0RGsioh Bl el ayer patorns
can B06ciIRRdL Al fhdeRRlat BEMibS ;D] ROhEEblc@Ra GaGAidh Rfential well.
transferred when the cycle returns to the first
pattern. Unlike optical peristalsis, in which
determni stic transport ensurek-thdtiall trapped
obj ects nove f or wat )6 ‘CYE‘l‘EL this biased (12)
diffusion will transport only a“fraction of the sanple
forward. 30 [0047] This enbodi nent of thernal
ratchets, however, |eads to a new opportunity.
ks t b i . .
100438 SHHELE hoe S, 23 p S ABHED R0 NI HE i AR Aty
symivefifi€ Ok dditerh 0 talatls stablédhts oig: Pk of thehkmeistuee ¢ file fbquired for

attern of FIG6C is illumnated, These
ratcgqj

12 WO
Gehaiors 2 RIS AKaNBSte Wedls €t Pe sontisr el iper pattern fo be
. r 4 ] .

e R 0 RO By PR b her
popul ation travels forward or backward through the
sequence of trapping patterns js\determ ned by a
bal ance between the parficllest—difif usion rates and the
rate a%—(whizetft—ﬁéoeap uerce—eyeles.| Changing the (13)
cycling rate=thereforle can 2é’hange the 5 direction of
mean notion, a phenonenon known ag flux reversal.

[ 0048] The expected flux of particles under the

i nfluence of cycling goptical tweezer patterns can pe
wheggk &) At ¥ fé\g%lmeaéza@rlﬁa%traﬁa% FYaugHe e Refynid eﬁﬁ%ﬁ@ﬁga@e can
b e RSP B e s B R gl T Whistime i
to bacairbarad withitse fimeenti al well is manifestly spatially

symmetric. A pattern 02f wel | s establishes one state of

the three-state cchL(eéLequi red for ratchet beha(\{hj)r.

As an illustrative exgmple, the wells can be

considered in a pattern to be

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:

13
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equally spaced by a distance L, so that the overall
| in state k is 15 N (x-~L k L)2 VK (

WO&%&«?B}*’*% (13) |— A( 26 vvnere lc = )QET"EZ""“"””"

as an illustrati exa t he potent| aI energ

| andscape’séaf) =b (dfeﬁb EE‘@@‘{%O cycl e repeat edlz5

through these three states at even intervals T. This

Jaacrzts time z a D (14)

{Oostrl!e%e#eggegg)ﬁ%a?ﬁoglges é%ggﬁ%%lugﬂggfty D to diffuse

t hrough the system The bal ance between T and ti

turns out to determ n@, (hilch0)di ¢"ection a particle is(16)

hthe system by the 25 sequence of

{Gosgi)?&eipnésq%ﬁg?gy states. [0050] The probability p(x,t)

dx to find a Brownian particle wth dx of position x

at time t under the conbyned pnflyence of the optical

traps and random th@twd} forcé gover ned by tHé&)

master equation: 13 WO 21 104881 PCT/ US2004] 015327
[005B] Yod where=h 1 iP(hye, tBerma)améogyt seebe. () mp&IOSdquarioarfer bhe complete

propagat qr for each state k is given by, Pk, (y,tl
thregstghe c¥cigis,(16) [0052] for times t<T, with: z 5 L(Y)

=D(a2-fazV(Y) (17) ay ay ) [0053] and where g-1 is

Pl oce | de o ke D i z.aﬂ?»pwé*%é? HROBEA"  as)

dy3P3(Y3, T\ Yz>0) f dY2 (Yz, T\ Y"0)

P, ( 1T\x0 X, 1) [0054 For t he syn :
(005G} ok b 1w @ﬁ% (f%{rv%zewoéﬁl@ oW ter P?%Gng%’i‘igs this master
t eady-state sol ution such
equi ﬁh%ﬁagégd}gg’tﬁ‘)@ Iﬂ%ﬁc@&%ﬁg) 10055 The mean
veI ocity of this steady state then is given by:
Pt +37) = p(x,1) (19)

[0055] The mean velocity of this steady-state then is given by:

= [pn 22 B g, (20

[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.

