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This invention was made wi th Governnent support under Contract Nunber 5
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has certain rights in the invention. BACKGROUND OF THE | NVENTI ON The
present invention relates to systens for the magnetic collection of 10
magneti cal |l y-responsi ve particles (referred to herein as "magnetic
particles"), and the subsequent controlled dispersion of the particles. In
particular, the invention relates to the detection, isolation, separation
and/ or mani pul ati on of tar %OW@W@R@&EEM@E’T@ exanpl e, chem cals
and/ or bi ol ogi cal substances pygl A¢I6N cell's, cell conponents,
bacteria, viruses, toxins, nuc e|c aC| ornDnes pr ot ei ns,
receptor-ligand c x_nol ecul es
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can be separ BEAJHREONES 4ard s s aueRkinent esEEReNderE for further
anal ysis, isolation or other use. a background to the invention, many

t echni ques aiGovkmsgnt hasccettgimgighgs in2lge inventponi. or art that invol ve
identification, separation, and/or mani pul ation of target entities, such
as cells or m crobes, within a fluid nedi umsuch as bodily fluids, culture
fluids or sanples from t he BAVKGROTEND.OF THESINVENTION appr eci at ed that such
techni ques often require nmultiple washing and binding ste These steps
are conduct ed i nThapjeseridnvendenmileeety itemsderohs megheiia COE‘P%&WQ fhg and
decantl e b are
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mani pul ati on thmhm@m&&omylled dispmlrsrm oﬁtbe pemalepl & patiallyz thegneensianpl e t o
determ ne whether a specific pollutant,  toxjn or other substance is
present and, T§lpteg§p th Fﬁet\‘?(ﬁ’a‘{n QLatipnsgparatien Qﬁi[‘?rﬁﬁa%p%lﬁté‘?ﬂ ‘Pfiuterge'i ar get
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from30 a sa for subsequent "processing or utilization; or the like. It
is readily @m@h@mcalsecblltsml ®mphn¢1éalhactqn&,swmfsezsemxmsnu@mhad:lds, si gni fi cant
sensitivi y |hﬂ $€CI aII when t et subs}ance i in trace
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combinations thereof, by selective interaction thereof with magnetic particles,

which can be separated from a medium, and subsequently resuspended for further
analysis, isolation or other use.
As a background to the invention, many techniques are known and used in

20  the prior art that involve identification, separation, and/or manipulation of target
entities, such as cells or microbes, within a fluid medium such as bodily fluids,
culture fluids or samples from the environment. It is readily appreciated that such
techniques often require multiple washing and binding steps. These steps are
conducted in many such techniques by tedious manual pipetting and decanting

25 procedures or by using automated robotic systems that are large and not field-
portable. Such identification, separation and/or manipulation techniques may
involve, for example, analyzing a sample to determine whether a specific pollutant,
toxin or other substance is present and, if so, in what quantity; extracting a specific
target substance, such as nucleic acid fragments, proteins, enzymes or the like from

30 a sample for subsequent processing or utilization; or the like. It is readily
appreciated that such techniques often must exhibit significant sensitivity,

especially when the target substance is present in trace quantities, in order to



2 provide accurate and useful information or to provide a suitable specinen
in an isolation technique. One exanple of a technique that involves
separati rgp 3®edsag i ng or ot herwi se nani pul ati ng organi c molrasat/2856 n trace
is an i nmunoassay technique using 5 anti bodies as the anal ytical reagents.
The principle of inmunoassays is well wunderstood. Antibodies recognize a
specific analyte by follow ng specific interactions. For |ow nol ecul ar

wei ght anal ytes such as drugs or netabol2tes, it is customary to perform
conpetitive i munoassays. Typically, a fixed, limted quantity of specific

antibody is ?M\Réi@&chfhté RRURBER ibhauon R QBrod RRGEMERL bRiREn i abel ed

anal yte and sanpl e possibly containing sone unknown concentration of
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ti |t t t of h t est t h h th
PSR h gh munber  STReicRR- S PRk e B s RE FRlRE op PR S
Anong t hese %ﬁlpmiﬂgaﬁgaﬁl@ﬁﬁwcgugﬁl WhRieat iemanadsydyaedtidide udmasur ed
S

t hrough a | abel ecies conjugated with one of the inmunoreagents. For
quant i t atd on aniibodies asike anabiytical wagants. dhependiplgrad impwaoasspysriaeBn so t hat

| abel ed I
the. componont0gpeatBsihidirt bt B AL BRRFERRe ) S oTG Dhase
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anal yte and &HSEmADE-HeEBEN camaivpimmupopssays. dapicpduy fixedcimliedi an Enzyne
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di stingui sha m nant's, nore precilse
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directed to one antigenic site pture. anti body and a sec
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generating arﬂtgg BAH of B ellﬁ Heg&tggéghﬁ&g antibody is separated from
S

sol ution, und on so port, the only way in which signal
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quantitation, it is customary to perform a bound/free separation so that labeled
analyte associated with the antibody can be detected. If one of the components of
the immunologic reaction is immobilized on a solid phase (heterogeneous assay),
the experimental procedure is simplified. A heterogeneous immunoassay that
20  involves competitive binding of the analyte and an enzyme-labeled analyte to the
antibody is called an Enzyme Linked Immunosorbent Assay (ELISA).
For analytes which have at least two distinguishable antigenic
determinants, a simpler and more precise approach is to perform a sandwich
immunoassay, which uses a first antibody directed to one antigenic site as a
25 capture antibody and a second antibody directed at another characteristic
determinant as the signal generating antibody. Thus, if the capture antibody is
separated from solution, or bound on some solid support, the only way in which
signal antibody can be bound to solid support or separated from solution is via
analyte. The advantages of sandwich assay are that: (1) signal is directly
30 proportional to analyte concentration on the low end of the analyte curve; (2)
extreme sensitivity can be obtained on the low concentration end; (3) sandwich

assays are assays of “excesses" since capture antibody and label antibody are



assays are assays of "excesses" since capture antibody and | abel anti body
are WO 03/044528 PCT/ US02/ 24850 3 typically in excess of analyte and so
error i s waimloysseel ated to accuracy of sanple input; andPCE)usaz/dsce
dynam c anal yte detection range (as nuch as 4-Slogs) is possible. Sandw ch
assay technol ogy, like conpetitive assay, enploy a wide range of systens
for perform ng bound/free separations. Typically in such assays, 5

anti bodies for the anal ytes of interest 3are placed with great precision on
a solid support so as to permt analyte binding to take place on the bound
ant i bodi es. : i hRtOaR i f QuAEa sample
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utilizing a specific binding subst.a i b 4 di. nh such
as, for exa pgft SQiP %WM%@BH%‘&%:%% (iaar?% @ﬁ?"m“g’gs@ {55 1egs. ﬁ%gtl’de of a
t ube (coat edsolhitidifisaasalwhichkausd®usbouad and hyn-sgdcificatigl boondarabhe tebesol i d
phase, such as, for exanple, elongate structures that can_be subnerged in

a |iqui d andcarriedfrem the bang regionpbhaps seqpidlabelad arsitadyrs lde€mdr i f uged or
separated w %(ﬂlégléc 1%%'&3?&){0 | Q%# Elgét &r%f)ﬁulgc? SCEXRJIBE?%{}{[%O . ﬁ?lﬁ)éa{e%ﬁ%gy system

shoul d have aracteristics e separ at can easlily
per f or mad, exaindyicagenic latried)henempuead suagatey armnddeabio-respeniaf i cal | y bound

anal yte can be washed free of the i bilized anti bod ith.its )
speciyf i cal | ydefecipRie Si%@é?édcgﬁﬁawg%feéﬁqcﬁﬁ% u%}vg‘ﬁ&wa%ﬁe) Wi?ﬂiha‘ﬁ]tn- ener gy
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t hrough a variety of techni qu exanple is fluorescent detection of a
fl uorescent| poumsbel ed anti body, analyte or other snmall nolecule that could

be associ ated wi tli t he anal %te. Radi oact.i ve &g ection i s altso a
possibility if sylhEmafoMPBAant Waysior Praming Pgnéjﬁgefipﬁgal(?fl radi oacti ve
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example, antibody adsorbed or covalently linked to the inside of a tube (coated

tube assay), or, more recently, affixed to a mobile solid phase, such as, for
example, elongate structures that can be submerged in a liquid and then withdrawn,
or beads, which can either be centrifuged or separated with filters or magnetically.

20  Typically, a separation system should have the characteristics that the separation
can easily be performed, excess reagent can be removed easily and non-
specifically bound analyte can be washed free of the immobilized antibody with its
specifically bound, labeled analyte.

Detection of signal or radiant-energy response in an assay such as those

25  discussed above may be accomplished through a variety of techniques. One
example is fluorescent detection of a fluorescently labeled antibody, analyte or
other small molecule that could be associated with the analyte. Radioactive
detection is also a possibility if system components are impervious to the type of
radioactive emission detected. Colorimetric detection of a dye attached to the

30  antibody or analyte, possibly enclosed in a liposome, is also possible.
Chemiluminescent, bioluminescent, electrochemiluminescent, or enzymatic

detection is also possible, provided the substrate for the detection reaction become



30 anti body or analyte, possibly enclosed in a |iposone, is al so possible.
Chem | um nescent, biolum nescent, el ectrochem | um nescent, or enzynmatic

det ecti orwD3@k45e8 possi bl e, provided the substrate for thecdatSez2issn
reacti on become WD 03/044528 PCT/ US02/ 24850 4 available after the
bound/free separation. Thus, a variety of nethods exist to obtain a
readabl e signal or other radi ant-energy response. One nmjor challenge in
the use of immbilized binding substances is the Ilimted lifetine of a
chem cally selective surface, especially those that include 5 bionolecul es
(of ten referedibR A&r HIRBENERE ScparatiANYR, @ WRHEG f Bfetiods afide@Wbtais ol ut i on
at roomtenperature will chem cally degrade over tinme and typically have a
lifetime rangrergalple sipnehdrnotheyaadianfrenergyapsponset week. Therefore, it is not
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bi onol ecul es and biological materials are sensitive to  environnmental
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i nt er actlidons Thel stuctisre ant] ifirootipn af biogereduivs@nd bidlogisal anateriads are sensiti veyto

irreversible over the_ ti .course of mnutes,. Harsh reagents be 20 used
to renove bo R RMEPERL GenqitioRs W%9§ﬁéﬁ®??§ﬁafl9ntﬂii ﬁ%‘{ Wﬂﬂ)ga%lfrgg#a‘?ﬁ?\ﬁever,
this decr easgssdiftfonsiRaRRHRAland kddshestuRtdab HiréverQblylddBataRt bR sblsel f so
that the regenerated sensing surface is not as effective as the fresh

sensi ng sur f ey, willmedanger bind tospeaifi¢ hganslss dhe nscefralesle eells ingensabi lity. In
addition, the lifeti fa .biosensar is.often also.])idi to
"fouling" of S¥s1t|eénssléﬁige rc%g]a§qggtges11&c§lf§§are§ylr? ¢ %eﬁg%qxs%@([:ll&g ?(gﬂ%?tr?di ng of
mat eri alig i NigmSRMbE, BR EdtiGH dopdiRiohi 208 86laEbn Sloh aeeffectlihe geowahobl ens
have resulted in increased use of renewable surfaces for bjosensing in

whi ch the cheai¢ ebyirylesellecThespegifieity su¢ thereforgirreyeasiBlgmpiire obmagym| |
biospecific interactions also contributes to the limited lifetime of biosensing

surfaces. Selective interactions such as antibody-antigen interactions are
essentially irreversible over the time course of minutes. Harsh reagents may be
20  used to remove bound antigens (and non-specifically bound molecules); however,
this decreases the subsequent binding activity of the antibody itself so that the
regenerated sensing surface is not as effective as the fresh sensing surface,
negatively impacting assay accuracy and reliability. In addition, the lifetime of a
biosensor is often also limited due to “fouling” of the sensor surface caused by the
25 non-specific binding of materjals in a sample matrix onto the biosensor surface.
These problems have resulted in increased use of renewable surfaces for
biosensing in which the chemically selective chemistry is on the surface of small
particles. Fresh aliquots of derivatized particles can therefore be used for each
analysis. After such an analysis, the derivatized particles can be flushed from the
30  system and new particles are used for a subsequent analysis.
Where the derivatized particles are magnetic particles, isolation of the

particles from media during analysis can be achieved using magnetic separation or



particles. Fresh aliquots of derivatized particles can therefore be used
for each analysis. After such an analysis, the derivatized particles can
be fl ushewofmsomsethe 30 system and new particles are used POT/IB0EH3SEqUENT
anal ysis. Were the derivatized particles are magnetic particles, isolation
of the particles fromnedia during analysis can be achi eved usi ng nagnetic
separation or WD 03/044528 PCT/ US02/ 24850 5 high gradi ent nagnetic
separation (HGWS). As used herein, the term "nmagnetic" is intended to
refer to a property of a particle whereby a force is exerted thereon by
the applicat @R opddiéht FRGAEHd sephiaBbsl (HORISD! As dsBd ABGHE tHeGe3e PRARGetEN, _
particles of "relatively larger size (i.e., about 0.5 mcrons or greater in
di aneter) ar is intapded tedefsr toma propentnekbapatieleivwherdbys, foreds pearteddherean s, such
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needed for conmerciallzation. Devel opnent is continuing toward ever. nore 10

conpact 8i agsrpetated andinyH@EVS, soplles pedicles ctich apnfpberestple cotpidaliprgnetieat i on
and anplifi ! o paration, environmental contam nant detection
and the |i keﬁﬁl?lggﬁegﬁ%&g%gt hi s background, there remain needs for further

devel opment of syeiventhe past stvigalryeaReiubemiliereiscak) aoformmehidow bagedr t i cl es,
and the subsequent controlled resuspension of._ the pag%liftﬁl es

I.n
particul ar, enaheets adchemiqabpleteqipt aetys have HearklyRENR %gﬁgb@%%gx or the
specific det fe%l'r{%@ded fRlBhhRIbialtAR8h 2bbRo %{t? cdiRiRL AR W ARRvE mbRr get

substances by selective Interaction there magnetic particles, which
can be d6par edraphct dagnmesticedalyrgrs forcusmipsetiomemuhoassays, P Armiedicatom anidur t her

anal ysis, isolation or other use. The present invention. addr S these
needs. WO 03?‘135_312!:'1‘3c 0 USB*EF%@BV%“‘%B%&VW%@%\?@WF% e present
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separations and resuspensions In one or nore fluid nedia. In accordance

wi th one aspestenus for e magnetic coliectinnghmegretismarticiiseanbibe gulscauet r el ease are
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15 development of systems for the specific detection, isolation, separation and/or

manipulation of target substances by selective interaction thereof with magnetic
particles, which can be separated from a medium, and subsequently resuspended for

further analysis, isolation or other use. The present invention addresses these needs.



t hrough a fixed magnetic field. At low flow rates through the capture zone,
the particles can be captured reproducibly and quantitatively. A high flow
rat e thr osghe3/os4ses capt ure zone di splaces the particl es fr@egcTiuse2/zmgnet i c
field. The invention provides systens that facilitate isolation of target
substances 10 by providing nmethods for manipul ati ng magnetic particles
both during and after the binding of target substances onto the magnetic
particles. The target substance can theén be tested, if desired, using one
or nore detection or analysis systens, such as |um nescence detectors,

spectrophotonetric anal ysi s,stTMNOARYEIETSIE INNENTHENt roneters, fl ow
cytoneters, hematol ogy anal yzers, or other cell counting or 15 analytical

devi ces. The t er nThe puespnt inyahiseraprostdesBoved sypteres for gondusting mageeti wi de

variety of supstances. of biol ogical. .medi NV L ht.erest
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bot h eukar yogitk oﬁ@a@ect of tBs 9 EMIERS maghaticia@walé esprae ahd rgdegseared prokar yoti c
(e.qg., bacteria, protozoa or 20 | asma), viruses, cell tgorrponents,

