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Rel ated Applications The present application clainms priority to U S

Provi si oD oBagant Application 5 Serial Number 60/ 373, 25@CTfuiSoge3spril 17,
2002, U.S. Patent Application No. 10/179,586, filed June 24, 2002, U. S
Provi sional Patent Application Serial Nunmber 60/411, 058, fi I ed Septenber
16, 2002, U.S. Pat eMiETAIOD AND ABPS&A’EUSM@ORTIINGMEBCLESI ed Decenber
23, 2002, and is a continuation-in-part of U S. Patent Application
10/179,488, filed June 24, 2002, the contents of which are incorporated by
10 refer e”CRela'f&th ﬁgaﬁ(ﬁﬁ invention The invention relates to a nmethod and
apparatus for the grtlng of particles in a sus enS|on wher e the_ input
flow path of a sd@ht pregentoplietionnlaies srotity tp k1.3 Kyevisioapl H%erwtp@h@atmannm s.

B i e e s e R e L TP

i ncreased papti7g] '586 fi1bd mfmunooﬁapggmwsmn@lfpdtm App\nemdmsmaoNumbbhe
fi el ds of- bi ot echno 0og

espeC|aII ol ogy and drug.screening, there
is a need f69/4ﬂai@ﬁ&tﬁﬂﬁé§gm9mbefs]&r 200%y Q{S %%\@I%tlAdf{Pé‘ﬁal n@‘? particles
that requir Vv f atel ets,
whi te bilood [BEPT OO R PEetMa 2 2008 R B 8 %itoﬁqﬁﬁaﬂ%f@?qﬁ“&*%hese
particl es angptsarmi 1@/179,488, ﬁmﬁduﬁsm IZG)OJZ,hhe torbitts oHivhizhitand mgyrpotdichy
particles are (macro) mol ecul ar speci es such as proteins, enzymes 25 and
pol y- nué? eotéf@®sce.This family of particles is of parti cular interest in the
field of drug screening during the devel opnent of new drugs. Methods and
apparatus for particle sorting are known, and the majority described in
t he prior afieldof khé mvelgorcondi ti on where the particles are suspended in a

liquid 30 fl ow n t hr ou h a_.channel wor k _havi n east nch oi nt
downst r eam and ar é‘e”@) R BRSO GF g éﬁ;pearﬁgﬁéé?heds Etiub%ocp il &

principle. ﬁ%‘g)eﬁﬁxﬁ %hé?@ﬂfe'lﬁﬁﬁ flo% pdth oF a seHiak Yiodlef h be spREatd de@*eral

characteristic, such as optical absorption, fluorescent Intensit si ze
et c. Dep&ndiontpubchannelsoMae pwmﬁlar,ﬁhtslrdémmﬁebﬁﬁsﬁﬁ aderticlq sqrangywisfeanil how
the -1 which a plurality of sorting modules are interconnected as to yield an increased particle

throughput.

Background of the invention

20 In the fields of biotechnology, and especially cytology and drug screening, there
is a need for high throughput sorting of particles. Examples of particles that require
sorting are various types of cells, such as blood platelets, white blood cells, tumorous
cells, embryonic cells and the like. These particles are especially of interest in the field
of cytology. Other particles are (macro) molecular species such as proteins, enzymes

25  and poly-nucleotides. This family of particles is of particular interest in the field of drug

screening during the development of new drugs.

Methods and apparatus for particle sorting are known, and the majority described
in the prior art work in the condition where the particles are suspended in a liquid
30 flowing through a channel network having at least a branch point downstream and are
operated according to the detect-decide-deflect principle. The moving particle is first
analyzed for a specific characteristic, such as optical absorption, fluorescent intensity,

size etc. Depending on the outcome of this detection phase, it is decided how the
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WO 03/ 089158 PCT/ US03/ 12368 particle will be handl ed further downstream
The outconme of the decision is then applied to deflect the direction of
speci fi c weroiogdies t onar ds a predeternm ned branch of the @kanrses/123e8 work. 5
O inmportance is the throughput of the sorting apparatus, i.e. how many
particles can be sorted per unit of time. Typical sorting rates for_
sorters err]fqiaerydm@ﬂﬂ bensndiéd fuphert dosirastsars pEInsowcorne otthe slecisioh anthen spriied i n
the range froma few hundred particle er .second to thpusands,. of
particles pedefeqshrdirqolpn a1 sreriiceasde ivvrdsd P?egitéﬂme@ﬁ%%r 8&(1}9 a sorting
device is ' 4 U S. Patent No. 4,175,662, the contents of which
are herei ndcl%%%%érlgg&édtrg'd by reference (hereinafter referred to as the 662
patent). In the 662 patent, a flow of particles, cells in this case, flows

t hrough t he f traight ch ich b h ' .
per pg%diSCul ar Cgﬂéﬁﬁéﬁ@ag?&értﬁ%&ﬁ%@ﬁ?%ﬁ%? ﬁ%ﬁ%ﬁ?ﬁ% nsg%n%ﬁ‘%%lgﬁ%ﬁ%mlfﬁe
ent eri ng par!ahib%'s.%ﬁf@g@r VR TR el Al §oﬁi§§ shieatol severs empRiyidy fowd efui d,

e

keeping the partic confined to the center of the channel. |n nornal
condi t i ons, partiele fhspansion incloged shamelsare inhe pangedkes aifew Jupdred eartisls PRAt t he

particles autonptically.flow through on f br anc In a section of
t he channelseﬁorr;%t‘i’éﬁ%@?éﬁ %ﬁ%aﬁu%“sr’[ éecﬁgg’t (r:fltéllsﬁ%lles c%gkt M ned usi ng a
detector, which can be an optical system (detection phase). The detector

generates a signal when the detector detects a 20 parti g\IIe p Ss%gs' ng a
pr edet éi0ni ned chAnasemplesifiasoitingtdsricg acdesrabedindse. Patmrt %%% 0¢85

detected, a deflector.jis acti. ' i o 43 ke

defl ection ?)(Wg%l S.Ojit"xﬁlcb ﬁfezhe%:ée{}s{g%%g@%%%g ?g%fg%%bﬁgl%%ﬁ%g&%%&%f%ct rode pair,
posi tioned igg2tiagntyr anake ‘662 pitent, & lannefl panivdese cdlivan pizs tase) Bewnidronghlthe f | ow
through in the inactivated state of the def]lector. B lthg?ﬁ)%l itcation of
current pul ewsier of pstraighbeisanel; which branc F%’é‘f"r%’f(ﬂ/%eé'ﬂe,ndfél /YRS & gas

bubbl e evol l}{ﬂaﬂ&iﬁgg&@‘ﬁg%%kﬁretﬁhﬁ?%%gpf}“fhé entdfing PSiORS aRURRbEnddATBASES i N

size, the flfowra ranch i's reduced during the evolving
phase. 1 t esheatheof cotipatibie lulds kedpingihip ipedtt]estchafibetiolthe egndsitol tha dpandnd t he

as bubble is carried.al on ith .t fl . AS It ..t th h
The opeci {1 I BrEiskFoncu oo DR ¢ b 10 AEAUEE N 4N LR ek oG ey oo
changes pat P%’ti@@g aﬁ%@gﬁcgw"ﬂb@ RRo6He ATtROBRANCHE]. ThE seteivh @€ tiefchutie] 2662

or

patent is effective sorting particles. However one serjous drawack is
that gas bublresenxtie of theapasticleshis dhtepoined usiagiadetastoravbighermpe ap pptical

system (detection phase). The detector generates a signal when the detector detects a

20 particle possessing a predetermined characteristic in the decision phase. Once a particle
is detected, a deflector is activated for deflecting the particle in a deflection phase. In
this case, the deflector comprises an electrode pair, positioned in the branch of the
channel where the particles normally flow through in the inactivated state of the
deflector. By the application of current pulses, the aqueous liquid is electrolysed,

25  yielding a gas bubble evolving between the electrode pair. As the gas bubble increases
in size, the flow rate through this branch is reduced during the evolving phase. After the
current pulse is applied, the bubble growth stops and the gas bubble is carried along with
the flow. As a result, the flow through the specific branch is momentarily reduced and
the particle of interest changes paths and flows down the other branch.

30

The device of the 662 patent is effective for sorting particles. However one
serious drawback is that gas bubbles are created which potentially can accumulate at

certain points of the fluidic network. This bubble generation can clog the flow channels,
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certain points of the fluidic network. This bubble generation can clog the
fl ow channel s, -2 WD 03/089158 PCT/ US03/ 12368 vyielding erroneous sorting.

Anot her dwewbagdss s that the generated gasses (nostly oxygerusasittg/ dr ogen)
and ionic species (nostly O+ and H) influence the particles flow ng

t hrough the branch with the electrode pair. In addition, cells and delicate
prot ei ns suyibldag engoessoatieg. vangthérdigwbakdnthat the geperdtedtgasspe (mpsiin he

fouling 5 constituepts co-generated with the S bl e. Anat her..drawback
is the conpPe%rt ?n‘ggygrpﬁ@)g‘ygf%l? SREGHSE k‘ﬂ@“ p%gfﬁrf‘ﬁgb) lpﬁu?}’eﬁﬁ t ec%a\rté(g?s t he

mcro el eCtﬂﬁS&% GRIDSER HELrRRLH Wit RleYelechBAPhAX troadRib, calchndssiedd e i n the
smal | channel s §f the system As a result, the cost of a sorting unit is

rel atively pratejes suth af\mortyhvees asxearpifiegids and ¢rarkei desteoysdrtyi the fayiggem of t he

prior art is djsclosed in U.S. , 984 th n . i her ei n
i ncor porat e%orlﬁbtuP’étﬁgPég’?B%rateﬂé’Ylgf %ﬁfgf‘ﬁﬂ%} & Anoglﬁ%f)aé@gﬁ?ﬁﬁlf%ﬁgxﬁgg
patent, thegppaktiaflsefim Hphilatis BlparGeitd Methiblo dedtiodvicogsisiotad 13 vely qui d,
through the center of a channel. After passing a detector secti og, t he

channel  breameples ta provntand assrarhieinsthe smail shanmslsaf thesyaiegl eAt REFBReGeen

(e.g., Y-branch). Just 15.Db [e.t branching point, an electrically ,
activated t??fﬁg%%ﬁo mg%m]? Sc%iaglc\fg]iyr%glr%ﬁ'e channel for deflecting a specific

particle having an appropriate, predetermned characteristic. The

transducer described is a piezo actuator or ul tragoni.c trarasdﬁ)ce , Iﬁl el di ng
upon el®ct ri cal Anethey examme af ppadislssertingsysten efike RBCHATEIS disp e‘iﬂé’n Pat ed

pressure Wa!,@s?,@ﬁ‘?fetﬂé @54‘[!@1&‘(5 9% @h}%gtﬁ?%féé}gi%lﬁ}é%&ﬁteﬁ S ere?é?%Q (péiRarei@fhect i ng

the particl& of rnterest in ranch’ In the device of the
307 pat ent :3(dpatent)t He tir G0V patentitequsiides ate fowing, chefinksl Hyecflowingjsheath

i ncorporated wiithin the channel stem, .resulting in relatively |arge
const ruct i oﬂquléo@f@l.g Aﬁ%?%‘?r A oftex Pﬁsélngé\%eteétqrsc’e%}?g’ .@gfcp%l&egr
princi pl e uggdchebhRioIfRRhaNRE RrmHARSHIR MBNKARerdbwaed (LONVibrath).oTishe
branchi ng point, but rather propagate upstream into the detector section,
as wel | 1as Hefare thobherichimggloas, anfélpciricailyl agtiviaed tranrduesrds kcpted fin Big chanmeligh

the channel .. Thi.s is particul arly, a.drawback if sorters.of I y.pe are
connect ed eifctr_ﬁghe?twgsegﬁ‘ﬂeg]é%é’ra%ﬁlngbaa‘?%g L PProprigte: bf %/(%l?eclf%'f 1%(,1 cﬁ}gﬂﬁgte%légpc' _
construct aThi @ansdubEQQEBEd 1§ 8hldzb dctadt eNMiltBs@scHatduesr elecldanamahed in
one sorter can then influence 30 the flows and deflection of particles in
nei ghbor i ngekofricak actiptien a pressure wave in the channel. The generated pressure wave
momentarily disturbs the flow in one branch thus deflecting the particle of interest into

20  the other branch.

In the device of the ‘307 patent, as in the previous discussed device, the deflector
is incorporated within the channel system, resulting in relatively large construction
costs. Another drawback of this device is the deflector principle used. The generated

25  pressure waves are not confined to the branching point, but rather propagate upstream
into the detector section, as well as down both branches. This influences the overall
flow through the channel. This is particularly a drawback if sorters of this type are
connected either in series or in parallel, as is typically done to construct a high
throughput sorting system. Pressure waves generated in one sorter can then influence

30  the flows and deflection of particles in neighboring sorter units.



