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transfer channels. The target components of the source ?uid
can be magnetic or bound to magnetic particles using a knoW

target components can be pumped through the source channel
of the micro?uidic device. A magnetic ?eld gradient can be
applied to the source ?uid in the source channel causing the
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prede?ned volume of source ?uid is processed or a prede?ned
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volume of target components accumulate in the collection
channel, at Which point collection ?uid can be pumped into
the collection channel to ?ush the target components out of
the collection channel. The target components can be subse
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quently analyzed for detection and diagnosis.
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input ?uid to the collection ?uid before the input ?uid and the
collection ?uid are separated and directed through separate
outlets.

CROSS-REFERENCE TO RELATED
APPLICATIONS

SUMMARY

[0001] This application claims any and all bene?ts as pro
vided by laW of US. Provisional Patent Application Ser. No.
61/144,897 ?led on Jan. 15, 2009, the contents of Which are

device that facilitates the separation and removal of target

incorporated herein by reference in their entirety.

nents in the source ?uid. The ?uid can be a liquid or a gas. The

[0010]

GOVERNMENT SUPPORT

[0002] The subject matter described herein Was made With
support under grant number No. W8lXWH-05-l-0l l5

aWarded by the United States Department of Defense. The
United States government has certain rights in the claimed
subject matter.
REFERENCE TO MICROFICHE APPENDIX

[0003] Not Applicable
BACKGROUND

The present invention is directed to a micro?uidic

components from a source ?uid ?oWing in a source microf

luidic channel Without removing or altering other compo
target components can be any particulate, molecule or cellu
lar material that is magnetic or can be bound to a magnetic

particle introduced to the ?oWing ?uid. The source channel(s)
can be connected to a collection micro?uidic channel(s) by
one or more transfer channels. A collection ?uid, ?oWing in
the collection channel(s) can be used to ?ush the target com
ponents out of the micro?uidic device. A magnet or a mag
netic source can be positioned adjacent the collection chan

nel, or an external magnetic ?eld gradient can be applied, to
attract the magnetic target components or the target compo
nents bound to a magnetic particle into the transfer channels
and into the collection channel(s) Where they can be carried
aWay in the collection ?uid. The magnet or the magnetic ?eld
gradient source can be positioned relative to the collection

channel(s) to permit the magnetic ?eld gradient to draW the
target components into the transfer channels and the collec

[0004] 1. Technical Field of the Invention
[0005] The present invention is directed to ?uidic devices
that can be used to separate target components from ?owing
?uids. More speci?cally, the invention is directed to methods
for and systems using ?uidic and micro?uidic devices to
separate particulate, molecular and cellular material from a

tion channel, but not so strong as to cause the target compo

nents to lodge in the collection channel(s), unable to be
?ushed out by the ?oW of the collection ?uid. As one of
ordinary skill Would appreciate, the position of the magnet or
the source of the magnetic ?eld gradient (in the case of an
electromagnet) relative to the channels can be determined as

?oWing ?uid.

a function of any or all of the folloWing: the strength of the

[0006] 2. Description of the PriorArt
[0007] Chemical and biological separation and concentra
tion has historically included methods such as solid-phase
extraction, ?ltration chromatography, ?oW cytometry and
others. Known methods of magnetic separation in biological
?elds include aggregation in batches, capture on magnetiZed

magnetic ?eld and ?eld gradient, the magnetic properties of
the magnetic particles, the siZe of the target components
and/or the magnetic particles, the siZe and/or shape of the

surfaces, and particle de?ection (or “steering”) in single

the source ?uid as it ?oWs through the source channel. Pump
ing can be achieved using a poWered or manual pump, cen

channels, or the speed and/or viscosity of the ?uids used.
[0011] In operation, the source ?uid can be pumped into the
source channel(s) and the magnet ?eld gradient is applied to

channel devices. Typically, the particle of interest is chemi
cally bound to magnetic microparticles or nanoparticles.
[0008] Existing methods are typically batch processes

tripetal or gravitational forces. The magnetic ?eld that is
generally applied in a direction perpendicular to the direction

rather than continuous free-?oW processes. This limits their

of ?uid ?oW applies additional forces on the target compo
nents carried by the source ?uid ?oWing through the source

usefulness in in-line systems. Moreover, existing methods
typically operate at the macroscale, Where diffusion distances

channel(s) causing the magnetic target components and/or

providing a continuous, free-?oW, higher throughput separa

the magnetically bound target components to travel into the
transfer channels and eventually become draWn into the par
allel collection channel. In accordance With the invention, the
magnet ?eld gradient can apply attraction forces or repulsion
forces on the magnetic particles or the magnetic target com

tion.

ponents to cause them to ?oW into a transfer channel.

require sloWer ?oW speeds, resulting in limited throughput.
This problem is compounded in single-channel devices. The
present invention improves on knoWn methods and appara

tuses for magnetic separation of particles from a ?uid by

[0009] Published US Patent Application No. 2009
0220932 to Ingber, et al. and published US Patent Application
No. 2009-0078614 to Varghese et al, both of Which are hereby
incorporated by reference in their entirety, disclose ?uid sepa
ration devices and methods for separating particles from a
?oWing ?uid. These devices and methods involve directing an

input ?uid, containing target particles, and a collection ?uid
into a common micro?uidic channel. The input ?uid and the

collection ?uid ?oW side-by-side through the micro?uidic
channel and a magnetic ?eld is used to pull magnet target
particles or target particles bound to target particles from the

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]

The accompanying draWings illustrate an embodi

ment of the invention and depict the above-mentioned and
other features of this invention and the manner of attaining
them. In the draWings:
[0013] FIG. 1 shoWs a block diagram of an overall system

according to the invention;
[0014]

FIGS. 2A-2D shoW various vieWs of a ?uidic device

according to the invention;

US 2012/0149021Al

[0015]

FIGS. 3A and 3B show a cross-sectional vieW ofa

?uidic device according to the present invention;
[0016] FIGS. 4A and 4B shoW various branching con?gu
rations of ?uidic devices according to the present invention;
[0017] FIGS. 5A and 5B shoW alternative con?gurations of
?uidic devices according to the present invention;
[0018]

FIG. 6 shoWs a ?oW chart of a method for using a
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directly from the human or animal. The ?uid source 104 can
also be the source of a non-bio?uid, such as a contaminated

Water supply, a lique?ed food source, or any ?uid (liquid or
gas) that can bene?t from the removal of particulates or com

ponents. This can include, for example, removing contami
nants from Water, cleaning petroleum based lubricants and
removing particulate emissions from combustion exhaust

?uidic device according to the invention, and;
[0019] FIG. 7 shoWs a graph of the separation e?iciency of

gases.

one embodiment of the invention.

“cleansed” ?uid material and/or the collection ?uid contain
ing the target components can be transferred for further pro

DESCRIPTION OF THE INVENTION

[0020]

The present invention is directed to a ?uidic device

that facilitates the separation and removal of target compo
nents from a source ?uid ?oWing in a source channel Without

removing or altering other components in the source ?uid.
The ?uid can be a liquid or a gas. The target components can

be any particulate, molecule or cellular material that is mag
netic or can be bound to a magnetic particle introduced to the

?oWing ?uid. Multiple ?uidic devices can be coupled
together in series and/ or parallel to improve the throughput
and e?iciency of the system. The target components are col

[0023]

After removal of the desired target component, the

cessing, such as detection or analysis. In some embodiments
of the invention, the cleansed ?uid can returned to the source.
In the case of bio?uids, the cleansed bio?uid can be returned

to the originating biological system, or to another subject orto
a culture medium, biological scaffold, bioreactor, or the like.
In some embodiments, it can be desirable to subject the

cleansed bio?uid to post processing, for example, further
treatment, ?ltering or a (blood) Warming process prior to

being returned to the originating biological system.
[0024] In accordance With one embodiment of the inven
tion, a mixing component 109, such as a loW-shear mixer or

lected in a collection ?uid that can be further processed to

magnetic agitator, can be used to inject and mix magnetic

analyZe the target components. The collection ?uid contain

particles (e. g., paramagnetic or superparamagnetic beads)

ing target components can be collected in a reservoir and

With the source ?uid prior to entering the micro?uidic device

batch techniques, such as immunostaining, culturing, poly

102. In accordance With one embodiment of the invention, a

merase chain reaction (PCR), mass spectrometry and antibi

loW-shear mixer can be used to mix magnetic particles devel

otic sensitivity testing can be used to analyZe the target com

oped by conjugating antibodies to the surface of 1 pm diam

ponents for use in diagnosis. Alternatively, the collection ?uid

eter paramagnetic beads (DYNAL® magnetic beads, Invitro

containing the target components can be directed into an
inline or on-chip diagnostic or analysis device that can pro
cess the target components as they ?oW With the collection
?uid. Because target components are either magnet or bound

to magnetic particles, magnetic ?eld gradients can be used to
collect the target components for inline or on-chip analysis or
direct the target components to other devices for detection or

analysis.
[0021] FIG. 1 illustrates a block diagram of an overall sys
tem incorporating the micro?uidic device 102 in accordance
With an aspect of the present invention. In particular, the

gen, Carlsbad, Calif.; DYNABEADS MYONETM magnetic
beads, Invitrogen), sometimes referred to a “magnetic
opsonins” into the source ?uid prior to entering the microf
luidic device. In the particular case of sepsis therapy, con
taminated Whole blood is continually draWn from a patient via
a catheter placed into a peripheral vein, Which is hepariniZed,
and directed into the loW-shear blood mixer 109. Magnetic
particles are then continually infused into the mixer 109 at an
optimiZed rate (e.g. ensuring a ratio of 120 beads to every C.

