PARTI CLE ANALYSI S I N AN ACOUSTI C CYTOMETER CROSS REFERENCE TO RELATED
APPLI CATI ONS [ 0001] This application clains the benefit of U S. Provisional
Pat ent Apwbi2e@tdseoazSeri al No. 61/008, 422, fil ed DecenberctAs2@8087574). S.

Pat ent Application Serial No.12/283,461, filed Septenber 11, 2008, and U.S.
Pat ent Application Serial No. 12/283,491, filed Septenber 11, 2008, the
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ref erence herein. TECHNI CAL FI ELD [0002] The follow ng inventions relate
generally to the field of particle analysis. The inventions also relate
generally to cytoneters and acoustics. BACKGROUND [0003] It was realized
early in the devel opnent of flow cytonetry that the angul ar dependence of
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al . showegh t hat nonspherical particles in the formof fixed chicken
erythrocytes yield a binodal scattering distribution that is related to

rimon or face-on illumnation of the disk-cell structure. Particle
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ori ent iim@nfafd 416 RfatdyershalyitogylohrtEanmml &£ongzgl e to i ntroduce asymmetries
into the velocity flow field of the hydrodynam ¢ sheath system It has been
shown that the nost critical aspect in efficient X and Y sperm

di scri MMaKROPND | ow cytonetric sorting is the orientation of the sperm
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denonstrate proper orientation o
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



60% of the sperm heads in the optical scattering plane at analysis rates
near 2000 particles/s dramatically affecting the sorting efficiency. Qher
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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.

[0006] 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



particle fractionator, and/or a flow cytoneter. This enbodi nent can further
conprise an anal yzer to analyze the particle and/or an imger. [0006] One
enbodi nenvoaboddseo4pr esent i nvention conprises a nethod Por/iseasssiscal |y
mani pul ati ng one or nore particles. This enbodi nent preferably includes
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acoustically aligns and orients a particle in a flow stream. This apparatus preferably comprises a

capillary for flowing a fluid containing the particle therein, an acoustic signal producing
transducer acoustically manipulating, aligning and orienting the particle, and a particle analyzer.
The apparatus of this embodiment preferably comprise a flow cytometer, a particle fractionator,
and/or a particle sorter where the sorter sorts the particle based on size. The apparatus can
optionally include an imager. The acoustic signal producing transducer of this embodiment
preferably aligns the particles in either a polar direction about a flow axis or aligns the particle in
a direction of flow. The particle of this embodiment can be a red blood cell, a platelet or a
sperm.

[0010] Yet another embodiment of the present invention comprises a method for
acoustically aligning and orienting particles 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 optionally
-3-



The apparatus of this enbodi nent preferably conprise a flow cytoneter, a
particle fractionator, and/or a particle sorter where the sorter sorts the
particl e weea/m3m043i ze. The apparatus can optional |y i necuds2@s/osTsager. The
acoustic signal producing transducer of this enbodi nent preferably aligns
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capil lary. To®12] adioter amboditricat Sf tH0 ples@it dEheatiog cdrhpried U @@sth&Bfor 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 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 preferably 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 regardless 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 a flow stream. This embodiment preferably comprises
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al so create an acoustic field that aligns the particle. This enbodi nent can
al so optionally include a hydrodynam c sheath that aligns the particle. The
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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 limiting the invention.
In the drawings:

[0018] Fig. 1 is an embodiment of the present invention illustrating 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. 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;



preferably conprises a particle sorter. [0016] A further enbodi nent of the
present invention conprises a nethod for sorting particles by size. This
met hod prwben@bisyo4sonpri ses flow ng particles in the fl eerase@sng7sappl yi ng
radi al acoustic radiation pressure to the flow stream and acoustically
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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 enable removal of high-velocity sheath flow associated
with hydrodynamic focusing and allows extended particle transit times within the optical
interrogation 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 times 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.



pm and approximately 10 pmin a line drive capillary according to one
enbodi nent of the present invention; [0024] Fig. 6 is an enbodi nent of the
present iwoeandwosm43l | ustrating a sanple input into a fl eerastasessr wher e
the sanple is concentrated reducing its volunme and thus reducing the

anal ysis ti in flow cytonetry a pllcatlons DETAIL SCRI PTI ON OF
| LLUSTRATI VEOR0 ﬂ%&ﬁ@ oSty AL st gidaiven lo ﬁDEefrfé 40Fpr e,
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enbodi nent of the t cousti,c radi ation pres referably
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f undanggtigbniap aasScirid ptahmé@aﬁ aPr Bt @meERU| FichlatiBRWithed @S opadhl B&utRlihber

anal yzed or processed in a flow stream This sanple delivery enbodi nent

expand$lanke Imtag @Igb@ilmalptabptltqat paagepmg d4toapseginigdwetithyspagific pprigleelicatidiopsi s or

mon- 1 i W ke TR De B RRRAR L BB e i s

illust raajzrﬁ@hetrﬁs Eh@improvd Madysieatidaertpieedfarrad@liyr &qrrp;sds%a& SCOBCkiagdkparmdri ven
capillary 10 where an acoustic particle trap oriented parallel to the flow

di r ect icels- cBippsyaEetiG foscesfarld ary pisognelds repedfablg ofipntationsrafipartiscly degters tha,
This e i t ssoci at ed
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analysis rate due to rent in-line particle concentration effect.
Addi t | WW%@%@{ wgs B angulapHet Pt e PRSP diy s ke b | y
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stream while maintaining particle registrati eased particle
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scattering data associated with system
may be employed in particle or cell separations for in-line sample preparation. A primary
advantage of acoustic radiation pressure is that it can be used in fairly large chambers with high
volume throughput. The acoustic field acts similarly on most biological particles 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 excellent 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, it is a