-3 WD 03/089158 PCT/ US03/ 12368 Another sorter is described in U S Patent
No. 4,756,427, the contents of which are herein incorporated by reference.
Thi s sortwp BesEAl ogous to the sorter in the 662 patentPCTIUs03/k368 case,
however, the flow in one branch is disturbed by nomentarily changing the
resi stance of the branch. The resistance is changed by changi ng t he hei ght
5 of the branch shehaelortbyisaksaiteéimblS. XatenaNor 4,76G42hahp easfients elgwhich

enbodi nent, this, external actyator i.s.a piezo disc glued opn top o he

channel , caighegn inCPIROrAiRAPY WgW‘M&r (L)(iu T Bépp §?‘i‘%ﬁgﬁ%qr%{)ﬁb et%ﬁezt

constructi qp.gf h?&is%@a@é,%w@%&? Fie¥8Ay ifordeanchad dRAIBEL by fohRarikp conpl ex
S

than the preeviously described sorter structures, it is still problemtic to
coupl e  nul dhapgiag sl tesistanoof the buich.nEheieesistanbe s dhppged ypehapgipg the hsightease

the sorting rate. Thi [ as in the sorter descki (MAPE 307 pat ent
because “of ?frﬁge g@ﬁ‘&li‘ ﬁﬁaé’é‘e@ye@%ﬁ?%m%&u@ Te Q}er%e‘feﬁf? gg Igrg %%%gﬁ’vt\nﬁ h ot her
sorter nModulgsmna iR+ ARRLHE biRs s GhRdoartbp BotdevbaR]iGusdeg it brdei n U. S.

Pat ent Nunber 5,837,200, "the contents of which are herein incorporated by

reference. ddvenwZ09upat ativaiderscri bes a  sorting device that uses a magnetic
defl ection nodule to classify or select particles based on their magnetic
properties. The 200 patent further describes processing and separating

I ndi vi dual parti glRogdly 188 Bnstched &f thekorte?WeSutiteary thef 42 hpatenhieless on The
present invention provides a nethod and appar at us, f_or.ﬁor%iﬁﬁjg. g{ti c:les
movi ng tthr oughplex Slapdbeipierionpydessrbed sORF SEABrIsalt ys ilbpro “g 1%
sorting syste i I I | drihdd ra€AThize
assenbl ed a?mm&)\?vé Scotﬁe?%ivér%ﬂ?/eg %EE% &%é@&?ﬁ%ﬁaﬁgggéﬁtpg%gg%ggiﬁs of1 s%lfe?i'Tng | ar ge
amount s of Rasdinchesorpe desenibed of tht it 305 paidne beqrase dLthe generaicd grasye saveny
include a plurality of closely coupled rting nodul es which are conbined
to further FHEREdRETTEHBCSYHY iq{lﬁfrrs &M Sharticl e sorting system may
conprise a multi-stage sorting device for serially sorting streans of
particles, in order to decrease the error rate. 30 The particle sorting
syst em 191pl enent Anathei patiolesdrtingdettice ipdastiibedsind St RatprigNumber 5,837,200,

the contents of which are herein incorporated by reference. The ‘200 patent describes a
sorting device that uses a magnetic deflection module to classify or select particles based
on their magnetic properties. The ‘200 patent fllrther describes processing and
separating individual particle streams in parallel.
20
Summary of the invention
The present invention provides a method and apparatus for sorting particles
moving through a closed channel system of capillary size. The particle sorting system of
the invention provides a sorting module that can be assembled at low cost while
25  providing an accurate means of sorting large amounts of particles per unit of time. The
particle sorting system may include a plurality of closely coupled sorting modules which
are combined to further increase the sorting rate. The particle sorting system may
comprise a multi-stage sorting device for serially sorting streams of particles, in order to
decrease the error rate.
30
The particle sorting system implements an improved fluidic particle switching
method and switching device according to the present invention. The particle sorting

system comprises a closed channel system of capillary size for sorting particles. The
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met hod and swi tching device according to the present invention. The
particle sorting system conprises a closed channel system of capillary

si ze for woroBiosegsparticles. The -4 WD 03/089158 PCT/ USO3/,C23583/18annel
system conprises a first supply duct for introducing a stream of particles
and a second supply duct for supplying a carrier liquid. The first supply
duct forns chamest glgemcomppritesediicesuppht dushforahtrgruciniged geeaimmipartisdestandw of

carrier liquid. The fjrst supply duct. and.t cond su t in
fluid comn?ﬁﬁ?%ﬁ“@ﬁlyvdutch%oé S\aﬁrﬁgﬁg@ﬁ@mﬂiﬂa&% h’&)ﬁﬁ%ﬁt %‘%@a‘ﬁ@%’?%?% S%algf i rst
branch and g ;Se&RIRE 2 RE-806 B BhrtidlcbHAS &b MR BE carAelB@FAT TABAfst supply Qutti S

defined in the nmeasurenent duct and is associated with a detector to sense
a predet erandribelsechad suptpdy dedtiate infflyd corausication with araeasweaivehduct.ogiish. Two

opposed _ bybbl e val ve re sitioned .i,n ¢C i.cati A asur enent
duct and art@an %Hgﬂa%%&ﬁl{é g C?ﬁe%c{nﬁé:’lr?m?‘?ggE)ﬁ%n%flé’ggl&%geﬂs}a%%%ﬁ%ﬁi cate

w th the m@gféhqméﬁneqqﬁ'ﬁhe]rﬁeésﬁfe%&hd@ct@ﬂﬂ is BEoPO S sdetietqras sages.
"Liquid is al'lowed to partly fill these side passages, to forma ni scus

t her ei n whimhdétemenéhdmsactdristic of piréiclep inyiic AnsaARyIEOCR egioge V¥ PPO8EC t he
bubbl e val ves,, An.external..actuator 1s.al. ' ' one of
the bubbl eb@’gie\/‘éa%‘.’es\ﬂﬁ%ﬂostﬂﬁo 163)% e?r%%]llu %‘E%tlﬁlg %gl%l{ésﬁggstu{r%?gg{l&%hg Iager essure
in the resepwedd ofositd ERhagidry The dubhlbbhigeyainmaunicate svtethe mitefuirentiiniyct he
meni scus ané) causing a flow 15 di sturbance jn the t duct to

_ asur e

def | ect10t hethrdughy aner fioapposseticsras¥gsHr LdBIHE 8oV tor@%_ﬁﬁ ¥R§'%Pegi on
Senses a p rlgaa%ga{ 2k 1 ﬂ)?r% a rﬁ@ﬁgcaa%ttﬁe{rbigt\b}ﬁcﬁ ht & £48¢E tHeChitid: igwidneitt heQbbvdihe
measur enent reéﬁon, e 'sensor produces a signal in response to the sensed
char act er i séf the bilbisle exlves. nah catetnahbanatdsisréspoodidedioaracRotingenesdibor t o
cause a pressure pulse_in conpressi on cha r a first bubble valve to
o oot | hebiabia vBVes. b B eXETiAdetamar RAdLHEn 46t Brerers i R Refal Ahe

sel ected paghi cfiGul PoutllOVAIdOMRrdab8, §85RAM: Mednshs @y ehd chRirgnefi@spect , the
i nvention conprises a nethod of sorfin articles including the 25 steps
of provtﬁin@haﬁMnmshxﬁmﬁmﬂwMQnmnhhmthg? ci the dowathgred- br anchi ng poi nt  at
whi ch the duct separates into two branch ducts, and conducting a stream of
fluid into the duct inlet with a stream of particles suspended therein,
such that the pagfidsl£enstRNotddinfthdMeadubihg vehiodsdnsésd predéeiediingde branch

ducts and providing upstreamfromthe branching point twy opposing side
passages f ocharavtenstiarin pypadisid Bewvingghrongh theraeasinemephesginye the sgosor prgduces

a signal in response to the sensed characteristic. The external actuator is responsive to

20  the sensor to cause a pressure pulse in a compression chamber of a first bubble valve to
deflect the particle with the predetermined characteristic, causing the selected particle to

flow down the second branch duct.

In one aspect, the invention comprises a method of sorting particles including the
25  steps of providing a measurement duct having an inlet and a branching point at which
the duct separates into two branch ducts, and conducting a stream of fluid into the duct
inlet with a stream of particles suspended therein, such that the particles normally flow
through a first one of the branch ducts and providing upstream from the branching point
two opposing side passages for momentarily deflecting the stream in the duct. A first
30  one of the side passages is hydraulically connected to a compression chamber of a first
bubble valve, which is acted upon by an external actuator for varying the pressure
therein. A second of the side passages is hydraulically connected with a buffer chamber

of a second bubble valve for absorbing pressure variations. The method further
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30 one of the side passages is hydraulically connected to a conpression
chanber of a first bubble valve, which is acted upon by an external

act uat or Wworo3ssaiys ng the pressure therein. A second of tReTAISd®1B6%Sages
is hydraulically connected with a buffer chanber of a second bubble val ve
for absorbing pressure variations. The nmethod further -5 WO 03/089158

PCT/ US03/ 12&Gfpriseo prvidies a preestireiney stativp atangghemeagremenslugl wsgeam of the

measur enent .duct upstream.of th si de ,passages. for sensi.n redet i ned
charact eri s %P%§%%ﬁi?ﬁ%?ﬂggPH“%ﬁ@ngﬁFggﬁ?aﬁgng%%Qﬁ%V%%ﬁEP%§%§E§§3%§ﬁ£€Len
the predet esdnGHy & BRMACHBE BE pfederifilg @HaradBstitek Bated UThdigkthod Giiftliérs es
the step of, in response to sensing the predeterm ned characteristic,

acti vat i ng ®niprisce tteestoradf, morespanse tof sensing dwtnredpterntingsheharastensbarcBvVamet he
duct between th i.de a t flecti ticl-a. havi th
or edet orim b cerm E5urPE T 26Ty b T BB AL P dubelboandhyife 1OV, 1O T

down the segaBhebrtaaehy defdcting thefpaifidie havifp ertBeddteritiged chaenoteriatics dnde
particle sort rate is respectively increased 10 or the type of particles
sorted bei nepusingitbasslertedipartiels frlovwomp thosserd PHECRdpftural ity of sorting
nodul es in parallel or serially connecting a plurality of sorting nodul es
ina binary tree like configuration. According to one aspect of the
invention, a parli firthessypeitnof thy Stentios, the patidiedort rdib isfteepquéively chareassdr t i ng

system conprises a first duct for. conveyi a stream of suspended..
particl¥s corithe bae fpagicdesserted b?lpéﬂ}ca‘?asﬁ‘g%%rf’%ﬁeﬂt@v c‘i’lme‘étflfg aag]f‘falh@f But ! et
and a secong, £280r LTal§RAAAGINE MIGARNITbARM MfIIAGhAr | St ©
in a parti c?ogflﬂgmgiﬁhlgsgl}lgnneﬁofn ac nTuni cg ia(%% Wi tyﬁdthe irst duct, a

seal ed chanbiaaryposs likecroafigadjiecent to the side channel, wherein the
carrier fluid forms a neniscus in the side channel to separate the 20

seal ed chanber fromthe carrier fluid; and an actuator. The actuator

nodi fies the pragsiitd B ohB8sprfbfafe GRAARGT, atpartied sthg SReenRProwded. Wwhen
t he sensor senses the Tpredeterm ned characteristic. The deflection of the

meni scubs calibepartinkes penting sysieth avinpisest hidrspdusy Eercronyersns & Rlapase deyusBededt o

flowinto the second.out.l et whil.e particles d

pr edet er m ngﬂtlﬁﬁé F%%t{lréei%i 18 &R hﬂ? llﬂh‘f%ngrﬁszn% W@ﬁet’o%)?ﬁghﬂ% %M(g? %ébf%nd

descri pti ong@fiet! Heendb ot BESinglaPredetérfifedseaeitdristic Wi £parttieaa gide tharnel in

sorting system according to an oo . .
communication with the first duct, a sealed chamber positioned adjacent to the side
channel, wherein the carrier fluid forms a meniscus in the side channel to separate the

20 sealed chamber from the carrier fluid; and an actuator. The actuator modifies the

pressure in the sealed chamber to deflect the meniscus when the sensor senses the
predetermined characteristic. The deflection of the meniscus causes the particle having
the predetermined characteristic to flow into the second outlet while particles that do not
have the predetermined characteristic flow into the first outlet.

25

Brief description of the drawings

FIG. 1 is a schematic view of a particle sorting system according to an
illustrative embodiment of the invention.
30 FIGS. 2 through 4 illustrate the operation of the particle sorting system of FIG 1.
FIG. 5 illustrates a particle sorting system showing alternate positions for the

actuator chamber and the buffer chamber,



illustrative enbodi nent of the invention. 30 FIGS. 2 through 4 illustrate
the operation of the particle sorting systemof FIG1. FIG 5 illustrates
a particlwoo8d168) system showi ng alternate positions for PCR@SORCIAL Or
chanber and the buffer chanber, -6 WO 03/089158 PCT/ US03/12368 FIG 6
illustrates the particle sorting systemaccording to anot her enbodi ment of
the invention. MIG. 67llistlattstheapatcla stuinkglsgstomlageordinigtiabheth¢ramhedanent of he
particle sorting systemof the present invention. 5 FIG 8 is a schematic
di agr am of thaEvERH9Y-cl e sorting systemof an illustrative enbodiment of
the present invefid §Miudiates abudBRWEAIRNQItEHB Ik yEBAA HRfpaitiddasdriing €yst bf Ng
systemfor sorting parallel streans of particles according to the

t eachi ngs dhe ptesergriesaboni nventi on. FIG 10 shows one enbodi nent of a

particle sortin t.em confi.guted in 10. bi nat. - | kke. j.quration
of sorti’ng mdu?%@gdéﬁrs emjl‘“? latgﬁaéntogﬁ]cerﬁaﬁ%cge ot 1%{%58?%?8%%%1&?%@8}%“ on.
FIG 11 illystd@dhes oFd heseneivestisrent of a nulti-stage particle sorting
system for sorting parallel streans of particles in multiple Staglgq . FIG

12 il lustrates aFlgadshbes opaembedimesbetd pajticly serdimg systemdpiigring Raaliglt er nat e
15 enbodi nent of t.he_ present .. nvepti . i ! s a parallel
particle s %Waoiyﬁlgiﬁsﬁ%%%?laﬁ% 659%%3 :%g? m]e}ﬁ%%g{ﬁ%g%@oglf t he present
invention. FlG 1¢m.a0dhdébond tnibédimiest f mrticle bertingsystag cepfigueed mccor di ng
to anot her enbodi ment of the invention, incl udic? an op[)ti al k to allow
measur elfent bipgrysreedikesapfipapion pLorapgmeAulss RO 13% toppesicaghngs pif8F r ates a
paral l el sorting.: 3 havi ng vari abl e channel s according to another
enbodi nment %nge[ﬁglerﬁ%ir?{é@gnt invention. FIG 16 illustrates a variable array
desi gn of a par aFiGI119tudtiang aayhecembodioedi oftp muli-stagst feeticle pybidg system of t he
present invention. 25 FJG 17 ill u.s{rat eslalgatr allel sorting system

accordi ng t®rapeps@aralighdesamms of paiticles in multiple stages.