: mycopli
nol ecul e§ ( ecaptrollpd by epnirolling thaate ebluic Al thraugh a capfie gpRe HATRASSCRNA, DNA) ,
and chem cal €, 0. o LGl LefGd i | massoci at ed
target subst %ﬁéuglgdl fr% ﬁgéé,n%#ugﬁ&gk é&}ngé‘g fff)\xﬁ%?ggéﬁ?éﬁ%@ﬁfg}éﬁ?ﬁk@e Zcq;;gllﬁ thfélnenbr ane,
cyt opl asm orpiticleetedn bevmptigedieptodueibly amtlspnaiiatiedy s Arhigh flowsatartierough
menbr ane- bound proteins or_glycoproteins, includi n(g .cell 25 surface
anti gens of GPCRRRrereDe displacesthe pastigles Sromyfhg magnet @Eﬁpati bility antigens,
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entities or int rm es or aggregates. Such separations are
acconpl i18hedbypiovilingmiethods fayimaniylitimgenagnetic phriticles bethydusimg ehé aftertthe act i on

of the binding. substance .with at |east one characteristic rget substance
or analyte ot flﬁ‘gé“? darget sYpSLEICRY PG T m?ﬂéetltcg@gggesstlgxgggﬁ%tesggﬁ%&g 8" ragneti c
particles isnehBtkQtdie d¥red 18ns bhd GCRoRMCEDA ¥r AalshsysRABSUCE as

particles. The chemstry of the fragnetic particles may be used for binding

target subst biminescence deteatosp epéctiophotametriscanabysis, {lwromsieoq 4558
whal s i nt or aBEPBHBELTH Bare By oRfp B FFbER, B B MERAEMARE o' Ry
i nt er actjkonsanaf@icaPdevigse, where it is desired to isolate all or
substantially all Tﬁg ;seirrtni "\t/ai!;e% sﬁl?s?;n%g'gasplgsg}i %ere]:isn, irgfeg tg gr&%ee {far}e?}if cs>f
substances of biological, medical or environmental interest which are measurable
individually or as a group. Examples include cells, both eukaryotic (e.g.,
leukocytes, erythrocytes or fungi) and prokaryotic (e.g., bacteria, protozoa or
20  mycoplasma), viruses, cell components, molecules (e.g., proteins),
macromolecules (e.g., nucleic acids-RNA, DNA), and chemicals (e.g., pesticides,
herbicides, explosives). Cell-associated target substances include, for example,
components of the cell membrane, cytoplasm or nucleus. Among such cell-
associated structures are membrane-bound proteins or glycoproteins, including cell
25  surface antigens of either host cell or viral origin, histocompatibility antigens, or
membrane receptors. These target substances may be bound as discrete entities or
in the form of complexes or aggregates. Such separations are accomplished using
methods of the invention which rely on the interaction of the binding substance
with at least one characteristic target substance or analyte of interest.
30 Binding of the target substances to the magnetic particles is controlled by
the surface chemistry of the magnetic particles. The chemistry of the magnetic

particles may be used for binding target substances via non-specific interactions,



can be acconplished in accordance with the invention using negatively
charged 5 nmagnetic beads. Simlarly, positively charged nagnetic beads can
be used twolBndis2@l | or substantially all DNA (which is negatiserbagschar ged)
in a sanple. Alternatively, the magnetic particles may be chem cally

nodi fied to include specific binding substances that interact selectively
with the target substances. Representative exanples of binding substances
that can be used in accordance with 10 ¥he invention include antigens,

anti bodi es, protein receptors, ligands, oligonucleotides, streptavidin,

avi din, bi otdypy a§dod &Ghipl, elbRosthtasatenictions vk ter Wahls ditegcsarissdipoiee t hat is
used to selectively interact with the target substance is the class of
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of char act erdastheGecdmpliatd Bdksbiaa@svidnthetibaintios peing hegatlvelydhargedubst ances

are: receptor-hornone receptor-|igand, agonist-antagonist, .0r  DNA
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the instant invention proyides a highl sensitive ut relatively
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automating a ng, washing, and m xing steps needed using snal |
25 vol ud@s tthe ackhureinglude laatigens] antibodies Pseteingseeptass, ligaddst es. Wien used

for perform.ng an i noassay,. or ot her suc al ysi s ' nt
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of sanples, giagwblhkgancs thhioked (CNeantlaitrrswih tidwardasdetanenisithe/, t hus
permtting shorter analysis tinme. This is achievable w thout the need for

renmovi ng, r eslasssif agtibadies aapahle phinmweospebificallyresegpizingamiggae dhe &T8apt ur e

t he magneti c, ticles. su : i . ON hsalian¥enti on,
a method is ﬁ?‘ﬁé?@e&sf‘lgef esf"élb‘g?%‘t“%ﬁgﬁfr‘#%ﬁgt" F@H%ar oﬁgﬁg@fo ?EOI glbﬁ%lr@ yragneti c
carri er 1gedi i GRRERLRNE REmMUREI VAT QddmbS THUE/ &ISBP 48 5hara@eristict i cl es and

then resuspendi ng the separated nmagnetic particles in a SH]i tabl e
target substances and their specific binding substances are: receptor-hormone,
receptor-ligand, agonist-antagonist, RNA or DNA oligomers-complimentary
sequences, Fc receptor of mouse IgG-protein A, avidin-biotin and virus-receptor.
Still other specific binding pair combinations that may be determined using the

20  methods of this invention will be apparent to those skilled in the art.

When used for immunoassay, the instant invention provides a highly
sensitive, but relatively small-scale system for the collection of analyte. The speed
and reproducibility of collection and resuspension are important features for
automating all of the binding, washing, and mixing steps needed using small

25  volumes to achieve a relatively low-cost test for analytes. When used for
performing an immunoassay or other such analysis, the instant invention makes
possible a significant reduction in volume for all types of samples, resulting in
higher concentrations of the target entity, thus permitting shorter analysis time.
This is achievable without the need for removing, reversing or minimizing the

30  magnetic field used to capture the magnetic particles.

As such, according to one aspect of this invention, a method is provided for

separating magnetic particles from a non-magnetic carrier medium containing the



di spersion nedium The carrier nmedium and the di spersion nmedium can be the
sane or different. The nethod initially involves providing a fluid fl ow
pat h t hatwoesmersds t hrough a nagnetic field source, and i RCraboz24860 t he
carrier 5 nmedium magnetic particle mxture into the fluid flow path. A
magnetic field intercepts the fluid flow path and captures magnetic
particles in the fluid flow path when the m xture flows through the
capture zone at a predeterm ned capture §ate. The magnetic particles are
rel eased only when the sane or a different nmediumis caused to flow

through the gaREME and BRA rédusnbingBE sdpaifeBhh@fetit particles iRy Suitdbe 10 _
particles fromthe capture zone. A nethod in accordance with the invention

i ncl udes: ( 1}lispersipnainadjua. fhecatrief mediuprard the dispersiopmadiyngasbedd ends and

fluid fl f i Ve i,ably i. j i
ﬁegag : ve p?\év§2§ﬁ$(té{‘§hje{eehgﬁ?§€§tl(%flﬂh?aély\ég{?ggesé%%‘baﬁgisagﬂdﬁ d ﬁ ﬁﬁ)l 5&‘“? ngrt hr ough

the fluid fl exeR®tthrdugha rhdgnstic BEldse6@BMhndiifiesductig thé cdlepr edet er m ned
rates, and a capture zone between the first and second ends, wherein a

fixed nagnet medruin/magneticanasiighe mixthee infathe flpidflewp et imegeetedisldir e zone;
A Dthide g iy RS -
o sol 1 4 maRebrhed % fid i paftinliaBuftes hadleuCHIICS i A Agwiballl 1TEL LY

first m xtureheh fHeaughurt floweapbuglethe@aptued zanefat 4 ptedpteadimbé captmedateapt ur e
rate whereby a major_ 20 paortion_of the magne]t]ic particles becqone trapped in
the capture Zbpmagpetiqparigesae redgased anlyayfidithe sameerp #@repﬁgl,eglygp $epar at ed

fromthe carthgld {PAbY Biblof A Whftnld Sk ot MRGREHLfe MRLH{ClombROKBL &1 (4)

perfusing the Tirst nagnetTc particle 1so irst dispersion
medi um 18nd pajicles fionnthe chptufeizoae. di sper si on medi um t hrough the capture

zone at a first predeterm ned dispersion rate effecti to.disl t he
first 25 magneti cApfaP‘ﬁ’Péﬂ%??cgﬁga‘f‘ngtﬁmﬁ%@“’8&5‘9“&? Széﬁ@f‘w_ 9%a?ﬂlg£mgngti c
particles freogy JaiendBesist nd de8bt erfR And U IRENHoW REntiRER eFfeGivRabL i Cl €S in
the first dispersion nediumto provide a second mxture. |If desired, the

magnet i ¢ par vandbdpinspase b@ositiap brmegitize gresuireas g fiayy pathtecausereentrofieds
procedure ca used t nhan m xi.n d therefore.nol.ecul ar capture

ef ficiency fﬁBﬁe%O‘gﬁHPP&tgﬁmlﬁ?wu%él IP% fggt 0588?%%6%%?%% tsame fluid can be
used as 15he paMEleAhingR ditek]add sl cdpieredion s BEtSieom theTREl dnseddndends, Menekdin st and

second m xtures can be the same. The capture and release can_occur w thin
the sane vol afigedmagneticfialg interoents thegluidh Bom pattuinithe ganie 3ope425 28

PCT/ US02/ 24831%Viding in the fluid flow path a first mixture including a plurality of solid
magnetic particles dispersed in a carrier medium; (3) passing the first mixture
through the capture zone at a first predetermined capture rate whereby a major

20  portion of the magnetic particles become trapped in the capture zone by the force
of the magnetic field and thereby separated from the carrier medium to form a first
magnetic particle isolate; (4) perfusing the first magnetic particle isolate with a
first dispersion medium; and (5) pulsing the first dispersion medium through the
capture zone at a first predetermined dispersion rate effective to dislodge the first

25 magnetic particle isolate from the capture zone, move the magnetic particles from
the magnetic field, and suspend the magnetic particles in the first dispersion
medium to provide a second mixture. If desired, the magnetic particles can be
captured and released multiple times. This procedure can be used to enhance
mixing and therefore molecular capture efficiency from a small fluid volume. In

30  addition, the same fluid can be used as the carrier medium and the dispersion
medium. Thus, the first and second mixtures can be the same. The capture and

release can occur within the same volume of fluid by reversing the fluid flow



9 direction through the capture zone during the capture and rel ease
functions. Alternatively, the capture and rel ease can be into fresh

vol umes owofoBai4$2¢ hat are noved through the capture zonePCAArSor/2issg t o
anot her aspect of the present invention, there is provided an 5 apparatus
for separating magnetic particles froma non-magnetic fluid medium

contai ning such particles. The apparatus includes: (1) a fluid flow path,
the fluid flow path having first and sécond ends and a capture zone
between the first and second ends; (2) a fluid flow controller effective
to variably kpens tl%_oﬁglﬂ}fe'c‘é?tufhr zonBWAhL MR ApRISS siEreRAsd M@ctidn@w path to
cause controlled fluid flow through the fluid 10 flow path in a first or
second di r ecAltornativelprtbe eapniciand deleaseeen be gifo freshayplempeofifluwd ghat 8ur ce
generating a_fi X‘fﬂ’ém&%{}ﬁti ctfi eld, the source positioned in a fixed

rel ati onshi p™P8°d HECYSN PG 3PS 298¢ h whereby the field intercepts the fluid
flow path in theagedtific@oafbtBer a%p@btbﬁiheg)r@behﬁmmﬁomp@bfei iopevided adet ect a
physi cal or chemical property of a fluid in the flowpath., 15 It is an
obj ect of t heppamtenfor separafingrmagngc perigles &pm anen-magneisthbdedim capturing
and resuspendi nmaagnetic.. .Cl : J Lye .syst ens
and net hods 8?nqgﬁglgp}1?}§)}?acrg?%£'b%%r E%%E?g?ﬁge@gﬂ“@%?’b%%@f

advant ages, HeWghail BavigsRee il oohd éreidtand e sapifiretZoae petesem thei fivstemidi on wi | |
be apparent fromthe drawi ngs and detailed 20 description herein. WO

03/ 044528 PCTcosbondsa§Ha flu flgw qontrpiesEept YR Yer 2T E PP RS i Hough t he
charact erl St GyatiS8ptésGite 8h ld Hdy pRRIHLARE cBhrdlcATIRAfIbGhicAEh the AN ed out

in the clains,”the*invention its e manner it may be
made andoOuseflowymsh inen st desecambdirestionat frydateriened ntpsi @) amengheiid faeldng

descriptions 5 taken in connection.w.t he acconpanyi.ng figures formng a
part her eof . SPIEf E@CHALNG aﬁ’?ﬁﬁ%ar%{ﬂil%h?}pe\%eé‘?urﬁe P{’Tﬁ?té? egrvg?)(ﬁ]ix%nt of a system

in accordanc?‘elatygnﬁﬁ]?ttgﬁeiﬂﬂﬁ@ﬁ%@hh %h&%fﬂ?e fietd puSedRsBkifiailéw pafh a second
h the invention.

enbodi ment of a systemin accordance w
in the capture zone; and (4) a detector positioned to detect a physical or chemical
property of a fluid in the flow path.

15 It is an object of the invention to provide novel systems and methods for
capturing and resuspending magnetic particles that provide alternatives to systems
and methods of the prior art.

Further forms, embodiments, objects, advantages, benefits, aspects and
features of the present invention will be apparent from the drawings and detailed

20  description herein.



10 Figure 3 is a schematic view of an enbodi nent of a flow controller in
accordance wth the invention. Figure 4 is a schematic view of anot her
enbodi mrerwOow®B/oassk8 ow controller in accordance with the i mgegntSoomssdi gure 5
is a schematic view of a third enbodi nent of a systemin accordance 15
with the invention. Figure 6 is a schematic view of a fourth enbodi nent of
a systemin accordance wth the invention. Figure 7 is a schematic view of
a fifth enbodi nent of a systemin accordance wth the invention. 20 Figure
8 is a schematic view of a sixth enbodi nent of a systemin accordance wth

the invention. Figure 9 | REEFIESERFCIGNGE PHEFRaEYRRSh enbodi nent of a
systemin accordance wth the invention. Figure 10 is a plot of peaks for

several standard Adthoegi thaichanastenfticTisatuzes of #8s twenttdnbedl bepartenlaEanpl es.
Figure 11 is_a plot of .peak areas as.a functi of TNT standard

concent r at i oR%f" 0“.11i%thggﬁﬁlméﬂﬁ%}?é’f’%tbmfp‘}s(?@;ﬂﬁﬁge PARETSR “é“@’elg_g’raﬁtbs days
over a time $RABafd uskd, A3y be baer URESEI0LE BY réfBrrindao iAfolbRing deb@ifftnd2 is a
pl ot of automated calibration data as described in the Exanpl es. WD

03/ 044528 PCRkoSOP¢amesdn With thescremrangnedizurerHPEmRED ERKBEMA/ENTS For t he
f . ond i . . ton,
P berce wi |1 Cnobidite R ARSER3EDRUNG (diral AL AEROR' o 13eiBh ih MecorET | OF

w || be usedwit tHegsehtish.t he same. It will neverthel ess be understood that
5 no limtation of the scope of the invention is therehy intended, such
al ternations andFigwre Résa sphamptic siepi sepond-ranbodirasitioda sysiem 18 aeqordanee her
applications i nci ples of the invention as descri bed herein being
cont enpl at edvgéltb\gﬁwvgl%dr%rnal |y occur to one skilled in the art to which
the invdlti on per Figuns3 islhshemutie vieorofen cobpdiaseas of b fliod dontrellayis herrsddnoe
separating magnehi c 10 C;)arti cles froma fluid nmedium and resuspending the

particles on®gtheHventiones jn
Figure 4 is a schematic view of another embodiment of a flow controller in
accordance with the invention.
Figure 5 is a schematic view of a third embodiment of a system in accordance
15  with the invention.
Figure 6 is a schematic view of a fourth embodiment of a system in accordance
with the invention.
Figure 7 is a schematic view of a fifth embodiment of a system in accordance
with the invention.
20 Figure 8 is a schematic view of a sixth embodiment of a system in accordance
with the invention.
Figure 9 is a schematic view of a seventh embodiment of a system in accordance
with the invention.
Figure 10 is a plot of peaks for several standard concentrations of TNT as
25  described in the Examples.
Figure 11 is a plot of peak areas as a function of TNT standard concentration for
118 semi-automated procedure runs on 8 separate days over a time span of 43 days, as
described in the Examples.

Figure 12 is a plot of automated calibration data as described in the Examples.



the sane or different nedia, by controlling the rates of fluid flow through
a capture zone. In accordance with the invention, a nagnetic field

i nt er ceptwotobw445ksii d fl ow path in the capture zone to ef PeTtUSSEp@®s@t i on.
The magnetic field in certain preferred enbodinents is a fixed magnetic
field, which termis used herein to refer 15 to a nmagnetic field that
remai ns substantially unchanged during capture and resuspension of
magnetic particles. In certain enbodinehts, the fixed nmagnetic field is
provi ded by positioning a pernmanent magnet in a fixed relationship to the

fluid flow path. This pekeRIPNEN DFERERERRED EMBODIMENES ampl e, by
affixing the permanent magnet directly to a conduit defining the flow

path, or alternat eréhquoi@ (éfpfqrmm@ &nh@dp@wﬁdmmff thesppineiplesofghet r uct ur e
t hat does not rel ati i ments, the
fi xed nagnet ]inéfg'& 1% ’E? TENGT D IH)&'JI i td &/vg? 8%}%1130&19%6%%%%[(1 sﬁg@}ﬂ@'

romagne S positi OI’]Ed in

a fixed rel aahgighivall be uhétptofdemrﬂ)efth@mnﬁwtmw@nﬂevetrdnaress I5e w@lefstapdrtast t o
generate _a magnetic field havi nqﬁa substantially constant field strength

during cépt unelimiationel ibp snpeeh therinveniioads theyshy tntended. suchaiemnatenst j ve 25
system | nvepld Pﬁﬁh%yxﬁ&ﬁf“éatib%\é?n tlﬁ%% %€ Ml [xé}héﬁ { p&%‘égtg)cgng]o?alepr ocedur es
on o] o n’agne Ic es

which call or ara roma medi um

but al so thepnﬂcﬁ;ﬂ%cﬂﬁhshman@én iddespitieidihetets béing bh&emplmdms wetivid er ent  medi a
in one or nore subsequent steps. By controlling the selection of fluids

for entry i neQymaH¥ OF‘FLlflt‘él on¢ ﬂwlgbmﬁg? ﬁrté‘?ﬁffh’tchéh"r%f’%%“oé’rﬂ?“&lnlsectl ons of fluid
flow inventive syal gl ddihcatsaRLARGRYDY UaRnlsTofsghidfny Blbloe Of assays

and ot her techni ques requi re substrates to be ontacted wth various
fluids 10 a partces ﬁromm@midmmﬂmnmd r&'shmp@da@he pamticken ohenr mwmmza

