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DESCRIFTION

METHOD AND APPARATUS FOR COMBINED MAGNETOPHORETIC
AND
DIELECTROPHORETIC MANIPULATION OF ANALY TE MIXTURES

This upplication claims priority to provisional patent application Serial No.
60/211,757 filed une 14, 2000, entitled, “Method and Apparatus for Conibined

Magnetophoratic and Diclestrophorctic Manipulation of Analyte Mixtures™ by Peter
R.C. Gascoyne, Jody V. Vykoukal, and Trederick F. Becker. The entire text of the
above-referenced disclosure, ineluding figures, is specifically incorporated by

reference herein without diselaimer.

The following jssucd U.S. patenis are hercby meorporated by reference: ULS.
Patent Nos. 5,853,192, 5,888,370, 5,993,632, and 5,888,370. The following patent
applications are hereby incorporated by reference: pending U.S. patent application
serial number 09/245,955 for “Method and apparatus for programmable fluidic
processing” filed February 12, 1999; pending U.5. pateat application serial number
09/395,890 for “Method md apparatus for fractionation using generalized
diglectrophoresis and field flow fractionaiion™ filed September 14, 1999; provisional
patent application Serial No. 60/211,515 filed June 14, 2000 for “Dielectrically-
Engincered Microparticles™ Gled June 14, 2000, provisional LS. patent apphcation
serial number 60/27 1,514 for “Systerns and methods for cell subpopulation analysis”
filed June 14, 2000; and provisional U.S. patent application serial number 60/211,516
for “Apparatus and method for fluid injection” filed June 14, 2000.

Ficld of the Invention
The present invention relates to an apparatus and methods for combined

magnetophoretic and dielectropharetic nanipulation.

Background of the Tnvention
One of the most important capabilitics that cnables the chatacterization and

preparation of bio-materials throughout the life sciences is the recognition of target

JP 2004-503775 A 2004.2.5
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components in a mixlure and the ability to selectively manipulate, interact, and/er
isolate them. Methods known in the art to accomplish these steps include magnetic
labeling techniques. In these methods, maguetisally-susceptible particles (heretn
termed "magnetic labels” or "labels™) are used that can be attractcd fo a magnet and
have modified surfaces that bind preferentiaily to target parficles, cells, or malecules
(herein termed "harget amalytes™). The surface characteristics of the labels that
provide for preferential binding can include, but ars not vestricted to, antibodiss,
chemijoally-roactive  groups, and rcegptor ligands. Such surface-modified
magnetically-susceptible labels fend to become uttached to target analytes to which

they have preferential binding capacities within & nuxture of analytes.

After attachment, the magnetic labels may be collecicd by an inhomogeneous
magneitc field crealed by a magnet that is usually equipped with a mechanism for
increasing the magoetic ficld ithomogeneity in the vicinity of the labels. Analyies in
the mixture having negligible magnetic suscepbility and that have not become bound
o the mugnetically susceplibility labels to form analyte-label complexes are not
callceted by the magnet and can bo washed away. Subscquenily, the magnetic field
can he removed and the analyte-iabel complexcs can be relcased and collected in g

separate [raction,

Thus, by using these differential trapping characteristics, carrent magmstic
labeling methods allow targel analytes to be isoluled from a mixture of purticles, cells,
or malecules. These magnetic labeling methods can be used to rotzin the target
apulytes for further processing, amelysis, or study (known in the arl as "positive
selection™. Alternalively, the analytes that are not retained by the magnetic field may
be collected and used for firther processing, analysis, or stady {known in the ari as
"ncgative selection”}. While the use of magnetic labeling methods is widespread,
current methods have a number of significant disadvantages. For example, because
all magnetic tabels in a mixture are sfitacted to the collection megnet Tegardless of
any differences there may be in thejr surface moditicaiion or binding state with target
analytes, it is impossible to diseriminate between, und isolate, multiple target analytes
simuliancously. Tt is also impossible to detormine the extent to which magnetic labels

have bound o target analyte without additional measurement steps afler magnetic
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collection.  For example, it is impossible to distinguish between or isolate cell
subpopulations that are characterized by varietions in the number of labels bonnd to
their surfaces since alt cells that bind labels, regardless of the number, are collected by
current magnetic methods. Finally, carrent methods depend on trapping the magnetic
Iabels on surfaces in a collection chamber or columm ani the target analytes tend to be
collected in clumps. This typically limits sample recovery because of aduesion to the
chamber or column and may entrap unwanted nnlabelied analytes within the labeled

analytes thereby limniting the purity of the recovered target analytes.

A newer approach to the dJiscrroination, manipulation, separation and
isolation of target analytes from a mixture is based on the exploitation of the diclectric
properties of the target analyles themselves or the use of dielecliic labelng
teehpiques. In LS. Patert Nes. 5,993,630 and $,888,370 which are hereby expressly
incorporated hercin by reference, certain of the inventors of the present application
teach the use of diclectrophoretic methods for the discrimination, separation and
isolation of particles by exploiting their mirinsic dielectric properties in conjunction

with the characteristics of a hydrodynamic flow profile.

Tt 2 coneugrantly {fled provisional patee! application conenung dielectric
beads for the identi{ication and sorting of tavget agonts, the inventors teach methods
by which labels that incorporate uscful disleciric und magnetic propertics may be
designed. Such labels allow targel analytes to be discrimengted and manipulaied by
diclectrophoretic methods. By combining magnetic and diclectric properties as nscfil
attributes of the lubels, those metheds allow for additional levels of discriminalion
between both the labels themselves and analyte-label complexes, For example, the
disclosure teaches how different types of labels may be designed that have distinct
"dieleciric fingerprints” that allow for the recognition of the different label types
within & "cocktail" of different label types. Because apalyies, labels or analyie-label
complexes do not have ta be trapped in 2 column in order to achicve separations in
these dielectric methods, thev are fess susceptible to entrapping unlabeled analyles
within chumps. Tn addition, all analytes can be kept away fom potentially adherent
surfaces during dielectric soparations so that sample recovery efficiency is improved.

Mevertheless, the intdnsic dielectic propertics of target particles, sells, or moleculss,

L

JP 2004-503775 A 2004.2.5



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

(25)

WO 0146857 PCTIUSOTIHES

20

25

30

or of their dielectric labels may still not allow for sufficient diserimination between

muitiple target analytes in complex mixtures.

