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Description

Field of the In vention

[0001] The invention relates generally to a device and
method for continuously sorting particles and, more par-
ticularly, to a device and method for sorting particles
through the use of an annular flow chamber and one or
more types of separation forces.

Backgr ound of the In vention

[0002] Generally, particle separation devices sepa-
rate particle populations of interest from a suspension
and/or other types of particles. The principal method of
operation of early particle separation devices relied on
a particle's physical parameters to distinguish that par-
ticle from a suspension and/or other types of particles.
Examples of these bulk separation techniques include
filtration, which is based on particle size, and centrifu-
gation, which is based on particle density. These tech-
niques are effective as long as the particle population of
interest is significantly different, with respect to size or
density, from the suspension and/or the other particles
in the population.
[0003] As a subset of bulk separating, continuous
separation techniques also exist. The continuous sepa-
ration of particles in flowing solution requires a well-de-
fined and well-controlled fluid flow pattern. Typically,
continuous particle separation devices employ rectan-
gular separation channels. The rectangular geometry of
such separation channels results in several advantages
including, for example, ease of manufacture, ease of
control of fluid flows inside the channels, and ease of
design and implementation of forces that drive the sep-
aration.
[0004] However, rectangular separation channels al-
so suffer from a drawback known as the sidewall effect.
The sidewall effect distorts the fluid flow pattern at the
side walls of the rectangular separation channel and,
hence, adversely affects the performance of the sorting
device such as, for example, its resolving power. Hence,
it is highly desirable to provide methods and devices for
separating particles that do not suffer from sidewall ef-
fects and can employ any one of a diverse number of
separation forces.
[0005] DATABASE WPI Week 198111 Derwent Pub-
lications Ltd., London, GB; AN 1981-C2990D
XP002165931 & SU 744285 A (INST BIOLOG-
ICHESKOI FIZ), 30 June 1980 discloses an apparatus
and method for the dielectro phoretic separation of dis-
persed suspended particles - by using central and outer
electrodes in an ultrasonic vibration field connected to
a synchronised supply.

Summar y of the In vention

[0006] The present invention is particularly directed to

continuous particle and molecule separation in flowing
solutions. More particularly, the present invention ad-
dresses the issue of the sidewall effect by wrapping a
separation channel around a cylinder running the length
of the channel and by joining the sides of the channel to
thereby eliminate any side walls. So configured, the sep-
aration channel has an annular cross-section that is en-
closed by two coaxial cylinders. Such a transformation
leaves the length of the separation channel unchanged
with the width of the channel laid on the cylinder the sep-
aration channel width is equal to the difference between
the radii of the two cylinder walls bounding the separa-
tion channel.
[0007] In addition, the present invention generates
axially-symmetric separation forces that are coaxial with
the annular separation channel to continuously sepa-
rate particles of interest from a heterogeneous particle
population. The heterogeneity can be based on, for ex-
ample, magnetic susceptibility, particle size, thermal dif-
fusion, phase solubility, and combinations of the preced-
ing. Based on the heterogeneity, a separation force ca-
pable of interacting with the separand (i.e., particles
subject to the separation process) is provided. The par-
ticles or separands can be non-organic (e.g., metals) or
organic (e.g., cells, viruses, and molecules including
proteins and DNA). The various embodiments of the
present invention preferably employ an annular separa-
tion channel, an appropriate separation force, and flow
compartments. In an embodiment, an annular separa-
tion channel having electrically conductive inner and
outer cylindrical walls is used to generate an electro-
phoretic separation force. In another embodiment, an
annular separation channel having electrically conduc-
tive inner and outer cylindrical walls is used to separate
a dielectrophoretic separation force.

Brief Description of the Dra wings

[0008] In the accompanying drawings which are in-
corporated in and constitute a part of the specification,
embodiments of the invention are illustrated, which, to-
gether with a general description of the invention given
above, and the detailed description given below, serve
to example the principles of this invention.

Figure 1 is a schematic view of the annular separa-
tion channel of the present invention.

Figure 2 is a longitudinal section of the annular sep-
aration channel of the present invention along sec-
tion lines 2-2 of Figure 1 and additionally showing
carrier and sample injectors and separated fraction
outputs.