albicans fungal cell). At this stage, the magnetic particles Will
selectively bind to the pathogens in the blood through their

system 100 can include one or more micro?uidic devices 102.

surface antibody coating and confer magnetic mobility only

It should be noted that although only one device 102 is shoWn

to these targeted cells. The same approach can be used With
generic opsonins, such as complement proteins or mannose

in FIG. 1, more than one device 102 can be utiliZed as part of

Alternatively, multiple micro?uidic devices 102 can be
employed in a system Whereby each micro?uidic device 102

binding lectin, to bind unknown pathogens in blood or other
biological ?uids. As the contaminated blood ?oWs from the
mixer 109 into the micro?uidic device 102, the loW aspect
ratio of the micro?uidic channel effectively ?attens out the

can be separately or individually connected betWeen one or
more ?uid source(s) 104 and one or more ?uid collector(s)

geometry of the bio?uid to maximiZe the area of exposure to
the magnetic ?eld gradients, as Well as to minimize the dis

108.

tance that magnetically bound pathogens need to reach the

a system in Which multiple micro?uidic devices 102 can be
connected to one another in serial and/or parallel fashion.

[0022]

The system in FIG. 1 can include one or more source

?uid sources 104 and be con?gured to pump the source ?uid
to the micro?uidic device 102. The source ?uid can include,

transfer channels on their Way to the collection channel. The
transfer channels and source ?uid channel(s) can be pre-?lled

but is not limited to, blood, including cord blood, serum,

With the collection ?uid, such as saline, although other com
patible ?uids, such as the collection ?uids described herein

plasma, urine, lique?ed stool sample, cerebrospinal ?uid,

can also be used.

amniotic ?uid, lymph, mucus, tears and/or sputum, as Well as

[0025]

biologically or pharmaceutically acceptable ?uids, such as
saline, buffers, physiological salt solutions or various cell
removed. As Will be discussed in more detail beloW, a bio?uid

connected to the micro?uidic device 102 causing the ?uid to
?oW through the micro?uidic device 102. It should be noted
that although the pump 106 is shoWn doWnstream from the
micro?uidic device 102, a pump 106 can be additionally/

culture media or any ?uid containing particulates to be

As shoWn in FIG. 1, one or more pumps 106 can be

sample is preferably the ?uid Which is to be cleansed, or

alternatively located upstream from the micro?uidic device

contains cells or molecules Which are to be isolated and
removed there from. The ?uid source 104 can be a human or

one or more source ?uid collectors 108 Where some or all of

animal, Wherein the blood and/or other ?uids are taken

the exit ?uid is collected and stored. In one embodiment

102. In one embodiment, the pump 106 can be connected to
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Where the source ?uid is a bio?uid, the bio?uid that passes
through the micro?uidic device 102 can be returned to the
human or animal from Where the bio?uid Was taken. Addi
tionally or alternatively, the pump 106 can be connected to the

?uid source 104 (via line 105), Whereby the exiting ?uid can
be recirculated to the ?uid source 104 to be processed by the
micro?uidic device 102. The pump 106 can be an electronic,
automatically-controlled pump or a manually-operated
pump. Alternatively, the ?uid source can be elevated to alloW
gravity to push, With or Without the assistance of a pump, the

source ?uid through the micro?uidic device 102. The microf
luidic system 100 can include one or more ?oW valves 103,

107 connected at the inlet and/or the outlet of the micro?uidic
device 102 to alloW the ?oW of the source ?uid to be stopped,

for example, during the time When the collection ?uid ?oWs
through the collection channel.
[0026]

In one embodiment, the micro?uidic device 102 can

also be connected to one or more collection ?uid sources 110

Jun. 14, 2012

Within the system. Optionally, the controller 118 can be con
nected to the one or more magnetic sources 116 to selectively

control poWer, voltage and/or current supplied to the mag
netic sources 116 to control and adjust the magnetic ?eld
gradients in order to control the performance of the microf
luidic device 102. It is also possible for the controller 118 to

selectively position and control the force levels of the magnet
?eld gradients at desired distances With respect to the microf
luidic device 102 to selectively control the magnetic ?eld
gradient applied to the channels of the micro?uidic device
102.Although not shoWn, the controller 118 canbe connected
to various sensors in the micro?uidic device 102 and/ or other

components in the system 100 to monitor and analyZe the
behavior and interaction of the ?uids and/or target compo
nents traveling in the system 100. The controller 118 can be a

personal computer including softWare and hardWare inter
faces connected to the pumps, valves and sensors to control

Which supply the collection ?uid to the micro?uidic device

the operation of the system 100. Alternatively, controller 118

102. In an embodiment, one or more pumps 112 can be

can be dedicated micro controller speci?cally designed or
programmed With dedicated softWare to interface With the

connected to the collection ?uid source 110 to supply the
collection ?uid to the micro?uidic device 102. It should be
noted that, as With pump 106, one or more pumps 112 can be

additionally/alternatively located doWnstream from the
micro?uidic device 102 instead of upstream, as shoWn in FIG.
1. It should also be noted that the pump 112 is optional and a

syringe or other appropriate device (or gravity) can be used to
drive the collection ?uid through the micro?uidic device 102
to the collection ?uid collector 114 or an inline analysis or

detection device.
[0027] In one embodiment, the micro?uidic device 102 can
be connected to a collection ?uid collector 114, Whereby
exiting collection ?uid is stored in the collector 114. Addi
tionally or alternatively, the collector 114 can be connected to

pumps, valves and sensors to control the system 100. It should

be noted that the system shoWn in FIG. 1 is exemplary and that
additional, other or less components may be employed With
out departing from the inventive concepts herein.
[0030] FIGS. 2A, 2B, 2C and 2D shoW various vieWs ofa
micro?uidic device in accordance With the present invention.
FIG. 2A shoWs the micro?uidic device in accordance With an

embodiment of the present invention. The micro?uidic device
102 shoWn in FIGS. 2A, 2B, 2C and 2D can include a rect

angular body, although other shapes can be used (e. g. circular,
elliptical, trapezoidal and the like). As shoWn in FIG. 2A, the
micro?uidic device 102 can include one or more source chan

nels 224 extending betWeen one or more inlet ports 230 and

the collection ?uid source 110 (via line 115), Whereby the

one or more outlet ports 232. The source channels 224 can be

exiting collection ?uid can return to the collection ?uid
source 110 to be recirculated through to the micro?uidic
device 102. Prior to returning the collection ?uid to the col
lection ?uid source 110, the collection ?uid can be processed
to remove the magnetically bound target components, such as

rectangular in cross-section although other polygonal, non
polygonal, circular, or oval cross-sectional shapes can be
used.

[0031]

The source ?uid containing the target components

?oWs into the source channels 224 through one or more inlet

by ?ltering or using magnetic separating techniques.

ports 230 and exits from the micro?uidic device 102 through

[0028] As shoWn in FIG. 1, one or more magnetic sources
116, such as rare earth magnets or electromagnets, can be

one or more outlet ports 232. It should be noted that the source

positioned proximal to the micro?uidic device 102. The mag
nets 116 aid in removing magnetic particles that are attached

?uid channels 224 can extend along the length of the microf
luidic device 102 (eg the y-direction), as shoWn in FIGS. 2A,
2B, 2C and 2D. Inlet port 230 and outlet port 232, While

to target cells or molecules in the source ?uid, as discussed

shoWn oriented perpendicular (i.e. along the Z-direction) to

herein.

the source ?uid channels 224, can be oriented in any angle

[0029]

The system 100 can also include one or more con

(including straight through) With respect to the source ?uid

trollers 118 coupled to one or more of the components in the
system. The controller 118 preferably includes one or more

channels 224.

processors 120 and one or more local/remote storage memo

source ?uid channels 224 can be designed to more effectively

ries 122. A display 124 can be coupled to the controller 118 to
provide a user interface to control the operation of the system

expose the target components to the magnetic ?eld and guide
the attracted target components toWard the transfer channels

and display resultant, operational and/ or performance data in

214. In one embodiment, the source ?uid channels 224 can
have a ?attened geometry in order to maximiZe the area of

real time to the user. The controller 118 can be optionally
connected to pump 106 and/or pump 112 to individually or

collectively control operational parameters of these compo
nents, such the ?oW rates and/or initiating and terminating