PCT/ US02/ 24850 12 art c ted f opnect on th
aut omat ed f daIPFBI E‘?né:"?l? [] HO%EOI “Eﬁj e ges ?liotilf HZ@’“&@TO%B&&B i

referred to ageSeq&BtdAke Mﬂﬁﬁé in9Bntfah Yideetic( R MntBCORS e fREd f1BW
automating an inventive fluid fl ow separation system ‘precise neasurenents

may be obt ai pashl qutlnﬁ chptyreeaone tmefieat sprazation) & hmmgeﬁtlmﬁﬂdgn sertait at i vel y smal |
o o SRR T s BROCLA S P bRt
and fluid flew dg\feh@ IfleRY thmenﬁﬁﬁtsﬁmténtﬁlls‘: Qnthhﬁgw&mngc‘@ptuﬂé gn¢one 40
between first end 20 and second end 30. Capture _zone 40 Is
resuspension of magnetic particles. In certain embodiments, the fixed magnetic
field is provided by positioning a permanent magnet in a fixed relationship to the
fluid flow path. This relationship can be achieved, for example, by affixing the
permanent magnet directly to a conduit defining the flow path, or alternatively by
20  affixing the permanent magnet to a structure that does not move in relation to the
flow path. In other embodiments, the fixed magnetic field is provided by an
electromagnet that is positioned in a fixed relationship to the fluid flow path and
that is configured to generate a magnetic field having a substantially constant field
strength during capture and resuspension of magnetic particles in an inventive
25 system.
Inventive systems have extensive utility for performing procedures which
call for not only separation of magnetic particles from a medium, but also the
resuspension of the particles in the same or different media in one or more
subsequent steps. By controlling the selection of fluids for entry into the fluid flow
30  path and the rates and directions of fluid flow, inventive systems find advantageous

use in a wide variety of assays and other techniques that require substrates to be

contacted with various fluids in a predetermined sequence. The present invention



di stingui shed fromthe remainder of flow path 10 in that a magnetic field
intercepts 10 fluid flow path 10 in capture zone 40. The magnetic field is
provi ded W9 03poseg i oni ng a nagnetic field source 42 in a fPCrabor/zisaii onshi p
to flow path 10. Controller 50 is effective to variably inpose a positive
or negative pressure on the flow path to cause controlled fluid flow
through fluid flow path 10 in a first or second direction at varying
rates. Controller 50 in certain enbodimepts is also 15 configured to
aspirate media into flow path 10 fromdifferent sources. Flow path 10 can
be defined by \}%ﬁﬁdﬁbﬁly well blltddter &R dbARetien Wah ahicaefed fluill TRwEsRRIses, or
can alternati be "a m crochannel. M crochannels, which often have
internal di amtae,rbmmbt limsited tch grocetienes ref@rcedrtp @s Saguentiakinipstion Anelgsis f or

exanpl e, hi ni cro br| cati.on techni s _known in the
art. Pr ocess@; ‘%F%ghXia nglanfl%vrﬁﬁf‘ﬁegﬁqd&i 8’\9%6(? Hﬁ%?%g% descri bed,
for exanple, pfe@wéhﬁasur@ﬁ%ﬁt@'fmd\y'% obeaifddlqudidy afd fhldsepPbarable mbdferhéihg

6, 192,596 and 6, 200,536. In a manner of using system11, a first mxture is
provi ded5i n tdietivelyosmalhamounts pEreagsnts Al thrioateis-a pl ural ity of solid

magnetic particle I r;@g! 0.5 re, which
can al so be refer?gge {osﬁgurse{}g %%P(%r%%g?de &H})Wmﬂli 5’%1’“83]3)5%‘% ded in

the flow pat Bnd 20 #&nd\ sk oH@ELESO, aaﬁ ﬂuad/ﬂowrocmmlmrmngystemdrmkmcmﬂeyw ch are
provided in nore detail below_ Once the first mxture is p05|t|oned wi thin
fluid flow patmiuegons HQhetwisae fisytcad 2@@%9@@9@%6@ Hhstantye z9pe Htsyat i ve

pressure on {lﬁn 1§ﬁe rf?()l’{lﬁle% dEP%fti%vb(gé{B%HHt&@%?na?gEM&d%% t§ zone

40 at a predete e (refterre ereln as pture rate™) whereby
a naj or 180 pﬂuidfdnwpﬁtht]lﬁ)anmfagumtzmeaar t[hehmgnd:mx:ﬁnfélstpramiedibyn capture zone

40 by the force . of themantlcflelg ({ reb rate omthe
carri er medi BAYEQNIRG R Magnetc Held spurond Frbaﬁé‘? i€ t’QHI&EB?(gﬁ%WP? erm "maj or
portion" is @%ﬁéolne%rsﬁ'lpeff@ctfv%ft@waﬁm@n}ﬁzas%/ 9@&5@& RGRGHSPRERASEPthe 13

portion necessary to achieve a desired resuft in a given Separation
procedure w ﬂbwrpatfatomapsat:ﬂnaoﬂadnﬂesl fbfw ]zhr@ltghsﬂllud flomgpatle %@ inpt @rst ohen

t t dt duct f which
Goser bed | nSepRBARrCtipda i G- Conuftler suF SRR Bnaf AR SRS Jboue 000
by wei ghts, REigAR&RT ©Bpirate atediAiatd fleWebth 19F%m FiftdrertREudeg bW aar ticl es
are captured by the force of the magnetic field when the m xture passes

t hrough t he @é@ptnpedefingd bys whe s én Bie smpodisaamts desgiibagiin thmExamples, or

can alternatively be a microchannel. Microchannels, which often have internal

diameters of less than about 100 microns, can be formed, for example, by
machining, microfabrication or molding techniques known in the art. Processes

20  and techniques for forming a microchannel are described, for example, in U.S.
Patent Nos. 5,611,214, 5,811,062, 6,129,973, 6,192,596 and 6,200,536.

In a manner of using system 1, a first mixture is provided in the flow path,
the mixture including a plurality of solid magnetic particles dispersed in a catrier
medium. The first mixture, which can also be referred to as a suspension or a

25 slurry, can be provided in the flow path in a wide variety of ways, nonlimiting
examples of which are provided in more detail below. Once the first mixture is
positioned within fluid flow path 10, flow controller 50 exerts a positive or
negative pressure on the mixture to cause the mixture to pass through capture zone
40 at a predetermined rate (referred to herein as a “capture rate””) whereby a major

30  portion of the magnetic particles become trapped in capture zone 40 by the force of
the magnetic field, and thereby separated from the carrier medium to form a first

magnetic particle isolate. The term “major portion” is used herein to refer to a



acceptabl e range of error. It is to be understood that different ranges of
capture efficiency may be preferred when an inventive systemis used in

di f f erentwOypos45e6 procedures. 10 The predeterm ned capt ece/dshowmss@ate is a
flowrate sufficiently lowthat magnetic attractive forces on the
particles in the m xture exceed viscous and gravitational forces inparted
by nmovenent of the carrier medium At this flow rate, those particles are
hel d, or captured, in the capture zone ¥hile the carrier fluid exits the
capture zone. For exanple, in a systemdescribed in the exanple belowin 15

whi ch the fluidod hawsfay b fafeven desikay iaallt i APdyep@ation price@u®@ithiich (- 0.5
nmmM and the particles are about 0.5 min dianeter, a preferred capture

flow rate i sadceptablerimges of preqgigion. fFor gxsmple, vhaminyentive systgmy are ypgdeo

preferably, the capt rate for this XAk S, o . 13
mi's. A per s‘b%%B?t Mﬁé’%fs@kff@?lﬁs ?%‘@l%ﬁﬁgg) (\h/ﬁ%?llll gedrl{é%afeg%g{emééa%‘égt t hat
the preferred prcb@edhdt ¥akast HiSUE 00T WESH, toydprefirablpht Resthbait9ses of a
gi ven system ‘such as, for exanple, particle size, particle nagnetic

suscept i Bi | i efithe magnetic parisles are p@ptgteﬁ,bmb%fqmeo?f the mageeticeligid vhen thee| d
, and _iJ h ' i ' i , tubi
channel ot PP iR G0e QU A R ELPIRLY sttt NiBiER SR . (U} 00 ©f

capt ure fl ovadcaptebleiringeegessar It is fote undbispiod it diffdrabtlrengte of exptioé particl e
capture. 25 Once the magnetic particle isolate is captur e?, a di sp?r si on
mediumis i @ﬁflre@aaacwwbﬁﬁ)éef%?ff When apymyenityesysiemie UsRddR Sitfe i fyRes of e
isolate is E@rg&ﬁﬁ% wth the dispersion nedium After perfusion, the

di spersi on qrim 1% pul sed through capture zone 40 at a predeterm ned
rate (réberred toThepedeeasinad taitspdlon ate is atfv) ratefufBaentielowdghai sl odge t he
magnetic particle isolate_from ttge capf ure.zone ghetic

he 30
particles frBaeRetis afEpHe forces Qi e PTG eé%%ﬁﬂxf%ggﬁa‘iégf%usﬁgati cles in
the di sper si givARMHNATokRs RhB¥dieo Pmd SGRGA offinelcifrRr nifdidrhe APBROBSWT M ned

di spersion ffow rate, the higher rate of flow through the fluid flow path
pernits WO 08it)4u5e pamicies Bsomld.agsaptured, i the eapsure gpaewhie thetsarrier fiuid ¢ o

erove, e Ca et BkL R R RO bR LB AKE St e
fragil ejpart iyhicBIhe SU@ITIAHS path Bas SXHREhA didridtacdt AbbeaioZT #ich $-0.5 rom a
carrier fluid. It is to be understood that the fpuI gga ctgrré,ﬂoivyra\t/eairsilggs
enbodi ment s, and the particles are about 0.5 gm in diameter, a preferred cap

than or equal to about 13 mm/s (2.5 ul/s). More preferably, the capture rate for this

example is from about 1.0 to 13 mm/s. A person of ordinary skill in the art will

readily recognize that the preferred rate may vary depending upon a variety of

20  features of a given system, such as, for example, particle size, particle magnetic
susceptibility, magnet field strength, position of the magnetic field source, and
flow path configuration (diameter, wall thickness, tubing or channel material, etc.),
and will be able to make adjustments to the capture flow rate, if necessary, to
achieve a suitable degree of particle capture.

25 Once the magnetic particle isolate is captured, a dispersion medium is
introduced into capture zone 40 and the magnetic particle isolate is perfused with
the dispersion medium. After perfusion, the dispersion medium is pulsed through
capture zone 40 at a predetermined rate (referred to herein as a “dispersion rate”)
effective to dislodge the magnetic particle isolate from the capture zone, move the

30  magnetic particles from the magnetic field, and suspend the magnetic particles in

the dispersion medium to provide a second mixture. At the predetermined

dispersion flow rate, the higher rate of flow through the fluid flow path permits



5 nove the magnetic particles fromthe capture zone in either direction.
For exanple, in a systemin which the fluid flow path has a di aneter of
about 0. OROinOM528 as described in detail below, a preferped/ysat/ssd | ow
rate is from about 250 to about 2500 nm's (200 I/s = 1018 mm's in the
system descri bed; 500 uL/s = 2500 mm's, 50 uL/s = 250 mmi's ). Mbre
preferably, the pulse rate in a flow 10 path of this dianmeter is from about
750 to about 1250mmis. A person of ordinmary skill in the art will readily
recogni ze that the preferred rate may vary dependi ng upon other features

of a given syal&MrofBdofhk fluREroAbinBvd e PR8I ansdoRmé thdcaphife zeHeSPer si on
rate to achieve a suitable degree of particle dispersion. ere it is

desired to alAmdnempize aysterh ecertagmernbedipants ic¢apsblerod mon-destastivily per si on
medi um the second m xtpre is then ssed through. th aptyre.zone at a
pr edet er ni netFPEHHPEFE} ﬁ?@lqm{]%’ ﬁ&?‘raﬁpgée éi? ﬁ?&%ﬁ?@ﬂg@%ﬂst femdgnet i
particles i padiBeriGiaPki @ teAitReRRAd te HRDLIMY R kibasehb&lihbAts!

di spersion mediumto form a second nagnetic particle isolate. It is

readi |y @ndemswod magnetic pasicles swnpietsaptiepsong inpither divectioiipt ur e zone,

passi ng the secongd mxture.through.the. t M | kre a
reversal of the d Pre%f‘taing)rke’é? afsﬁlﬁ‘%ﬁlé g%/?/ﬁi%ﬁeﬁ%@fﬁ%uﬁ%}ggﬁ%\%vh%g{eﬁe?%#hi s fluid
f 1 ow rever sahbaus 08R2figcHee Castiésdritewirk @sthil BElb@t a pLfém@DRIlSl@w Fy BIfsd@n pr essur e
on the mxture to cause the fluid to flow through the flow path iLn the

opposi te di et 280 txabont BFQ0RMAT (POR ddY's =t (4 8 mexp/sp dhe ystenhgpsetkeds S 9q ow
rates throug £ fe L4 {0y C S G | bed
above, the pple‘ge_n%g@nven ?gtﬁigsr_o\%i%dg%ﬂ/ggis@@%lﬁlt%ﬂeéfﬁﬁﬁ’ﬁﬁgg?@%%%% prior art
separ at ilon/ r patiop eiis diamekyyr iefromi ababti 759 to hboutd200mar's. r Apesseh obdrdirtaey

magnetic field such as physi cal _noyenent of er manent nmagnet away from
The 11 ow pat HIBEn ChiHer WL SO CieE o BB DT Brleres Py PRUr A AGPARE ne

el ect r omagnetnoPhthef 86tdsRE aleh RindySbMC L {IORSaE td BUIRS Afkstmerdtslid dAT NI €,
due to preci sg?y 30 controlléd flard flowin an inventive system precise

results can Bspakibairatedo achié¢vekd spitalsle dggnee phipdtibledispetsidn. anount s of
reagents, sanples,.,selective r f.aces nd the like. .l.n gertain preferred
enbodi ments, the _?’Y}tﬁ“’dﬁfff 6‘?/31%‘3?%“?%5%@%&%E‘Eﬁgaet\‘&j’%%?lﬁﬁf{%’?éﬁepdl US02/ 24850
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magneti zable matrix structures and the particles are sinply captured

agai nst the piedetephined eaitipaigde pgain trap a major portion of the magnetic particles
in the capture zone and thereby removed from the first dispersion medium to form
a second magnetic particle isolate. It is readily understood that in a flow path
having only one capture zone, passing the second mixture through the capture zone
20  will require a reversal of the direction of fluid flow in the fluid flow path. This
fluid flow reversal is effected by flow controller 50 imposing a reverse pressure on
the mixture to cause the fluid to flow through the flow path in the opposite
direction at a predetermined rate.
By controlling fluid flow rates through a fixed magnetic field in capture
25 zone 40, as described above, the present invention provides systems that differ
from prior art separation/resuspension by eliminating the need for removal of the
magnetic field such as by physical movement of a permanent magnet away from
the flow path or, where an electromagnet is used, by turning off the electromagnet
or effecting field fluctuations or reversals. Furthermore, due to precisely
30 controlled fluid flow in an inventive system, precise results can be obtained
quickly using remarkably small amounts of reagents, samples, selective surfaces

and the like. In certain preferred embodiments, the fluid flow path in the capture



conduit. In other preferred enbodi nents, ferromagnetic structures are
positioned wthin the flow path to produce high field gradients. Such
struct ur ewoase445tg en 5 useful, for exanple, for capturingPoaruspae4ssec! es.
The conposition of carrier fluid and magnetic particles can vary dependi ng
on the particulars of the procedure being conducted. For instance, nmany
comercial ELISA test kits are avail able that include magnetic particles
with selective chem stry (inmmbilized afti bodies), along with other
reagents for use in a 10 given assay. Thus, in one enbodinent, the carrier

fluid and maggetik féssi%ﬁﬁﬁll}ﬁﬁrﬁl‘iterrhl:\}ﬁ%& B?@cﬂdlc@“\r&ﬁﬁﬁbtﬂ&hﬁ@h&iz%ble@ﬁatﬁﬂe
representative exanpl e PID AssayTM kit is available from
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anot her exanple, particles can be obtained that are covalently linked to

specific3 ol u@etfuiutqr@@amal@ foaseprpang pEwRatticisch partl cles can be utilized
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sanple. The term' nuc ac use to refer to nuct eot i des

and RNA nucl efthedesticidsrs vethe pa@ceaﬁreafemg m@ﬁdftecpqumﬁﬂamnman)sl ng DNA
nucl eoti des or RNA nucl eoti des. | e the carrier nedium descri bed above

can be an i n€PMMeEAFl RIS testikisy afes%’laﬂiﬂile et includg apngretioparielgh¥tc particl es
to the capt ”g& &R@%hm{nﬁtr&ﬁp%ﬂbﬁihz@d@ﬁﬁioﬁﬁ@t 8 oie-lélwhﬁl\‘;‘%th&‘%@;!%hg%r ddagnqarrier

medi uminclu ate e presence and/ or
t he quarii t y gbfen assae @hhis,dn amatpbadimsnt, thelwar®s fhéd andvnagtic partslesh, initi al

contact of the rticles and the carrier medi um begin. an i nacu ion period
that ends onF’Vl‘giﬁé# gﬁeasﬁae}'g‘ﬁ%tfp p;stopﬁFe@§esﬁptét1¥%ﬁgq%lg&n¥%%£ﬁhe carrier
nmedi um as degggd gbﬂ%téipgyﬁlabgfrdiﬂg&ﬁt% iciIMaSfstied (Ne"bﬁaiﬁ,\ﬁelaﬁ%ﬁthﬁﬁy for

exanpl e, a conpetitive I munoassa ? he carrier nmedium may al so include one

or nore addindwlea TNIEberseradish B@Othases(Tﬁ\EléBmR) aeeler @QVGMH@W wlgwnson of
or g ety Ski I it g i Phank RIS, o FLRIS Q5SSRLEN Sebes >
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example, particles can be obtained that are covalently linked to specific
oligonucleotide capture probes. Such particles can be utilized for selective
purification of nucleic acid fragments from a biological sample. The term “nucleic
acid” is used herein to refer to DNA nucleotides and RNA nucleotides, as well as
20  any length polymer comprising DNA nucleotides or RNA nucleotides.
While the carrier medium described above can be an inert medium selected
solely for transport of magnetic particles to the capture zone, in certain
embodiments of the invention, the carrier medium includes a test sample, i.e., a
sample in which the presence and/or the quantity of a specific analyte is to be
25 determined. As such, initial contact of the particles and the carrier medium begin
an incubation period that ends only when the magnetic particles are separated from
the carrier medium as described above. Of course, in certain assays, such as, for
example, a competitive immunoassay, the carrier medium may also include one or
more additional reagents.
30 It is readily understood by a person of ordinary skill in the art that, in order

to provide acceptable results, many chemical and biological assays require one or

more wash steps in which unreacted reagents and/or target substances that are not



bound to the magnetic particles are washed fromthe particles. As such, the
di spersion nediumin the procedure described above can be a wash sol ution.
It is alwoommeadgesy understood that it is often desirabl ePCo/uSon2ussE

mul ti pl e wash steps to inprove the accuracy of the test or assay. As such,
in certain enbodinents of the 5 invention, resuspension and recapture of
the magnetic particles can be prefornmed a plurality of tinmes generally as
descri bed above. Many such tests or assdgs al so require suspension of the
isolate in a specific reagent (referred to herein as an "anal ysis
reagent”). FghuRKaTRE BaghdlicGRFHdshre WayHEafrdif tiRthariolRE Rs&RY, thé ocedur es,

i sol ated substances are contacted with or suspended 10 in a substance that
produces col dispesion raestien in herproseditecdenerihed abays eam bepswadlicelutiope Ittigi n

i nventive nethods .i,ncl yde fusi.n i i RS t iLth a
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After the su i | to i for a predeterm ned period of
time, this sﬁ@ggﬁ ?’gﬁh‘ﬁéﬁﬁeg%ﬁg%sdg’éﬁ%ﬁ?%‘g% t he caBture zone toponce

agai n capture nmagMdnyGuplicsisr assals 480 tdgairs segpensiornof the soldtiain awpecific nor e

physi cal and/or chemical properties of the nmedium containing the analysis
reagent, or FREeHdERBIGEIohgrein af an i%‘élyékséeqﬁegbb-f Forexample, ecrEgiedizyBi§™
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det ecti on zone tor 62." Detector 62 IS in conmuni cati on
wi th, orl0 nmakes substaac@tirat produads colonevheh actdd ibambyp thetbound éndysep dss suchned t o

detect a physical.or .chem.cal.p erty.of a fluid in.the detection zone.
The detecti oﬁe%‘i‘lgwgﬁtl}’&?g%‘ggs %@EQF@XSF?%W%&EW%IS? eewf{ A as

depi ct ed schaitkalthdit® ifdIGURE ar hnal Mis fASerd DpulGhe el stlidA throag thee zones
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upon the particular type of analysis being perfornmed, and it is well
within the paipvedetermined psapd ohtime, hisuprangios s then passeddreygh thecapiitect and
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For exanple, "a varie

more physical and/or chemical properties of the medium containing the analysis

reagent, or the magnetic particle isolate itself, can be measured.