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



| evel fluctuations.[0029] An additional property of an acoustically driven
fl ow chanber is a nonaxisymetric force field may be created within the

fl ow strewonodmse@sasynmetries within the flow chanber ecrarstoososspheri cal
cells or particles such that consistent scattering signatures, that are
typically not possible with standard hydrodynam c flow systens, may be

pr oducéapw%&r theqtentyicdadiatien faree ppisitial Ped 4 $phgricn! articls Biadgo®icent at i on
W t hi ns{alﬂging%df{ﬂ e@bering plane. In this enmbodinent, optical scattering
data associ ate Wl%h specific particle orientation can, for exanple,

di stingui sh between dj s .of baEteria based upon particle

[fferent types.
asymetries gr_!g ;;?':; %@nﬁl L..,_,f ng of irregular cell types such
as RBCs and speri cel {%° Phsyryety i ¢'fprce field may al so yields

repeatabl e orientations of parti cle clusters that are formed fromthe
coal escence of nmultiple m crosc%zeres or cells such_as, for exanple

"dunbbel | * 40084 s Herco minidigIpattichatardivng, lbis thasoparassibilisy of the serpyrding fled. of
articl e [1S., G i i | ar

Dont t o E - hEEn SO b MBARGAR PRld. S SREREIBRT LY HeRo R BRE

cl ust enhga fsaidewd thicopdriide amadck@icddynl @idey, respe@kahphed thichheadkodwoadspond to

orientation nay be cause _the central _.axis of the 'dunbbell' to be parall el
to the AftiReAYBEREed quaes) T, SETA ??‘Jc%lafeytiF CRRIAsH t%ﬁ{%ag?tﬁmwh%wﬁ%ﬁdi ment

of the U ASGBH girrlébé?t'ﬂetsio? Phd ¥ QE ITeer B ﬁ%%&g%%rﬂrarrha%digﬁ@ Tﬁ’a@? gffgéibeﬂw ysis

to the detectl systemof” a flow cytoneter, an e enp din

particle or cell s_epaﬁ@ti ons for in-line sanple preparation. A primary

advant age of dactidttcar adi ati on pressure is that it can be used in fairly

| arge chanbers with }ﬁ‘bh vol ume throughput. The acoustic field acts

simlarly on tr}pst bwegpg}tl particles and is thus inherently nonspecific
®”

wher eby nost GFOWW“ cles are transported to the sane spati al

| ocati on. The magnttiftle ©f“ the field, however, is highly size dependant and
makes acoustjc radi atjon. pressure an excellent candidate j.n applicatjions
that requt r dOFn e BEgE DES vendriay rsterence e S diatilig By e £ ot es
based WpEKY & £ BarficR-is %@zﬁédﬂ&tﬁ@f@a\d@&t Bfdhe 8k PoteRtid|Bfensi ¢ anal ysis, virus
frombacteria or intact cells fromcellular debris. In the description

above, a lingdeivgwr capillary with a cylindrical geonetry nay be used as
t he acoustic focusing device, but general geonetry (square, rectangular,
el liptical, [804htRart¢lescarr arcierably [pcatiacd efepositions whas|thypetewsisd U displahi at i on

Pressut g iuROfb! § SRl sbbh @A FaR, RPoHARS hitiARRliL E5hLGOT wilh RRRLC! ©
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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separation, debris rejection, particle alignnment, and sanple purification.
Acoustic Radiation Pressure [0031] The force on a particle resulting from
acousti c waedo@idisena3pr essure depends upon frequency of erCirtusbeos/ng7spy essure
anplitude within the nedium and the density/conpressibility cont r ast

bet ween the article and the host ned Wit hin an acoustic standi wave,
it is &l aé‘%fé?salﬁé‘dia 1hytS JusPISioaEnigs it et"%%?rf%%%gl"sto]? ﬁlédo ?)"aﬂele%‘leé’sragléPg’r%dal

or an i 'traﬁ%ﬂ)% tt%?t&t'h@ res;l{ﬂ@ﬁé%r £fEPRoN Wrob th%% Ushi Gn LALBbAIRRN OF Ce

pot enti al a sph erlc particle 1 an acou tandlng wave I's glven
by: ui the~p1’éséh’t Mventson, fie phP@)led Joptdingd idla samplefarg ﬁlﬁﬁﬁt]anéwusky coatentiated apdrti cl e
radi us, IS the. c ssi bi of the surroundin IS the
dens! t igredinaals RS un dragot 1sh retopee e L B St e ey o toust i
field iaf iR paRSERER gRithd MR rRBGICIaSer Ly AR%S traRPRriievReaMLIYding but not
respectlvely, and theé brackets correspond to a tinme-averaged quantity. The

t er ns flinjitedrid, & purap end/greonsemtraasvalvey.ns t hat det er mi ne how t he nechani cal

b von by.r 1030} GaBRthari Gmdeeb St bl e e Rty FF ey BBEY ort fes of
t he parc?rioﬁieﬁ'y tddr@idues eed etotls RO-voN calupas Firdhchtal mhgésad thowhy pargtiaehent
of the rably | ocalized at

orc otential by: F [0034] Particles are
posi ti @ﬁ&ltlmeéf‘élﬂﬁlnéh%m@ pell- Congratpicdlpsy grogmsi |Wﬁh1f§1ffFf’@Flt ﬂo‘auvre@mt@ﬁ Aer9d s
sectio I t 0 t t he
capt 11 asRy ek Sk cofu AR RlodFhBNETY WReafiRRREI ARl Acbilfcll Rcfiled; yoe
node. Ghuhple srma:lﬁs ca&»(besitomd m\eed.admmea@eamﬁ corabinstat thadcopathdutalegiradingf
particles in | ocations other t an_ t he aX|s of the cap |Ilarg for selected

appl i cAtIEHRENt o é‘&&aﬂl‘ée pirsaEn ithipdhe Bapiqhpapbsr: [0 angrease sxddenes HMEHE ™ r om
acoust iyG. RALRL QD pRIBSSY &redfn ¥aflic®laMobe BtuS i Rt Emproved. Additionally,

the flow can be reversed 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
decomposition of the scattered/fluorescence signature.

