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PARTICLE SEPARATING DEVICES, SYSTEMS, AND METHODS

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims priority from U.S. Provisional Patent Application No.
60/603,877, filed on August 24, 2004, the contents of which is incorporated herein by

reference in its entirety.

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH
This invention was made with Government support under NIH Grant No. RO1
HL6424O The Government thus has certain nghts in the 1nvent10n

* TECHNICAL FIELD

Th1s invention relates to devices, systems, and methods for separatmg partlcles

BACKGROUND
It is often desuable to separate different types of partlcles from each other in
suspensions. For example many assays or apphcatlons use enriched samples of red or
white blood cells. Whole blood is mostly plasma but it also includes partlcles such as its
three major cellular components: red blood cells (RBCs, erythrocytes) white blood cells
(WBCs, leukocytes) and platelets. RBCs are commonly 1000 times more abundant than

“WBCs. Such highly concentrated particulate suspensions exhibit unique flow

characteristics (see, for example, Goldsmith et al., Am. J. Physiol. _25 7, H1005-H1015
(1989)). '

Separation and identification of components in a blood sample are useful a

- diagnostic tools in medicine, e.g., to ‘determine disease state, €.g., anemia and leukemia.

Since WBCs contain genetic material, e.g., DNA and RNA, it is often useful to separate
WBCs from the rest of the whole blood to analyze this genetic material.

SUMMARY

In general, the invention relates to devices, systems, and methods for separating

* particles of different physical dimensions, e.g., cellular components of blood (e.g., white

blood cells, red blood cells, and platelets), polymeric particles, inorganic particles (e.g.,
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_ceramlcs or metals) biological particles (e.g., plasmids, proteins, cells, or nucleic acids,

e.g., DNA RNA or other macromolecules), from each other. Particles of all types

suspended in a liquid, e.g., water, water made viscous by adding a soluble polymer, an -

alcohol, a h_y_dioc_arbon solvent, an acetate solvent, or a chlorinated solvent, can be

separated_ from 'ea_ch other by creating microfluidic devices and/or systems having
. appropriate dimensions and conﬁgurations that cause the particles.to separate from each

i other

“Partlcles” can be of any shape, e.g., oblong, spherlcal or disk-like. Generally,

'the partlcles range in size, e.g., have a maximum d1mens1on from about 30 nm to about

100 pm, e. g from about 30 nm to about 200 nm, ﬁ'om about 200 nm to about 500 nm,

| B from about 500 nm to about 1000 nm (1 um), from about 1 um to about 20 um, or from
' ; , about 20 pm to about 100 pm

' “Separatmg is meant to include fully separating, part1ally separatmg, sortmg,

segregating, and extracting. Concentrating one particle in a liquid with respect to another

“also falls within the definition of separating as used herein.

- “Under pressure” is meant to include any force that is applied to cause a liquid to

move through a device ora system, including, for example, gravity, hydrostatic pressure,

centrifugal force vacuum (e.g., vacuum generated from a pipette), and pressure created

' by a pumpmg mechanism.

“Blood products” include but are not limited to, whole blood, plasma, serum,
cells such as red blood cells and white blood cells, and platelets.

leferent types of pamcles e.g. RBCs and WBCs, can be efficiently separated
from each other by the microfluidic devices and/or systems whose dimensions and
conﬁgurations cause the particles to separate from each other bybne or more physical
phenomenon Without wishing to be bound to theory, we believe that these physical
phenomenon include margination, skimming, velocity dlfferences, and/or dynamic
pressure differential modulation.

In some embodiments, the devices and/or systems described herein include flow
paths that are configured such that margination of one particle type occul's towards walls

of a first flow path. A second flow path is configured to capture these marginated

particles.
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In other embodiments, flow paths are arranged such that some of the flow paths
are in fluid communication through an aperture or apertures defined in a barrier. Faster,
smaller particles accumulate immediately upstream from the larger, slower parti_cles ina
channel. Passage of the larger particles into a segment downstream of an aperture causes
an increased flow resistance in that segment and diversion of flow through the aperture _'

into an adjacent channel. ‘This results in removal of faster, smaller panicles thatare

following the large, slower particle.

Particles of all types suspended in a 11qu1d can be separated from each other usmg
the devices, systems, and methods disclosed herein.
. For example drfferent size viruses or bacteria can be separated from each other

and different size DNA or RNA molecules can be separated from each other. Drfferent

_ srze proteins, e.g., prions, can be separated from each other, and i morgamc pamcles e.g.

ceramic particles, can be separated from each other. Polymeric particles, e.g., degradable

.or non-degradable polymeric particles, can be separated from each other. Cells, e.g.,

RBCs, WBCs, platelets and rare cells, can be separated from each other. Rare cells’
mclude e.g., stem cells (e.g., cancer stem cells) and fetal cells. Cancer stem cells have
been descnbed by Travis, Science News 165 (12) 184 (2004) ‘

In one aspect, the invention features devices for separatmg first partrcles from a
suspension of particles in a liquid. The devices include a first flow path defined by a first
pair of walls through which the suspension of particles in the liquid may ﬂ'o’w,. and a |
second flow path defined by a second pair of walls that is in fluid comrnunication with
the first flow path. The first flow path is configured and dimensioned such that
margination of the first particles occurs towards the ﬁrst pair of walls, and the Second
flow path is conﬁgured to capture the margrnated first particles. - |

* In some embodiments, a drstance from a start of the ﬁrst flow path to a start of the
second flow path is from about 100 pm to about 25 cm.

A width of the first flow path, measured between the first pair of walls can be,
e.g., from about 10 pum to about 10 mm. |

A height of the first flow path, measured from a ceiling to a floor of the first ﬂow

- path, can be, e.g., up to 75% larger than a largest outside dimension of a first particle or

up to 25% smaller than a largest outside dimension of the first particle when the particle

3
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s eompressible In a particular embodiment, a height of the first flow path is

substantlally equwalent toa largest outside dimension of a first particle.

A width of the second flow path measured between the second pair of walls, can

‘be e. g, w1th1n 20% of a largest out51de dimension of a first particle.

In some embodlments the first flow path and/or second flow path is substantrally

_' strarght along its entire length. -

In some embodiments, the first flow path and/or the second ﬂow path mcludes a

| tum along a portlon of its length.

The first ﬂow path can include a bend of from about 90 to about 180 degrees, |

. measured from a central 10ng1tud1na1 axis of the ﬂow path upstream and downstream of"
B the bend. ‘

_ A ﬂow path can mclude €.g., a projection, e.g., that is crrcular 1n Ccross- sectlon

i.when v1ewed from above. The projection can, e.g., bifurcate the flow path

~ In some embodlments an upstream portion of one of the second pair of walls of

he second ﬂow path tapers formmg a tip, e.g., a sharp tip, proximate an entrance of the

“second ﬂow path.

One of the second pair of walls of the second flow path can, e.g., mclude an

aperture defined therethrough such that the first ﬂow path and the second flow path are in

“fluid communication through the aperture. In some embodiments, the second flow path -

includes a constnctlon in whrch a width of the second flow path narrows from an

upstream portlon toa downstream portion. For example, the second flow path mcludes a
constriction in whlch a width of the second flow path narrows continuously from a
n_ommal width at an upstream portion to a minimum width, and then widens back to the
nominal width of the second flow path at a downstream portion. ‘The constriction can,
e.g., be proximate an aperature. ‘

The flow paths can be, e.g., formed in a substrate that includes a polymeric
material, e.g., a poly(siloxane).

In another aspect, the .invention features devices and/or systems for separating
cells from blood products, including a plurality of devices just deseribed arranged in

series, such that a first flow path of each device is in fluid communication with a first
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flow path of an adjacent device, and a second flow path of each device is in flmd
communication with a second flow path of an adjacent device. .

In another aspect, the invention features devices and/or systems for separatmg
blood that include a plurality of devices just described arranged in parallel.

In another aspect, the invention features devices for separating first particles from

a suspenswn of particles in a liquid. The devices include a first flow path through Wthh o

the suspens1on of particles may flow; a second flow path that is m fluid communication

‘with the first flow path; and a barrier that separates the first and second ﬂow paths

1nclud1ng an aperture defined therein that is conﬁgured to exclude the first pamcles The
first flow pathishasa height, measured from a ceiling to a ﬂoor of the first flow path and -

a width, measured between walls of the first flow path that is, e. g up to 7 5% larger than }

- a largest outside dimension of the first particles.

In some embodiments, the barrier includes a plurahty of apertures
In another aspect, the invention features devices for separating a 11quid from

particles suspended in the liquid that include a first flow path defined by a first pair of

"' walls through which particles suspended in the liquid may flow, and a plurality of second

flow paths extending from walls of the first flow path, each second flow path defined by
a second pair of walls. Each second flow path is in fluid communication with the first

flow path, and each second flow path has a width, measured between the second pair of

~ walls, that is smaller than a dimension of a smallest particle in the suspension.

- In another aspect, the invention features methods for separating first particles
from a suspension of particles in a liquid using any of the devices and/or systems

described herein. For example, the liquid can be blood plasma, and the first particles can H

" be white blood cells.

In another aspect, the invention features methods of separating a liquid from a
suspension of particles in the liquid using any of the devices and/or systems described
herein. For example, the liquid can be blood plasrua, and the particles can be cellular
components of blood. o '

The devices and/or systems described herein can be used, for example, in

. “lab-on-a-chip” microanalytical devices and/or methods. The devices and/or systems

can pfovide an inexpensive, peltable, and miniaturized tool, e.g., that occupies less than

5
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10 mm of space. " The devices, systems, and methods require only a small amount of

v sample e g, blood e.g., sometimes less than 50 pl, 10 pl, or even less than 1 pl. The .

