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Title

Non-linear magnetophoretic separation device, system and method

Field
The present invention relates to non-linear magnetophoretic (NLM) separations and
in particular a separation device and system for flow enhanced non-linear

magnetophoretic (F-NLM) separations and a related method.

Background

Bio-separation describes techniques used for determining the molecular state of a
cell, or whole organism. Currently, bio-separation is often performed using liquid
chromatography, electrophoresis or centrifugation, which achieves separation by
transporting an analyte relative to a stationary phase based on a physical or
chemical property, such as surface chemistry, size, charge, or mass density.
Although these techniques are able to separate analytes with a high resolution they

are slow and often difficult to implement.

Another bio-separation technique is linear magnetophoresis. In this technique a very
strong magnetic field and field gradient are typically applied to effect separation.
However, in known linear magnetophoresis, the magnetic particles often coagulate
to form undetectable complexes such as chains, which can make it difficult to

perform multiple separations on different particles.

There is therefore a need to address these and other problems and limitations of

prior art separation devices and methods.

Summary

These and other problems are addressed in accordance with the present teaching by
a flow enhanced non-linear magnetophoretic separator. Such a separator is typically
provided a chip based device comprising first and second fluid paths which differ
from one another in the nature of the magnetic field that is experienced by particles
travelling through those fluid paths. By specifically targeting the magnetic field to a
specific type of particle it is possible to preferentially target particles within one of the

two fluid paths. This can be used to separate particles of a first and second type.
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According to a first aspect the invention provides a magnetophoresis chip assembly
device for use in separating first and second particle types provided within a sample,
the device comprising an inlet for introduction of a flowing sample, the sample once
introduced having a flow path in a first direction through the device, the flow path
comprising first and second fluid paths in fluid communication with one another, the
assembly comprising a magnetic array provided proximal to the first fluid path such
that particles within the sample operably experience an induced magnetic field
causing a retention of particles of the first type within the first fluid path, the particles
of the second type being transported to the second fluid path thereby effecting a

separation of the first and second particle types.

Preferably, the device is configured such that operably the particles of the second
type are transported to the second fluid path in a direction substantially
perpendicular to the flow path. In one embodiment the device is configured for use
with an external rotating magnetic field, and wherein the induced magnetic field is a
combination of a response of the particles to both the magnetic array and the

external rotating magnetic field.

The second fluid path may define a non-magnetic flow channel through the device.
Alternatively a second magnetic array provided proximal to the second fluid path. In
one embodiment the magnetic field induced by the first magnetic array is different to
that induced by the second magnetic array. The magnetic array may comprise a
plurality of individual micro-magnet arrays. The device may comprise different
individual magnetic arrays are configured to operably provide separation of particles
of different type simultaneously at the same frequency of rotation of the external
magnetic field. The magnetic arrays may comprise different periodic parameters
and/or micro-magnets of different dimensions. The device may comprise non-
magnetic separation channels provided adjacent or between multiple individual

magnetic arrays.

The chip assembly may comprise an outlet provided downstream of the inlet. Each
of the first and second fluid paths may comprise an individual inlet. The individual

inlets are coupled to a common inlet of the device. The outlet may provide separate
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outlets to the first and second fluid paths. The device may be configured to receive a
sample flow and a carrier flow, the sample flow operably being directed through the
first fluid path and the carrier flow operably being directed through the second fluid
path.
Preferably, the particles comprise super-paramagnetic particles. The super-
paramagnetic particles may be formed from complex sample mixtures. The present
teaching also provides specific types of particles that are configured to be
advantageously useable within the context of a magnetic separator. For example, in
a first arrangement a magnetic particle covalently attached to a nucleic acid probe
forming complexes with a second fluorescent particle also covalently attached to a
nucleic acid probe may be provided. A second example is a magnetic particle
covalently attached to a nucleic acid probe forming complexes with a second
magnetic particle also covalently attached to a nucleic acid probe. A third example is
a streptavidin coated magnetic particle coupled to a biotinylated nucleic acid probe
forming complexes with a second fluorescent or magnetic particle also covalently
attached to a nucleic acid probe. It will be appreciated that in this context:

- The magnetic and fluorescent particles can be of any size

- The fluorescent particles can be of any fluorescence

- The nucleic acid probes can be DNA or RNA

- The nucleic acid probes can contain degenerate bases

- The nucleic acid probes can be of varying length

According to a further aspect, there is provided a system for flow enhanced non-
linear magnetophoretic separation of first and second magnetic particles of a
sample, comprising: a chip assembly device according to the present specification,
and magnetic means operable on the chip assembly to apply an external rotating

magnetic field.