[0037] One of the unique flow capabilities of the present invention may be the ability to
select the sample delivery rate. By slowing cell/particle 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 align
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-



means to |l ocalize particles in an arrangenent simlar to hydrodynam c
focusing without the need for sheath fluids. The line-driven capillary of
t he presewd 200mBoi430n nmay be effective in sheath repl aceaents2o0dosmps | | ary
with a source aperture |larger than a line contact can yield simlar

results. This enbodi nent has denpnstrated acoustically driven capillaries
with solange T, §5@9@1§P@ rt:fhaltstr Aen Bl @Jﬁrelﬁd]éalr%gmp%th RGTRS t91 thA e RIS

CI r cu nfy?gléaﬂg Foraf retfl% i anllﬂl@th%? iein tﬁﬁ gféﬁe r@ﬁl%ufaﬂéﬁk SRULcARidRgELeS. |t

be “constructed froma capillary t driven by a pilezoceranic source
i n compamntw\h W thori & arigelt @r a lied Hrivodi thbaini 2odipolf tyfremseda uainureaampbaxf dss a

Iocallzed essure n centr mher xial particle trap
o or fEd ST G- TA e R @onui o 4 SHRILG CORTREN | of oo i 1 a
dilute suspeg& onﬁ?t er the device fromthe top and experience a radi al
force that transports themto the pressure node as they flow through the

syst emwhdire @it R AFLARALS o HGaPE. ETRNn-plMYEREdQdteritiiPpdR8EskéClefsctioant ai ned
in a sanple are sinultaneously concentrated and aligned in single file as

t hey asemplediy abpeiriypdiansg thah mseratet theecentialaxiso geifopt nlenser! symmetiyantersestes
are transpgl, fu%%otarﬂd(i) ?'aﬁ%? 517_ aﬁ'(i &r 8'%)%tcilp(1)aﬂle o%%%ﬁn } llegh&%g&dléulm%g .,i[' ﬁI‘St

devi ces, 1nc nore va

[ 0036] Tlhnspglewaﬂi}aﬁmaay plbn@%ibﬁfmhthlrpﬁléfdhs@)la@’eﬂ ecordimensivhel soaklcyfordel ows new
flow cytonetry techniques and nethods to evol ve due to fundanental changes

in the m&wl@la%la/@m@§esa¥%mp%%hlf POHERYN £florating wathripipsctdePRIticoREdRR s el T1 ow
t t
streang, lér'baﬁicg%s%?ﬁg%h L}HW X& ?&étﬁl?}l@?gﬁ[lﬁrl 24N AL 5rn$ai C%eﬁtg%attllaﬁ \glvltPocuse q

convent | eat cuse systems tica
sanpl etls&tﬂmami@lcbarshbwmmﬁ'pgpédz) sl owed, reversed or any conbl nation thereof

wi t hout degradjng alignnent of artl cI tre | ow chanber.
The i ncr eadB3% I GerBanF it SHTHOOR &M 8 LG BHGed Y E1leh B d ek mgioatm of
par ti clegd PRRfREHR st tiSE IHAL kdtati SRR B¥&Rm Mpatrhae %duxed b ﬁlefa!c%tl%an be
reverséd wth no adverse effect on particle alignment wthin the flow

chanberforzt field. r{cplewdateons ahfgettlslt tal hepedepreticlcnpaltickesdvit tvat appkbainos pxesandnded
anal ysi s such as ec C asiti.on.of the scatter.ed/flu scence

ol gnac e o) BTGl BRATRARL Y Bi iy 5IEF i psRRSE

i nvent ivatcrRYyRctee. @bl blowd cells ef el talngn SATRlafrdRlsipdRilél oah€ floWyaxsl oW ng
cell/particle transit times which may for exanple ap grom matel(?/ 20 -

100 ti ﬁﬁé the) (ihgarma) eragric pagléad o Mastabéq/wmry Maw]@qnog‘érm ¢ wihity defsed léng in

measur t(% and nmeasurenents of photonic events that require | onger
|nterro it1Ton tinmes such

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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as |l um nescence are possible. Particle Oientation in a Standing Acoustic
Wave Field [0038] A known orientation of a particle as it passes through

t he i nt erwogatymsm4segi on enabl es |ight scatter measuremporasesosink1soy escence
measurenents, or both that provide significant insight into cellular
structure and intrinsic optical. phoperti_es. . The remv(g{neof several degrees

of rot YIRS FFetREBroResTcahin (e ararats ediabien ferse rrotfeeytlgiretdgmpyon.
| ncr eagh RehpblifndfRbihie heserih EHioh @ bepafl L pI EBATY SHRLE oPY A6 dRAAL I Ng

themto a specific orientation of a cell/particle and allow ng reasonabl e
consi déasd upon phrtivkvsiscatdeechanghlesntigst mdasustiedopas aveset ©. pufiiesacgeshy ¢

line-driven capillary of. the present. invention and. ot her nethods to

iy odebeanaits sl dlintennt Brcega et it REsAraneafitetBra’RiR ve means

t o rot ek AO¢hdaddbas uRatdct@l &uich B sPAEM rédiRcFhdaBitd tohe /fr shinpls 3 High pol ar
directions about the flow axis to yield angular calibrated scattering data

for pameitsiate bashgroands eronilewteetanaci¢r byTreatfyoredecie e madivteedubyand particl e

in an acoustical | riven.tube is typicall on- axi symmetric wi.thin.the
croos JBTTRblE A el It ROREe SanBRked ol SIRB R R Bl por ar
in nat yaplo preﬁafetiibgwl seletteg Usigngetheds b yislBScaxtifg ¥ @ltdihAgadeoiit o gf foect i on
symmetries wthin the plane. Calculations of the acoustic force potential U