- devices and/or systems described hereln can be used in analysis of WBCs, or their

genétic materiél; e.g. DNA, or RNA. The devices and/or systems, in some

ﬁémbodiments, have no electrically or mechanically active structural elements, require
~onlya small hydrostatlc pressure gradient' to function, e.g., sometimes less than 150 cm
) :HZO ‘and can be manufactured by known mlcrofabncatlon techniques, for example, soﬁ

_ 'photohthography, silicon micromachining, or polymer replica moldmg

When used to separate blood constituents, the dev1ces and/or systems can operate

-on (ant1 coagulated) whole blood actually beneﬁtlng from the same factors, €. g., high
- cell concentratlon or cell-cell mteractwns that can confound other sample preparation
" techmques For example the devices and/or systems, in certain embodiments, prov1de
posmve contmuous flow selection. That is to say that blood, e. g- cellular components,
: are not trapped in any spemﬁc area of the device and/or system, but continue to flow in
 the device and/or system, and can be conveniently transported to analytical units or for

. further purification, e.g., disposed elsewhere on a chip.

When ﬁSEd to separate blood constituents, the devices and/or systems require

minim_ilm.white blood cell handling, reducing white blood cell activatioh and damage.

Other than the possible addition of an anti—coagulaht, e.g., EDTA or heparin, no pre-
processing of whole blood is typically needed prior to using the new devices and/or

‘ systems e.g., no prehmmary labeling of white blood cells is generally needed. The -

separatlon or concentration is efficient, e.g., producing, in some embodlments greater
than a 34-fold increase in ths WBC-to-RBC ratio in a single pass. In other embodiments,
a 68-fold enrichrhent of the WBC-to-RBC ratio can be achieved. In some configurations,
systems can be used for coniplete separation of whole blood constituents into individual |

components, €.g., creating a stream of substantially pure WBCs, RBCs, and a stream of

.- substantially pure platelets.

In other‘embodiments‘, particles can be separated from each other for
manufacturing purposes. For example, different size fragments of DNA can be separated
from each other, e.g., fractionated. Als.o, for example, polydisperse inorganic particles,
e.g., cerémic particles, or polydisperse polymeric particles, e.g., degradable or non-

6
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degradable polymeric pafticles, can be separated, e.g., fractionated, from each other to
prepare particles having a monodisperse, or nearly a monodisperse size distribution.

Many df the particle separation devices and/or systems described herein can be
constructed in series, €.g., to further improve the efficiency, or in parallel, e.g., to
increase the yield of separation.

Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordmary skill in the art to which this
invention belongs Although methods and materials similar or equlvalent to those
described herein can be used in the practice or testing of the present invention, suitable
methods and materials are described below. All publications, patent applications, ‘
patents, and other references mentioned herein are incorporated by reference in their. -

entirety. . In case of conflict, the present specification, including definitions, will coritrol.

In addition, the matenals methods, and examples are illustrative only and not intended to

‘be limiting.

Other features and advantages of the invention will be apparent from the

followmg detailed description, and from the claims. -

DESCRIPTION OF DRAWINGS

Fig. 1A is a schematic top view of a device prior to Substantial margination of

~ white blood cells.

Fig. 1B is a cross-sectional view of the device shown inFig. 1A, taken along.line -
1B-1B. o | | S

Fig. 1C is a cross-sectional view of the device _showh in Fig.. 1A, taken along line
1C-1C. | | | | N

| Fig. 2 is a schematic top view of the device shown'inAFig. 1A later in time,

illustrating extraction of white blood cells after margination. o

Fig. 3 is a schematic top vienv of a device, illustrating a flow path bifurcated by a
projection. | | |

Fig. 4 is a schematic top view of a device including a plurality of relatively
densely packed nrojections resulting in higher inlet pressures (relative to Fig. 5) in a flow
path. - ‘
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’ F1g 5is a schematic top view of a device mcludmg a plurahty of relatively

loosely packed proj jections resulting in lower inlet pressures (relatrve to Fig. 4)ina ﬂow

path.

Fig 6Aisa top view of a transparent microfluidic device that includes a number

~of mterconnected flow paths

Frgs 6B 6E are a senes of bar graphs that illustrate varylng degrees of white
blood cell margmatlon along the initial straight flow path of the device shown i in Fig. 6A.
" Figs. 6F and 6G are schematic representations of blood flowing through the

: dev1ce of Fig. 6A at different locations in the device.

F1g 7isa schematic top view of a device in which a first flow path and a second

 flow path are 1n ﬂuld communication through an aperture defined in a barrier that is

' conﬁgured to exclude white blood cells. -

F1g 8isa schematic top view of a another devrce havmg an aperture configured
to exclude white blood cells '

F1g 9isa schematlc top view of a device having two apenure conﬁgured to

. 'exclude white blood cells.

. Fig. 10 is a schematic side view of a method of making mrcroﬂuldlc devices.

Frg. 11 is a schematic top view of a system for separating blood components using -

: pnnc1ples illustrated in Figs. 1-6G.

Fig. 12A 1s a schematlc top view of a system for separatmg blood components
that mcludes a concentrator

F1g 12B is an enlarged view of area 12B shown in Fig. 12A.

Fig. 12Cisa schemat1c top view of a device for separating platelets from a stream
including RBCs, platelets and blood plasma.

- Fig. 12D s ayrepres'entation of a portion of the device shown in Fig. 12C.in

operation. " ’ ' ‘

Fig. 12E is a cross-sectional view of the device of Fig. 12C, taken along line 12E-
12E. |

Fig. 13A is a schematic top view ofa system according to another embodiment.

Fig. 13B is an enlarged view of area 13B shown in Fig. 13A.
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Fig. 13C is a schematic top view of a system that can concurrently separate, -
image and analyze. '

Fig. 14 is a schematic view of an apparatus for real-time viewing of blood as it
moves through a microfluidic device and/or system. | ; '

Fig. 14 A is an enlarged view of area 14A shown 1n Fig. 14.

Fig. 15A is a schematic top view of a device having an aperture conﬁgnred to
remove red blood cells froma mlxture of blood components | |

Fig. 15 B is a representation of a portion of the device of Flg 15A durmg :
operatron ' '

- Like reference symbols in the various drawmgs mdlcate like elements

DETAILED DESCRIPTION

In general, devices, systems, and methods for separating particles are disclosed.

Particles include, for example, polymeric particles, inorganic particles (e.g., ceramics or

metals), biological particles (e.g., plasmids, proteins, cells, prions, or nucleic acids, e.g.,
DNA or RNA). Specific particles. inelude components of blood, e.g.', RBCs, WBCs, and
platelets. The liquid in which the particles are suspended can be polar, e. g.' dimethyl |
sulfoxide, or chloroform, or non-polar, e.g., hexane or carbon tetrachloride. The liquid
can be, e.g., plasma water water made viscous by adding a soluble polymer, an alcohol,
an ether a sulfoxide, an organic acid, a ketone, an acetate, a nitrile, a hydroe_arbon
solvent or a chlorinated solvent. |

Various mlcroﬂurdlc devices for separatmg partlcles are described herem RBCs
and WBCs are often used as non-limiting examples of the types of particles that can be

separated.

General Methodology - Marzinatiort

In general, some of the devices and/or systems described herein include flow »
paths that are conﬁgnred and dimensioned such that margination of particles, e.g., WBCs,

occurs toward sidewalls of a flow path. Other flow paths are configured to capture the

. marginated particles. Without wishing to be bound by anv particular theory, it is believed

that by configuring and dimensioning flow paths appropriately, e.g., by providing a

9
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height of a flow path that is no larger than twice the largest outside dimension of the

particl_e, e.g., a WBC, a polymeric particle, an inorganic particle (e.g., a ceramic or a
metal), and, in'sorne Cases,l no smaller than the particle, e.g., WBC diameter, encourages
migration of the particles towards walls of a flow path where they can be sequestered and

capmred by other ﬂ_ow paths. Itis believed that this occurs due to directed random

‘nmigration of the particles e.g., WBCs, towards a wall upon ﬁ'equent collision with other

‘ _,part1cles, e.g., RBCs

Wxthout w1sh1ng to be bound by any particular theory, it believed that with

”respect to _th_e WBCs the mechanism of margination can be explained as follows.

Conﬁnedby top and bottom walls, the WBCs flow near the center of a channel (viewed

) ﬁorrl side)' and'occup'y a large cross-section of the parabolic flow profile. The flat and
" smaller RBCs can occupy less cross-sectional area in the parabolic flow profile, and also
B may ﬂow near a center as well, €.g., near the top and bottom walls. Therefore relatlve to

: the WBCs the RBCs have a much wider range of velocmes The RBCs at the center are

faster than the WBCs and the RBCs near the top and the bottom walls are slower than the

, WBCs. Due to the frequent colhs1ons with RBCs, the WBCs migrate laterally. Once

WBCs are in the pr0ximity of a sidewall, they are trapped there by the flow and flow

,‘ slowly parallel to the wall. The 51ze ratio of the two specles of particles can be important
for the margination of the WBCs. For example, if the solution consists of only plate]ets :
and WBCs (e. g the solutlon contains no or few RBCs), one may expect less margination

of WBCs This mechamsm of margination operates similarly for any pair of specres of
'partrcles in whlch one type of particle is, e.g.; about 1.5 to about 4 times larger than the
other type of particle.

" ‘While being trapped near the walls, WBCs move more slowly than the rest of the

- blood stream. The_refore, WBCs gradually accumulate along the flow pathway, resulting

in a gradual increase of the overall WBC concentration in that segment of the flow
pathway along the walls.