Furthermons, the existing dielsctric methods baving the most discrimination
batween different analytes (termed Dielectrophoretic Fiold-Flow Eractionation (DEP-
FIF methods) exploil 4 balance between diclectrophoretic and sedimentation forces
on analytes in the sample mixture. Such a balance can only be realized if there is 2
specifio orientation of the apparatus with respect to a gravitational or centrifngal field.
This precludes or limits the use of the methods for applications i microgravity
cnvironments such as space. The need ¢o aitain @ balance between dielectrophoretic
and sedimentation forces alse places comstraints on the relative densities of the
suspending medivm that carries the analyte mixture and the analyles to be sgparated.
For example, the target anaiyte or, in the casc of dielectric labeling, the analyts-label
complex, must have a density that is slightly {iypically 2-20%) higher than the
suspending medium for effective DEP-FFF separation.  Finally, becavse the
sedimentalion force acting on & target analyte or target analyte-label comples is
usually small and uniforr in space within the separation chomber, it typically takes
many minutcs for analytes or analyte-label complexes to reack positions in the

dielectric separation apparatus where a balance of foroes oceurs.

Thus it is often necessary to allow 2 sample {o sit for some “relaxation fime"
after it is introduced into a DEP-FFF separator 10 give aualytes time to scdiment
botore separation steps are jnitjated. Since thiy relexation tme is ofen compurabls 10
the time laken to complete all of the rost of the separation steps cornbined, this step

significanfly slows fhe separation procedure and is inconvenient.

Suemmary of the lnvention

To overcome these problems in both magnetic and Jiclectric separation
methodologics, the present jovention discloses novel lebeling methodelogy aud
raanipylation procedives in which target acalyic-label complexes are subjosted o not
only magnetic but also dieleciric forces simulianeously. The use of iwe externally

applied and controllable forces rather than one introduces versatility for manipulation
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of the labels and 2 preatly wmiproved ability to discritnirate between atalyte-label

complexes,

The meihods disclosed herein depend upon positioning target analytes to
difforent heights within a hydrodynamic flow profile. Whereas previous methods
achieved such positioning through the balanee of gravitational and diclectrophoretic
[orees, the present inventicn achieves positioning through 2 balance of diclectric and
magnelic forces. Specifically, disclosed herein Is @ new epparatus and methods that
allow diclectrophoresis, magaelopheresis and hydrodynamic effects to be exploited
simultancously for the discrimination, manipulation, fizctionation, identification

andfor isolation of analytes.

The following abjccis of the prescnt invention arc made possibic 2s a resulf of
this enhancement, First, the methods of the present invention allow several target
analytes to be discriminated and isolated simultaneously in a single separation step.
Second, target analytes do not have to be coliccted in the separator and, indccd
according 1o the present invention, can be prevented from comtacting any surface to
which they may adhcre during separation. This net only greatly reduces the problep
of trapping of unwanted analytes within target analyte frections, but also improves
analyie recovery efficiencies. Third, apparatus according to the present invention can
operate in any orientation, as well as in microgravity environments. Fourth, it 15 an
object of the pregent invention to obtain discrimination thar is much greater than that
obtainable by previous methods. Fifth, because both the magnelophoretic (MAP) and
diclectrophorotic (DEP) force fields used to position the analyte-label complexes are
inhomogeneous in space. the positioning force may be greater than 2 sedimentation
force, thus posilioning aceording to the present invention can oceur quicker than in
cases where gravitotional sedimentation is used. This reduces or eliminstes the
“relanation time"” prior to separvation. Sixth, the present invention introduces

unprovernents that allow bead labeling methodologies io be fully explorted.

Detailed Description
To fully understand the new methods it is helpful to intreduce the key physical
principles that wnderlje their operation. Te accoroplish this, dielectrophaovetic and
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magnetophoretic forces are discussed and shown to vary spatally in the vicinty of
arrays of electrodes (as used herein, “electrode”™ mesans any electtic pathway, for
example an aray of conductors) and magnetrodes {(as used herein, "magnetrogde”
neans any magnetic palhway, for example, a sitip of paramagnetic material having a
high permeability), show the conditions for (hese forces to be bronght inte balance
when they act on bodies having both dielectric and mapnetic suseepbibilities, and
discuss frydrodynamic flow profiles. Exemplary embediments and applications will

then be given.

1) The Dielectropharetic force, Fpgp

Consider a particle (which may include & solid, ccll, virus, bacterium,
molecale, or any other locatized arrangement of matter that is distinct from and
carpied within a suspending medium) of volume v and complex permittivity E*,,
suspended in 2 medinm of real permitlivity £, and complex permittivily &', that is
subjected fo simultansous dielectropheretic (DEP) and magnetophorelic (MAP)
forces. What if these forces arc imposed by arrays of clectrodes and magnetrodes that
give rise to clectrical and magnetic field inhomogeneity distibutions? Let us further
assume thal at a given point in space with coordinates x, v z referred to the
elzstrode/magnetrode cantdinates frame, the electric and magnetic fields are Efvy.z)
and Hx,y,z}, respectively. (It is to be understood that the magnetic field may also be
uenernfed by an aray of permanently mapmetic clements for the purposes of this

diselosure).
According to the dipele approximation, the DEP force is given by:
See equation | of Table 1.

Here, R 15 the radius of the particle, which for simplicity is assmned to be
spherical, the fiw factor is the Clausius-Massott factor, which reflects the frequency-
dependent dielectric polarizability of the particie with respect to its suspending
medium, and ey is the frequency of the AC electrieal ficld. It is understoed that in the
case of non-spherical particles and to describe situations in which quadruple and

higher order DEP foree componertds are significant, more complicated expressions

6
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than equation (1) will apply as is known in the art (see for example the analysis of
higher order poles set furik in X.). Wang ef al).

Further background on. dislectrephoretic forces may be found in Thonas B.
Jones, “Electromechanios of Particles,” Ch. 3 (Cambridge University Press, 1995).