for a pArtelalevieptsan COHE cgHicowring e flow gy @nséire Magse npisd dhag seriie wrlenpl e
ore o ey "o b
obt i nou PRI A rlfio el tes WGIG ENBLRROURLLGS bOY SEulth 8P, O

pot ent ifadwapd sisks descatterf deasl tifi@ndsytonisd prgscmbe uf rebidoalpded fagnichat In bher sect t he
central axis. The first plane of synmetry intersects central axis 20 and

i ne derpedziens R e RESSE OB HATB e egyhifistitqn Javiss: %ﬁﬁ%ﬁ%i“&' ¥ to the
first. ¢ é}gl ng%é‘t\&i Y Y th%k@l'ﬁ%& ikt 8t a HbK Pf{;)rﬁé?& ag'sﬁ(ﬂlzﬁﬁ?ﬁi%. 3, is used to

t wo-di ne acoustic force potential, on one results i st abl e

equi | i brnsporddrdegesidasmiwttiest s photh may barfor adamptaoiyanploaytedltb ceml bais

particles wll rapidly rotate jnto stahle equiljbri 24 ynder. smal |.

Per t ur Bt St PR i F eielsd S sl ool et €eBsfind Db foniained

| ncor peyiafih M 1?samehﬁnﬂﬁm§ﬂean Thidti®cdpReiafllPtrae fdr BlIdlaf ddveulvaty e (axi al

conponent) yields an additional restriction in the rotational freedomof a

parti clnecchptiedl santst thae thepardelproff ipteeest. fihglcantratgpranfdhe sameple plowent lvakerr od

shaped parti gl rticles, wth t. ual. m nor, axes. a [.OF axi S)

typr oalty it e S G iR TRHE 2SR YRR R PRERORIBERECT L

W th  concentration from the sample. It should be noted that this method of sample preparation can be
used as a sample purification step for any type of particle/cellular analysis where the reduction of

background particulate count is advantageous.

Particle Orientation in a Standing Acoustic Wave Field
EXAMPLE 1:

[0042] 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 inner
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, parallel 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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bilateral symretry, e.g. red blood cells, typically align one nmgjor axis
parallel to the flow axis and the other najor axis parallel to the stable
synmret ry wban®/deniet ed by the white dotted line in Fig. pRTa)S200081534 i C
Separation of Cells and Cellular Debris [0040] For particle transport to

occur in an _acoustically driven chapber. accordin o one enbodi nent._of the
present i nvé§943d>rﬁlgt<ﬁ%ﬂﬁ@8&f§§ e spepp _S@?W%gpﬁaaé%@ugﬁ%h By&rRdAY t he
Br owni %@bé@%\/’e&r&e&{ int AR RROHEGhESHsWs tﬂterygysér@ enSHRRERdLO ﬁuﬂ%ﬁ%spyg@g

magni tude of the acoustic radiation p sure force experienced
parti cltierough thersggtiywlpnopacoudicdlcld wat presqar Uipoh econstivexcitatdon vEthbevel of

the acoustic field, nechanical  pr rties .of the. iuma artjicle, and
the <pait bt voF tRRwoRea qf ot B o Ensmdre il Saihe pgs of
cubi c el %ilfh@ﬁ@b@F%f. 4parthk alignh&fisHewn hakedpls diakd ihelaesustid Radifidn' EGRRY t ed
in an acoustic field at |ower pressure anplitudes and excitation

f r equeneicesligrngihicanajgy aids ehths pattigkes abomglthesxipal the ¢BaryThis is typically
true for particles that have a greater relative difference in their
mechani cal properties relative to the background nediumas well. [0041] One

aspect FéldBRe@PasaéloBiie Seiection 36OLE Line SweRple Purlitatiyhagm of the present
invention is that it can operate clog-free (no filter) with al nost zero

pr essuSePAasionideonssBiratienuni t . Due to the size dependence inherent in the
acoustic r aigﬁﬂ%‘y {956 tﬁlé‘gr&é]%ﬂ%%; aR @b thE 'ﬁ%q@rﬁgkg? ex g?Hg?ﬂe%&EStigf the

present inv n can-separate sanples at the en oW stream
based upae paart acustically driagitcapitdran Wadry dewtic@sion oApatiskes by kzecasbar e used

to purify samples hy concentrating, anal ytes of i rest at a specified
| ocat i GRMIFYH. skIBelyhs ac@ﬁuﬂéef e ﬁequé%cﬁmastb%k@r%ﬁ R threpnallr priFcedrets.
Such a tl%é’&fb%‘&lép%ﬁ#l’élh%é oPfRla¥Siskic Tf%r‘;c/‘? oh ggrtﬁl%m&%. W dppLiBAR, BRNALEU Al Qes

backgrounds ona ow cytoneter gr y reducing the particle count and
i ncr easonigingd tvathgudikictytral Eore afrilst capcléary Bessdiyito s kawbet, tdvatal cepilladyar debri s

i thi n whol e bl ood | d.b ed | ysi t hod ield
Scat t orRGIGENE SRR ALDS HHE PO TURY v bO GHtsy B I HreBreh e |
count i RgkeARorRfultheVatipl OpRpAhtiolVRERYorTed RAI-HMRLntO QiR Bythelc oPORBIMEMSI S

met hods for preparing |'ynphocytes for flow cytonetry analysis can result in
poor f of wadlpsianaerandmesipan ther appiisasiont theluddieutside threcepirelsoncmapplspdsi dual

e AR o a0 RSEER sl G SR vent on e in-Tine
EXAMPLE 2:

[0045] 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 10”. The capillary is defined by an inner diameter of
approximately 500 um and outer diameter of approximately 1000 pm.