Sequesten'ng the WBCs near the wall may be enhanced by coating inner surfaces
of the channels with adhesion molecules that have complementary receptors to those on
the cell of interest. This can be used, for example, to isolate leukocyte subtypes based on

cell adhesion molecule expression. The surface density of adhesion receptors, e.g., P-

10



10

15

20.

25

30

WO 2006/031385 PCT/US2005/029832

selectin (e.g., soluble, recombinant P-selectin), or E-selectin within a channel can be '
optimized to encourage cell rolling into the ex_traction channels, while discouraging firm -
adhesion of the WBCs. '

Dunng the coating process, the adhesion molecules can be chemrcally bonded
(e.g., covalently bonded), or physically bonded (e.g., adsorbed), onto surfaces of the _
desired channels.” For example, soluble P- selectin can be adsorbed onto surfaces of B
channels by first diluting P-selectin to the desired coating concentration, e.g., lOug/rnL,
in binding buffer (¢.g., 0.1 M NaHCOs, pH 9.2), filling the channels with the diluted

solutlon, and then incubating (e.g., for 2-8 hours). After incubation, channel surfaces are.

-washed with Dulbecco s phosphate-buffered saline (pH 7. 4) containing calcium and-

magnesium ions. After washing, the channels are infused with a solution of heat-
denatured bovine serum albumin (2%), and then incubated (e. g, for 30 minutes).
Additional details of coating adhesion molecules onto surfaces are described Rodgers,
Biophysical Journal 79, 694-706 (2000) and Eniola, Biophysical__Jouma? 85, 2720-2731
(2003). | ' |

General Methodologz - Sorting

Other devices and/or systems include flow paths that are arranged such that some
of the flow paths are in fluid communication through an aperture or apertures defined in a
barrier that separates flow paths. The aperture or apertures are sized to exclude one type .
of particle, e.g., WBCs, while allowrng another type of partrcle e.g., RBCs to pass
through. Without wishing to be bound by any particular theory, 1t is believed that _
configuring and dimensioning the aperture(s) and dimensions of the flow paths :
appropriately, e.g., by configuring the pathways so that faster RBCs accumulate behmd a
flowing WBC. The increase in flow resistance in that channel introduced by the WBC
then diverts flow of the tailing RBCs to the parallel channel(s). '

Still other devices and/or systems described herein include flow paths arranged
such that some flow paths are conﬁgured to exclude white and RBCs, while allowing

blood plasma and any suspended constituents,€.g., platelets, of smaller size to continue

- on those paths.

11
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The above devices can be fashioned into systems configured to separate whole

. bIood_into ﬁactions containing a highly enriched concentration of an individual cellular

componeht of interest or a combination of the components, e.g., WBCs, RBCs, or

-~ platelets susp_e'nded in plasma, or containing blood plasma highly depleted of the

" components.-

- -‘Indzvzdual Devices

Referrmg to Fig. 1A, a device 10 for separating WBCs from blood includes a ﬁrst

) - ﬂow path 12lth_at is defined by a first pair of walls 20, 22 in a substrate 14 through which
L blood may flow in response to a pressure diﬂ'erentiat Device 10 also includes a second
 flow path 16 that is in fluid communication w1th first flow path 12, the second flow path
. 'bemg deﬁned by a second pair of walls 33,34, First flow path 12 is configured and
" ',drmensroned such that margmatlon of WBCs 30 oceurs toward the first pair of walls 20
’22 (as shown by arrows) and second flow path 16 is conﬁgured and dimensioned to

- capture the margmated WBCS 30.

Fig. 2 illustrates device 10 at a somewhat latter time relative to Fig. 1A, e.g., 0.1

. second llater,' so that collectively Figs. 1A and 2 show margination of WBCs 30, and the

capture of WBCs 30 by second flow path 16. Blood that includes red cells 32 and white

. cells 30 enters an inlet 31 of device 10, and travels along first flow path 12 for a sufficient

dlstance such that margmatlon of WBCs 30 occurs. Some of the marginated WBCs 30

are captured by second flow path 16 such that blood exiting outlet 40 is enriched with
WBCs 30 relative to blood entering inlet 31, while blood exiting outlet 42 of the first

flow path 12 is depleted of WBCs relative to blood entering inlet 31. Iti is believed that
configuring and dimensioning the flow paths appropriately, as will be discussed in greater -

detail below, encourages RBCs 32, e.g., with a largest outer dimension of from about 6

~ um to about 8 pum, to flow down a central portion of flow path 12, while encouraging

margination of WBCs 30, e. g with a largest outer dimension of from about 8 um to
about 12 pum, towards walls 20, 22 of first flow path 12, where they are diverted to or
captured by second flow path 16.

Referring particularly to Fig. 1A, a distance D; from the inlet 31 of the first flow

path 12 to a start of the second flow path 16 is sufficient to allow margination of WBCs
' 12
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30 to occur towards walls 20, 22. In some instances, the distance is, fqr example, from

about 0.5 mm to about 10 mm, e.g., | mm, 2 mm, 5 mm, or 8 mm. The minimum °

distance that is needetl to achieve marginatiort depends generally on the blood ftow rate

in the flow path 12, and in particular on the pressure differential, the initial concentration

of RBCs, plasma viscosity and composition, height of the flow path 12, atnd/or activation
state of the WBCs. However, the higher limit of this margination distance is not bound in’ .
that the larger D1, the hlgher expected marglnatlon On the other hand, if this distance
becomes excessively long, then because of the accumulation of the WBCs near the

sidewalls, and therefore increased mteractlons between the white cells, some of the whlte

_cells might re-enter the central region of the blood stream. In some embodlments a

length L;of entlre device i 1s, €.8. less than 10 cm, e.g., less than 8,5,1,0r less tha.n 1

' Referrihg pattictxlarly to Fig. 1B, in some embodiments a width W, of the first -

flow path 12, measured between walls 20, 22 is,'for‘exa'mple, from about 10 pmtolabotlt" -

5000 pm, e.g., 25, 100, 200, 500, 750, 1000, 2500, or 4000 um, and depends on the size -

of particles to be separated. A height H; of first flow path 12, measured from a ceiling 50

to a floor 52 is such that margination of WBCs 30 occurs toward walls 20, 22. For
example, H; can be up to 75% larger, e.g., 50%, 30% or 2’(.)%v1’érger than a largest outside
dimension of a WBC 30 or other particle, or up to about 30% smaller, e.g., 20%, or 10%

smaller than the largest outside dimension (when the particle is compressible). Generally, .

for healthy human cells, the largest outside dimensiOn,ve.g.,'a diameter, ofa WBC is from ',

about 8 to about 12 pm. In certain implementations, H, is within about 10% (typically,
larger, but can be smaller if the particle can be COmpreseed to some degree) of alargest -
outside dimensi0n of a WBC 30. Under specific circumstances, H; is. substantially -
equivalent toa largest outside dimension of a WBC 30, e.g., about 10 ym to 12 pm. In a
specific embodiment, H, is up to about 75% larger, €.g., 50%, 30% or 20% larger than an
a\./erage diameter of the WBCs. . '

Referring particularly to Fig. 1C, a widtthz_of second flow path 16, measured
between walls 33, 34 is sized to capture and transport WBCs 30. In some

~ implementations, W is within 30%, 20%, or 10% (either larger or smaller) of a lafgest

13
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v_outsrde dimension of a WBC 30. Under some specific embodlments W, is substantrally

equlvalent to a largest outside dimension of a WBC.
Aherght Hz of the second flow path 16; in some embodiments, is the same as the

herght Hl of the ﬁrst ﬂow path 12. In some cases, variation of the height may be

'lb‘eneﬁcral. Fer-ex'ample, .m a purification device with multiple apertures, such as that -
‘ shewn in Flg 9 (described later), height variation of the ‘upper path may help'centrol the
o pressure distribution between apertures. An increase in the upper path. height by'2-10 |
: fold should mcrease the pressure difference between the lower and upper paths at the

' apertures

Refemng to Frgs 3-5, a flow path, for example first ﬂow path 12, can include a

- prOJectlon for example to locally change the direction of a velocrty vector, for example
: .' vector. 61 of F1g 4, proxrmate the projection. Examples of projections include, pro;ectlon
- 60 of Frg 3 central pro_]ectlons 62 and wall prOJectlons 64 of Fig. 4, and wall j proj ectlons |

166 and central pro_;ectrons 68 of Fig. 5. In some 1mplementat10ns the pro; jections extend

from ﬂoor 52 to ce111ng 50 of ﬁrst flow path 12. In particular embodiments, the

‘ pro;ectlons are, ¢.g., circular in cross- -section, or rectangular in cross-section when

v1ewed ﬁom above In some instances, for example, when it is desired to increase the

- rate of margmatlon aproj jection is rectangular in cross-section whien viewed from above,

“and is angled relative to a wall of the flow path. Such a specrﬁc embodiment will be

descnbed in further detall below.

Veloelty and separatlon efficiency can be changed by changing the density of the
projections in a ﬂow path Increasing prOJectlon density, for example, changing from the
embodrment of Fig. 5 to the embodiment of Fig. 4, generally tends to increase ﬂow
pressures. Relative flow pressure in .Figs. 1-5 is shown by shading, where darker shading
indicates a higher relative pressure. The projections can play two roles. First, they divert
WBCs and direct random migration of WBCs towards sidewall(s), thus enhancing WBC
margination, v'vhile allowing RBCs to flow between them. Second, they can induce a
high-pressure drop across them, so that the pressure downstream of the projections is
lower than that in a branch, often resulting in a higher concentration of WBCS in the

branch.
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In some embodiments, first flow path 12 is substantially straight along its entire
length, for example, those embodiments of Figs. 1, 2, 4, and 5. ‘In other instan'ces,:for
example, when it is desired to perturb a velocity vector to increase the extraction

efficiency, a flow path, e.g., first flow path 12 and/or second flow path 16, can include

~ turns along portions of i its length.