Figure 6 is a cross-sectional view of an embodiment
of the annular separation channel of Figure 1 suit-
able for electrophoretic separation and dielectro-
phoretic separation.
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Detailed Description of Illustrated Embodiment

[0009] Referring now to Figure 1, a schematic view of
the annular separation channel 100 is shown. The chan-
nel 100 has an outer cylindrical wall 102 (sometimes re-
ferred to as an "accumulation wall"), an inner cylindrical
wall 104, and first and second cylindrical flow splitters
106 and 108, respectively. While two flow splitters are
shown, there may be more flow splitters per channel
than two.
[0010] So configured, the distribution of the flow rates
between the carrier fluid injector 202, sample injector
204, separated fraction a 206, and separated fraction b
208, generate flow compartments that are used to divide
the separand flow into individual flow compartments.
The physical position of the flow compartments can then
be adjusted by varying any one or more of the flow split-
ter location (i.e., radius) in the annular separation chan-
nel, and carrier medium and sample flow rates. The dis-
tribution of the separation forces (i.e., magnitude and
direction) across the cross-section of the annular chan-
nel 100, together with the position of the flow compart-
ments, determine the results of the separation. Flow
compartments are more fully described in U.S. Patent
No. 5,968,820 to Zborowski et al. titled "Method for Mag-
netically Separating Cells into Fractionated Flow
Streams" (hereinafter Zborowski).
[0011] Illustrated in Figure 2 is a longitudinal section
of the annular separation channel 100, along with a
schematic representation of carrier fluid injectors 202,
sample fluid injector 204, and separated fractions "a"
206 and "b" 208. Figure 2 also illustrates a preferred sys-
tem arrangement of the present invention for continu-
ously separating particles with the various embodiments
of the annular separation channel disclosed herein. Ex-
cept as specifically noted in the embodiments to follow,
the carrier fluid or medium is preferably phosphate-buff-
ered saline at a physiological concentration of 0.15 mole
per liter or other similar medium. Sample injector 204
introduces separands or particles preferably suspended
in the same or similar fluid as the carrier medium. As will
be presently described, a feature of the present inven-
tion is the development and use of radially directed forc-
es "F," which may take the form of any one of a number
of identities.
[0012] Referring now to Figures 2 and 6, an embodi-
ment of the present invention employing either an elec-
trophoretic or dielectrophoretic separation force "F" is
shown. In this embodiment, the outer cylindrical wall 102
is made of an electrically conductive material at an elec-
tric potential of V2 volts. The inner cylindrical wall 104
is made of an electrically conductive material at an elec-
tric potential of V1 volts. Suitable electrically conductive
materials include copper, steel, or metal alloy typically
used for electrode construction. The electrically conduc-
tive material may be separated by an insulator to form
a pattern on cylindrical walls 102 and 104 as shown in
Figure 7. Examples of geometrical patterns used for

electrode construction include interdigitated electrodes
for dielectrophoresis. Sample injector 204 introduces
separands or particles near the inner cylindrical wall 104
and carrier medium injuector 202 introduces a carrier
medium into the flow channel. An electric potential dif-
ference, V2-V1, drives an electrically susceptible parti-
cles along the radial direction shown. This effect is
known as electrphoretic mobility. Particles that are char-
acterized by a large electrophoretic mobility are partic-
ularly affected. Particles differing in their electrophoretic
mobility are collected in different fractions "a" 206 and
"b" 208 at the exit from the annular channel. If electrical
potential V1 is less than electrical potential V2, particles
with large electrophoretic mobility tend to be collected
in fraction "b" 208 and particles with lesser or no elec-
trophoretic mobility factors tend to be collected in frac-
tion "a" 206.
[0013] Figures 2 and 6 are also applicable to dielec-
trophoretic separation forces. The difference between
electrophoretic separation and dielectrophoretic sepa-
ration being that a varying electric field is used in die-
lectrophoretic separation, whereas a static electric field
is used for electrophoretic separation. Therefore, the
above discussion of electrophoretic separation is equal-
ly applicable to dielectrophoretic separation with the ex-
ception of the varying electric fields as represented by
varying potentials V1 and V2.
[0014] Referring now to Figure 7, a separation chan-
nel 700 particularly suitable for dielectrophoresis is
shown. The channel 700 includes a plurality of elec-
trodes on outer cylindrical wall 102 such as, for example,
electrodes 714 and 716, and inner cylindrical wall 104
such as, for example, electrodes 710 and 712. An insu-
lator 715 resides between electrodes 714 and 716. Sim-
ilarly, an insulator 711 resides between electrodes 710
and 712. The electrodes and insulators are preferably
interdigitated as shown in Figure 7 with equal distances
between the electrodes. However, the distances may al-
so be non-equally spaced to either concentrate or dilute
the generated electrical forces.
[0015] A first source providing varying electrical po-
tential V1 is in circuit communication with the inner cy-
lindrical wall 104 electrodes. More specifically, positive
terminal 702 and negative terminal 704 provide each
pair of electrodes such as, for example, electrodes 712
and 710, respectively, with the varying electrical poten-
tial V1. This configuration of electrode connection is
continued through the entire inner cylindrical wall 104
electrodes with the electrode next to electrode 712 be-
ing connected to the opposite terminal. In this manner,
each pair of electrodes are of opposite polarity and have
an insulator therebetween. A second source providing
varying electrical potential V2 is in circuit communica-
tion with the outer cylindrical wall 102 electrodes. In par-
ticular, positive terminal 706 and negative terminal 708
provide each pair of electrodes such as, for example,
electrodes 716 and 714, respectively, with the varying
electrical potential V2. This configuration of electrode
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connection is also continued through the entire outer cy-
lindrical wall 102 electrodes with the electrode next to
electrode 716 being connected to the opposite terminal.
In this manner, each pair of electrodes are of opposite
polarity and have an insulator therebetween.
[0016] Additional advantages and modifications will
readily appear to those skilled in the art. For example,
the sorting methods and apparatuses of the present in-
vention may also be applied to particles other than cells,
such as cell organelles, viruses, inorganic particles,
such as soil particles, and molecules such as proteins
and DNA. The distribution of particles between sorted
fractions can be controlled by adjusting the properties
of the carrier medium and/or the separation forces. For
example, increasing or decreasing the flow rate of the
carrier medium decreases or increases the amount of
time a separand is within the annular separation chan-
nel. Changing the magnitude of the separation force or
the distribution of magnitude of the separation force be-
tween the inner and outer cylindrical walls of the annular
separation channel changes the distribution of particles
between sorted fractions. Therefore, the invention, in its
broader aspects, is not limited to the specific details, the
representative apparatus, and illustrative examples
shown and described.