[0032]

The cross-sectional dimension of the individual

exposure to the magnetic ?elds. In addition, the source ?uid
channels 224 can be designed to sloW the ?oW rate of the
source ?uid as it passes through the source channels 210 to

maximiZe the number of magnetically bound target compo

?oW of the respective ?uids in and out of the micro?uidic
device 102. Optionally, the controller 118 canbe connected to
the ?uid sources 104, 110, the valves 103, 107, the mixer
component 109 and/or the collectors 108, 114 to operate

ferred embodiment, the source channels 224 for transporting
bio?uid can be 2 cm long by 2 mm Wide by 0.16 mm high and

valves in these components and/or to selectively dispense

the collection channels 210 for transporting collection ?uid

respective ?uids or magnetic beads in a controlled manner

can be 2 cm long by 2 mm Wide by 0.08 mm high

nents to migrate into the transfer channels 214. In one pre

US 2012/0149021A1

[0033]

In addition, the micro?uidic device 102 can include

one or more collection channels 210 Which can run along the

length of the micro?uidic device 102, parallel to the source
channels 224. The collection channels 210 can be rectangular

in cross-section although other polygonal, non-polygonal,

Jun. 14, 2012

increase) the ?oW in the collection channel, or initiate the
?ushing operation. At the same time the controller can stop
the pump 106 and/or operate the valves 103, 107 to stop or
reduce the ?oW of the source ?uid through the source channel
224.

circular or oval cross-sectional shapes can be used. The col

[0036]

lection channels 210 can extend betWeen one or more inlet

luidic device 102 can include one or more transfer channels

ports 206 and one or more outlet ports 208. The collection

channels 210 can extend along the length of the micro?uidic
device 102 (e. g. in the y-direction), as shoWn in FIGS. 2A, 2B,
and 2C. The inlet port 230 and outlet port 232, While shoWn
oriented perpendicular to the collection ?uid channels 210,

can be oriented in any angle (including straight through) With
respect to the collection ?uid channels 210.
[0034] The collection ?uid can ?oW at the same or different
?oW rates compared to the source ?uid or bio?uid. The col

As shoWn in FIGS. 2A, 2B, 2C and 2D, the microf

214 (i.e. oriented along the Z-direction) connecting the source
channels 210 With the collection channels 224. While the
transfer channels 214 are shoWn oriented substantially per
pendicular to the source channels 224 and collection channels
210, the transfer channels can be oriented in a range of angles

(e.g., 5 to 90 degrees, Where 0 degrees corresponds to the
direction of ?oW in the source channels 224, see FIG. 3B)
With respect to the source channels 240. The transfer channels
214 can be rectangular in cross-section although other cross

lection ?uid can also ?oW periodically, Where it cycles from
stagnant to ?oWing compared to the source ?uid or bio?uid.
In addition, the pressure applied to the collection ?uid in the

sectional shapes can be used. The number, siZe, shape, orien
tation and spacing of the collection ?uid channels 210 and the

micro?uidic device 102 can be controlled to prevent the mix
ing or loss of the source bio?uid. For example, the collection

be varied depending on the desired system performance and

source channels 224, as Well as the transfer channels 214 can

?uid can be maintained at a loWer pressure than the source

e?iciency.

?uid to prevent the collection ?uid from entering the transfer
channels 214 and mixing With the source ?uid. Alternatively,
the collection ?uid, being compatible With the source ?uid
(e.g., a biocompatible ?uid such as an injectable saline solu

[0037] In the embodiment Where the source ?uid is blood,
the source channels and the collection channels of the microf
luidic device are analogous to the splenic arterioles and

tion), can be maintained at a higher pressure than the source
?uid alloWing some collection ?uid to enter the transfer chan

nels 214 to prevent the entry and loss of the source ?uid into
the collection channel 210. In one embodiment and as

described further beloW, the ?oW of the collection ?uid can be

cycled betWeen ?oWing and stagnant or nearly stagnant. For
example, the collection ?uid can be stationary or stagnant and
maintain a relatively high pressure for a period of time su?i
cient for target components to accumulate in the collection
channels 210 and/or the transfer channels 214 and, When a
determined amount of target components have accumulated
(e. g., as a function of time or volume), the collection ?uid can
be cycled into the ?oWing state at the same pressure to ?ush

out the target components and replace the collection channel
(s) 210 With cleaner collection ?uid Without altering the
remaining source ?uid. The periodic ?ushing operation can
loWer the pressure in the collection channels 210 to draW the
?uid in the transfer channels into the collection channels 210

to facilitate ?ushing of the target components. During the
?ushing operation, the source ?uid can be stopped, stagnant,
or nearly stagnant to minimize or prevent the loss of source

?uid into the transfer channel 214 and/or the collection chan
nel 210.
[0035] In an alternative embodiment, the system 100 can
include sensors that monitor the migration of the target com

venules, respectively; the transfer channels mimic the vascu
lar sinusoids of the spleen Where ?oW is episodic and
opsoniZed particles are retained; and the carrier ?uid channels

mimic the lymphatic ?uids that eventually clear the

opsoniZed particles.
[0038] The transfer channels 214 serve to transport mag
netic particles attached to target components from the source
channels 224 to eventually be ?ushed out of the micro?uidic
device 102 via the collection channels 210. The target com

ponents bound to the magnetic particles (e. g. paramagnetic or
superparamagnetic beads) can be separated from the remain
ing components of the source ?uid ?oWing in the source
channels 224 by applying an external magnetic force that
drives the magnetic particles into the transport channels 214.
[0039]

FIGS. 2B and 2C illustrate one embodiment of the

invention Where the micro?uidic device 102 is partitioned

into sections, top portion 202 and bottom portion 204, for
example, to facilitate the description or manufacture.
Although the micro?uidic device 102 can be formed by
attaching the tWo half portions to one another, such as by
adhesive or plasma bonding, it is not necessary that the device
102 be formed in this manner. For instance, the micro?uidic
device 102 can be formed entirely as one polydimethylsilox

ane (PDMS) piece having all of the features etched or other
Wise incorporated therein, instead of tWo or more individuals

ponents through the transfer channel 214 into the collection

portions attached together.

channel 210 in order to determine hoW to control the ?oW in
the collection channel 210 remove the accumulated target

an outer surface 216 and an interface surface 218. The inter

components. The sensor can be one or more optical sensors

face surface 218 includes a portion of the collection channels

that detect the accumulation of target components as they
block light projected through the transfer channel or the col

210 formed therein. One or more inlet ports 206 extend from
an aperture 206B on the outer surface 216 to an entry 206A of
the collection channels 210. Similarly, one or more outlet
ports 208 extend from an exit 208A of the collection channels
210 at the interface surface 218 to an aperture 208B on the

lection channel onto the sensor or detect light re?ected by

target components. The optical detector can be a simple pho
todiode or a more complex imaging device, such as a CCD
based camera. When the sensor detects that a prede?ned

amount of target components has accumulated in the transfer
channel or the collection channel, the signal from the sensor
to the controller can cause the controller to change (e.g.

[0040]

FIG. 2B shoWs the top portion 202 Which includes

outer surface 216. BetWeen the inlet port 206 and the outlet
port 208, one or more collection channel branches 210 can be

arranged in the top portion 202 Which alloW the collection
?uid to travel through the device 102 (FIG. 2A).
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[0041]

FIG. 2C shows the bottom portion 204. The bottom
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nal and the like, or channels that vary in their dimensions and

portion 204 can include an outer surface 220 and an interface

shape along their length as can be created With micromaching

surface 222, Wherein the interface surface 222 comes into
contact With interface surface 218 of the top portion 202. The
bottom portion 204 includes at least a portion of the collection

technologies.

channels 210 formed in the interface surface 222, Whereby

the top portion 202 (FIG. 2B) and the bottom portion 204
together form the enclosed collection channels 210 When the
top portion 202 and bottom portion 204 are attached together
to form the entire micro?uidic device 102. Alternatively, the
bottom portion 204 can be formed from tWo sections in a

similar fashion as With top portion 202 and bottom portion
204.

[0042]

As shoWn in FIG. 2C, the bottom portion 204

includes the one or more source channels 224 Which are in

communication With inlet port 230 and outlet port 232. The

inlet port 230 and the outlet port 232, respectively extend
from apertures 230B and 232B in the outer surface 220 to the
entry 230A and the exit 232A of the source channels 224.