Referring particularly to Fig. 3, projection 60 blfurcates first flow path 12, thereby
defining a third flow path 70. Such a bifurcation can be advantageous to increase
separation efficiency. | | .

In certain implementations (e.g., the embodiment of Fig. 2), an upsﬁeam WaAll 72
ef éecond flow path 16 tapers, forming a sharp tip 74 proximate an entrance 76 of second -
flow path 16. This tapering can be advantageous in capturing marginated WBCs. .

In many of the embodiments described herein, a high enrichment is p0531ble usmg

a small pressure gradlent between the inlet channel and final extraction channel. In

certain embodiments, the pressure gradien’;is, e.g., less than about 1000 cm H,0, e.g.,
~less than 750, 500, 300, 150, 100, 50, 20, 10 or even less than 5 cm H;0.

Pressure can be generated, for example, by applying pressure using a pump on an
inlet of a device or system, by applying a vacuum at an outlet of the device or system

(e.g., using a plpette) or by applying centrifugal force to the device or system Pressure

'can also be generated, for example, hydrostatlcally by employmg a reservoir of fluid (hke

shown in Fig. 14).

Ina pamcular embodiment illustrated in F1g 6A, a device 100 for separatmg
white blood cells from blood have an overall length of approximately 10 mm. Blood
enters device 100 through inlet 110. Device 100 includes a ﬁrst(ﬂow path 102 and a
second flow path 104 that is in fluid communication with first flow path 102. A

beginning 120 of the second flow path 104 occurs at a distance B of approximately 7 mm

from inlet 110. First flow path 102 is a tortuous path that includes turns and is configured
and dimensioned such that margination of white blood cells occurs along flow path 102

(starting from inlet 110). Second flow path 104 is configured and dimensioned to capture |
the rﬁarginated WBCs. Specifically, whole biood with randomly distributed WBCs 30 -

- enters device 100 through an inlet 110 that is 70 um wide, measured between side walls

112, 114. A height of all flow paths in device 100 is 10.3 pum, or approximately the same
15 '
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diameter of a typ1ca1 WBC. Whole blood samples enter the device via inlet 110 -
connected toa feedmg reservoir. In the feedmg reservoir, the concentration of WBCs is

approxxmately 4,300 WBCs/uL. As the smaller, more flexible RBCs 32 seek the faster

 central flow region 116, they collide with WBCs 30 eventually forcing the WBCs

ontwnrdl towardé walls 112, 114, where WBCs become trapped. Progressively more
margmatlon of WBCs 30 occurs along the first, straight part of flow path 102. |

' Determmatlon of a degree of margination of WBCs and concentration of WBCs at a

partlcular flow path location is described in the Examples.

Referrmg to Inset 1 (and associated Fig. 6B), 1mmedlately after entenng device

v1a inlet 110 the white blood cell concentratlon is approximately 2,100 WBCs/pL, which
-is almost two times lower than the 1mt1al WBCs concentration m the whole blood sample
This effect 1s caused by the mdlrect sample introduction method of this partlcular

- embod1ment Prov1d1ng for a direct inflow of whole blood into device 100 can eliminate

this WBC concentration reduction, and increase the final efficiency of separation two-

fold. WBCs enter dev1ce 100 through inlet 110 distributed nearly uniformly across the

o w1dth of flow path 102.

Refemng to Inset 2 (and associated Fig. 6C), after travelmg a length of
approx1mately 3 mm, WBC concentratlon along walls is approximately 3,500 WBCs/uL,

and margmatlon 1s well under way, as shown by high WBC counts near walls 114, 116 i 1n

. F1g 6C.

Refemng to Inset 3 (and associated Flgs 6D and 6F), after travelmg a length of
approximately 6.5 mm, WBC concentration along walls is approximately 4,500
WBCs/ L, and margination is nearly complete, as shown by high WBC counts near walls
114, 116 in Fig. 6D. " Because a velocity near a wall is lower, the concentration of WBCs
increasee along the straight part of first flow path 102. A flux balance shows that a
theoretical maximnm concentration (C) ratio between any two points along the first flow
path is determlned by the relative average velocity (v) of the WBCs, C/Ci=v1/v;. In this
particular case, for the straight portion of the first flow path, ratio is approximately 2
(4500/2100 WBCs/pL, Insets 1 and 3, Figs. 6B and 6D, respectively).

After a distance A of approximately 7 mm, the ﬁrst flow path 102 is bifurcated for

the first time with a projection 122 in flow path 102. . Part of the mass of blood continues
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along first flow path 102, and part of the mass of blood follows a third flow path 124. '
After passing through bifurcation 122, each daughter channel (continuation of _ﬁ_rSt- flow
path 102 and third flow path 124) has approximately equivalent WBC concentration
profiles with most of the WBCs traveling near the continuations of the original sidewalls
112 and 114 of flow path 102. Either or both can be used for further processing. The :
WBC concentration profiles across flow paths 124 and 102 can be envisioned as left- |
hand half and nght-hand half of the distribution shown in Fig 6D, respectlvely -

The asymmetry in WBC concentration at point (4) causes most of the WBCs to
enter segment (6), which is a continuation of flow path 102, rather than segment (5) ‘The

-blood entering segment (5) contains a highly enriched suspensmn of RBCs. The first

flow path 102 bends prior to point (6), €.g., with an angle 0 of between about 90° and

- 160°, and shown in this particular embodiment, 135°.. The turn alters the velocity proﬁle

causmg RBCs to move quickly around the inside (leftmost wall of segment (6)),
bypassing the WBCs that travel more slowly in the plasma-nch region near outer
sidewall 114 of flow path 102. As the RBCs pass the slower WBCs, they tend to trap | the,
WBCs near a wall and encourage the WBCs into the second flow path 104, which is the

" extraction channel. Approximately 67% of the WBCs from segment (6) enter the second

flow path 104,' while the others continue along a right-hand sidéwall 130 of segment (7).
The overall concentration of WBC:s at point (7) is. approximately 2,500 WBCs/uL, | with
distribution across the flow path shown graphically in Fig. 6E and plctonally in F1g 6G.
‘The white blood cell concentration in second flow path 104 at pomt 8is
approximately 42,300 WBCs/pL, or approximately an o_rder of magmtude hlgher than in
the original whole blood sample in the feeding reservoir connected to inlet 110.
. Both white blood cell margination and plasma skimming appear to be important
determinants of the blood composition in segment (8). Accumulation of white blood
cells near sidewalls 112 and 114 in the plasma rich region causes eventually two-thlrds of
the white blood cells to enter the second flow path 104 (segment (8)) At the same time,
plasma skimming reduces the RBC concentration at point (8) to ]ess than one-third of its

initial value in the feeding reservoir. The net effect of the passage of the whole blood

~ sample through device 100 is an increase in the WBC-to-RBC ratio from 1:1 100ina

whole blood sample to 1:32 in second flow path 104 at point 8, a thirty-four-fold
17
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ennchment This final enrichment can be doubled, e.g., increased to a 68-fold
ennchment 1f a dlrect inflow of whole blood into device 100 is provrded
Whlle the embodlments described directly above require margination, some -

embodiments do not require WBC margination to separate WBCs from the rest of the

blood but rather employ other flow properties of blood and rheologic principles to obtain
a hrgh ennchment ‘ |

: Refemng to Fig. 7, a device 200 for separating WBCs from blood includes a ﬁrst

: ﬂow path 202 that is defined by a first pair of walls 204, 206 through which blood may
- »ﬂow under pressure A second flow path 2101is defined by a second pair of walls 212,

-214 ‘The ﬁrst 206 and second 210 flow paths are in fluid communication through an

aperture 220 that 1s deﬁned in a barrier 222 that separates the flow paths 202, 210.

' Aperture 220 and ﬂow paths 202, 210 are dimensioned and conﬁgured to divert RBCs 32
‘1nto flow path 210 Aperture 220 in this particular embodlment is approxnnately 6 pm in

size. As shown in Fig. 9 bamer 222 can include more than a smgle aperture eg,1,2,5,

lO 20, 50 100, or more apertures, €.g., 500 apertures. In addition, the location of the

: aperture(s) can vary from an upstream location, e. g., as shown in Fig. 7, to a more

downstream location, e.g., as shown in Figs. 8 and 9.
Refemng particularly to Fig. 7, first flow path 202 is configured and dlmensmned
so that red blood cells 32 stack up behind white blood cell 30. Not wishing to be bound

by any partlcular theory, it is believed that this RBC “train” formation behind 2 WBC
‘occurs because RBCs move faster than WBCs but are unable to pass the WBC First

flow path 202 is also conﬁgured and dimensioned so that when a WBC 30 flows past

aperture 220, a small pressure differential, e.g., of about 0.01 to about 10 cm H;0, e.g.,

0.1 cm H,0, 1 cm H;0, or 5 cm H,0, is produced between first flow path 202 and second
flow path 210 prox1mate aperture 220. In particular, pressure in first flow path 202
proximate aperture 220 is higher than pressure in second flow path 210 prox1mate
aperture 220 immediately after the WBC 30 flows past aperture 220, causing transfer of
red blood cells 32 from first flow path 202 to second flow path 210, while excluding
WBCs 30 from second path 210. This transfer of RBCs 32 from first flow path 202to
second flow path 210 enriches second flow path 210 with red blood cells 32, while
depleting first flow path 202 of RBCs. ' '
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In some embodiments, a width of first flow path 202, measured betWeen the first
pair of walls 204, 206, is, e.g., within 20% (éilher smaller or larger) of a largest outside
dimension of a white blood cell. In certain embodiments, a height of first flow path 202,

measured from a floor to a ceiling of first flow path 202, is, e.g., within 20% (either