1) The magpetopherctic {orce, Fase
A particle of volume v and magnetic permeability we, placed into an

inhomogeneous magnetic field will experience a magnetophoretic force

See Eguation 2 of Tuble {

Here, x4 is the magmetic permeability of the suspending medivm, R is the radivs
of the particle, and the k., factor Is {he magnetic Clausius-Mossofti faclor describing
the magoetic pelarizability of the particle with respect te ifs suspendiog mmedivm.
Ilere @y is the frequency of the applisd magnetic fcld and will have the valuc 0 for 2
stakic field. Tn amelogy with the dislectric equaiion (1), g and #; are tho complex
permeshilities of ihe suspending medium and particle, respectively. In the case of a
static magneiic field, these reduce to the real, static megneiic permeabilily parameters

fsand gr, respectively.

he ipvemiors nnte that equation {Z) s the magnetic analog of delectric
equafion (1), Altematcly, if the particle has a permanent volume magnetization 7,

(hen the magnetophoretic force wiil be

See Eguation 3 of Table }

It is possible for a particle to have both permanent and inducible magnetic
palarization components. In that ¢ase a combination of equations (2} and (3) way
apply. For sxample, a particle may have a high permeabilily and at the game time
demonstrate magpetic remnance.
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Further backpround on magmeticophoretic forces may be found in Thomas B.

Jones, “Electromechanics of Particles,” Ch. 3 (Cambridge University Press, 1995).

3) Spatial variations of electric and magnetic fields

Agsume that the inhomogeneous elsctrical and magnetie flelds are created by
applying an alternating voltage to an electrode array and a magnetizing force to 2
magnetrode array. FIG. 1 represents an slectrode aray comprisiog a conduotor {e g,
0.5 pm thick layer of gold) paticmied on a non-conducting substratc {e.g, glass).
While the electrode clements (2 and 3) are parallel, fringing effects crcate spatially
inhomogeneous electrical fields above and below the plane of the electrode elements
if an electrical vollage is applied between electrode buses 1 and 4. Analysis of the
inhomegensous elecrical Geld above the electrode plenc bors, as discassed in X.J.
Wang ef of. {(Exhibit C), reveals thal the diclecirophoretic force experienced by &
particle placed in this fringing ficld tegion will depend apen the distance of the

particle from the plane of the eleetrodies according fo the approximate relationship:

See Fguation 4 of Tuble }

Here Fpeps is @ constant for a given applicd voltage and given particle
pragertios, b is the distance of the particle from the electrode plane, and Aner is 2

constant that depends on the geametry of the electrode array.

A magnetic anzlog for this also applics. I the clectyodes 2 and 3 0o{ FIG. 1 are
considered to be mugnetrodes (e.g. thin film magnetrodes) instead of clectrodes and if
2 magnet is connected with poles al buses 1 and 4, then a spatially inhomogencous
magnetic field will be created above and below the plane of the thin (il magnetic
slements. A magnetically susceptible {or pormanently magnetic) particie placed in
the vicinity of the magnetrede array will exporience a magnetophoretic force
aceording to equation {2) (or cquation {3)). In analegy with the elecirical case, the
particle will experience a magnetaphoretic force that falls with inorcasing distance

fiom the plane of the plane of the magnetic tracks according to the relationshin:

See Equation 3 of Table |

£
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where ke is u decay copstant. Here Fagyp, 15 a constant for a given sirength of the
magnet applied botween the magnetrode buses | and 4 and for given magnetic

properties of the particle.

MNow consider fie case where electrical and magustic forces are applied
simultaneonsly. Baoth electrode and  magpetrode  soays ey be present
simultancousty on a supporting substrate. Farther, the geometric characteristics of the
electrode and magnetrode arrays may be similar or dissimilar. When geometrical
dissimilarity exists, or other prevaiting conditions act to distort the magnetic or
cleetric field with respeet 1o onc another, the vzlue ol the parameters hpge and fipp
will differ from one another and the eicctrical and magnetic forecs acting o a particic
will exhibit different dependencics on the particle distance from the plane of the
clectrodes and magneirodes.

While magneiophoretic forces are usually positive {(Ze. attractive) in sign in
biological labeling applications, condiions may be chosen to make the
diclcetrapharctic forces negative in such applications. In this case it js possible for
the dielectrophoretic and magnetic forces acting on a particle to oppose one another.
I Fpge < Bage In equations {4) and (5), then 3t is possible to find 4 unique valve for
the distance 4 from the electrode and magnetrode plane where the forces balance,

using equations (1) and (2) as:

See fguation 6 of Tahle !

where Gpee ad Guuap are peometrical firnctions rolating te the spatial characteristics
of the electrode and magnetrode elements, ¥y is the vollage applied to the electrode
buses, and Fyp is the magnetic field applied (o the magnetrode buses, This equation
reveals that 2 particle will come fo an equilibrivin 2t a height 4 from the plane of the

electiodes and magnstrades (assuming these clements are coplanar} when:

See Egiation 7 of Table |
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giving h = See Eguation 8 of Table §

Alternately, if the particles have a permancni magnetic moment or their
magnetic moment has reached a ssturation value, then the magnetophoretic force
described in equation (3} will fall accurding to relationship (5) and the decay constant

Rap in

Eyuation 84 of Table |

will differ from the dicleotrophoretic decay constant kyge even if the geometry of the
elechode and magnelrode anays ae identical. In this ease, cquilibrium height is
attained when:

See Fouation 9 of Tablz !

giving k= See Equation {10 of Tuble {

Tn this case the dielectrophoretic and magnetophoretic ficlds can e gencrated
from a spatizlly ceingident electrode-magnstrode strncture. Note alse in this case that
while the dielectrophoretic force depends on the square of the applied voltage, the
mugnetic force depends lincarly on the applied magnetie fisld. It is assumed in
equaiion (107 that the magnetic field, of the magnetic particle remains aligned with
the magnetic field from the magnetrodc array. 1f magnctic particles are wmable to
fully align in this way with the applicd magnetic field, then the magnetophoretic force
will he smaller than that given by equation (3), a3 is known in the ast. Note also that
the height at which DEP und MAP forces halance will be described by an alicrnative
set of equations if the magnetrodes and slecirodes are not coplanar and that alteraiive
cquations may be derived to describe the diglectrophoretic and magnetophoretic
forees for other configurations of eleckodes and mapnetic clements. This disclosurs
is intended fo cover all such cases and the above equations ars meant to be for
illustrative purposes in teaching the art.

4) Hyperlayer Ficld Flow Fractionation
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A fluid moving under a laminar flow regime through a thin channel assumes a
Iiydrodynamic flow profile whereby the velocity of the fluid increases with distance
from the charmel walls up to a maximum velocity at ilie center of the channel. If the

flow profile is parabolic, for example, then the velocily is given by

See Equation 11 of Table

where } is the distance from the channel wall, I is the height of the chamiel, and <v=

is {he mean velocily of the fluid tn the chunpel.

