WO 2009/086043PCT/US2008/087579 PARTICLE ANALYSIS IN AN ACOUSTIC CYTOMETER
CROSS REFERENCE TO RELATED APPLICATIONS  [0001] This application claims the benefit of
U.S. Provisional Patent Application Serial No. 61/008,422, filed December 19, 2007, U.S. Paten
Application S‘é]ﬁ’azfﬂl%gﬁﬁff’;% 461, tiled September 11, 2008, and U.S. Pat%ﬂ?ﬂf’)ﬁ'l’fﬁ@%?fS’Senal No
12/283,491, filed September 11, 2008, the entire contents of each of these patent applications are
incorporated by referendeARSFRILE RBCHNICAE BNELD A CQA0OPIT R TONGREIERVentions relate
generally to the field of particle analysis. The inventions also relate generally to cytometers and
acoustics. BACKGROUND  [0003] It was realized early in the development of flow cytometry that
the angular dependence of the light scattering intensity from a particle contains a wealth of information
related to a particle's intrinsic and extr|n5|c ropertles For example, Mullaney, et at. experimentally

demonstrdt REE %@Wgﬂ W&egrees to about 2 degrees for cell size
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beam can if t ff lyti ticl

that do noﬂ] gg@g %(‘Ilza?(fﬁn a i eglral’ lp ﬁ%ffg\?vo llire‘g ﬁc%gseéﬁg o owe’tJI%/}Taf %%)ar:slgf?:rlcal
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effects due to asymmetrles that are apparent i ex geometri shap sperm cells have
also beenlge¢tionstrated. Several researchers have suggested passive solutions to orienting particles
by shaping the sample nozzle to introduce asymmetries into the velocity flow field of the hydrodynamic
sheath systemHithea beerisbown that the most critical aspect in efficient X and Y sperm

discrimination inr& omefric sorting is the orientation of the spe the optic scaifering plane.
Recently, novel @%ﬁb‘% A ORI Sl S B 1Op‘i‘-:.?rjﬁtl)(fie Ifa %: B¢ Pcpaé]ﬁ 60 t Eesperm

heads in the-apiwesl Seattéringgplandyabagalysieraied mantﬂﬂoo particles/s dramatically affecting the
sorting efficiency. Other researchers have addressed particle asymmetries by collecting data over a

large array@fseatignpg;pngles using scanning flow

[0003] It was rcalized carly in the development of flow cytometry that the angular
dependence of the light scattering intensity from a particle contains a wealth of information
related to a particle's intrinsic and extrinsic properties. For example, Mullaney, et al.
experimentally demonstrated the use of forward light scatter, from about 0.5 degrees to about 2
degrees for cell size estimation. In the same time period, it was also realized that cell orientation
relative to the incident light beam can introduce artifacts that affect population resolution and
instrument sensitivity for particles that do not possess axial symmetry parallel to the flow
direction. Loken et al. showed that nonspherical particles in the form of fixed chicken
erythrocytes yield a bimodal scattering distribution that is related to rim-on or face-on
illumination of the disk-cell structure, Particle orientation dependent scattering effects due to
asymmetries that are apparent in the complex geometrical shape of sperm cells have also been
demonstrated. Several researchers have suggested passive solutions to orienting particles by
shaping the sample nozzle to introduce asymmetries into the velocity flow field of the
hydrodynamic sheath system. It has been shown that the most critical aspect in efficient X and Y
sperm discrimination in flow cytometric sorting is the orientation of the sperm in the optical
scattering plane. Recently, novel nozzle geometries have demonstrated proper orientation of up
60% of the sperm heads in the optical scattering plane at analysis rates near 2000 particles/s
dramatically affecting the sorting efficiency. Other researchers have addressed particle

asymmetries by collecting data over a large array of scattering angles using scanning flow



WO 2009/086643PCT/US2008/087579 cytometry (SFC) at the cost of lower particle analysis rates
(approximately 400 particles/s). Systems have demonstrated continuous angular scattering data
spanning 70 degrees but the data is taken relative to an arbitrary particle 19&@ ati((})%’%gg}gresults in
large variation§ SfHE®fected angular spectra for asymmetric particles. - @5%‘61 ne of the
earliest large-scale demonstrations of separating biological cells using acoustic forces was done by
Doblhoff, eftaimént{SFEYsteha, casoufSiieveagiatiols prebysisraivagpyedifortekdefhratiedentidn of viable

ybridoma celladan{BaaiRaas dldsmaving ekpbiacalls aid smalias oelulgrdebrisfioma 20 liter

bioreactor. That system was based on a multi-planar transducer design and demonstrated viable cell
retention Fatekcasdigiicas DD YEISher iedetienBrE AT BdHes rejkatinn of duy elettits
required high, DOWRIINPIL AR iinexegss of 15W, thus necessitating a cooling unit for the drive
transducers. More recently, Feke and coworkers developed a nolf\clel particle sebgérﬁa% i% strategy that
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a particle gpeksiops,fow QliheRA e EhisARRa s ieiRtaRl comBrisRS dheantlaesfar flowing a

fluid containing the particle theréin, an acoustic signal producing transducer acoustically manipulating

the particleo e ussieyrpfdaivel PeracltSEPRE VTRl R BRI RS B SHE SR Bre valves.

This embogimeR! LRI CRMPHSRRANIRIR SO highpaticie; Rfiaratassanpios afowcyiomaier. This
embodiment can further comprise,% analyzer to analyze the particle an%Uor andgncgger. ..100061
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applying acous 'c,rﬁ]' tion,pressure to, the
3 clﬁefliiﬁél,gmca% an%'credi east one of the particles. In this embodiment of the

particles, s?g%f)ln% e and reviewing a ) rticl i
present indemtiosirrtivievling catiteast lorvei dbniecparticlesttane IGr2009/08804 8P 6 OIS 2008087579
with negligible effects on cell viability. This system achieved high cell densities of

approximately 1.5 x 10° cells/mL with only hundreds of mWatts of input power.

SUMMARY

[0005] An embodiment of the present invention comprises an apparatus that acoustically
manipulates a particle and stops flow of the particle. This apparatus preferably comprises a
capillary for flowing a fluid containing the particle therein, an acoustic signal producing
transducer acoustically manipulating the particle, and a stop flow device. The stop flow device
is preferably a pump or one or more valves. This embodiment can comprise a particle sorter, a
particle fractionator, and/or a flow cytometer. This embodiment can further comprise an
analyzer to analyze the particle and/or an imager.

[6006] One embodiment of the present invention comprises a method for acoustically
manipulating one or more particles. This embodiment preferably includes flowing a fluid
containing particles therein, applying acoustic radiation pressure to the fluid and acoustically
manipulating the one or more particles, stopping the fluid, and reviewing at least one of the

particles. In this embodiment of the present invention reviewing at least one of the particles can
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include analyzing at least one of the particles, and/or sorting at least one of the particles. The particles
can also be flowed through a flow cytometer. 100071 Another embodiment of the present invention
comprises an apparatus that acoustically manipulates a particle and reverses flow of the particle. This
apparatus pr&ferliRieiddes a capillary for flowing a fluid containing the PaHERBHREERT"an acoustic
signal producing transducer acoustically manipulating the particle, and a reverse flow device. The
reverse flaneldeyioe preigralibicompsishs papuiep, andiarsonageihare aad e shd prertagardbas of this
embodimegt cqgsféjrtha%r ct())er@p[\;ivsé an %ngl %%w‘%r Og%!%é%ing the particle and/or an imager. The
apparatuspoﬁﬁls &mbodiment can Op(%l ally conmprise a sorter, a fractionator, and/or a flow cytometer.
100081 Another Bfliddinatirt shthedprestof fhaversion corpisesmpethod fopaetngdtisally
manipulating, aie. A% MessParticles.Fhissmpedine Rt dides fewngmiluid sontaipiog.pagicles

therein, applying acoustic radiation pressure to the fluid and acoustically manipulating the one or more
particles, fackssing aw e ficieoimpaludeeataBuna dharretisteccherdnie santiesignat were reversed
in the flovnnsthis embedireMtoteNiamingsNpuparicies samaerniiseRealyzibg atleastione of the
particles and/or sorting at least one of the particles. This embodiment can also include flowing the fluid
through a WS ERCe PrefRsabs] PR AR M BIR BEURMERT BF ther prabitit ilbeftiiattRbrises an
apparatustipérasedisiicallyafiginmonshpHents anadrtiel eoinaafiom steamrtiisappasatus preferably
comprises a capillary for. flowing a fluid containing the particle therein, an acoustic signal producing
ranacucol R A bR STl G A NS o S sy o2 aler The
apparatuscgfdmigambodiment preferably comprise a flow cytometcr, a particle fractionator, and/or a
particle sorter w QHST SAUISHERE, PAFIEle, RASRY 0N RiB8 TS ARRRAINS 50, JRliAllY nclude
an imager. The ggg%%q;%%gr%afp%&c%%ng tra.ns%g%c%er'_ 0 thg emf)cl)%?ment prelfﬁg(r)ablyra Igns thegzgarticles
in either arpuiEmraEtis e abowr ariswlasislbrsatipbrdtispapsiiddan o wirsctSyigemsleimmiee particle of
this embog&ﬁfﬁ%@ﬁ&@ﬁ, %ﬂﬁ?iﬁé%%@xfé%@r@dﬁﬁﬁ@!%‘ré%%@éﬁﬂﬁ@ fluid 199 %@&!ﬁaﬁ?%‘ﬁtﬁffﬁmlﬁ%d'mem of
ic

the present invention comprises a method for acoustically aligning and orienting particles in a flow
stream of RpAFAEERAHIRICkSipTETREABWITg Sarieidoth BRI RV sIFasPnSabiitting the