[0043]

As also shoWn in FIG. 2C, the bottom portion 102B

can include one or more individual, discrete transfer channels

[0048]

The micro?uidic device 102 can be microfabricated

by plasma bonding tWo or more individual layers of micro

molded polydimethylsiloxane (PDMS) or other biocompat
ible materials (e.g., micromachined or laser etched polyim
ide). As shoWn in FIGS. 2C and 2D, the bottom portion 204
can be formed to include tWo distributed netWorks of microf

luidic channels 210 and 224 connected to their respective
inlet and outlet ports, although the device can include any
number of channels and ports. As shoWn in FIGS. 2C and 2D,
the channels 210 and 224 can be parallel With one another and
connected to one another by the transfer channels 214. The
top portion 202 shoWn in FIG. 2B can be formed to include a
netWork of channels 210 on its interface surface 218 in Which
the channels 210 face toWard the channels 210 of the bottom

portion 204. The PDMS portions 202, 204 can be aligned,
apposed and bonded to form the resulting micro?uidic device
102.
[0049]

214 in ?uid communication With the collection channels 210
and the source channels 224. In the ?gures, it is shoWn that the
transfer channels 214 are oriented substantially perpendicular
to the collection ?uid channels 210 and the source channels

micro?uidic device in accordance With the present invention.
As shoWn in FIG. 3A, a source ?uid, for example a bio?uid,

224. HoWever, the transfer channels 214 can be oriented at a

or sputum enters the source channel 224 via the inlet 230,

5 to 180 degree angle With respect to collection channels 210

Wherein the bio?uid (shoWn by arroWs) passes through the

relative to the direction of ?oW, as shoWn in FIG. 3A. In one
embodiment, the transfer channel(s) 214 can be oriented at a

device 102 via the source channel 224 and exits the device
102 via outlet 232.
[0050] In accordance With one embodiment, the source
?uid can be a bio?uid that contains target components 99,

90 to 150 degree angle With respect to the direction of ?oW in
the collection channel(s) 210.
[0044] As shoWn in FIGS. 2A-2D, the collection channels

FIG. 3A illustrates a cross-sectional vieW of a

such as blood, urine, cerebrospinal ?uid, lymph, mucus, tears

such as pathogens, including bacteria and yeast, cancer/tumor

210 as Well as the source channels 224 can branch out into

cells or a desirable target component such a stem cell, fetal

individual branches from their respective inlet ports and the

cell, cytokine or antibody. These target components 99 can be
mixed With magnetic particles such as paramagnetic or super

individual branches of the collection channels 210 and the
source channels 224 converge to their respective outlet ports.
Although four branches are shoWn in FIGS. 2A-2D, any
number of branches, even one branch, can be used. For

example, FIG. 4A illustrates 16 branches each of the collec
tion channels and source channels, and FIG. 4B illustrates 32
branches each of collection channels and source channels in
accordance With the invention. As one of ordinary skill Will
appreciate, the number of branches can be selected as a func

tion of the desired performance and e?iciency of the system.
[0045] In one embodiment according to the invention, the
collection channels 210 and the source channels 224 can
minor each other and have the same or similar branched

paramagnetic beads 98 Which are conditioned or modi?ed to

attach to the predetermined target components 99 prior to
entering the micro?uidic device 102.
[0051] In order to capture the target components 99 from
the ?oWing bio?uid, one or more magnetic sources 216, such

as Neodymium magnets, can be positioned adjacent to the
collection channel 210 of the micro?uidic device 102. It
should be noted that other types of magnets can be used and
are thus not limited to Neodymium. For instance the magnet
(s) can be made of Samarium Cobalt, Ferrite, Alnico and the
like, or an internal or external electromagnet may be used to

con?guration. In addition, each individual branch of the

generate magnetic ?eld gradients. As shoWn in FIG. 3A, the
magnet 1 16 is positioned vertically over the transfer channels

source channels 224 and the corresponding branch of the

214, such that magnetic ?eld gradient applied by the magnet

collection channels 210 can include at least one transfer chan

or more of the microchannel assemblies as Well as the overall

116 attract the magnetic beads 98 and cause the magnetic
beads 98 to move toWard the magnet 116. Speci?cally, the
magnetic ?eld gradient from the magnet 116 causes the mag
netically bound target components 99 in the source ?uid to
migrate through the transfer channels 214 a into the collection
channel 210. These components can be removed and col
lected When the collection ?uid is ?ushed there through. In
some embodiments of the invention, the magnetically bound
target components 99 can migrate into and settle in the trans
fer channels 214 to be draWn into the collection channel 210

device can have other designs and shouldnot be limited to that

by the ?ushing operation. It should be noted that although the

shoWn in the ?gures. Further, although the channels in the

source ?uid and the collection ?uid are shoWn ?oWing in the
same direction Within the micro?uidic device 102, the source

nel 214 connecting them.
[0046] In accordance With the invention, the overall micro
channel assembly preferably forms a sealed and enclosed set
of channels Which alloW the ?uids to travel betWeen the
device Without leakage or such. For clarity, this enclosed
assembly in hereinafter referred to as the ?rst channel assem

bly.
[0047]

It should also be noted that the con?gurations of one

channel assemblies may be shoWn to have a circular cross

section, the channels can have other cross-sectional shapes

including, but not limited to square, rectangular, oval, polygo

?uid and the collection ?uid can ?oW in opposite directions
Within the micro?uidic device 102.
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[0052] As shown in FIG. 3A, collection ?uid enters the
collection ?uid channel 210 via inlet port 206 and passes
through the collection ?uid channel 21 0 toward the outlet port
208. It should be noted that the collection channel 210, and
desirably the ports 206 and 208, are ?lled to capacity with the
collection ?uid. However, in some embodiments, the collec

tion ?uid does not continually ?owing through the collection
channel 210, and instead is ?owed through the collection
channel 210 intermittently or on a periodic basis where there
are intervals in which the collection ?uid ?ows and intervals
in which the collection ?uid is stationary or ?ows at a slower

rate. Because the collection ?uid is not continuously ?owing,
but is allowed to become stagnant in the collection channel
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224A (as shown by dashed lineA in FIG. 3B). As with device
102B, the magnet ?eld gradient from the magnetic source 116
attracts the paramagnetic beads 98 attached to target compo
nents 99 toward the magnetic source 116 causing the para
magnetic beads 98 and target components 99 to move from
the source channel(s) 224A into the transfer channel(s) 214A.
The source ?uid then exits from the micro?uidic device 102A
via outlet 228A. In this sandwiched con?guration, the devices
can then be connected in series or in parallel to maximiZe the

cleansing ef?ciency or throughput ?ow rate, respectively.
[0057]

FIG. 5A illustrates a schematic of a micro?uidic

210, the magnetically bound target components entering the

device in accordance with an aspect of the present disclosure.
As opposed to the micro?uidic device shown in FIG. 2A in
which the source channel(s) 224 and the collection channel(s)

transfer channels can become retained in these transfer chan
nels 214 for a time without exiting the device.
[0053] In accordance with one embodiment of the inven

the collection channel(s) 302 and the source channel(s) 304 in
the micro?uidic device 300 can be horiZontally co-planar and

tion, once the collection ?uid begins ?owing, changing from

concentric with respect to a center aperture 301.

210 are vertically separated by the transfer channel(s) 214,

the stagnant condition to a ?owing condition in the collection

[0058]

channel 210, the magnetically bound target components

includes a collection channel(s) 302 located around center
aperture 301 in which the collection ?uid enters the collection
channel(s) 302 via an inlet port 306 and exits the collection
channel(s) 302 via the outlet port 308. The device 300 can
also include a source channel(s) 304 concentric with the
collection channel(s) 302, wherein the source ?uid enters the

remaining in the transfer channels 214 can be drawn into the

collection channel 210, analogous to the periodic ?ow of
lymph ?uid that carries away waste material from the sinuses
of the spleen. The ?owing collection ?uid in the collection
channels can have a lower static pressure relative to the trans

fer channels and cause the magnetic beads and bound target
components present in the transfer channels to ?ow into the
collection ?uid stream. This predetermined pressure or ?ow
differential can be created when the collection ?uid ?ows

through the collection channels 210 during the “?ushing”
operation, wherein the ?ushing operation can be controlled to
have a desired duration. By controlling the duration of the
?ushing operation, the amount of source ?uid that transfers
into the collection channels 210 can also be controlled.
[0054] In accordance with one embodiment of the inven

tion, the transfer channel(s) 214 can be oriented substantially
perpendicular to the collection channel 210 and the source

channel 224. This perpendicular con?guration exploits the
Bernoulli principle that the collection ?uid ?owing in the
collection channel 210 will have the lower static pressure
compared to the ?uid in the transfer channel(s) 214 and cause
the magnetic beads and bound target components in the trans
fer channel(s) 214 to be drawn into the collection ?uid.
[0055] FIG. 3B illustrates a multiplexed system in accor
dance with an aspect of the present disclosure. As shown in
FIG. 3B, a ?rst micro?uidic device 102A and a second
micro?uidic device 102B are positioned adjacent to one
another and separated by one or more magnetic sources 240.