FIG. 12 illustrates a parallel particle sorting system according to an alternate

15  embodiment of the present invention.
FIG. 13 illustrates a parallel particle sorting system according to another
embodiment of the present invention.
FIG 14a and 14b illustrate a particle sorting system according to another
embodiment of the invention, including an optical mask to allow measurement of a
20  particle size and/or velocity.
FIG. 15 illustrates a parallel sorting system having variable channels according
to another embodiment of the present invention.
FIG. 16 illustrates a variable array design of a parallel sorting system according
to another embodiment of the present invention.
25 FIG. 17 illustrates a parallel sorting system according to another embodiment of

the present invention.

Detailed Description of the Invention
The present invention provides a particle sorting system for sorting particles
30 suspended in a liquid. The particle sorting system provides high-throughput, low error
sorting of particles based on a predetermined characteristic. The present invention will
be described below relative to illustrative embodiments. Those skilled in the art will

appréciate that the present invention may be implemented in a number of different
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the present invention. Detailed Description of the Invention The present
i nvention provides a particle sorting systemfor sorting particles 30
suspendedwpDre3@sdisgiui d. The particle sorting system provi d@€T/US03/12368

hi gh-throughput, low error sorting of particles based on a predetern ned

characteristic. The present invention wll be described belowrelative to
illustrati \@phcdmds amhembodlfmms asitiid hasdpearfieatly limitedniils apaligstieiaths t hat

t he present |n é/ r{gciﬁmant ed in a nunber of different -7 WO
03/ 089158 FR%‘W n‘%ﬁ?ﬂl? #6fs and enbodi nents and is not

specifically i mted inits appli cati on to the parti cul ar enbodi nent s
depi cted herein. The terns "duct" "channel"” and "fl ow channel as used

herein refers tdlle Grmpaidnwagy chameBoand, flow ehanpelg s Hseddur eRTEREtC &1 | ows for
novement, STI%,atdlk %@WB&& o §‘Iﬂu§h %éﬁ?urﬁ%t qis&s or-lr_H(?v ﬁ%ﬂf‘@?ﬁulﬂé‘ shé}fas

m cr of | ave Cross- sec 1 onal nmensions 1 n the

range bet wﬂﬁgn&mw ades) TheaRahma Giithe PROroMuidic efsesnabteferabigthaeecrosbout 25 m
and about. 25 man most preferably between about 50 m and abou 0m

One of or di seatignat Rinh¢nsioms ithhe gagetietweanabapt b0 tan et &oi A0 R BISFF#NY i at e

10 | d | h he f |
Mol ude t hebeeEmbob s ptmg AP DO gpdmegt PEBIERT pRsfEeh B0 tha
channel can d&ﬁf/ FSO”‘;?% %ﬁ{eeiﬁ{o?&inét}%ﬁﬁl Rlthe &t WANBE %R:tto dexAnRkas afprophhteh

include a It near or non-Ilinear configuration and a shaped configuration.
15 The ter volpat thd lesthr @fthe Sotvachanmhl sEher@gcmarb mﬁndrdtto ancludertbe aleiivieg, but
not limted to cells. The t rm sens in refens ice
for measuri¥Eited VARSHE BPFIY| Wer&fmﬁ%oﬁ?ﬁfi aye puy §ele(ité(PSh%Bg$ﬁ
term” bubb' \f%@ﬁ% efariffiedoNPhigh 'ihcmﬁfe%rlﬁqefapo@l&ﬁum@e céiTRdurgRneind hds-
pressure to control flow through a channel. The term"carrier

fluid" as uﬂm;iedlemﬁiguractwhers to a sheath of conpatible liquid 25
surrounding a particle for carrying one or nore particles through a duct or
channel. FIG 1 is a schematic depiction of a particle sorting system 10
accordify to theThe term “particle” refers to a discrete unit of matter, including, but not limited

to cells.

The term “sensor” as used herein refers to a device for measuring a characteristic

of an object, such as a particle.

20

The term “bubble valve” as used herein refers to a device that generates pressure

!

pulses to control flow through a channel.

The term “carrier fluid” as used herein refers to a sheath of compatible liquid

25  surrounding a particle for carrying one or more particles through a duct or channel.

FIG. 1 is a schematic depiction of a particle sorting system 10 according to the
teachings of the present invention. According to one application of the present
invention, the particle sorting system 10 comprises a closed channel system of capillary

30 size for sorting particles. The channel system comprises a first supply duct 12 for
introducing a stream of particles 18 and a second supply duct 14 for supplying a carrier
liquid. The first supply duct 12 forms a nozzle 12a, and a stream of particles is
introduced into the flow of the carrier liquid. The first supply duct 12 and the second
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teachings of the present invention. According to one application of the
present invention, the particle sorting system 10 conprises a cl osed
channel swetoansufs capillary 30 size for sorting particl e®CTNse3/cd3esnel
system conprises a first supply duct 12 for introducing a stream of
particles 18 and a second supply duct 14 for supplying a carrier liquid.
The first seypplydutdé atinffbridrsommuoicatien with a naeasueement eaghlofforanyeings i s

i ntroduced i,nto the flow.of.the carri.er..l iguid. The fj I 2
and the sech’r‘?d’%l%%%%@e ﬁ@f]feﬁg@‘ﬁfllggggleagu&gﬁlle%{ ‘élﬁcicpsdﬁ%%g?,netgigghﬁlui d
comuni cat i gnh EinAeNBRASHE Qedndbisichldhahndl 206 AV £ Wianch pbiae2Rant i cl es
suspended in the carrier |iquid. The neasurenent duct branches into a first

branch chanmsasemeningzion 20 dodriingd inthe resrswrgatenddysrt 46 apd prassropptebvith 221, A
measur engnt .regi o 0. is defi in r j
associ a?ggd %ftteﬁo’él{%goasgfliec% gﬁed%glq?lge%éﬁa&&%?%#gﬁgﬁiﬁ%ﬁ ﬁg%p%sﬁgg;&%to {é |Jgshtei c of

the particl akafassbmgesibh 209 Twoposaasbreiiesr1®©0a amd PO0b aFepositiaesed
bubbl e val ves 100a and 100b are positjioned . relative to the neas rgnent
duct and di &glegsedoithe P AFEETReSH o0 CiBASICHE Bt EOMmyRIGAt Qg Yy bepaced

opposi te_eachy, ol etk LIBUAN hAPSEeOTIQIGHIALE GHtidhayiskd faALAER it

ot her configurations can e used e val ves 100a and 100b
communi cat e ofif3r vértflputdienseasalsebentedd Gk bibbleivabiegh0@a pai Y00bfcomppusete si de

passages 24a .and 24b, respectjvely. Liquid.is allowed to tl i1l these
si de pabQagddthhe mearromentdyct Lﬁﬁf‘é‘ghﬁé%ﬁs%@???dtsﬁ‘gﬁsﬁgegﬁ% éﬁérﬁf‘% tus
defines an 'réb%;@étfv@%i I%]Sﬁi%@ﬁ‘u&vt?&l t%ii{afﬂ}ﬁﬂéu '{)Hueg% lki@e %Q#ag&%"a hed 26 4 Brmsuch as

a gas in the reser of the associat’e bble valve 100. An actuator 26
i s al so prowmabidus 25 thectimaThawperiscusalefinebin imtarfice detweieh e qrpirsigaid angd

causes 15 a flow di.sturbance in .fhe duct def | ect fl rein when
acti vated b)?n?tﬁ‘ér fg@iﬁ%{? psaggin equng{rroiﬁéeaa}ss %%te%%]?bﬁoé ‘6@% g&gog%l ed to
the bubbl e yvahyRr 20 MaisoHovRIes ichchiabib 6ithet Buyble MG, Hhichesomentailpebies for
absorbing the pressure pul se created by the first bubble valve 100b. 20

The fir$? siadowdistubpnce imthe duphitedafieqtdha flgw demmeincthen acbvaied Bniveasipion
hanb 70h i n the fi bubhl e . val b gt i
Chis ehanber® Seiliselded peBcR sy Gubfea'Fitke vibic ke | o MhREETR LIS,

passage is dabRl180&skrevBadfuffer Sortbb@bingahd yreparp pulde creh@d blyohd fist udrbial
flow in the duct. The second side passage 24a, positioned opposite of the
first side patyed§8b24b is hydraulically connected to a buffer

20 The first side passage 24b is hydraulically connected to a compression chamber
70b in the first bubble valve 100b, so that if the pressure in this chamber is increased,
the flow in the measurement duct near the side passage is displaced inwards,
substantially perpendicular to the normal flow in the duct. The second side passage 24a,
positioned opposite of the first side passage 24b is hydraulically connected to a buffer

25  chamber 70a in the second bubble valve 100a for absorbing pressure transients. This
first side passage 24b co-operates with the second side passage 24a to direct the before
mentioned liquid displacement caused by pressurizing the compression chamber 70b, so
that the displacement has a component perpendicular to the normal flow of the particles
through the measurement duct.

30

Upon pressurizing the compression chamber 70b an amount of liquid is
transiently discharged from the first side passage 24b. The resiliency of the second side

passage 24a results upon a pressurized discharge, in a transient flow of the liquid in the
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25 chanber 70a in the second bubble val ve 100a for absorbing pressure
transients. This first side passage 24b co-operates with the second side
passage 2@ o3os8dss ect the before nentioned |iquid di spl acerarsvi/cassed by
pressuri zing the conpression chanber 70b, so that the displacenent has a
conponent perpendicular to the normal flow of the particles through the
measur ement dutidito tixOsechdhsige pasagd Zian J helve-apsmpioe 9f iheriwotsidanassagopatththe

t of liquid i t iently djsch f t first_si
Sa The r GRS BRartatatreb s BESe B bRl EaRa SB9°
pressuri zedpdhssiaiBmotdd sddwa8 Bh@Mnd fofWupbn bieesurizétpl £hdi depieseurisiry IO

03/ 089158 PCT/ US03/ 12368 duct into the second side passage 24a. The
co- oper at i othesbntphessiowshsinter Tsisdersd byribe externak Joarosprerpenseds theey

i nt erconpect. causes,ihe f] ow.t hrough . {

transi ent | ys‘llgﬂgflelf S 4%%&5&%988& n%leﬁlgs %%?ﬁﬁlgglggﬁ&gg@ﬁsdu@%@%cﬁé% g%glawlﬂ% 2
depr essuri sihgpétent pHPekBENEES ThORore R ABS in TRDdUcde &d appliddia defi¢eingal
actuator 26 in response to the 5 signal raised by the detection, neans 19.

Thi's transi emticles §aviag aressteanied sharapiguistag ta sepapp HisehiopdhoEMAREE ar t o

t he normal f] in h , can be applied in deflecting particles having
predet er m ngﬁ‘%\c@ilegrl%ﬁzl}eg?l{%g%%'cs to separate themfromthe renaining

particles in the mxture. 10 As shown, the neasurenent duct 16 branches at
t he branch point 21 into two branches 22 22b and .the flow.rates in these

branchesOar e adj d$tsBavacthe measyRBepLict L g%an"liﬁ e Branghnotih 2l i8R t he
second of t IBgm%@% %@a@ﬁpﬁﬁi tﬁ% golela s ' HeEe DEhYRS Ard dBustdd RNENSBe paAticied2b 1S

bet ween 0 an grees, preferably between 10 and 45 degrees.
However, theoanglyesteam thxomgh e @cdeboftbs fwohianbhes@2betipomtde basweewthgar al | el

15 ducts with a straight. separatjo ] between the The rtiglges to be
sorted are %F@FE‘?S. ayggﬁlﬁgﬂe Ty Oangl ];,@é{fg’fegﬁéﬁg pb%%aﬁyo%t‘ivﬁ&glo aélce&rftt% ral
fluid currenterelhicfRvdver, ShH 4RUNGRLVRY b8 ORRELS Wi efirdsheidsdo ShepirallelThe
process of c%nflnl ng a particle streamis known, and often referred to as
a “sheaflh f|dovs vith aoreighyseparatom walbbetwiepythegbnf i nement i s achi eved by

injecting a stream of suspended particles through a narrow outlet nozzle
into a particle free carrier liquid flowng in the duct 16. By adjusting

the ratio of flowneghafildfitobdRodttbaepsfonbEHlppldd toermédsatentbnt pdsition in a
central fluid current, which is surrounded by a particle free liquid sheath. The process of
confining a particle stream is known, and often referred to as a ‘sheath flow’

20  configuration. Normally, confinement is achieved by injecting a stream of suspended
particles through a narrow outlet nozzle into a particle free carrier liquid flowing in the
duct 16. By adjusting the ratio of flow rates of the suspension and carrier liquid, the
radial confinement in the duct as well as the inter particle distance can be adjusted. A
relatively large flow rate of the carrier liquid results in a more confined particle stream

25  having a large distance between the particles.