partic:es tgaiaﬂcﬁ;%quﬁgiﬁd@d@.téesté' ' ”cpﬁeﬁwmuaﬁmﬁﬁmulﬂo@tiwﬁtgﬁ fﬁ&%@e@@i@'&l@ﬁﬁh}; hthi%sﬂmlstrearln of the
particle analyzer, and acoustically orienting the. particles in the flow stream aof the particle gnalyzer. In
this embotHERSC(HRA ATRER GASIGPEP AN BRIy oEUae TRl BaR Lol e
nonaxisynemesdafialdcuwheseindhe plciciestbed aslymmediie. flesr theoptbisrembodiment optionally WO
2009/086043PC 5P QBIAETRr 4 omlIses, srlesing. predeismincd orisniaion gl g partiles.
where the orientation 1s within an optica scattenngpp?éne. his em ora?ment car?%omprise
distinguishivnptisalizat gifferd nrigpes pirpaktiviasiivassitcuport Parivlerasy pisletalds. chhigrsmodiment

can furthet sompyiag Visldic, wReiaRie ArieRAaR OlRACE B clustess ALsarBiRaRagicles. The

sorting of the particles can include pre-analysis In-line separating of particles based on size. In
addition, tHieHEdiFABHicAHN BrgiPWRIDa B mAbosRNe ffoprEisHEa b RALIGS SRENEH the
particles irredirgstion of Haverstbufihes-dhimpmbadimant caw epiipnally sompisetiadionating the
particles. In this embodiment, the particle can be g red b_IooL%‘c_eII, a platelet or a spent]. MOM One
embodiméReaE thRAPE i e BTG O SO S AP B HFAT PE AP R NAR 2 R PRAEHS “Fhe apparatus
of this embpdimeant ipctiesahlyhegmpritesecasyd lagydosHicuding adhitheenitdihingnibhedpasticle therein, a
radial acoustic signal producing tansucer el aequstically oriena foncadal ymmetrie partgles in
said capillgry, atr nsggrt elice t aﬁranspo S Said particles through an interroga |oer0|nt, and a
particle anafizetidn ¢hidoembbdipagnicthethadialtmdousticcsigmat prodimidgdiansduckt preferably aligns
the particlg in.the capillary and concentrates the particle in the capillary. The radial acoustic signal
producing i.[?ans'ducer can also create an acoustic field that aligns the particle. This embodiment can

also optionally int#@ X ehesbsiranbiedanesitnitHSERHNS the P SRNTHE G PEFaedS ST this

embodimepheanfusie RTINS RIS icles in a flow stream of a particle analyzer comprising
flowing particles through the flow stream, subjecting the particles to an acoustic radiation
pressure, acoustically aligning the particles in the flow stream of the particle analyzer, and
acoustically orienting the particles in the flow stream of the particle analyzer. In this
embodiment, the particle analyzer can be a flow cytometer. This method can also include a non-

axisymmetric field wherein the particles are asymmetric. Further, this embodiment optionalty
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[0012] Another embodiment of the present invention comprises a method for analyzing particles in a
particle analyzer. This method preferably comprises flowing particles in a flow stream, applying a radial
acoustic radiation pressure to the flow stream, acoustically orienting non-axial symmetric particles in
the flow streat?? #ANEEAIng the particles through an interrogation point, fﬂ’éﬂ‘é&%%ﬁi particles.
This embodiment can also include aligning the particles in a flow stream with either an acoustic field or
a hydrodyaamid dscuschihisapethadaisodrsfatatibn céthprisesiconebetr ahingribs garticlegtintthe flow

stream. 100131 Another embodiment,of r invention: ki J that
analyzes &L R B L A Al

ment pre comprises a capillary for
flowing a flupdsodimaitivh ﬂﬁée!damm‘l_@méql@immﬁ@ﬁ;tiﬁﬁﬂﬁﬁpﬁmiﬁ@tﬁ&ﬁ@mﬁﬁ%ﬁ acoustically
maintains paricle focusin.said canilany pegridlass:ak ipvorate prgkRoaticsanab@andor analyzing

the particle. This apparatus can further comprise a stop flow device and/or a reverse flow device. The
apparatushefipiessaBatHIE PE s P Er RIS Compirsee kg drsed orotau 1 eidiiirnibis
embodimentifdiie-Rresem iAo iam qemprss.a dnetiied Alanalysing-enerarigaare patigesdin a flow
stream. This embodiment preferabl compris%s labeling the partlicles with a lanthanide, flowing the

particles irt fHESHSR SHERh, SHHARCEBE SRR T SREAPAILS ORISR SHL gt %iAftain particle
focus regareiiedssofiflawsr atehoairelcanaheziagithe pariclesdvilbdh edartpdnide . of hispembodiment can

also include stoppi d/or reversing the flow stream. .. 100151 Still another odiment of the
present inve ntiorﬁ cééﬁnﬁ)%%gn&%nogip%eﬁéﬁ%%ﬁé Sol ﬁlsn‘b?%nr%cc’?e%oglf %fzegd Ii‘%)g %rﬁ%ér%a@f § %arfgfeerrg‘aably
comprisespartialeill iy fqrpfoingfatisimnboriamieringreiier shdy ticteptiser eicarabiehafra diavapu shiedsignal

producing JapsyserAsauslicaly e naand.sear atne e RRIE e ealeraRLIBRK R R ze. This

embodiment can ' comprise a flow cytometer and/or a particle analyzer and/or an imager. The
apparatuscaisetpreferaisl ssovngtiscreaipispinlsxbreadillary, 200L60M darHS Bt BEMPEREthe present

invention %m@f&%&gﬁh%é%g&r&i@g&ﬁcth@m by-size addis dnethadseferablyeomnrigas flowing
particles in the flow stream, applying radial acoustic radiation pressure to the, #ow stream, and

acoustical%@&ﬁﬁ@%ﬁ%@@%ﬁ&?ﬁ@uﬁ%ﬂfﬁﬁw SArEnTR HAEHD AR PREHERARNY comprises
transportingdasgesparticlas @i ihe serapatesd paticies inteadlavioyto piotecardranalyzingathe larger

particles. The transporting step. af this embodiment.preferably transports the larger dependent particles
5 contrASILCAIRAE MO Sh A L BN IS0 BB R SOt
[0016a] In0onelasiyaeiid theafirésentiimsehtipartitierclis provided ahtbipparatdsyonropritintera capillary

for flowing a flullgsézggg |Q2|g@9 a particle therein; an acoustic signal producing transducer for acoustically

manipulati%gml%e particle;’and a stop flow device. 10016Db] In another aspect of the present
" invention, there i0gidVidlactzan erppedingst ebfprisisryt SEapivarsoppfivy mapdimdidos satdining a
 particle therein; an,ACHSHESIgNIL BT OfHG AR AR BHERh P asprSHCAl Mapipulating theoparticle; and
a reverse flow device. . o

stream, applying a radial acoustic radiation pressure to the flow stream, acoustically orienting

non-axial symmetric particles in the flow stream, transporting the particles through an

interrogation point, and analyzing the particles. This embodiment can also include aligning the

particles in a flow stream with either an acoustic field or a hydrodynamic focus. This method

also pfeferably comprises concentrating the particles in the flow stream.

[0013] Another embodiment of the present invention comprises an apparatus that
analyzes a particle in a fluid. The apparatus of this embodiment preferably comprises a capillary
for flowing a fluid containing the particle therein, an acoustic signal producing transducer that
acoustically maintains particle focus in said capillary regardiess of flow rate, and a particle
analyzer for analyzing the particle. This apparatus can further comprise a stop flow device
and/or a reverse flow device. The apparatus of this embodiment also preferably comprises an
imager.

[0014] Still another embodiment of the present invention comprises a method of

analyzing one or more particles in & flow stream. This embodiment preferably comprises
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100161 In another aspect of the present invention, there is provided an apparatus comprising: a
capillary for flowing a fluid containing a particle therein; an acoustic signal producing transducer for
acoustically orienting the particle; and a particle analyzer. [0016d] In another aspect of the present
invention, there is provided an apparatus, comprising: a capillary for flowing a fluid containing a
particle therein; a radial acoustic signal producing transducer for acoustically orienting asymmetric
particles in a radial acoustic field within said capillary; a transport device for transporting said particles
through ARNIRITRIBUARRA'DHADT.AMAIHEICARANE SR, packiRAGE WD ARELASRE! Bl fhe Present
invention, there is provided a method for acousticaily mgnlpu ating one or more papt?c?gs, the method
comprisiR§ufiBaTAgE 2t ihaitdrestsiing oflevostneane toantities themide drectirggadbsstic’ fhdiation
pressure,tq the;fluid.and 5‘&%‘5?&@&% maninul 'Qg_thﬁ%n r articles;.stopping the fluid; and
reviewing at Ieagt orgjzrtﬂ of the particles. [OO%%ll In antﬁﬁ%ggls%%%aco tﬁgoplr%cggn? mc\)f%%lﬁlgn, there is
providedidretiversorgdbsutieaiiemanipulating one or more particles, the method comprising: flowing
a fluid containingeqae QL NAERAtFIesIheLsIN et lc radiation pressure to. the, fluid and
acoustically mgn‘ipulgtiné_ the one or more particles;ﬁré‘g\%%rr%(lir%J %ﬁﬁoﬁr%%ﬁﬁ%sg? Howr b Iéaat%1 ?Hﬂ%; and
reviewintpes easchidpsite panscippaktswestcraviersent pnishedlowillary (00 TByjilganisier aspect of
e e JRa s R Nefed staralieplboataning patees Dol S ream of

a particle analyzer, the method comprising: flowing partic ow stream; directing’acoustic
radiatiors¢SfExE R tentatp fbkartinldviocustd cattilloriehyinirehelpartnibsdimbe flawfstteerm of the
particle BRaNASL» f1oJOKBRII-ARAYBLE ASRRSE ARG AISRERL Y FAlIon. R(es,RIyideda method for
analyzing particles in a particle analyzer,"the method comprising: flowing one ormore parﬂcles ina
flow stredf{cwbbetre padhsl apvtisiic sadiation pressure to the flow stream; acoustically orienting
asymmetric pariiglgs iR fgflovstisam Ao uing.e icl (0] an interogation point; and
analyzing e.achi oflﬁﬁe particles. [OOfGi] In an%%;r %ﬁ&%ﬁ%ﬁ tf%%mp[?g%%pn% fﬁsg}]ot%%%t%oelﬁép % provided
a metholRBfERaRZ s ofdismsBredpasfetal! incarfipusstrBawingaramidbingn tabdling sreunr more
particles yiidiadamihandsistewina e prlidies g iew Sisa dlieging dadid) asgstigadiaton
pressure to the flow stream to align the particles along the direction of the oW’s reanﬁg, and analyzing
at least SEPURIBHE dhernasiatae s dtrse BHiswasting lalachemfgeably comprises transporting larger

particles of the separated particles into a flow cytometer and analyzing the larger particles. The

transporting step of this embodiment preferably transports the larger dependent particles to a

central axis of the flow stream. This embodiment also preferably comprises in-line sorting.