In accordance with the invention, the device 300

channel(s) 304 via an inlet port 310 and exits the channel(s)
304 through the outlet port 312.
[0059]

One or more transfer channels 314 canbe positioned

between the inner collection channel(s) 302 and the outer
source channel(s) 304, wherein magnetically bound target
components migrate from the source channel(s) 304 into the
transfer channels 314 in response to an applied magnetic ?eld

gradient provided by magnet 3 1 6. Although the transfer chan
nels 314 are shown along the portions of the channels 302 and
304 that are parallel to each other (i.e. along the sides), the
transfer channels 314 can be included along other areas, such
as near the inlet ports and/or outlet ports of the channels 302,
304. In addition, the transfer channels 314, while show per
pendicular to the collection channel(s) 302 and the source
channel(s) 304, one or more of the transfer channels 314 can

be arranged at an angle with respect to either the source

channel(s) 304, the collection channel(s) 302 or both.
[0060] As shown in FIGS. 5A and 5B, the channels 302,
304 and 314 are substantially coplanar such that the entire
device 300 maintains a thin cross sectional pro?le. Positioned
within the center aperture 301 is one or more magnets 316

which apply magnetic ?eld gradients upon the magnetic par
ticles traveling on the outer source channel(s) 304. The mag

It should be noted that although only two micro?uidic devices

netic ?eld gradients cause magnetic beads with the attached

102A, 102B are shown, more than two micro?uidic devices

target components to move from the outer source ?uid chan

may be utiliZed. In the multiplexed system shown in FIG. 3B,
the micro?uidic devices 102A, 102B may be connected
together in series to maximiZe throughput ?ow of the bio?uid

sample. In particular, the bio?uid sample enters the microf

nel(s) 304 toward the inner collection channel(s) 302 via the
transfer channels 314. Upon a ?ushing operation, collection
?uid is ?owed through the inner collection channel(s) 302 and
exits through port 308. As the collection ?uid is ?owed

luidic device 102B via inlet 226B and passes through the

through channel(s) 302, the magnetically bound target com

bio?uid channel(s) 224B. A magnet force from the magnetic

ponents ?ow from the transfer channels 314 into the collec
tion channel(s) 302 and then eventually ?ow out of the device
300 via port 308.
[0061] FIG. 5B illustrates a side view ofa series ofmicrof

source 240 attracts the paramagnetic or superparamagnetic
beads 98 attached to target components 99 toward the mag
netic source 116 and cause the paramagnetic beads 98 and
bound target components 99 to move from the source channel

(s) 224B into the transfer channels 214B.
[0056] Upon exiting out of micro?uidic device 102B via
the outlet 232B, the system may be con?gured to direct the
source ?uid into the micro?uidic device 102A via the inlet

luidic devices 300A, 300B, through 300N arranged in a mul
tiplexed system in accordance with an aspect of the present
disclosure.As shown in FIG. 5B, several micro?uidic devices
300A, 300B and so on are vertically disposed on one another
and are positioned such that their center apertures 301 are
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aligned to receive one or more magnets 316 therein. Although
the details are not shown in FIG. 5B, the micro?uidic devices
may be connected to one another in a series fashion, parallel
fashion and a combination of series/parallel connections. The
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Micro?uidic Devices, Systems and Methods
[0064]

In one or more embodiments of the invention, a

micro?uidic biomimetic blood cleansing device is provided.
The device contains one or more source channels Where one

stacking ability of the embodiments shoWn in FIGS. 5A and

or more ?uids or bio?uids (e.g. blood) ?oW therethrough. The

5B alloW several devices to be connected in a multiplexed
manner While limiting the amount of space used by the sys
tem. Further, the aligned centers of the devices alloW one

Where one or more collection ?uids (e.g. sterile isotonic

magnet to produce a relatively uniform magnetic ?eld gradi

device can also include one or more transfer channels provide

ent to all of the devices at one time.

[0062]

The micro?uidic devices described in FIGS. 2A-2D

device can also include one or more collection channels

saline) ?oWs at predetermined start-and-stop intervals. The
?uid communication betWeen the source channels and the
collection channels. A permanent magnet or an electromag
net can be used to generate magnetic ?eld gradients that are

as Well as FIGS. 5A and 5C can include one or more optical

directed toWard the source channels, Whereby the strong mag

or impedance microelectronic sensors integrated therein

netic ?eld gradients direct magnetically bound target compo
nents, such as cells, molecules, and/or pathogens, to migrate

Which detect target component or pathogen buildup. The
micro?uidic devices can incorporate a feedback loop in

from the source ?uid and into the transfer channels and

Which sensors communicate With a controller and/or one or

optionally, into the collection channels. Examples of electro

more pumps to automatically control the ?oW (e. g. star‘t/ stop
duration, ?oW rate, and the like) of the collection ?uid. In

magnets as Well as associated plates for shaping and/or con

addition, one or more magnetic bead traps, external to the
micro?uidic device, can be used in the system in FIG. 1 to
remove any remaining particles that are not cleared by other
mechanisms before the source ?uid is returned to the source
or input to the source ?uid collector. The micro?uidic device
can include one or more valves at the inlets and/or outlets of
the collection channels and/ or source ?uid channels. The
micro?uidic device can include one or more valves at the

transfer channels to control the ?oW of the magnetically
bound target components entering or exiting the transfer
channels.
[0063] FIG. 6 shoWs a ?oW chart of a method for processing
a ?uid to remove target components bound to magnetic beads

using a ?uid processing device according an embodiment of
the present invention. In accordance With the invention at 402,
the collection ?uid can be pumped into the collection channel
and ?ll some or all of the transfer channels and the source

centrating the magnet ?eld gradient are disclosed published
US Patent Application No. 2009-0078614. A periodic ?oW of
the collection ?uid through the collection channels can cause

the magnetically bound target components in the transfer
channels to ?oW into the collection ?uid, Whereby the target
cells can then be removed and collected by ?ushing them
from the device. Multiplexing can be achieved by increasing
the number of channels Within each device, and by stacking
up multiple devices in parallel and/or serial con?gurations.
[0065] The designs described herein have several advan

tages When compared to previous magnetic separation ?oW
cells. A separate magnetic ?eld gradient concentrator layer
can be employed With surface ridges that run directly above
the entire length of each channel to shape and/or concentrate
the magnetic ?eld gradient applied to the source channel.
Since this magnetic ?eld concentrator is not placed Within the
PDMS layers of the device, multiple channels can be densely
arrayed Within a single polymeric device to increase through
put. In some embodiments of the invention, further multiplex

channels.At 404, the source ?uid can be combined, such as by

ing can be achieved by stacking multiple devices vertically,
interposed With multiple magnetic ?eld gradient concentra

mixing, With the magnetic beads. The magnetic bead can be
include an af?nity coating that enables target components in

tors that are placed betWeen each PDMS layer inside a single

the source ?uid to bind to the magnetic beads. At 406, the
magnetic ?eld gradient can be applied to the source channel,
such as by applying poWer to an electromagnet or positioning
permanent magnets at a prede?ned location With respect to
the source channel. At 408, the source ?uid is pumped into

can be an electromagnet constructed from a 1500 turn, 47

and through the source channel, exposing the magnetic beads
(and any target components bound thereto) to the magnet ?eld
gradient. At 410, the magnetic bead and target components
migrate through the transfer channels to the collection chan
nels. At 412, the system checks to determine Whether a
de?ned amount of magnetic beads have accumulated in the
collection channel and the collection channel needs to be
?ushed. This can be after a prede?ned volume of source ?uid
?oW or after a prede?ned period of time or based on a signal
from a sensor, collection ?uid can be alloWed to ?oW into the

collection channel, ?ushing the collection channel and mag
netic beads out of the collection channel. During the ?ushing
process, the source ?uid ?oW can be reduced or stopped for

electromagnet housing. In an example, the magnetic source
solenoid and a C-shaped steel core, although other magnet
designs can be used. The magnetic ?eld concentrator, also

machined from high magnetic permeability steel, can have
four individual ridges (l><l><20 mm; W><h><l), spaced 3 mm
apart, and be attached to the top side of the magnet. The total
air gap betWeen the top surface of the ridges and the opposing
face of the magnet is 5.7 mm. The electromagnetic ?eld
strength of the concentrator can be measured using a
Teslameter (F.W. Bell 5080) and ?eld gradient can be quan

ti?ed by measuring the change in the ?eld strength at a dis
tance of 0.25 mm normal to the surface of a ridge.