20 Referring now to Figure 2, fluid flow system 2 is shown that includes a
detection zone 60 and detector 62. Detector 62 is in fluid communication with, or
makes up a portion of, the fluid flow path, and is positioned to detect a physical or
chemical property of a fluid in the detection zone. The detection zone 60 may be
separate from the capture zone 40 (as depicted schematically in Figure 2), or the

25  detection and capture zones may partially or completely overlap. The present
invention contemplates that a wide variety of detectors can be used in various
applications of the invention, including but not limited to optical detectors, pH
detectors, radiation detectors, viscosity detectors and the like.

The type of detector used in accordance with the invention can vary

30  depending upon the particular type of analysis being performed, and it is well

within the purview of a person of ordinary skill in the art to select and configure a

suitable detector for use in accordance with the invention. For example, a variety



WO 03/ 044528 PCT/ US02/ 24850 17 of assays depend upon the devel opnent of
color in an analysis reagent for the identification and quantification of
an anal ytwo oBo#4538ich assays, the detector can be a spect PephlushDZSSE@r OF
ot her optical detector configured to pass light or other electromgnetic
radi ati on of a given wavel ength through the solution to neasure 5 the
degree of col or devel opnent. As one exanple, the detector described in
greater detail below includes a U shaped7transm ttance flow cell nachined
from FEP (McMaster-Carr, Los Angeles, CA) and used for absorbance

nmeasur ement s of dQWNSEdRAMiHEPINE B PIGIRAeTRE BSToL In RPdralysls@8agedi@r @it i cal path
is 1 cmlong and " absorbance neasurenents were made "usi ng an Ocean Qptics
(Dunedi n, FL)dentifieatiohandspiantifiqation phphanabyter Eor such assapsy theedetdstoregabel anp. A

per manent et ERRAoameB3Er sl oREeLiteRo e iRt e e LB, (1
Figure 8. FOklcRf6@AYSncti0 rifihGdh Fdoaders®avdldrgh though thesBliticiko nisdGuigBy W sh
to nodify the assay to utilize other detection schenes such as

cheni | unihes ¢eadegresrof eelor idgylepraeniade @np prumplasibadstegir esscribrdidase
sensi i vity e sSYerAlneMiSiidel s UTABLA MRt A AR9GaRindudREhS (1- €.,
radi oactive i°Sotopes, cnrofmogent ¢ or um nescent "groups, etc.) can be used

and a per son FEP (MdMaxedryCakillds Angele eCAY indoisdd faedbesrbaiidAndaspemighint a
suitable detector for a wide variety of such assays. Fluid flow controller
50 can have &oWnstecapnipmttiapped BganstiGagiclesn shewptiod Padids d ganleBS @nd h t he

i nvention. | L i I; i : I : R r 50
conprises a %B tﬂ“%g?%qés‘{e}%%‘%t? g%%vlg%gégu%l% E%gﬁéﬁ%d%béségﬁe@gqg‘%?b?

vari abl el(s peegtic gpeetrephuitempienmmnd thngsdtdn isalegendainpe At 400muh guanpofibersedsect i on
valve 51 includes a prim rt. 52 and a plurality of secondar orts 53.
e of the " SesbindRs B var pBbdieti D beReRatbaae Rend At & PP pat b 10,
and primary Refetiopss dedchBed s Yetdhith GPRRERIEd to holding coil 54. The other
secondary ports 53 are optionally fluidly connected respectively to

sources of vari oudof hasayksintwhidgeaddsd densitivitygh vesinired.cqpa maeyi wish temodifensi on
procedure. Stjll other..ports n_be ed for. drawing air into the hol ding
coil or for 4I%SPE ﬁo%l%g{hgr ﬁ%ﬁ%opﬁgﬁ?ﬁstsgﬁ? a3 e&P@HH—E?&%PCF R great er

detai | bel owlipbsdd-pakd BRfhundasedysalich Mareasd denSidvits by bevettl Yrdegnsrect ed t o

variabl e 30 speed reversible punp 58. In one enbodi nent, punp 58 is a
syri nge punpmagnitude. A wide range of labels (i.e., radioactive isotopes, chromogenic or

luminescent groups, etc.) can be used and a person of ordinary skill in the art can
select and implement a suitable detector for a wide variety of such assays.
Fluid flow controller 50 can have a wide variety of configurations in

20  accordance with the invention. In one embodiment, depicted in Figure 3, flow
controller 50 comprises a multi-port selection valve 51, a holding coil 54 and a
variable speed reversible pump. In this embodiment, multi-port selection valve 51
includes a primary port 52 and a plurality of secondary ports 53. One of the
secondary ports is fluidly connected to the fluid flow path 10, and primary port 52 is

25  fluidly connected to holding coil 54. The other secondary ports 53 are optionally
fluidly connected respectively to sources of various fluids to be used in a given
separation/resuspension procedure. Still other ports can be used for drawing air into
the holding coil or for dispelling waste from the system, as discussed in greater
detail below. Proximal end 55 of holding coil 54 is fluidly connected to variable

30  speed reversible pump 58. In one embodiment, pump 58 is a syringe pump
including a stepper-motor, which pumps are well known in the pertinent field. It is

of course not intended that the invention be limited to this type of pump, it being



including a stepper-notor, which punps are well known in the pertinent
field. It is of course not intended that the invention be |[imted to this
type of pwops/oi4szdei ng WO 03/ 044528 PCT/ US02/ 24850 18 unaemgisonehsshat
alternative punp designs can be used as woul d occur to a person of

ordinary skill in the art. Holding coil 54 is used as a reservoir for
hol ding a sanple, extraction material or reagents. In each step of a
sequential injection procedure, a liquitBor slurry is aspirated into the

hol ding coil via a selected valve port, then the 5 valve is switched to the

fl ow path porgndeRthoihRaiGRal AP ERD QeRER daRibe Gb&Tasi viddd bb&ir td b pWsBRbh. A T

separators prevent bead slurry, sanple, and other solutions from mnixing or
di sper si ng i rortimeryredildiimie edi Holding aeib b érusedbvalraseryoir foidmldinga sampl, gur es

4-6, flow controller 50 .also includes.a nultiport valve.57 positioned

between and fIIPEHSP @Bﬁﬂglc?réﬁag_teﬂtst E’éeﬁ%‘ Sﬁe& intan%q%%}itlflﬁgheﬁu??\BR’SSﬁl]'fr%qu e speed
reversi bl e puggid sl & RRASH iR the HYI@NE 68l via@ndledledvhlveqlotti tened | 54 is
connected to a first port of the valve, and a second port of the valve is

fluidly cdnnecieeds switehad to dhe Bow padnosicanddheea] esinengiarp injectedintethepor t  of

or ot her r eaguit BYGr ATcisobe BRRPRE-ER abh el g S Rt Dot i

upon 15 conplaixitporfisprrahymrthaksldihg cbilus, in this enbodinent, after a
given series of separations/resuspensions, valve 57 switches_ to fluidly
connect punp 58 arl@l angihar eraboyiments depicis ikighres #<0- flow epntodes Al e 59 into

reservoir 59 : j ’ i d 48, 7 switches
again to fl uﬁaflﬁésg{lrﬁglé{pg%?ﬁ{ﬁ%gﬁgngﬁ %(g%é{”%%ﬂ %]oq ‘?“lgfl arrll%p\f%dut\r?gh§8 propel s

t he fl ui d0t hrimldihg tié aldbihdivagatde speed2Eveseble puinpn Iu #iv embddiaredt, fpkovmpht h 10

to thereby flu a mai nj ng. magneti c articles and/ or reagents

t her ef ro.my I rF“ggé ‘{%‘ﬁ{fg‘?g 6911 %g}SfCBgPﬁCFF& g a&@ﬁ%ﬁ”&‘?@h‘) Y%g‘hé‘ﬁgﬁé Smdpegcedur e

using this %ﬁ@@ﬁlv@ﬁ%@&ly%@ﬁn%%% ROVAAbR3pb&L eV itsBlopuisngghied to a

source of magnetic particles in a carrier nmedium Selection valve 51 is
posi ti oned t opopr dfithelwalfé oarcanSeniontipubes caneaed et savece 39 ofrpawgshpolutios2 and

e o ) o e L e BSESg 55: TR BR PR BB ot 1 s
Sel ect i ons val d¢gnphekiontin gitemsdy? THRVindBis bhibodintafTiast £ aiveR BeriddF ween
hol ding coil 54 and fluid flow path 10. After a desired period of tine of
separations/resuspensions, valve 57 switches to fluidly connect pump 58 and
source 59, and pump 58 draws fluid from source 59 into reservoir 59a. After a
desired volume of fluid is drawn, valve 57 switches again to fluidly connect pump
58 and holding coil 54, and pump 58 propels the fluid through the holding coil,
20  selection valve 51 and flow path 10 to thereby flush any remaining magnetic
particles and/or reagents therefrom.
In one manner of performing a separation/resuspension procedure using this
system, one of secondary ports 53 is fluidly connected to a source of magnetic
particles in a carrier medium. Selection valve 51 is positioned to provide fluid
25  communication between primary port 52 and the particle/medium mixture source,
and pump 58 exerts a negative pressure, thereby drawing a quantity of the mixture
into holding coil 54. Selection valve 51 then moves to provide fluid communication
between holding coil 54 and fluid flow path 10. After a desired period of time of
further incubation (if additional time is necessary in a given procedure), pump 58
30  exerts a positive pressure, thereby propelling the mixture through selection valve
51, into fluid flow cell 10 and through capture zone 40. The rate of flow through

capture zone is sufficiently slow to allow a major portion of the magnetic particles



further incubation (if additional time is necessary in a given procedure),
punp 58 30 exerts a positive pressure, thereby propelling the mxture

t hrough swbaswisses val ve 51, into fluid flow cell 10 and tomaisgiiz4sapt ur e
zone 40. The rate of flow through capture zone is sufficiently slowto
allow a major portion of the magnetic particles WO 03/044528 PCT/ US02/ 24850
19 in the mxture to be captured in capture zone 40 by force of the
magnetic field, thereby providing a nagpetic particle isolate. \Were the
magnetic particles are derivatized nmagnetic particles and the carrier

medi um i ncl ugetheanXaRPLELd Caphfted BdaBire FéHe 406y RERSITIREmABSH R Tietant i ty of

a particular analyte, it is understood that the 5 particlés nust remain in
cont act wi t hthduebymdviding omagnetigmefticld igolaten tWhire gt 1pagrietid pawiclesiane t o

provi de acceptabl e assay results. Therefare, i.n_a praocedure.i ich

cont act bet m@gﬂvattﬁgg B‘g,g%{?tlﬁ RetticlRs pndiic SRRy %’eﬁlhémi IBglﬁgesnﬁ‘WpA? %e%%?d a
specified | enghdprEeddetBd/or uiriity SPLpdrabilat Maiyié, il i8uadéstobdthagtrequence
fromthe time of Initial contact thereof. 10 I'n an automated system the
carrier fedi patictesamnst respain imeanitast withribe madiunyiey g sesetullygonirelledspariadai n
separated from.the test.sanpl nti.l _m xi L n.t : [hg coil or
oo ehe Tl ui oo Fig te Bfvias R dssy rilts, PGSRl In ég%:?‘g“r%%&g{‘:ﬁer
reagents, if comaeadtweneh®paticlds asepakamplels @ bd Madatatiedfox e epesifiadt i on, in
fluid comunication with one or nore of the other secondary ports 53. 15
Wier e mi xi ngleseth efdimeghistimporsantte Briaie aHgning sqquengedram the tie gbimifiali n t he
hol di ng coil . magngi LG Particle suspension, test sanple and other reagents,
separately or 1n sone preni xed conbination, are alternately drawn into

hol di ng 1©0i | by dwan ditoataed systemithetcanier seldamh isom iuerd varidd amdhthepunp 58. As
quantities of each are alternately dra into holding coil (to forma

"st acked zon&*3gnetiGRary 8?1’69@4%%61)2@%6%%‘8%? WﬁtéﬁmpiﬁéthFHéWStS’%C‘}fﬁ.if{ gt i ng an

i ncubati on pﬁqa‘ﬂ% SHiF 18 theSti@a ioReeelOfin 8 emBOdigieR aG8k kamptb bBd oftRe
particl es/sanpl e/Teagents are stacked in the holding coil " (without air
separ at i on i meaghmts, if ascled, arn@laspd, iseprahtely cafin e premigded solet@orpdn fleid of tine of

further incubation. (i.f additional tit?t?li necessary in 2 gi ven anal ysi s),
giobhet SRvaRE E BeTE

sel ection vEPVEBIRHORIVPH 6N U L SRR bet ween hol di ng
coi | 54 @nd flow 2phdiathixih@ of ARFmBHHEAC PH@itles ard feY, RrteedH én e t he
fluids to nove the fluids through selection valve 51, into flow path 10,

and through balsling eoilz oragnetic parfiele gespensiom éest sample and other reagents,
separately or in some premixed combination, are alternately drawn into holding coil

by coordinated movement of selection valve 51 and pump 58. As quantities of each
are alternately drawn into holding coil ( to form a “stacked zone”), the quantities
20  become intermixed, thereby initiating an incubation period during “stacking” of the
holding coil. After the particles/sample/reagents are stacked in the holding coil
(without air separation in this case), and optionally after a desired period of time of
further incubation (if additional time is necessary in a given analysis), selection
valve 51moves to provide fluid communication between holding coil 54 and flow
25  path 10, and pump exerts a reverse pressure on the fluids to move the fluids through
selection valve 51, into flow path 10, and through capture zone at a predetermined
capture rate as described above, for separation of the magnetic particles from the
other fluids.
Where mixing is to occur in the flow cell, a magnetic particle suspension in
30  aninert carrier is first drawn into holding coil by coordinated movement of
selection valve 51 and pump 58, and aspirated first into the flow path and through

capture zone at a predetermined capture rate to provide a magnetic particle isolate



capture rate as descri bed above, for separation of the magnetic particles
fromthe other fluids. Wiere mxing is to occur in the flowcell, a
magnet i c warmioedses suspension in 30 an inert carrier is fiPCIUSAZ/28% i nt O
hol di ng coil by coordinated novenent of selection valve 51 and punp 58,
and aspirated first into the flow path and through capture zone at a
predeterm ned capture rate to provide a nmagnetic particle isolate WO

03/ 044528 PCT/ US02/ 24850 20 wherein th&0sel ective surfaces of the
particles are as yet unreacted. Subsequently, test sanple and ot her
reagents, sepapRifIg selective fRfBesUfans pREcIEORRIaE Fbi 1@RcacBIde SuBRgEestly,nto flow
path 10 to perfuse the isolate and resuspend the particles. \Were a

speci fi c or dtest simpeaAndethei rpagrads, sepirgtely oa igsopespramiegsombinglionardf cour se

d d hat.th d i n.whiich, fl.ui i i
o readi Iy oBPbITSRoRE] HbARhE e khitE s osfRhd BisiBeydis WhAY."E) " n

punp 58. Fur hiRpedid 6sdet f conetidt isi desiaéd for ¥ igh@n@hallybibliith of sokes nidaistasd an
intermedi ate step of an inventive pr_oceg_ure it is understood that a
resuspended g hstarderin mhich iduigs aepseirased wiaBew peihyiOds readiyisentrelledd i n
hol di ng coi l C N " ; Toal ' C & by
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di spersion nmedi um can be accessed by novenent of valve 57 to provide fluid

communi cat i oR°®&t ween punp 58 and source 59, aspiration of di spersion

medi um into reser Rt a3Pancli®YATERsote ¥oMBePHy $cpaRlieN bfifrabhdticd 20
comuni cati on between punp 58 and hol ding coil 54, and reversal of pressure

appl i ed by ppaicks from theeswicd impdams, themaguitigrmattisld iselaterin peidated odih a 54,

through selection valve 51 and dnto flow pa . enbodi nent s,

di spersi on B?Ilﬁlr%néﬁ%a{'ﬁnél’ %{%ﬁiaﬁ’f%a"agﬁ’ée ’&ivgaﬁ}elrgglé%rll'nﬂlo&?ﬁ%glw cell 10 wi thout
f utr]I t her 15n0VeRBOdinRhtss Elsperkiodnadahnés Hieady Preséi e ressitvotisOR B fresent fhi Sper si on
medi um

holding coil 54 “behind” the mixture. In other embodiments, such as that depicted
in Figure 4, a source of dispersion medium can be accessed by movement of valve
57 to provide fluid communication between pump 58 and source 59, aspiration of
dispersion medium into reservoir 59a, movement of valve 57 to provide fluid