The method of field-flow fractionation (FFF) depends upon positioning
picticles within a hydrodynamic flow profile by one or mere applied lorce felds
which differentially affect particles having different physical proporties. Particles
positioned at different heights in a flow profile through the influence of the force
fields are carried by the fluid at different speeds and are thereby separated.

The present invention discloses mcthods by which the positions of particles to
be separated are conirolled within a hydrodynamic flow profile by balancing epposing
dielectrophoretic and magpetic forces. Tt is understood, however, that gravitational
forces may also act on the particles and affeet their positions or velocities in the
bydrodynamic flow profite. [t such cuses, 2 combination of gravitaiional, electric and
magnetic forees will datermine particle posilions and velocities,  The effcct and use
of gravily in DEP-FFT applications has been deseribed in T1.8. Patont Nos. 5,793,630
and 5,388,370 alveady incorporated herein. by reference.

Te exploit DEP and MAP forces for positioning particles, a chamnel is utilized
that incorporates clectrodes arkl magmetrodes {or permanently magmetic elsments) that
generate inhemogencous eleetric and magnetic fields within the channal. These fields
create diclectrophoretic and magnctophoretic forces on particles within a carrier fluid
introduced into the chuanpel. The position of the purticles with tespect 1o the channe]
is influenced by these forces.  If the earricr fluid flowsy through the channel, then the
velocity of the fluid at a given position in the channel will depend upen that position,

and the velocity with which a particle will be carried by the fluid will therefore be

11
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mfluenced by lhe effect of the disfectrophoretic and magnetophorctic forces on the

particle posjtion.

For example, if a given particle {s susceptibie to both magnetic and dielectric
forces, its height may be contrelled by the balance of dielectrophoretic and
magnetophoretic forces according o equation (8} or equation (10) und the fluid will
catry the particle at a velocity given by equation (11). The MAP and DEP forces
acting on a particle 18 and the hydrodynamic flow profile 16 arc shown in FIG. 2A.
As shown in FIG. 2A, the dielectropheretic force 18 opposes the magnetophoretic
force 12. Flow amow 14 shows the direction of fluid flow within the chember 20.
Further shown in FIG. 24, is the hydrodynamic profile 16, which in the exemplary
embediment is a parebolic low profile. Alse shown in the cxemplary embodiment of
FIG. 2A are clecirode clements 22 and magnelic clements 24. The movement of
particles to characteristic heights {s represented in FIG, 2B, in which the fluid Jows
slowly from left to fght. [n practice, larger or similar smaller differcnces in
characteristic heighis than those shown in FIG. 28 may be exploited for analyte

discriniination and scparation.

Particles possessing similar physical properties will all be positioned at the
same characteristic height in the flow chaimel and therefore be transported by the
fluid at the same rate. Particles having different physieal properties will be positioned
at different characteristic heights where the fluid flow velocity is differant, Therefore,
they will be transported through the chamber at different rates. Using this principle,
the fractionation of a mbxture of different particle types can be accomplished. For
cxample, if a sample conlaining a patticle mxture is introduced 2t one end of such a
flow chamber and canded through the chamber by fuid flow, then different particle
types will be carmied at different velocities and erzerge fror the outlet end of the flow
chamber at different times where they may be collested in separate fractions. The
time taken for 2 given particle to travel fram the iniet to the outlet end of the flow
channel is known in the art as fis "vefention time". The pregent ivention concerns the
combination of dielectrophoretic, magnetophoretic and hydrodynamic principles to
conirol the positions and/or retention times of patticles in a channel for the pusposes

of fracticnation, separation, isolation, identification and characterization of analytes.

1z
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Dielectric and magneiic properties of particles

The factors influencing the diclectric and magnetic properties of particles are
vell known in the art. Tn the case whers the particle is comprised of an analyte-lahel
complex, it should be appreciated that the properties of the complex will, in general,
differ from those of an wncomplexed analyte or an uncomplexed label. This has
important implications for the discrinsinating ability of the fovention disclosed herein.
Specifically, it should be rceagrized that the association of a magnetic label with &
nor-magnetic anglyte will result in a nragnetic analyte-label complex that has
diclectric properties that differ from those of either ihe label or the analyte, and

magnetic propertics that differ from those of the analyte.

in general, the label and amalyte will contribule dicleciric and magoetic
prapersics to the complex that depend on their relalive pomilivities, penmenbilitios,
volumes, and influences on the charge distributions of the suspending medinm.
Because the separations describe hersin depend upon 2 balance of dielectrophoretic
and magnetophorctic forees, analyie-label compicxes will therefore usually exhibit
elution churacieristics in a DEP-MAP scparator that differ from these of izbels having

ne zssociated analyles.

The methods according to the prescnt invention tharefore zllow labels to be
discriminated and separated according to their association state with respeoi o
analytes. For example, cells that have bound different nunbers of magnetic labals
will exhibit different characteristics during scparation, allowing for their
diserimination, characterization, and isolation. Therefore, cells having fewet binding
sites for antibodics against EGI receptors may be soparated from cells having a
greater mumber of receptors, for example. As anolther exemple, labels that are
uncomplexed can be separated from labels that are associated with cells, pariicles,

molscules and other tacget apalytes.

Tn addition, “cockiails” consisting of different types of labels may be produced
in which each type of labei has a different diclectric and magnetic “fingerprint”. Eaclh

typc of label i the mixture may ther be independently discriminetsd, separated,

13
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identified, and charucterized according 1o its respective binding state with a different
target apalyte. Such cocktails of labels allow for the simultaneous apalysis of

mmitiple ahalyte largets within a mixture in a single separation step.