In a suspension introduced by the first supply duct 12, two types of particles can
be distinguished, normal particles 18a and particles of interest 18b. Upon sensing the
predetermined characteristic in a particle 18b in the measurement region 20, the detector

30 19 raises a signal. The external actuator 26 activates the first actuator bubble valve 100D,
when signaled by the detector 19 in response to sensing the predetermined characteristic,
to create a flow disturbance in the measurement duct 16 between the side passages 24a,

24b. The flow disturbance deflects the particle 18b having the predetermined
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radi al confinenent in the duct as well as the inter particle distance can
be adjusted. A relatively large flowrate of the carrier liquid results in
a nore cowDionesbipmrti cl e stream 25 having a | arge di st anceCvatSsoseas6s he
particles. In a suspension introduced by the first supply duct 12, two
types of particles can be distinguished, normal particles 18a and

particl es ofham¢terigstso184 it Upendeen tierfirst hrenchphestid2araihien dndhasegendr i st i c

in a particle 1 i h asurenent reqgjon.20, the detector .30 19 raises a
si gnal . The%@?ggﬁg{bzhcm}gﬁﬁecéé C%ﬂ”\%@_ §“flﬁjeth? F&E?tc’%%@&g?%art “%luegglllee val ve
100b,  when ggicaidah o derys 4 ?@d@t@hﬁﬁ%@ thakflctbisticas RPARR 1S, GheSNTtdiGhctibees the
predeterm ned characteristic, to create a flow disturbance in the

neasur enent fidsidubhle velveieeh ta pasise pressysayedaions myde respair Fbeoffthefirst

di sturbapce,dgflects t.he particle, 1 i:N i
057 080108 peRFbeSEhE MRS cRRhIoTiind ARy BRMIRYAL BPaRICARRE RN IEG 2sbn e
branch duct fRadaubsleRalvet108h ahdeaBeCH fnsidt preshurd watiatalin tHhrstisiiepiige

comuni cates with the actuator 26, so that when the detector 1%@sens,es a
pr edet er ni n@dbcKhe sreoad pide passage aandithe peeond fbble valye dPOaghspibaibe frapsignt

of the 1irstrecEatatiand tbHRRuRERACHIT LEHARL PG, el BRI, T

of the firs e valve. e activation o I e valv
def | ect s t hehaesirsein 3026Hthe Beddnd bubble yhlvieubbh & atalffer ch@fiberdndingausadont
transi ent pressure variation in the first side passage. 24b. The secqgnd

si de pasQag & 32145 ARG RRA coEBrFEs PGS sheh 32 &%‘Qiﬁ%ﬁgﬁﬁeﬁf ETHBGITSIF%?@?V% ﬁle
pressure vargal bORfid Bohthe FRASHERBRHucHiuEd thé@edoﬂqléﬁfeq)a&’da%e bhe apshumi@e 26.
Basically, the reservoir 70a of the second bubble valve I00a'is a buffer
chanber havipnepsarepebe to beabsbfbedend poeveotimg distirbegca tacbflomsef the sod-seleeied such
as a gas. The r si.Iiens& ro erti?s allowthe flowof liquid fromthe
measur ement PAHesiR s Ii‘?gms‘gt?&ﬁ](f i de passage 24a, allowing the pressure
pul se to be absorbed and preventing di sturbance to the flow of the

non-selected particles in the streamof particles. 15 At the measurenent
regi on 26, indi viAtub¢ measurémensgegion 20 isdiztiuabparielpnareanspastediistg swifgble 19,

107 2, P2 LS SRS BL e Sos O RS IR 6081 1

C
as wel | obvibus o omne I na

Exanpl es of aappler cladth@erstias 6bvioukfdmms of drdilgy akill. Eas@pleaof sppichtyipesnsof,
optical detection systens such as m croscopes,. nmachine vision systens and
el ectroni c fmaws it Hie are axuvarieys Bipse ot entical %ﬁ%@ﬁﬁV@%méﬁu@r?é BIGrI5EQRCSc| es.

Particul arl y, ekl KAGEysad SlPeltArohiiinbdns ik AE&ufiKS bREBoLObrdfRARK I RG t he

20  particles. Particularly well known systems in the field are systems for measuring the
fluorescent intensity of particles. These systems comprise a light source having a
suitable wavelength for inducing fluorescence and a detection system for measuring the
intensity of the induced fluorescent light. This approach is often used in combination
with particles that are labelled with a fluorescent marker, i.e. an attached molecule that

25  upon illuminating with light of a particular first wavelength produces light at another
particular second wavelength (fluorescence). If this second wavelength light is detected,

the characteristic is sensed and a signal is raised.

Other examples include the measurement of light scattered by particles flowing
30 through the measurement region. Interpreting the scattering yield information on the size
and form of particles, which can be adopted to raise a signal when a predetermined

characteristic is detected.
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fluorescent intensity of particles. These systens conprise a |light source
havi ng a suitable wavel ength for inducing fluorescence and a detection
system f oworme@asuss ng the intensity of the induced fluoregcenisodigght. This
approach is often used in conmbination wth particles that are | abelled
with a fluorescent marker, i.e. an attached nol ecul e that 25 upon ~
i1l um nating witThe aghiton26 forpagssinizihgthefdongpressanahemnbetriphofstbeblbile ght a
anot her particular second wavel ength (fl uorescence). this sec

wavel engt h Valypean corpisgansytenal ﬁ%t%&tﬁé f:’feép?%‘fsi% aisgnét%%@gh%?%s%{qg%g%al is
raised. Q h?Erti@fé%B 'agélef;]t@& hwaetenﬁﬁlea%ﬁm@ﬁnm THerd i@hivo Shaick OF eghehial
particles ffomng 30 through the neasurenent region. Interpreting the
scattering yitehtdrsithitaremtitable fonincheesiop the prasirs. dhmfost cfuss direqtprovideed can

be adopted to rai se a signal .whe edet er g ne terl stic
detected® - £35 RAFYS T@ég‘ig%mé@)’?%gggtlﬁ Sag??élga%P ﬁa)%]aglﬁpqééﬁé %"ﬁﬁ%&eﬁggﬁri zi ng
the conpres %Bﬁ?ﬁé%hééﬂ%@ée SHpréddBrifddr b churtlicd widh ¥ ewhéliing 0aIpe tosthe diguiaxt er nal
actuator that responds to a signal fromthe sensor that a particle has a

sel ect ed pr edeterinitheside pessagst28bi ddtiyatiomef the syvich gennepts dhcrastree dx ther nal

t uat t hat i t.able for. | ' L nr T i r ot
i reot 'y pr SOMEEE RSS! freBbiohaenEas KSR W AR U dBh EIRES
24b. For examdvtchtddanasd e heisaf@y4b BRRNG tikeamabopaaimfpressessur i zed gas

connected with a switching valve to the liquid colum in the side passage
24b. AcidPvation of the switch connects the passage to the source of

pressurized gas, ﬁ%r&ﬂvgﬁrf Lﬁ&hﬁc%ﬁ%’c%ﬂaﬁﬁ‘% Bt {88 id éAtbiflatiddReith a closed
deactivation, the Sw tch Conhects the passage 24b back to the nor mal
operati ng prespttssion tRantbdrénniatiavadwableawali.SFher thewiplarement astuatanydispdacgs ed
in conbination with a closed conpyessi on %??anber haui,ng a rmVﬁgllée wal | .
Wien the di b walbabie caPPIRsPOR © rdpgard, fhedregsiie 1y ?ﬁﬁreéﬁﬁ?‘p %i on
chamber | MR dlablchfal PIspitced b 1hd BgiRARARIioh! tho/pfessile okliBoat t&

di spl aced back to the orrginal position, t pressure is reduced back to 15
t he nor nél dipenatiahgpeatisespressureArinesxampleeofof suatablgidisplacemgnisastusta e an

o ey por e HeREEaA s PR oy pich R displaf et oTA b kel L3 BEARARE .1 @
pl unger upo of't. €1 €0
pi ezoel ect 1 i NRASHLEAxandpR! is SRl of pidtodiberit ehaterdl, fr exihplatethe ésrmaoss ack

of disks, which upon the application of a voltage Pr oduces a |inear
cylinder or a stack of disks, which upon the application of a voltage produces a linear

displacement. Both types of actuators engage the movable wall of the compression

20  chamber 70 to cause pressure variations therein.

Figures 2 through 4 illustrate the switching operation of switch 40 in the particle
sorting system 10 of Figure 1. In Figure 2, the detector 19 senses the predetermined
characteristic in a particle and generates a signal to activate the actuator 26. Upon

25  activation of the actuator, the pressure within the reservoir 70b of the first bubble valve
100b is increased, deflecting the meniscus 25b and causing a transient discharge of
liquid from the first side passage 24b, as indicated by the arrow. The sudden pressure
increase caused at this point in the duct causes liquid to flow into the second side
passage 24a, because of the resilient properties of the reservoir of the second bubble

30 valve 100a. This movement of liquid into the second side passage 24a is indicated with
an arrow. As a result, as can be seen in the figure, the flow through the measurement
duct 16 is deflected, causing the selected particle of interest 18b located between the first
side passage 24b and the second side passage 24a to be shifted perpendicular to its flow
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di spl acenent. Both types of actuators engage the novable wall of the
conpression 20 chanber 70 to cause pressure variations therein. Figures 2
t hrough 4wploBustisat e t he switching operation of switch 40pca/ush&13e8ticl e
sorting system 10 of Figure 1. In Figure 2, thevdetettor”19 sernses the
predeterm ned characteristic in a particle and generates a signal to
activat e t héiragiotiah tre bmalipatn. Tie How resitanoas tof the neasigementaiuct 1 éhgphwstsur e

ithin th ir 70b of f] . bybbl | 100b s | d,
fef | ect i ng_ pHEChEA il e send RepmchaZh i e s Erihe pimetos P15k SAHEGL: o
from the figst 15L& FBASHA st 2R padhgh DAb 6Ad 8F sBdorldRRIATEQINe 24 Bassardden

pressure increase caused at thi's point in the duct causes liquid to flow
into the sesmmecishldeompasmagerpgadiculbciodheromial flew theosigh thaymegsuesmesnt duel of

t he reservoi . the second bubble 3 | v 00a. Thi j.quid
into t heg se&%nﬁL@igB@l i?ﬁ‘sfg’éﬁléta%%gb‘? Ifa?q}’%?)é' atﬁgﬁrs\?\ﬁﬁq(:h g%a ga![’#)&r/tgl\gv'§ &;Kél 8fat1’rédecgul t,
as can be se®fgd that MGirfrbGiisRes I BoW iPMWrdd T @uppatifn wigltierfuverdsistaniued of16 i s
defl ected, causing the selected particle of interest 18b | ocated between

the first #edostradspayeage24band thesscerndyfeipaisete #dssage 24a to be shifted
perpendicular to its flow -12 WD 03/089158 PCT/ US03/ 12368 direction in the
normal state. The flow resistances to the neasurenent duct 16, the first

branch 22a and tFE%uS@S@Mv@ﬂh@@@hicl’&ébﬂiﬁg sfase h0 doringehe rélief of thef farst abble
direction of the low to and fromthe first side pas?a e 24b a dgthe
second 0 deviae sesgevopsshandhe anrticloniiaieresh 8 kasdsfbiento ‘ﬁg‘? pEwaFE hedtst o ¢ he

normal {1 ow {0rough. She.ERS UE@B Ui hched 220 TH A6 §3adiuelinst ance

be reached By e“second branch 22b so that their
resi st ances ca@ifd thaprsssiraligidd the cesapairs §6a F0btth rethim tb Hmmarawl] presswees  of

the first side passage 24b and the second side ssa 4a. Figure 3 shows
the particl @%’thﬂi‘lﬁég{@ﬁ‘%@@eéﬁﬁ P‘?ﬁj%l{"ﬁBretsﬂ}rF gﬁ%(g?nc? ﬁ’gtz“fqe%l‘l‘e 1g"t?bbl e 10
val ve reseryQi t i in ta 1 haw th®ubh tHedirviodidere

bet ween the¥%%frvg¥i‘§%g?’£ﬁ pog?g%%@b%%ﬂ‘ééﬁaéfﬁg%sae% Si ée_ pgssagle 2.Alfa. The

act uat o5 26 passage24tt andathe decond aidsipassagh d4pernesiie to thadiguid Aaveshaygeinbe r s

70a, 70b to return.to trgf nor.ma,[I %rg}fsure. During this relief phase there
i s a negati VEVHUSSLETean 35 BisREd PR RSN Y he two reservoirs 70a, 70b of

t he bubbl e val ves, causing a liquid flow through the first side 15 passage
24b and the second side passage 24a opposite to the liquid flow shown in
the previous fi dugwedntiusicatdsilr partield sprpingtsastgmy 1pdter completion of the

switching sequence. The pressures inside the reservoirs of the bubble valves are

20  equalized, allowing the flow through the measurement duct 16 to norrhalize. As the
particle of interest 18b has been displaced radially, it will flow into the first branch 22a,
while the other particle continue to flow into the second branch 22b, thereby separating

the particles based on the predetermined characteristic.

25 This process of detecting and selective deflecting of particles may be repeated
many times per second for sorting particles at a high rate. Adopting the fluid switching
as described, switching operations may be executed up to around several thousand
switching operations per second, yielding sorting rates in the order of million sorted
particles per hour.