20  communication between pump 58 and holding coil 54, and reversal of pressure
applied by pump 58 to cause dispersion medium to flow through coil 54, through
selection valve 51 and into flow path 10. In such embodiments, dispersion
medium can be aspirated and dispensed into flow cell 10 without further
movement of selection valve 51. In other embodiments, a dispersion medium

25  source is accessible through one of secondary ports 53 of selection valve 51. In
such an embodiment, dispersion medium is aspirated into flow cell 10 by first
drawing dispersion medium into holding coil 54. In such an embodiment fluid
communication between holding coil 54 and dispersion medium source is provided
by movement of selection valve 51, pump 58 exerts a negative pressure, thereby

30  drawing a quantity of the dispersion medium into holding coil 54. Selection valve
51 then moves to again provide fluid communication between holding coil 54 and

fluid flow path 10, and pump 58 exerts a positive pressure, thereby propelling the



25 source is accessible through one of secondary ports 53 of selection
valve 51. In such an enbodi nent, dispersion nediumis aspirated into flow
cell 10 bwofo3ts$£528 dr awi ng di spersion medi uminto hol di ng ®eirluséz2485th such
an enbodi ment fluid conmmunication between holding coil 54 and di spersion
medi um source is provided by novenent of selection valve 51, punp 58
exerts a negative pressure, thereby 30 drawing a quantity of the dispersion
medi uminto holding coil 54. Selection galve 51 then noves to again
provide fluid conmuni cati on between holding coil 54 and fluid flow path
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provide a seggjicreXoié,uhéve the maphditaiakticlgsdidrm cheanagmrtic fields epdswpen theom t he
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(wher e prese?ﬁnﬁle‘érr@ffgﬁﬁémegﬁe ratigplYo fhe seonnd mix g 8?@@%’0%% flencer 70 as

depi ct ed SChﬁg@&J.icﬁla%an}é 60 Tof dcdttiiBn bf oREGUADEShydial(RBhERiCE] feh@resnBvement  of
val ves to provide fluid comunication between'desired flow cells and

control s t hecgubgpcdliscteddor ﬁhghgng¢dSMagof amrém‘ttmﬁe pressure of desired
Rt e N R
In further gpREAdRNIBANSIVeSIAWhER préseht) ArcAifidefihe WoRl S TaPreProptanileds a
conmputer, the conputer nmay al so be conf |Fqur ed to receive inf ?r gat ion from
det ect or 62 sesquencer 70 as depicted schematically in Figure 7. Sequencer 70 controls the
movement of valves to provide fluid communication between desired flow cells
and controls the pump to provide positive or negative pressure of desired
magnitudes at appropriate times, examples of which are discussed above, thereby
20  coordinating the movement of fluids through fluid flow path 10. In further
embodiments, such as, for example, where sequencer 70 is a computer, the
computer may also be configured to receive information from detector 62 and
analyze, tabulate, interpret and/or display such information.
Sequencer 70 may be comprised of one or more components configured as
25 a single unit. Alternatively, when of a multi-component form, sequencer 70 may
have one or more components remotely located relative to the others, or otherwise
have its components distributed throughout the system. Sequencer 70 may be
programmable, a state logic machine or other type of dedicated hardware, or a
hybrid combination of programmable and dedicated hardware. One or more
30  components of sequencer 70 may be of the electronic variety defining digital

circuitry, analog circuitry, or both. As an addition or alternative to electronic



anal yze, tabulate, interpret and/or display such information. Sequencer 70
may be conprised of one or nore conponents configured as 25 a single unit.
Al t er nat iwelog/o44sben of a multi-conmponent form sequencer POTA®Y22488ve one
or nore conponents renotely located relative to the others, or otherw se
have its conponents distributed throughout the system Sequencer 70 may be
programmabl e, a state | ogic nmachine or other type of dedicated hardware, or
a hybrid conbination of progranmabl e ap2l dedi cated hardware. One or nore
30 conponents of sequencer 70 may be of the electronic variety defining
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sol i d-state diske{GRwior flopppdiskardthagh itioprefdmed dhat ghet progrssonbsi ryadib/y i ncl ude
T e L e
Memory 15  configured as an integrated state machine, or employ a combination of these
techniques. In yet a further form, sequencer 70 is provided with one or more
programmable logic control (PLC) units.
Any memory associated with sequencer 70 may include one or more types
of solid-state electronic memory and additionally or alternatively may include the
20  magnetic or optical variety. For example, the memory may include solid-state
electronic Random Access Memory (RAM), Sequentially Accessible Memory
(SAM) (such as the First-In, First-Out (FIFO) variety or the Last-In First-Out
(LIFO) variety), Programmable Read Only Memory (PROM), Electrically
Programmable Read Only Memory (EPROM), or Electrically Eraseable
25 Programmable Read Only Memory (EEPROM); an optical disc memory (such as a
CD ROM); a magnetically encoded hard disc, floppy disc, tape, or cartridge media;
or a combination of any of these types. Also, the memory may be volatile,
nonvolitile or a hybrid combination of volatile and nonvolatile varieties.
Sequencer 70 can also include any control clocks, interfaces, signal
30 conditioners, filters, limiters, Analog-to-Digital (A/D) converters, Digital-to-
Analog (D/A) converters, communication ports, or other types of operators as

would occur to those skilled in the art to implement the present invention.



(SAM (such as the First-In, First-Qut (FIFO variety or the Last-In
First-Qut (LIFO variety), Programmable Read Only Menory (PROM,
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Er aseabl e 25 Programmabl e Read Only Menory (EEPROVM); an optical disc nenory
(such as a CD ROVM); a magnetically encoded hard disc, floppy disc, tape,
or cartridge nedia; or a conbination of any of these types. Al so, the
menory may be volatile, nonvolitile or2a hybrid conbination of volatile
and nonvol atile varieties. Sequencer 70 can al so include any control
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house the nagnet or magnets and to intensify and focus the magnetic field.
The magnet s embodiments can be glued or fixed by mechanical means to the fluid flow path
conduit or to a nonmagnetic holding support to form a permanent magnet assembly.
In further embodiments, the assembly can include a ferromagnetic harness to house
the magnet or magnets and to intensify and focus the magnetic field. The magnets
20  are preferably oriented with their magnetic lines of force perpendicular to the
longitudinal axis of the flow path. Alternate cross-sectional shapes, orientations,
and magnetic pole orientation with respect to the container are also envisioned.
In addition, permanent magnets can have a variety of compositions.
Permanent magnets of rare earth alloys having a surface field strength in the range
25 of several hundred Gauss to several kilo-Gauss are preferred. In one embodiment,
the permanent magnet is a high energy permanent magnet made from Neodymium-
Iron-Boron or Samarium-Cobalt. Such magnets, and a wide variety of alternative
permanent magnets suitable for use in connection with the invention are available
commercially. A wide variety of such configurations and compositions are
30  included within the meaning of the term “permanent magnet” as used herein.
In a standard bar magnet, gradients exist because the magnetic field lines

follow non-linear paths and "fan out" or bulge as they move from North to South, as



20 are preferably oriented with their nmagnetic |lines of force perpendicul ar
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all field lines would flow towards the point, dramatically increasing the gradient

around that region.
In accordance with the invention, the magnetic field in the capture zone of
20  the fluid flow path has a strength that will capture magnetic particles selected for
use in accordance with the invention at a relatively low flow rate (i.e., a flow rate
of from about 1 to about 13 mm/s), and that is not great enough to retain the
particles in a fluid flow having a relatively high flow rate (i.e., a flow rate of from
about 250 to about 2500 mm/s). It is readily understood that the preferred field
25 strength may vary depending upon a variety of factors, including, but not limited
to, the inner dimensions of the flow cell in the capture zone and at other locations,
the size and susceptibility of the magnetic particles used in a given procedure, and
the desired rates of separation and perfusion if a given procedure calls for such. It
is well within the purview of a person of ordinary skill in the art, in view of the
30  present specification, to select a field strength and to select a suitable magnetic
field source, whether of the permanent magnet or electromagnet variety, for a wide

variety of inventive systems. In one preferred embodiment, the capture zone



around that region. In accordance with the invention, the magnetic field in
the capture zone of 20 the fluid flow path has a strength that wll

capt ure magrabpi4s2garticl es sel ected for use in accordanc@Crush2/24860

invention at a relatively lowflowrate (i.e., a flowrate of fromabout 1
to about 13 mm's), and that is not great enough to retain the particles in
a fluid flow having a relatively high flowrate (i.e., a flowrate of from
about 250 to about 2500 mmi's). It is reaslily understood that the preferred
field 25 strength nmay vary depending upon a variety of factors, including,
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volume for a pernanent magnet ic dipole to exist. Hence, these
materials are formed from one or more or an assembly of units incapable of
holding a permanent magnetic dipole. Such magnetic particles are commonly of
polymeric material containing a small amount of ferro-magnetic substance such as
iron-based oxides, e.g., magnetite, transition metals, or rare earth elements, which
20  causes them to be captured by a magnetic field. The magnetic material of choice is
magnetite, although other transition element oxides and mixtures thereof can be
used.
For many preferred applications of the invention, the surface of magnetic
particles is coated with a ligand or receptor, such as antibodies, lectins,
25 oligonucleotides, or other bioreactive molecules, which can selectively bind a
target substance in a mixture with other substances. The surface chemistry of the
magnetic particle can also be used to capture target substances due to electrostatic
interactions, van der Waals interactions, dipole-dipole interactions or hydrogen
bonding interactions between the target substances and the surfaces of the
30  magnetic particles. Magnetic particles have been used for various applications,

particularly in health care, e.g. immunoassay, cell separation and molecular

biology, and many such particles are available commercially. Superparamagnetic
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invention is in the range between 0.1 to 300 microns. Magnetic particles are today

widely available commercially, with or without functional groups capable of
binding antibodies or DNA molecules or containing other binding sites for sample
purification. Suitable paramagnetic particles are commercially available from

20 Dynal Inc. of Lake Success, N.Y.; PerSeptive Diagnostics, Inc., of Cambridge,
Mass.; and Cortex Biochem Inc., of San Leandro, Calif.

Another type of magnetic material that can be used in accordance with the
invention are nanosized colloids (see, for example, U.S. Pat. Nos. 4,452,773 to
Molday, 4,795,698 to Owen et al, 4,965,007 to Yudelson; and U.S. patent

25  application Ser. No. 07/397,106 by Liberti, et al). Nanosized colloids are typically
composed of single to multicrystal agglomerates of magnetite coated with
polymeric material which render them aqueous compatible. Individual crystals can
range in size from about 8 to about 15 nm. The coatings of these materials have
sufficient interaction with aqueous solvent to keep them in the colloidal state

30  almost, if not, permanently. A person of ordinary skill in the art will recognize that,

because of their size and interaction with solvent water, substantial magnetic



remai n suspended for extended periods of tinme. 15 The preferred di aneter of
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invention is he" performance of an ELI SA assay using an autonated
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several steps. Using TNT as the anal yte,
competitive binding. The use of antibodies that are immobilized on magnetic

particles facilitates separation of the solution components from the antibody-bound
components in subsequent steps. Once the particles have been separated and
washed, an analytical color development solution is added. This contains reagents

20  for enzyme-catalyzed conversion of a substrate to a colored product for detection.
After a precise reaction time, an absorbency measurement is made.

A typical sequence is as follows: (1) magnetic particles that are coated
with antibodies against the analyte are mixed with the test sample including the
analyte and an analyte-enzyme conjugate in which the enzyme acts upon a coloring

25  reagent to produce color, and incubated for a predetermined period of time; (2) this
mixture is aspirated into the fluid flow cell and through a capture zone in a fixed
magnetic field, whereupon the magnetic field traps the particles in the flow path to
form a magnetic particle isolate; (3) the magnetic particle isolate is resuspended in
wash solution one or more times by aspiration and pulsing of a wash solution, with

30 alternating recapture in the capture zone by a flow reversal and passage of the
resuspended particles through the capture zone at a capture flow rate; (4) the

washed magnetic particle isolate is resuspended in a coloring reagent by aspiration



exanple, the first step is to mx the TNT sanple, the TNT-enzyme conjugate,
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procedur e, belimiatds thera¢addor adsitipnal tipg|tiadisionally required for regeneration of the

solid-reacting phase in order to not only save time and increase sampling

frequency but also to provide each individual sampling cycle with a fresh, uniform
portion of magnetic particles. The spent magnetic particles are collected off line

20  and may be regenerated later. The small volumes required, reduced sample
handling, and precise reproducibility of inventive procedures have been shown to
be useful for improving cumbersome, time-consuming, labor intensive, and
semiquantitative traditional immunoassays.

In addition to the above-described embodiments, a variety of alternative

25  configurations of the described systems are within the scope of the invention. As
one example, the present invention contemplates a system in which the flow path
includes multiple capture zones. In such an embodiment, a procedure could be
performed in which fluid flow in the fluid flow path is unidirectional. In a system
with multiple capture zones, magnetic particles can be separated from a carrier

30  medium generally as described above in a first capture zone to provide a first
magnetic particle isolate. The first isolate could then be resuspended by a pulse of

a dispersion medium in the direction of a second capture zone to provide a second



and shorter reaction tines, and thus can be configured to provide a
field-portable instrunment capable of reliably and reproduci bly anal yzi ng
test sanpwe.03/0s28 met hod is versatile and fl exi bl e and mayCrhsori4sse al so
be adapted to nmany different applications. The spent magnetic particles
may be di scharged after each 15 analysis. This elimnates the problens of
instability of reaction surfaces and elimnates the need for additional
time traditionally required for regenerzion of the solid-reacting phase
in order to not only save tinme and increase sanpling frequency but also to

provi de eachmingViFgia osia Min BeGtdppel & dbbidd @ frbAada pufdd f tutagbh i on of
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pul se ofl0 a shingfleby imhudiggieagertnfor heldiple essayom fifid somechondwghpt ure zone to
provi de a second, WO 03/3344 28 PCT/ US02/24850_. 29 m xture. Flow could then
be st opped i §ecardary erts ’S‘Wtﬂ’éﬂégﬁ%tr‘qno o4 Wﬂ'ﬂ‘?@’ﬁ YE8Ren t he
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exanpl e, when several capture/resuspension steps are necessary for a given
assay or ot heonfignmededantomatically mix the test sample with magnetic particles having
different selective groups bound thereto, and perhaps other reagents to sequentially
perform another assay.
Additional modifications are envisioned that address specific requirements
20  of certain assays. For example, it is understood that certain color-development
solutions undergo photocatalysis when exposed to light. As such, in embodiments
that utilize a color development reagent, conduits defining the fluid flow path and
other fluid transport pathways through which a coloring reagent passes are made of
an opaque material or covered with an opaque material, such as, for example, a
25  layer of tape, to prevent exposure of the coloring reagent to light or other
electromagnetic radiation. It is also understood that tape or other opaque material
can also be used to cover flow lines that might contain or transport other light-
sensitive reagents.
Similarly, it is understood that certain uses of the invention involve
30 materials, including but not limited to DNA, protein and combinations thereof, that
are temperature sensitive. As such, an inventive system can optionally include

temperature control for sample handling of biomolecules. Temperature control is



I n anot her enbodi nent, nultiple assays can be perforned on the sane test

10 sanple by including reagents for nultiple assays in fluid connection
with secwodaoyssports 53 of nultiport selection valve 51 &oa/csezeusnii al |y
running different assays on quantities of the sane sanple. For exanple, it
may be desired to performone assay on a sanple, and then performa
different analysis on the sane sanple. In this enbodi nent, after

conpl etion of an assay and flushing the3d5 systemw th a wash sol ution or
ot her cl eansing reagent, the systemcan be configured to automatically m x
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Immunosorbent Assay
An experiment was conducted to demonstrate capture and resuspension of
20 magnetic particles in an inventive system as follows:
Chemicals: TNT RaPID Assay™ kits provided the ELISA reagents
(Strategic Diagnostics, Newark, DE). The reagents used were a TNT-horseradish
peroxidase (TNT-HRP) conjugate, a color development solution (3,3°5,5°-
tetramethylbenzidine and H,0O,), and the suspension of irregular 0.5 um diameter
25  magnetic particles with immobilized anti-TNT antibody. The color development
reagent solution contained the chromogenic substrate 3,3°,5,5°-
tetramethylbenzidine (TMB) and H,O,. Exact formulations are proprietary, but
optimized reagent formulations have been published for similar atrazine ELISAs
using HRP-atrazine conjugate and TMB. C. S. Hottenstein, F. M. Rubio, D. P.
30 Herzog, J. R. Fleeker and T. S. Lawruk, "Determination of trace atrazine levels in
water by a sensitive magnetic particle-based enzyme immunoassay", J. Agric.