~ smaller or larger) of a largest outside dimension of a WBC. The width and the height are

dimensioned such that the passage of faster RBCs 32 by WBCs 30 is hindered. In certain -
instances, a width, measured between the second pair of walls 212»,»214, is, e.g.; 100, 200,
500, 1000 pm or more, €.g., 5000 pm. - ' ’ '

- Methods of Manutacture' '

In general‘ the devices and systems described herein can be made by a suitable‘

: mlcrofabncatlon techmque, for example, lithography, silicon mlcromachmmg, polymer V

repllca molding, mlcroprmtmg, and stamping. Suitable matenals mclude polymers e.g.,
a thermoplastic or a thermoset, €.g., a polysiloxane, €.g., polydlmethylsﬂoxane (PDMS). |
Other suitable materials include inorganic materials, e.g., .cry_stal_line silicon, glass, metals
(e.g., titanium), or compos1tes (e.g., fiberglass). v |
Referring to Fig. 10 a soft lithography process 299 involves productlon of a mold
replica 300 using a negative image master 302. A m1croﬂu1_d1c device 310 is constructed

by mating mold replica 300 and a base plate 312. Mold replica 300 is made of, for

-example aplastic, e.g., a thermoplastlc a vulcanate (e.g., a rubber or

poly(dimethylsiloxane) (PDMS)). A negative image master 302 can be made by
providing a substrate 314, e.g., a silicon matena_l, over-coatmg substrate 314 witha'
photoresist 316, and then placing amask 318 over photofesist 316. Photoreslst 316 is
crosslinked in unmasked areas using radiation, e.g., UV light. Mask 318is removed and
then uncrosslinked photoresist is dissolved using an appropnate solvent. Etchmg, e.g.,
using reactive ion etching, followed by removal of cross-linked photoresist leaves master

302 with posts 320. These posts 320 will become flow paths 322 when master 302 is

mated with base 312 to form microfluidic device 310.

In some embodiments, the plastic used for the mold is PDMS. Conveniently, a

© two-component system can be used, that includes a base and a curing agent. A suitable

PDMS material is SYLGARD® 184 silicone elastomer kit available from Dow Corning.
19
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" A variety of cure mechanisms are possible. For example, in some instances, silicon

hydrlde groups present in the curing agent react with vinyl groups present in the base to

form a cross-linked»,pelastomeric solid. The two parts are generally mixed together in a

10:1 (v/v) base;c'uring agent ratio. Pre-polymer liquid is poured over a master, and then

_'the pre-polymer is cured L1qu1d PDMS pre-polymer conforms to the shape of the master
. and rephcates the features of the master with high fidelity. In some instances, the
o durometer of the resultmg mold is less than about 98 Shore A, for example less than 95

. Shore A 85, 75 60 or less than 50 Shore A. An advantage of PDMS is that it can seal

to 1tself orto other surfaces, reversibly or 1rrevers1b1y and w1thout distortion of flow

paths Another advantage of usmg PDMS is that PMDS that has been molded against a
- smooth surface can conformally contact other surfaces, even if they are nonplanar,
: because PDMS is elastomenc Furthermore PDMS can be transparent for viewing mto

the mlCI'OﬂludlC dev1ce

A water-tlght revers1b1e seal that can W1thstand pressures of approximately 3-8

psi can be made by contactmg two portions of the molded silicon together. In some

- 1nstances tape, for example, silicone or cellophane tape can be used to reversibly seal
~ two pOI‘thl’lS together To form an irreversible seal, typrcally at least one surface of the

. PDMS mold 1s treated with an air plasma (see Fig. 10) for at least one minute. Itis

believed that treatment with plasma generates s11anol groups (Si-OH) on the surface of

the PDMS by ox1dat10n Surface oxidized PDMS can seal to itself, glass, silicon,
. polystyrene polyethylene or silicon nitride, prov1ded that these surfaces have also been

exposed to an air- plasma
Ina specific embodiment, a silicon wafer contalmng a negative image of a device

was created using electron beam 11thography (EBMF-10.5/CS, Cambridge Instruments,

. UK) and reactive ion etching (Bosch process, Unaxis SLR 770 ICP Deep Silicon Etcher,

Unaxis USA Inc, St. Petersburg, FL) techniques. This master wafer was then used to cast
replicas of the device in PDMS (RTV 615 A/B; G.E. Silicones, Waterford, NY). Each
cast replica was trimmed to slze and affixed onto a pre-drilled, PDMS-coated glass slide
(Micro Slides; VWR Scientific, West Chester, PA) to‘form a microfluidic device. Before
assembly, all fluid contact surfaces were exposed to air plasma (Plasma
Cleaner/Sterilizer, Harrick Scientific Corporation, Ossining, NY). The assembled |
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- microfluidic devices were flushed with a 1% aqueous solution of monomethoxy-

A poly(etherne glycol) silane (mPEG-silane), 5000 molecular weight, Shearwater B

Polymers, to prevent cell adhesion and then washed with GASP buffer (1% bovine serum

albumin, 9 mM Na;HPO,, 1.3 mM NaH,POs, 140 mM NaCl, 5.5 mM glucose, pH 7.4,
~ osmolarity 290 mmol/kg). ‘ '

Additional details of suitable microfabrication techmques can be found in amcles

by Shevkoplyas et al., Microvas. Res. 65, 132-136 (2003), Gifford et al., Biophys. J. 84,

623-633 (2003), Shevkoplyas et al., Analytical Chemistry, 77(3), 933-937 (2005), and
and Whitesides et al., ccts. Chem. Res. 35, 491-499.(2002).

Separating Systems _ |
Systems'can be fabricated, for example, from_any'combihation of the above- |

mentior_led deviées, 6r portions of the above-mentioned devices, so that particles of
different sizes, €.g., red and White blood cells, can be easily separated ﬁ'ofn each other.
Some other devices that may be incorporated into such systems that have not been
discussed above will be discussed below. In some cases, the sy_stemé are fabricated with
multiple devices in series, and can provide a higher level.of enrichnient of pﬁﬂicles than
the devices ddscribed above. In some instances, the systems are fabricated with multiple
devices in parallel for example, to allow processmg of larger quantities of fluid. In still |
other embodiments, systems can be fabncated so that pomons of the system are

onﬁgured so that the individual devices are arranged in series and portions are arranged
in parallel.

Referring now to Fig. 11, a system 350 includes three md1v1dua1 dev1ces 360

- 362, and 364, connected in series such that each first flow path 370,372, and 374 is in

fluid communication with the ﬁrst ﬂow path of an adjacent device. Each device has two
second flow paths disposed on opposite sides of the device, creating a symmetnc network .
of flow paths. Each second ﬂow path, 380 (3807), 382 (382 ") and 384 (384”) of each
device is in fluid commumcatlon witha second flow path of an adj acent device. The

network of flow paths in device 350 is configured and dimensioned such that margination

- of WBCS occurs towards walls of each of the first flow paths. Each of the second flow

paths are configured and dimensioned to capture the marginated WBCs. In this particular
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embodrment the height of all flow paths is from about 10 um to about 12 pm, and an

.overall length of device 350 is approximately 1 cm.

o ' Briefly, blood enters system 350 from reservoir 390 into first flow path 370 of -
device 360. In th1s particular embodlment first flow path 370 has & width of about 200

| um Once m first. ﬂow path 370 margmatlon of WBCs occurs towards walls 392, 394.
| Second ﬂow paths 380 € 80 ") are conﬁgured and dimensioned to capture the margmated
. _ whrte blood cells similar to that described in reference to Figs. 1-6. In th1s particular
_v -case, second ﬂow paths 380 (380°) are approx1mate1y 10 pm in width. Downstream from
- ‘an entrance to second flow path 380(380"), first ﬂow path 370 narrows to about 180 pm. -
g 'Thrs narrowrng keeps a hlgher pressure upstream so that the WBCs can flow through
: upstream paths Blood continues downstream and is depleted further along each segment .
- of more and more of its WBCs. Second flow paths combine such that outputs 396 (396 )
. are ennched m WBCs wh11e output 400 is depleted in white blood cells and, therefore
: ennched in red blood cells. In this partlcular example, outputs 396 (396 ) are 30 pm in

w1dth and output 400 is.140 pm in width.

The system of Frg 11 may optlonally include a dev1ce or devices in which flow
paths are arranged such that one flow path is configured to exclude white and RBCs,
while allowmg blood plasma and platelets to continue on the path.