14
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v = - f p(x) av3 (x) + aP(x) dx (20) ax ax [0056]

7_shows nunerical solutions of this syst .
Woe?t?ﬁﬂm%ﬂs for 13V0 = 10 and two 15 repr esentPg‘{Pi/'&féomm1"327
es of 6/ F r very small values of .the cyc
iﬂﬂﬁﬁ fg%ﬁliqvié‘} E5 4ol RSP QeGUR S &ﬁiwrmstt%%?tr meé{‘e sis at o =
0. 15eﬁ% ﬂrﬁ?&apﬁrﬁ%@{ ‘E)é:ﬂavﬁ)? Yl ARISEARE o 209 050 18 J Y {1 -state cycle of
nean ve 00| y consequently ‘vani's I'n

Gartshaﬁwleﬂrpotenuhlfs at BEps 10N consecutive patterns overI ap
(a =0.15 L showmn in FIG 7) particles pass

det nistically fr p t yiel ding a C
iﬁoiﬂirf‘bmﬁ POPbs \Ii%V@&ﬁzﬁn 38%@? ggdrﬁ? éesturl%ﬂgsgf@im variation i the
cyoloRREGE Tike B ShldE ?&Qﬂff&%ﬁt bt (RBIEREAE B £raYEkErcous sample

times T, and does not Inprove f nger
Wh(ﬁenéﬁmﬂmgt tiffusitohe coefﬁcfentsvgiehtlchﬁfefﬁaaﬂ valet f o, 1/ Thasﬁ different

g-tinme |imt 57] More wi.,dely separate tr
popp]afrtlonq)mi@t pe mdyee| @ mqye VP’é‘Iltam?i’Hﬁlﬁ’H’é pp%ﬁg@pgptxoqsmr@wded that T
e tae, f g
is s&%\%{e@H?ﬂgr&rgﬁ% ?bﬁul%ﬁ’o gr‘fxgvealr‘ce att etfsle O?l‘?e}r ﬁcll’é@ﬁgf Rk s way, the
desayeki crpgr,cahﬁm.ﬁmdrnatdheanksusteﬁﬂfﬂonxep’aealmrgsaiid, purifying small fluid-borne
char acterized by negative values of v. This 25
obj§ffireri cal result denonstrates the principle by which
arrays-of optical tweezers can be used to inplenment a
oo%l Asépxé%r%atds tieaf B %‘Eﬁ&h K@t @émérruh 4 Irther§iBNeliRahal dffchet has
04/ 104 S2004/ 015327 058] As shown in
advEnlages7over r@h@d‘a@&lereb,asarl separaipond eqhenm ni kst exaopié, cthprmal ratchets

015 | t,o t h beh
bas§f o s el dagrog grass oy e ool P Gor PN agments.
The@a HoRveRbr, rﬁryesgo@ﬁlsmedt&d peteblisktfondivhday9 e dfkical ratchet can be

059] To oint, flux reversal has been descri bed
impanensgl nekpesive readily gntegrpiqdniato siepélivtie idgpicesTior lab-on-a-
ch11;r Qeéltcat:ﬁgnsggﬁg%éétm%grat%{elt Bfsell eosé aSén%rgflg ?131@ shgpeﬁ%cgﬁneﬁ%ptmﬁ tweezer

pre@oedly hed Béhﬁl&iemrﬁrb@atérﬂ td erdand ﬂuﬁk@%ﬁsapf’l“lﬁﬂs appiaserelies on creating
di fferent gopul ations m ght be induced to nove

a sptiglly LaYTewgsioyPetentig s8eiet dardseerst onSmsrayerased semgs ad thus the

sysfe?rhcgrfekrg glg atdgfeq‘Fﬁt\b%%gﬁe ﬁgﬂi%géio%gse% (ge:sl b egi %‘S}S’B 2 gif the preferred

systehedamtibédhabiel ehch optedal ltrafa an caepatttdh pgodaes pupatfyliyngmmetric
srrall fluid-borne 10 objects. [0060] A preferred
potesihial engreipistloaeh ﬂ%@daattﬁmSéheﬁrq Yi§ ¢ plealigHy |SEP1€1€FII#%r Fidirectional

trans@(g & e hihas bg ﬁg&ﬁ@ﬁg‘?‘g;ga?m?éﬁ m‘?lt L@%{rﬁer mﬂ?@ Ssg:gtsrencc of at least

aration s
thrde@aﬂdnemmaheydegl tated el ectrode arrays have been
applied to sorting DNA fragnents. These, however,