Influence of Graviey
FIG. ZA shows the MAP and DEP forces acting on partictes within a separator

and acting to position partickes at equilibriom positions (FIG. 2B). It is to be
understoed when separations are conductcd W & gravitational field, as they are on
earth, that a force of gravity will also act on the particles. The megnituds of this forve
acting on. & perticle 38 Frginen - Vg(to - dy, where v is the particle volume, o, i3 is
density, and d, is the density of the suspending medivm.  The dircction of the
gravilational ferce with respect to the force dizgram in U'1G. 2A will depend upen the
orientaiion of the scparator embadiment with respect to the sarth's gravitationa) field.
if the gravitational foree has a component in the same direction as Fugp or Fogs, then
it will also tend to influence the position of the parlicle. Lhercfore, equations (8) and
(10} may, in practice, veed to be modified by the addition of a gravitational force
term. In additjon, if the gravitational foree has a component that acts in or against the
direclion of fluid flow in FIG. 94, then the velocity of the patticle given by equation
{11) will be modified by the addition of 2 sedimentation velocity term. For example,
if fhe gravitational force acts in the direction of flow, the additional sedimentation

velocily compenent given, by Stoke's law, as

_1r(d,—id)e

et =6 T

It is to be understood that these gravitational effects may be eliminated by
appropriate alignment of the ssparation apparatus with respect to the gravitational
field, or that they may be cxpioited in order to take advantzge of density

characteristivs of the labals, analytes or analyte-label complexes.
Finatly, it should 1o noted that the electrcal fislds used to provide the DEP
foree are easily switcheble and may be customized to particular applications and

prograrmned during separations to achieve specific desired types of discrimination.

t4
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The process of changing the fizld over time during sepuration is called programuming.
Use of programmability fo impreve DEP-FFF scpavations s deseribed in pending
U.5. patent application serial no. 09/249,935, which is cxpressly incorporated hersin
by reference. It is to be understood thal the magnetic feld may also be progravpmed
to fwther snhance the flexibility, discomination and capabilities of the invention

disclosed hercin.

Exemplary cmbodiments

Twe exemplary embodiments of separators are deseribed that exploit analyte
positianing by a copbination of diclectropharctic and magnetophoretic forces. In the
first embodiment, which docs not exploit the flow velocity profile of the carrer fluid
andl is suitable for continuous processing of samples, analyte mixiures may be flowed
continuously through a chamber cquipped with arrays of elecirodes and magnetrodes.
Amnalytes are then subjested to the combined diclectrophorcetic and magnctophoretic
forces resulting from the sleciric amd magnetic felds. Providiog they spend sufficient
time within the Jow chunnels, these forces move anabyles sofficiently close to
characteristic positions in the carrier medium flow profile stream at which the DEP
and MAP forces balance so that they may be jdentified, separnied, or isalated.
Therefore, analytes emerge from the flow chanpel at positions that depend on iheir
dieloetvic and magnetic characteristics. Different analyles may be characterized or
separaled according to the positioas, with respect to the flow channe? walls, at which

they exit the flow channel by use of an appropriate arrangement of exit ports.

In the second type of embadiment, in which the low velocity profile of the
cartier flutd is explofted and which is bost suited to batch processing of samples, 2
similar apparatus and mode of operation is employed, except that the sample anzlyte
mixte is injected as a single sample that is usually much smaller in volume than the
separation chamber. This aliquet 1s fhien carried through the flow channcl by a carrier
medivm. Again, provided they spend sufficient time in the DEP and MAP fields,
analytes move safficienily close (o posttions in the carrier Hutd flow profile where the
DEP and MAP forces acting on them are balancod so that they may be discriminared
or separated. Because the analyies are then carried at different speeds according 1o

their positions in ihe carrier medivn flow profile, they emerge from the flow channet

15
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at different characteristic imes. Tt should he understoad that a “sufficient time", as
used above, means that analyles, labels and analyte-lubel complexes spend encugh
time in the MAP and DEP force fields to move te positions at wiich they may
usefully be discriminated, datected, or sspaated. In practice, this may be less than the
time taken for thom fo come to positions where the MAP and DEP forces exactly
balance.

Specific aspects of the wpparatus for the two cmbodirments will now be
deseribed. Except for the exit ports, which mmst be multiple to achigve separation and
isolation of analytss for the continuous mode embodiment, other aspects of the two
embaodiments may be identical. Jlowever, it is to be ugderstond that the embodiment

having muitiple outlet ports may aiso be operated in batch mode.

Exemplary electrode arrays for dislectrophoretic manipulations are shown in
FIGS. 2 and 3. These are planar arrays consisting of & thin film of conductor, such as
gold or the like, patterned onto # supporting subsivate, such as glass or the like. These
aays may be f{abrcated by known phetolithographic and ebeam palterniog
techniques. Electrode arrays like theses, ov of different forms, may bo used to provide
DEP forces in the separators disclosed herein.  Elecirodes may be electroplated,
printed, eiched or affixed to the chamber walls, or ctherwise positioned in or arour!
the flow elrammel to ereate an inhomogeneous lecirical feld in the flow channel when

they are connected to a signal generaror.

FExemplary magnetrods arrays for magnetophoretic manipulations may have
simnilar or different paiterns to those shown in FIG. 3. In the magnefic case, the
magnetrodes may consist of thin flm metals, alloys, of magmetically susceptible
materials such as magnetic ceramics or forrites, magneticaily sugceptible wires, or
strips, wires or olher armangenents of permanently magneiic material. These may be
attached to the chamber walls or positioned in any location at which they resudt 11 the

ability to provide an inhiomogeneous electrical fickd within the flow channel.

Fxemoplary  electrode  and  magnetrode  combinations  suitable  for

simultaneously providing magnetic and clectric ficlds are shown in cross-section in

16
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FIGS. 4A-C. FIG. 4A shows an exemplary stucturs in which the slectrode and
wagnelrodde elements are combioed.  Specifically, FIG. 4A shows electrodes 72
disposed above magnetrodes 24, which is disposed on siructure 26. [n aliernate
ambodiments, the maguotrodes 24 may be placed above electrodes 22, Such a
structure may be, for example, lithographically patterned from a single photo mask.
More camplex patteming schemes in which the geowelry of the magnetrode and
slectrode clements differ way be fibricated nsing two or more patterning masks for
photolithography as shown in the example FIG. 4B.  As shown in FIG. 4B, the
electrode elements 22 are located adjacent the mapnctic elements 24, Other methods
known in the art may be used to create electrode and magnetrode arrays. It is
understood that an additional clectrode or clectrode array may be peomporated
elsewbhere in the chamber as Hllustrated, for example, in FIG. AC. As shown in FIG.
4C, in addition to the primary electrode struciure 22, a secondary clecirode struciure
28 is disposed op an opposing substrate 30.  In exemplury embodiments, the
secondary electrode structure 30 may be the same thickness and width as the primary
electrode struclare 22, or it may be of different size. Exemplary clecirical excitation

schemes are shown in FIG. 5.

