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Description

TECHNICAL FIELD

[0001] The present invention generally relates to mi-
crofluidics and particularly to detecting targeted cells
present in sample fluids.

BACKGROUND

[0002] Circulating tumor cells (or CTCs) are rare cells
present in the blood of metastatic cancer patients. Quan-
titative detection of CTCs is important for early detection
of cancer as well as monitoring of the disease progres-
sion and response to therapy. CTC count correlates with
overall tumor burden and can often serve as more reliable
indicators of metastatic disease than molecular disease
markers. For example, the level of prostate specific an-
tigen (PSA) can often rise due to benign prostate hyper-
plasia (common in people over 60) and hence may not
necessarily indicate cancer.
[0003] The presence of a significant number of CTCs
can be a reliable indicator of the presence of cancer.
Also, possible recurrence after surgery can be detected
much earlier by CTCs than by most molecular markers.
Another advantage is that CTCs can be further interro-
gated after detection; sequencing of the genome and
transcriptome could reveal the mutations that had led to
cancer as well as the expression levels of the genes in
question. The cells can also be cultured, grown and test-
ed with different combinations of chemotherapeutic
agents for drug discovery and personalized medicine.
[0004] Detecting CTCs however is a challenging task
because of their scarcity in blood samples, as few as
single cell in multiple milliliter (mL) blood samples. The
current favored approach to detecting whole cells in clin-
ical and laboratory settings is flow cytometry, wherein
labeled cells are detected as they flow in single file
through an optical detector. This technology is used wide-
ly from vaccine analysis to monitoring of AIDS. However,
the high cost and large size of flow cytometers usually
limits this testing approach to central facilities shared by
many users. Furthermore, since the cells have to pass
through a sensing portion of the flow cytometers in a sin-
gle file manner, volumetric sample throughput is relative-
ly low and cytometers need to run for long times to ana-
lyze large samples. For so-called "rare" cells - i.e., cells
that are scarce in a fluid sample, such as CTC cells -
relatively large volume samples may be required to find
the cells. In this instance, the current flow cytometers can
be prohibitively expensive for frequent diagnostic usage.
[0005] Microfluidic cell detectors have been developed
to overcome the cost and size limitations of traditional
flow cytometers in certain applications. These sophisti-
cated systems can successfully interrogate small sam-
ples, on the order of ml (microliters), but such systems
have been found to have limited capability for analyzing
large samples, on the order of multiple mLs. Most micro-

fluidic systems offer good performance in analyzing
small, microliter- or nanoliter-sized sample volumes.
However, because of their micrometer dimensions, mi-
crofluidic "lab-on-a-chip" detectors need many hours to
process large, milliliter-sized sample volumes. Slow flow
rates in microfluidic assays are usually a consequence
of the microscale dimensions of the sensing channels.
These dimensions are necessary to increase the proba-
bility of a rare cell (i.e., a CTC) binding on the walls of
the microchannels and in some cases to increase the
signal-to-noise ratio of the underlying detection mecha-
nism. Thus, the prior microfluidic cell detectors can be
generally inefficient and can require prohibitively long
analysis times for analyzing the large volume samples
necessary for the detection of rare targets like CTCs.
[0006] In one microfluidic detection system developed
by the Toner and Haber groups of Massachusetts Gen-
eral Hospital, a lab-on-a-chip is populated with antibody-
functionalized 100 mιη diameter posts spaced 50 mιη
apart to create fluid flow paths. In another chip design,
the posts were replaced with a herringbone structure to
actively assist mixing of the cells and increase their prob-
ability to bind the functionalized walls. In these studies,
flow rates used with clinical samples were on the order
of 1 mL per hour, at which rate processing a typical 7.5
mL blood sample could take many hours. In order to re-
duce the fiuidic transport times to a manageable level of
minutes rather than hours, the flow rate through these
prior systems would have to be increased by one or two
orders of magnitude. In general the necessary modifica-
tions to prior microfluidic systems can be problematic be-
cause: 1) the fiuidic resistance of the micron-sized flow
channels and the associated macro-to-micro connec-
tions would be very high; 2) a high flow rate through a
small cross-sectional area would result in a high "linear
speed" which would create shear stresses beyond levels
that could be sustained by the antibody/cell binding on
the device wall and lead to detachment of the cells; and
3) too high a linear speed would detrimentally affect the
capture efficiency of the target cells in the first place.
Increasing the size of the channels would allow higher
flow rates but this would significantly reduce the proba-
bility of the target cells’ interaction with the functionalized
walls.
[0007] In the case of other microfluidic devices that use
electronic detection techniques, larger dimensions would
reduce the device’s detection sensitivity since most
microdevices need some form of focusing of targets onto
a small sensor area for detection. Other researchers
have parallelized their microfluidic detectors (many mi-
cro-channels side by side) to overcome the throughput
problem. However, the flow rates that are used can be
on the order of only 10 microliters (mLs) per minute, which
can lead to hours of time to process the large volume
samples necessary for CTC detection.
[0008] A high-throughput yet relatively simple and ro-
bust rare cell detection system would be highly beneficial
in many research and clinical settings. Therefore, a sen-
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sor apparatus is needed that can detect rare cells, such
as CTCs, in whole blood in a high-throughput manner by
which sample fluids at rates of milliliters per minute (as
opposed to microliters per minute) are processed to cap-
ture the contained cells. Such a system would also be
highly useful in detecting various other types of cells,
bacteria and spores present in sample fluids or in the
environment.

SUMMARY

[0009] According to one aspect of the current teach-
ings a fluidic system including a detector component with
micro-apertures is disclosed which is configured to detect
target cells bound by recognition elements, such as mag-
netic beads, in a high-throughput analysis for flow rates
of milliliters per minute. In particular, a microfiuidic de-
tection system is provided for detection of target cells in
a fluid containing a quantity of magnetic beads and a
quantity of target cells bound to one or more magnetic
beads, in which each target cell bound to a magnetic
bead has a smallest effective dimension greater than a
smallest effective dimension of each magnetic bead. In
one aspect, the system comprises a detector component
including a body defining a reservoir and a sensor chip
in the form of an apertured plate disposed within the res-
ervoir and separating the reservoir into a first chamber
and a second chamber. The plate includes a plurality of
micro-openings, each opening having smallest effective
dimension greater than the smallest effective dimension
of each magnetic bead and less than the smallest effec-
tive dimension of each target cell bound to a magnetic
bead. In one aspect, the first chamber of the reservoir
has a first inlet and a first outlet, in which the first inlet is
fiuidly connectable to a source of the fluid containing the
target cells, while the first outlet is fiuidly connectable to
a collection vessel.
[0010] The detector component further includes a
magnet disposed relative to the reservoir so that the sec-
ond chamber of the reservoir and the apertured plate are
situated between the magnet and the first chamber of
the reservoir. The magnet configured to generate a mag-
netic force sufficient to attract magnetic beads in the first
chamber of the reservoir to the second chamber of the
reservoir. The microfiuidic detection system further com-
prises a pump for continuously flowing the fluid from the
source of the fluid containing the target cells through the
first chamber of the reservoir.
[0011] A method is provided for detecting target cells
in a fluid containing a quantity of magnetic beads and a
quantity of target cells bound to one or more magnetic
beads, in which each target cell bound to a magnetic
bead has a smallest effective dimension greater than
largest effective dimension of each magnetic bead. In
one aspect, the method comprises: continuously flowing
the fluid through a first chamber of a reservoir separated
from a second chamber of the reservoir by an apertured
plate, each opening in the plate having a smallest effec-

tive dimension greater than the smallest effective dimen-
sion of each magnetic bead and less than the smallest
effective dimension of each target cell bound to a mag-
netic bead; and applying a magnetic force beneath the
apertured plate sufficient to draw magnetic beads not
bound to a target cell through the apertures into the sec-
ond chamber and sufficient to hold the target cells bound
to one or more magnetic beads against the surface of
the apertured plate within the first chamber of the reser-
voir.

BRIEF DESCRIPTION OF DRAWINGS

[0012]

FIG. 1A is a schematic view of a micro fluidic detec-
tion system according to the present disclosure.
FIG. IB is a schematic view of a portion of the system
shown in FIG. IB modified in accordance with an al-
ternative embodiment.
FIG. 2 is a side cross-sectional view of a detector
component according to the present disclosure for
use in the detection system shown in FIG. 1.
FIG. 3 is a plan view of a sensor chip micro-perfo-
rated plate for use in the system shown in FIG. 1A.
FIG. 4 is a side representation of the operation of
the sensor chip shown in FIG. 44 to capture target
cells and extract unbound magnetic recognition el-
ements.
FIGS. 5A-D are schematic views of the micro fluidic
detection system of FIG. 1A, showing fluid flow paths
in different stages of operation of the system.
FIG. 6 is a bright- field microscopic picture of target
cells captured on a sensor chip in accordance with
a disclosed embodiment.