Food Chem., 44(11), (1996) 3576-3581.



el ements in an inventive apparatus and to performinventive procedures at

predeterm ned, controlled tenperatures. The invention will be further
descri bedwaioBl445es erence to the following 10 specific Exaopluss224sso wi || be
understood that these Exanples are also illustrative and not restrictive

in nature. EXAMPLES EXAMPLE ONE 15 Sequential Injection Analysis of TNT

I n Water using an Enzyne-Linked | mmunosorbent Assay An experinent was
conducted to denonstrate capture and reguspension of 20 magnetic particles
in an inventive systemas follows: Chemcals: TNT RaPID AssayTM ki ts
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0,
Nad and O. Ogtﬁﬁerl?ez—gfopylene (FEP) tubing (Valco). The color inlet was shielded from light

by shrink wrap tubing. The holding coil and cell outlet were also shielded from
light. The 600 pl holding coil was 0.030 inch i.d. polyetheretherketone (PEEK)

15  from Upchurch Scientific (Oak Harbor, WA). The flow line contacting the magnet,
extending from the valve to the optical cell was 0.02 inch i.d. PEEK. The volume
from the valve to the center of the magnetic zone was 22 pl, and from the center of
the magnet to the optical cell was 18 ul.

A V5x1/4x5/8 inch NbFeB permanent magnet was obtained from Dexter

20  Magnetic Technologies (Windsor Locks, CT). The ¥%4x5/8 inch faces of the magnet
were its poles. One pole was placed against the magnetic zone tubing, with the
tubing running along the 5/8 inch length. The tubing had been thinned to create a
flat surface for the magnet by filing one side of the 0.062 inch outside diameter
0.02 inch inside diameter PEEK tube until the total thickness was 0.045 inch. In

25  principle, this leaves 0.004 inch of tubing wall between the channel and the
magnet; however the actual distance may have been somewhat larger or smaller
due to variations in the centering of the channel in the tubing.

A transmittance cell detector was drilled out of FEP (McMaster-Carr, Los
Angeles, CA). As shown in Figure 9, the inlet, outlet, and optical path of the

30  detector formed a U-shaped channel. The inlet and outlet were tapped to

accommodate Upchurch tube fittings. The flow channel through the optical path



Apparatus: The flow systemset forth in Figure 9 was used, in which a
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outlet were also shielded from light. The 600 | holding coil was 0.030
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Methodology, Semi-automated Procedure:
Fluid and Magnetic Particle Handling. The competitive immunoassay
on magnetic particles, with enzyme-catalyzed amplification, entailed several fluid

20  and particle handling steps. These are described in sequence below for a semi-
automated procedure in which the competitive assay is set up in a vial by addition
of 100 pL of analyte-containing sample, 200 pL of a suspension of magnetic
particles with surface-immobilized antibodies, and 100 UL of analyte-enzyme
conjugate in that order.

25 The semi-automated approach to be described begins after the competitive
assay mixture has been mixed in the test vial. The instrument times the incubation
period so that manual timing is not necessary, and the tedious manual separations
are replaced by automatic particle capture in a magnetic flow cell, with fluidic
delivery of wash solutions and the subsequent color development solution. Color

30  development reaction time is no longer dependent on manual timing and no stop
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because air bubbles interfere with optical detection.

Programmed steps were used to pull the competitive assay mixture into the
system, capture the magnetic particles having a mixture of TNT and enzyme
conjugate bound to the anti-TNT antibodies, wash the particles, mix the particles

20  with reagents for enzyme-catalyzed generation of a colored product, hold the
particles for a precise color development time, recapture the particles, and deliver
the colored solution through a transmittance cell for absorbency measurement.
The peak area of the absorbency measurement was used for quantification. Table 1
describes the standard reference semi-automated procedure in greater detail. The

25  color development time in this procedure was 4 minutes. The total time for one
run was 17.2 minutes, from the beginning of the mixture incubation time to the
completion of the absorbency measurement, discarding the particles, and clearing
the mix and color inlets with air. This compares to an assay time of over 40

minutes for the manual procedure.

30
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inlet sanple 2 Aspirate m x into beads, enzynme, mx 325 40 the hol ding
coil sanple 3 Inject mx to the cell beads, enzyme, cell - 320 2.5 and
capture bweds/osgepl e 4 Di sperse beads in 5 beads cell 5 2@0T/USozzspended in
enzyne + sanple 5 Discard residual mx Wash, air mx - 100 200 and air

segnent in the separator holding coil into the mxture inlet 6 D sperse
beads in Beads cell 15 200 15 | suspended in enzynme + sanple 7 Capture
and wash Wash cell - 115 2.5 the bead wash 8 Di sperse beads in Beads cell

15 200 15 | of wash solution suspendedsl n wash 9 Capture and wash Wash 0
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17 | Discard to waste Wash, air, cell - 240 200
through flow cell color, beads

18 | Restore the color

inlet

19 | Restore the mix
inlet

20 | Rinse the holding Wash cell - 80 50
coil

Initial conditions and inlet line preparation. The inlets at the beginning of

an assay run were set up to contain 20 puL. of wash solution extending out from the
5  valve port (which helps to prevent unwanted pick up of air during valve switching)

with the remainder of the tube containing air. To initialize a port before pulling
solution into the holding coil, the volume of the tube (previously measured and a
parameter in the program) plus 5 pL was pulled into the holding coil and then this
volume plus an additional 30 uL of wash solution was expelled to waste. This fills

10 the inlet tube with solution. After an assay, the mix and color ports were restored
to the initial conditions.

Competitive mixture handling and magnetic particle capture. Before pulling
in mix or color solution, a 10 microliter air segment was pulled into the holding
coil. For the competitive mixture solution, 325 pL of the mixture was pulled into

15  the holding coil at 40 uL/s using the 10 pl air segment to separate the mixture from
the carrier solution. 320 uL of the sample were then pushed forward at 2.5 puL/s to
capture magnetic particles on the tubing wall of the magnetic capture cell. The air
segment and trailing wash solution were discarded out the mix port at 200 uL/s.
Velocities less than 200 uL/s were not reliable for removing air from FEP tubing

20  wallsin 0.03 inch i.e. tubing. The presence of at least 0.007% of a surfactant such
as P20 prevents breakup of air on hydrophobic surfaces.

Washing steps. Captured magnetic particles were washed by first
resuspending them in solution using a 15 uL pulse at 200 uL/s that pulled the
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from while the second such step resuspends the particles in wash solution, recaptures,

and perfuses them with wash solution.

10 Color development and detection. The particles were resuspended between
the magnetic cell and the valve with a 5 uL pulse at 200 pL/s. The color port was
initialized and an air segment was set up as described above; then 200 uL of color
development reagent solution was pulled into the holding coil. 80 UL of color
development reagent was pushed from the holding coil toward the flow cell at 2.5

15 plLJs to recapture the magnetic particles and perfuse them with solution. Then the
particles were resuspended in reagent solution using a 15 pL pulse at 200 ul/s,
again leaving the particles in the 22 UL zone between the valve and the magnetic
capture zone. The particles resided here for the color development time, after
which they were automatically recaptured in the magnetic cell while the solution

20  was pushed through the transmittance optical cell at 1 puL/s. (The latter step used a
157 pL injection, using most of the color development reagent solution remaining
to push the color peak through the optical cell.)

Wash and restoration steps. At the end of each semiautomated run, the
inlet lines for the mix and color ports were cleared by pushing air out. Between

25 runs, the inlets were set up to starting conditions as described above, and the
holding coil was rinsed by expelling addition carrier (wash) solution.

Figure 10 shows peaks for several standard concentrations of TNT. In this
competitive assay, no sample TNT leads to the largest peak and increasing TNT
concentrations lead to smaller peaks. The 527 and 5000 ng/ml runs were not

30  distinguishable and were taken as o concentration. Note that the co peak area was

non-zero. Runs performed using buffer solution in place of TNT-HRP conjugate
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B/B,={1+(C/C,)}" (1)

(B-d)/(a-d)={1+(C/C,)} ()
20

The parameter B, gives the peak area of the blank, so B/B, is the sample to
blank peak area ratio used as a measure of response. C is the sample concentration
and C,;is the concentration where B/B, is 50%. The parameter “b” is a fitting
parameter related to the slope of the linear region of the curve. When the peak area

25 at infinite concentration is nonzero, as is the case in Figure 10, the relationship in
equation 2 is used. The left side is a “corrected” B/B,. The parameter “d” is the
fitted value for the peak area of the infinite concentration peak and “a” is the fitted
value for B,. Figure 11 plots the fitted curve for these data obtained using the
semi-automated procedure.

30 Our results are in very reasonable agreement with the vendors, especially

considering the recognized uncertainties in fitting sigmoidal calibration curves in
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Concentration, Average Peak Standard Relative Standard Number of

Ng/ml Area, Deviation, Deviation, % Points
Absorbance Absorbance

Blank 0.1087 0.0099 9.1 38

0.4681 0.0849 0.0057 6.7 14

0.917 0.0736 0.0049 6.7 12

1.817 0.0567 0.014 25 7

4.265 0.0350 0.0027 7.7 10

9.345 0.0270 0.0025 9.4 8

18.76 0.0212 0.00073 3.4 8

47.55 0.0143 0.0017 11.8 4

110.4 0.0138 0.0012 8.9 4

527.1 0.0120 0.00096 8.0 5

5000 0.0113 0.00048 4.3 5

20  Two standard deviations from the mean of replicate blank runs is another measure
used for defining detection limits, C. S. Hottenstein, F. M. Rubio, D. P. Herzog, J.
R. Fleeker and T. S. Lawruk, "Determination of trace atrazine levels in water by a
sensitive magnetic particle-based enzyme immunoassay", J. Agric. Food Chem.,
44(11), (1996) 3576-3581, and is reported to be an industry standard method.

25  Deshpande, S. S. Enzyme Immunoassays: From Concept to Product Development;
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0.0736 0.004Y06k,199€, p. 31810uQcff6 (TEHIO3PwiR vilucdty3RE1) 60356, HP937 7.7 10
days are quite good and in reasonable agreement with vendor specifications. One
concentration (1.8 ng/ml with a standard deviation of 25 %) is clearly an outlier,

15 while a couple of concentrations are at 3 to 4%. For additional comparison, in an
ELISA assay for alachlor using an automated microplate system, Young et al.

(Young, B. S.; Parsons, A.; Vampola, C.; Wang, H.; "Evaluation of an automated
immunoassay system for quantitative analysis of atrazine and alachlor in water
samples"; In Environmental Immunochemical Methods; Emon, J. M. V., Gerlach,

20 C. L., Johnson, J. C.; American Chemical Society: Washington, DC, 1996; ACS
Symposium Series 646; pp 183-190) report %CV values ranging from 2 to 9% for
duplicate standards on each of five days. For triplicate spiked Milli-Q water
samples on five separate days, their %CV values were over 7%. %CV values of 5
to 10% for replicates over 5 days have been reported for a magnetic particle based

25 immunoassay for atrazine. C. S. Hottenstein, F. M. Rubio, D. P. Herzog, J. R.

Fleeker and T. S. Lawruk, "Determination of trace atrazine levels in water by a
sensitive magnetic particle-based enzyme immunoassay", Journal of Agricultural
and Food Chemistry, 44((1996) 3576-3581. We conclude that our precision over
43 days was very good.
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procedures, such as, for example, incubation time and color development time.
15 The present work shows that the semi-automated and automated procedures exhibit

excellent results over a time period of 43 days.

ANALYSIS OF COLOR DEVELOPMENT DATA
Increasing color development time increases product generation as
20 expected, as shown in the data for blank runs (under the standard reference semi-

automated procedure) as a function of color development time in Table 4.

Table 4. Effect of Color Development Time

Time, blank peak area,
min
0.5 0.0157
1 0.0335
2 0.0647
4 0.109
8 0.196

25
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i ncreases product generatjion as 20 expected, as shown in the data for bl ank
runs (under HEIBE 1}Q% er ence seni - automated procedure) as a function

of color devel opngRleatingEndubatiGPlife fcreases peak areas for both blank and standard

15 samples, as shown in Table 5.

Table 5. Effect of Competitive Mix Incubation Time

Time, Blank Peak Area, Std Peak Area, B/B,

min B, B
0.5 0.0765 0.0289 0.378
1 0.0782 0.0308 0.394
2 0.0948 0.0351 0.370
4 0.109 0.0350 0.322
8 0.160 0.0470 0.294
16 0.224 0.0531 0.237

20
The response in terms of B/B_ decreases somewhat with time at incubation times

longer than 1 minute, as shown in Table 5. For example, for the 4.3 ng/ml sample
used, the B/B_ value changed from 0.32 to 0.29 from 4 to 8 minutes in these runs.

The slope does not change from 4 to 16 minutes. Since the assay does not reach
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devel opnment tines, but there is no apparent advantage to doing so. It
shoul d be noted that in the manual procedure, 500 pL of col or devel opnent
solution are used, and this is diluted with an 5 additional 500 mcroliter
of stop solution. The col ored product ig2evenly distributed in 1 m. In
the fl ow system the nagnetic particles with conjugated enzyne are |ocated

within a 22 ghailiBtibdShithia Heh@ndonNRcafithehdi® BOhRIRSnBEHioR &SfReCthe t hrough the
optical cell in approximately 50 pL of punped vol une. Undoubt ed| y sone

di sper si on oé@l9¢t§>ncﬂf cgBIPAit Yo Bintegdinge ig sompwhattanpiray - tlacreprdngluseof (ca. 0. 04
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observed t haFréh €onbipteo Poldactebevel spinbat; Clapiant& HallpNewdsork, 1906 r
absorbency peak than the yellow formin acidic solution. |Increasing

i ncubat i én t PR Fribye %‘@tﬁ%ﬁl@ inpubgton peisar Miliensadha pepradusiiiliyof thes
Time T BN pOaR Ar gl Rugh A gy, FiciRElpgfln pRRAY abighGuihly (7eg0e ! o
0.0289 0.378tinkd0. 0782 0. 0308 0.394 2 0.0948 0.0351 0.370 4 0.109 0.0350
0.322 We examined a number of other factors that could influence the
reproducibility of the calibrations. Shielding the color development solutions from
10 light throughout the procedure made a measurable difference in analytical peak
areas and was important for reproducibility. Room lighting was demonstrated to
have an effect on assay baselines by photoreaction of the color development
solution when optically clear tubing was used. The antibody-derivatized magnetic
particles, TNT-enzyme conjugate, and color development reagent solutions were
15  kept at 0°C as a precaution, although this was not necessary. The reagent vendor
actually states that the enzyme conjugate and particles must be allowed to reach
room temperature before use. As a test, enzyme and antibody solutions were
deliberately left at room temperature for 8.25 hours and used at room temperature.
Peak areas for blank and 4.265 ng/ml TNT were well within the margin of error for
20  the calibration repeatability runs to be described below and plotted in Figure 11.

(This figure actually contains these room temperature runs.)

EXAMPLE TWO
Cleaning of Apparatus Between Assays
25 Carryover cleaning. To eliminate carryover from one sample the next, the
system was cleaned with acetone using the steps described in Table 2. This wash

procedure takes two minutes.
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of Appar at u$ Bef|vegit ASS®&/Sinlet | Acetone |mix inletVol 50
line
8 Soak for 60
seconds
9 |Discard through |Acetone |[cell -450 50
cell
10 Rinse the mix Wash mix -inletVol 50
inlet :
11 Empty the inlet |Wash mix inletVol 50
line
12 | Rinse the cell Wash cell -inletVol- 200
150
13 | Restore the mix
inlet
5 The automated acetone cleaning procedure outlined in Table 2 was

effective at removing TNT carryover from the semi-automated method up to and
including the maximum tested concentration of 5000 ng/ml TNT. The carryover
error without cleaning was characterized by running a sequence of standards

followed by blanks: 9.3, blank, 110, blank, 527, blank, 5000 ng/ml, blank. Based

10  on the resulting peak areas, the apparent concentrations of the blanks were 0.1, 0.6,
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EXAMPLE THREE
5 Methodology, Fully Automated Procedure

10

15

20

The automated method was the same as the semi-automated method except
that mixing of sample and reagents was automated by pulling sample, particle
suspension, and TNT-HRP solution as stacked zones into the holding coil. Zone
volumes for sample, particles, and TNT-HRP were 10 pl, 15 pl, and 15 pl,
respectively, and the zone stacking was repeated 10 times to yield the total solution
volumes of 100, 150, and 150 pl. An important difference between the semi-
automated and automated procedure is that in the automated procedure, free
sample TNT is pulled into the flow system and can adsorb to tubing or valve
surfaces. In the semi-automated procedure, the TNT has the opportunity to bind to
the magnetic particles before being handled in the flow system.

The 3-part mixture was injected to the capture cell immediately after zone
stacking. Therefore, the competitive assay incubation time of the automated
method was defined by the time required for zone stacking plus the time needed
for capture of particles at the magnet, which totaled 4.25 minutes. The total
procedure required 15.8 minutes, beginning with aspirating the solutions into the

holding coil, and ending with discarding the particles.
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In tests without cleaning, 100 ng/mL caused a carryover effect in a
15  subsequent blank, but lower concentrations did not. The automated procedure was
run using DNA-zap, rather than acetone, as the cleaning solution, and this did not
prevent carryover problems at 100 ng/ml. (DNA Zap™ is a two-part reagent that is
harmless before mixing and after reaction, which makes it very attractive as a flow
system cleaning agent. It is a proprietary formulation for destroying DNA
20  contamination on surfaces prior to polymerase chain reaction amplification by
cleaving of phosphate-sugar linkages.)

At the end of the two week calibration set, a 5000 ng/mL standard was run
and this caused persistent carryover that could not be removed with either DNA-
zap or acetone cleaning. Dismantling and cleaning the valve was necessary to

25  resolve this carryover. This stands in stark contrast to the semi-automated method
where 5000 ng/mL standards could be run routinely with acetone cleaning, and
produced only 1.1 ng/mL apparent TNT concentration in a subsequent blank run
without cleaning.