[0016a] In one aspect of the present invention, there is provided an apparatus,
comprising: a capillary for flowing a fluid containing a particle therein; an acoustic signal

producing transducer for acoustically manipulating the particle; and a stop flow device.

[0016b] In another aspect of the present invention, there is provided an apparatus,

comprising: a capillary for flowing a fluid containing a particle therein; an acoustic signal

producing transducer for acoustically manipulating the particle; and a reverse flow device.

[0016¢] In another aspect of the present invention, there is provided an apparatus
comprising: a capillary for flowing a fluid containing a particle therein; an acoustic'signal

producing transducer for acoustically orienting the particle; and a particle analyzer.



[0016j] In another aspect of the present invention, there is provided a method for separating particles
by size, the method comprising: flowing particles in a flow stream; applying radial acoustic radiation
pressure to the flow stream; and acoustically separating the particles by size by applying radial
acoustic pressure, wherein smaller particles are substantially unaffected by the radiation pressure.
[0016K] In another aspect of the present invention, there is provided a method for separating particles
by size, the method comprising: flowing garticles in a flow stream; applying radial acoustic radiation

pressure to the S SHRRRRY ARSGEHENRPLSHRT TSGR Pty EGPRHNng radial

acoustic presuienarcipanapdsinglanger patticieaiie a fanwctythmetes, mdigretowsmallgnparticles
comprise ceII&JIar d%bris BRIE)F DESC 1PTI.ON OF THE %RAWI. GS 1Pa%l(g&)107C]u'gt§1ceﬁaleﬁ:é:ompanying
, MU

drawings, WWRIGH Hr6 IHCOTporated It ANt form Apan of the spaciication MuStAts one of more

embodimevritbiofstin qarekant invartion dmketdydthespwitihgiseidipsdinbtichraghentaterplinothe principles

of the invengign, Jhe drawings greonly for the purpose of illustrating one or more preferred
embodiments of the invention and are not to be construed as limiting the invention. In the drawings:

[0016¢e] In another aspect of the present invention, there is provided a method for
acoustically manipulating one or more particles, the method comprising: flowing a fluid
containing one or more particles therein; directing acoustic radiation pressure to the fluid and

. acoustically manipulating the one or more particles; stopping the fluid; and reviewing at least

one of the particles.

[6016f] In another aspect of the present invention, there is provided a method for
acoustically manipulating one or more particles, the method comprising: flowing a fluid
containing one or more particles therein; directing acoustic radiation pressure to the fluid and
acoustically manipulating the one or more particles; reversing the direction of flow of said fluid;

and reviewing at least one of the particles that were reversed in the flow.

[0016¢g] In another aspect of the present invention, there is provided a method for
acoustically orienting particles in a flow stream of a particle analyzer, the method comprising:
flowing particles through a flow stream; directing acoustic radiation pressure o the particles;

and acoustically orienting the particles in the flow stream of the particle analyzer.

[0016h] In another aspect of the present invention, there is provided a method for
analyzing particles in a particle analyzer, the method comprising: flowing one or more particles
in a flow stream; directing radial acoustic radiation pressure to the flow stream; acoustically
orienting asymmetric particles in the flow stream; transporting each particle through an

interrogation point; and analyzing each of the particles.

[0016i] In another aspect of the present invention, there is provided a method of
analyzing one or more particles in a flow stream, comprising: labeling one or more particles
with a lanthanide; flowing the particles in a flow stream; directing radial acoustic radiation
pressure to the flow stream to align the particles along the direction of the flow stream; and

analyzing at least a portion of the particles labeled with the lanthanide.
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[0018] Fig. 1 is an embodiment of the presenention lllustrating a line drive capillary where particles are
acoustically focused to the central axis of the capillary; [0019] Fig. 2A is a density plot of acoustic force
potential in the cross section of a circular capillary driven by a line source according to one
embodiment of the present invention; [0020] Fig. 28 illustrates an induced particle rotation to lie in
a stable force equilibrium plane according to one embodiment of the present invention; 10021] Fig.
3 is an embodiment of the present invention illustrating a line driven acoustic fractionator where large
particles are trangposjethtanthiecagitiaryfaxepwekile sralenpartielapremdid Lmaffiedtéd by the acoustic

field;

separating particles by size, the method comprising: flowing particles in a flow stream; applying
radial acoustic radiation pressure to the flow stream; and acoustically separating the particles by
size by applying radial acoustic pressure, wherein smaller particles are substantially unaffected

by the radiation pressure.

[0016K] In another aspect of the present invention, there is provided a method for
separating particles by size, the method comprising: flowing particles in a flow stream; applying
radial acoustic radiation pressure to the flow stream; and acoustically separating the particles by

size by applying radial acoustic pressure, and transporting larger particles into a flow cytometer,

‘wherein smaller particles comprise cellular debris.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The accompanying drawings, which are incorporated into and form a part of the
specification, illustrate one or more embodiments of the present invention and, together with the
description, serve to explain the principles of the invention. The drawings are only for the
purpose of illustrating one or more preferred embodiments of the invention and are not to be

construed as Hmiting the invention.

In the drawings:

where particles are acoustically focused to the cenfral axis of the capillary;

[6019] Fig. 2A is a density plot of acoustic force potential in the cross section of a

circular capillary driven by a line source according to one embodiment of the present invention;

[0020] Fig. 2B illustrates an induced particle rotation to lie in a stable force equilibrium

plane according to one embodiment of the present invention;

[0021] Fig. 3 is an embodiment of the present invention illustrating a line driven acoustic
fractionator where large particles are transported to the capillary axis while smaller particles

remain unaffected by the acoustic field;
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WO 2009/086043PClYUS2008/087579 [0022] Figs. 4A and 4B illustrate particles flowing through a
capillary in a random orientation when the acoustic field is off and then particles aligned coincident
with the capillary axis upon excitation of the acoustic field according to one embodiment of the present
invention;  B8Y3(%8GE 5A-5C illustrate selective fractionation of particBS At YR8 ptoximately 1
pm and approximately 10 pin in a line drive capillary according to one embodiment of the present
invention; [O0BMPFiEigh isamdmBotimsent phtfidepridsentgniventibn ithpsteting arsadnple input into a
flow cytometer where the sample.i centrat NIt I d in nalysis
time i oo L B e R R e R e
[0025] Asaréetphereieitiionmeizhe soustic ideeaccordDg26 pPAs amketlaeeiof tamessyt mserion; flow

channel or cham@gs {3480 ShshenfSEACIRLUAT AeCiNOA - FHiICRL ARlAle SiaHiamiaunt.

octagonal, heptagonal, hexagonal, pentagonal, and triagonal. =~ [0027] In one embodiment of the
present inkBrGPRESUENECHA d A RBHD AJERAE iy 6181 R BTy Foeqidig o mma B bodteeatptdhor a capillary.
This emb@g@g@gmne@ﬁmg;s fundamental changes in the way single cells or particles can be either
analyzed or processed in a flow stream. This sample delivery emhodiment ex an?s_the analysis
capabilities of floRPéHdifefy By IR LA S &G B BHER IO P%%ﬁ?&“&fasgiﬁ% 2 BPEpI¥Ston and
purificatiofiow cy{eaR8{-Avhan-iviting enbasireenited andwdoy sicplattielamfotusing:deviands illustrated

in Fig. 1. TQ@ gg\gci?r% E)f{ﬁeragwoﬁg)m rlselscgggllljsstlcally driven capillary 10 where an acoustic particle
arallel t0 W

trap orienfleéﬁ Kils irection (1:ompr|'ses line source 12 and fluid 18 with particles/cells 16.

This embodiment may enable removal of}g}gf%-velocit sheath flow associated with hydrodynamic

focusing JAE EMGWERLIREREE] HEHEQ YR EMBQRIMERETS gation region while

maintaining a highopsrtisle.analisisdate gummiuandnhgrent in-line particle concentration effect.
Additionally acoustic focusing of the particle stream prgvides the abilit%; to stop and reyerse the flow

direction without 88488t 1B e TARHEE NIRRT HATh EIRRG SRR YEI& AR iR increased

particle traskittionesnprestagyaarpgfptituibbierhighdae nsitivityoptioatineasiyerichis dhatalise
low-power ggtht soyree and Igsls sensitive optical components. Control of flow direction and rate

allows for]?ea%%(ff}gls 0 tgkr%j%qrsadf high significance may thereby minimize uncertainties in the

scattering data g¢63¢]afedwitimbpsiernievchflprtsatiomasnition, acoustic radiation pressure
preferably focuses particles to the center of a capillary. This embodiment enables fundamental
changes in the way single cells or particles can be either analyzed or processed in a flow stream.
This sample delivery embodiment expands the analysis capabilities of flow cytometry by
improved analysis or preanalysis or both of sample preparation and purification.