DETAILED DESCRIPTION

[0013] For the purposes of promoting an understand-
ing of the principles of the invention, reference will now
be made to the embodiments illustrated in the drawings
and described in the following written specification. It is
understood that no limitation to the scope of the invention
is thereby intended. It is further understood that the
present invention includes any alterations and modifica-
tions to the illustrated embodiments and includes further
applications of the principles of the invention as would
normally occur to one of ordinary skill in the art to which
this invention pertains.
[0014] The present disclosure provides a micro-fluidic
system with a detector component having an apertured
plate or chip configured to provide high-throughput anal-
ysis of mLs (milliliters) per minute of a fluid sample flowing
through relatively large (millimeter (mm) as opposed to
micrometer (mιη)) flow channels. The fluid sample may
be a bodily fluid, including but not limited to whole blood,
processed blood, serum, plasma, saliva and urine, or en-
vironmental fluids, including but not limited to fluid sam-
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ples from rivers, sewage lines, water processing facilities
and factories. Using functionalized beads capable of
binding to target cells in three dimensions, the system
eliminates the need for chemical affinity-based binding
of the cells to a stationary two-dimensional chip surface.
The system uses both convective fluid flow to assist in
mass transport of target cells bound by functionalized
magnetic beads, and magnetic sieving of the bound cells
onto a plate or chip with micro-apertures which captures
the cells but allows free magnetic beads (i.e., those not
bound to target cells) to pass through the apertures. In
certain embodiments the magnetic beads simultaneous-
ly serve to: 1) affinity-based bind specific target cells; 2)
magnetically transport the bound cells to the plate or chip
surface; and 3) generate recognition or labeling signals
for detection. The novel fluidic system of the present dis-
closure can analyze large amounts of sample fluids, in-
cluding clinically significant amounts of bodily fluids such
as whole blood, in a relatively short amount of time.
[0015] FIG. 1A depicts a schematic of a micro-fluidic
system 10 according to one embodiment of the present
disclosure. The system 10 includes a detector compo-
nent 12 having a first flow segment 13 and a parallel
second flow segment 14. The first flow segment 13 is
provided with an inlet 13a and an outlet 13b, in which the
inlet is connected by an inlet conduit 35 to a sample fluid
source S. The outlet 13b is connected by outlet conduit
36 to a collection vessel CC, which is suitable for collect-
ing and storing target cells isolated by the micro fluidic
detection system 10. The second inlet 14a is connected
by an inlet conduit 38 to a source of a buffered or
physiologically inert or non-reactive solution B. The sec-
ond outlet 14b is connected by an outlet conduit 39 to a
collection vessel BC for collecting buffered solution exit-
ing the detector component 12.
[0016] In one embodiment a pump 40 is provided for
flowing fluid from the sample source S through the first
flow segment 13 of the detector component 12. In the
embodiment shown in FIG. 1 the pump 40 is integrated
into the outlet conduit 36 to draw fluid through the detector
component. However, it is contemplated that the pump
40 may be situated within the inlet conduit 35 as desired.
The embodiment of FIG. 1A further includes a second
pump 41 that is integrated into the outlet conduit 14b to
flow the buffer fluid from source B through the second
flow segment 14 of the detector component 12. The pump
41 may be provided in the inlet conduit 38 to draw buffer
fluid from the source B and pump it through the second
flow segment 14. Alternatively the same pump, such as
pump 40, may be used to pump both the sample fluid
from the source S through the first flow segment 13 and
the fluid from source B through the second flow segment
14, as depicted in the enlarged segment shown in FIG.
IB. In this embodiment the two outlet conduits 36, 39 are
connected to the pump 40 through a bi-directional valve
V6 that is controllable to selectably connect one or the
other outlet for flow through the pump, according to a
fluid flow protocol discussed herein.

[0017] Returning to FIG. 1A, the micro fluidic system
10 incorporates bypass lines that are selectively activat-
ed according to a fluid flow protocol described below. A
bypass line 42 is provided between the buffer source B
and the inlet conduit 35 to the first flow segment 13 of
the detector component. A valve VI is operable to control
flow of buffer solution from the source B into both inlet
conduits 35, 38, while a valve V2 is operable to control
flow of buffer solution into the first inlet conduit 35.
[0018] In a second bypass path, a bypass line 43 is
connected between the first outlet conduit 36 and the first
inlet conduit 35. This bypass line thus returns fluid exiting
the first flow segment 13 of the detector component back
to the inlet 13a for the first flow segment. A valve V3
controls fluid flow through the second bypass line 43. A
third bypass path includes the bypass line 44 from the
second outlet conduit 39 to the source S containing the
sample fluid. A valve V4 is configured to direct the flow
of buffer fluid exiting the second flow segment 14 either
to the buffer collection vessel BC or to the third bypass
line 44. The system 10 is provided with a control module
45 that is operable to control the pump(s) 40 (and 41 if
present) as well as the valves to control the flow of fluids
through each flow segment 13, 14 of the detector com-
ponent 12, according to a flow protocol described herein.
[0019] The microfluidic system 10 may be configured
to accept sample fluids from multiple sources Si. The
multiple sources Si may be connected in series or in par-
allel, with appropriate valving to connect the particular
source to the inlet conduit 35 to the first flow segment 13
of the detector component. The system may be further
modified to include additional detector
components 12i connected to the outlet conduit 36 from
the first flow segment 13, by way of a control valve V5.
[0020] The flow of sample fluid and buffer solution
through the system 10, and particularly through the de-
tector component 12, has thus far been described. De-
tails of the detector component 12 and its function are
illustrated in FIGS. 2-4. Turning first to the cross-sectional
view in FIG. 2, the detector component 12 includes a
body 15 that may be in the form of two halves 15a, 15b
that are combined to form the complete component. The
body 15 defines a reservoir 16 that is separated into a
first chamber 16a and a second chamber 16b by a sensor
chip in the form of a micro-apertured plate 18. The first
chamber 16a is in communication with the first flow inlet
13a and the first flow outlet 13b and thus forms the first
flow segment 13 of the detector component. A first inlet
channel 22 communicates between the first chamber 16a
and the inlet 13a, while a first outlet channel 23 commu-
nicates with the outlet 13b. In the illustrated embodiment,
the two channels are angled toward the reservoir 16, or
defined at a non-planar angle relative to the reservoir, so
that the target cells and sample fluid do not accumulate
within the channel 22 or inlet conduit 35.
[0021] The second chamber 16b is in communication
with the respective second inlet and outlet 14a, 14b to
form the second flow segment 14 of the detector com-
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ponent. An inlet channel 25 communicates between the
second chamber and the second inlet 14a, which an out-
let channel 26 communicates with the second outlet 14b.
The two channels 25, 26 can be angled but need not be
since the second chamber 16b is connected to the buffer
solution source B and no target cells flow through this
second fluid flow path 14.
[0022] The reservoir 16 may be open at one side of
the detector component 12, with the reservoir opening
sealed and closed by a window or viewing panel 20. The
viewing panel 20 is
oriented to provide an unobstructed view of the apertured
plate 18 within the reservoir 16. In one embodiment the
viewing panel 20 is optically transparent to permit direct
visualization of the surface of the apertured plate.
[0023] The sensor chip or apertured plate 18 may be
supported by a plate mounting 28, formed around the
perimeter of the plate, that is trapped between the two
body halves 15a, 15b when they are coupled together.
A seal 29 may be provided on one or both sides of the
plate mounting 28 to ensure a fluid-tight seal between
the two chambers 16a, 16b. Details of the apertured plate
are shown in FIGS. 3-4. In particular, the plate 18 includes
an upper surface 51 and a plurality of micro-sized aper-
tures or openings 50 defined therethrough. In one em-
bodiment the openings are generally uniformly sized and
have a largest effective dimension d that is less than the
smallest effective dimension of a target cell T (FIG. 4)
that is to be detected. Moreover, the smallest effective
dimension d of the plate openings is greater than a largest
effective dimension of magnetic recognition elements M.
For the purposes of the present disclosure, the term
"effective dimension" refers to a dimension of a particular
element measured along a particular axis. For a circular
opening in the plate or a spherical magnetic bead, the
smallest and largest effective dimensions are the same
and are simply the diameter of the opening or bead. For
an oblong opening, the largest effective dimension is the
length of the opening along its long axis, while the small-
est effective dimension is the width along the short axis.
The target cells may not exhibit a uniform three-dimen-
sional shape, (such as a sphere) so the cell will have a
different dimension depending upon the axis of meas-
urement. For cells of this type, the term "smallest effective
dimension" refers to the smallest of those measure-
ments. Thus, the relative effective dimensions of the plate
openings are such that a magnetic bead can always pass
through any opening no matter how the bead is oriented,
while a target cell can never pass through any opening
regardless of how it is oriented.
[0024] The microfiuidic system 10 is configured to de-
tect and isolate target cells T that are bound to recognition
elements M. Thus, the fluid source S holds a sample fluid
that contains target cells, for instance a blood sample of
a patient that contains circulating tumor cells (CTCs) or
a sample that has exemplary tumor cell lines such as
lymph node carcinoma of the prostate cells (LNCaP) or
ovarian cancer cells (IGROV). The fluid sample further