30

According to another embodiment of the invention, the actuator bubble valve
100b and the buffer bubble valve 100a may be placed in different positions. For

example, as shown in Figure 5, the actuator bubble valve 100b and the first side passage
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Figure 4 illustrates the particle sorting system 10 after conpletion of the
sw tchi ng sequence. The pressures inside the reservoirs of the bubble

val ves arwo2ag/gqgeal i zed, allowi ng the flow t hrough the neasureSowmsegiuct 16
to nornalize. As the particle of interest 18b has been displaced radially,
it will flowinto the first branch 22a, while the other particle continue

to flow int 4t hel/sche baffer abble Ve 100aandile sepat sidé p@sagd‘%ambecple@e based
on the predeterm ned characteristic. 25 Thi s roce get ectin

sel ective dupsteam figmdhe brapeh p9ins2lglharony i EY FHiEb econd
for sortin gl&ﬁ'{l&% GLaS A e ﬂ%'vsglfésﬁﬁh@e bAReR! ha Qcttu%r Ehathtkr ¥0b b RGBS

descri bed, I ng operations nay be executed up to around several
t housand suvhdmberi@a iplessathamths flver resistaone betyicen aiynof thesetlatiay compererithande

order of _mllion sorted |cIe er ur ccord

enbodi neht 8 efﬂl@sﬁuﬁ?/%%r?% qﬁﬁmﬁﬁ‘ﬁﬁﬂl’g € ﬁB%‘P’éévger{?ﬁ&%WgthsﬁB%%e buf f er
bubbl e val vgy, ﬁma@%e&h&%ﬁ‘%éﬂh@! thE eloQNfesiBRfEd bedWSen them is RaHah€he as
shown in Fi gure 5 actuat or bubbl e valve 100b and the first side

passage - 13fl¢® xeast@ﬂ@lmwamw sBasrdRedde azdm sabmmnt pudiclsin therstisaminfe val ve

100a and the si de assa branch
poi nt 21. TH@‘%E%ﬁpcdmgﬁPgu 9gﬂgﬁ‘ﬁlcgglé’8n swrfnagﬁﬁ&p ocatIS g)%sgsﬁ%ch t hat
the flow regjst %&?&at@@by)@% hbloRte- dasdribad ﬁ{etlfdalaﬂbl%ﬂeﬁﬁig aadtakle betedred paticle,
chanmber 70a is l'ess than the fl ow resi stance between an%I of these latter

conponeh® s Hth Bavsiling unﬁtré% @r dowssireaasandifestipg he flayy af thy rem¥Binget yat or
chamber 70D B0fEhE tRULLER orPRATRE! A"DRedTRYrRe R ABH Uil 41 OW

resi stance B& em i s OW resi stance bet ween a
sel ect ed pamidhel Rvanst isolstidisefibie ltidiesvitabliegs operdtion veith smoviattd preasurecl es.

The positioning of the conmponents jn this man t hus t
wave gener ati@gsipgts fiee s dloa. ehasackstisEes Wéﬁﬁ Bt 6#6&18 &Y Sf‘g’&'lto E/ﬁﬁgog'egltﬁ%{%’e“? o e

sel ected paﬂ%ﬁék@g@? ﬁgrfe?ema& grt | C+ sua?!ﬂ]lé@ﬁﬁ‘sgﬁm daypet Rampaserditicacdf ng

the fl ow of e streamof particles. A larger
differense isortfgmatwaks sdirapmseng aphmzhltty off swHchelsi4fheach lof whlichds hydrevlagallyn of
the fluidic swtching per q(;))g é ssoci ated pressure transients from
the flow chaP4PRYMARLY 101tgd Eopdlg o rSt he system Mreover, the in-situ
danmpeni ng of generated pressure pulses applied for sorting aI | ows t he
I mpl enent ati on of

According to another embodiment, shown in Figure 6, the particle sorting system

of the present invention may use any suitable pressure wave generator (in place of a

20  bubble valve) in combination one or more bubble valves serving as a buffer, such as
valve 100b. For example, the pressure wave generator 260 may comprise an actuator
such as a piezoelectric column or a stepper motor, provided with a plunger that can act
upon the flowing liquid, either directly or via deflection of the channel system, to
selectively deflect particles when the actuator is activated by a signal. Other suitable

25  pressure wave generators include electromagnetic actuators, thermopneumatic actuators
and a heat pulse generator for generating vapor bubbles in the flowing liquid by
applying heat pulses. The buffer bubble valve 100b is positioned to absorb the pressure
wave created by the pressure wave generator 260 to prevent flow disturbance in the
other particles of the particle stream. The spring constant of the buffer 100b may be

30 varied according to the particular requirements by varying the volume of the buffer
chamber 70b, the cross-sectional area of the side passage 24b and/or the stiffness or the
thickness of a flexible membrane (reference 72 in Figure 7) forming the buffer chamber

70b.
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15 sorting networks conprising a plurality of switches 40, each of which is
hydraulically and pneumatically isolated fromthe others. According to
anot her ewbwdiossast , shown in Figure 6, the particle sorti mgTassy/e3s8 of t he
present invention nmay use any suitable pressure wave generator (in place of
a 20 bubbl e valve) in conbination one or nore bubble val ves serving as a
buffer, such as valve 100b. For exanple, the pressure wave generator 260

may conprise an actuator such as _a piezoelectric ,caﬁgugn or.a ste !%)er
not or, provided Wig Aillusyriesgaembpdiment af ayalve §B0puit F SRPIE ‘H’Efg ©
either directly. or vi ctd: Pparfitles Ghd/Be! Y
def | ect parP’iﬂé%/@sseaﬁgﬁe R%ﬁéélgsc&dg{éf)eg{ ﬁéﬂl}é{}%}yg{ gc?]es%ﬁtgﬁg%%tﬁap. Cleher

sui tabl e 25:iRSsS UIRIffeRRe abssrBingtagsressurecpulsteacedrdirtgrto ippteathingsaditeprosent

t her mopneunati c actuators _and a heat _pul se generator. for geperatinhg vapor
bubbl es ¥ n tiventignowhhehommg thedvaxe 1%@@?}?& aﬁ%ﬁ?n%%?é@ipaﬁs&ge g‘ﬁ"’f ?re%i]bbubbl e
val ve 100b | Y [ ohi ERt dUABYE THERESFashyzet 21
pressure mtoﬁgﬁgégﬁlﬁq§6@l?gfe%?£5iﬂ%§nﬁagl\%/é%ki st l}_lr bance in tﬁae ggt her
particl es ofnclitles paliuid mieefase perdi? fdimesdshyr amapedoresinding sidé wall of Bigfrfassage.00b

may be 30 varied accordin o the parti.cul ar requirenents by v i t he

vol une of t ﬁéeswp@mpr%ﬁaﬁﬁﬁm%&o 1g ngsm%@sngggﬁﬁtgﬁgq Sl(;?%ag’x%%ea%%gﬁ gi de

passage 24b grﬂﬂfuﬁ;’cafeb%viﬁltthé tiaepassAge thughtthé Bliasakrfate fort.l Exd Mluetrathmbr ane
72 Figure 7) f t he buff

(reference orm ng uf fer chanber =~ 70b. -14 O
03/ 089158 PEH#ISHINI2B6BEd biyg.seal 71| dndst flexible mambapsoth. e cagier dluydintie 100

suitable for, creating, a.pressure pulse to. rat rii G J st
from ot her 5’&?????9%%944@%%?%6%0@? 5%3‘? 1'Ithle érﬁglls%&aeﬁbgﬁ%e%ﬁ t%%%?%gasgégéaﬁtgg?‘?er

for absorbi Rga ALY THE WERaRHDE Be@eses diefiexile ifvmbrarabiimgsasothe jresspredinent 5
invention. As shown, the valve 100 is formed adjacent to_ a.side assff;lu%ﬁ 24a
or 24b f or mélet Ghambes wheh daflectathe menisarandsapses 2pEeSSHREAHSS AN HiF GAME . e

si de passage 24a includes a fluid interface port 17 forned by an aperture
in the side wall of the passage. A sealed conpression chanber 70 is

posi ti ongd adj acemg. stshotvba seithhg medidage haviag ameppropuiate sippdy dectWi2tior t he si de
passage through the fluid interface port. The illustratiye chanber .70 is
formed by apg@admgzzs&ﬁ@n@fpw@ﬂ%%bwﬁﬁ%éﬂg@s et ‘e}ﬁaﬁtﬁt%{‘éﬁi%&%ﬂésﬁ?nﬂhe

si de passag f - ,r@u 112&@1 i i {oreeNmohgleSiode
passage and%tuﬁée]tadugﬁg%gﬁe heﬁglgtéahato tgggglélgggg(g%@tﬁﬁg@fle%bl e menbrane

t 0 i ncrease Thagopingssetdude M comprises a detector system 19 for sensing particles entering the

sorting module 50 via the supply duct 52 can be operationally connected to a switch 40

20  for providing the required switching capabilities to sort particles. The first branch 22b
and the second branch 22a, Figure 1, can be disposed in fluidic connection with the

outlet duct 54 and the second outlet duct 56.

Fig. 9 shows a particle sorting system 500 according to an alternate embodiment
25  of the invention, comprising a plurality of sorting modules 50 that can be coupled
together in any appropriate configuration. For example, the modules 50 in this
embodiment are coupled in parallel. The outlet ducts 54 of the sorting modules 50 are
coupled to a first combined outlet 58, the second outlet ducts 56 are coupled to 2 second
combined outlet 60. The parallel arrangement of sorting modules yields a system of
30  combined sorting module 50 having an overall sorting rate of N times the sorting rate of
an individual sorting module 50, where N is the number of parallel connected sorting

module 50.
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t he chanber, which deflects the nmeniscus and causes a pressure pulse in the
carrier fluid. 15 Fig. 8 shows a sorting nodul e 50 having an appropriate
supply duwD 03884168 providing a stream of particles to bePswonisesi1zass wel | as
a first outlet duct 54 and a second outlet duct 56, either of which can
carry the particles sorted in the sorting nodule 50. The sorting, nodul e 50
conprises a det ecEls{l%glmmpﬁgthlgﬁo@@gw g 5aP epeordiag énaratherembedimedy t i ng

modul e 50 vig,f Rin ?go Jsvso%@ REufedd sé%&swh gg%{ll s ﬁgﬁfohﬁgstoe FpgWi tch

40 20 for provi ere lng capabi sort partiCl es.

The first br@a@fd s2>2tlihgmﬂdultehebaﬁ@(mcbqbr@lﬁlforgaﬂmgﬁjagmies Havigen be di sposed
in fluidic conpnection with the outlet duct 54 and the secon ri:gutlet duct

56. Fig. 9 smaéséeraﬂ%dr shagacterish thergmeyns deliirarohan b PHIdTTIE A AIRE AR e
enbodi ment %arh?%sd E&Yéﬁ Qﬁrﬁggﬂ g%ﬁ&ﬁl@ﬂ&l ‘Th@bb&ﬁ%e%e%ﬂreﬂé?gth@qﬂytl es

50 t hat can up I'n any appropriate configuration. For
exanple, t hesontmgtheéuIS(‘iOa thrblllg}sthe supdy doe s aadenzr;mmptaéadaﬁ leagp&wakypes of The

outl et ducts 54 of sorti dul es cou first.conbi ned
outl ot 58 THEIEL ohdry avran! Mme oserst 06 fa Sari Heodle St CRsig ned
outlet 60. T %ﬁ"tﬁ’é fn%{ o@tlert aﬁa%ntrhefrerﬁﬁﬁﬁqg%m@xﬁ&haﬁ@t g&tlﬁg sehRm of

30 conbi ned sor nodul e 50 having an overall sorting rate of N tines the
sorting rat eSQafthroagh smdlocit]@tldusbﬁﬁam@mumméu@ﬁd lnwi”thﬁ eeqtmdgoxttlng ngtser  of

Fro 10 Whowbraipteseirid opBiG: S50 Bnraas SERhARPRgeL BRI Ropa e B

enbodi ment, @R&AYrbdEidithided dHafdcteitit hﬁ@oﬁe&iuﬁ@ e§ﬁfﬂhrbﬂgkﬁﬁﬂélseéon‘dﬁduﬂetad®e§md
sorting modul e 50b. The second sorting nodul e 50b may be_ equi pped for

sorting parti Rudislenhat pessas ngjtheref Getva ptedeteanined shugetenstiqsexy dpgesegpnd

di f1 erent t han g RuedRh ofmRel ERBLAG!EEL K. T s0he O PRLLIIGH RS0 o

by the firstsor?ting no e par ream en

sorting noduleodhiie thiydyghitivle typepiflsyrtiag eiodal Snechnryusedndican aé chgdst t wo
types of particles. Afirst type of particle is sorted in the first
sorting Wodmoéethﬂdnéﬁéﬂéwqfﬂayﬁ*ﬁe@ﬁ%ngHE°1¥ thedesigrdhedtltSquct 54a. The
remai ni ng particles exit the first sorting nodule 50a through second

outl et duct 56a and are introduced into the second sorting nodule 10 50b
via the second sufiglne dustibws 2thierkrchival drichitesture &omhogh thacighphielow epmrtsbrthgs

having the other predeterm ped characteristic are s and exi, t hrough
t he sgcon d Oqj:pprginggtg bemgmgment ofacﬁe present invention. ’?ﬁe ﬁﬁilstrated em odlmen g

is a two-stage particle sorting system 800 for sorting a plurality of parallel particles

20  streams in a first stage, aggregating the outputs of the first stage and then performing a
secondary sorting process on the output of the first stage. An input stream of particles in
suspension 80 from a particle input chamber 88 is split among N single sorting channels
81a-81n, each channel being capable of sorting a selected number of particles per
second. Each channel 81 includes a detection region 84 for examining the particles and