[0028] A non-limiting embodiment of an acoustic particle focusing device is illustrated
in Fig. 1. This device preferably comprises acoustically driven capillary 10 where an acoustic
particle trap oriented parallel to the flow direction comprises line source 12 and fluid 18 with
particles/cells 16. This embodiment may cnable removal of high-velocity sheath flow associated
with hydrodynamic focusing and allows extended particle transit times within the optical
imterrogation region while maintaining a high particle analysis rate due to an inherent in-line
particle concentration effect. Additionally acoustic focusing of the particle stream provides the
ability to stop and reverse the flow direction without defocusing the particle stream while
maintaining particle registration. The increased particle transit ttmes provide an opportunity for
high-sensitivity optical measurements that use low-power light sources and less sensitive optical
components. Control of flow direction and rate allows for reanalysis of targets of high

significance may thereby minimize uncertainties in the scattering data associated with system

level fluctuations.



WO 2009/086043PCT/US2008/087579 [0029] An additional property of an acoustically driven flow
chamber is a nonaxisymmetric force field may be created within the flow stream. Force asymmetries
within the flow chamber orient nonspherical cells or particles such that consistent scattering
signatures, tﬁﬁ?&P@%Wlly not possible with standard hydrodynamic floﬁgﬁéﬁ@mﬁ&%e produced
by positioning asymmetric particles in a predetermined orientation within the optical scattering plane.

In this embodiméti2dpticaldtatiesingaaty associatestivitly specifil padickebernentaon can, for
example, distnguish s dilferantaues QRACIRIARRSRAHPORRATIGR ARYMEHIER ADd Improve
analysis and sorting of irregular cell types such as RBC's and spew' cells. The asymmetric force field
may also Yietdshrepestenitot odosmbeiorns oflsatiptticlosteed that considemeeefromaliedalesdbifce of

multiple MicresnRAIeS AEellsISYAM AR /4 EXFMBIEAHRORRY SHRRRS M agluiinatgn of two

particles. Discrimination of particle clusters can be made easier by pulse shape anaall%gls and angular
scatteringIRSEIPRBISASATRR O RIS RIGh e Meklearsid REtvRt bttt ds oRYISHVEHE TS scattering

plane for exafapia tHae-tnssEadalispialionmaynlesause theganiiabpxirehitecdunibelioto be
parallel to the flow axis [0030 ustically line-driven capillary. embodiment of the present
i DYEEHB bt

) 30] §n aco
invention F3y BHFGREN HotR B Pshisen AHicEal BRan ¥R SYERER of a flow
cytometeraamahiaaydee mpoyedial padsticlé o thel (dpagationsiiayeslelsanRBE predatation. A
primary advantage of acoustic radiati ressure.is that it be.used in fairly large chambers with
high vqun%%ﬂﬂi%%egﬁsu. ecatrgrécﬁs%tlgcﬁéﬁ acts glﬁilalr.‘ e&ﬁ%’ﬂ%g%%?cfa%a?%ﬁ%%g%ig?rlsstg%us
inherently ano fepexi fiowier sbylssosichiofoyidit pariciss st ranvspo red to.tfe ssamplspatial location.

The magniiygle QMG el HUENEl IO SIZR IRRRNdBNLANLINAY ARURIG [adietign ressure

an excellent candidate in applications that require high throughput, pre-analysis in-line separating of
particles bageeicapenbsizalee ghaprerpalrs i ghealaarstinfbedpsiPEI8iduG g ¢ropiBacteria or

intact cellsfiar.cotitaldgRitend R tReARSSHIRIRNADQYR NS dH VSRR aRRI YW itiAceylindrical
geometry may be used as the acoustic focusing device, but general geomet yésquar_e, rectangular,

elliptical, SBISRELREAAY Rereetfelie SEHRACEMBIoy A LURSRE T8I AGBAPIES U {PPdEHon the particles
can be used in appioations hpadicicise prIAHOM eI SHiediitdm: patticleralignmentiansample
purification. Acoustic adi?ti(,)n.Plre’ss e [303%% ) h%fgr(%e on atgarti ]etaresulktén fgom a&oustic
radiation pfé%%ﬁ‘?@’ &]é?)gﬁ s%"‘péﬁefr&é1 ucéenc‘i/n% Reltation: B‘Eé%ﬁ 8 arrxﬁBi L8 Within the 'medium, and
the densitytepimpressilyiityrcontidstdretlieepathtcparttiche-dund shafiostenadium. Withinaan acoustic

standing wave.,.it | ime-ay K ift i s, i ), .
anti-nodalaggg?ttlad g‘%l%g I?R/% ?2{(%398/%8 %ﬁ%%%%%@o%g%%@%%@g@? n %ﬁ%#é%ﬁﬁgs% radiation

force potertiaing tycagpheriChs pegtisie firkinelesusilerstandnagtwinlegsayinanees and is thus
inherently nonspecific whereby most biological particles are transported to the same spatial
location. The magnitude of the field, however, is highly size dependant and makes acoustic
radiation pressure an excelient candidate in applications that require high throughput, pre-
analysis in-line separating of particles based upon size e.g. sperm from vaginal cells in forensic
analysis, virus from bacteria or intact cells from cellular debris. In the description above, a line-
driven capillary with a cylindrical geometry may be used as the acoustic focusing device, but
general geometry (square, rectangular, elliptical, oblate circular, etc.) devices that employ
acoustic radiation pressure to position the particles can be used in applications of particle

separation, debris rejection, particle alignment, and sample purification.

Acoustic Radiation Pressure

[0031] The force on a particle resulting from acoustic radiation pressure depends upon
frequency of excitation, pressure amplitude within the medium, and the density/compressibility
contrast between the particle and the host medium. Within an acoustic standing wave, it1s a

time-averaged drift force which transports the particles to a nodal or an anti-nodal position. The
-7-



[0032] Here, a is the particle radius, 130 is the compressibility of the surrounding fluid, and p, is the
density of the surrounding fluid. The pressure and velocity of the acoustic field in the absence of the
particle are described by p and v, respectively, and the brackets correspond to a time-averaged
quantity. The't&rA%484d 2 are the contrast telins that determine how th&haEHRARIE& I Ploperties of
the particle differ from the background medium. They are given by: [0033] The subscript p
correspongstesiidrirfstalproperties af dhenparticipotéiteafdren b ditrigabpaatphricke iscoakated to the
gradient ogtgh%igorce \%theng% EX rt--- -Vvu [0034] Particles are preferably localized at positions
where the pélten alU dll‘s%lays '

is coincident with the a&is of the

mode. Other modgs-£Xist@hc ‘Antagaciie-fc tial positioning of particles in locations other
than the axis of the capillary f0r sefecfed applicafio coustic Line-Driven Capillary ~ [0035] Forces
resulting from acoustic radiation pressure are preferably an effective means to localize particles in an
arrangement sindaso yeepdynamisafacusinguithostibecrgeesishestihfvidsoubamimeidriven

ill fth i t] be effective in sheath repl t. ill '
aperture 1A (ot SRR S S aaE LR TARE T TSRS e DB b NS Tt o
a_cousticaltycdarhsemeaﬁﬂbgr}hﬁﬁimlﬁhzsalcmélmdmmesdNatdsavaiadﬁmmmmwﬁmgmmdl¢mg the
circumferepieg, oh g capllansharspANS, Mot ey, 2heut i AeCeRs i avRR capsigted from a

capillary that Is rlve ) a'ple oceram_lc SQUI’CG Ih contact with Its OU'[QI’ wa rathn of the structure
creates a foechisderppesuriessddec alorigl e fearfiean sk odiarevad axidinpariidieyrapgyfobied. A
diagram of this device is giveg;in

s =
)

.2 {Pp - Po)
fa= =l
. {z &y Pa}

[0033] The subscript p corresponds to intrinsic properties of the particle. The force F

acting on a particle is related to the gradient of the force potential by:

e i
[0034] Particles are preferably localized at positions where the potential U displays a
minimum, For a circular cross section capillary, a potential minimum is coincident with the axis
of the capillary forming the particle trap in Fig. 1 when driven in a dipole type mode. Other
modes exist and are advantageous for spatial positioning of particles in locations other than the

axis of the capillary for selected applications.

Acoustic Line-Driven Capillary

[0035] Forces resulting from acoustic radiation pressure are preferably an effective
means to localize particles in an arrangement similar to hydrodynamic focusing without the need
for sheath fluids. The line-driven capillary of the present invention may be effective in sheath
replacement. A capillary with a source aperture larger than a line contact can yield similar
results. This embodiment has demonstrated acoustically driven capillaries with source apertures
that have an extended contact length along the circumference of the capillary that spans more
than about 45 degrees. It may be constructed from a capillary that is driven by a piezoceramic
source in contact with its outer wall. Vibration of the structure creates a localized pressure node

along the central axis where an axial particle trap is formed. A diagram of this device is given in
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WO 2009/086043PCT/US2008/087579 Fig. I. Particles in a dilute suspension enter the device from
the top and experience a radial force that transports them to the pressure node as they flow through
the system. In an embodiment of the present invention, the particles contained in a sample are
simultaneousiyt8ti¢@ttPated and aligned in single file as they are then trahSpditétlfstgh the
interrogation laser. The particles are transported through the interrogation laser via various transport
devices, imriftdingdbuitiaoinimitkektaisaqpuioypcand/dr: doe ar finarehvabremd cx @361 dmydiehferntation of

acoustic partidle fogusind prefarably.allovs new flow etometry schnigues and meihads Lo eyolve due
to fundamental Changes i the way paricies are positioned within the sample cell Concentric flow
streams witk plitfere mfiovwovelbeities dre wotregdined sswithieonvelitiomalshy drodyrramicaity

Sheath'fo%%‘ﬁgd%%ﬁ@é-H%CQM&%;?%HX IGUSEH SAMR G NERME ﬁ%‘éh%%aﬁt&?i%g&a Stauethitgyersed or

any combination thereof without degrading alignment of the particle stream within the flow chamber.
The incred&et sssiersertBugwrh WieHH WHecaB ol SHETHER BFoWE Ces wt-davir ot puicias Wask focus is

actually impraved, Additionalystbesflavwaeanhgr sgversed with no adverse effect on particle alignment
within the flow chamber allowing rare targets to be repeat analyzed or stopped for extended analysis

such as spectral d&36hsedmprmbigeos camitpatidrsdesrrredgrzithl, a1ovaasY 9Me of the unique
flow capakiiiiesof taehpfe@senihhwesmian maydietbhe:abilifydorsalectihe.sample dalveridricaBy
slowing cell/particle transit.times whic be, for.example a tmately 20 - 100 times slower than
e b e R i e RN TR R
that requiredoingé rintétir ogationidimelsysuehasrinlinescahdearepossible. Ractistedisidntatmin in a