In one embodiment, the magnetic means comprises a frequency control whereby the
frequency of the applied external rotating field may be varied. Preferably, the

frequency control is useable in separating the first and second particles. Preferably,
the magnetic means is operable to generate a travelling magnetic field. The system
may be configured to direct the travelling magnetic means in a direction substantially

perpendicular to the flow.
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Preferably the system comprises a flow control for controlling the rate of flow of a

sample in the device.

In one embodiment, the particles of the first and second type are responsive to a
predefined frequency of operation of the rotating magnetic field, the particles of the
first type having a critical frequency, w. at which particles of the first type begin to be
trapped in the magnetic array, the particles of the first type having a threshold
frequency Q, at which a majority of particles of the first type are trapped in the
magnetic array, the magnetic means being tuneable to vary to allow selection of at
least one of the critical and threshold frequency. Preferably, the particles of the
second type have a different critical and threshold frequency to the particles of the
first type. Preferably, the threshold frequency is greater than the critical frequency for
each of the particles of the first and second types. Preferably the frequency of
operation of the rotating magnetic field of the magnetic means effects transport of
the particles from the first fluid path to the second fluid path. In one embodiment the
frequency w of rotation of the external magnetic field is greater that the critical
frequency w of the particles of the first type and less than the critical frequency o of

the particles of the second type.

In one embodiment the system comprises means for applying a non-magnetic force
to particles of the second type in the second fluid path to effect their transport and
separation. In one embodiment the system comprises flow control operable to vary
the rate of flow of a sample through the device. The flow control means is operable
to control the rate of flow applied to the first fluid path and/or in the second fluid path.
In one embodiment each of the flow control and the magnetic control effects a
variance in an induced force on the particles within the device. Preferably, each of
the flow control and magnetic control are tuned to effect separation of the particles of

the first and second types.

In one embodiment the frequency of rotation of the external magnetic field is
controllable to effect transport of the particles of the second type to an intermediary
region adjacent to each of the first and second fluid paths in the direction of the

rotating magnetic field. In another embodiment the rate of flow in the second fluid
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path is operably controllable to provide a hydrodynamic force to effect movement of
the particles of the second type which have been transported to an intermediary
region adjacent to each of the first and second fluid paths. In a further embodiment
the frequency of rotation of the external magnetic field is controllable to operably
provide that particles of the second type oscillate in phase with the external magnetic

field at the intermediary region.

Alternatively, the system may comprise means for providing a hydrodynamic,
electro-kinetic, gravitational, or centrifugal force to the second fluid path to effect

transport and separation of particles of the second type.

In one embodiment, the flow control effects a variance on the flow based on

properties of the particles of the first and/ or second type.

The system may further comprise a sensor or detector means configured to sense or
detect particles. The sensor or detector means may comprise an impedance sensor
or micro-coulter detector or optical microscope. The sensor or detector means may
be configured to induce a minimal local magnetic field. The system may further
comprise monitoring means for monitoring operation of the system. The monitoring

means may comprise a microscope or Gauss-meter or pressure meter.

In one embodiment, the system may be configured for use in-line with for example a
linear magnetophoresis separator, the linear magnetophoresis separator effecting a
first separation of particles. The system may also be used with one or more
detectors for use in providing analysis of the separated particles. One example of
such a detector is a fluorescent detector which may be usefully employed where the
particles being detected are fluorescently tagged or otherwise luminesce on
excitation. In such an arrangement the flow enhanced non-linear magnetophoretic
separator is typically provided between each of the linear magnetophoretic separator

and the detector.

The particles may be provided in the form of micro-beads. The particles may be
functionalised prior to introduction into the device that forms the flow enhanced non-

linear magnetophoretic separator.
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According to a further aspect there is provided a method of non-linear
magnetophoretic separation comprising

-Providing a separation system comprising a magnet array and a non-magnetic
separation channel in first and second fluid paths,

-Introducing a sample comprising micro-beads of a first and second type into the
system,

-Applying a rotating magnetic field proximate to the magnet array,

- Controlling the frequency of the rotating magnetic field, and wherein the frequency
of rotation of the external magnetic field and the flow rate are tuned to provide

separation of said micro-beads of said second type from said micro-beads of the first

type.

In one embodiment the method comprises controlling flow in first and second fluid
paths. Preferably, magnetic field is operable at a frequency of rotation above the
critical frequency of the micro-beads of a first type and below a threshold frequency
of micro-beads of a second type to effect a separation thereof. Preferably, the
method comprises the step of trapping the micro-beads of the first type on the
magnet array. Preferably the method comprises transporting micro beads of the
second type across the magnet array to the non-magnetic separation channel

adjacent an edge of the magnet array.