25  identifying particles that have a predetermined characteristic, and a switching region 82
for separating the particles having the predetermined characteristic from the other
particles in the stream, as described above. The switching region 82 produces two
output streams of particles: a “selected” stream and a “rejected” stream in its switching
region 82 based on the measured particle characteristics at the detection region 84. The

30  “selected” streams from each channel are aggregated in an aggregation region 86 into
one stream to be sorted again in a secondary sorting channel 810. As shown, the
secondary sorting channel 810 repeats the sorting process of detecting and sorting based

on a predetermined characteristic.
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Particles that posses neither of the two predeterm ned characteristics
exit the second sorting nodule 50b via the second outlet duct 56b. Those
of ordinaw@osksdibs wi | readily recognize that any suitablPeTtusp®12368 sorti ng
nodul e 50 can be used, and can be coupled 15 together in a variety of ways,
dependi ng upon the desired results. Figure 11 shows a hierarchi cal
architecture for high throughput-low error sorting according to another
enbodi nent of the. present invention. The.illustrated enbodi nen i .
fwo- st age. part | I EVEbHE HSTQYHEHIE0Y PHREPesh R upr PR F5 o0 1Bt o
particles 2Q SbpAanE 1&R tBanf dleSIf st baAAYFRURdMNDyihRtaQYS PlthStakén t he first
stage and then perform ng a secondary sorting process on the output of the
first stage.sclentionsptire héerarshieabdrchitgeture prostures andowpesrsergatesy Y?fQi masteaeticle

channel Beoi i apua? R ol Ebny s SeBPhERA, R PRRIE AP e SRR EC

Each channeler@i riteed 1dee st egbi @R i €Ji10hoBdnd ikt i@XAMI ni ng the particles
and 25 identifying particles that have a predeterm ned characteristic, and

a switching region 82 for separating the particles having the
predet erm ned ch L8l i i S
descri bed above. a‘%‘ﬁée}hgt\{/ge C%l?en%rarﬁg%li%ﬁC%Hgl%%%fc%%ﬁ%l&%efso%ﬁ\gﬁotﬁg (r’qgag}rlr%lgof
particles: @etsbfdirg@dhagiel. e@ineanihtahe appliestiocadiargd tosmpture partisies diat hiverg
regi on 82 based on, t he neasured ggftzﬁle characteristics at the detection
regi on 84. Thesener indhe WPk Tale WL FNgls ehATBERTIEIR AN P I ENUYSPERSTRE X n an
aggregation J AL o K SRk o 1l ecgpdary
sorting char{;rellg[?ﬂ%lrboe.%zdsoaghg&ng tg%ttﬁ{el tﬁgg% né%ﬁ\ﬂ §o;r{ f[ﬁ ?%%gg]ﬁgﬁﬁﬂe]sleé%% repeats
t he sorti ng mundeesfpaficidebggegated md chomelspgr basad is Nk pded N emusibd
characteristic., -1 03/089158 PCT/ USD3/ 1236 i ven.that each .single
channel sor t!f55¢235t g&%&t %ﬁB@g‘E]gé gt ’38?12‘?;?33111’%5&*‘{1%52“% rHEEBT ity
l'ess than ong.@fdafy BahhiiChe iReleRE thoabBsit aBovdN=1V: hakfkt &id phrsledkfiups

sel ections, the hierarchical architecture produces an | ower error rate of
y2 for d52- stfdyprim@rynt érsacrcmldyryaélaumeémnOmraﬁThrp@ghpahth@nffpmgeﬁﬁmd\/IﬁNéﬁwﬂFor
exanple, if ,the sidn I% chelnnel error rate is 1%the 2-stage error rate is
0.0.1% or o%sﬁ%% n° CSAl ternati vel y, the architecture could have M
primary sets of N sorting channels per secondary channel. G ven that the

application wants to capture particles that have a 10 presence in the
i nput at rate z dfigussil3ghewapaielial-sednl particlhoridngsyser csardingty angther x

embodiment of the invention. The parallel-serial particle sorting system 160 includes a

20  first parallel sorting module 161 and a second parallel sorting module 162. The first
sorting module 161 is applied in multiple marked particles and particles having both

markers are sorted out and conveyed through the exit channel 165.

Figure 13 shows another parallel-serial particle sorting system 170. The first
25  parallel sorting module 171 separates particles having a first marker, collects the
particles from the different channels and conveys the particles having the first marker
through the first exit channel 175. All other particles are then fed into a second parallel
sorter 172 for sorting particles having a second marker. The particles having the second
marker are collected and conveyed through a second exit channel 176. Particles having
30 neither the first marker nor the second marker are conveyed through a third exit channel

177.

-17-



particles per second. The systemthroughput is MN*x in particles per
second. The nunber of particles aggregated in N channels per second is
N*x*z andwem3mBassrust be less than 1 so that all particl esTapgs/exyet ed from
N channel s can be sorted by a single secondary channel. To increase

t hroughput above N=1/z one nmust add parallel groups 15 of Nprimary + 1
secondary channel Accofdiag &b bnd émbedjmput ofttheinventives shavominNFijgkres Wita ind Mb,

secondary chgnnel,s Figure 12 show aral l el -seri al aﬁ]t i.clfe sorti
System 160 ABEBRHFIEOFMEEERCREY SRR F AR B nlocdgan andor
parall el -serdial olfgy%hidlé‘sl. erRGhidsHninBbEREIJEN, 1038Midt0RR/G} sizGniy bStagar al | el

sorting nodul e and a second parallel sorting nodule 162. The first
sorting noduimuli§konsly ayifh ¢lasdification bf the Ipertietes Kersoptang ¢t @glifiergniiame.i B es

havi ng bqth rs e sorted out .and cgnve hrough the exi nnel
155, "B gar o PR, RN BRFO R P P SR T, RGeS
The first zcﬁffﬁféhﬁﬂ&@'res‘iﬁéﬁdeé\,gsaﬁﬁﬁ? kiR veTokity o e escledit dellk @Sedtd chirghedito
first marker, collects the particles fromth i fferent channel s and

conveys t he Yeadiffershbsinrastemg vilteee therdstectien tearon §4s sergiated or the swWiglipg

channel 175._ Al gther .partigcl re. . ot

corter 172 5EonsPep Rahed fr B8 vADiD e bRl 1 BAERTEL BRLEH Bonn
havi ng the si@cRdd to BRikeswitdling tineielagd @Rd tieoine yedelihswitighacauasion oeldtiexi t
channel 176. Particles having 30 neither the first marker nor the second
mar ker alle clorbepemenheidriprtianohpigeebiattidtlannel 177. -17 WD 03/ 089158
PCT/ US03/ 12368 According to one enbodi nent of the invention, shown in
Figures 14a and 14b, the particle sorting system may include sensors for

measuring vel oci tmobsopticanysads for desicing oflispapbitclesthe Tegombawhicktlent  of
vel ocity, location and/or size be made . sinultaneously with
classificati %?at?ﬁégq‘égﬂt]?ﬂ’z}é’éggé@t%ﬁtﬁﬁSetS‘f‘tl fe%loai“flﬁé’u%%? njuchgreafer g
paral | el chag avgﬁa%f‘%édﬁ&%ﬂ&ﬁaxﬁétels hpefbfe, Fiet lightlid defebied 6 fie@eRBtion

channel s may erent flow resistances, causing the velocity of the
particl €& orregeil theicall emgtbecinyminete in dhe tegiodj fopking it diffioultgy pinpeint fireexact he

detection region 84.js rated, fromthe swtchin reagi ogn 82 hy. a
di stance L, PRt %618‘? ?‘?jfo ° P’f?é(ldﬁé}l?ﬁeéf%lgaﬁewe{eﬁaorb %&Wéﬁxegioﬁ%nsnggl known
in order to &R¢ctéM@uilbd SdtkB@adrbsethe akidytioh rekio; buttiie woultthdve adedggyostwi t ch

actuation relative 10 to the nonent of detection of a target particle).
and require complex support electronics.

20 According to an illustrative embodiment of the invention, an optical mask 140
may be added to the detection region to provide accurate velocity detection by
depositing a “masking pattern” directly on the sorting chip. The masking patterns can be
deposited so that an edge in the masking pattern is precisely located (to < 1um precision
with current technology) relative to the cell sorting actuator region 82. A single optical

25  detector catching light from the cell in the detection region 84 will see light when the
cell is not masked. The duration of the light being turned off by one of the connected

opaque parts “bars” of the mask of known length gives a measurement of velocity.

A mask pattern that has several bars 141 of size ranging from 10um to 30um in
30  lum steps results in only bars of size larger than the cell minimizing the signal from the
cell. Therefore, such a pattern can also be used to measure the size of the cell
independently of its signal. Such a ‘gradient mask” also produces a pattern in the optical

detector that can be analyzed to measure velocity several times for reducing the variance
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In nost optical systens for detecting cells or particles, the region in

which the «cell creates |light on the photo detector in the detection region
wi | | havewea oaghsgreater size than the size of a cell di acetEsn3/12Bb&er ef or e,
when light is detected in the detection 15 region, the cell may be anywhere

inthe region, making it difficult to g%npoint t he exact Igcatio of the
cel | . To pr dvibgeelosite cstpaieailbe pattese (1 e Lishbinguendhy the grask 14¢alsp alpws

det ect or coul d, be ked,. i i i ve a
oot s R AT ERR DR EhAGE 190, FSALO0S yBV im0l e

il lustrativegrdigdi fanaclobart weuld be @i saowe, amhoreuoukbénlptadkthidGparthy be added

to the detection region to proyide accurate yelocit etection p

deposi ting aeq%@%ﬂgfr?fa{% & gradignt magk pyttesn “ﬂ%é{lg‘ﬁrat%ﬁ’g‘? éﬁ?‘ﬁ?r l?ﬂg%‘ﬁﬁg?(i ng
patternsscag, ng rgﬁ?{f g&'vglﬁgtiﬁlgs &kt a%gﬁﬁ?' Medstie tHBSKLEGy PRt BEIN rhéasure
precisely | ocate < lTumprecision w current techriol ogy) relative to
the cel |l sotlid agcasisitandnside thealete8Ron reggimyl witb pbouwtdunPFedsion eelativectattbhi ng

light f the cell in the detecti i on 84 wil i ght th
el i's' not CHASRCHRONES Huk e AOHHSY 1OeHEt (Lt BBF 50 HedePf Tyebie.of
the connect ?,g?cig\i/)e gven Bﬁ'&ﬁé%és Eﬁtspnatt&fn. e gRfknt MasknN2vRNbEE HhietickR 3o a

measur enent Irty. ATask pattern that has several bars 141 of size
rangi ng fr omehs@erthedse p3Quretdrnindgperidan oftepmagrifcation dffihoepticabsystenper theze

| arger than the cegll m.niim zing.t signal fromthe cell. Therefore, such
a patterlﬁ c ZATEE & tlhBé?B][’J%aégle%eBtoﬂgﬁezﬁre the size of the cell independently
of its signal. Such a "gradient nask" al so produces a pattern in the

optical detector that can be analyzed to neasure velocity several tines
for reducing the Querskillpdan thegariwilbBcoguashaetiyndsyines fgapcasumng e sizs) oci t y

estimate. The pattern | he 41 aht i | ows the
det ect or toploﬁlglﬂ{liaP O]Ea‘é?r:iﬂé@d%flea 1|9‘in %lhggﬁgggnﬁ%g%}%?q?%éc%é%sc@ﬁ@ ta‘é/ére al |
the sane, theachingsbf theiigvakiohoSusthdbaseswntieddibeatdilabrand knawd totheseell d
only tell them apart by sequence. Therefore, a gradient mask pattern wll
al | ow al8i ngrdingreskidl iwrthe 8dki ng at a 5 broad region (several tines the size
of a cell) to neasure the velocity of the cell, neasure the exact position
inside the detection region 84 with about lumprecision relative to the
channel struct ur esccanting tveartien ambodinengtshown anFighiepl ettt patasie sdryinghe si ze

O 1 oL B M Sl L LR, ShL PSR, T g4 ek
magni fi cati op9folf3fisiABlbiseAbs SHRnGA RIcal f¥ter channels 810a-810n is more efficient in
20  terms of space, use of optical power and adaptation to optimal external actuators. Since
the velocity of particles can be accurately sensed using a sensor as described above, the
channels do not require a fixed delay between the detection of a property and actuation
of a switch to deflect a particle having the detected property. Therefore, certain
parameters of the channel, such as the distance L between a detector 84 and a switch 82

25 or the shape of the path between the detector 84 and the switch 82 can be varied.