Standing Acoustic Wave Figld, 1903854 koown prien g&?ﬁ%&@ﬁ%ﬂ%&%‘ﬂ?ﬁ% fhyqngh the
interrogation ﬁagl‘on enables TighrEea : ¢ : :

i ' g catte( measurements r Iuorescence mea}surement ,‘OI’_ oth that
provide sighihcasttinsighpattslesghn stthawthe Sad heinkie. opticiiopreiserstlenpe tremvithiof several

degrees offolationgl HEeHRMMURE Yes ABY3IHAPIS t9Rhi0 dowy eyiemalh:kyinareasing thr.palue of

current light scatter measurements by calibrating them to a specific orientation of a cell/particle and

allowing résEaafedssraretisRibPAady sestbica Ry deHs rdamey pam bR HERbFustic
line-driven;gapitlanarf thecprespntdpye aHeR-Aabosheh sasthesteidotingysr arpustipsagiation
pressure into the flow cell are active means to rotate and align particles in both the direction of flow
ghf[ Jﬁﬁr% ~and ali icles in both the directi ffl
and in poldF PRGBS B St HHEASH USRS AT SRYUISr calibrated scattering data for particles that
are non-spherica¢(ig fonree Ekpeananeaiboycapphifitée df dn pestisticathytiddiwenthbeisabifiigatity
non-axisymmet E[}%VSVA}I%TJQ&%%% ee.cﬁ%f%'iﬁg gQWpé?ﬁcle transit times which may be, for example
approximately 20 - 100 times slower than conventional systems, higher sensitivity optical
measurements and measurements of photonic events that require longer interrogation times such

as luminescence are possible.

Particle Orientation in a Standing Acoustic Wave Field

0038] A known orientation of a particle as it passes through the interrogation region
enables light scatter measurements or fluorescence measurements, or both that provide
significant insight into cellular structure and intrinsic optical properties. The removal of several
degrees of rotational freedom proves an invaluable tool to flow cytometry by increasing the
value of current light scatter measurements by calibrating them to a specific orientation of a
cell/particle and allowing reasonable consideration of new scatter angles as measured
parameters. The acoustic line-driven capillary of the present invention and other methods to
introduce acoustic radiation pressure into the flow cell are active means to rotate and atign
particles in both the direction of flow and in polar directions about the flow axis to yield angular
calibrated scattering data for particles that are non-spherical. The force experienced by a particle

in an acoustically driven tube is typicallly non-axisymmetric within the cross section of the flow
-9.



WO 2009/086043PCT/US2008/087579 plane. The acoustic force distribution is dipolar in nature for
particle focusing to the tube axis yielding force reflection symmetries within the plane. Calculations of
the acoustic force potential U for a particle in a line driven tube in a dipole type mode as one example
of this methoW%F@@ﬁ]ﬁWﬁz’ln Fig. 2(a) where the acoustic force Fu can be 8%@4&?&8“&9 FL-vU Where
the flow direction is into the page. The in-plane force potential possesses reflection symmetry about
two planegltinat mmermmsﬂme“meaﬁﬂhﬁ)dﬁoﬁﬁwdﬁnneiqnlmtmfsﬁmmethrﬁ@ens'exg@dénméjmlﬁ 20 and

e drive 22,30 the. secnd plage OLAVI WY ies ARPerdiGRGIR I irat, Thaygh wo symmetry

planes ex?ﬂt ke ¢ |spﬁaye%o imensional acoustic force potential, only one results in stable
equmbrlumomwééﬁﬁn Wé@p@@th@eﬁhﬁ@eﬁb@aﬂ@rﬂm@l¢émﬂmq5‘ar%ﬁ:‘|@§ wimapi@ythétate into stable

equilibriun, 24 yndetsmallperiusmarions withinthelowfielhagshoustin gy 2(p). 100391

Incorporating a third dimension into the force field calculation (axial component) yields an additional
restriction in the rétation@ifreedom of a particle induced by the acoustic force field. Calculations show

that rod s rﬁclea ‘#? Egglless Wlt %Orﬁi I Wrr]%n%r :t)éra %tgr'?t?a %js%s%x J)% é%‘t(f ly align their

major axis Wlfﬁt & axis of the capl ary mmetry, e.g. red blood cells, typically
align one syajorayishoatafiel tethethovingtisarnbetbrnisthex inalde axi mamanélmmtgtamg@ytﬁ metry

plane dengted. by the whitedotaddine RdHig %@M%BF@WQ@S%@%H&%@T%{M Hpdpebris

[00401 For particle transport to occur in an acoustically driven chamber according to one embodiment

of the preJ&aeEhvEIiBMEIITE pbuSI C¥oTK Hitishp dirgEcd hBaukme s e ie Bivnian motion of

‘the particleswithinghe sHSRRAAING mwt&qmm%m@gnﬁ%ﬁ)@mmqw@w padigtonpigssune force
experienced by a particle is directly proportlon to the artlcl volyme, d ve level of the acoustic field,

mechanicHitapeFsrHE AL Feh dfsast @%&1 R tha&?&ﬁé}’i‘ feld. For

this reasothe(doe Ebﬁi@ﬂbﬂ@ﬁ&l&ﬁl@[@hﬂ@;pf particle radlus) Iarger partlcles can be transported in an

acoustic field at | essure am I| and ex0|t (‘f ler qra |ents thaB smaller
particles. This is@%?élﬂl VRUOLR T8 rtlc %} lsg’\}lené grea e rela |vea ﬁ‘grenc }?hd feirmechanical
propertiesyieldtive dddinehackayiotiod imbdivtatmaidicedon] 0t Oka rasped byttonecemtodiment of
an acoustie, SERAFALIQN RYAIRRLONE RLeSSILIBKEN AR RV BLAiCRD PRETAIS Lo fiforaralligg win

almost zero pressur rop across the un
one major axis) typically align thcur maj or axis with the axis of the capillary. Particles with

bilatcral symmetry, c.g. red blood cells, typically align one major axis parallel to the flow axis
and the other major axis parallel to the stable symmetry plane denoted by the white dotted line in
Fig. 2(a).

Acoustic Separation of Cells and Cellular Debris

[0040] For particle transport to occur in an acoustically driven chamber according to one
embodiment of the present invention, the acoustic force must be large enough to overcome the
Brownian motion of the particles within the suspending medium. The magnitude of the acoustic
radiation pressure force experienced by a particle is directly proportional to the particle volume,
drive level of the acoustic field, mechanical properties of the medium and particle, and the
spatial gradient of the acoustic field. For this reason, (due to a cubic relationship of particle
radius) larger particles can be transported in an acoustic field at lower pressure amplitudes and
excitation frequencies (smaller gradients) than smaller particles. This is typically true for
particles that have a greater relative difference in their mechanical properties relative to the
background medium as well.

[0041] One aspect of one embodiment of an acoustic separation system of the present

invention is that it can operate clog-free (no filter) with almost zero pressure drop across the unit,
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WO 2009/086043PCT/US2008/087579 Due to the size dependence inherent in the acoustic radiation
force and thermal particle motion, an embodiment of the present invention can separate samples at
the front end of a flow stream based upon particle size and mechanical contrast. Acoustic forces are

used to purif§a3886P concentrating analytes of interest at a specifiedI6EAFBAFIBE ctive
collection leaving background debris unaffected. Such a system reduces analysis time for samples

with high paicuisieibadkeraduds bhacion thiemetek byigsatlforeduainbetive peatitle cauviohand
increasin dat%eggali%t gptlijinstance Bo Sli]yt showed that cq{llul r % r(%st \évit g)@é/vﬁo‘jve Io%g samples

p. . « 0 &
prepared Iiles% clet ysSIS methoc st légﬁ%,}g d ‘s‘%asft%cﬁ%tge even Csstehatl%tl account for up to 80% of all events

in CD45 delbabumtingagich fiow apytormdten.cMacely mbtedtnati crtein aholeddiope ijsiempéthbyls for
preparing Jx&aem;/ﬁg%&9@&%%&%&%@@b{ﬁ@a%&{@ﬁ%a@&&9@@%&@5@@{@%@ scatter

resolution due to the preseénce of residual cell fragments. In one embodiment of the present invention,
an in-line piskteenshdgbiicenaliretras Seiha -t eapirasnrasdat Spasissthea Bihle inlet of a

flow cytometar,as:SHAWBINEIS of A B AR ERASHORCIANg e BRHIC 8% QhintgEReuaPahich may be, for
example, lymphocytes, to central axis 32 of the sample stream while smaller. particles 34 such as

cellular deBFISAHE SRAGHETBO QB TRFIB R K SHR RS eI ettRns Vi a2 RIans true for
cellular defafipwithrigesechanical sentrashiderdheiparticlaspiistersthahecoentat epre of the

sample stream is then fed i e flow cytometer and the remaining lysate is.discarded eliminating a
large partlggaﬂ?a?é‘5 %@ﬁggﬁfrﬁ?é%%}o?ﬁﬁﬁgusg%% At's %ﬁ@gg ﬁ%tg\é%%tnt%ﬁcsdﬁnhea hc&r][aé? éve?lr%igle
preparatioriceairiyaés usabods fsampléngUyifiphtioytstép forvanytoyperpbpaptc efoethsldtr amalysis where
the reductjon of backgroun rticylate count.i n . ' i iop, in.a Standing
coustio VL0 LA B AN o e T T he el o
induce detsthifiisxotpdriiclererianiationicaxpeiiramsusisgtivardeiesviihaspderrativsyreater than
unity were,conduoied with,& Re:dr YRNSGRARILAN - BrongoSXamiiR dha SRR Wasimade.etglass and

had an by inner diameter of approximately ' 500 um and an outer diameter of approximately 1000 um.