In one embodiment the method comprises applying a non-magnetic force to
transport micro-beads of the second type downstream from said edge of the magnet
array to effect separation of said micro-beads of the second type. In another
embodiment the method comprises applying flow and controlling the rate of flow
such that the resultant hydrodynamic forces effect a transportation and separation of
said micro-beads of the second type. Preferably the rate of flow is controlled such
that the induced hydrodynamic force is in a range less than the force needed to
displace the micro-beads of the first type trapped on the magnet array and greater
than that need to displace said micro-beads of the second type which have been
transported to the edge of the magnet array. In another embodiment the method
comprises, after the micro-beads of the second type have been separated from the

micro-beads of the first type and transported downstream by flow, the reduction of
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the frequency of rotation to a frequency below the critical frequency of the micro-
beads of the first type to effect transport by non-linear magnetophoresis of the micro-
beads of the first type to the edge of the micro-magnet array and transport of the
micro-beads of the first type from said edge of the micro-magnet array downstream.
In a further embodiment after micro-beads of the second type have been separated,
the rate of flow is controlled such that the induced hydrodynamic force in the magnet
array is sufficient to displace and transport said micro-beads of the first type
downstream. In one embodiment the method further comprises collecting or
counting or analysing said micro-beads of the first and second type that have been
separated. Preferably the frequency of rotation and flow rate are controlled to

provide a continuous separation.

According to a fourth aspect, there is provided a system and method of flow
enhanced non-linear magnetophoretic separation for rare cell separation for
translation medicine applications, for example stem cell separation from a complex
fluid sample. The sample preferably comprises cell-magnetic particles complexes to
be separated. The method further comprises the step of attaching one or more
antibodies or receptors of choice to super-paramagnetic particles prior to introducing

the sample to a flow enhanced non-linear magnetophoretic separator.

According to a fifth aspect there is provided a system and method of rare cell-virus-
protein separation for diagnostics, for example to separate neonatal white blood cells
from a maternal blood sample, employing a flow enhanced non-linear
magnetophoretic separation step. Such a method may include multiple steps either
up and/or downstream of the flow enhanced non-linear magnetophoretic separation
step. For example the methodology may comprise a step of attaching analytes of
interest to be separated to selected magnetic particles of defined size. These
attached analyte/magnetic particles may then be aggregated through use of an
aggregation technique to drive the clustering of magnetic particle around analytes.
Such aggregation may be effected using linear magnetophoresis techniques. The
provision of an aggregate of multiple analyte/magnetic particle to a non-linear
magnetophoretic separator provided downstream of the aggregator may be usefully

employed to increase the ease of identification of complexes.
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According to a sixth aspect there is provided a system and method employing flow
enhanced non-linear magnetophoretic separation for rare cell-virus separation for
diagnostic purposes. Such a system and methodology may use nonmagnetic-
magnetic particles, in a direct protein configuration for example, to separate neonatal
white blood cells from a sample of maternal blood. The method may comprise the
step of preparing the sample for separation by attaching one or more antibodies or
receptors of choice to magnetic or non-magnetic particles of defined size. Preferably
the magnetic particles and non-magnetic particles are of substantially uniform size
and magnetization. In a preferred arrangement the non-magnetic particles comprise
fluorescent particles configured to allow an analyte to be tagged for a second degree
of sensitivity in multiplexed sensing. The sample may be identified through the

formation of magnetic-nonmagnetic complexes.

According to a seventh aspect there is provided a system and method using flow
enhanced non-linear magnetophoretic separation for rare cell-virus separation for
diagnostic purposes. Such a system and methodology may use small magnetic
particles and a direct protein configuration. Preferably the method comprises the
step of attaching one or more antibodies or receptors of choice to magnetic or
nonmagnetic particles. The method may further comprise the step of mixing the
antibodies with the cells prior to attaching the magnetic particles to the cells using a
protein or similar receptor. In a preferred embodiment the method further comprises
the step of aggregating particles prior to the step of flow enhanced non-linear
magnetophoretic separation to drive the clustering of magnetic particles around the

cells.

According to an eighth aspect, there is provided a system and method of flow
enhanced non-linear magnetophoretic separation for rare cell-virus separation for
diagnostics using magnetic-nonmagnetic particles in a molecular configuration.
Preferably the method comprises the step of attaching one or more antibodies,
receptors, or DNA oligonucleotides to magnetic or nonmagnetic particles. Preferably
the particles are uniform in physical properties, i.e., magnetization, color and size.
Preferably the method comprises an initial separation step whereby techniques such
as linear magnetophoresis are used to clean-up the sample for DNA extraction. After

this initial clean-up step the DNA may be extracted, hybridized with specific
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oligonucleotides and then reacted with a second set of particles prior to being
introduced into a flow enhanced non-linear magnetophoretic separator. Preferably
the sample may be identified through the formation of magnetic-magnetic or

magnetic-optical complexes.