Claims

1. A channel (700) for separating particles comprising:

(a) a first cylindrical wall (104) having a first ra-
dius;
(b) a first plurality of electrodes (710) interdigi-
tated along at least a portion of the first cylin-
drical wall (104);
(c) a second cylindrical wall (102) having a sec-
ond radius, the second radius being greater
than the first radius;
(d) a second plurality of electrodes (714) inter-
digitated along at least a portion of the second
cylindrical wall (102); and
(e) a space between the first (104) and second
(102) cylindrical walls configured to allow de-
velopment of a dielectrophoretic force.

2. The channel of claim 1 wherein the first plurality of
electrodes comprises a plurality of electrodes each
configured circumferentially on the inner cylindrical
wall.

3. The channel of claim 2 wherein the second plurality
of electrodes comprises a plurality of electrodes
each configured circumferentially on the outer cy-
lindrical wall.

4. A method of separating particles within a channel
(700) as claimed in claim 1, 2 or 3, the method com-

prising the steps of:

(a) generating a first electrical potential; where-
in this step comprises applying the first poten-
tial to the first plurality of electrodes (710/714)
interdigitated along at least a portion of the first
cylindrical wall (102/104);
(b) generating a second electrical potential;
wherein this step comprises applying the sec-
ond potential to the second plurality of elec-
trodes (714/710) interdigitated along at least a
portion of the second cylindrical wall (104/102);
(c) continuously introducing a plurality of parti-
cles into a space between the first electrical po-
tential and the second electrical potential;
(d) subjecting the particles to a radial electro-
phoretic force causing at least some of the par-
ticles to undergo radial displacement; and
(e) continuously recovering at least a portion of
the particles.

5. The method of claim4 wherein the first electrical po-
tential is a varying electrical potential.

6. The method of claim5 wherein the second electrical
potential is a varying electrical potential.

7. A method according to claim 4, 5 or 6, wherein the
first cylindrical wall comprises a wall of a first cylin-
der, whilst the second cylindrical wall comprises a
wall of a second cylinder, the first and second cyl-
inders being coaxial and the particles being sepa-
rated in a separation channel comprising an annular
space between the first and second cylinders.

Patentansprüche

1. Kanal (700) zum Trennen von Teilchen, der um-
fasst:

(a) eine erste zylindrische Wand (104) mit ei-
nem ersten Radius;

(b) eine erste Vielzahl von Elektroden (710), die
entlang wenigstens eines Teils der ersten zylin-
drischen Wand (104) ineinander greifen;

(c) eine zweite zylindrische Wand (102) mit ei-
nem zweiten Radius, wobei der zweite Radius
größer ist als der erste Radius;

(d) eine zweite Vielzahl von Elektroden (714),
die entlang wenigstens eines Teils der zweiten
zylindrischen Wand (102) ineinander greifen;
und

(e) einen Raum zwischen der ersten (104) und
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der zweiten (102) zylindrischen Wand, der so
ausgeführt ist, dass er Entstehung einer Dielek-
trophorese-Kraft ermöglicht.

2. Kanal nach Anspruch 1, wobei die erste Vielzahl
von Elektroden eine Vielzahl von Elektroden um-
fasst, die jeweils in Umfangsrichtung an der inneren
zylindrischen Wand ausgeführt sind.

3. Kanal nach Anspruch 2, wobei die zweite Vielzahl
von Elektroden eine Vielzahl von Elektroden um-
fasst, die jeweils in Umfangsrichtung an der äuße-
ren zylindrischen Wand ausgeführt sind.