An acousfRBrE &S Htsknef mare dheichmes b (ts Sapmnley PRI GHIP $rRO US4 the
capillary and gpes alachr! ARRAOYW ARG lof BMide and appemalaivdiVarm prspResianaaiagrcular

cylindrical carbon fibers in deionized water was transported down the tube with a syringe pump. The
particles WEB'THER lﬁﬁ‘gﬁéﬁ}}%ﬁ%%gcﬁscr \gbgolﬁé:.sﬁ‘f%aﬂgé%e s ﬁgreggif’a‘f"&méﬁsion of
approximatebhshival votievamigigr eaieclmajdineedsidifhe ssiand cdd©Of the sample stream is then

2009/086 4§P TUﬁ2008/087 79 0043].Fig. AA lllustrates the sample as it flowed fram left to
right throm?g‘j3 i%% E{léepl ?ggf Y ee%esf wgrgleséegn ?ﬁl%n%%ar![ﬁ gr%ﬁ%%ﬁlgﬁ%%@t dé‘?%\/e?ég&ﬁrg?ﬁ@ﬁ in the fluid
and transponagtiatoudhothehsysiapiewfehawiddeoustid fheldMasghedantsaopbrpaepusitionexoitztion of

the capillagy. 40¢ Hogk W Bl HanRAiatand elaed: 0. allap aanaidanland meralel wibdhs gris of the

capillary, see Fig. 4B. The alignment shown hefe was due to the acoustic radiation pressure force

aligning thiaskaserndpediciigihertivies o Esexis of the capillary.

Particle Orientation in a Standing Acoustic Wave Field
EXAMPLE 1:

10042 To demonstrate the effects of the acoustic field to induce deterministic particle
orientation, experiments using particles with aspect ratios greater than unity were conducted with
a line driven capillary. In one example, the capillary was made of glass and had an by nner
diameter of approximately 500 pm and an outer diameter of approximately 1000 pm. An
acoustic source was attached to the outer surface of the capillary, paraliel with the axis of the
capillary and operated at approximately 1.78 MHz and approximately 10 V.. A suspension of
circular cylindrical carBon fibers in deionized water was transported down the tube with a
syringe pump. The particles were then imaged through a microscope. The fibers had a minor

axial dimension of approximately 8 um with varying greater major axis dimensions.
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Field-Based Particle Size Selection for In-Line Sample Purification and Separation/Concentration
[0044] By varying the drive voltage and/or the frequency of excitation of the acoustic source in an
acoustically driven capillary, a binary fractionation of particles by size can be achieved. This effect is a
result of the MEFEEHEE Y stic force felt by the smaller particles due to the BIEHER_RTENce of the
acoustic force on particle radius. In application, the larger particles contained within the central core of
the capillary are fegpiiteig smallesieaaxial cagillaty difceardifiotné&foocahtriorioyh fieldgohisaming

small particylates, T purified sample can be.taken o (et ST Rle RlSRAPion sigas or ed

real-time into"a flow cytometer or other means o lysis." Depending upon the application, the fluid
outside thtueegtrsiceysamaytaisodecotisifleléd & patsailelgamphotstibewotidicrediant used for

analysis. gﬁﬁ%@%@ﬁm (09451 R63us liamarliminansesRrimsnidomarstating.the size

selection ility as a function of drive level are illustrated in Figs. 5A-5C. In this example, an
acousticalijedviliapitdfigvids ddeismarbbisroxbamarys dusiRig AeowisieRLiRn oF patase

microsphgigs.CORAINING.-aRRIxMmate M imdiameterfaraseent spparas and approximately 10 m
diameter non-fluorescent spheres are pumped through the driven capillary. The volume fraction of

particles was approximately 2.5 x 10-5. The capillary is defined by an inner diameter of approximately
5001.tm apdiguassiameieiediappendnataly H00nsamplo®ie}iigidanda photograph taken
through a éluoresce?](cde micros}gjo)%e where the approximately 10 m particles are viewed as large
circular inCfRAGHLL 01’?1%815%5 ) mately 1 m particles are viewed as a grainy background. The
fluorescence sigiHi4i#b B theraprdxidiate yoltagnapanticles fisqoenionwi{chesisari e acmistithe
operating conditions of the.experiment. Under | iG dri I X V5B), the
oo L e O b iy 1 p

particles reshiivesd faneloffsiy distrityuteef otslineitheoeliifeloisidee bt B srodisaecks Wsgtesulted
in-12- W %9&%@%@9&%@&‘ W 200844862 %%n particle radius. In application, the larger particles

contained within the central core of the capillary are fed into a smaller, coaxial capillary
discarding the concentric flow field containing small particulates. The purified sample can be
taken for further sample preparation steps or fed real-time into a flow cytometer or other means
of analysis. Depending upon the application, the fluid outside the central core may also be

considered a valuable sample to be collected and used for analysis.

EXAMPLE 2:

[0645] Results from preliminary experiments demonstrating the size selection capability
as a function of drive level are illustrated in Figs. SA-5C. In this example, an acoustically driven
capillary was oscillated at approximately 1.78 MHz. A suspension of latex microspheres
containing approximately 1 um diameter fluorescent spheres and approximately 10 um diameter
non-fluorescent spheres are pumped through the driven capillary. The volume fraction of
particles was approximately 2.5 x 107, The capillary is defined by an inner diameter of
approximately 500 um and outer diameter of approximately 1000 pm.

[0646] Fig. SA is a photograph taken through a fluorescence microscope where the
approximately 10 um particles are viewed as large circular inclusions and the approximately 1
um particles are viewed as a grainy background. The fluorescence signal from the
approximately 1 pum particles is too low to be observed under the operating conditions of the
experiment. Under low acoustic drive level of approximately 7 V,, (Fig. 5B), the approximately
10 um particles rapidly transported to the axis of the capillary. The approxiamtely I um particles

remained randomly distributed. Doubling the drive voltage to approximately 16 Vy, resulted in
-12-



efficient transport of both sized particles to the central axis of thc capillary, see Fig. 5C. The bright line
along the axis of the cylinder was a result of the large, local increase in fluorescence due to the
concentration of the approximately 1 m fluorescent particles at that location. Acoustic focusing/
orientation sU¢f g@’l‘ﬁgp@‘ﬁects of reflection symmetry on optical scatter pafaHERPEF B Acoustically
focused flow chamber 10047i An embodiment of the present invention addresses angular
scattering difseoiatedspithqb andiblezdth abaidealigtiedemn ik aopptichtecaipdiang, ptaiegas@ rébalt of
acoustic r%dlahjcqm Dressure. The rte%glac?m nt of h dro §gl she th Iow with 2C0 usticall drlven

[

Q ds I'CSU OC& INETrease 1]1 LOTCSCE
particle allgn‘%nent in'a fow cell preferably leads to |mprove gah% Scatter data and yie ields new

paramete@mﬁm@mp@n@mwfpbﬂ mmsim%%my%wﬂ@ﬁmleﬁﬁaﬂﬂﬁi@mﬂwhe importance of
particle orientation of asymmetric biological particlessuch as, for example, RBC's, speon cells, and
bacteria in flow cytometry analysis, complex geometries that are formed from the coalescence of

multiple misieRpidRcyBpgedrntatienturh dhforHentsshiisdlestinn SiRmeiHLRIPBHeM pHtEles also

benefit from%@@épsqggﬁtmtf’glggpqi&ﬁyéatggsvmp{gégrabIy more easily discriminated by having
their orientation fixed in the scatterlnc%o%ane Orienting microsphere doublets to yield repeatable and

unique scattering®§HafRETEEEIH PSR YL QR AREFREF D AR B TR A RRARS to
isolate themﬁopﬁﬂmmemaamm:@{amttea optidatactorceith e datasrejectionfacdatdcasdrptance by

utilizing the solutloqug th |cné/n%s (ﬁ% &er pcbgl «Qt{xoﬁ contaf t|n sp aelli'e%rwg aptpcicatlon of
acoustlcaIPy Srierte par iIclesina amIs also app icable 16 the treld Gf Ing Where viewing
selected orimmations @ﬂpwﬂelbgrﬁevétuabkeim(dmpmnfﬂrigbeﬂcﬂacrrd@tmmoggldmmzatlon of cellular

CO”S“t“e“ﬁra SQINSHRAHIC C(ao%gig'é!ﬁr SDRARSIL Sgganégbmgﬁeﬁa&%ﬁm GARRRIUS Sunder slow-flow,

stop-Flow, an reverse-flow |t|on In acoustically focused flow chambers [00481 Another
em bodumeﬁmﬁﬂﬁ@qﬁégéﬁm@éwﬂaﬁm@ﬁéw@aﬁéﬁ%b@k%@ﬁfé@@Cé%la\h/%wr StopewWRBC's,

reverse-floye,andiRCIRasREkANAN SIS @ﬁaﬁ@tfgpmmmp@@é%%%mttﬁ%% frrmaenaging
sheath flow with acousﬁﬁﬁ)artlcle alignment. In the first instance, the ability to S%i/?f and reverse the

flow directiBh OpiFELs F@éwrawél?&qpa%%feftsw%%ﬁa}%%eﬂrﬁ@ﬁ R%topped and/or

reversed ugiAgt4aHOHSSINP faw-ardieveisgiflesndpmicas,drehigiog. unttraaitelmﬁaelsta,ea pump or one
or more vaIv eak s rea(]': (increased

t ts th th |
e B S TR L S T W

electronic Goiseingdeteatomphaisalioulidts' to yield repeatable and unique scaﬁemng signatures due to how
they transit the scattering plane will provide a means to isolate their contribution in optical
scattering data for either data rejection or data acceptance by utilizing the solution of the inverse
scattering problem for contacting spheres. The application of acoustically oriented particles in a
flow stream is also applicable to the field of imaging where viewing selected orientations of
particles is valuable in determining cellular morphology, localization of cellular constituents, or

other particle/cellular characteristics.