contains recognition elements in the form of magnetic
beads M that bind to the target cells. Details of the target
cells and recognition elements will follow, but with respect
to the openings 50 in plate 18 it can be appreciated that
the size of the openings is calibrated so that any free
magnetic beads M (i.e., beads that have not bound to a
target cell T) will pass freely through the opening, such
as the beads Mx on the right side of the plate in FIG. 4.
On the other hand, the openings 50 are sized so that the
target cells T cannot pass therethrough, with or without
any magnetic beads bound thereto, such as beads MB.
[0025] The significance of the magnetic beads M can
be appreciated by referring back to FIG. 2. In particular,
the body 15 of the detector component 12 includes a
magnet 32 mounted within a cavity 31 beneath the sec-
ond chamber 16b. In particular, the magnet 32 is posi-
tioned so that the magnetic force attracts magnetic beads
M within the first chamber 16a toward the apertured plate
18. It is this magnetic force that pulls the free magnetic
beads MX through the openings 50, as illustrated in FIG.
4, even while the beads are under the influence of a fluid
flow F that is substantially parallel to the surface 51 of
the plate 18. This same magnetic force also attracts
beads MB that are bound to a target cell T, which are also
under the influence of the parallel fluid flow F. However,
since the target cell T is too large to pass through any
opening the magnetic force serves to hold the bound tar-
get cell against the surface 51 of the apertured plate 18.
In certain instances the target cell T is large enough rel-
ative to the magnetic beads M to have several beads MB
bound to the cell. As depicted in FIG. 4, some of the
bound beads MB extend partially into an opening 50. The
beads MB are held within the opening by the magnetic
force, which not only holds the bound target cell T to the
plate surface 51 but also restrains or "locks" the cell
against translating along the surface or being washed
away under the influence of the fluid flow F. Thus, the
bound beads MB not only capture target cells but also
help prevent the captured target cells from bunching up
or collecting at the outlet end of the first chamber 16a.
[0026] The magnet 32 is calibrated relative to the mag-
netic beads M to exert a magnetic force sufficient to pull
the beads toward the apertured plate but not so strong
as to break the bound beads MB away from a target cell
T captured on the plate surface 51. The magnetic force
is also sufficiently strong to pull the beads and target cells
out of the fluid flow F that tends to propel the beads and
cells in a flow path parallel to the surface 51 of the sensor
chip plate 18. In a specific example the magnet is a Nd-
FeB Cube Magnet (about 5x5x5mm) with a measured
flux density and gradient of 0.4 T and 100 T/m, respec-
tively. Other magnets are envisioned including but not
limited to larger or smaller permanent magnets made of
various materials, and electromagnets that are commer-
cially available or manufactured using standard or micro-
fabrication procedures and that are capable of generating
time-varying magnetic fields. In the illustrated embodi-
ment of FIG. 2 the magnet 32 is housed within a cavity
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31 formed in the bottom half 15b of the housing. However,
the magnet may be affixed to or supported relative to the
outside of the detector component 12 provided that it is
oriented in a manner to draw the magnetic beads M from
the first chamber 16a to the second chamber 16b. It is
further contemplated that the magnet 32 may be associ-
ated with the detector body 15 so that the distance of the
magnet from the apertured plate 18 may be varied to
thereby vary the magnetic force applied to the magnetic
beads in the first chamber 16a. The magnetic force may
thus be calibrated to a particular magnetic bead. In ad-
dition, the magnet 32 may be moved to remove the mag-
netic force entirely according to a flow protocol for the
micro fluidic system 10. Removal of the magnetic field
can facilitate the removal of captured target cells from
the plate surface so that the target cells may be trans-
ported or flushed to a separate collection vessel CC.
[0027] In another embodiment, a magnetic field may
be applied from the top of the detector component 12 or
directly above the surface 51 of the sensor chip plate 18.
This magnetic field may thus "levitate" the captured target
cells off the surface 51 to further facilitate their removal.
It is contemplated in this embodiment that the magnetic
field of the magnet 32 is disrupted as described above
so that the magnetic field applied from the top of the com-
ponent does not "compete" with the original capturing
magnetic field.
[0028] As explained above, the pump(s) 40 (41) and
the valves V1-V5 are controlled according to a flow pro-
tocol adapted to; a) prepare the detector component 12
to receive a fluid containing bound target cells; b) capture
the bound target cells; c) flush unbound magnetic beads;
and d) extract captured target cells. In a first step of the
protocol, the system is primed with an non-reactive or
buffered solution from source B. The solution from source
B is preferably non-reactive to the target cells T, to the
recognition elements or magnetic beads B, and to any
ligands, antibodies, aptamers, peptides, low molecular
weight ligands, or antigens used to functionalize and bind
the recognition elements. In a specific embodiment the
solution may be a phosphate buffered saline (PBS). Re-
ferring to FIGS. 1A and 5A, the reservoir 16 is initially
flooded with PBS by opening valve VI, moving valve V4
to close the bypass line 44 but open the flow path to the
collection container BC, and moving valve V2 to close
the inlet conduit 35 to the sample source S and open the
conduit to the bypass line 42. Valves V3 and V5 are
closed so that all of the fluid exiting the detector compo-
nent 12 is fed to the buffer collection container BC. The
buffered solution PBS flows freely through both cham-
bers 16a, 16b and through the apertured plate 18 so that
all fluid flows through the second outlet channel 26 and
second outlet 14b into outlet conduit 39 and collection
container BC. In certain embodiments it may be desirable
to open valve V5 to pump PBS from chamber 16a into
collection vessel CC in order to avoid any pressure in-
crease within the chamber. The pump 41 is thus activated
to control the flow of PBS through both flow segments

13, 14. In the alternative configuration of FIG. IB, the
pump 40 provides the motive force for fluid flow with the
valve V6 open to both outlets 13b, 14b but with pump
discharge to only the second outlet conduit 39. It can be
appreciated that this initial flow of PBS through the sys-
tem will purge the air from the reservoir and channels.
[0029] With the detector component primed, the buff-
ered solution fluid circuit is deactivated by closing the
valves VI and V4, closing the bypass line 42 at valve V2,
and deactivating pump 41. The first chamber 16a is now
ready to receive the sample fluid from source S by open-
ing valve V2 to the inlet conduit 35 and valve V5 to the
collection vessel CC, as illustrated in FIG. 5B. Pump 40
is activated to draw the sample fluid from the source S
through the detector component 12, and more particu-
larly to pull the sample fluid through the first inlet 13a into
the first chamber 16a. The magnet 32 is activated to pull
the magnetic beads M to the apertured plate 18, as de-
picted in FIG. 4. It can be appreciated that the rate of flow
F of the sample fluid is calibrated so that the fluid pressure
does not overcome the magnetic force. By way of non-
limiting example, the pump 40 may be configured to pro-
duce a flow rate of several mLs/min, which is significantly
faster than the mLs/hour rates of prior microfluidic sys-
tems. In one specific embodiment the inlet and outlet
channels 22, 23 may have a smallest effective dimension
of
0.5mm so that a 1 mL/min flow rate may generate a linear
flow velocity of about 3 mm/sec in the channels and about
0.7 mm/sec through the reservoir 16. These linear veloc-
ities are nearly 100 fold lower than velocities believed to
cause damage to target cells T. However, at this flow
rate a typical 7.5 ml fluid sample may pass through the
detector component 12 in 7.5 minutes or less. Similarly,
a 3 mL/min flow rate would indicate a passage of a 7.5
mL sample in about 2.5 minutes.
[0030] The target cells and magnetic beads are under
the influence of fluid flow that attempts to wash them
away from the sensor chip surface as well as a magnetic
force that attempts to draw them to the chip surface. The
magnetic force produced by the magnet 32 can thus be
calibrated to counteract the influence of the fluid flow F.
In other words, a greater flow rate may be accomplished
by increasing the magnetic force, since a greater force
is required to dislodge the cells and beads from the fluid
flow. A limiting factor to the strength of the magnetic field
generated by the magnet 32 is that the magnetic force
cannot be great enough to disassociate the magnetic
beads B from the bound target cells T or great enough
to damage the target cell as the beads are pulled by the
magnetic force.
[0031] As the fluid sample flows through the first cham-
ber 16a the magnet attracts the recognition elements M
to the plate 18 and lower second reservoir 16b. As ex-
plained above, most of the unbound beads MB will pass
through the openings 51 and into the lower reservoir 16b
where they are held in place by the magnetic force. Like-
wise, the bound target cells T will be captured against
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the surface 51 of the apertured plate 18 so long as the
magnetic force is present. The remaining sample fluid,
less the captured target cells, may be delivered to the
collection vessel CC. Alternatively, the valve V5 may be
closed and the valve V3 opened to allow the sample fluid
discharged from outlet 13b to be returned to the inlet 13a
via bypass line 43, as reflected in the diagram of FIG.
5C. The use of the bypass can account for any bound
target cells or any unbound magnetic beads that escape
capture within the reservoir 16. The sample fluid may be
continuously recirculated for a period of time deemed
sufficient to capture all of the bound target cells.
[0032] It can be appreciated that at the end of the this
second stage of the flow protocol all or at least a majority
of the bound target cells T in the sample fluid have been
captured against the surface 51 of the apertured plate
18 within the upper first chamber 16a. Likewise, all or at
least a majority of the unbound magnetic beads RB have
been pulled through the openings and are collected in
the lower second chamber 16b. The captured target cells
are thus available for viewing through the viewing panel
20 in order to count the number of target cells, for in-
stance. It is contemplated that in a typical procedure the
target cells will be rare or at an extremely low concentra-
tion within a sample (e.g., CTCs in a blood sample). Thus,
the number of captured cells may be very low but easily
discernible on the apertured plate. In one approach the
captured cells may be viewed by bright-field microscopy.
In addition, the captured cells may be further labeled with
fluorescent reporters and visualized using fluorescent
microscopy. Alternatively or in addition, the magnetic
beads may be functionalized with a visual indicator, such
as with fluorescent labeling. The magnetic beads may
be visualized using fluorescence microscopy. Since the
target cells are typically bound to a number of magnetic
beads the fluorescent image of the beads will reveal the
presence of the bound target cells. An example of cap-
tured target cells is shown in the bright- field microscopy
image in FIG. 6. In this image the captured cells are clear-
ly visible. The cells are MCF-7 (breast cancer cells) that
are bound to magnetic beads functionalized with anti-
EpCAM antibodies in a known manner. It can be noted
that while the great majority of the several million un-
bound magnetic beads in the sample passed through the
plate openings, some unbound magnetic beads are also
present on the plate surface. However, it is apparent that
the presence of these few beads does not interfere with
a clear view of the captured target cells. In the specific
example shown in FIG. 6 the openings have a diameter
(or smallest effective dimension) of 5 mιη and the mag-
netic beads have a diameter of 300 nm.
[0033] In order to improve visualization of the collected
cells, the reservoir may be washed to eliminate the sam-
ple fluid and other cells that might visually interfere. In
this instance, the magnetic field is maintained while the
buffered solution from source B is flowed through the
upper and lower portions of the reservoir. The washing
cycle may be conducted in the same manner as the ini-