Using a single laser for each wavelength optical illumination directed
perpendicular to the chip, the laser is required to illuminate an area defined by: (number
of channels)X((channel width at detection region)+(inter channel spacing C)) (See

30 Figure 15). However, the active area where light can be absorbed to create fluorescence
is only the area of the channels: (number of channels)X(channel width), which leaves a
fill factor of: (channel width)/(channel width + C). The fill factor is preferably close to
100% to avoid wasting available input light.
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10 nature of the optical detector itself. One skilled in the art wll
recogni ze that other devices for neasuring the size, position and or

vel ocity wboaogEsgicle in the sorting systemin accordanc®CEUsh3/13368
teachings of the invention. Suitable devices are readily avail able and
known to those of 15 ordinary skill in the art. According to another
enbodi nent, shown in Figure 15, the particle sorting systemconprises an

array 8000 of non-identical. sarti,n hannel.s. The. us ..array
conprising a ser in%gef PrenBhTHERE #&%‘P{é "31%?1 Riatmel %s&é%eé-@%@ﬁ%%ﬁ%tgﬁl%r e
efficient |Npd@rthffidehedptREP&Rsctioh ee%Bn ot deivhl Hewe cffiottnayldp tiat vaoiableo
optimal external actuators. Since the velocity of particles can be

accur at el y senyddsigs ohthepresntioyentipngghozy ipddgusdethespremgofihn shanngls ot
require fixed del ay between th i f : jon of
a swi tchgt 0 tﬁ%g‘ftg‘%{onge%lgﬁl capgéoﬁgl%/egﬁféee%hdéﬂgfe@gg aelg{egsl?gé)g%é% ggq'll%gl%e ore,
certain par apptRtsestbotith® eharehantel spacasy it hiee aitsdtmnaegibn B2 hvayee larger,
detector 84 and a switch 82 25 or the shape of the path begtwee t.he

det ect or 84 assHowné Eigurehp- gBheclgpating af apivaters 29 #lage theshapned Mayalio k% each
wavel engt h q I 1.Dat.i i 0 the chip, the

| aser is reé%ltﬂre ggﬁl rtngi(%: Fﬁgﬁ%&négtg Eabgéra]fagﬁasgg{jee)??{r}ed ye? H%tﬁﬁtﬁ%sgr of

channel s) X((channel wi dth at detection region)+(inter channel spacing C))
(See 30-Figure 15). However, the actiye area where |igh n, be absorbed to
create flOuorescen Vqr@bmrsﬁwﬁo a%aa&Y%flnflﬁae E’I‘?S‘?'ff?é“f glgseteﬁf?ﬁﬁg?m{??s for

channel s) X( | | B¥RsnRls sbithdt ghvmtadonSthnt drédvary @b

wi dt h)/(cha%?mﬁgﬁvgimgm\éﬁée%ﬂltﬁ factlo'rS Si S prgeferatg)ln cllgge to IiOO%to
avoi d wast i regress allltixbttenielp the Velagfities of partinds @8y oBely3Batret Uesy 9ar3ss

Therefore, mnimzing the interchannel aci i ral | el rij. system
is i nportantad{éﬁg]{aﬁéerglﬁfi???gfo e eHR 0@8‘%1@}%&%6%‘{1%%%%@&1%”8@% gl%régflpigci ency.
In the vari ahkecrftht A¥c8sd #id Rfuatd?e RE @RABAgtheIERitveh ethehahriells Betgeticn 16,
t he spacing of the channels in 5 the detection reglygn 84 approaches the

wi dth ofl5t heregloarda ke its actuster 26ijigkmovwn fromzhe fesiem His warsHesnebglthepgrinle The

channel spaci J.n. the actuati on regi Lot i
Filgure 1o HAoc iRt iR o e 9PRH3Ral, A WRlcH Rartici@Ro Eafigiflcs
varied to nv&ﬁn@rb@gd%ﬂsamaiglgbﬂemradi us for external driver actuators. 10
The variable array 8000 may al so i nclude neanders in selected channels for

[uV

Figure 17 illustrates a particle sorting system 1700 according to yet another

20 embodiment of the invention. The particle sorting system 1700 includes a plurality of
sorting modules 1701 operating in parallel. The system 1700 includes an input region
1710 for introducing samples to each sorting module and a detection region 1720 for
measuring a predetermined characteristic of particles each sorting channel 1702 in the
detection region. The system also includes a switch region 1730, including an actuator in

25  each sorting module for separating particles having a predetermined characteristic from
particles that do not have the predetermined characteristic. As shown, in the
embodiment of Figure 17, the sorting channels 1702 distance between each sorting
channel in the detection region 1720 is less than the inter-channel distance in the switch
region 1730. The close spacing in the detection region enables cost saving when a laser

30 is used to detect the particles, while the more distant separation in the switch region

1730 accommodates various sized actuators.
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bal ancing fl ow resi stances of all the channels so that given a constant
pressure drop across all the channels the velocities of particles are
near|ly nmawoheasdiFhese can be added either upstream or dowra3gtusezms3es t he

illustrated system i.e., on in the region betieen the detectors and
actuators. As the lengths Li between each channel's detection 15 region 821
and its actuator 13@ipaiticldsenne Systm 176 wes blgo indiinte neasutagyrentingmotihle
particle velocity at the same time as_the determ nation regardi.ng whi ch
barti cl s t 47468 TEReping s SORME RiBFeY BIHEM e PHIpeyStbo  pregeirmiipsd

Il lustrates cﬁax@ﬁ%}i-ktﬁ! £ ifQkdse @%}&%ﬁfa@?}o%ﬁ%@oﬁﬁfg%r%é@ﬂ A@cdfﬁing%‘@h@er 20

enbodi nent o I nventi on. e par sorting system 1700 includes a
plurality ofembeairhémghesyhidne malifdudpar etrichpentiregiomall 715@|betwiga thg/artayail700

i ncl ud ' i 7 ' duci | h_SOrLi.
s O e 1 0 S PO B TG0 g
characteri Sttflé:}% icl@é‘Fﬁ)hP&l@@}iﬁﬁﬁhso?ﬁﬁé pdgeshe Mpedecdidd2y sdrtihdBrocelst ecti on

region. The systemalso includes a swtch region 1730, including an
act uat or i n ARsostingtesarilusteptive gubedinomt,sheenrighinegt prgiart E150drangifipagthy

predeterm ned characteristic from. particles, that. . .

pr edet er ni né’&ﬂlﬂll%?rbé/c’ie@oivg’tgieé?esﬂga@?g%ﬁfd ﬁg?fn?}iﬁeeparé?%gg:é'f%n%e %;1 & E% ik (1361357,

t he sorting ighanaehsiaty Q21 floairee 726! TRAMrRAGENS@EINFS0 ehgnikel intlndt he
detection region 1720 1s | ess than the inter-channel distance.in the ‘;WI tch

regi on 1030.hyfirsionldssise Spasliling seeondaey deetclduifl ihtheggitieserigpPrichasst Th%i ng
V\Ihen a l aser 30 1s use.d H?S&rerfae%gﬁgge Qﬁ'fe}ﬂb%x%%ns%ﬂllﬁotoﬂﬁemﬁﬁéﬂ'15@?,%

separation i PSR PPIR egro accommodat es various sized actuators.

-20 WO 03/ 089358mBETdhad irk2368ing Theowt thainel 5M3tdndg mysbene se@Mktmgythal so
i nclude a secondary sorting nodule 1740 for repeatjng the sorti ocess
of det ect i ngualstichnel; figm Hecagichment Ghamerlt g?cﬁqu.gerneaﬂawg}gfgmvsefi&%ﬂfﬁw

I ncrease the 1%&1%%@8%%‘[%5 Raﬁ'ﬁlé %L%ﬂe%ﬂ@tr AGARA 1706 GRbE e nRernHine ARNAG Ment

the system r%y inclu an enrirchnent region 1750 between the array of 5
pri mary 1sor tthe gniciahene shannblibedore piabsings the saldetied psuticids migforfaeisacendayy eoriing
transitioning the particles fromthe prinmary sorting process to the
secondary delP‘ihH@ 155 cess. According to an illustrative enbodi nent, the
enrichment region 1750 transitions the particles by renoving excess
carrier fluid fromthe particles before passing the particles, to the
secondary sorti ngAmsoilable sysTetd for Theming thednrishmentrsicion i3 dsutihed/inghgneyicl ude

a Docket No. TGZ-023, filed on even date herewith, the contents of which are herein

20  incorporated by reference.

According to the illustrative embodiment, the removed carrier fluid may be
recycled and fed back into the inlet of the primary channels. A recycling channel or
other device may connect the enrichment region to the primary channel to allow re-use

25  of the carrier fluid for subsequent sorting process. Alternatively, the carrier fluid may be
removed from rej ected particles and introduced into the primary channel inlets prior to

discarding the rejected particles.

The present invention has been described relative to an illustrative embodiment.
30 Since certain changes may be made in the above constructions without departing from
the scope of the invention, it is intended that all matter contained in the above
description or shown in the accompanying drawings be interpreted as illustrative and not

in a limiting sense.
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10 hydration device for adding secondary sheet fluid to the particles after
enrichnment. The enrichnent region 1750 may conprise a nmenbrane inserted

i nto outlwDoshemsel 1703, an enrichnent channel intersecPcagsohesstt | et
channel 1703 and a nenbrane separating the outlTet channel fromthe
enrichnment channel. Excess carrier fluid is renoved fromthe stream of

sel ected particles in the outlet channel 1703 through the nenbrane and into
15 the enrichnent .chanpel before ' ' .t 4t he
secondary sorti nfj i Rgum te B0 A EApAR s Vip afc S8 1P B0 B Blpet!ha

enri chnment greiflRfehtired ©F tHel il@shtion déddribed Byreirandk all stiemeh@bARSscope betheon
even date herewith, the contents of which are hereiq 20_i ncor porated by
ref erence. myewian Vibichos@satieriof Sangaagey Bighihs ariddn fall theeebrRtested carri er
fluid be recycled and fed back into the inlet of the primary channels.
A recycling channel or other device may connect the enrichnent region to
the primary chanHaVingdesdribedtiiesnuagiodswhit is binimet as rew driduprdtetieod byubsequent
sorting process. Alternatively, the carrier fluid may be renoved from

rej ected paktis B3RS i ntroduced into the primary channel inlets prior to
di scarding the rejected particles. The present invention has been descri bed
relative to an illustrative enbodinent. 30 Since certain changes may be
made in the above constructions w thout departing from the scope of the
invention, it is intended that all matter contained in the above
description or shown in the acconpanying draw ngs be interpreted as
illustrative and not in alimting sense. -21 WO 03/089158 PCT/ US03/ 12368
It is also to be understood that the following clainms are to cover al
generic and specific features of the invention described herein, and al
statenents of the:scope of the invention which, as a matter of | anguage,

m ght be said to fall therebetween. 5 Having described the invention, what
is clained as new and protected by Letters Patent is: -22 WO 03/089158
PCT/ US03/ 12368
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Claims 1. A particle sorting system conprising: a first duct for conveying
a stream of suspended particles in a carrier liquid, 5 conprising an
inlet, awprsmsust | et and a second outlet; a sensor for seqQFiusg3/a2368
predeterm ned characteristic in a particle and one of a size and a
velocity of a particle; a side channel in comrunication with the first
duct; a seal@dimshanber positioned adjacent to the side channel, wherein the
carrier 10 fluid forns a nmeniscus in the side channel to separate the

seal ed chanber fromthe <carrier fluid; and an actuator for nodifying the

pressure inithe sephéieleGbRIREY oM, G@hpidihg:t he neniscus when the sensor
senses said predeterm ned characteristic, V\herea the deflection. of the

meni scus causes tHEsipduct foricenyRNSYSERIO Hilrﬁéﬁsérh%f;%f@?’é]f‘i‘% ic to 15
flowintg t ng%%gﬁg%%’lg, & ) kl@t ﬁlﬁrégegérﬁpOL#tQ?t do not have said
c Ow I nto the

predet erm ne aracterrstic IP’st outlet. 2. The particle
sorting system ofa sgh&irforlsensing b pesdetepmiired ehagctariltitf iherpariicle aldboreofragsize
pressure variations_in the first duct. 20 3. The particle sorting system of
claimi, wheépdpyelosdy 268 Battiste conpri ses a source of pressurized gas. 4.

The particle sortign |3k ehehiRt 4hg: seal ed chanber
conprises a 25 r?nsg/tg%%ﬁﬁmgﬁ.g&gﬂuﬁkgh%%ﬁ@cl elsort ing syst em of claim 4,
wher ei n t he act uatsealed chpnmbergwsitionetl ajicaoeivshe side chemnel, whereimthegicayierhe
novabl e wal | . of .the seal.ed chanber to ify the. pressure.in.the, seal ed
chanber 1030 fB1d s gapeigqus 1%@1131‘31({%&‘%9@ g‘}ﬁ‘%’?ﬁfa&ﬁ the ﬁ?@?“sé}?&}b& ﬁo{nﬁt«ge act uat or

conprises ong. ok fAk4: aghect romagnetic actuator and a piezoel ectric el enent.

-23 WD 03/ 089158 PCT/ US03/ 12368 7. A microfabricated particle sorting
system conpri si rg:actuator for modifying the pressure in the sealed chamber to deflect the

meniscus when the sensor senses said predetermined characteristic, whereby the
deflection of the meniscus causes the particle having said predetermined characteristic to
15 flow into the second outlet while particles that do not have said predetermined

characteristic flow into the first outlet.

2. The particle sorting system of claim 1, further comprising a buffer for absorbing
pressure variations in the first duct.
20

3. The particle sorting system of claim 1, wherein the actuator comprises a source

of pressurized gas.

4. The particle sorting system of claim 1, wherein the sealed chamber comprises a

25  movable wall.

5. The particle sorting system of claim 4, wherein the actuator comprises a
displacement actuator for moving the movable wall of the sealed chamber to modify the
pressure in the sealed chamber.