Enhanced detection capabilities under slow-flow, stop-flow, and reverse-flow conditions in
acoustically focused flow chambers

[0048] Another embodiment of the present mvention further addresses the effects of
stow-flow, stop-flow, reverse-flow, and increased analysis times in flow cytometry detection that
result from replacing sheath flow with acoustic particle alignment. In the first instance, the
ability to stop and reverse the flow direction of the sample stream allows for particles to be
reanalyzed. The flow is stopped and/or reversed using various stop flow and reverse flow
devices, including but not limited to, a pump or one or more valves. Peak spread (increased
CV's) and data points that are outliers in the analysis planc are system dependent quantities that

are a function of laser stability, quaiity of particle alignment, electronic noise, detector noise,
-13 -



WO 2009/086043PCT/US2008/087579 robustness of thc assay (on/off rates, etc.), etc. By analyzing a
particle of significance more than once, the data quality can be improved, particularly in the case of
transient artifacts, and the statistical uncertainties in rare event analysis can be minimized. Acoustic
field-based pH#CM%3eiEklection for in-line sample purification and particBGESIEHYF875790049] While
acoustic focusing is useful for particle or cell analysis by replacing sheath flow in the detection system,
yet anothesienthadiofent akihie gresentdaveationeaendsiihappicdtikrodfiaailiaticefareestion
acoustically driyen.capilaries {3 patlicle angior.cell separations forupstteam. nline sample
conditioning 1A flow cyt%me ry sys?em or géﬁera(f sample preparation and puri ication, 10. 6 illustrates
utilizing thequistsehtrineraitites to acogsticbdlyubize fradtiomaterand! concentrate samples by particle size
and/or mechanical contrast relative to the background medium in real-time at the inlet of a flow
cytometer before the analysis stage. Direct fractionation based upon particle size/mechanical
properties’sifsisaedicithdraned D astitip sizmicdastion dariprlingepania snggsdimaandaagdctentrifugation
and filtering,j&84:flow cytometry applications, this is useful in reducing the background associated with
cellular debris, proteins, and other molecular components in whole blood assays, and in particular,

nowash assays ¥4t FhcltBidcasmrtioRres RS TRIJRE PartatPifal anyy sl LRI GrRrGEIS e R ction
step prior fpwampledrliven/snethedancadomeaialicangeatireduct atifiaatsaganaiaied with

scatter/fluore cence from the gegri§. . 0(4;15a A th‘(?‘uggl tt’l rir]\éetntigln. aesab en gﬁscriabrgg irl detail
it partcTE BTG e R AN AP BIRET GPB R Gt borTEE TR same
results. Vdoationsandrriodiicatbnsoi tte: presefivwmvetioticrrwill Henobaigusctol thragdskilled in the art
reerenced DS B e B ORI, o e
correspon@isgensplivatiorn(sinares heraidss ibicoaporatedanpddie revibeniyinenisadstimed: tathan
apparatusy, Lomlising. AR A -1an loving A d Wiek GRNADIBR AP BEIGIE HISERMysis stage.

Direct fractionation based upon particle size/mechanical properties alleviates the need for labor

intensive sample preparation steps that include centrifugation and filtering. For flow cytometry

applications, this is useful'in reducing the background associated with cellular debris, proteins,

and other molecular components in whole blood assays, and in particular, nowash assays that

include cellular lysis. A sample preparation including a cellular debris rejection step prior to

sample delivery into the flow cytometer can greatly reduce artifacts associated with

scatter/fluorescence from the debris.

[0056] Although the invention has been described in detail with particular reference to

these preferred embodiments, other embodiments can achicve the same results. Variations and

modifications of the present invention will be obvious to those skilled in the art and it is intended

to cover all such modifications and equivalents. The entire disclosures of all references,

applications, patents, and publications cited above and/or in the attachments, and of the

corresponding application(s), are hereby incorporated by reference.
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an acoustic signal producing transducer for acoustically manipulating the particle; and a stop flow
device. 2. The apparatus of claim 1, further comprising an analyzer configured to analyze the particle
flowing through the capillary. 3. The apparatus of claim 1, further comprising a particle sorter
configured to sort the particle flowing through the capillary. 4. The apparatus of claim 1, further
comprisittha pafiigisméractionator configured to fractionate the particle flowing through the capillary. 5.
The apparatus of claim 1, further comprising a flow cytometer configured to analyze the particle
flowing tp_roughAtH% : glq%ycoglpmﬁlgppa.ratus of claim 1, further compr.ising an imgger ponfigured to
image the particle flowing through the capillary. 7. The apparatus of claim 1, wherein said stop flow
device comprises a pump. 8. The apparatus of claim 1, wherein said stop flow device comprises one

or more valves. a capillary for flowing a fluid containing a particle therein;

an acoustic signal producing transducer for acoustically manipulating the particle;

and
a stop flow device.

2. The apparatus of claim 1, further comprising an analyzer configured to analyze the

particle flowing through the capillary.

3. The apparatus of claim 1, further comprising a particle sorter configured to sort the
particle flowing through the capillary.

4. The apparatus of claim 1, further comprising a particle fractionator configured to
fractionate the particle flowing through the capillary.

5. The apparatus of claim 1, further comprising a flow cytometer configured to analyze the
particle flowing through the capillary.

6. The apparatus of claim 1, further comprising an imager configured to image the particle
flowing through the capillary.

7. The apparatus of claim 1, wherein said stop flow device comprises a pump.
8. The apparatus of claim 1, wherein said stop flow device comprises one or more valves.
9. An apparatus, comprising:

a capillary for flowing a fluid contfaining a particle therein;

an acoustic signal producing transducer for acoustically manipulating the particle;

and
-15-



9. An apparatus, comprising: a capillary for flowing a fluid containing a particle therein; an acoustic
signal producing transducer for acoustically manipulating the particle; and a reverse flow device.
10.The apparatus of claim 9, further comprising an analyzer configured for analyzing the particle
flowing through the capillary. 11. The apparatus of claim 9, further comprising a sorter configured to
sort the particle flowing through the capillary. 12. The apparatus of claim 9, further comprising a

fractionator configured tg fractippate. the. particle flowing through the capillary.

10. The apparatus of claim 9, further comprising an analyzer configured for analyzing the

particle flowing through the capillary.
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13. The apparatus of claim 9, further comprising a flow cytometer configured to analyze the particle
flowing through the capillary. 14. The apparatus of claim 9, further comprising an imager configured to
image the patrticle flowing through the capillary. 15. The apparatus of claim 9, wherein said reverse
flow device comprises a pump. 16. The apparatus of claim 9, wherein said reverse flow device
comprises one or more valves. 17. An apparatus comprising: a capillary for flowing a fluid containing a

particle fereins fp Aonals sianabptodueing dasauGeL AauRlinalieiPtingnRRIcle: and a
particle analyzer. 18. The apparatus of claim 17, wherein said apparatus comprises a flow cytometer.
flowing through the capillary.

12.  The apparatus of claim 9, further comprising a fractionator configured to fractionate the

particle flowing through the capillary.

13. The apparatus of claim 9, further comprising a flow cytometer configured to analyze the

particle flowing through the capillary.

14.  The apparatus of claim 9, further comprising an imager configured to image the particle

flowing through the capillary.

15.  The apparatus of claim 9, wherein said reverse flow device comprises a pump.
16.  The apparatus of claim 9, wherein said reverse flow device comprises one or more
valves.

17. An apparatus comprising:
a capillary for flowing a fluid containing a particle therein;
an acoustic signal producing transducer for acoustically orienting the particle; and
a particle analyzer.

18.  The apparatus of claim 17, wherein said apparatus comprises a flow cytometer.

19.  The apparatus of claim 17, further comprising a particle sorter configured to sort the

particle flowing through the capillary.

20. The apparatus of claim 19, wherein said sorter separates the particle based on size prior to

analysis.
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19. The apparatus of claim 17, further comprising a particle sorter configured to sort the particle
flowing through the capillary. 20. The apparatus of claim 19, wherein said sorter separates the particle
based on size prior to analysis. 21. The apparatus of claim 17, wherein said acoustic signal producing
transducer aligns the particle in a polar direction about a flow axis. 22. The apparatus of claim 17,
wherein said acoustic signal producing transducer aligns the particle in a direction of flow. 23. The

apparatus of claim 1.7, compgsing.a partigle facipnatonsenfignreduffastionataithe-narticlerflowing

through the capillary.” 24. The apparatus of claim 17, wherein the particle Is a red blood cell or a

platelet. 25. Theaspplaratadoredirectyn ahrea e pafticle is a sperm.

22.  The apparatus of claim 17, wherein said acoustic signal producing transducer aligns the

particle in a direction of flow.

23.  The apparatus of claim 17, comprising a particle fractionator configured to fractionate the

particle flowing through the capillary.
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26. The apparatus of claim 17, further comprising an imager configured to image the particle flowing
through the capillary. 27. An apparatus, comprising: a capillary for flowing a fluid containing a particle
therein; a radial acoustic signal producing transducer for acoustically orienting asymmetric particles in
a radial acoustic field within said capillary; a transport device for ansporting said particles through an
interrogation point; and a particle analyzer. 28. The apparatus of claim 27, wherein said radial acoustic

signal producingfrapsdues! afigns:he Parireihsscarillent-dd1dheenraapixatelaim 27, wherein

said radial acoustic signal producing transducer concentrates the particle in said capillary.

25.  The apparatus of claim 17, wherein the particle is a sperm.

26.  The apparatus of claim 17, further comprising an imager configured to image the particle
flowing through the capillary.

27.  An apparatus, comprising:
a capillary for flowing a fluid containing a particle therein;

aradial acoustic signal producing transducer for acoustically orienting

asymmetric particles in a radial acoustic field within said capillary;

a transport device for transporting said particles through an interrogation point;

and
a particle analyzer.