L e T LA L i S
seq@éfﬁle% ﬁﬁgi deYtdi i eﬂﬁ@ﬁﬁﬂ'oédﬂt@héﬂ & pdrtibiedlb&ind anb &8s td @ffuse 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




chip applications. An optical ratchet based on a
single_;ine-shared scanned optical tweezer previously_
WY HHEH denpnstrated to induce flux reversalPCH 2804015327

approach relies on creatin a spatially asy tric ,
ordtﬁ%fﬁféi@ iy the ﬁ@ﬂgquuaﬁ%f&&t 9 the ivRRilon j@risdueadss agpects. Various
F%% Lfferent principle
ﬁm@@gﬁ$?ﬁzn%%%€g§%§&esc??ﬁ%g%gggggg%Pﬂh%he preferred 20
system descri bed herein, each optical trap in each
pattern provides a spatially symetric potentia
energy well; and the patterns thenselves are spatially
symmetric. Unidirectional transport is driven by
breaki ng spatiotenporal symetry through a sequence of
at least three patterns in each cycle. [0061] One of
the previously proposed symmetric thernmal ratchet
exanpl es al so involves a 25 sequences of three
states. This approach relied on particles being
allowed to diffuse only in one state, however, with
the other two acting as a determnistic ratchet and
thereby biasing the diffusion. The process descri bed
in this docunent involves both diffusion and
| ocalization in all three states, and therefore offers
nore selectivity and nore rapid sorting of
het er ogeneous sanpl es. 30 [0062] Wile preferred
enbodi nents have been illustrated and described, it
shoul d be understood that changes and nodifications
can be made therein in accordance with one of 15 WD
2004/ 104551 PCT/ US2004/ 015327 ordinary skill in the
art without departing fromthe invention in its
broader aspects. Various features of the invention
are defined in the followng clains. 16 WO 2004/ 104551
PCP/ US2004/ 015327 W 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 nmanifolds |ocated at a
convergence of the first channel and the second
channel and conprising beans of |aser light 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 remaining patterns; and 10 the
optical traps being oriented at an angle with respect
to the driving force and arranged
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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 claim1,

WO HEMEH t he popul ation of small objects is é'i(@ﬁ@rl@%d)lil‘ﬂ

ina fluid 15 nedium disposed in the first channel

We clgify wherein a buffer is disposed in the second

channel . 3, The apparatus of claim1, wherein the

. A& z§fo?‘§5‘ﬂi’f F@lﬁtx&iﬁs df‘éﬁﬁ%h'o% ot mrﬁpsmﬁgpaf atus of

tic pPpS are" cre

s%E %E ted by

Orce %m%g P oo 5 elzc,?f-}%laﬂiﬁf? RO B Bt

msfdﬁsogmﬁﬁs e F oy FEEag e seppad

E@nB‘FS% ‘?%Wslo %ﬁ‘?’éF%‘i Aok Kemerskd plarliy gEeptisiel fraps;

thwté?ahifﬁﬂﬁml%&ofﬁﬁmﬁ%i infoen plHEMLY phpatiaseeeherein the peftdronare
arrpngerhach s tha menigfdoe fainmpatienwnee edparatdich s thp amat fodds of the
refpetimggratiehs; amhi folds in the direction 25 of the
thelopticahgafsdreties orsersadys banbglakdish leas@eto hbarvinkGorce and arranged
subinthiaVé @t latttaTsputadthgs is8epatited appiad kg, of claim 7
wih&@h Sl dphe R GRki bERBS 2R SrRd3Rked 1.0 c{h@‘ﬁgsru%éy f;??crtign and

anahYsiRd (Pefbhon of the population of snal
as the patterns are sequentially energl zed. 9. The

. TIRRB 1(1‘3{119%f Qfanﬁlla rgmt ﬁhﬁh Q&s arde 3 ada tneg fluid
méd? 1‘131 tRé) angcg cé ﬁ\ﬁléﬁhed{x R} 1f lé{S dzﬁ,pﬁ)S?(éléJ QEG second

gl zed. | t

. 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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