tially preparation cycle described above, namely by
opening the two chambers 16a, 16b to the PBS solution,
closing the valve V5 and opening the valve V4 to the
buffer collection vessel BC. Since the magnet remains
in position during this washing cycle the target cells will
remain captured on the apertured plate within upper
chamber 16a and the unbound magnetic beads will re-
main collected within the lower chamber 16b.
[0034] The microfluidic system 10 disclosed herein is
also capable of collecting the captured target cells T as
well as recovering the magnetic beads M. In one ap-
proach, the buffered solution (PBS) is flowed only
through the upper first chamber 16a with the magnetic
field removed. Thus, as shown in the diagram of FIG. 5D,
the valve VI is controlled to close flow to the inlet 14a but
open to conduit 35 and valve VI. Valve VI is controlled
to prevent flow from the source S but accept the PBS
flow from source B. Valves V3 andV4 are closed but valve
V5 is open to the collection vessel CC. In the absence
of the magnetic field the bound target cells are easily
dislodged from the apertured plate. The flow of PBS can
wash the target cells through the outlet conduit 23 and
into a collection vessel CC. Since the second inlet 14a
and outlet 14b are closed there is no fluid flow through
the lower second chamber 16b. Thus, the collected
beads M remain pooled at the bottom of the reservoir 16
even as the target cells are washed away. Alternatively,
the magnetic field may be adjusted to reduce the mag-
netic force experienced by the bound target cells to a
level sufficient to be overcome by fluid pressure from the
PBS flowing through the upper chamber 16a. Since the
pooled unbound beads in the lower chamber are closer
to the magnet, the magnetic force is sufficient to hold the
beads in place. Once the target cells have been removed
and collected the magnetic field can be removed and
valves VI and V4 opened to flow PBS through the lower
chamber to wash the unbound beads into the collection
vessel BC. Alternatively, the valve V4 can be activated
to open the bypass line 44 to redirect the unbound beads
back to the sample source S. In this instance the unbound
beads may be incubated to bind with any previously un-
bound target cells in the original source S or additional
sources Si.
[0035] As previously described, the microfluidic sys-
tem 10 may include additional detector components 12i
that may be brought on line by via the valve V5. In certain
protocols is may be contemplated that the sample fluid
will flow continuously from the first detector component
12 to each successive detector component 12i before
flowing to the collection vessel CC.
[0036] It is contemplated that the conduits and valves
be formed of chemically inert materials. In a specific ex-
ample the conduits 35, 36, 38, and 39, and the bypass
lines 42-44 may be tubing such asl/16 inch Cole-Parmer
type tubes or other chemically-inert tubing. In certain pro-
cedures the source of target cells may be a conventional
7.5 mL whole blood sample in which the targeted cells
have already been bound to recognition elements, such
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as magnetic beads. For a typical flow protocol, the buffer
source B may be a 10 mL PBS reservoir or larger. In
certain procedures the sample may be a processed blood
sample in which the red blood cells have already been
removed by means of lysing or by means of commercially
available tubes, such as BD Vacutainer Cell Preparation
Tubes. In other procedures the sample may be other bod-
ily fluids such as urine, or may be water or other fluid
samples collected from environmental or industrial
sources.
[0037] In one embodiment the top and the bottom
halves 15a, 15b of the detector component body 15 are
machined out of acrylic and fastened by screws in a man-
ner that sandwiches the apertured plate 18 and seal ring
29 to form a fluid tight seal between the chambers. How-
ever, other manufacturing and material are also envi-
sioned, including but not limited to molded plastic formed
in a plastic molding operation.
[0038] In one embodiment, the sensor chip apertured
plate 18 is about a 15mm by 15mm silicon-on-insulator
(SOI) wafer having a thickness of about 0.5 mm. The
openings 50 may be limited to a predetermined active
area of the detector component of about 10mm by 10mm.
The array of openings (such as checker-board arrange-
ment) may be defined on the wafer using lithography and
then the holes formed by reactive ion etching of the front
side of the wafer. Individual sensor chips may be defined
by reactive ion etching of the back side of the wafer fol-
lowed by HF etching of the insulating oxide. Alternatively,
grooves may be defined using lithography and etched
into the front side of a silicon wafer by reactive ion etching
followed by coating with a thin layer of nitride. The nitride
on the backside of the wafer can be patterned using li-
thography etched to define individual chips. Finally, the
silicon wafer can be etched in the opening array pattern
using reactive ion etching or potassium hydroxide, and
the remaining nitride layer can be removed by etching.
As discussed above, the openings have a smallest ef-
fective dimension that is sufficiently small to trap target
cell-bound magnetic beads, yet sufficiently large to allow
free magnetic beads that are not bound to the target cells
to pass therethrough. In a specific example, the target
cells are CTCs, so the openings need to be
smaller than the targeted CTCs but larger than the beads.
For example, the average size of a lymph node carcino-
ma of the prostate cells (LNCaP) or ovarian cancer cells
(IGROV) is about 20 mιη while the size of a certain type
of magnetic bead may be about 1 mιη. Hence, 3 mιη
openings will be large enough to easily pass a free bead
but too small to let a CTC through. In a specific embod-
iment, the openings may be provided at about 30% pack-
ing density, which can result in about 14 openings un-
derneath a 20 mιη cell. Furthermore, if each cell is bound
by multiple magnetic beads (as depicted in FIG. 4), each
bead is pulled by the magnetic force so that the target
cell is pulled down in multiple locations, making it even
more difficult for a cell to pass through a single opening.
The openings are also configured to trap the cell-bound

magnetic beads to "lock" the target cells from moving
horizontally, preventing them from being washed away
from the surface of the plate by the fluid flow. In the em-
bodiment illustrated in FIGS. 3-4, the openings 50 are
shown as having a circular or cylindrical with a diameter.
However, the openings may have other shapes, such as
a conical bore or an oblong opening in the direction of
the fluid flow F provided that the smallest effective di-
mension of the opening meets the dimensional require-
ments set forth above. In an alternative embodiment, the
plate 18 may be configured with micro-grooves each hav-
ing a width equal to the smallest effective dimension d
discussed above sized so that the target cells cannot
enter the micro-grooves but the much smaller magnetic
beads can.
[0039] The apertured plate 18 may be coated or pas-
sivated with a physiologically inert material, such as bo-
vine serum albumin (BSA) or poly ethylene glycol (PEG).
Since the system according to the present disclosure
does not utilize chemical binding between a functional-
ized target cell and the plate, the surface of the plate can
be, and is preferably, non-reactive.
[0040] In accordance with the present disclosure, the
target cell-to - magnetic bead binding is the only aimed
affinity binding step, since the detector component 12
does not rely on chemically binding the target cells to a
portion of the component. Magnetic beads are function-
alized in many conventional ways, including with appro-
priate monoclonal or polyclonal antibodies (including but
not limited to EpCAM antibodies), aptamers or short pep-
tides that can bind to specific target cells. In an alternative
functionalization strategy, low molecular weight ligands
(e.g. 2-[3-(I, 3-dicarboxy propyl)-ureido] pentanedioic ac-
id or "DUPA" for prostate cancer cells, and folic acid for
ovarian cancer cells or other cancer cells that over-ex-
press the folate receptor on their surfaces including lung,
colon, renal and breast cancers) are used to promote
binding to certain cells, most particularly CTCs. Specifi-
cally, low molecular weight ligands (e.g. DUPA and
folate) can be produced with a functional group (amino,
n-hydroxy succinamide (NHS), or biotin depending on
the functional group on the magnetic bead to be used)
with a PEG chain in between the low molecular weight
ligand and the functional group to suppress nonspecific
binding to the beads.
[0041] Functionalized beads are available from a va-
riety of vendors with chemically reactive groups. Mag-
netic beads are also available in a wide range of sizes
(from IOOnm to 5 mιη, for example) that can be selected
based on the dimensions of the target cell to which the
beads are bound. In one embodiment NHS-coated 1 mιη
beads can be the starting point from Chemagen. For
these beads, the PEG chain will be terminated with an
amino group for covalent linkage to the NHS group on
the bead. The beads can also be tested from other ven-
dors with other functional groups, and can be terminated
with the PEG chain and functional group accordingly. The
beads can also be functionalized with fluorescent mole-
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cules using the appropriate chemistry for the functional
group. For the example of a low molecular weight ligand,
DUPA-PEG-amine
and folate-PEG-amine molecules can be synthesized
which can be reacted with the beads before fluorescent
labeling. Thereafter, the desired amount of reactive flu-
orescent dye (fluorescein, for example) can be reacted
with the beads, after which residual NHS groups (or other
activated moieties on the beads) can be passivated by
reaction with glucosamine (or another appropriate mol-
ecule for neutralizing the activated moiety on the beads).
The ratio of folate-PEG-amine or DUPA-PEG-amine to
fluorescent dye and passivating molecule can be opti-
mized, as needed. Similarly, antibodies (such as the ep-
ithelial cell adhesion molecule or "EpCAM") can be im-
mobilized on beads. One commercially available exam-
ple, in which the functionalized magnetic beads are mag-
netic beads functionalized by attachment to a monoclonal
antibody against the human Epithelial Cell Adhesion Mol-
ecule (EpCAM), such as Dynabeads® Epithelial Enrich,
commercially available from Invitrogen. For example an-
tibodies can be covalently linked to NHS-coated beads,
or can be linked to streptavidin-coated beads via a biotin.
Various other functionalization schemes can also be
used including but not limited to carboxyl groups, thiols,
and silanes. Alternatively, the beads may only have the
recognition elements to bind and trap the cells on the
plate surface but lack the fluorescent reporters which
could be introduced separately to bind directly to the cap-
tured cells. In one procedure, fiuorescently labeled anti-
bodies (e.g. cytokeratin), low molecular weight ligands,
peptides or aptamers can be separately exposed to the
captured cells.
[0042] The microfiuidic system 10 and detector com-
ponent 12 disclosed herein are particularly suited to de-
tection of cancer cells bound to magnetic beads. Many
techniques are available for functionalizing and binding
magnetic beads to target cells such as CTCs. Exemplary
procedures are disclosed in the published the following
publications: T. Mitrelias, et ah, "Biological cell detection
using ferromagnetic microbeads," Journal of Magnetism
and Magnetic Materials, vol. 310, pp. 2862-2864, Mar
2007; N. Eide, et al., "Immunomagnetic detection of mi-
crometastatic cells in bone marrow in uveal melanoma
patients," Acta Ophthalmologica, vol. 87, pp. 830-836,
Dec 2009; Yu et al., "Circulating tumor cells: approaches
to isolation and characterization", The Journal of Cell Bi-
ology, Vol. 192, No. 3, pp. 373-382 (Feb. 7, 2011); Hayes
& Smerage, "Circulating Tumor Cells", Progress in Mo-
lecular Biology and Translational Science, Vol. 95, 2010,
pp. 95-112; Alexiou et al., "Medical Applications of Mag-
netic Nanoparticles", Journal of Nanoscience and Nan-
otechnology, Vol.6, 2006 ,pp. 2762-2768; and Ito, et al,
"Medical application of functionalized magnetic nanopar-
ticles", Journal of Bioscience and Bioengineering, Vol.
100, 2005, pp. 1-11.
[0043] Publications disclosing exemplary procedures
for synthesis and modification of folate and DUPA are