[0046] Fig. 5A is a photograph taken through a fluorescence microscope where the
approximately 10 pm 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 um 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 1 pm particles

remained randomly distributed. Doubling the drive voltage to approximately 16 V,, resulted in
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capillary located just prior to the sanple inlet of a flow cytoneter as
shown in Fig. 3, is used to transport |large particles of interest 30, which
may be, fwo 2e00am8pd4e, | ynphocytes, to central axis 32 of pCmasse@spss7st r eam
while smaller particles 34 such as cellular debris and proteins contained
w thin e lysate re unaffected Thi s speci al ytruefor ceIIuIar
debris e%ﬁ]ctlw |fé‘§%}’q1?e‘tfﬂ;§ﬁ} viz9d Rastiglesiorthe fentra %Seg ¢ icanidayeseciig eesthe The

cent ralyoef moiloﬁme %%mkelé&ayhﬁ@wa% A& be&de b?%& 1dALinktaW o RFRE&Tcand

the remaining lysate is discarded elimnating a Targe particul ate
concentduata the conemratien sfathp bgproximastip lilieh Beomsteetpdrhelts sthha lowtibnd of

sanpl e preparation can be used as a sanple purification step for any type
of particlel/cellular analysis where the reduction of background particul ate

count I&oﬁ&v@%ﬁgﬁg Usriereatién Sléh 4thefradts Bf‘réﬂ}cﬁo§kﬁﬂﬂieﬁ@ ACGPtRcal Scafiey e
Fi el d EXAMPLE 1: 042] To denonstrate the effects 'of the acoustic field to

i nduce memmminsau %coplatlciillﬂ feceseildlovachamberexper i ment s using partl cles with
aspect rati ter wer e .conduct drive

cop 1 1ary.  TI0EACRLSaRbd R Rl SR iR ARl thedos sl ¥ ey,

i nner  digRire¢lePthaeddd bR AEh Eleyop?idll JFniteing phdheQldagtsulli G @tic @ddiation

approxi mately 1000 mm An acoustic source was attached to the outer surface

of t he PEPIF] dng renheeaenerl hnidiaslynsraicaskpach dovt wigh aeqyistigadlyydriaien Pespisicat ed at
|
appr oxi, I[fg%ﬁ %‘catgrg u%‘é@ éﬁé‘éra%ﬁpfe%tﬁ% %&eeé}%@(mamﬁ RHSRY egé‘%%ffmc' rcul ar

cylindr rsin delonlze ransp o t he tube

Wi th apasanidnge tHauage. deﬁﬁﬂepmﬁdnqiaﬁﬁlmgafomdtﬂy@mdlomgmdoﬁ hhrmi@hiom toitler oscope.
The fibers had m nor axi al %nensmn f ap I’OXI teI with var |ng

gr eat erMARYIYICe 9k patigicAsivatagAR O ctpip §lologacyl IPP‘G@ PRC é‘s’t RECXAEIF Si t
f1 oned fgérﬁﬂ&éll“s‘fatndt&c{ehgm bR aRRI édnﬁﬁl%éﬁ %ed:rhé%ﬁéssthﬁ‘@afr@ foifRRA fidh

random ori entations as they re e trai'ned | fluid and transported
t hr ouglthd ¢relsysice of whplanmiaosphstes or £¢lbfa avampler dembtbell Uhepesdoouist i ¢
exci tation .of th and rotated to

a1 gn- CBEEisOT ANA DB Sine e Dagt s ot PR G BpF ISP rSaE B . aB.

The al ipgsteRBLy rﬁb@\/@amnﬁd@cﬂeﬁﬁaeaey%@vﬁlg%@%&a@nm@u@ﬁ {neRchfcemg Yl Or ce
aligning the major axis of the particles along the axis of the capillary.

Fi el d- &’@eanpan@rp&p@r@dsz@lselte otalbreptapble gnd bnqussrptandiighdtieatiote hond
Separ attl'l n[{’a%% GRNChRL erlng 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 invention further addresses the effects of
slow-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 plane are system dependent quantities that

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



[0044] By varying the drive voltage and/or the frequency of excitation of
the acoustic source in an acoustically driven capillary, a binary

fracti onavoanovfieq@articl es by size can be achi eved. Thi pcefuseas/oss7a resul t
of the reduced acoustic force felt by the smaller particles due to the
cubi ¢ dependence of the acqustic force on particle radius. |.n application,
the | arg@stisayefithe é@axgcm/%f? Féeh ficonsth Bienglapingaipagiieoagnifieansamare ey are
fed i ntQoa (Rl Ghalitf LD AImraildl hattivuidiis fAmd LAY JFtenGARCSRHES Carldl W fiel d
cont ai n;a?uj sma E}&%aalrf?cu atéj;f. Th plul%lgllfl?ed sgrrpl e can be taie’nan or further
sanpl e spitisfict abd¢ontainsice psragr evicethmabals-dan e nmintnozead. f | ow cyt onet er or ot her
means of anal ysis. Dependi ng upon the application, the fluid outside the
central core may al so be considered a valuable sanple to be collected and

used f fcopbidd HAuSbasEX PRI Aze SAQ4RN fﬁ’ﬁﬁuliwsélﬁgm@rrﬁidaﬁbﬂ%u ¥88ei ment s

denonstrating the size selection capability as function of drive |evel

are il lisdatiam.ed in Figs. 5A-5C. In this exanple, an acoustically driven

capillary illated at .approximately 1.78 MHz. A suspensi.on of. | atex
ot osphar ed0BT R hE R FERRAGELASRT it G SR RS BB BB L e
appr oxifioat @l the d&ediOnCiyxe®t 98t ANl EHBERSSRIS t §@8 irkRtiglenadstiy ough t he
driven capillary. The volune fraction of particles was approximtely 2.5 x
10 5 . applécatian pi[ﬁcawth forepsfin peaystisalladrivam sapidariayde partiske aagior 6%l prpREtipnS00
mm and ' r ' : ' s a
photog#@ﬁﬁgﬁgﬂgﬁﬂﬁ rgﬁghkggﬁﬁ%%bggégﬁég%%?%?%gg%%%gég% gﬂ%ﬁééggg?oxinately
10 mMm pagpatatioaanaperificaiond Fas olilugetdsiutitivingthd prebans imvosti@nd dcbestically size
approxi mately 1 particles are viemed-as(ﬁograiny-back round.. The