30
6. The particle sorting system of claim 5, wherein the actuator comprises one of an

electromagnetic actuator and a piezoelectric element.
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a first duct for conveying a stream of suspended particles confined in a
carrier liquid, conprising an inlet, a first outlet and a second outlet; 5
a sensor worodfemassiring a velocity of a particle; an actuatPer/ifSos/123681Si ng a
particle having a predeterm ned characteristic to flow into the second
outlet while particles that do not have said predeternined characteristic
flowinto the first outlet. 10 8. A mcrofabricated particle sorting
system conpiising:_a first duct .for conveying a stream of suspended

pgrti cles codfined PHTEARRFHS artlflleﬁﬁﬁ%&‘fg Sé,{%/)t%'r PUPRIE% inlet, a first

outlet and a secoandirsiWublor canvielyingta SRAKOS shffend N parfibled cHBRE 1R ChiRe
characteristic in a particle; a _second sensor for measuring a velocity of
a particle; lguidncomepripansin mbgt, & st Pwidetend agegondoudethavi ng sai d

redet erni ned char kSt LN he .second outlet while

Barti cl eggt hat doa%glﬁsgﬁgo\%téﬁés;agl %%gﬁgfﬁ (tr’#%}é%ﬁc%har acteristic flowinto the

first outlet. 9. Zhaectpaot forlceusnd & pagickyIBVRIP Dfreddtainithéd chili@istic tdiBowecond
sensor communicates 20 with the actuator to determ ne when to cause the
particl e haviHg thesecondeerdieb hile perticlen shai dp @pf Raviesaldpredeemipadrherstesisiond
outlet. 10. ﬁB@/iHﬁ)rth'é‘ﬁkﬁoﬁﬁét“ ng systemof claim@8, wherein the second
sensor al so neasures the [ocation of a particle. 25 11. A particle sorting
system conprising: an inlet duct through which flows a Iiquid containing
articles_ _haying redeternjned characteristic and particles not having a
Br edet er hf ne 'cha?‘%&é?ﬁgg??%égm?léisﬂﬂ% SYSCNEPTRI®RE duct branches into a

m crostructured Sﬁ%ﬁ@u@ifo@c&ﬂ%@g@é&e@& mhlﬁ‘penﬁi&(f;ﬁi}ggl%%%}ﬁﬁl@d% gcopgrated

in parallel and sinultaneously wth the Iiqu having a sorting

nmodul e, two dguidetoroprimmepdrsindatch Arstontiatkndg semgidontlétor separati ng

articles having t redet.ernmi ned characteri,sfic . jnto.a first receivin
(F:) hannel from - g4a%§t(%§?§9§t§%§§nw %’i‘?%g charfotefisio i a particle; °

a second sensor for measuring a velocity of a particle;
15 an actuator for causing the particle having said predetermined characteristic to
flow into the second outlet while particles that do not have said predetermined

characteristic flow into the first outlet. '

9. The particle sorting system of claim 8, wherein the second sensor communicates
20  with the actuator to determine when to cause the particle having the predetermined

characteristic to flow into the second outlet.

10.  The particle sorting system of claim 8, wherein the second sensor also measures

the location of a particle.

25
11. A particle sorting system comprising:
an inlet duct through which flows a liquid containing particles having a
predetermined characteristic and particles not having a predetermined characteristic
wherein
30 a) the inlet duct branches into a microstructured system of a plurality of main

channels which are operated in parallel and simultaneously fed with the liquid, each
having a sorting module, two outlet channels and a switching region for separating

particles having the predetermined characteristic into a first receiving channel from
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particles that do not have the predeterm ned characteristic, which flow
into a second receiving channel; and b) each switch unit conprising at

| east onewbios®soisensor which detects and classifies the pamttisoy/esehavi ng
the predeterm ned characteristic arranged on each mai i "3 channel inside a
sorting nodul e, a second sensor which neasures the velocity of the

particl es haPpriglesiHeat gp agbhaierthepredetsrmined ehdrsetedstisnwhichSlow inteya aecondt or
controlled b el sor arranged on each said switch unit, each
said sorti ng¥e§g§%§]%hrsﬁh%f S drji buting particles having the predeterm ned
characteristic tobpeshGiwitivditicompoisinkeat leastvmeTRbtSsenddd whidH detégSadiiot havi ng
t he predeterm ned characteristic to the other of said 10 two outlet
channel s. 12¢layiliesthe particlesbaying ibe ripdetemined ehasagieristic apppges; on @sbmagm sai d
two outl et chanpel:s.: ! | ol

summ ng € anﬁg - i01r§181td Eg Sgglrh%ilg?%se’%hmggé}ﬁigsegéoﬁﬁ)@ggf%%?n&ﬁ% h%ﬁ%?% t(géfiﬁgti o
and parti cl epamioles havinp theaprpdeciatiaedithaesttdistic had acbrinigsitiuatos ebeedlied dlyy
distributed to_it, B. A particle sortjng.system conprisijng a first duct
for conveyi n§o 19 ERMRTGET28 g IMeRs Sﬁlélrsf‘il@ﬁé%ﬂtc‘?ﬂ‘?ﬁisﬁ‘ééoﬁﬁlga@%@ﬁ er

liquid, complskinifingpattitidinavihefthé SledQefhifbd BfaAe 30 SnObf éaﬁe& twpQutfee [ 17 St
sensor for sensing a predetermned characteristic in a particle; a second
sensor for mebamelsngd papedistnobhavanglthe predetariniyedotharecieaistic tl the othedofsnid

act uat or éor di Sttﬁi thi ng particles having the predeterm ned characteristic
to the 19rsfofEHde articles not having the predeternined
characteristic to second outlet. 25 14. A particle sorting system

conprising: at |east one primary sorting channels through which flows a
stream of sudpenddbe ppdicld sorténg systeii eleadaiiml a vdwrein each ¢fgaiddyvoenitiat ghainnels y
sorting channel I ectli egion for detectin edet.er m ned
char ac'? eri st |B§ e?%aléa% g:P F?lgq%es %)Hagéée%éﬁ 2?56919?1}%6 YR © 1 goéf 3@? %a(rf1ﬁlas
particl es hatavigg b pecdeteti@ied e rishodiciaetided hdt hating adréddtéiikeacei vi ng 30
channel from particles that do not have the predeterm ned characteristic,
whi ch f1 bW i fhaacteristisseleativaly disyingedtedhnel ; - 25 WO 03/ 089158
PCT/ US03/ 12368 an aggregation region for aggregating the particles having
t he predeterm ned

13. A particle sorting system, comprising

a first duct for conveying a stream of suspended particles confined in a carrier
liquid, comprising an inlet, a first outlet and a second outlet;
20 a first sensor for sensing a predetermined characteristic in a particle;
a second sensor for measuring a position and a velocity of a particle; and
an actuator for distributing particles having the predetermined characteristic to

the first outlet and particles not having the predetermined characteristic to second outlet.

25 14. A particle sorting system, comprising:
at least one primary sorting channels through which flows a stream of suspended
particles confined in a carrier liquid, each primary sorting channel having a detection
region for detecting a predetermined characteristic in a particle and a switching region
for separating particles having the predetermined characteristic into a first receiving
30  channel from particles that do not have the predetermined characteristic, which flow into

a second receiving channel;
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characteristic fromthe first receiving channels, an enrichnment region for
adjusting a volune of carrier liquid surrounding the particles having the
pr edet er mvoed/ogh1as act eri stic after the particles having tReTASps/exset er m ned
characteristic are aggregated; and at | east one secondary sorting channel
in series wwth the plurality of parallel primary sorting channels for

col l ecting the selpeggdgpimiegioadof aggmegating flapasidleshaying the predetsunined
channel s and rati .cl es |n the secondary sorting channel having

t he predetefﬁ?ﬁ% g%ﬁﬁ%ﬁ?rg FeEe S fOAIES particles in the secondary

sorting channel. 3§ eﬂ}fichxf[élﬂ 1861 BN adfusfih@h Fblithe IGHRY MghidSufBindhsat
regi on renoves excess carrier fluid fromthe particles having the

predet er mi ne@aﬁﬁéﬂséétflélgﬁhft pr@det@mmqrhdlagay@@reqmp@ﬁeﬂhalpmtmks hapiegdhe sai d at
| east onecpri [ e es a plurality of parallel
primary sgrt lpng H%ﬁnﬁglcggra t?%IHchare a§§rt %@f ?I aim 14, wherein the

enri chment region aﬁ&aﬁrdnsesconam%aﬁmgmmaﬂﬁelQmemekmhrthe ﬁ@alityﬁﬂpﬁﬁﬂemf sai d
recei ving channel s; and a nenbrane separating the enrichment channel_ from

sai d recei vi R§maRasAEng changelsdor aullectingsthe selseted paitisles Aronyihe dyralitytad first

enrichment r | e

agar ogati on ¢ e SbAAR i perlit GANLESTERL ClRERS ol MR R B o

t he aggr egat ipesileteggined chai@btefiStic Foa cﬁl}@tpamcdza‘s i ke secddiarydeetigg chanhel.
enrichnment region conprises: an enrichnment channel intersecting the
secondary“sorting channel; and a nmenbrane separating the enrichnment channel
from the secqgdar »rhégyéterﬁq,fcpmrmebvhex%ﬁl {80 cpdBifnc S48 RinAkALIBddbartlier o1 1
t he detection region of each primary channel conpri'ses a sensor

measuri ng a Veidbomyhoparticlsahaviog éhe meddtentoed dwpotadistig pri mary channel :
-26 WD 03/089158 PCT/ US03/ 12368 21. The system of claim 14, further
conprising hydration device for adding secondary carrier fluid to the

particles aftigr thee@ptéfHIRRIM199WABein said at least one primary sorting channel

15  comprises a plurality of parallel primary sorting channels.

17.  The system of claim 14, wherein the enrichment region comprises:
an enrichment channel intersecting one of said receiving channels; and
a membrane separating the enrichment channel from said receiving channel.
20
18.  The system of claim 14, wherein the enrichment region comprises:
an enrichment channel intersecting said aggregation region; and

a membrane separating the enrichment channel from the aggregation region.

25 19.  The system of claim 14, wherein the enrichment region comprises:
an enrichment channel intersecting the secondary sorting channel; and
a membrane separating the enrichment channel from the secondary sorting

channel.
30 20. The system of claim 14, wherein the detection region of each primary channel

comprises a sensor for measuring a velocity of a particle in the corresponding primary

channel.
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22. The systemof claim 15, further conprising a recycling channel
connecting the 5 enrichnent region to the primary sorting channel for

i nt roduciwg o3asdss enoved sheath fluid into the prinmary secTiusgs/ciiemnel .

23. A particle sorting system conprising: a plurality of parallel primry
sorting channels through which flows a streamof 10 suspended particles
confined i n 2i.carFhesystciyof daine bé furthdr samprisiog hiydrgtion davies faigdding a
detection reqgion for detgcting a predeterm ned chara istic in a particle
and a vel oci §°ndﬁy%%§ﬁ?lglt%%?£?ﬁhcgeﬁ r gieee %‘Pﬁ%ﬁnr%%]%{clhar acteristic and a
switching region for separating particles having the predeterm ned
characteristic into a first receiving channel fromparticles that do not
have the pretlet er Fawigteshef dainet 3. dutler campepingagaeyching chanpsl cuugeiing the
recei vi ng channel i . DI i : i

separat i %n %‘lns? @ﬁ%@ggr?%ttﬁéﬁe ﬂgél?ggﬁ%fgzcg%ﬂne T?(ﬁg I'S t@s%mtlﬁgﬁ)vg& é%%:ag}\d
separ ati on dflsitidneehd pritbe sostid ¢tanng. r egi on. 24. A net hod of sorting
particles, conprising: 20 conveying a stream of suspended particles
confined in a carrier liquid through a first duct having an inlet, a first
outl et and eco : ' redeterm ned characteristic of a
particle i na%%e s@&é@rﬁléz g%?% ﬁér]&?ér?g’q’é’ﬁ“ﬁﬁéﬁ’ [ when the predeterm ned
characteristic i saphnditdpf g&ralielgsimary gorting ehamietsythwiigh whaeht flavea basanngf sai d

predet ermi ned characteristic; d distributin articles having,the
pr edet ertfl neﬂfsﬁﬂ’;ﬁgé‘?ﬁﬁcieétcic’ﬁﬁ?_ PR dgu F?cg‘tPPrH’ﬁ?ffy Sﬁélrrlgicgf“g’f?%‘fmﬁﬁvi ng
the predet er%@té‘b@i@nq’g@f)ﬁ%ﬁfe‘teﬁihg a bPedelRtmiRA QAL SEs RS in A3e@de @AY & RBlocEY €PS

of sensing the predeterm ned characteristic and neasuring the velocity. 30
25. A net hodofdf pastele hayingdha prefigermiveheiriastertstic end e yiviighing pegiemfart y of

streans suspende articles confined . in.a rrier.l.iquid hr
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24. A method of sorting particles, comprising:
20 conveying a stream of suspended particles confined in a carrier liquid through a
first
duct having an inlet, a first outlet and a second outlet,
sensing a predetermined characteristic of a particle in the stream;
producing a signal when the predetermined characteristic is sensed;
25 measuring a velocity of a particle having said predetermined characteristic; and
distributing particles having the predetermined characteristic to the first outlet and
particles not having the predetermined characteristic to the second outlet, based on the

steps of sensing the predetermined characteristic and measuring the velocity.

30 25. A method of sorting particles, comprising
conveying a plurality of streams suspended particles confined in a carrier liquid
through a plurality of parallel primary so%ting, each primary sorting channel having a

detection region for detecting a predetermined characteristic in a particle and a switching
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flow into a second receiving channel; separating particles having the
predeterm ned characteristic fromparticles that do 5 not have the
predet er mvoed/ogd1as act eri stic aggregating the particles hawcmgsose3es
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aggregating the particles having the predetermined characteristic from the first
receiving channels in an aggregation region,
adjusting a volume of carrier liquid surrounding the particles having the
predetermined characteristic after the particles having the predetermined characteristic
10  are aggregated;
conveying the selected particles having the predetermined characteristic through
at least one secondary sorting channel in series with the plurality of parallel primary
sorting channels; and )
separating particles in the secondary sorting channel having the predetermined

15 characteristic from other particles in the secondary sorting channel.
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