28.  The apparatus of claim 27, wherein said radial acoustic signal producing transducer

aligns the particle in said capillary.

29.  The apparatus of claim 27, wherein said radial acoustic signal producing transducer

concentrates the particle in said capillary.

30.  The apparatus of claim 27, wherein said radial acoustic signal producing transducer

creates an acoustic field that aligns the particle.
31. The apparatus of claim 27, comprising a hydrodynamic sheath that aligns the particle.

32.  The apparatus of claim 27, further comprising an imager configured to image the particle

flowing through the capillary.

33. A method for acoustically manipulating one or more particles, the method comprising:
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30. The apparatus of claim 27, wherein said radial acoustic signal producing transducer creates an
acoustic field that aligns the particle. 31. The apparatus of claim 27, comprising a hydrodynamic
sheath that aligns the particle. 32. The apparatus of claim 27, further comprising an imager configured
to image the particle flowing through the capillary. 33. A method for acoustically manipulating one or
ore patrticles, the method comprising: - 17- flowing a fluid containing one or more particles therein

directing acoustic radigliom, pregswedainadiinanirasrusticllsmapipulating the one or more
particles; stopping the fluid; and
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reviewing at least one of the particles. 34. The method of claim 33, wherein reviewing comprises
analyzing at least one of the particles. 35. The method of claim 33, wherein reviewing comprises
sorting at least one of the particles. 36. The method of claim 33, further comprising flowing the fluid
through a flow cytometer. 37. A method for acoustically manipulating one or more patrticles, the
method comprising: flowing a fluid containing one or more particles therein; directing acoustic radiation
pressure to the fluid a&%@ﬁﬁg%@ﬁﬁ&%ﬁ@a}ﬁ@wﬁ%@m QD OIATER ARl egedBY Sisig e irggtion of
flow of said fluid; and reviewing at least one of the particles that were reversed in the flow. 38. The
method of claim 37, W@Tﬁ%ﬁ@%‘iﬁ@l%mprises analyzing at least one of the particles.

stopping the fluid; and

reviewing at least one of the particles.

34, The method of claim 33, wherein reviewing comprises analyzing at least one of the
particles.

35.  The method of claim 33, wherein reviewing comprises sorting at least one of the

particles.

36.  The method of claim 33, further comprising flowing the fluid through a flow eytometer.
37. A method for acoustically manipulating one or more particles, the method comprising:
flowing a fluid containing one or more particles therein;

directing acoustic radiation pressure to the fluid and acoustically manipulating the

one or more particles;
reversing the direction of flow of said fluid; and

reviewing at least one of the particles that were reversed in the flow.

38.  The method of claim 37, wherein reviewing comprises analyzing at least one of the
particles.
39.  The method of claim 37, wherein reviewing comprises sorting at least one of the particles

40.  The method of claim 37, comprising
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39. The method of claim 37, wherein reviewing comprises sorting at least one of the particles 40.The
method of claim 37, comprising flowing the fluid through a flow cytometer after directing acoustic
radiation pressure to the fluid and acoustically manipulating the one or more particles . 41. A method
for acoustically orienting particles in a flow stream of a particle analyzer, the method comprising:
flowing particles through a flow stream; directing acoustic radiation pressure to the particles; and

acousticlly, grianting. e RAEE e aiRBeflowstermunbing paciclei aRalyAfin pressure to the fluid

and acoustically manipulating the one or more particles .
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42. The method of claim 41, wherein the particle analyzer is a flow cytometer. 43. The method of claim
41, wherein the acoustic radiation pressure is asymmetric. 44. The method of claim 41 wherein the
particles are asymmetric. 45. The method of claim 41, further comprising selecting a predeteimined
orientation of the particles. 46. The method of claim 45, wherein the orientation is within an optical
scattering plane. 47. The method of claim 41, further comprising distinguishing between different types
of particlgs basgd-pR R HER ARUINGIERS: # BartREMAROE Riselaim 4L, hiihekcamprigindyielding
repeatable orientations of particle clusters. 49. The method of claim 41, further comprising sorting the
particles after dieib@A§HBBLSME adiation pressure to the particles . 50. The method of claim 49,
wherein the sorting comprises pre-analysis in-line separating of particles based on size.

flowing particles through a flow stream;
directing acoustic radiation pressure to the particles; and

acoustically orienting the particles in the flow stream of the particle analyzer.

42.  The method of claim 41, wherein the particle .anaiyzer isa ﬂow cytometer.

43,  The method of claim 41, wherein the acoustic radiation pressure is asymmetric.

44.  The method of claim 41 wherein the partigles are asymmetric.

45,  The method of claim 41, further comprising selecting a predetermined orientation of the
particles.

46.  The method of claim 45, wherein the orientation is within an optical scattering plane.

47.  The method of claim 41, further comprising distinguishing between different types of
particles based upon particle asymmetries.

48. The method of claim 41, further comprising yielding repeatable orientations of particle

clusters.

49, The method of claim 41, further comprising sorting the particles after directing acoustic

radiation pressure to the particles .

50.  The method of claim 49, wherein the sorting comprises pre-analysis in-line separating of

particles based on size.

51. The method of claim 41, comprising aligning the particles in a polar direction about a

flow axis.
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51. The method of claim 41, comprising aligning the particles in a polar direction about a flow axis.
52.The method of claim 41, comprising the particles aligning in a direction of flow. 53. The method of
claim 41, further comprising fractionating the particles after acoustically orienting the particles in the
flow stream of the particle analyzer. 54. The method of claim 41, wherein the particle is a red blood
cell or a platelet. 55. The method of claim 41, wherein the particle is a sperm. 56. A method for
analyzing partigigs in.a pagidaanalyzemthamethod samesising: floningippaion moneparticles in a
flow stream; directing radial acoustic radiation pressure to the flow stream; acoustically orienting
asymmetric particles in the flow stream; transporting each particle through an interrogation point; and
analyzing each of the particles.
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57. The method of claim 56, further comprising aligning the particles in the flow stream after directing
radial acoustic radiation pressure to the flow stream . 58. The method of claim 57, wherein aligning is
with an acoustic field. 59. The method of claim 57, wherein aligning is with a hydrodynamic focus. 60.
The method of claim 56, further comprising concentrating the particles in the flow stream after
acoustically orienting asymmetric particles in the flow stream. 61. A method of analyzing one or more

particlessin a flawSHeamd cPMRHSING Habeling SRe oh MereRaticlssvitha anthanidess 2Quflowing
the particles in a flow stream;
orienting the particles in the flow stream of the particle analyzer .

54.  The method of claim 41, wherein the particle is a red blood cell or a platelet. |
55. The method of claim 41, wherein the particle is a spetm.
56. A method for analyzing particles in a particle analyzer, the method comprising:
flowing one or more particles in a flow stream;
directing radial acoustic radiation pressure to the flow stream;
acoustically orienting asymmetric particles in the flow stream;
transporting each particle through an interrogation point; and
analyzing each of the particles.

57.  The method of claim 56, further comprising aligning the particles in the flow stream after

directing radial acoustic radiation pressure to the flow stream .

58. .The method of claim 57, wherein aligning is with an acoustic field.

59. The method of claim 57, wherein aligning is with a hydrodynamic focus.
60. The method of claim 56, further comprising

concentrating the particles in the flow stream after acoustically orienting asymmetric particles in

the flow stream .
61. A method of analyzing one or more particles in a flow stream, comprising:

labeling one or more particles with a lanthanide;
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directing radial acoustic radiation pressure to the flow stream to align the particles along the direction
of the flow stream; and analyzing at least a portion of the particles labeled with the lanthanide. 62. The
method of claim 61, further comprising stopping the flow stream. 63. The method of claim 61, further
comprising reversing the flow stream. 64. A method for separating particles by size, the method
comprising: flowing particles in a flow stream; applying radial acoustic radiation pressure to the flow
stream; and acousiicall.saParatig e Paticlgshy size by applying radial acoustic pressure,

wherein smaller particles are substantially unaffected by the radiation pressure.

directing radial acoustic radiation pressure to the flow stream to align the particles

along the direction of the flow stream; and
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65. The method of claim 64, further comprising transporting larger particles of the separated particles
into a flow cytometer. 66. The method of claim 64, further comprising analyzing the larger particles. 67.
The method of claim 64, wherein the transporting step transports the larger particles to a central axis
of the flow stream. 68. The method of claim 64, further comprising in-line separating the particles after
directing radial acoustigr@g'ﬂ' I Eéra%?ﬁ%@t{&tﬁﬁtﬂé’ﬁ‘éﬁﬁ?&%@@d%{&%%Q%Eﬂérﬁﬁé’.arati”9 particles by
size, the method comprising: flowing particles in a flow stream; applying radial acoustic radiation
pressure to the flow stream; and acoustically separating the particles by size by applying radial
acoustic ps2ssuréhanditranshdeting lafgehpadiclesingctafforg tytdlmetarcanherein smaller particles
comprise cellular debris.

63.

64.

65.

66.

67.

68.

The method of claim 61, further comprising reversing the flow stream.

A method for separating particles by size, the method comprising:

flowing particies in a flow stream;

applying radial acoustic radiation pressure to the flow stream; and

acoustically separating the particles by size by applying radial acoustic pressure,

wherein smaller particles are substantially unaffected by the radiation pressure.

The method of claim 64, further comprising transporting larger particles of the separated

particles into a flow cytometer.

The method of claim 64, further comprising analyzing the larger particles.

The method of claim 64, wherein the transporting step transports the larger particles to a

central axis of the flow stream.

The method of claim 64, further comprising in-line separating the particles after directing

radial acoustic radiation pressure to the flow stream .

69.

A method for separating particles by size, the method comprising:
flowing particles in a flow stream;
applying radial acoustic radiation pressure to the flow stream; and

acoustically separating the particles by size by applying radial acoustic pressure, and
transporting larger particles into a flow cytometer, wherein smaller particles comprise

cellular debris.
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