f I uor edEsHRRIS} CHHEHA 1P S SR HaL Ef JnA OnREgERicRbwEasiIcleiye IodhE to be
obser V%qclgg?&ﬁ{d rh&ﬁmlqm& frr@aﬁ.'ﬁ% athle:t gﬁé 186 dyffn GXRRISERIN ana!‘ifgfges'fa Low

acoustic Ive | evel of approximte 7 Vpp (Fig. 5B), the proxi mtely 10

mm par tDicdcefactaphddybascdnppopdrede suemnehanicd podpettive atlapihich dreyneed e labor
approxi.antely 1 mmpartj.cles remai ned random y distributed. ubl i ng . the
o ve VPt PPt ey PG pe F ST R <CEng of FOH SHBFEt
both s 'a?ﬁl‘i’caﬁ@ﬁ& b RSusbRil hh@dﬁ&ﬂ%ﬂfé'ba@k‘gréuﬂ askO8at6@Riith! RN Ylar &8s PBteiRC. The
bright Tine along the axis of the cylinder was a result of the 1ar%g, | ocal
thef y

i ncr eaged prhef metacekie eproponbnts in ovhohebloohesays and mrpagiculdrenaypgsh osdams 1 nm

{1 uor el QAL FES Rlatf12bid 0880, B AEOUSLI o REHSINIioR cf BliBEHOM SuCh
as the "SFFECES S e I'edt TR PS nne?ry oh d%%lcéﬁ Scart er PP

sample delivery into the flow cytometer can greatly reduce artifacts associated with
scatter/fluorescence from the debris.

[0050] Although the invention has been described in detail with particular reference to
these preferred embodiments, other embodiments can achieve 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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paranmeters in an acoustically focused flow chanber [0047] An enbodi nent of
the present invention addresses angul ar scattering associated with

parti cl eswbhaso/ss@sal i gned in the optical scattering pl 2oemsoososssul t of
acoustic radiation pressure. The replacenent of hydrodynam c sheath fl ow
w th acoustically driven particle alignnment in a flow cell preferably |eads
to inproved light scatter data and yi el ds new paraneters that are dependent
upon particle geonetry and orientation. In addition to the inportance of
particle ghhghbaihn of asymetric biol ogical particlessuch as, for

exanpl e, RBCs, spermcells, and bacteria in flow cytonetry anal ysi s,

conpl ex gpomet/{tiéas Lhat ar eif ormed fromthe coal escence of nmultiple

m cr ospheres or e8f IaéJ?’och%nanr%pl e, 'dunb bell' shapes from aggl utination of
two particles also benefit fromparticle orientation. Particle clusters are
preferably nore eagichplifly foefibWinpatel cotaRadylaperitRMeeiQr i entation fixed in
the scattering plane. Orienting mcrosphere "doublets' to yield repeatable
and uni que scattering signatures due to how they transit the scattering

pl ane will provi de®*x2opbsisispd proguting weanstrepy forismesticyiyrrhepipviatingiyei cal
scattering data fopagélthes data rejection or data acceptance by utilizing
the solution of the inverse scattering problemfor contacting spheres. The
application of acoustically oriented particles in a flow streamis al so
applicable to the fpepéowfievieagi ng where viewi ng sel ected orientations of
particles is valuable in determ ning cellular norphol ogy, |ocalization of
cel l ul ar g£onsty ts.. or,. other. particlel/cellular characgteristics. Enhanced
detecti onfcap;ﬂt‘)]% #ﬁfrlf%%b Ogﬁl len?P’S\nr(t)h\![/\%}E TG st %%‘laf z%rv}/? i (?e(r{hee é‘?nsc%lf | ow
conditions in acoustically focused fl ow chanbers [0048] Anot her enbodi nent
of the presentThtBp@rdiis@f clhid 1, FetheneaiRSHE s phiicteebfegct s of sl owfl ow,
stop-flow, reverse-flow, and increased analysis tines in flow cytonetry
detection that result fromreplacing sheath flow with acoustic particle

al i gnment® | n ThRerPrarateof plagt hfether ¢omprighe ppeicle feeioBponand reverse the flow
direction of the sanple streamallows for particles to be reanal yzed. The
flowis siopp . i NALI | ow and reverse flow
devi ces, %'ncl agﬁengl é‘%’gsoﬁgﬁq ?’%&{%géc{?%ﬂ\ég&%g%%c rglgtr?g or nmore val ves. Peak
spread (increased CVs) and data points that are outliers in the analysis

pl ane ar e6.sy s tThmapieyrewsche nihingUdmthet camspristagbin imager.

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 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 for analyzing the particle,

-15-
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are a function of laser stability, quality of particle alignnment,

el ectroni c noi se, detector noise, robustness of the assay (on/off rates,
etc.), etwo2Bpw/m@o@Byzing a particle of significance norectrhapoosnss;9t he
data quality can be inproved, particularly in the case of transient
artifacts, and the statistical uncertainties in rare event analysis can be
m nimzed. Acoustic field-based particle size selection for in-line sanple
purification and particle isolation. [0049] Wile acoustic focusing is
useful f oF, Pathd &bl ofifluh s3fitho Shipiind £RLACI NG sheath flow in the
detection system yet another enbodi fent® of the present invention extends
the application of acoustic forces in acoustically driven capillaries to
parti cl eland/ tie apeirhtusefpiaia?j Driker comprighsst a feemtipnaton- | i ne sanpl e condi ti oni ng
in flow cytonetry systens or general sanple preparation and purification.
Fig. 6 iIJI;ust ates uti Itjﬁ‘n% 1 he present invention to acoustically size
fractionate antf PBHEEHYLHE Vst SEPYsHEA PSS e and/ or nechani cal
contrast relative to the background nediumin real-tinme at the inlet of a
fl ow cyt eget erhet@g,ggtgs SRR 0 udBdr Sorip @GR anlnk et fractionation based upon
particle size/nechanical properties alleviates the need for |abor intensive
sanpl e preparation steps that include centrifugation and filtering. For