During method development, an aqueous mixture of 0.3 M KOH and 0.03

30 M NaSO, was used at least 96 times in order to eliminate TNT carryover by
forming soluble anionic TNT adducts with hydroxide and sulfite. This method was

generally satisfactory, but the acetone procedure that replaced it was more reliable.
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the particles less than a 400 pl/s pulse, and was preferred. Particle release was

15 carried out in two directions. After completion of the assay, particles were
released to travel forward through the transmittance optical cell and discarded.
During the procedure, particles were released with either a 5 orl5 pL pulse at 200
UL/s back toward the valve to resuspend them in the 22 pL zone between the
magnet and the valve. This procedure was particularly useful for suspending the

20  particles in the reagent solution for color development, but it was also used in the
wash steps. After color development, the particles were recaptured in the capture
zone as the solution was pushed through the optical transmittance cell at 1 pL/s.
Resuspending particles provides better surface accessibility for wash and catalysis
steps than leaving the particles in a layer against the magnetic cell wall. In

25 addition, resuspension prevents particle aggregates from forming, which can be a
problem if the magnetic particles are left in the magnetic zone too long. This is
why particles were resuspended with a 5 microliter pulse in steps 4 and 10 of Table
1, just before the air segment discard and color inlet initialization steps. Air
segments were used to separate the solutions pulled into the holding coil

30 (competitive mix and color development reagent solution) as described above.
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sol ution was pushed through the optical transmttance cell at 1 pus.

Resusperdi ngng/altie| es provi des better surface accessibility for wash and

catal ysis steps iﬂ‘gxl% éoﬁ%@&g%ﬁﬁleﬁﬁ?gﬁiaeg%ve-kepin@uﬂzﬁé’cﬁk/it gRTIfRpL he magnetic

cell wall. In 25 addition, resuspendion prevents particle aggregates from
form ng, whi shaskedrthize tamesparshiharhaidd witlke TN gkt cadopdevelophrest pargoheft i n t he

magnetic zong too long. This is wh rti e resuspended with a 5
mcroliter pUledEsPnY _ a_ﬁa_ﬁ?’iﬁ?vf%ng%$85'flcgrﬁ?fﬁ?g§?m@8’fn§r ®The air segment
di scard and gQdB4tidnDDRdplddRireh G AR IHRP HhENSnifiChdt onBEATBRIismWRsfzeused to
separate the solutions pulled into the holding coil 30 (conpetitive mx and

col or dével optmenTNTestgradard wes incilemigd fos 16 exivwied & SGHbygiml WY T0R4glan5 28

PCT/ US02/ 248?e0sulté1d7in 71.7% of the blank peak area (average of triplicate runs). In

competitive assays, this concentration represented infinite TNT concentration,
completely eliminating HRP activity in the color development step.
An alternative experiment was conducted where atrazine-HRP conjugate

20  (also from Strategic Diagnostics) was used in a blank run in place of TNT-HRP,
yielding a blank peak area 17% that of the TNT-HRP area resulted. These results
indicate that the antibody-coated magnetic particles can also bind atrazine-HRP,
suggesting that there may be some affinity for HRP regardless of the conjugated
analyte or analyte-analog.

25 All references, including publications, patents, and patent applications,
cited or listed in this specification are herein incorporated by reference as if each
individual reference were specifically and individually indicated to be incorporated
by reference and set forth in its entirety herein. Further, any theory, proposed
mechanism of operation, or finding stated herein is meant to further enhance

30  understanding of the present invention, and is not intended to in any way limit the

present invention to such theory, proposed mechanism of operation, or finding.



EXAMPLE FI VE ALTERNATI VE PROCEDURES Two ot her approaches were consi dered.
In one the unl abel ed anal yte was added first, a sequential approach that
i S somet iwDd30ssA8 t 0 | ncrease sensitivity. 5 Deshpande, SPCS/USEN2486@

| mmunoassays: From Concept to Product Devel opnment; Chapman & Hall: New
York, 1996, p. 309. Wen a 4.265 ng/m TNT standard was incubated for 16
mnutes wth antibody particles prior to addition of the TNT- HRP, the
resulting peak area was the sanme as if yRe 3 reagents were m xed w t hout
t he added incubation. The peak area predicted 4.3 ng/m for this altered
4.265 10 ng/ M r ufyhildtht IR eROENIBE DBePHREHABE Bid dRefibddih @taN18H ened NCUbat ed
with TNT-HRP, washed three tinmes, and incubated with TNT. The col or

devel oprment gemingsrandfforegping ssraiptiomghesanee ado ke pensidered asfillysieatine and

TNT-HRP remaining..atter i Lon...ny f - HRP was

si gni ficant 3(r)r}[lr§’/§?‘?1u{%13 08?%? tgﬁ%\%@%@ﬁﬁ%%@wﬁ%ﬁlggg I{Ar/aég i ncubated for
16 m nutes. Amb&ithenty/Hive Bddh shb@ndad desceibsd biicethai all dtikngéoamkl t he bl ank peak
area (average of triplicate runs). In,  c etitive assays, this

concentr at i OWO%WE%W%WOW‘WHP%‘ éheﬁﬂil““c‘gg%eﬁv?gfqn&‘i? 36%‘8915‘? Eec ely

el imnating 2t i vity in the color devel opnent step. An alternative
experi nment s conducted where atrazine-HRP conjugate 20 (also from
Strategic Diagnostics) was used in a blank run in place of TNT-HRP,

yi el ding a bl ank peak area 17%that of the TNT-HRP area resulted. These
results indicate that the anti body-coated magnetic particles can al so bind
atrazi ne-HRP, suggesting that there may be sone affinity for HRP

regardl ess of the conjugated analyte or anal yte-anal og. 25 Al references,
i ncludi ng publications, patents, and patent applications, <cited or listed
in this specification are herein incorporated by reference as if each

i ndi vidual reference were specifically and individually indicated to be
incorporated by reference and set forth in its entirety herein. Further,
any theory, proposed nechanism of operation, or finding stated herein is
meant to further enhance 30 understanding of the present invention, and is

not intended to in any way |limt the present invention to such theory,
proposed nechani sm of operation, or finding. WO 03/044528 PCT/ US02/ 24850




48 Wi le the invention has been illustrated and described in detail in the
drawi ngs and foregoi ng description, the sane is to be considered as

il lustratwoesams2s not restrictive in character, it being wodarss2/2s60 t hat
only the preferred enbodinents have been shown and descri bed and that al
changes and 5 nodifications that come within the spirit of the invention
are desired to be protected. WO 03/044528 PCT/ US02/ 24850 49 What is
claimed is: 1. A nethod conprising: proypding a fluid flow path, the fluid
flow path having first and 5 second ends, a fluid flow controller effective

to variably i tive or negative pressure on the flow path to
cause control eg%%?%a?%'ow through the fluid flow path in a first or
second direction at predeterm ned rates, and a capture zone between the
first and second ends, wherein a fi.xed magnetic field intercepts the fluid
flow path in the iaptur‘\e“%ﬂ@@%ﬂﬁiﬂ%vi ding inthe fluid flow path a first

mi xture including a pl tmlidih%/afﬁmﬁé\b;pﬁthzrﬁﬁrmﬁaﬂowqfamMvﬁsgﬁissmr sed in a
carrier medium passing the Tirst mxture through the capture zone at a
first pbedeterm sednd epds.ndluidflew shewrdley efesitjede vparhly BRAPESE atpesitivagnet i ¢

particles becone trapped in the cgpture e hy the force. netic
15 field and thergbﬂ}é)%ﬁﬁ%lpgf%e PP g‘%}t#ﬁ%p%tg:}? F%‘%ée ﬁ%‘ﬁfol}%dﬁ@l @f)l(r“%ﬂgm rst
magnetic particl etieslidFoiv et fntsfiRgot feodd difdctioRgnsredaepiinéd etas, bl at e

with a first dispersion nedium and pulsing the first dispersion nmedium
t hrough the capt upeaptBiezoas batween ge firspangh seerndengs riklerein aeed magnets e

ffective to disl i LC-part | isol ate f th t
efrective 1o di's gg@ﬁngp&gisltﬁéP%Wh%‘tﬁﬁlgﬁ{ﬁgélﬁdu e zOme?) AL € fTromtne capture

zone, nove the ma I'C partic etic field, and suspend the
magneti qoparticl es in phevidihg &t thdiflmpefiew pathnefiistmittore ipeloding e phursktyond
mxture. 25 2. Th?)f &‘:I‘itdhrgg ie?ic agr%ig{eg?i?sc grsg\fi }nha galnéllérr?ng'di%\'{nl?r ein the fixed
magneti c gneuc p P ;
passing the first mixture through the capture zone at a first
predetermined capture rate whereby a major portion of the magnetic
particles become trapped in the capture zone by the force of the magnetic
15 field and thereby separated from the carrier medium to form a first
magnetic particle isolate;
perfusing the first magnetic particle isolate with a first dispersion
medium; and
pulsing the first dispersion medium through the capture zone at a first
20 predetermined dispersion rate effective to dislodge the first magnetic particle
isolate from the capture zone, move the magnetic particles from the magnetic

field, and suspend the magnetic particles in the first dispersion medium to

provide a second mixture.

25 2. The method in accordance with claim 1 wherein the fixed magnetic
field has a strength that is substantially constant during said passing of the first

mixture, said perfusing, said pulsing and said passing of the second mixture.

3. The method in accordance with claim 1 wherein the fixed magnetic
30  field is provided by a permanent magnet having a fixed relationship to the fluid
flow path.



field has a strength that is substantially constant during said passing of
the first mxture, said perfusing, said pulsing and said passing of the
second mMwOwWsM44538 The nmet hod in accordance with claim1l woerusom4she fi xed
magnetic 30 field is provided by a permanent nagnet having a fixed
relationship to the fluid flow path. WO 03/ 044528 PCT/ US02/ 24850 50 4.
The nmethod in accordance with claim1 wherein the fixed nagnetic field is
provi ded by an el ectronmagnet that has ashi xed relationship to the fluid
flow path and a that produced a fixed nmagnetic field. 5 5. The nethod in

accordance w th chai m frpWhese)fin LRGHRALHittCclaifPl %Elleﬁisthh '?i%la&'%gﬁetw

sur face-bound sel ectl ve agent featuring selective affinity for t ar get
subst ance. 6f1eIﬂleprm7t1dludd3yandmmnﬁehwmhawadmlﬁlombp@ thetﬂv@dﬂaynetl c 10

particles with surfac nd sel ective agents are effective to selectively
retain a chBﬁﬁh@&ﬁaakatl?F‘Efr g & e B’é‘g?eékcgfe‘%&a sanple. 7. The nethod in
accordance with claim1l wherein the magnetic particles include properties

suitable for adsorption of nultiple target substances via 15 a
non-specisfi ¢ i ntebacti dhe n&tho'ﬁha aperfae iwitheddaior b whewinhe maghefion 7 wher ei n

el actrost a1 s et oor e bRt RebPRetb B GRARIhr) o e ™"

interaction g t@um&}[cggen bondl ng 20 interaction. 9. The method in
accordance with claim6 wherein the first dispersion mediumincludes the
sanple. 25 10. The nethod in accordance with claim®6 wherein the selective

agent 15 effectiye tomebalit ol usaanl S3nbh fnBdihey: and wherein

t he sel ective rom roup consi s an anti gen,

an anti body, anﬂare@mthmrﬂae@emmlrscleauw @@nd; axaaffeﬂtivgmdﬂwiémbiydet,am a
streptavidin, avidin, biotin and lectin., 30 11. The nethod in accordance
with claim16 ma@rwlwlﬁ@cg@w@%@swsw is an anti body. WD 03/044528
PCT/ US02/ 24850

7. The method in accordance with claim 1 wherein the magnetic
particles include properties suitable for adsorption of multiple target substances via

15  anon-specific interaction.

8. The method in accordance with claim 7 wherein the non-specific
interaction is selected from the group consisting of an electrostatic interaction, a
van der Waals interaction, dipole-dipole interaction and a hydrogen bonding

20 interaction.

9. The method in accordance with claim 6 wherein the first dispersion

medium includes the sample.

25 10.  The method in accordance with claim 6 wherein the selective agent
is effective to retain a biological species in a sample, and wherein the selective
agent is selected from the group consisting of an antigen, an antibody, a protein

receptor, a ligand, an oligonucleotide, streptavidin, avidin, biotin and lectin.

30 11. The method in accordance with claim 10 wherein the selective

agent is an antibody.



51 12. The method in accordance with claim®6, wherein the sanple includes
an anal yte sanple for an ELI SA assay; wherein the selective agent is an
ant i body wbat/osesbecti vely retains the anal yte; and wher ei RCrhisoz2uspl e
further includes an anal yte-enzyne conjugate. 5 13. The nethod in
accordance wth claim 12, wherein the anal yte- enzynme conjugate conprises
an enzyne having a specific catalytic activity and specificity for an
anal ysis reagent. 10 14. The nethod in &gcordance with claim6 wherein the
carrier nmedium includes the sanple. 15. The nethod in accordance with
claim 14 wherein yhe miphlUidndin dcOGUARESAH Qhind6 fWileddin BRY dapghOf time
effective to cause the selective agent to contact” 15 and retain the

speci es. 16. indhaleswh hoalyiersamplediod amERISH tssay) whereih Sherdedgctive agemeisfdnr st

di spersion nediumis a first wash solution. 20 17. The nethod in accordance

with claim 18‘,‘t1'?q?ryttﬁ%se]f@8“‘fﬁ&¥ wiHgs %&E@Wga‘? ghgggﬁhﬁsqwrﬁ?g'frg‘ef hr ough t he

capture zone;aliydes 3RGRAG e Rk 8bMubREl capture rate at which rate a major
I

portion of the magnetic particles béecone trapped in the capture zone by
the forced of the magnetic field and thereby renoved from the first

di spersion nmediumto fqrma second neti. article isolate . 25 18. The
nmet hod in accordar]fée W I%qﬂicf(ﬁf‘f‘f?or}?%}cFﬁ’@ﬁ] @gﬁoi?’s‘ﬁﬁ e?mkhﬁea‘r%fﬂ sei'ng t he
second nagnethgymPédrigdate Eciprabeanbizin HORRNkpeeiis peaBiioRchw ail  and

pul sing the second dispersion nediumthrough the capture zone at a 30
second pr edespeaifidieiofor b pealyiivi¢agate ef fective to di sl odge the second
magnetic particle isolate fromthe capture zone, nove the nagnetic
particles WO 03/044528 PCT/ US02/ 24850 52 fromthe nagnetic field, and
suspend tthe magnetldc pahkeingdtiesd inmctdrdarve axttoclaith 6 pdesinthe redienmetionpr ovi de

a third m xture.
includes the sample.

15.  The method in accordance with claim 14 wherein the mixture is
incubated for a first period of time effective to cause the selective agent to contact

15  and retain the species.

16. The method in accordance with claim 15 wherein the first

dispersion medium is a first wash solution.

20 17.  The method in accordance with claim 16, further comprising
passing the second mixture through the capture zone at a second predetermined
capture rate at which rate a major portion of the magnetic particles become trapped
in the capture zone by the force of the magnetic field and thereby removed from

the first dispersion medium to form a second magnetic particle isolate.

25
18.  The method in accordance with claim 17, further comprising:
perfusing the second magnetic particle isolate with a second
dispersion medium; and
pulsing the second dispersion medium through the capture zone at a
30 second predetermined dispersion rate effective to dislodge the second

magnetic particle isolate from the capture zone, move the magnetic particles



19. The method in accordance with claim 18 wherein the second 5 dispersion
medi um conpri ses an anal ysis reagent. 20. The nethod in accordance with

cl ai m 19, wbuwswinses conpri sing passing the third m xture tRCoagph2/24860 capt ure
zone at a third predeterm ned capture rate at which rate a najor portion
of the magnetic particles becone trapped in the 10 capture zone by the
force of the magnetic field and thereby renoved fromthe second di spersion
mediumto forma third magnetic particle2i solate. 21. The nmethod in
accordance with claim 20 wherein the flow path further includes a
detection zone, anpd,henRidedc deCaiPlushehdiRSiabRiRDatR1Eeh ¥ seBond 5

physi cal or chem cal property of a fluid in the detection zone; and further
conpri sing, after dpssiongmedientthiprayvids xthindenikbureugh t he capture zone,
detecting a physical or chem cal property of a nenber selected fromthe
group consisting of the second dispersion nediumand the third magnetic
particle isolate. 1380 2Zme thahéEhHReordmRGHE Elaine 88 Whkiitihdistdoad Wherein the
analysis reagent is a coloring agent; and wherein the detector is an

opti cal det edlispersionBediTimecomprriseschan analysisaeagnte with claim 22, further
conprising: passing the second solution through the detection zone; and
measuring the property 25 of the second solution. 24. The nethod in

accordance W th chai m Ihewhahed i dcbsrdaRearith clging PE itk coBisimgconpri ses a
second wash solution. 30 25. The nethod in accordance wi th clai m 24,

further conpipessingthe grigbkmirguieribropgh the captrezaactahs Sukhpredaeriped ¢aptuBne at a
third predet ernined: . : - Lo of th
rmgnet Lo par trErbSHisHARE Faiof Aol bt e o kpb R s BelBOh oAb tthe "<

capt ur e one chytutdwont by clee fokcd dfehemggedticdield aidiherety rdresveldyfranetheved from
the second dispersion mediyumto forma third magneti.c particle isolate.

26. The met hd&cand dispetsiaramediugy tp o %FW%?WHFP%@F}"GBW&W sing: 5 perfusing
the third nagnetic particle isolate with a third dispersion nedium and
pul sing the third di spersion nmediumthrough the capture zone at a third
predet er mi ned di s@ér si dihemadtirodihfascaridercetvathiélaimo2@whetein thhiflosy pedlynet i c

further includes a detection zone, and wherein a detector is positioned to detect a
15 physical or chemical property of a fluid in the detection zone; and further

comprising, after passing the third mixture through the capture zone, detecting a

physical or chemical property of a member selected from the group consisting of

the second dispersion medium and the third magnetic particle isolate.