Lxemplary mapnelic field excitation schemes are shown in FIG. 6. Arrays of
permanently magnetic materials taking the forms shown in FIG. 2 or any other forn
may alse be used to provide the magnetic field in the Pow channel without the need
for & external magnet (F1G. 7A).  An array of mapnetrodes may alse be used to
introduce inhemogencity in a magnetic field detived from magnetic poles placed
outside the chamber withont the need for a magnetrode pathway to the array as shown
in FIG. 7R,

An exemplary embodimeit of a separator using the dielectric and magnetic
separation prirciple for batch mode separation is shown in enlarged form in FI1G. 8.
FIG. 8 shows an enlarged view of a thin chamber 1 comprised of two sidewalls IT and
1II that sandwich a gagket TIT into which a slot TV has been cut. When assembled, the
chamber 15 tightly heid {ogether by clamping and/or glning, for exumple. in such
marmey that the gasket slot becornes the flow channel. An entry port V and exit port
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VI ullow for ingress and regress of carricr fluid and sample. In practice there may be

multiple ports V amld VI,

T alternate embodiments, the flow channel may be derived from a slot cit
directly into ome or boih of the side walls by etching, machining, ablation,
lithographic means, or by any other proveduces known in the art.  Allerpately, the
flow channel may be derived from material that is applied o one or both side walls by
sputtoring, spin coating, printing or thin fllm deposition, may be cut or formed inte
the body of the device, or may be injection molded, produced by any other

procedures known in the art.

Arrays of elcetrodes VII and magneirodes VIII arc present in the flow channel.
These may be within the chaanel intertor itsell, be supported by one or more walls of
the chamber, or be outside the chamber.  EBlectrical signals are comnecled from &
single generator IX. A magnetic fieid is provided from magnet X viz buses X1 and

XID to the electrodes and magmelrodes, respeciively.

A sccond cmbodiment for confinuous mode separafion is shown in FIG. 9.
EIG. 9 shows an aliemate embodiment whereln all clements of the diagram with the
exception of the outlet port VI are the same as described in FIG. 8. In FIG. 9, the
outlet port arrangement comprises multiple ports configurad so as to collcet hands of
fluid that ravel through the flow cfamber at certain defined distances from the
cleetrode and magnetrode clements and fiom the walls of the flow chamber
Specifically, F1G. 9a shows haw carrier £laid fraveling through the flow chanmel st
different distances ftom fire flow chameel walls can be removed fom the fiow chanoel
through, for example, six exit ports. Analytes or labels or analyte-labol complexes
carried in the carrier medivwmn at different distances from the charaber floor, at bottom

of the diagram, are thereby cansed to exit ihrough different exit ports.

Description ef batch-mode operativn
In an exemplicy separation using the batch mede, the following steps are

underiaken:
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(i} A sample conlaining one or more analytes is mixed wiih labels having
diclectric and magoeiic properties and binding affinity to one or more types of target
anaiyte. If desired, labels having distinguishable magnetic and dielechic properties

and hinding affinitiss for different anatytes may be vsed in combination in this step.

(2) After an incubation period that is sufficlent # ensure adequate binding
hatween target analytes and labsls, a measured aliquot of the analyte/label mixture is

mjected into the inlet end of the separation channel.

(3) Magnetic and AC clectrical fields are applied 10 the magnetrode/elecirods
arrays in the separation channel. This step may precede or follow the sample

injection step.

{4) Following u suitable reluxation time during which analytes and avalyte-
label complexes approach sufficiently close to positions with respect to the slecirode
ard magnetrode arrays where the MAT and DEP forecs balance, flow of carrier

medium is inittated af the inlet end of the separation charmel.

(5) The carrier mediom cstablishes a hydrodynamic flow profile within the
separation channel and carrics analyics and enalyte-label complexes through the
separation channel at velocities depending on their positions with respect to the
channal walls. This position depends wpon the applicd magnetic and AC electrical
fields and may, in exemplary embediments, be influsaced by the hydrodyparmic fow

profile and by gravity,

{6) Differsnt analytes and smalyte-label complexes will emerge from the outlet
end of the chamber al different times and may be collected m scparate fractions or
detected by various measurement methods. Because analyte-tabel compiexes having
similar magnetic and diclectric properties will bc positioned similarly by the
synergishic action of the magnetic and dielectric forces acting in the separation
channel, they will be carried at similar velacities by the carrier moedium and will
cmaerge together at the channel outlet in a single clution poak. In conliast, analytes

and anabylolabel complexes having different properties will be differentally

1%
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positioned by the synergistic action of the magnetic and cleetric fields, will be carried
at different velacities by the carier medium, and will emerge from the channel cutlel
al difforent Gmes. In this way, = mixture of apalyles may be discriminated and
separated temporally into several churacteristic peaks or bands.  Either of the

exerplary embodiments may be operated in batch mode.

Description of continuous mude operation

(1) A sample containing cue of moere analyics Is moxed with labels buving
dielectric and magnetic propertics and binding affinity to one or more types of target
analyte. [f desired, labels having distinguishable magnetic and dieleciric properties
and binding sffinities for different anatyles may be used in combination in this step.
The mixture is allowed o incubate for sufficient time that adequate binding betwecn

target analytes and labels occurs.

(2) Magnetic and AC electric fickds are applied to the magnefrode and

electrode arrays in the scparator chamnel.

{3) The analyte/label mixture from (1} is contimuously injected into the inlct

port of the flow channei.

(4y Carrier medium is withdrawn from mulliple exit ports of the separator (sec

FIG. 9). Different analyte fractions eretge from each port.

In this way a mixlure of analytes and analyie-label complexes may be

cantinuously separated into fractions that emecrge from different exit ports.

Release of magnetic partjcles by dielectrophoretic forces

The invention disclosed herein describes mctheds for analyte, label and
analyte-label complex discrimination that depend wpen an interaction (specifically a
balance) of MAP and DEP [orces.