[0066] In accordance With the invention and described
herein are micromagnetic micro?uidic biomimetic devices,
methods of use, and systems for therapeutic applications and
for high throughput processes (1000 L/h), such as extracor
poreal blood cleansing. Such devices comprise an array of

vertically aligned channels that utiliZes a separate magnetic

the duration of the ?ushing process. If enough magnetic beads

?eld concentrator placed external to the device. The advan
tage of such designs is that it alloWs channels to be densely

have not accumulated in the collection channel, the process

arrayed Within each device. Additionally, multiple such

returns to 408 and the source ?uid continues to ?oW into the

devices can be stacked With interposed magnetic ?eld gradi

source channel.

ent concentrators, Which ensures application of similar mag
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netic pulling forces across multiple interposed micro?uidic
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replacement therapy (CRRT), extracorporeal membrane oxy

systems, to achieve high throughput processing required for

genation (ECMO), and continuous veno-venous hemo?ltra

therapeutic applications, such as extracorporeal blood cleans

tion (CVVH).

ing. In accordance With the invention, the source ?uid can
?oW through a single source channel at a rate ranging from 1
mL/hr to 1000 L/hr depending on the ?uid and device char
acteristics. In addition, the collection ?uid can ?oW through a
single collection channel at a rate ranging from 1 mL/hr to
1000 L/hr depending on the ?uid and device characteristics.
[0067] In one or more embodiments of the aspects

described herein, a multiplexed device of the present inven
tion Was capable of over 80% and as high as 95% cleansing of

living fungal pathogens from a Whole blood Without inducing
blood coagulation or causing signi?cant loss of other blood
cellular or molecular components. In some such embodi
ments, Whole blood can ?oW at a rate of 20 mL/h, Which is

1,000 times faster than previously achieved With other
micro?uidic-micromagnetic separator devices that rely on
tWo adjacent ?oWing ?uids in a single micro?uidic channel(s)

[0071]

Methods for ?ltering a biological ?uid utiliZing a

biomimetic micro?uidic device are also provided. In one

aspect, the method comprises ?rst passing a biological ?uid
through a ?rst micro?uidic channel Within a biomimetic

micro?uidic device, Where the biological ?uid contains mag
netic particles attached to biological target component cells
orparticles; placing a collection ?uid in a second micro?uidic
channel Within the biomimetic micro?uidic device, such that
the second micro?uidic channel is in communication With the
?rst micro?uidic channel via one or more discrete transfer

channels; and applying a magnetic ?eld gradient to the bio
logical ?uid, such that the magnetic ?eld gradient causes the
magnetic particles and the target component cells or particles
to migrate from the ?rst micro?uidic channel into the second
micro?uidic channel via the at least one discrete transfer

channel.

such as disclosed in US 2009-0078614 and US 2009

[0072]

0220932. Our results clearly demonstrate that the novel mul

method further comprises initiating ?oW for a selected
amount of time, Where the magnetic particles in the collection

tiplexed micro?uidic-micromagnetic cell separation designs
described herein provide much higher volume throughput
While maintaining cell separation ef?ciencies, and thus, con
?rm their value for clinical applications such as blood cleans

ing.
[0068] In other embodiments, semi-batch mixing processes
are provided that alloW longer bead-pathogen incubation
periods While maintaining continuous blood ?oW. Such pro
cesses also enable integration into conventional continuous
veno-venous hema?ltration units, Which use hemaconcentra

In one or more embodiments of this aspect, the

?uid are removed from the biomimetic micro?uidic device.

[0073] In other embodiments of this aspect, the method
further comprises passing at least a portion of the removed
biological ?uid back into the ?rst micro?uidic channel.
[0074]

In one or more embodiments of this aspect, the

method further comprises collecting at least a portion of the
collection ?uid and target components from the second
micro?uidic channel.
[0075] In other embodiments of this aspect, the method

further comprises adding the magnetic particles into the bio
logical ?uid prior to the biological ?uid being supplied to the

tors, blood Warmers and oxygenation technologies. In some
further embodiments, additional safety features such as ultra
high-e?iciency magnetic traps are also be added to the
devices described herein to remove all remaining magnetic
particles before the cleansed bio?uid is returned to the bio

the collection ?uid further comprises intermittently passing

logical system, such as a septic patient.
[0069] Innovations of the present design over previous

the collection ?uid through the second micro?uidic channel
at irregular or periodic intervals.

designs for micro?uidic-micromagnetic cell separators

[0077] In one or more embodiments of this aspect, the
biological ?uid is selected from one or more in a group

include that it requires neither (a) a second continually ?oW
ing stream of collection ?uid (e.g., saline), nor (b) mainte

?rst micro?uidic channel.

[0076]

In further embodiments of this aspect, the passing of

nance of a stable boundary betWeen tWo laminar ?oW streams

comprising blood, cord blood, serum, plasma, urine, lique?ed
stool sample, cerebrospinal ?uid, amniotic ?uid, lymph,

(Which are central elements in the micro?uidic devices
described previously in US 2009-0078614 and US 2009

physiological salt solution or a cell culture medium. In one or

0220932) to remove particles. Thus, the present system is
improved by its simplicity and robustness; blood also cannot
be lost or diluted due an imbalance of hydrodynamics
betWeen blood and saline solutions. In this biomimetic

design, the middle layer emulates the sinus of the spleen
Where blood ?oW rate is relatively sloW and episodic, and
opsoniZed pathogens are retained. Saline in the top layer is
then used to periodically ?ush out the “sinus”, and this emu

lates the percolating ?oW of Waste and lymph ?uids through
the lymphoid follicles.
[0070] In conclusion, this system exhibits simplicity of

design and fabrication, very high ?oW throughput, higher
separation e?iciency, and minimal blood alteration (e.g.,
clots, loss, dilution). This simple design also obviates the
need for complex control of tWo ?uids and maintenance of a

stable border betWeen adjacent laminar ?oW streams, and

mucus, tears, tracheal aspirate, sputum, saline, a buffer, a
more embodiments of this aspect, the collection ?uid is iso
tonic saline. In one or more embodiments of this aspect, the
target cells are one or more from a group comprising a patho
gen, a stem cell, a cancer cell, a fetal cell, a blood cell or an
immune cell. In one or more embodiments of this aspect, the
target components are one or more from a group comprising
a cytokine, a hormone, an antibody, a blood protein, or a
molecular or chemical toxin.

[0078]

In other embodiments of this aspect, the magnetic

particles are coated With a ligand con?gured to bind the
magnetic particles to a biological target cell, molecule or
particulate. The ligand can be for example, an antibody or a
ligand binds to a surface molecule or receptor that is

expressed by the biological target cell.
[0079] Also described herein are systems for isolating tar
get cells, molecules or particulates. In one aspect a system for

simpli?es multiplexing. It Will likely be less expensive and

isolating target cells, molecules or particulates is provided,

simpler to manufacture and assemble, and exhibit a similar or

comprising a biomimetic micro?uidic device or a plurality of

enhanced ability to be integrated into existing blood ?ltration

devices, Where each biomimetic micro?uidic device includes

biomedical devices such as those used for continuous renal

a ?rst micro?uidic channel and a second micro?uidic channel
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and at least one discrete internal transfer channel in commu

[0087]

nication With the ?rst and second micro?uidic channels; a

ing the magnetic particles from the collection ?uid prior to
detecting Whether any of the magnetic particles contain the

?uid source con?gured to supply a biological ?uid containing
magnetic particles bound to target cells, molecules or particu

In one aspect the method further comprises separat

biological target.

lates to at least one of the biomimetic micro?uidic devices,

[0088]

Where the biological ?uid passes through the ?rst micro?u

more in a group comprising a pathogen, a cancer cell, a stem

idic channel in the at least one biomimetic micro?uidic
device; a collection ?uid source con?gured to supply a col
lection ?uid to the at least one biomimetic micro?uidic

cell.

device, Where the collection ?uid passes through the second
micro?uidic channel at selected periods of time; and at least
one magnet con?gured to apply a magnetic ?eld gradient to
biological ?uid ?oWing in at least one biomimetic micro?u

The biological target can be selected from one or

cell, a progenitor cell, a fetal cell, a blood cell or an immune
[0089]

The pathogen can be selected from one or more in a

group comprising a viral particle, a bacterial cell, a fungal
cell, or a protoZoan cell.
[0090] In one aspect, one can further quantify the amount of

biological target attached to the magnetic particles.

idic device, Where the magnetic particles and the target cells,

[0091]

molecules or particulates in the biological ?uid migrate from

As used herein the term “comprising” or “com

the biological ?uid into the collection ?uid via at least one

prises” is used in reference to compositions, methods, and
respective component(s) thereof, that are essential, yet open

transfer channel in response to the magnetic ?eld gradient.

to the inclusion of unspeci?ed elements, Whether essential or

[0080]

not.