Refemng now to Fig. 12A, a system 401 includes two rows of devrces R;

) ‘(dev1ces 402- 410) and R (devrces 402°-410 §) arranged in series. Each dev1ce in each

row has a correspondmg parallel device, for example, the pair 402 402°. It can be

des1rable to arrange devices in series to 1mprove the level of separation, and in parallel to

“allow for processing larger quantities of blood. Combining devices both in series and in

parallel enables a sirnultaneous improvement in separation efficiency and processing of
larger quantities of blood. Similar to the device of Fig. 3, each device 402-410 and 402’-
410’ includes a ﬁrst flow path (e.g., 412) deﬁned bya ﬁrst pair of walls through which
blood may ﬂow under pressure. A second flow path (e.g., 414) is defined by a second
pair of walls that is ln fluid communication with the first flow path. The first flow path is
configured such that margination of WBCs occurs toward the first pair of walls, and the

second flow path is configured to capture the marginated WBCs.
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Referring particularly to Fig. 12B, some or all of the first flow paths can inciude
rectangular projections 417 that are parallel to walls. The dimensions between adjééent “
projections is such that RBCs 32 can freely pﬁss therebetween,i but straight, forward
motion of white blood cells 30 is hindered. WBCs are typically not trapped betWeeh
these obstacles, but rather are diverted by them towards sidewalls. Projections 417 can _
increase the rate of margination of WBCs towards sidewalls. Projections"41f7 can alsobe
arranged such that they facilitate margination of WBCs 'tov:vards bqth sidewalls equaily. ‘
Projection 415 bifurcates first flow path 412 thereby defining a third flow path 416. |
Such a bifurcation is often advantageous to increase WBC extraction efficiency by
second flow paths, e.g., 414, and, therefore, to 1ncrease separatlon efficiency. The first.

flow path and third flow path 416 recombine proximate a downstrc_am portion 419 of '

. projection 415. The devices of each row R; and R; are arranged in series, such that the

first flow path of each device is in fluid communication with the first flow path of an
adjacent device, €.g., device 402 and 404, and the second flow path of each device isin

fluid communication with the second flow path of an adjabent device. Each device, e.g.,.
402, is also in fluid communication with a parallel device, e.g;, 402’, through second flow
paths, e.g., 414 and 420. In this particular embodiment, the height of all flow paths is

from about 10 um to about 12 pm. An overall length of déyiqe' 4011is approximatcly 5

Brieﬂy,‘ in éperation, blood enters system 401 from fée_din'g resérv@ir_42l and

flows into rows R;, R». - In this paniculér eanodimeht, the first flow path of éaqh parallel )
device 402, 402" has a width of about 200 pm. Once in the. ﬁrst flow path of each _
parallel device 402, 402, margination of whlte blood cells occurs toward sidewalls of - |
each dev1ce Second flow paths 414, 420 are conﬁgured and d1mens10ned to capture the
vmargmated WBCs, similar to that described in reference to Figs. 1-6. In this particular
case, second flow paths 414, 420 are approximately 15 pm in width. Downstream froma
start of the second flow paths, the first flow path of each device narrows to approkimately.
185 pm, and continues to narrow, moving dpwnstrem to 169 pum, 152 pm, 137 pm, and

finally to 121 pm just upstream from concentrator 425. Each sequential narrowing of a

 first flow path, e.g., 4'12, combined with a corresponding projection, e.g., 415, and a

corresponding second flow path, e.g., 414, constitutes a device, e.g., 402, 404, 406, 408
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‘and 410. This narrowing maintains a higher pressure upstream so that the WBCs can

- flow through a side path, e.g., 420. The second flow path of each device is in fluid

communication through a combined flow path 422, whoSe width increases moving

doWns&eam from' 30 pum, to 60 pm, to 90 pm, to 120 pm, and to 150 pm just upstream

“from concentrator 425

Efﬂuent n outputs 426 and 426’ is substantially depleted of WBCs ie, enriched

' Refemng partlcularly to concentrator 425 an mput 430 includes plasma ennched

-in WBCs with some RBCs Concentrator 425 includes a plurality of ﬂow paths 432
- (432 ) on opp081te sides of concentrator 425 arranged and dimensioned so as to exclude
e whlte and red blood cells whlle allowing blood plasma and platelets to continue on the
v path The net result of concentrator 425 i to create parallel paths 434 and 434’, cfﬂuents
of wh1ch contam mostly plasma and platelets, and that are depleted of wh1te and RBCs

In add1t10n the output from concentrator 425 includes a flow path 440, ‘effluent of which

contams hlgher concentratrons of white and RBCs compared with the influent entering

: concentrator 425 via inlet 430. Output 440 is fed to a series of devices 442, 444, and 446.

Each device 1ncludes a first flow path that is configured and dimensioned such that
margmanon of white blood cells occurs towards walls of each of the ﬁrst flow paths.
Each device also 1nc1udes a second flow path that is conﬁgured and dimensioned to
capture the margmated wh1te blood cells. This results in an output 448 that is highly
enriched w1th WBCs and highly depleted of RBCs, and an output 450 Wthh is enriched
with RBCs (relatlve to 448) and depleted of WBCs.

‘Platelets can be separated from a stream having RBCs platelets and plasma For
example, refernng to Figs. 12C, 12D and 12E, a device 625 for separating platelets 627
from a stream that includes plasma 629, RBCs 32, and platelets 627 is fabricated in a
substrate 623, e.g., by any one of the methods described herein. Device 625 includes a
first flow path 631 having an inlet 633. First flow path 631 is asymmetrically b1furcated
by a projection 635, i.e., a centerline 641 of first flow path 631 and a centerline 643 of
projection 635 are not in line with one another, forming a second flow path 645, and a
third flow path 647 larger than the second flow path. By configuring flow paths 645 and
647 appropriately, an essentially pure stream of platelets 627 in plasma can be skimmed
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from the stream having the RBCs, platelets and plasnla. In the particular embodiment:
shown in Flg 12C the height of each channel is approximately 6 um; centerlines 641 and

| 643 of projection 635 are offset by approxxmately 6 pum, producmg the second ﬂow path

havmg a width that is approximately 6 pm, and the third flow path having a width of that
is approximately 13 pm. Without wishing to be-bound by any partlcular theory, itis

~ believed that the platelets can be separated from the RBCs because the RBCs are hlghly

deformable and migrate from high sheaxf regions near the walls into the center of the
stream. This results in the formation of a plasma and platelet-rich (RBC depleted) zone
near the walls. The volumetric flow rate through the device is such that path 647

. receives the majority of total flow from'path 633. Path 645 receives much less flow, and ’

s0 its contents are primarily from the plasma-rich zone near the sidewall of the path 633.

Platelets can also be separated from a stream of whole blood. '

Referring to Figs. 13A-13B, a system 451 includes a plurahty of devices 452, 4
454, 456 arranged in series. Each-device includes a flow path that is conﬁgured such that
rnargination of WBCs occurs towards Walls, and another .ﬂo_v‘v path that is cdnﬁgured and
dimensioned to capture the marginated WBCs. In this particular embodiment, each first
flow path of each subsequent device narrows from 200 pum in an upstreatn portion, to 185
um, to 169 um, and finally to 139 pm in a'downstream pdrtion.. The narrowing maintains
a constant cumulative cross-sectional area across the device, which equahzes the flow .
rates throughout. System 451 also 1ncludes a concentrator 458 in which ﬂow paths are .

arranged to exclude white and RBCs, while allow1ng blood plasma and platelets to -

Vcontmue on the path, resultmg in streams that are enriched i in platelets.

Referring now particularly to Fig. 13B, system 451 also includes a device 460 that
includes a first flow path 462 that is defined by a first pair of walls 464, 466 through

‘which blood may flow under pressure. A second flow path 468 is defined by a second

pair of walls 470, 472. The first 462 and second 468 flow paths are in fluid
commumcatlon through apertures 474, 476 that are deﬁned in barrier 478 that separates
flow paths 462, 468. Apertures 474, 476 are d1mens1oned and configured to exclude
white blood cells 30, while allowing RBCs 32 to pass therethrough, as described above in

" reference to Figs. 7-9. As blood enters flow path 462, which has a nominal width .at Py of

approximately 13 pm, RBCs and WBCs are randomly spaced apart along flow path 462.
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| Flow path. 462 includes a constriction 480 in which a width of the flow path 462 narrbws |

from an upstream portion. In this particular embodiment, a width of flow path 462
narrows contmuously from a nominal width, e.g., 13 pm at Py, to a minimum width, e. g -

11 um at ‘Pz a.nd-then widens again back to a nominal width of the flow path at an

- downstream portlon e.g. 13 um at P,. ‘Having constriction 480 encourages a closer

: spacing between the wh1te and red blood cells. In some 1mplementatrons this allows for
Ca more efﬁcrent transfer of RBCs 32 from first flow path 462 to second flow path 470,

: | wh11e excludmg WBCs 30 from second path 470.

'Partzcles Other than Red and White Blood CelIs

Any of the dev1ces systems, or methods descnbed above can be used to separate

- partleles other than RBCs or WBCs, when such devices, or systems are appropriately

o sized’ For examme”'the'margination devices of Figs. 1-6, : the sorting devices of Figs. 7-9,

and the systems of Figs. 11-13 can be used to separate various types of particles.

Other partlcles can be, e.g., platelets, polymeric partlcles (e.g., hydrogel partlcles

- such as polyHEMA), part1c1es derived from a copolymer of methacrylamlde, N N -

: methylene-brs(acrylamrde) and a monomer carrying oxirane groups, melamine-

formaldehyde resin mlcropartrcles microparticles of degradable polymers such as

polylact1c acid mlcropartlcles polymethacrylate m1cropart1cles or polystyrene

'nncropartlcles) Other pamcles can be magnetic particles, e.g., amine-terminated

magnetlc partlcles or carboxy—termrnated magnetrc particles. Inorganic partlcles include

(e.g., ceramics sueh as boron nitride, or silicon carbide, aluminum oxide nanoparticles,

silicon dioxide microparticles, quartz micro and.nano particles), metals (e.g., iron, or

titanium particles), metal oxides (e.g., cerium(IV) oxide nanoparticles), or elemental
particles (e.g., iodine). Composite particles include, e.g., silica particles coated with

polyvinyl-pyrrolldone. Biological particles include, e.g., plasmids, proteins or nucleic

- acids (e.g., DNA, RNA), cells (e.g., stems cells), biological macromolecules, or food .

products (e.g., Seeds bean and nuts).
The liquid can be any liquid, e. g water, water made viscous by adding a soluble

polymer an alcohol, a hydrocarbon solvent an ester solvent, or a chlorinated solvent.
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Margination devices similar to that shown in Fig. 1 can be used to separate first
particles from a suspens1on of particles in a hqurd '
The first particles can be flexible, or ng1d Rigid partrcles are those that are

generally difficult to distort under a compressive load, for example, pamcles made from a

material that has a Shore A hardness of greater than about 100 or 95. Examples of ngld

particles include polystyrene partlcles polymethylmethacrylate partlcles and glass

‘particles. Flexible partlcles are those that are, generally, easily dlstorted under a

compressive load for example pamcles made from a material that has a Shore A -
hardness of less than about 100, e.g., 95, 65 or less than 50 Shore A. Examples of
ﬂexrble particles include hydrogels and elastomers. o

When the first partlcles are flexible, in some embodiments, a helght of the first

- flow path, measured from a celhng to a floor of the ﬁrst flow path, is, e.g., up to about

30% smaller than the largest outside dimension of the first particles.