DEP forces may alzo be used to overcome a common probism associated with

permanent magnefs in magnetic labeling applications.  Specifically, cuirent magnetic

20
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separation technologies depend upon the ability o remove the magnetic fsld in onder
to release the magnetic labels and analyte-label complexes after they have been
collected. Magnetic sepuretions are pormally accomplished by using a separation
chamber or separation column to which a magnelic feld is applied by exterior means,
such as a permavent magnet or an electromagnet.  After collection of the magnetic
labels and anelyte-lsbel complexcs, the separation chamber or cohunn imust be
removed from the vicinity of the permanent magnet, or the elecromagnet turned off]
s¢ that the labels and label-analyte complexes are released. This requirement to
remove the magnetic ficld in order to relesse the collected analyies prechudes tle use
of pennanent magnets or arays of permanent magnets that are located within the

separation chamber itself.

The present invention allows this limitation to be overcome. This is because
appuralus according to the present invention allow for the magnetic labels and labsi-
analyte complexcs to be repelled from the magnelic efements in the collection
chamber by DEP forces. For example, FIG. 6A shows a separation chamber haviog

an integral armay of permanent magnets.

Elsewhere in thiz specification, it is assumed that the DEP force is sufficient to
prevent attachment of the magnetic labels and analyvic-label complexes to fhe
magostrodes or permanent magnetic elemments. However, n an altemate mode of
operation, the DEP force is switched off or kept at a Jow level while the magnetic
Geld is present. In the absent of a counterbalancing DEP force, the magpetic labels
and analyte-label complexes aye ativactedt to, approach, and contact the magnetic
clements and become immobilized on them. In this mode of operafion, the scparation
chamber therefore initially finctions like 2 conventional magnetic separation chambex
or column and vetains the iabels and analyte-label complexes from the saspending,

medivm.

After collection, however, the DEP [oroe is switched to a sutficlently high
Tevel to repel and disseciate the collected magnetic Jabels and analyte-fabel complexes
from the magnetic elements without tie need 1o remove the magnetic field, It should

be noted that the dissociation of the magnetically collected species by the DEP force

21
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by raizing the voltage appliced fo the clecirode array from a small to a high volume
over a period of time, different labels and analyte-label complexes may be released at
different times and may be fushed from the separation chamber wd collecied in

different fiactions.

This mode of operation allows permanent tmagtetic clements to be
incorporated inio separstion chambers, a feature that is especially wseful in
microfluidic embodinents. By allowmg the incorporation of permapent magnet
elements, the need for more powerfal external magnets is eliminated.  Altemately, by
climinating the need to remove the magnetic field, fxed externsl magnets may be

used if desired.

Exemplary applications
sing apparatns and methods aceording to the present imveniion, vatious
matter may be magoetized. Particularly, with the present invention, discrimination,
separation, ideniification, detection, maniputation and isolation of the following
matier mmay be accomplished:
(a) cell subpopulatiions mcluding, for example:
s hioed cells in accordance with, their antibody and dielectric profites (such
as CD34+, CD&+, CD4F, CD14+, COI8T, CDSH, ete.);
= mre cells front blood such metastatic cells (such as EGFY, CDS+,
cpithelial marker+, ete);
= target cells from peedle biopsies,
« nucisated fetal cells from matemnal fluids (such as erythrocytes from
maternal blood, chord blaed, ammiotic fluid, etc.);
« pram negative from gram positive bacteria;
« parasites and parasifized cells, such zs maleria, (rom body fluids and
normal cells;
s becteria from blood. urine, saliva, amniotic flvid, needle biapsies;
() mycoplasma, fungal, and viral particles subpopulations including those

from bloed, unne, saliva, anmiotic fluid, necdls hiopsies;
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{r) potentially pathogenic cells, viral particles, mycoplasma, fungal sporcs,
bacterial spares {rom Lhe environment for water analysis in public health maintaining
food processing plants, food distribution, restawrants, homes, biowarefare,
biaterrorism: detection.

(d} molecuiar subpopufations including proteins (such as in diagnostics and
proguestics, separations for biotechnology, research, pharmaceuticals),

« nucieic acids (sucll as in diagnostics and prognostics, biotechnology, pene

therapy, research, pharmaceuticals);

+ lipids (such as in digghostics and progooshics, biotechnology, gene

therapy, research, phammaccutioals)

«  comples. molecules (such as in diagnostics 2nd progrostics, biotechnelogy.

pene therapy, rescarch, pharmaceuticals),
() minerals such as for benfication of ores, envirommental samples,
diagnostic and prognostic samples (such as deposils, bone, ete.);

(f) for space medicine (gravity-, centrifoge-, large nagoet-free separations);

(g) cellular organclics and ofher biological structures including,

* nuclei, chromosomes, ribosomes

+ mitochondria

» endosomes, blehs, peroxisomes, and other lipesomal entitics

* membranes associations including  endeplasmic  reticulum, plasma

membrang, nuclear membrane, viral capsules, bacterial complexes, spore
assemblies, etc.; and

(1) cells, organelles or other patticles with respect to (he extent of binding to
labels. (For example, different cell subpopulations characterized by different numbers
of EGF receplors may be discriminated by labels poedified with moneclonai
antibodies for EGF)

TABLE 1
() Fogp =208, R" (51830, TRl 1Y
@) Fiw =200, R i 11, 0 Y9 H (5, p 2
@) Fp =i, R°m7 . Hix,p,z)
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All of the compositions andfor methods discloged and claimed herein can be
made and exeonted without undue experimentation in light of the present disclosurc.
While the compesitions and methads of this invention have been described in terms of
specific embodiments, it will be apparent to those of skill in the art that variations
may be applied 1o the compositions and/or methods and in the steps or in the sequence
of steps of the method deseribed hersin: without departing from the coneept, spirit and

seope of the invention. All such siwilar substitutes and meodifications appaent to
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those skilled in the art are deemed to be within the spirit. scope and concepl of the

inventiop as defined by the appended claims.
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CLATMS

L. A method of discriminaiing matier utilizing dictcctrophoresis combined with
magnelophoresis, comprising:
mjecting a sample having one or more constilverds into an inlet port of a
chamber;
initfating 2 carrier medivm flow gt the inlet port 10 establish a flow within the
chamber;
geneiating a dielectrophoretic force on the constituenls;
generating a magnetic force on the constituents;
batancing the dielsctropbaretic farce and magpetic forces to position the
copstituents within the chamber; and
enllecting the constituents at one or more cutlet ports of the chamber according

to the dielectric and magnetic characteristics of the constiments.