identified in the Appendix. Any of the procedures and
methods disclosed in these publications may be suitable
for binding magnetic beads to select CTCs that may be
subsequently captured by the detector component 12
disclosed herein. Functionalization of magnetic beads
with folate is fully described in references listed in the
Appendix, therefore one having ordinary skill in the art is
enabled to functionalize similar magnetic beads with
DUPA as further described in the listed references. The
DUPA molecule itself is also fully described in references
listed in the Appendix and elsewhere in this specification.
[0044] The ability to attract bead-bound cancer cells
to a solid surface (i.e., without any openings) has been
verified in experiments using MCF-7 cells (breast cancer
cell line) attached to magnetic beads via EpCAM anti-
bodies. The target cells were flowed with volumetric flow
rates higher than 2 mL/minute and were successfully
magnetically attracted to the solid surface during the flow.
The target cells have a smallest effective dimension of
about 20 mιη so in another experiment the target cells
were flowed over a plate having openings with an effec-
tive diameter of 5 um. Intact cancer cells were observed
on the plate using dual surface (cytokeratin) and nuclear
(DAP I) staining. In these experiments 9 out of 10 target
cells were detected in a 12 mL sample, for a 90% cell
recovery.
[0045] The operation microfluidic detection system 10
disclosed herein can be controlled through a master con-
troller 45. The controller may be a microprocessor con-
figured to follow a controlled flow protocol according to
a particular target cell, recognition element and sample
size. The master controller may incorporate a reader to
read indicia associated with a particular sample or sam-
ples, and automatically upload and execute a predeter-
mined flow protocol associated with the particular sam-
ple.
[0046] The controller 45 may also be configured to al-
low user-controlled operation. For instance, the flow rate
for a particular target cell-magnetic bead combination
can be optimized by increasing the flow rate of a bound
target cell sample until it is no longer possible to attract
beads to the surface 51 of the apertured plate 18. The
continuous operation of the system may be directly ob-
served through the visualization window to determine
whether a flow bypass is required or whether the detec-
tion process is complete.
[0047] In the illustrated embodiments the magnetic
beads are described may be functionalized with a fluo-
rescent marker. In these embodiments the apertured
plate 18 is generally opaque so fluorescence signals
coming from the unbound beads MB in the bottom cham-
ber 16b will not be detected through the viewing panel
20. However, in cases some free beads may remain on
the surface 51 and produce fluorescence signals that can
confuse the visualization. In these cases the beads can
be functionalized only with ligands and not with fluores-
cent markers. After the sample has been fully processed
and the target cells captured on the apertured plate 18,
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fluorescent-tagged ligands may be introduced separately
into the reservoir to bind to the target cells directly. The
target cells can then be easily observed through the vis-
ualization panel 20. With this modified approach, in some
cases the plate 18 can be devoid of any micro-apertures
since the target cells on the plate surface can be readily
differentiated from unbound magnetic beads by means
of fluorescence.
[0048] In the detection process, the lower chamber 16b
can be flooded with a minute amount of buffer or blood,
after which here is no fluid flow through the lower cham-
ber until the detection is complete. Fluid diffusion through
the openings 50 between the upper and lower chambers
16a, 16b will be minimal since this micro fluidic detection
system 10 is not based on a pressure-driven flow.
[0049] CTCs from blood samples of patients of various
cancers, including but not limited to prostate, ovarian
breast, colon, renal and lung cancers, can be detected
since many cancer cells express certain molecules or
antigens on their surfaces which can be targeted with
various recognition elements, including but not limited to
antibodies (e.g., EpCAM), aptamers, low molecular
weight ligands (e.g., folate and DUPA) and peptides. The
beads can be functionalized as previously described
(e.g., DUPA for prostate cancer cells, and folate end Ep-
CAM for ovarian, breast, colon, renal and lung cancer
cells) and then incubated and mixed with the sample fluid
for 20-30 minutes. This incubation time may be longer or
shorter depending on the number of beads used, sample
volume and the number of target cells sought. For in-
stance, seeding the sample with a larger number of beads
increases the chance that a target cell will "find" a mag-
netic bead and bind. If there are multiple samples, incu-
bation of all samples can be carried out simultaneously.
The analysis of the sample fluid by the present detection
system, and the sequence of sample fluid and buffer
flows can be carried out as described herein. Aliquots of
the captured cancer cells can be stained with additional
recognition elements, such as antibodies to cytokeratins
and EpCAM to assure that the cells retained by the de-
tector component are indeed cancer cells. Furthermore,
a preliminary indication of whether CTC numbers corre-
late with the stage of the disease of the sample donor
can be ascertained. While the disclosed system is not
limited to a particular type of cancer, prostate and ovarian
cancer cells are especially mentioned herein as models
for the system because both diseases can have vague
symptoms resulting in confusing biomolecular tests, and
both can benefit from a reliable, fast and sensitive CTC
test. For example prostate cancer can have symptoms
similar to benign prostatic hyperplasia. PSA biomarker
tests can be confusing due to both false positives and
false negatives. Similarly, ovarian cancer can have
vague symptoms and may be detected as late as stage
III or IV.
[0050] In comparison with a number of studies which
successfully used magnetic beads to manually separate
a wide variety of cells (from pathogens to T cells to CTCs)