f1 ow cyt d¥ret r Yhepppdrituseficlin 9. wheirsn paid psabaflow gevice deropnsgs ¢ retbackgr ound
associated with cellular debris, proteins, and other nol ecul ar conponents
in whol e plo assays d Ln particul ar owash assays that include

cel lul ar 'ysiogh.'3 aB\pasratﬁ‘spfl’%&brP g‘pyéreé?? %%&Ifeﬁgfelfg‘?%evge8%??%%?“6&)5B’fpfes rej ection
step priwEveso sanple delivery into the flow cytoneter can greatly reduce
artifacts associated with scatter/fluorescence fromthe debris. [0050]

Al t houghﬁhe /'knvent '%on has.been described in detail with particular
referencée’to thEPE P SFBYPES enbodi nents, other embodi nents can achieve the
sanme results. Variations and nodifications of the present invention will be
obvi ous to those skhpihed rdrmolh@ adtutd Rehididg d o magigd to cover all such
nodi fications and equi valents. The entire disclosures of all references,
applications, patents, and publications cited above and/or in the
attachnents, and &f aedyelicetgnplasplypias frgnsdpqst fos atougiveldy) orieating the pastigle;
incorporated Qy reference. What is Cainmed: 1. An apparatus, conprising: a
capillary for flowng a fluid containing a particle therein;

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.

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 17, comprising a particle fractionator.
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an acoustic signal producing transducer for acoustically manipulating the
particle; and a stop flow device. 2. The apparatus of claim1, further
conpri si ngoanosaisal4gzer to anal yze the particle. 3. The apparsados®ssio cl ai m
1, further conprising a particle sorter. 4. The apparatus of claim1,
further conprising a particle fractionator. 5. The apparatus of claim1l
further conprising a flow cytoneter. 6. The apparatus of claim1, further
conprising an imager. 7. The apparatus of claim 1, wherein said stop flow

device coppri he, a ratus of claim 1, wherein said stop
f1 ow devi ce czﬁ%?pl%?gésdggﬁ%aﬁfgrﬁh%?eé‘g@%e 5#5&'.0 log ?re%ﬁllogmb%égroéf Bga?eleé'orrpri sing: a
capillary for flowwng a fluid containing a particle therein; an acoustic

si gnal preduciThgappirans et 170rhaan ushhgiakliya spami. pul ating the particle; and
a reverse flow device. 10. The apparatus of claim9, further conprising an
anal yzer for analyzing the particle.11. The apparatus of claim9, further
conpri si f§ a b apapratug of clapmd 7ofyRber sprrrisite aalimeger-9, further conprising a
fractionator. 13. The apparatus of claim9, further conprising a flow

cyt onet er. 1Anaﬂ_ﬂl?auép&ﬁ{p%iﬂ% of claim9, further conprising an inager. 15.
The apparatus of claim 9, wherein said reverse flow device conprises a
punp. 16. The apparatus of claim9, wherein said reverse fl ow device

conpri ses one or noegllugfadowilgA fluidhcapdnsd pstidotpeinsi ng: a capillary for
flowing a fluid containing a particle therein; an acoustic signal producing

transducer for acoustically qgrienting the particle; and = .
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 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.

33. A method for acoustically manipulating one or more particles, the method

comprising;:

flowing a fluid containing one or more particles therein;
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a particle analyzer. 18. The apparatus of claim 17, wherein said apparatus
conprises a flow cytoneter. 19. The apparatus of claim 17, further

conpri si ngoaoarsti4sl e sorter. 20. The apparatus of cl ai rctAis2esesmrn sai d
sorter separates the particle based on size prior to an aly sis . 2 1. 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 17,
conprising a parti Sireetig aropstigaagiafion puessurnia thediyid angd geovsfcally gepipeietinganer ei n
the particle is areddatoadocphtictes; a platel et. 25. The apparatus of claim
17, wherein the particle is a sperm 26. The apparatus of claim 17, further
conprising an imager. 27. An apparatus, conprising: a capillary for flow ng
a fluid containi ngstappieg s 8pid: ¥¥erei n; a radial acoustic signal producing
transducer for acoustically orienting asynmmetric particles in a radial
acoustic field wt Mﬁr@a‘?leﬁ&%é LahYpariidss @nsport device for transporting
said particles through an 1 nterrogation point; and a particle analyzer. 28.
The apparatus of claim 27, wherein said radial acoustic signal producing

t ransduced4. al iTamethod openit I3, eherpin saviialicgpginiplisssypnal@dng af hestappaftht us of
claim 27, whergin.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

acousti c $i.el dribehathodlof grisn I3 eh@aintrévidwing @inpriddicotippariedstsaeof thel ai m 27,
conpri si ng, Qydrodynam ¢ sheath that aligns the particle. 32. The
apparatus of claim 27, further conprising an inager.