2. The method of claim 1, wherein the sample comprises one or more analytes mixed

with ene or maore Jabels having distinguishable magnetic and dieleciric properties,

3. The methad of claim 2, wherein a first label has first diclectric and magnetic
properties and has a binding affinity for a first apalyte and a second label has secoml

dieleriric and magnetic propertics and bas a binding affinity for a sccond analyte.

4. The method of claim 1, wherein the carrier medivm flow causes the constiments o

travel at velocities dependent upon their positions within the chamber.

5. The method of claim 4, wherein collecting comprises collecting different
constituents emerging a different fimes from the ong or more ovtlet posts according to

their digleciric and magnetic characreristics.
G, The method of claim 1, wherein collecting comprises coflecting ditferent
constiments emerging at different positions from the one or rrore outlet ports according

to their diclectric and magmetic characteristics,

6
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7. A method for batch-mode discrimination of matter utilizing dielectrophoresis
combined with magnetophoresis, conprising:
injecting an aliquor of a sawple having one er more copstients ino an infet
5 port of a chamber;
initiating a carrier medium flow at the inlet port o establish a flow within the
chamber, wherein the carrier medium flow causes the constituents to
trave] at velocities dependent upon their positions within the chamber;
generating 2 dielectrophoretic force on the constitvents;
10 penerating & magnetic force on the constituents;
balancing the dielectrophoretic force ind magnetic forces 0 position the
constiuents within the chamber; and
collecting the constimems according to rime-of-exit from an oudet port of the

charaber.

8. The mcthod of clawa 7, wherein the sample comprises one or more analytes mixed

wwith one or more labels having distinguishable magnetic and dislectric properties.

9. The methad of claim 8, wherein a first lubel has first dielectric and rmapgnetic
20 properties and has a binding affinity for a first analyte, and a second label has second
diekeric and magaetic properties and has a binding affinity for a recoud analyte,

10. A method for centinuous-mode  discrintination  of matter  utilizing
dielectrophoresis combined with magnetophoresis, comprising:
23 contipuonsly injecting a sawrple having une or mare constituents into an inlet
port of & chamber,
mitiating a carrier medinm flow at the indet port to cstablish a fow within the
chamber;
generating a diclectraphorctic force on the constituents;
30 generating 2 magnetic force un the constituents;
balancing the dielsctrophoretic force and magnelic forces to pesition the
constituents within the chamber; and

a7
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collecting the constituents from z plurality of cutlet ports of the chamber

according to the positions of the constiments.

11. The methed of claim 10, wherein the sample comprises one or more analytes
mixed with one or more labels having distinpnishable magnetic and dielestric
properties.

12. The metod of claim 11, whersin a first label has tirst dielectric and magnetic
properties and has a binding {finity for a first analyte, and a sccond label has second

dielectric and wagnetic properties and bas a binding aftinity for a second avalyze.

13. A method of digeriminating mailter wilizing dielectrapharesis combined with
magnetophoresis, comprising:
providiog 2 charsher comprising at Jeast one inlet and one cutlet port, an urray
of electrodes in operative relation with to the chamber and configured
to generate a dielectrophoretic force, and ome or mwpre permanent
maprets in operative rtelation with the chamber and configured to
generate a magnetic force;
injecting matter into an inlel port of a chamber;
generating a magietic force on the matter using the one or more permanent
magnets to discriminate and collect matter upor the magnets;
gensrating a diclectropboretic force vsing the electrodes to repel the collected
matter frem the magnets; axl

collecting the matter at one or more outlet ports of the chamber.

14, A method of discriminating matter utilizing dielectrophoresis  and
magnetophoresis, comprising

preparing a sample containing at leasi one analyte and a plueality of labels, the

plurality of labels having preselected dielectophoretic and magnetic

prapelies, at least some of the plurality of labels combining with the at

leasi one analyte to create analyte-label compicxes;
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injecting the sample into an inlet port of a chamber, the chamber comprising a
separation channel;

providing an electrical signal to at least one electrode element adapted to the
chamber at different phases to create un eleciric field in the chamber to
cause a dielectrophoretic force on the sample;

providing & rmagnetic signal to at least onc magnetic element adapted to fhe
chamber to create a magnetic field in the chamber to cawse a
magneiophereiic force on the sample;

initiating & carrier medium flow ar the juler port to esmblish & hydrodynamic
flow profile within the sepuration channel, the carrier medium causing
the at least one analyte and the analyte-label complexes to travel at
velocities dependent upon theis positions within the separation channel;

collecting the analyte-label complexes at an outlet port of the chamber, wherein
the apaiyte-label complexes baving similar magnetic and dieleciric

properties arrive at the ouwtlet port in a single ehition peak.

15, A methed of discriminating target analytes utilizing dielecirophoresis and
maghetopharesis, comprising:
preparing & sample containing st (=ast one analyte and & plurality of labels, the
plurality of labels haviog preselected diclecirophoretic and magnetic
properties, at least some of the plurality of labels combining with the at
least one analyte o create analyte-label complexes;
providing an electrical signal to at least one electrode element adapted 1o a
charober comprising & separation chammel at different phases to create
an electric field in the chamber to cause a diclectrophoretic foree on the
sample;
providing 2 magnetic sigpal to at least one magnetic element adapted ta the
chamber to create a2 magnetic field in the chamber to canse a
magpetophoretic force on the sample;

continuously injecting the sample into an inlet port of the chamber;

2%
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collecting the analyte-lahel complexes at a plurality of ouilet ports of the
chamber, wherein the analyte-label complexes having similar magoetic
and dielectric properties arrive at the same one of the plurality of outlet
ports.

16, An apparatus for discriminmation of a sample utilizing dielectrophoresis,
magnctophoresis, and figld flow fractionaiion, comprising:
2 chamber having at least one inlec and one outler port;
an array of electrodes in operative relation with the chamber and configured to
generate a diclectrophoietic. force upon censtituents of sample within
the chamber,
an array of magnstiodes in opetative relation with the chamber aad configured
0 generate a yagnetic force upen constiteents of the sample within the
chamber; and
wherein the electrodes and maguetrodes ure configured to gemerate forces that
balange one another wo displace constiments within the sample to
positions widhin the chamber characteristic of their magnetic and

diclectyic properties.

17. The apparatus of claim 16, wherein the array of magnefrodes comprises one or

MOore permanent magnets.
18. The apparams of claim 16, wherein the oudet port comprises multiple ports

configured o collect bands of fluid that travel through the chamber at defined
positions.
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