In one or more embodiments of the aspect, tWo or

more of the plurality of biomimetic micro?uidic devices are

[0092]

connected to another in parallel. In other embodiments of the
aspect, tWo or more of the plurality of biomimetic micro?u

refers to those elements required for a given embodiment. The
term permits the presence of additional elements that do not
materially affect the basic and novel or functional character

idic devices are connected to another in serial.
[0081] In one or more embodiments of the aspect the col

lection ?uid is intermittently passed through the second
micro?uidic channel at periodic or aperiodic intervals.
[0082] In one or more embodiments of this aspect, the
biological ?uid is selected from one or more in a group

As used herein the term “consisting essentially of”

istic(s) of that embodiment.
[0093] The term “consisting of” refers to compositions,
methods, and respective components thereof as described
herein, Which are exclusive of any element not recited in that

description of the embodiment.
[0094] As used in this speci?cation and the appended

comprising blood, cord blood, serum, plasma, urine, lique?ed
stool sample, cerebrospinal ?uid, amniotic ?uid, lymph,

claims, the singular forms “a,” “an,” and “the” include plural

mucus, tears, tracheal aspirate, sputum, saline, a buffer, a

references unless the context clearly dictates otherWise. Thus

physiological salt solution or a cell culture medium. In one or

for example, references to “the method” includes one or more

more embodiments, the collection ?uid is isotonic saline.

methods, and/or steps of the type described herein and/or

[0083] In one or more embodiments of this aspect, the
target cells are one or more from a group comprising a patho
gen, a stem cell, a cancer cell, a progenitor cell, a fetal cell, a

Which Will become apparent to those persons skilled in the art
upon reading this disclosure and so forth.
[0095] The devices described herein can be fabricated from
a biocompatible material. As used herein, the term “biocom

blood cell or an immune cell. The pathogen can be selected
from one or more in a group comprising a viral particle, a

patible material” refers to any polymeric material that does

bacterial cell, a fungal cell or a protoZoan cell.
[0084] In one or more embodiments of this aspect, the at
least one transfer channel is oriented perpendicular to the
orientation of the ?rst and second micro?uidic channels.
[0085] In one or more embodiments of this aspect, the

not deteriorate appreciably and does not induce a signi?cant
immune response or deleterious tissue reaction, e.g., toxic
reaction or signi?cant irritation, over time When implanted
into or placed adjacent to the biological tissue of a subject, or
induce blood clotting or coagulation When it comes in contact
With blood. Suitable biocompatible materials include deriva

magnetic particles are coated With a ligand con?gured to bind
the magnetic particles to the target cells, molecules or par
ticulates.
[0086]

In one aspect, a method of detecting a biological

target in a biological ?uid the method comprising adding
magnetic particles targeted to attach to a target cell, molecule
or particulate into the biological ?uid; and passing the bio
logical ?uid through a ?rst micro?uidic channel Within a
biomimetic micro?uidic device; placing a collection ?uid in a
second micro?uidic channel Within the biomimetic microf
luidic device, the second micro?uidic channel in communi
cation With the ?rst micro?uidic channel via at least one

discrete transfer channel; applying a magnetic ?eld gradient
to the biological ?uid ?oWing through the device, Wherein the
magnetic ?eld gradient causes the magnetic particles to

tives and copolymers of a polyimides, poly(ethylene glycol),

polyvinyl alcohol, polyethyleneimine, and polyvinylamine,
polyacrylates, polyamides, polyesters, polycarbonates, and
polystyrenes.
[0096] In some embodiments, the device is fabricated from
a material selected from the group consisting of polydimeth

ylsiloxane, polyimide, polyethylene terephthalate, polymeth
ylmethacrylate, polyurethane, polyvinylchloride, polysty
rene polysulfone, polycarbonate, polymethylpentene,
polypropylene, a polyvinylidine ?uoride, polysilicon, poly
tetra?uoroethylene, polysulfone, acrylonitrile butadiene sty
rene, polyacrylonitrile, polybutadiene, poly(butylene tereph

migrate from the ?rst micro?uidic channel into the second

thalate), poly(ether sulfone), poly(ether ether ketones), poly
(ethylene glycol), styrene-acrylonitrile resin, poly
(trimethylene
terephthalate),
polyvinyl
butyral,

micro?uidic channel via at least one discrete transfer channel;

polyvinylidenedi?uoride, poly(vinyl pyrrolidone), and any

collecting at least a portion of the collection ?uid having
magnetic particles in it from the second micro?uidic channel;
and detecting Whether any of the target cell, molecule or
particulates bound to the magnetic particles contain the bio

combination thereof.
[0097] In some embodiments, the device can be fabricated
from materials that are compatible With the ?uids used in the
system. While the plastics described herein can be used With
may ?uids, some materials may break doWn When highly

logical target.
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acidic or alkaline ?uids are used and it is recognized that the
removal of the target component from the source ?uid can

change the composition and characteristics of the source
?uid. In these embodiments, other materials such as stainless

steels, titanium, platinum, alloys, ceramics and glasses can be
used. In addition, the channel(s) can be coated or treated to
resist degradation or facilitate ?oW and operation. In some
embodiments, it can be desirable to use different materials in

the source channel(s), the transfer channel(s) and the collec

tion channel(s).
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Magnetic ParticleiTarget Component Binding
[0102]

The degree of magnetic particle binding to a target

component is such that the bound target component Will move
When a magnetic ?eld is applied. It is to be understood that

binding of magnetic particle With the target component is
mediated through af?nity molecules, i.e., the a?inity mol
ecule on the surface of the magnetic particle that binds to the

target component. Binding of magnetic particles to target
components can be determined using methods or assays
knoWn to one of skill in the art, such as ligand binding kinetic

assays and saturation assays. For example, binding kinetics of

Magnetic Particles

a target component and the magnetic particle can be exam

[0098]

The magnetic particles or beads can be of any shape,

ined underbatch conditions to optimiZe the degree of binding.
In another example, the amount of magnetic particles needed

including but not limited to spherical, rod, elliptical, cylindri

to bind a target component can be ascertained by varying the

cal, disc, and the like. In some embodiments, magnetic par
ticles having a true spherical shape and de?ned surface chem

ratio of magnetic particles to target component under batch
conditions. Without Wishing to be bound by theory, the bind

istry are used to minimiZe chemical agglutination and non

ing ef?ciency can folloW any kinetic relationship, such as a

speci?c binding. As used herein, the term “magnetic particle”

?rst-order relationship. In some embodiments, binding e?i
ciency folloWs a Langmuir adsorption model.
[0103] The separation e?iciency of a micro?uidic device

refers to a nano- or micro-scale particle that is attracted or

repelled by a magnetic ?eld gradient or has a non-Zero mag

netic susceptibility. The term “magnetic particle” also
includes magnetic particles that have been conjugated With
a?inity molecules. The magnetic particles can be paramag

described herein can be determined using methods knoWn in
the art and easily adaptable for micro?uidic devices. For

netic or super-paramagnetic particles. In some embodiments,

the magnetic particles are superparamagnetic. Magnetic par

ecule and the target component are pre-incubated in the
appropriate medium to alloW maximum binding before resus

ticles are also referred to as beads herein.

pending in a source ?uid such as a biological ?uid. The effects

[0099]

In some embodiments, magnetic particles having a

polymer shell are used to protect the target component from
exposure to iron. For example, polymer coated magnetic par
ticles can be used to protect target cells from exposure to iron.
In some embodiments, the magnetic particles or beads can be
selected to be compatible With the ?uids being used, so as not
to cause undesirable changes to the source ?uid. For example,

for bio?uids, the magnetic particles can made from Well knoW

biocompatible materials.
[0100]

The magnetic particles can range in siZe from 1 nm

to 1 mm. Preferably magnetic particles are about 250 nm to

about 250 pm in siZe. In some embodiments, magnetic par
ticle is 0.1 pm to 50 pm in siZe. In some embodiments,
magnetic particle is 0.1 pm to 10 pm in siZe. In some embodi

ments, the magnetic particle is a magnetic nano-particle or
magnetic microparticle. Magnetic nanoparticles are a class of
nanoparticle Which can be manipulated using magnetic ?eld.
Such particles commonly consist of magnetic elements such
as iron, nickel and cobalt and their chemical compounds.
Magnetic nano-particles are Well knoWn and methods for
their preparation have been described in the are art, for

example in US. Pat. Nos. 6,878,445; 5,543,158; 5,578,325;
6,676,729; 6,045,925 and 7,462,446, andU.S. Pat. Pub. Nos.:

2005/0025971; 2005/0200438; 2005/0201941; 2005/
0271745; 2006/0228551; 2006/0233712; 2007/01666232
and 2007/ 0264199, contents of all of Which are herein incor

porated by reference in their entirety.
[0101] Magnetic particles are easily and Widely available
commercially, With or Without functional groups capable of

binding to a?inity molecules. Suitable superparamagnetic
particles are commercially available such as from Dynal Inc.

of Lake Success, N.Y.; PerSeptive Diagnostics, Inc. of Cam

bridge, Mass.; Invitrogen Corp. of Carlsbad, Calif.; Cortex
Biochem Inc. of San Leandro, Calif.; and Bangs Laboratories
of Fishers, Ind. In some embodiments, magnetic particles are
Dynal Magnetic beads such as MyOne Dynabeads.