36.  The method of claim 33, further comprising flowing the fluid through a flow

cytometer,

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 flowing the fluid through a flow cytometer.
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33. A nethod for acoustically manipulating one or nore particles, the

nmet hod conprising: flowng a fluid containing one or nore particles

t her ei n; dvoeoddasgn4acousti ¢ radi ati on pressure to the fl pcad/mpabsassustically
mani pul ating the one or nore particles; stopping the fluid; and review ng
at | east one of the particles. 34. The nethod of claim 33, wherein
review ng conprises analyzing at | east one of the particles. 35. The nethod
of claim 33, wherein review ng conprises sorting at | east one of the
particles4 36., Th ﬂg%hod of claim33, further conprising flowng the fluid
t hrough a*hI ovf* BFGEY apoustipally arisptipgpagtiqles,in & He sFGapugfiaparislsisptiY2ti ng one or
nore parti cl eshe imbtod@ntpoiding.onpri sing; flowng a fluid containing one or
nore particles therein; directing acoustic radiation pressure to the fluid
and acoustically mani pul ating the one or nore particles; reversing the

di rection of flom1nggﬁmﬁﬂFkﬁ#ﬂ¥%%ﬁSOWéVWﬁﬁﬁng at | east one of the
particles that were reversed in the flow 38. The nethod of claim 37,

wherein review ng QpIRhL 588stRIAiMDh Bibsdlc b BRTERRE A the particles. 39.
The net hod of claim 37, wherein review ng conprises sorting at |east one of

the particles. 40. The nmethod of claim37, conprising flowng the fluid
t hrough a fl ow cyt ewmestallyiorientivg tre pérbdesiio thedlowisstane ef thy paticlemtalyvaer. parti cl es
ina flowstreamof a particle analyzer, the nmethod conprising: flow ng

particles %hr gh fl stream directi acoustic radiation pressure to
the parti % ‘@ S;QHI ﬁrH:%xod 09 Haithn A{l, wherein the partwpaganglyzcr isa flow cygometer.
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 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.

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.

52.  The method of claim 41, comprising the particles aligning in a direction of flow,
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acoustically orienting the particles in the flow streamof the particle
anal yzer. 42. The nethod of claim4 1, wherein the particle analyzer is a
fl ow cyt ON©t2009/08483 The net hod of claim4l, wherein thePa®A$30868T5aUi at i on
pressure is asymmetric. 44. The nmethod of claim4 1 wherein the particles
are asymmetric. 45. The nmethod of claim4 1, further conprising selecting a
predeterm ned orientation of the particles. 46. The nethod of claim 45,
wherein the orientation is within an optical scattering plane. 47. The

met hod of_,cl aim 4 her, . ¢ ri sing. di.stinqui shing. between different
types of Ssart:rg%r&%m%({a%}dmﬂfi&ﬁrg%r f?r@?rgmﬁ@%t%g‘f'"igé'?pa%??es’l' he nethod of claim
4 1, further conprising yielding repeatable orientations of particle

cl ust er s.5449. THhReth®t dTeti k1 GlRtdM thd parfidé $sRGEI KISYCi1 F MPlaRRE LT NG the
particles. 50. The nethod of claim 49, wherein the sorting conprises
pre-analysis in-line seloar ating of particles based on size. 51. The nethod
of clai m41, Eermpethed dglaam phnvherin therphgle iselsesmi n a pol ar direction about a
flow axis. 52. The nethod of claim4l, conprising the particles aligning in

a directisgn of £ A : f. I t , rising
fracti onastg i ngkt'%%%\élggﬁn%lgggg E%ﬁa%%gLﬁg%l%rgﬂy%?&gﬁegﬁﬁog%mﬁﬁé ein the
particle is a red blood cell or a platelet, 55. The nethod of claim4 1,
wherein the parti dlosvingsona ospererparties in/k et daeeinf or anal yzing particles in a
particle analyzer, the nmethod conprising: flowing one or nore particles in
a flow stream directing radial acqQustic radiation pressure to the flow
stream acousti cal¥§ciBeratirl eRystifspHiprPrespaleth i ¥esieAmt he 1 ow st ream
transporting each particle through an interrogation point; and anal yzi ng
each of the particl&ss : gg%mq- i her conpri sing
aligning the parti Eﬁﬁé’s]caﬁgo?%gﬂgl ow st ;ggﬁgl%gﬁgﬁ%w%aﬁgd of claim57,
wherein aligning is with an acoustic field.

transporting ecach 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.
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.

61, 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
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59. The nethod of claimb57, wherein aligning is with a hydrodynam c focus.
60. The nethod of claim56, further conprising concentrating the particles
in the flwo2sivosenss 6 1. A nethod of anal yzi ng one or mpce/ysasiiosises in a
flow stream conprising: |abeling one or nore particles with a | anthani de;
flowing the particles in a flow stream directing radial acoustic radiation
pressure to the flow streamto align the particles along the direction of
the flow stream andanalyzing at |east a portion of the particles |abeled
with the | anthanide. 62. The nethod of claim#61, further caonprising

stoppi ng the flow?8tYauhit 8.2 PPHion B RBETEFS lélPeéfidﬁY‘ﬁ‘lthe fepthetids  conpri si ng
reversing the flow stream 64. A nethod for separating particles by size,
the methed CORQYh&hIULE clalrR ¥ %&a&&ﬂpﬁkﬁgstbﬁblﬁg thi Y shdagam directing radial
acoustic radiation pressure to the flow stream and acoustically separating
the particles by size. 65. The nethod of claim64, further conprising

t ranspor Bng Tiermgehodpectaing bbJurttfer cdm@risiagmvasmgtkpa}om stkegs. into a flow
cytonmeter. 66. The nmethod of claim®65, further conprising analyzing the

| arger particles 67. The nethod of cla rein the transporting step
t r anspor % th’é“l'egl'oﬂé‘?rSﬁ%ﬂratt’inélp@g“’lf%byaf%etﬁ]‘fP’ﬁ’h"(\é\t% "5f*€t he flow stream 68.

The nmethod of claim®64, further conprising in-line separating the
particles. flowing particles in a flow stream;

directing radial acoustic radiation pressure to the flow stream; and
acoustically separating the particles by size.

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

separated particles into a flow cytometer.
66.  The method of claim 65, further comprising analyzing the larger particles.

67.  The method of claim 65, wherein the transporting step transports the larger particles

to a central axis of the flow stream,

68.  The method of claim 64, furthor comprising in-linc separating the particles.
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