When the ﬁrst particles are rigid, a height of the first flow path, measured froma
ceiling to a floor of the first flow path, is about equal to a largest outside dimension’ of the
first particles to about two times larger than the largest outside dimension of the first
particles. | | , 4 _

A distance from an inlet of the first flow path 10 a start of the'second flow path is
sufficient to allow margination of the first particles. For example, when the particles
being separated have a largest dimension of from 30 nm to about 200 nm, a nseful
distance is from about 4 mm to about 8 mm. When the particles being separated have a |
largest dimension of from 200 nm to about 500 nm, a useful distance ls, €. g.,v from about
1 mm to about 4 mm. When the particles being separated have a largest dimension of
from about 500 nm to about 1000 nm (i.e., 1 pm), a useful.distance is, e.g.,' from about
0.5 mm to about 2 mm. . |

A width of the first flow path depends upon the largest 'dir_nension of the particle
being separated. Generally, a width of from about 2 times to about 30 times the largest
dimension of the particle is useful. For exarnple, for 10 pm particles, a useful width is

from about 20 pum to about 300 pm. For 7 pm particles, a useful width is from about 14

" pm to about 210 pm, and for 0.7 pm particles, a useful width is from about 1.4 pm to

about 21 pm.
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Onc'e first particles have been separated from a suspension of particles in a liquid,

second particles can be separated from the suspension of particles by feeding the effluent

of the first separation to an appropriately sized device.” This process can be repeated in an

analogous manner until a polydisperse sample of particles is separated into a number of

- monodlsperse samples of pamcles

Sorting devices smrlar to that shown in Figs. 7-9 can be used to separate first

, particles from a suspensron of partlcles in a liquid. These devices include a first flow
_ | path through wh1ch the suspens1on of particles in the liquid may flow under pressure. A
- second flow path is 1n fluid commumcatlon with the first flow path, and a bamer
: "'separates the first and second flow paths. The bamer includes an aperture conﬁgured to
' xclude the ﬁrst partlcles wh11e allowing other particles to pass therethrough. |

Once ﬁrst partlcles have been separated from a suspensron of partlcles ina 11qu1d

second partlcles can be separated from the suspension of partlcles by feedmg the effluent

: of the first separatlon to an approprlately sized device. This process can be repeated in an

analogous manner untll a polydrsperse sample of particles is separated into a number of

monodlsperse samples of partlcles :

Agghcattons - _
. Many of the devices and systems descnbed herein can be used mdrvrdually, oras:

. mtegrated components for other “lab-on-a-chip” microanalytical devices. As such, the

systems and dev1ces can prov1de an 1nexpensrve portable and miniaturized tool, e.g.,

that occuples 10 mm? of space or less on a substrate, for selective enrichment of partlcles '

e.g., blood constituents, e.g., red blood cells, white blood cells or platelets. Such small

devices require only. a' small amount of sample, e.g., blood, e.g., less than 100 pl, e.g., 75
pul, 50 pl, 35 pl, or even less than 10 pl. With parallel constructions, the devices and/or
systems can be used to process large quantltles of sample e.g., blood, for example, for
use in leukopheresis. »

When used as a medical device, the devices and/or systems can be employed
eXternally of a human body, or can be employed internally as an implantable medical
device for continuous extraction of certain particle types, e.g., cell types (e.g., circulating

stem cells, cancer cells, or leukocytes). Since only a small volume ofa sample, e.g.,
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: blood is needed, e. g., 10 uL, at small flow rates, e.g., 0.5 nlL/s, devices can be attached to

a human or animal subject through a small catheter In some embodiments, connectmg a

‘device and/or system to a subject’s circulation system can eliminate the need for an

extemal pressure source.

Such systems and devices can be used in analysrs of WBCs, or therr genetic
material, e.g., DNA or RNA. Additional applications include hematologic testmg,.for
example, hemoglobin, hematocr_-it, total RBC count, total WBC count, total platel_et count,-
differential WBC count and calculated RBC indices. When such devic'es and systems are
used with a real time imaging system, ¢.g., 2 photographic i 1mag1ng system like that
described below in Examples, they can be used to detenmne RBC morphology, _
reticulocyte counts, and neutrophil maturation. | ‘

Pamcles can also be separated from each other for manufactunng purposes For
example, different size fragments of DNA can be separated from each other, e.g,,
fractionated. Also, for example, polydisperse inorganic particles, e.g., ceramic particles, I

or polydisperse polyrrreric particles, e.g., degradable, or hon-degradable polymeric

| particles, can be separated, e.g., fractionated, from each other to prepare partrcles having

a monodrsperse or nearly a monodisperse 31ze dlstrlbutron .
A WBC separatlon unit can be, e.g., combined with a variety of post-processmg

and/or analytical units downstream of separatron. For example, referring to Flg. 13C,a

“WBC separation unit 489 can include a labeli_ng portion 491 that introduces a marker,

e.g., a fluorescent to a stream 493 of separated WBCs. Thehmarker, e.g., a'ﬂuo_re:scent
antibody configured to specifically bind to a complementary site on the WBC 30, binds
to the white blood cells, and then the WBCs can be imaged usin_g an imaging device 495,

e.g., an inverted optical microscope capable of collectiug data from the marked cells.

TImaging such cells enables sorting based on the data collected durving‘the imaging.

Extraction of desired cells into collection channel 497 can be accomplished by, e.g., 2
pressure differential or by electro-osmotic flow, e.g., controlled by platinum electrodes.
If desired, separation unit 489 can also include analytical units 499, e.g., for genetic.
testing of the separated cells. | | _

In a particular embodiment, a fluorescent antlbody is utilized. Separating dev1ce
489 is mounted on an inverted microscope, and ﬂuorescence is stimulated near a junction
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of channel 493 and collection channel 497 using a laser, e.g., a Coherent Innova Ar Laser
operatmg at 488 nm. The light emitted is collected by the microscope and amplified w1th
a photo-multlpher tube (PMT). A computer digitizes the PMT signal and controls flow

into the collectron channel by electro-osmotic potentrals A fluorescence-activated cell

sorter can be used to remove specific cells or particles from the system (see, e.g., Fu,

| vNature Bzotechnology, 17: 1109 1111, 1999). Observation can enable active extraction, -
e g, usmg a vacuum source €.g., a pipette, and an extraction channel 497 to remove the
observed cells If desued the separation unit 489 can also include analytical umts 499,

e, g for genetlc testmg of the separated cells

Other markers include, e.g., magnetlc markers that can specrﬁcally tag a subgroup

' of mterest wrthm the separated WBC populatron For example Berger, Electrophoreszs
22 3883 3892 (2001) describes magnetlc markers. '

Cells can also be immobilized in any portion of the device for later analysis. |

: Cells can be unmoblhzed by any known methods, e. g as described in Gifford,
= Brophysxcal Joumal 84 623 633 (2003)

- EXAMPLES

The invention is ﬁlrther described in the followmg example which does not limit

.'the scope of the mventron descnbed in the claims.

Who]e human ‘blood was collected by vempuncture from healthy consenting

| volunteers mto Vacutaner tubes containing EDTA (10 ml, 17.55 mg (K3) EDTA, BD,

Franklm Lakes NJ ). The initial red and white blood cell concentrations in the whole
blood were determmed using Sysmex K-1000 automated cell counter (Sysmex Corp of

America, Long Grove IL)in duphcate Blood samples were then used drrectly without

~ additional handling or pre-processmg within 4 hrs after collection.

Example 1 - Photographic Real Time Monitoring of Blood

Providing photographlc real time data on blood as it passes through or circulates
in a separating device and/or system can be useful as a diagnostic tool, or to optimize and

trouble-shoot a device or system before mass-producing the device or system.
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Referring to Figs. 14 and 14A, and also to Fig. 6A, an apparatus 500 for real time

monitoring of blood includes a holder 502 on a calibrated, motorized microscope stage

504 (BX-51, Olympus America, Inc, Melville, NY). A water column 510 was used to

provrde an operational pressure gradrent of approxrmately 40 cm H,0 to devrce 100
positioned on glass support 520 that had been coated with PDMS.. A blood sample 501

was delivered to an inlet 110. Blood flows under pressure from inlet 110 toa combmed

single outlet 514' Images were acquired with a CMOS digital camera 530 (Silicon Video -

2112, Epix Inc, Buffalo Grove, IL) using a wide bandpass blue-violet ﬁlter 532
(407+52nm, Edmund Industrial Optics, Barrington, NJ) to improve contrast Images 540

~were visualized and recorded using a monitor 534 mterfaced toa computer 536.