example, magnetic particle conjugated With an a?inity mol

of varying electromagnet current on separation ef?ciency can

be analyZed using, for example, target component-magnetic
particle complexes suspended in PBS. To test hoW the viscos
ity of the collection ?uid affected its hydrodynamic interac
tion With a biological ?uid, such as blood, medical grade
dextran (40 kDa, Sigma) can be used to vary the viscosity. For
example, dextran can be dissolved in PBS at 5, 10 and 20% to

produce solutions With viscosities of 2, 3, 11 centipoise at
room temperature. Samples can be collected from bottom

inlet, top-outlet, and bottom-outlet channels and analyZed by
?oW cytometry to assess the separation e?iciency of magnetic

particles and particle bound target components. E?iciency
can be calculated as:

E?iciency:1—Xbottom_ou/Xbottom_

in~Source ?uid loss can be quanti?ed using an appropriate
marker in the source ?uid. For example, blood loss can be

quanti?ed by measuring the OD600 of red blood cells

(LOSS:ODt0p—0ut/ODb0tt0m—0ut)'
[0104] The optimal time for binding of magnetic particles
to target component can vary depending on the particulars of

the device or methods being employed. The optimal mixing
and/or incubation time for binding of magnetic particles to a
target component can be determined using kinetic assays Well
knoWn to one of skill in the art. For example, kinetic assays

can be performed under conditions that mimic the particulars
of the device or methods to be employed, such as volumes,

concentrations, hoW and Where the mixing is to be performed,
and the like. The rate of binding of magnetic particles to target
components can be increased by carrying out mixing Within
separate micro?uidic mixing channels.

Binding/A?inity Molecules
[0105] The surfaces of the magnetic particles are function
aliZed to include binding molecules that bind selectively With
the target component. These binding molecules are also
referred to as a?inity molecules herein. The binding molecule
can be bound covalently or non-covalently (e. g. adsorption of
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molecule onto surface of the particle) to each magnetic par

Jun. 14, 2012

cations, Oxford)]. Antibodies or antigen-binding fragments

ticle. The binding molecule can be selected such that it can

speci?c for various antigens are available commercially from

bind to any part of the target component that is accessible. For
example, the binding molecule can be selected to bind to any
antigen of a pathogen that is accessible on the surface, e.g., a

vendors such as R&D Systems, BD Biosciences, e-Bio
sciences and Miltenyi, or can be raised against these cell
surface markers by methods knoWn to those skilled in the art.
[0109] In some embodiments, the binding molecule binds

surface antigen.
[0106] As used herein, the term “binding molecule” or
“af?nity molecule” refers to any molecule that is capable of

With a cell-surface marker or cell-surface molecule. In some

speci?cally binding a target component. Representative

surface marker but does not cause initiation of doWnstream

further embodiments, the binding molecule binds With a cell

examples of a?inity molecules include, but are not limited to,

signaling event mediated by that cell-surface marker. Binding

antibodies, antigens, lectins, proteins, peptides, nucleic acids

molecules speci?c for cell-surface molecules include, but are
not limited to, antibodies or fragments thereof, natural or
recombinant ligands, small molecules, nucleic acids and ana

(DNA, RNA, PNA and nucleic acids that are mixtures thereof
or that include nucleotide derivatives or analogs); receptor

molecules, such as the insulin receptor; ligands for receptors
(e. g., insulin for the insulin receptor); and biological, chemi
cal or other molecules that have a?inity for another molecule,

logues thereof, intrabodies, aptamers, lectins, and other pro

such as biotin and avidin. The binding molecules need not

teins or peptides.
[0110] As used herein, a “cell-surface marker” refers to any
molecule that is present on the outer surface of a cell. Some

comprise an entire naturally occurring molecule but may

molecules that are normally not found on the cell-surface can

consist of only a portion, fragment or subunit of a naturally or

be engineered by recombinant techniques to be expressed on
the surface of a cell. Many naturally occurring cell-surface

non-naturally occurring molecule, as for example the Fab
fragment of an antibody. The binding molecule may further
comprise a marker that can be detected.

[0107]

Nucleic acid based binding molecules include

aptamers. As used herein, the term “aptamer” means a single

markers present on mammalian cells are termed “CD” or

“cluster of differentiation” molecules. Cell-surface markers
often provide antigenic determinants to Which antibodies can
bind to.

stranded, partially single-stranded, partially double-stranded

[0111]

or double-stranded nucleotide sequence capable of speci?
cally recognizing a selected non-oligonucleotide molecule or
group of molecules by a mechanism other than Watson-Crick

speci?c for a cell-surface marker” refers to any molecule that
can selectively react With or bind to that cell-surface marker,
but has little or no detectable reactivity to another cell-surface

base pairing or triplex formation. Aptamers can include, With
out limitation, de?ned sequence segments and sequences

marker or antigen. Without Wishing to be bound by theory,
a?inity molecules speci?c for cell-surface markers generally

comprising nucleotides, ribonucleotides, deoxyribonucle

recogniZe unique structural features of the markers. In some

otides, nucleotide analogs, modi?ed nucleotides and nucle

embodiments of the aspects described herein, the preferred
a?inity molecules speci?c for cell-surface markers are poly

otides comprising backbone modi?cations, branchpoints and

Accordingly, as de?ned herein, a “binding molecule

herein, the binding molecules speci?c are polyclonal and/or

clonal and/ or monoclonal antibodies and antigen-binding
derivatives or fragments thereof.
[0112] The binding molecule can be conjugated to the mag
netic particle using any of a variety of methods knoWn to
those of skill in the art. The af?nity molecule can be coupled
or conjugated to the magnetic particles covalently or non

monoclonal antibodies and antigen-binding derivatives or

covalently. The covalent linkage betWeen the af?nity mol

nonnucleotide residues, groups or bridges. Methods for
selecting aptamers for binding to a molecule are Widely
knoWn in the art and easily accessible to one of ordinary skill
in the art.

[0108]

In some embodiments of the aspects described

fragments thereof. Well-knoWn antigen binding fragments

ecule and the magnetic particle can be mediated by a linker.

include, for example, single domain antibodies (dAbs; Which
consist essentially of single VL orVH antibody domains), Fv
fragment, including single chain Fv fragment (scFv), Fab
fragment, and F(ab')2 fragment. Methods for the construction

The non-covalent linkage betWeen the af?nity molecule and
the magnetic particle can be based on ionic interactions, van

der Waals interactions, dipole-dipole interactions, hydrogen
bonds, electrostatic interactions, and/or shape recognition

of such antibody molecules are Well knoWn in the art. Accord
ingly, as used herein, the term “antibody” refers to an intact
immunoglobulin or to a monoclonal or polyclonal antigen

interactions.
[0113] As used herein, the term “linker” means an organic
moiety that connects tWo parts of a compound. Linkers typi

binding fragment With the Fc (crystalliZable fragment) region

cally comprise a direct bond or an atom such as oxygen or

or FcRn binding fragment of the Fc region. Antigen-binding

sulfur, a unit such as NH, C(O), C(O)NH, SO, S02, SOZNH

fragments may be produced by recombinant DNA techniques

or a chain of atoms, such as substituted or unsubstituted

or by enzymatic or chemical cleavage of intact antibodies.

C l-C6 alkyl, substituted or unsubstituted C2-C6 alkenyl, sub

“Antigen-binding fragments” include, inter alia, Fab, Fab‘,
F(ab')2, Fv, dAb, and complementarity determining region
(CDR) fragments, single-chain antibodies (scFv), single

stituted or unsubstituted C2-C6 alkynyl, substituted or unsub

stituted C6-Cl2 aryl, substituted or unsubstituted C5-Cl2 het

eroaryl, substituted or unsubstituted C5 -C12 heterocyclyl,

domain antibodies, chimeric antibodies, diabodies and

substituted or unsubstituted C3-Cl2 cycloalkyl, Where one or

polypeptides that contain at least a portion of an immunoglo
bulin that is su?icient to confer speci?c antigen binding to the

more methylenes can be interrupted or terminated by O, S,

polypeptide. The terms Fab, Fc, pFc', F(ab')2 and Fv are

employed With standard immunological meanings [Klein,
Immunology (John Wiley, NeW York, N.Y., 1982); Clark, W.

[0114] In some embodiments, the binding molecule is
coupled to the magnetic particle by use of an af?nity binding
pair. The term “af?nity binding pair” or “binding pair” refers

R. (1986) The Experimental Foundations of Modern Immu

to ?rst and second molecules that speci?cally bind to each

nology (Wiley & Sons, Inc., NeW York); Roitt, I. (1991)
Essential Immunology, 7th Ed., (Blackwell Scienti?c Publi

other. One member of the binding pair is conjugated With the
magnetic particle While the second member is conjugated

S(O), S02, NH, C(O).