20 22.  The method in accordance with claim 21 wherein the analysis

reagent is a coloring agent; and wherein the detector is an optical detector.

23.  The method in accordance with claim 22, further comprising:
passing the second solution through the detection zone; and measuring the property

25 of the second solution.

24. The method in accordance with claim 18 wherein the second

dispersion medium comprises a second wash solution.

30 25.  The method in accordance with claim 24, further comprising
passing the third mixture through the capture zone at a third predetermined capture

rate at which rate a major portion of the magnetic particles become trapped in the



particle isolate fromthe capture zone, nove the magnetic particles from
the 10 magnetic field, and suspend the magnetic particles in the third

di spersi owO opdisesn t o provide a fourth mxture. 27. The mPCha$02/m850
accordance with claim 26, further conprising passing the fourth m xture

t hrough the capture zone at a fourth predeterm ned 15 capture rate at which
rate a major portion of the magnetic particles becone trapped in the
capture zone by the force of the magnetisy field and thereby renoved from
the third dispersion nediumto forma fourth magnetic particle isolate. 28.

The method iR, &%o%@%ggléﬁog{]éd&*\}ﬁé MagdetTRIEARY thBRbY kbR Tom & T ur t her

i ncl udes a detection z , erein a detector IS positioned to detect a
physi cal or cbemdcidpemiapaediymad farni b thidl inagrehie padickeasélele. zone; and furt her
conprising, after passing the fourth m xture through the capture zone,
detecting a physical or chem cal property of a nenber selected fromthe

group consisting g 1t hgheliiihél i RBSHIAARWINPE LMD S THthdiohfPriking: mMagneti c
particle isolate. 25 29. The nethod in accordance with claim 28 wherein the
second d spersi on nedipgnusioghe thisd magnetivapayii¢le isobasgywith a thiod dispersient hod i n
accordance with claim 29 vgner ein the analysis 30 reagent is a coloring
agent; and wherei PN & %ctor is an optical detector. WO 03/044528

PCT/ US02/ 24850 54 31. fp_ﬁhb@n & inae diSper6oR hiddin@ethtbigh thd edptuck zohesei n t he
magnetic field has a field gradient in the capture zone of from about 0.1

to about 2 kGaussthind predotermrined dispersignire sedivedn dislagige thecthid magngliter ei n
the flow path has ﬁﬁt&tﬁg%/ fr%]hf%{g\?f\ﬁ&ﬁ tﬁé &ﬁ]ugg ?(;)ﬁe', gljov%: %eﬁgﬁs)éﬁtetié allﬁcle§§romT{P1§ met hod

in accordance wt erein oW pa an-average di aneter
of frommbout 0. O@dagnetiatield] aral suspenii@hSthagrdtie paridiadn the thirddispemiva Wi t h
claim1 wherein the first predeéer ined capture rate is fromabout 1.0 to
about 13ms. 35. UL RESYIder? BE@F‘H&WE% with claim1 wherein the first
predeterm ned dispersion rate is fromabout 250 to about 2500 nm's. 15

27.  The method in accordance with claim 26, further comprising
passing the fourth mixture through the capture zone at a fourth predetermined
15 capture rate at which rate a major portion of the magnetic particles become trapped
in the capture zone by the force of the magnetic field and thereby removed from

the third dispersion medium to form a fourth magnetic particle isolate.

28.  The method in accordance with claim 27 wherein the flow path
20  further includes a detection zone, and wherein a detector is positioned to detect a
physical or chemical property of a fluid in the detection zone; and further
comprising, after passing the fourth mixture through the capture zone, detecting a
physical or chemical property of a member selected from the group consisting of
the third dispersion medium and the fourth magnetic particle isolate.
25
29.  The method in accordance with claim 28 wherein the second

dispersion medium comprises an analysis reagent.

30. The method in accordance with claim 29 wherein the analysis

30 reagent is a coloring agent; and wherein the detector is an optical detector.



36. The nethod in accordance with claim1l wherein the flow path is a

m crochannel . 37. The nethod in accordance with claim1 wherein said

passi hg oWotob®4452€9 first m xture conprises passing in a fiPCIUSAY/24864 i on;
wherein said passing of the first dispersion mediumconprises passing in a
second direction opposite the first direction; and wherein said passing of
the second m xture conprises passing in the first direction. 25 38. The
met hod in accordance with claim1 whereigq the flow controller conprises: a
mul tiport selection valve including a primary port and a plurality of

secondary ports, erei i T oJa A W 1 ted to
the inlet of the ﬁ%i d e??v‘i‘%gﬁn; &%ﬁﬂggﬁ)‘?‘lé*? %ﬁ:%ﬁﬂekﬁtﬁ%mgé}%?g%ﬁm end
and a di st al hesd;fielhgmdient intthe capitiet abneeofdroms abéutiOdl tp aboninzkGedskm. t he
primary port of the selection valve; W 03/044528 PCT/ US02/ 24850 55 a

t hree-way valve having a first port fluidly connected to the proxinml end

of the hol ding coidy a BRGAOHPH dcchiddh@ Wit ORS¢ AR IR 1R AKAphtARhea SPEEd
reversible punp; and a third port fluidly connected to a source of a wash

conposi ti®n. whade offfremmmbotiod] tatmut 0 pnce with cl ai m 38 wherein the
vari abl e speed reversible punp is a stepper-notor-driven syringe punp. 40.
The nmethod in accordance with claim 38 wherein the multiport 10 selection

val ve, the three-vey vatneanahed ihecoidaicedkieh slaith 1 HHefsn e fowwpah hag ogr ammed
computer. 41. The nethod in accordance with claim11, wherein the flow path

in the capt navemge diasmesaried fipm abouf §.00} tealiouppifilxed magneti zabl e sol i d
matrix 15 structures. 42. An apparatus, conprising: a fluid flow path, the
fluid flow path having first and second ends and a capture zone between
the firsioand sec@ad ermig;method in accordance with claim 1 wherein the first

predetermined capture rate is from about 1.0 to about 13mm/s.

35.  The method in accordance with claim 1 wherein the first
predetermined dispersion rate is from about 250 to about 2500 mm/s.
15
36.  The method in accordance with claim 1 wherein the flow path is a

microchannel.

37.  The method in accordance with claim 1 wherein said passing of the

20 first mixture comprises passing in a first direction; wherein said passing of the first
dispersion medium comprises passing in a second direction opposite the first

direction; and wherein said passing of the second mixture comprises passing in the

first direction.

25 38.  The method in accordance with claim 1 wherein the flow controller
comprises:

a multiport selection valve including a primary port and a plurality
of secondary ports, wherein a first secondary port is fluidly connected to
the inlet of the fluid flow path;

30 a holding coil having a proximal end and a distal end; wherein the

distal end is fluidly connected to the primary port of the selection valve;



20 a fluid flow controller effective to variably inpose a positive or
negative pressure on the flow path to cause controlled fluid flow through
the flui awbloomuqsa& h in a first or second direction at pre@erdarsot/ass r at es;
a magnetic field source generating a fixed magnetic field, the source
positioned in a fixed relationship to the fluid flow path whereby the field
25 intercepts the fluid flow path in the capture zone; and a detector
positioned to detect a physical or chemssl property of a fluid in the
flow path. 43. The apparatus in accordance with claim42 wherein the

detector is 30 an Opti%keed@ﬁ}e@atlﬁfham Qﬁ{s%glégﬁid?%%ﬂ&@t%ﬁ%lﬁéo 56 44.

The apparatus in accordance with claim42 wherein the fixed nmagnetic field
source conprises @rpsimuhaehef theholding obdl; a Fvond pprdhidly comeatedde dance wit h
claim42 wherein the fixed 5 magpetic field.spur ) ri ses.an

Gl 6t romagnet - a6, seele sptsel By RO Pt gpia BRI FelBRLR R EIS R ei 1 ¢ e
magnetic field hagureflof @lwhsk to@palifio2f from about 0.1 to about 2
kGauss/cm 10 47. The apparatus 1 n accordance with claim42 wherein the
flow pathin the capture/dispersion region has a volume of fromabout 1 to
about 50 uL. 48. e appar N accordance w Laim 42 wher.ein the flow
path has an averggé d?%ﬂeerﬁ%tﬁg%*n F:&)r%g% Jout @?’fg?ggvgg?ﬁ?ﬁgvﬁﬁ?blfépefs. The
appar at us i n ree@sbla e Wiatsteppeambiof-drivbiesgingetplgpl | uid flow controller is
effective to provide flowrates in the fluid flow path of up to about 2500
mmis in either direction. 20 50. The apparatus in accordance with claim42
wherein the controly er L J AW ni cation
with the fluid flglv(\)/l' patwer}géfﬂg‘f'ﬁ‘eﬁép%é‘?{f%@ @ﬂg@%ﬁ%ﬁﬂeﬁ@ﬁ@al m 42
wher ei n ihe fselectibr Valve, tioothtacoldyeval eoapt the pemp 2fe éonimwlied ppeapresel ecti on

val ve including a prinar ort and a plurality of secondary ports, wherein
a first seco W%ﬁcoFé“%F'ui dly connected to

41. The method in accordance with claim 1, wherein the flow path in
the capture zone is substantially free from fixed magnetizable solid matrix

15 structures.

42.  An apparatus, comprising:
a fluid flow path, the fluid flow path having first and second ends
and a capture zone between the first and second ends;

20 a fluid flow controller effective to variably impose a positive or
negative pressure on the flow path to cause controlled fluid flow through
the fluid flow path in a first or second direction at predetermined rates;

a magnetic field source generating a fixed magnetic field, the source
positioned in a fixed relationship to the fluid flow path whereby the field

25 intercepts the fluid flow path in the capture zone; and

a detector positioned to detect a physical or chemical property of a

fluid in the flow path.

43.  The apparatus in accordance with claim 42 wherein the detector is

30 an optical detector.



the inlet of the fluid flow path; a holding coil having a proximal end and
a distal end; wherein the distal end is fluidly connected to the main port
of the sewewBirors2&/al ve; 30 a three-way val ve having a fir®CcTamser2485wi dl y
connected to the proximal end of the holding coil; a second port fluidly
connected to a WO 03/044528 PCT/ US02/ 24850 57 variabl e speed reversible
punp; and a third port fluidly connected to a source of a wash
conposition. 52. The apparatus in accordsgce with claim42 wherein the
variable 5 speed reversible punp is a stepper-notor-driven syringe punp.

53. The apparatus 440 acEKy §pbefusihbbcordac8Wwid IMRY £1 Whibe dakikddor t
sel ection valve, the three-way val ve and the punp are controlled by a pre-

programed cdhpgnete fiekipogre conpriagnrepesmasent magoetor dance with cl ai m 42
wherein the flow path in the capture zone is substantially free fromfixed
magneti zable solid matrix structures. 15 55. An apparatus, conprising: a

fluid flow path, t4se f|THeChpEbﬁmsﬁﬂTa&'toP@dﬁ:b@g/iﬂlicﬂzﬁﬁl Mgh&emandrigads and a
plurality of capture zones between the first and second ends; a fluid flow

control | e} effpagetiG BeldsoymeicappyisesAREIReClaMesastt i ve or negative pressure on
the flow path to cause controlled fluid flow through 20 the fluid flow
path in a first or second direction at predeterm ned rates; and a plurality
of magnetic fiel d4our clr,appactusinuaécoedpenelticiae 42 whoreid thamganeiticc fi el d,
and each the éﬁ@#ge @gaitioned in a fixed relationship to the fluid flow
path wher eby f 54 fetla sirenath eblspm abawt G-1 ¢ ebouf kGsEssfemn a  capture zone;
25 wherein each capture zone is separated fromone or nore other capture
zones by a zone that is substantially free froma magnetic field. 56. An
appar at u¥) conpri gi7ng: Thefappardtul limeccpatancerwith ldavi2nghdréin she fiowl patidand ends

and a captur e 8arf)(taure/dispersion region has a volume of from about 1 to about 50 ul..

48.  The apparatus in accordance with claim 42 wherein the flow path
has an average diameter of from about 0.1 to about 5 mm.
15
49.  The apparatus in accordance with claim 42 wherein the fluid flow
controller is effective to provide flow rates in the fluid flow path of up to about
2500 mm/s in either direction.

20 50.  The apparatus in accordance with claim 42 wherein the controller

includes a reversible pump in fluid communication with the fluid flow path.

51.  The apparatus in accordance with claim 42 wherein the fluid flow
controller comprises:

25 a multiport selection valve including a primary port and a plurality
of secondary ports, wherein a first secondary port is fluidly connected to
the inlet of the fluid flow path;

a holding coil having a proximal end and a distal end; wherein the
distal end is fluidly connected to the main port of the selection valve;

30 a three-way valve having a first port fluidly connected to the

proximal end of the holding coil; a second port fluidly connected to a



30 between the first and second ends; neans for providing in the fluid flow
path a first mxture including a plurality of solid magnetic particles

di sper sedwpr3@44sa8 ri er nmedi um WO 03/ 044528 PCT/ US02/ 2485@CTAS0nB@®AG f Oor
variably inposing a positive or negative pressure on the fluid flow path
means to cause controlled fluid flow through the fluid flow path in a first
or second direction at predeterm ned rates; and neans for providing a fixed
magnetic field that intercepts the fluidsflow path 5 nmeans in the capture
zone. 57. A nethod conprising: passing a mxture including a plurality of
sol i d magnetic parydfabRSspeéSROESERI drH}i);aanQ%rtﬁj'r@ off B ditdrieOie@lb & condui t
extendi ng through a fixed magnetic ?le d at a O first predeterm ned
capture rate wher eiopragefaevash cpmppsitibes becone trapped in the field and

t hereby separated fromthe carrier mediumto forma nagnetic particle

i sol ate; passing a dispersion nediuminto the conduit and into contact with
the nmagnetic partixl e Tigodppaiusdi dcddrdiiek WithGldiREA TWERBISHE ParfERi UM
through the conduit at a first predeterm ned dispersion rate effective to
nove the fragripeedreyansible PaBD isofieROee-mateindrivea syiingaPwm®l  suspend t he
magnetic particles in the dispersion nmedium 58. A nethod conprising: 20
passing a first mxture including a plurality of solid nagnetic particles

di spersed in a carj3.er Thdipparatusrinagdordance mdshidlaigxd2nhiérsia thdmatgora
magnetic field at a first predeterm ned capture rate whereby magnetic
particl es becifstion yalppdbe thiceray valye andithg PURPrass o Elsd BY 8P+ om t he

carrier nedi AmhaBofh gnetic particle isolate; 25 releasing the
magneti c par 'tifﬂé%e I sol gt gu?gr}'om the magnetic field by pulsing a dispersion

medi um t B0 ough the conduit at a first predeterm ned dispersion rate

effective to nove the netic particles fro he etic field and
suspend the magne¥¥c FPPRI@LISip a?‘f?égwg B’é&éadw %@Fﬂﬁmttbe %PW\H“%na

second ni xt Urge cafske 8RR NSRBI HikEd RAERIZARS sH¥d RARAI Ng t he
second m xture through
structures.

15 55.  An apparatus, comprising:
a fluid flow path, the fluid flow path having first and second ends
and a plurality of capture zones between the first and second ends;
a fluid flow controller effective to variably impose a positive or
negative pressure on the flow path to cause controlled fluid flow through
20 the fluid flow path in a first or second direction at predetermined rates; and
a plurality of magnetic field sources, each source generating a fixed
magnetic field, and each the source positioned in a fixed relationship to the
fluid flow path whereby each field intercepts the fluid flow path in a
capture zone;
25 wherein each capture zone is separated from one or more other

capture zones by a zone that is substantially free from a magnetic field.

56.  An apparatus, comprising:

a fluid flow path means having first and second ends and a capture zone
30 between the first and second ends;

means for providing in the fluid flow path a first mixture including a

plurality of solid magnetic particles dispersed in a carrier medium;



30 the magnetic field in a direction opposite said passing of the first
m xture, at a second predeterm ned capture rate whereby nagnetic particles
become t raipmam44ses WO 03/ 044528 PCT/ US02/ 24850 59 the fi elpdTarsd2/24s60 eby
separated fromthe carrier mediumto forma magnetic particle isolate. 59.
The nethod in accordance with claim58 wherein the first mxture 5 has a
different conposition than the second m xture.

58

means for variably imposing a positive or negative pressure on the fluid
flow path means to cause controlled fluid flow through the fluid flow path in a first
or second direction at predetermined rates; and

means for providing a fixed magnetic field that intercepts the fluid flow path

5  means in the capture zone.

57. A method comprising:
passing a mixture including a plurality of solid magnetic particles dispersed
in a carrier medium through a conduit extending through a fixed magnetic field at a
10 first predetermined capture rate whereby magnetic particles become trapped in the
field and thereby separated from the carrier medium to form a magnetic particle
isolate;
passing a dispersion medium into the conduit and into contact with the
magnetic particle isolate; and
15 pulsing the dispersion medium through the conduit at a first predetermined
dispersion rate effective to move the magnetic particles from the magnetic field and

suspend the magnetic particles in the dispersion medium.

58. A method comprising:

20 passing a first mixture including a plurality of solid magnetic particles
dispersed in a carrier medium through a conduit extending through a magnetic
field at a first predetermined capture rate whereby magnetic particles become
trapped in the field and thereby separated from the carrier medium to form a
magnetic particle isolate;

25 releasing the magnetic particle isolate from the magnetic field by pulsing a
dispersion medium through the conduit at a first predetermined dispersion rate
effective to move the magnetic particles from the magnetic field and suspend the
magnetic particles in the dispersion medium to provide a second mixture; and

recapturing the magnetic particles by passing the second mixture through

30  the magnetic field in a direction opposite said passing of the first mixture, at a

second predetermined capture rate whereby magnetic particles become trapped in
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the field and thereby separated from the carrier medium to form a magnetic particle

isolate.

59. The method in accordance with claim 58 wherein the first mixture

5  has a different composition than the second mixture.