Captured images 540 were analyzed off-line using software that was desrgned usmg '

- Matlab 6.5 (The Math Works Natick, MA). Analysis of captured 1mages was used to
'determme WBC d1stnbut1ons and the WBC-to-RBC ratio in a particular ﬂow path. The

apparatus 500 had a constant flow path height of approximately 10.3 pm. The blood -

sample 501 was introduced into a, feeding reservoir cut in a PDMS replica to provide

access to the flow paths before assembly Outlet 514 through which blood exited
apparatus 500 was created through a 2-mm hole drilled through glass slide 520 and then
the blood drained through a 60-cm-long plastrc tube 550 connected to a waste collection

reservoir. In this partrcular conﬁguratlon 15to 70 ul of blood is needed for operatlon

Example 2 — Separation Through an Apertur

Referring to Fig. 15A, a device 600 for separatmg WBCs from blood mcludes a
first portron 602 that is conﬁgured and dimensioned to induce margmatron of WBCs and
to capture the margmated WBCs, and a second portron 604 in which a first flow path 606
and a second flow path 608 are in fluid communication through an aperture 610 that is
configured to exclude white blood cells. Referring now to Fig. 15B, the second portion |
6t)4 of the system efficiently separates RBCs 32 from a flow pathway containing both
RBCs 32 and WBCs 30 when the aperture is approximately 5 pm wide, the first flow
path 606 is 10 um wide, the second flow path is 40 um wide, and the height of each flow

* pathway is 10-11 pm. Such a configuration can reduce the RBC concentration in first

flow pathway 606, downstream of the aperture 610.
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OTHER EMBODIMENTS
_ A number of embodiments of the invention have been described. Nevertheless it

will be understood that various modifications may be made without departing from the

: spmt and scope of the mventlon

For example -while each devme of Fig: 12 e.g. device 404, has only a single ﬂow

- path.on one s1de of the device d1mens1oned and conﬁgured to capture marginated white
blood cells, t_he deylce can have more, ¢.g., 2, 3, 5 or more, €.g., 10, on one side of the
g deVice‘to‘ captur'e marginated WBst- In addition, the devices of Fig. 12 can have flow
'paths on both 51des to capture marginated WBCs. - | o

Blood can travel through a device and/or asystemina smgle pass or in multiple

passes Blood can also eontmuously cuculate in a device and/or system. Blood can be

. supphed via an mlet or inlets before, dunng and/or after c1rculatlon Intermittent and/or -

contlnuous c1rcu1at10n of blood in a device and/or system can alternate with 1nterm1ttent ,
and/or contmuous crrculatlon of other liquids, e.g., buffer solutions, plasma, or water.
Whlle the devices and/or systems work with human blood, they also work with

blood from other ammals, e.g., other mammals provided that flow paths are configured

and d1mens1oned- approprlately The devices and/or systems can work with various
_suspensions of blood cells in appropriate suspendmg liquids, .g., buffers. While the

dev1ces and/or systems work with whole, undiluted, unmodified human blood, they also

work w1th vanous suspensmns of modified cells, e.g., cells labeled with fluorescent stain,
cells labeled w1th ﬂuorescent particles, or cells labeled with magnetic partlcles
Dev1ces and/or systems described herein can be operated in batch mode, orin
continuous mode, €.g., 24 hours a day, seven days a week. '

- Devices described herein can operate under normal gravity, i.e., | gravity
experienced on Earth, less than normal grayity, e.g., gravity experienced during space
travel, or greater than normal gravity, e.g., two, three, or more, €.g., five times normal
gravity. -

A filter, e.g., configured to remove components of blood, e.g., platelets can be

used in conJunctlon with the devices and/or systems described herein.
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While flow. paths'have been described having rectangular transverse cross-

sections, others transverse cross- -sections are possmle For example clrcular or -

‘polygonal, e.g., hexagonal, are possible.

~ Flow paths can be coated, for example, to reduce flow resistance, or to 'feduce the
likelihood of blood coagulation. For example, heparin can be grafted onto a surface of a
flow path to prevent coagulation. v | L B VA
While devices, systems and methods for separating white blood cells, red blood -
cells and platelets from blood have been described, the WBCs, RBCs or platelets can be .
suspended in a liquid other than blood, e.g., serum, saline, or plasma.

Still other embodunents are within the claims.
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WHAT WE CLAIM IS:

1. A device fo_r separati'ng first particles from a suspension of particles in a liquid,

compnsrng - |
‘ a first flow path deﬁned by a first pa1r of walls through which the suspensron of
| partlcles 1n the hqmd may ﬂow and
- a second ﬂow path defined by a second pair of walls that isin ﬂuld
f.commumcatmn w1th the first flow path,

' wherem the first flow path is conﬁgured and d1mens1oned such that margination

| of the ﬁrst partlcles occurs towards the first pair of walls, and wherem the second flow

'dpath is conﬁgured to capture the marginated first particles.

2. The device of clatm 1, wherein a dlstanee from a start of the first flow path to a start
of the second ﬂow path is from about 100 pum to about 25 cm.

3. The device' of ‘cl-ai‘m 1, wherein a width of the ﬁrstﬂou( path, measured between the

first pair-of walls is from about 10 urn to about 10 mm.

4 The dev1ce of c1a1m 1 wherem a height of the first ﬂow path, measured from a cerhng
toa ﬂoor of the ﬁrst flow path, is up to about 75% larger than an average outside

: dunenswn of a,ﬁrst pamcle.

5. The device of clalm 1, wherem the helght within about 30% of an average outside

dimension of the first pamcle

6. The device of claim 1, wherein a height of the first flow path, measured from a ceiling
to a floor of the first flow path, is substantially equivalent to a largest outside dimension

of a first particle.

7. The devrce of claim 1, wherein a width. of the second ﬂow path, measured between the

second pair of walls, is w1tlun 20%of a largest outs1de dimension of a first particle.
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- 8. The device of claim 1, wherein the first flow path is substantially straight along its’
entire leﬁg;h. ’

9. The device of claim 1, wherein the first flow path includes a turn along a portion of its

length.

10. The device of claim 1, wherein the first flow path comprises a bend of from about 90
to about 180 degrees, measured from a central Iong1tudma1 axis of the flow path upst:ream

a.nd downstream of the bend.

11. The device of claim 1, wherein the second flow path is éubstantially étraight along its |
. entire length. ‘ :

12. The device of claim i; wherein the second flow path includés abend along a portion |
~ ofits length. "

13. The device of claim 1, wherein a flow path includes a projection

14. The device of cla1m 13, wherein the proj jection 1s c1rcular in cross- sectlon when

‘ viewed from above.

15. The device of claim 13, wherein the projection bifurcates the flow path. -

16. The device of claim 1, wherein an upstream portion of one of the second pair of
walls of the second flow path tapers, forming a tip proximate an entrance of the second
flow path. ’ |
17. The device of claim i, wherein one of the second pair of walls of the second flow

path includes an aperture defined thefethrough such that the first flow path and the

- second flow path are in fluid communication through the aperture.
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? 18. The dev1ce of claim 1 whereln the second flow path includes a constriction in whlch
-a w1dth of the second flow path narrows from an upstream portion to a downstream

portlon.

19. The devwe of claim 1, wherein the second flow path mcludes a constnctlon in which
a width of the second ﬂow path narrows contmuously from a nominal width at an
upstream portlon to aminimum width, and then widens back to the nominal width of the

. second ﬂow path at a downstream portion.
. 20 :'I"h_e device .'of_‘clkaimy"lv& wherein the constriction is proximate an aperture.

21 “ Thedevi'ce' ofcla1m 1, wherein the first and second flow paths are formed in a

substrate that compri'ses a polymeric material.
-22. The deVice of claim» 21, wherein‘the polymeric material comprises a poly(siloxane). |

23 ‘An apparatus 'forseparating cells from blood products, comprising a plurality of
devices of claim 1 arranged in series, such that a first flow path of each device -is in fluid
: commumcatlon with a first ﬂow path of an adjacent device, and a second flow path of

each dewce is in ﬂllld commumcatlon with a second flow path of an adjacent device.

24, -An apparatus for separatmg blood, comprising a plurahty of devices accordmg to

claim 1 arranged in parallel

25. A device for separating first particles from a suspension of particles in a liquid:
a first flow path through which the suspension of particles may flow;
a second flow path that is in fluid communication with the first flow path; and
a barrier that separates the first and second flow paths comprising an aperture

defined therein that is configured to exclude the first particles,
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wherein the first flow path is has a height, measured from a ceiling to a floor of
the first flow path and a width, measured between walls of the first flow path that is

within 30% of an average largest outside dimension of the first particles.

26. The device of claim 25, wherein the barrier includes a plurality of apertnres defined

thererin.

27. A device for separating a liquid from particles suspended in the liquid. comprising'
a first flow path defined by a first pa1r of walls through which partlcles suspended
in the liquid may flow; and . '

- a plurality of second ﬂow paths extendmg from walls of the first ﬂow path each

- . second flow path deﬁned by a second pair of walls

wherein each second flow path is in fluid commumcatlon with the first ﬂow path »
and wherein each second ﬂow path has a width, measured between the second pairof

walls, that is smaller than a dimension of a smallest particle in the suspension. )

28. A method for separating first particles from a suspension of particles ina liquid, the
method compnsmg '
prov1d1ng the dev1ce of claim 1 and
_ dehvermg a suspension of partlcles in the 11qu1d under pressure to the first flow
path.
29. The method of claim 28, wherein the liquid s blood plasma, and wher_einvthe first ”

particles are white blood cells.

30. A method for separating first pérticles from a suspension of particles in a liquid, the .
method comprising:
providing the device of claim 25; and

delivering the suspension of partlcles in the liquid to the first flow path
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'31. The method of claim 30, wherein the liquid i is blood plasma and wherein the ﬁrst

.partlcles are whlte blood cells..

. 32." A method of separatmg a llqmd from a suspension of part1cles in the liquid, the
| ~_method compnsmg '
prov1d1ng the dev1ce of claim 27 and

dehvermg a suspensmn of particles in a liquid to the first flow path

'33. The method of cla1m 32 wherein the 11qu1d is blood plasma, and wherem the

E partlcles are cellular components of blood.
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