4. Verfahren zum Trennen von Teilchen in einem Ka-
nal (700) nach Anspruch 1, 2 oder 3, wobei das Ver-
fahren die folgenden Schritte umfasst:

(a) Erzeugen eines ersten elektrischen Poten-
tials, wobei dieser Schritt das Anlegen des er-
sten Potentials an die erste Vielzahl von Elek-
troden (710/714) umfasst, die entlang wenig-
stens eines Teils der ersten zylindrischen Wand
(102/104) ineinander greifen;

(b) Erzeugen eines zweiten elektrischen Poten-
tials, wobei dieser Schritt das Anlegen des
zweiten Potentials an die zweite Vielzahl von
Elektroden (714/710) umfasst, die entlang we-
nigstens eines Teils der zweiten zylindrischen
Wand (104/102) ineinander greifen;

(c) kontinuierliches Einleiten einer Vielzahl von
Teilchen in einen Raum zwischen dem ersten
elektrischen Potential und dem zweiten elektri-
schen Potential;

(d) Ausüben einer radialen Elektrophorese-
Kraft auf die Teilchen, die bewirkt, dass wenig-
stens einige der Teilchen radiale Verschiebung
erfahren; und

(e) kontinuierliches Zurückgewinnen wenig-
stens eines Teils der Teilchen.

5. Verfahren nach Anspruch 4, wobei das erste elek-
trische Potential ein veränderliches elektrisches
Potential ist.

6. Verfahren nach Anspruch 5, wobei das zweite elek-
trische Potential ein veränderliches elektrisches
Potential ist.

7. Verfahren nach Anspruch 4, 5 oder 6, wobei die er-
ste zylindrische Wand eine Wand eines ersten Zy-
linders umfasst, während die zweite zylindrische
Wand eine Wand eines zweiten Zylinders umfasst
und der erste sowie der zweite Zylinder koaxial sind

und die Teilchen in einem Trennkanal getrennt wer-
den, der einen ringförmigen Raum zwischen dem
ersten und zweiten Zylinder umfasst.

Revendications

1. Canal (700) pour séparer des particules, compre-
nant:

(a) une première paroi cylindrique (104) qui
possède un premier rayon;
(b) de multiples premières électrodes (710) in-
terdigitées le long d'une partie au moins de la
première paroi cylindrique (104);
(c) une seconde paroi cylindrique (102) qui pos-
sède un second rayon, le second rayon étant
supérieur au premier rayon;
(d) de multiples secondes électrodes (714) in-
terdigitées le long d'une partie au moins de la
seconde paroi cylindrique (102); et
(e) un espace situé entre les première (104) et
seconde (102) parois cylindriques et configuré
pour permettre le développement d'une force
diélectrophorétique.

2. Canal selon la revendication 1, dans lequel les mul-
tiples premières électrodes comprennent plusieurs
électrodes configurées chacune circonférentielle-
ment sur la paroi cylindrique intérieure.

3. Canal selon la revendication 2, dans lequel les mul-
tiples secondes électrodes comprennent plusieurs
électrodes configurées chacune circonférentielle-
ment sur la paroi cylindrique extérieure.

4. Procédé de séparation de particules au sein d'un
canal (700) tel que défini dans la revendication 1, 2
ou 3, le procédé comprenant les étapes qui consis-
tent à:

(a) générer un premier potentiel électrique; cet-
te étape comprenant l'application du premier
potentiel au multiples premières électrodes
(710/714) interdigitées le long d'une partie au
moins de la première paroi cylindrique
(102/104);
(b) générer un second potentiel électrique; cet-
te étape comprenant l'application du second
potentiel aux multiples secondes électrodes
(714/710) interdigitées le long d'une partie au
moins de la seconde paroi cylindrique
(104/102);
(c) introduire continuellement de multiples par-
ticules dans un espace situé entre le premier
potentiel électrique et le second potentiel élec-
trique;
(d) soumettre les particules à une force électro-
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phorétique radiale obligeant certaines au
moins des particules à subir un déplacement
radial; et
(e) récupérer en continu une partie au moins
des particules.

5. Procédé selon la revendication 4, dans lequel le
premier potentiel électrique est un potentiel électri-
que variable.

6. Procédé selon la revendication 5, dans lequel le se-
cond potentiel électrique est un potentiel électrique
variable.

7. Procédé selon la revendication 4, 5 ou 6, dans le-
quel la première paroi cylindrique comprend une
paroi d'un premier cylindre, tandis que la seconde
paroi cylindrique comprend une paroi d'un second
cylindre, les premier et second cylindres étant
coaxiaux et les particules étant séparées dans un
canal de séparation comprenant un espace annu-
laire situé entre les premier et second cylindres.
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