from complex samples, the approach according to the
present disclosure advantageously offers separation-
and-detection, faster analysis and the ability to harvest
the captured cells and make them available for other
types of analyses, including but not limited to genetic
analysis. Furthermore, in
comparison with giant magneto resistive (GMR) or spin-
valve sensors which are known to a person of ordinary
skill in the art (made of multiple nanolayers with precisely-
controlled thicknesses) that can detect magnetic beads,
the present approach advantageously is more robust,
easy to construct and use, and offers much higher
throughput. The system according to the present disclo-
sure also offers a significant advantage over size-based
cell entrapment assays which force the cells through mi-
cron-sized cavities by fluidic pressure. These assays can
suffer from clogging of the cavities (since all entities in
the sample are forced to pass through the cavities), or
trapping of other entities similar in size to target cells, or
complete passage and hence loss of target cells through
the cavity.
[0051] The source S may include target cells that have
already been bound to recognition elements, as well as
magnetic beads. Alternatively the source may initially
contain a sample fluid, such as a whole blood specimen,
to which magnetic beads are added and allowed to incu-
bate. Since the target cells are rare or at a low concen-
tration, it is desirable to seed the specimen with millions
of functionalized magnetic beads. For instance, in one
approach 100 million beads are provided for each mL of
whole blood specimen. A twenty minute incubation time
has been found to be sufficient to bind rare CTCs. The
system 10 may be primed as described above during the
incubation period since the sample source S is not in-
volved in the fluid flow during this step. Once the incu-
bation period is complete the flow protocol for detecting
the target cells described above may be implemented.
Alternatively, as described above, the sample provided
may be a blood sampled processed by a combination of
commercial cell preparation tubes and centrifugation in
order to discard red blood cells which are usually not
sought during a CTC detection. Alternatively, the sample
may be a processed blood sample wherein the red blood
cells have been lysed using a red blood cell lysis buffer.
[0052] It is contemplated that the system 10 may be
modified for incorporation into a dialysis or dialysis-type
system. In this instance, functionalized magnetic beads
may be injected into the patient’s blood stream prior to
dialysis. Rather than flowing into a collection vessel CC
the blood flowing through the detector component 12 or
detector components 12i is returned to the dialysis. A
magnetic collection element may be incorporated at the
system output to capture all unbound magnetic beads
and bound cells that have not been collected within the
detector component(s).
[0053] Those skilled in the art will recognize that nu-
merous modifications can be made to the specific imple-
mentations described above. Therefore, above disclo-
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sure is not to be limited to the specific embodiments il-
lustrated and described above. The description as pre-
sented and as they may be amended, encompass vari-
ations, alternatives, modifications, improvements, equiv-
alents, and substantial equivalents of the embodiments
and teachings disclosed herein, including those that are
presently unforeseen or unappreciated, and that, for ex-
ample, may arise from
applicants/patentees and others.
[0054] For instance, in the exemplary embodiments
particular biological cells, such as CTCs, are described
as being captured by the detector component 12 of the
microfluidic detection system 10. Other entities, including
particles or similar bodies, in the micrometer (mιη) size
range may also be detected and captured by the system
disclosed herein, provided the particles or bodies can
bind to one or more recognition elements, such as the
magnetic beads described herein.
[0055] Furthermore, the apertured plate 18 is depicted
as being generally parallel with the lower half 15b of the
detector component base 15. Alternatively the plate may
be angled toward the outlet channel 23 so that captured
target cells tend to accumulate from the outlet end and
fill in toward the inlet end. An angled plate may also fa-
cilitate passage of the unbound magnetic beads into the
lower chamber 16b by inducing a translation along the
surface 51 of the plate.
Moreover, the plate 18 is shown as generally planar, al-
though other configurations are contemplated that facil-
itate capturing target cells and passage of unbound
beads.
[0056] The magnet 32 is described herein as a perma-
nent magnet with the application of the magnetic field
controlled by moving the magnet. The magnetic field may
be manipulated by an adjustable shield disposed be-
tween the magnet and the reservoir 16. The shield may
be used to completely block the magnetic field or to re-
duce the field as necessary. Alternatively the
magnet may be an electromagnet that can be controlled
by the controller 45 to activate or de-active the magnetic
field or adjust the strength of the field. The controller may
also modulate the magnetic field during a detection cycle
to facilitate capturing the target cells and drawing the
unbound magnetic beads into the lower chamber.
[0057] In a further alternative the magnet 32 may in-
clude multiple magnets arranged in a predetermined pat-
tern to facilitate counting cells captured on the apertured
plate 18. Thus, in one embodiment several magnets may
be arranged in parallel strips so that the captured cells
appear in several lines.
[0058] In the fluid flow protocols described above, the
target cells are flushed from the detector component 12
in one step. Alternatively the cells may be retained on
the apertured plate and the plate itself removed from the
detector component. In this alternative the magnetic can
remain in position as the upper body half 15a is removed
to provide access to the apertured plate. The lower body
half 15b may be transported with the apertured plate and

magnet intact and mated with another body half for further
procedures.

Claims

1. A microfluidic detection system (10) for detection of
target entities in a fluid containing a quantity of mag-
netic beads and a quantity of target entities bound
to one or more magnetic beads, in which each target
entity bound to a magnetic bead has a smallest ef-
fective dimension greater than a largest effective di-
mension of each magnetic bead, the system com-
prising:

a pump (40, 41);
a magnet (32), and a detector component in-
cluding:

a body (15) defining a reservoir (16); and
a plate (18) disposed within said reservoir
and separating said reservoir into a first
chamber (16a) and a second chamber
(16b), said plate defining a plurality of open-
ings (50) therethrough, each opening hav-
ing an effective dimension sized to permit
passage of the largest effective dimension
of each magnetic bead and further sized to
prevent passage of the smallest effective
dimension of each target entity;

wherein said first chamber of said reservoir has
a first inlet (13a) and a first outlet (13b), wherein
said first inlet is fluidly connectable to a source
of the fluid containing the target entities;
wherein the magnet is affixed to or supported
relative to the outside of the detector component
and disposed relative to said reservoir so that
said second chamber of said reservoir and said
plate are situated between said magnet and said
first chamber of said reservoir, wherein said
magnet is configured to generate a magnetic
force sufficient to attract magnetic beads in said
first chamber of said reservoir to said second
chamber of said reservoir; and
wherein the pump is suitable for flowing the fluid
from the source of the fluid containing the target
entities through said first chamber of said res-
ervoir.

2. The microfluidic detection system of claim 1, wherein
said detector component includes a viewing panel
forming part of said first chamber of said reservoir
and arranged to view the surface of said plate
through said first chamber, for example, wherein said
viewing component is an optically transparent glass.

3. The microfluidic detection system of claim 1, wherein
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said first inlet and said first outlet include channels
defined in said body in communication with said res-
ervoir, said channels arranged at a non-planar angle
relative to said reservoir.

4. The microfluidic detection system of claim 1, wherein
said body includes a portion defining at least part of
said second chamber of said reservoir, said portion
further defining a cavity with said magnet mounted
within said cavity.

5. The microfluidic detection system of claim 1, wherein
said pump is connected to said first outlet, and op-
tionally wherein said pump includes:

an inlet connected to said first outlet; and
an outlet connected to a fluid line connectable
to a fluid vessel.

6. The microfluidic detection system of claim 1, wherein
said second chamber of said reservoir includes a
second inlet and a second outlet, said second inlet
fluidly connectable to a source of non-reactive fluid
different from said fluid containing the target entities.

7. The microfluidic detection system of claim 6, wherein
said pump includes:

an inlet connected to said first outlet and to said
second outlet; and
an outlet connected to a fluid line connectable
to a first vessel for receiving fluid pumped
through said first outlet and to a separate second
vessel for receiving fluid pumped through said
second outlet, and optionally wherein the micro-
fluidic detection system further comprises
a first controllable valve disposed between said
first and second outlet and the inlet of said pump
and
a separate second controllable valve disposed
between said outlet of said pump and said first
and second vessels.

8. The microfluidic system of claim 6, further compris-
ing an outlet conduit connected to said second outlet
and connectable to a vessel for receiving fluid
pumped through said second outlet, and optionally
wherein the microfluidic system further comprises a
bypass line connected to said second outlet and flu-
idly connectable to the source of the fluid containing
the target entities, and a controllable valve disposed
between said outlet conduit and said bypass line for
selectively directing fluid pumped through said sec-
ond outlet to either said bypass line or the vessel.

9. The microfluidic system of claim 1, further compris-
ing:

an outlet conduit connected to said first outlet
and connectable to a fluid vessel for receiving
fluid pumped through said first outlet;
a bypass line disposed between said outlet con-
duit and said first inlet; and
a controllable valve for directing fluid flowing
through said first outlet to either the fluid vessel
or said bypass line.

10. The microfluidic detection system of claim 1, wherein
the surface of said plate within said first chamber is
provided with a physiologically inert coating.

11. A method for detecting target entities in a fluid con-
taining a quantity of magnetic beads and a quantity
of target entities bound to one or more magnetic
beads, in which each target entity bound to a mag-
netic bead has a smallest effective dimension great-
er than a largest effective dimension of each mag-
netic bead, the method comprising:

flowing the fluid through a detector component
(12) having a first chamber (16a) of a reservoir
(16) separated from a second chamber (16b) of
the reservoir by a plate (18), the plate defining
a plurality of openings (50) therethrough with
each opening sized to always permit passage
of the largest effective dimension of each mag-
netic bead and further sized to always prevent
passage of the smallest effective dimension of
each target entity; and
applying a magnetic force beneath the plate suf-
ficient to draw magnetic beads not bound to a
target entity through the openings into the sec-
ond chamber and sufficient to hold the target
entities bound to one or more magnetic beads
against the surface of the plate within the first
chamber of the reservoir.

12. The method of claim 11, further comprising:

after the target entities have been held to the
plate surface, modifying the magnetic force to a
level sufficient to permit dislodgment of the tar-
get entities from the plate surface; and
flowing a non-reactive liquid through the first
chamber to dislodge the target entities, and op-
tionally wherein the step of modifying the mag-
netic force includes applying a magnetic force
above the plate surface to pull the target entities
from the plate surface.

13. The method of claim 11, further comprising:

after the target entities have been held to the
plate surface, modifying the magnetic force to a
level sufficient to permit dislodgment of the un-
bound magnetic beads from the second cham-
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ber; and
flowing a non-reactive liquid through the second
chamber to dislodge the magnetic beads.

14. The method of claim 11, in which the fluid is flowed
at a rate on the order of milliliters per minute.

15. The method of any one of claims 11 to 14 used for
detecting circulating tumor cells CTCs in a blood
sample of a patient, comprising obtaining a blood
sample as the fluid containing CTCs as the target
entities that have been bound to one or more func-
tionalized magnetic beads and a quantity of function-
alized magnetic beads not bound to a CTC.

Patentansprüche

1. Mikrofluidisches Detektionssystem (10) für die De-
tektion von Zielentitäten in einem Fluid, das eine An-
zahl magnetischer Kügelchen und eine Anzahl
Zielentitäten, die an eine oder mehrere magnetische
Kügelchen gebunden sind, enthält, wobei jede an
ein magnetisches Kügelchen gebundene Zielentität
eine kleinste effektive Abmessung hat, die größer ist
als eine größte effektive Abmessung jedes magne-
tisches Kügelchens, wobei das System Folgendes
umfasst:

eine Pumpe (40, 41);
einen Magneten (32) und eine Detektorkompo-
nente, die Folgendes umfasst:

einen Körper (15), der ein Reservoir (16)
definiert; und
eine Platte (18), die innerhalb des Reser-
voirs angeordnet ist und das Reservoir in
eine erste Kammer (16a) und eine zweite
Kammer (16b) trennt, wobei durch die Plat-
te mehrere Öffnungen (50) hindurch verlau-
fen, wobei jede Öffnung eine effektive Ab-
messung aufweist, die so bemessen ist,
dass sie einen Durchtritt der größten effek-
tiven Abmessung jedes magnetisches Kü-
gelchens gestattet, und des Weiteren so be-
messen ist, dass sie einen Durchtritt der
kleinsten effektiven Abmessung jeder
Zielentität verhindert;
wobei die erste Kammer des Reservoirs ei-
nen ersten Einlass (13a) und einen ersten
Auslass (13b) aufweist, wobei der erste Ein-
lass in Strömungsverbindung mit einer
Quelle des Fluids, das die Zielentitäten ent-
hält, gebracht werden kann;
wobei der Magnet an der Außenseite der
Detektorkomponente fixiert oder relativ zu
dieser gehalten ist und relativ zu dem Re-
servoir so angeordnet ist, dass die zweite

Kammer des Reservoirs und die Platte zwi-
schen dem Magneten und der ersten Kam-
mer des Reservoirs angeordnet sind, wobei
der Magnet dafür ausgebildet ist, eine ma-
gnetische Kraft zu generieren, die aus-
reicht, um magnetische Kügelchen in der
ersten Kammer des Reservoirs zu der zwei-
ten Kammer des Reservoirs anzuziehen;
und
wobei die Pumpe zum Strömen des Fluids
aus der Quelle des Fluids, das die Zielenti-
täten enthält, durch die erste Kammer des
Reservoirs geeignet ist.

2. Mikrofluidisches Detektionssystem nach Anspruch
1, wobei die Detektorkomponente ein Sichtfenster
umfasst, das einen Teil der ersten Kammer des Re-
servoirs bildet und dafür ausgelegt ist, den Blick auf
die Oberfläche der Platte durch die erste Kammer
zu gestatten, zum Beispiel wobei die Sichtkompo-
nente ein optisch transparentes Glas ist.

3. Mikrofluidisches Detektionssystem nach Anspruch
1, wobei der erste Einlass und der erste Auslass Ka-
näle umfassen, die in dem Körper definiert sind, die
mit dem Reservoir in Verbindung stehen, wobei die
Kanäle in einem nicht-planaren Winkel relativ zu
dem Reservoir angeordnet sind.

4. Mikrofluidisches Detektionssystem nach Anspruch
1, wobei der Körper einen Abschnitt umfasst, der
mindestens einen Teil der zweiten Kammer des Re-
servoirs definiert, wobei der Abschnitt des Weiteren
einen Hohlraum definiert, wobei der Magnet inner-
halb des Hohlraums angebracht ist.

5. Mikrofluidisches Detektionssystem nach Anspruch
1, wobei die Pumpe mit dem ersten Auslass verbun-
den ist, und optional wobei die Pumpe Folgendes
umfasst:

einen Einlass, der mit dem ersten Auslass ver-
bunden ist; und
einen Auslass, der mit einer Fluidleitung verbun-
den ist, die mit einem Fluidbehälter verbunden
werden kann.

6. Mikrofluidisches Detektionssystem nach Anspruch
1, wobei die zweite Kammer des Reservoirs einen
zweiten Einlass und einen zweiten Auslass umfasst,
wobei der zweite Einlass in Strömungsverbindung
mit einer Quelle eines nichtreaktiven Fluids gebracht
werden kann, das ein anderes Fluid ist als das, das
die Zielentitäten enthält.

7. Mikrofluidisches Detektionssystem nach Anspruch
6, wobei die Pumpe Folgendes umfasst:
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einen Einlass, der mit dem ersten Auslass und
mit dem zweiten Auslass verbunden ist; und
einen Auslass, der mit einer Fluidleitung verbun-
den ist, die mit einem ersten Behälter verbunden
werden kann, um Fluid aufzunehmen, das durch
den ersten Auslass gepumpt wird, und mit einem
separaten zweiten Behälter verbunden werden
kann, um Fluid aufzunehmen, das durch den
zweiten Auslass gepumpt wird, und optional wo-
bei das mikrofluidische Detektionssystem des
Weiteren umfasst ein erstes steuerbares Ventil,
das zwischen dem ersten und dem zweiten Aus-
lass und dem Einlass der Pumpe angeordnet
ist, und
ein separates zweites steuerbares Ventil, das
zwischen dem Auslass der Pumpe und dem ers-
ten und dem zweiten Behälter angeordnet ist.

8. Mikrofluidisches System nach Anspruch 6, des Wei-
teren umfassend eine Auslassleitung, die mit dem
zweiten Auslass verbunden ist und mit einem Behäl-
ter verbunden werden kann, um Fluid aufzunehmen,
das durch den zweiten Auslass gepumpt wird, und
optional wobei das mikrofluidische Detektionssys-
tem des Weiteren eine Umgehungsleitung, die mit
dem zweiten Auslass verbunden ist und in Strö-
mungsverbindung mit der Quelle des Fluids, das die
Zielentitäten enthält, gebracht werden kann, und ein
steuerbares Ventil, das zwischen der Auslassleitung
und der Umgehungsleitung angeordnet ist, zum ge-
zielten Lenken von Fluid, das durch den zweiten
Auslass gepumpt wird, entweder zu der Umge-
hungsleitung oder dem Behälter umfasst.

9. Mikrofluidisches System nach Anspruch 1, das des
Weiteren Folgendes umfasst:

eine Auslassleitung, die mit dem ersten Auslass
verbunden ist und mit einem Fluidbehälter ver-
bunden werden kann, um Fluid aufzunehmen,
das durch den ersten Auslass gepumpt wird;
eine Umgehungsleitung, die zwischen der Aus-
lassleitung und dem ersten Einlass angeordnet
ist; und
ein steuerbares Ventil zum Lenken von Fluid,
das durch den ersten Auslass strömt, entweder
zu dem Fluidbehälter oder der Umgehungslei-
tung.

10. Mikrofluidisches System nach Anspruch 1, wobei die
Oberfläche der Platte in der ersten Kammer mit einer
physiologisch inerten Beschichtung versehen ist.

11. Verfahren für die Detektion von Zielentitäten in ei-
nem Fluid, das eine Anzahl magnetischer Kügelchen
und eine Anzahl Zielentitäten, die an eine oder meh-
rere magnetische Kügelchen gebunden sind, ent-
hält, wobei jede an ein magnetisches Kügelchen ge-

bundene Zielentität eine kleinste effektive Abmes-
sung hat, die größer ist als eine größte effektive Ab-
messung jedes magnetisches Kügelchens, wobei
das Verfahren Folgendes umfasst:

Strömen des Fluids durch eine Detektorkompo-
nente (12), die eine erste Kammer (16a) eines
Reservoirs (16) aufweist, die von einer zweiten
Kammer (16b) des Reservoirs durch eine Platte
(18) getrennt ist, wobei durch die Platte mehrere
Öffnungen (50) hindurch verlaufen, wobei jede
Öffnung so bemessen ist, dass sie immer den
Durchtritt der größten effektiven Abmessung je-
des magnetisches Kügelchens gestattet, und
des Weiteren so bemessen ist, dass sie immer
den Durchtritt der kleinsten effektiven Abmes-
sung jeder Zielentität verhindert; und
Anlegen einer magnetischen Kraft unter der
Platte, die ausreicht, um magnetische Kügel-
chen, die nicht an eine Zielentität gebunden
sind, durch die Öffnungen in die zweite Kammer
zu ziehen, und ausreicht, um die Zielentitäten,
die an eine oder mehrere magnetische Kügel-
chen gebunden sind, gegen die Oberfläche der
Platte innerhalb der ersten Kammer des Reser-
voirs zu halten.

12. Verfahren nach Anspruch 11, das des Weiteren Fol-
gendes umfasst:

nachdem die Zielentitäten an der Plattenober-
fläche gehalten wurden, Modifizieren der mag-
netischen Kraft auf einen Pegel, der ausreicht,
um ein Lösen der Zielentitäten von der Platteno-
berfläche zu gestatten; und
Strömen einer nicht-reaktiven Flüssigkeit durch
die erste Kammer, um die Zielentitäten abzulö-
sen, und optional wobei der Schritt des Modifi-
zierens der magnetischen Kraft Anlegen einer
magnetischen Kraft über der Plattenoberfläche,
um die Zielentitäten von der Plattenoberfläche
zu ziehen, umfasst.

13. Verfahren nach Anspruch 11, das des Weiteren Fol-
gendes umfasst:

nachdem die Zielentitäten an der Plattenober-
fläche gehalten wurden, Modifizieren der mag-
netischen Kraft auf einen Pegel, der ausreicht,
um ein Lösen der nichtgebundenen magneti-
schen Kügelchen aus der zweiten Kammer zu
gestatten; und
Strömen einer nicht-reaktiven Flüssigkeit durch
die zweite Kammer, um die magnetischen Kü-
gelchen abzulösen.

14. Verfahren nach Anspruch 11, wobei das Fluid mit
einer Rate in der Größenordnung von Millilitern pro
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Minute strömt.

15. Verfahren nach einem der Ansprüche 11 bis 14, das
zum Detektieren zirkulierender Tumorzellen (Circu-
lating Tumor Cells, CTCs) in einer Blutprobe eines
Patienten verwendet wird, umfassend Nehmen einer
Blutprobe als das Fluid, das CTCs als die Zielenti-
täten, die sich an eine oder mehrere funktionalisierte
magnetische Kügelchen gebunden haben, und eine
Anzahl funktionalisierter magnetischer Kügelchen,
die sich an keine CTC gebunden haben, enthält.

Revendications

1. Système de détection microfluidique (10) pour la dé-
tection d’entités cibles dans un fluide contenant une
certaine quantité de billes magnétiques et une cer-
taine quantité d’entités cibles liées à une ou plusieurs
billes magnétiques, dans lequel chaque entité cible
liée à une bille magnétique a une dimension efficace
la plus petite supérieure à une dimension efficace la
plus grande de chaque bille magnétique, le système
comprenant :

une pompe (40, 41) ;
un aimant (32), et un composant de détection
comprenant :

un corps (15) définissant un réservoir (16) ;
et
une plaque (18) disposée à l’intérieur dudit
réservoir et séparant ledit réservoir en une
première chambre (16a) et une seconde
chambre (16b), ladite plaque définissant
une pluralité d’ouvertures (50) à travers cel-
le-ci, chaque ouverture ayant une dimen-
sion efficace dimensionnée pour permettre
le passage de la dimension efficace la plus
grande de chaque bille magnétique et en
outre dimensionnée pour empêcher le pas-
sage de la dimension efficace la plus petite
de chaque entité cible ;
dans lequel ladite première chambre dudit
réservoir possède un premier orifice d’ad-
mission (13a) et un premier orifice d’éva-
cuation (13b), dans lequel ledit premier ori-
fice d’admission peut être raccordé fluidi-
quement à une source du fluide contenant
les entités cibles ;
dans lequel l’aimant est fixé à ou supporté
par rapport à l’extérieur du composant de
détection et disposé par rapport audit réser-
voir de sorte que ladite seconde chambre
dudit réservoir et ladite plaque soient si-
tuées entre ledit aimant et ladite première
chambre dudit réservoir, dans lequel ledit
aimant est conçu pour générer une force

magnétique suffisante pour attirer des billes
magnétiques dans ladite première chambre
dudit réservoir vers ladite seconde chambre
dudit réservoir ; et
dans lequel la pompe est adaptée à un
écoulement du fluide provenant de la sour-
ce du fluide contenant les entités cibles à
travers ladite première chambre dudit réser-
voir.

2. Système de détection microfluidique selon la reven-
dication 1, dans lequel ledit composant de détection
comprend un panneau de visualisation faisant partie
de ladite première chambre dudit réservoir et conçu
pour visualiser la surface de ladite plaque à travers
ladite première chambre, par exemple, dans lequel
ledit composant de visualisation est un verre opti-
quement transparent.

3. Système de détection microfluidique selon la reven-
dication 1, dans lequel ledit premier orifice d’admis-
sion et ledit premier orifice d’évacuation compren-
nent des canaux définis dans ledit corps en commu-
nication avec ledit réservoir, lesdits canaux étant
agencés selon un angle non plan par rapport audit
réservoir.

4. Système de détection microfluidique selon la reven-
dication 1, dans lequel ledit corps comprend une par-
tie définissant au moins une partie de ladite seconde
chambre dudit réservoir, ladite partie délimitant en
outre une cavité, ledit aimant étant monté à l’intérieur
de ladite cavité.

5. Système de détection microfluidique selon la reven-
dication 1, dans lequel ladite pompe est reliée audit
premier orifice d’admission, et éventuellement dans
lequel ladite pompe comprend :

un orifice d’admission relié audit premier orifice
d’évacuation ; et
un orifice d’évacuation relié à une ligne de fluide
pouvant être reliée à un récipient de fluide.

6. Système de détection microfluidique selon la reven-
dication 1, dans lequel ladite seconde chambre dudit
réservoir comprend un second orifice d’admission
et un second orifice d’évacuation, ledit second orifice
d’admission pouvant être relié fluidiquement à une
source d’un fluide non réactif différent dudit fluide
contenant les entités cibles.

7. Système de détection microfluidique selon la reven-
dication 6, dans lequel ladite pompe comprend :

un orifice d’admission relié audit premier orifice
d’évacuation et audit second orifice
d’évacuation ; et
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un orifice d’évacuation relié à une ligne de fluide
pouvant être reliée à un premier récipient pour
recevoir un fluide pompé à travers ledit premier
orifice d’évacuation et à un second récipient dis-
tinct pour recevoir un fluide pompé à travers ledit
second orifice d’évacuation, et éventuellement
dans lequel le système de détection microfluidi-
que comprend en outre une première soupape
réglable disposée entre lesdits premier et se-
cond orifices d’évacuation et l’orifice d’admissi-
on de ladite pompe et
une seconde soupape réglable distincte dispo-
sée entre ledit orifice d’évacuation de ladite
pompe et lesdits premier et second récipients.

8. Système microfluidique selon la revendication 6,
comprenant en outre un conduit d’évacuation relié
audit second orifice d’évacuation et pouvant être re-
lié à un récipient pour recevoir un fluide pompé à
travers ledit second orifice d’évacuation, et éventuel-
lement dans lequel le système microfluidique com-
prend en outre une ligne de dérivation reliée audit
second orifice d’évacuation et pouvant être raccor-
dée fluidiquement à la source du fluide contenant
les entités cibles, et une valve réglable disposée en-
tre ledit conduit d’évacuation et ladite ligne de déri-
vation pour diriger sélectivement un fluide pompé à
travers ledit second orifice d’évacuation vers l’un ou
l’autre de ladite ligne de dérivation et du récipient.

9. Système microfluidique selon la revendication 1,
comprenant en outre :

un conduit d’évacuation relié audit premier ori-
fice d’évacuation et pouvant être relié à un réci-
pient de fluide pour recevoir un fluide pompé à
travers ledit premier orifice d’évacuation ;
une ligne de dérivation disposée entre ledit con-
duit d’évacuation et ledit premier orifice
d’admission ; et
une valve réglable pour diriger un fluide s’écou-
lant à travers ledit premier orifice d’évacuation
vers l’un ou l’autre du récipient de fluide et de
ladite ligne de dérivation.

10. Système de détection microfluidique selon la reven-
dication 1, dans lequel la surface de ladite plaque à
l’intérieur de ladite première chambre est pourvue
d’un revêtement physiologiquement inerte.

11. Procédé permettant de détecter des entités cibles
dans un fluide contenant une certaine quantité de
billes magnétiques et une certaine quantité d’entités
cibles liées à une ou plusieurs billes magnétiques,
dans lequel chaque entité cible liée à une bille ma-
gnétique a une dimension efficace la plus petite su-
périeure à une dimension efficace la plus grande de
chaque bille magnétique, le procédé comprenant :

l’écoulement du fluide à travers un composant
de détection (12) possédant une première
chambre (16a) d’un réservoir (16) séparée
d’une seconde chambre (16b) du réservoir par
une plaque (18), la plaque définissant une plu-
ralité d’ouvertures (50) à travers celle-ci, chaque
ouverture étant dimensionnée pour toujours
permettre le passage de la dimension efficace
la plus grande de chaque bille magnétique et en
outre dimensionnée pour toujours empêcher le
passage de la dimension efficace la plus petite
de chaque entité cible ; et
l’application d’une force magnétique sous la pla-
que suffisante pour attirer des billes magnéti-
ques non liées à une entité cible à travers les
ouvertures vers la seconde chambre et suffisan-
te pour tenir les entités cibles liées à une ou
plusieurs billes magnétiques contre la surface
de la plaque à l’intérieur de la première chambre
du réservoir.

12. Procédé selon la revendication 11, comprenant en
outre :

après que les entités cibles ont été tenues sur
la surface de plaque, la modification de la force
magnétique à un niveau suffisant pour permet-
tre de déloger les entités cibles de la surface de
plaque ; et
l’écoulement d’un liquide non réactif à travers la
première chambre pour déloger les entités ci-
bles, et éventuellement dans lequel l’étape de
modification de la force magnétique comprend
l’application d’une force magnétique au-dessus
de la surface de plaque pour extraire les entités
cibles de la surface de plaque.

13. Procédé selon la revendication 11, comprenant en
outre :

après que les entités cibles ont été tenues sur
la surface de plaque, la modification de la force
magnétique à un niveau suffisant pour permet-
tre de déloger les billes magnétiques non liées
de la seconde chambre ; et
l’écoulement d’un liquide non réactif à travers la
seconde chambre pour déloger les billes ma-
gnétiques.

14. Procédé selon la revendication 11, dans lequel le
fluide s’écoule à un débit de l’ordre de quelques mil-
limètres par minute.

15. Procédé selon l’une quelconque des revendications
11 à 14, utilisé pour détecter des cellules tumorales
circulantes, CTC, dans un échantillon de sang d’un
patient, comprenant l’obtention d’un échantillon de
sang en tant que fluide contenant des CTC formant
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les entités cibles qui ont été liées à une ou plusieurs
billes magnétiques fonctionnalisées et une certaine
quantité de billes magnétiques fonctionnalisées non
liées à une CTC.
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