According to a ninth aspect, there is provided a chip assembly device comprising
first and second fluid paths in fluid communication, the first fluid path comprising a
first magnetic field and the second fluid path comprising a second different magnetic

field. The second different magnetic field may be a zero magnetic field.

Preferably, the first fluid path comprises a first magnet array. In one embodiment,
the device is configured for use with an external rotating magnetic field and the first
magnetic field is defined by the interaction of an external rotating magnetic field and
the first magnet array. Preferably the first magnetic field is different from the second
magnetic field. Preferably, the second fluid path may comprise a non-magnetic
separation channel and the second magnetic field is defined by the interaction of an
external rotating magnetic field on the non-magnetic separation channel.
Alternatively, the second fluid path may comprise a second magnet array.
Preferably, the magnet array may comprise a micro-magnet array or multiple
discrete micro-magnet arrays. The first and second fluid paths are preferably
provided in a flow chamber. The chip assembly may further comprise a flow control
means for controlling the rate and direction of flow in the first and second fluid paths.
The chip assembly may comprise an inlet means. The chip assembly may comprise
an outlet means. Preferably the flow control means operable to provide flow in the
first and second fluid paths in a direction transverse to the direction of the first and/or
second magnetic fields. Preferably the chip assembly is configured to provide
separation of micro-beads of a first and second type of a sample. Preferably, the
frequency of rotation of the external magnetic field is controllable to effect a transport
of the micro-beads of the second type to an edge of the first magnet array in the
direction of the rotating magnetic field. Most preferably micro-beads of the second
type are transported across the first magnet array of the first fluid path to the second
fluid path. In one embodiment, the frequency of rotation w of the external magnetic
field is less than the critical frequency w for the micro-beads of the second type on

the first magnet array. In one embodiment, the frequency of rotation of the external
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magnetic field is controllable to operably provide that micro-beads of the second type
oscillate in phase with the external magnetic field at the edge of the first magnet

array. In a further embodiment a non-magnetic force is applied to micro-beads of the
second type in the second fluid path to effect transport and separation of said micro-

beads of the second type.

Brief Description Of The Drawings
The present invention will now be described with reference to the accompanying

drawings in which:

Figure 1(a) is an illustration of fabricated non-linear magnetophoretic (NLM) magnet
array and configuration of an F-NLM chip; Figure 1(b) is an illustration of a fabricated
F-NLM separator with flow chamber, in which a F-NLM chip is encapsulated and
Figure 1(c) is a schematic system set-up for F-NLM separation;

Figure 2(a) is a schematic of an applied laminar flow at the edge of the magnet array
to separate the magnetic particles whereby particles which have low NLM critical
frequency are immobilized and stay on the magnet array;

Figures 2(b) - A to H illustrate a finite element calculation of the magnetic field
(normalized B=VB.B) on the edge of a magnet array in a y-plane through the center
of the micro-magnets as a function of external magnetic field angle. The magnetic
particles tend move towards region of maximum magnetic field. In the images, the
dark colour is the low field region and the light colour is the high field region.

Fig. 3a is a top-view of the micro-magnet array (white circles) with 1 and 2.8 pu
diameter super-paramagnetic particles (black circles). The micro-magnetic arrays
have been magnetized in the x-direction. The external magnetic field is rotated about
the y-axis and a hydrodynamic flow is produced in the y-direction. The motion of the
particles under a 9 Hz rate of frequency of rotation of the external field has been
shown on the figure with dashed lines. The 2.8 wu particles move to the edge of the
array and then along its edge. The 1wt particles are locked on the array;

Fig. 3b is a similar view for a square based magnet array.

Fig 4(a) is a schematic illustration showing a perspective view of an alternative
sensor for use with the separation system according to the present specification, Fig.

4(b) is a schematic illustration showing a side view of a separation system of the
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present specification in use with a senor of Fig, 4(a) and a collector of a further
alternative system according to the present specification;

Figs. 5(a) and 5(b) are schematic illustrations of alternative system and chip
arrangements according to the present specification. In particular, Fig. 5(a) shows a
system having a flow chamber with two inlets and outlets and one form of micro-
magnet array; Fig. 5(b) shows a system having a flow chamber with four inlets and
outlets respectively and four different forms of magnet arrays;

Figs.6(a) to 6(d) (from top to bottom) are schematic illustrations from above of four
alternative system and chip and flow chamber arrangements with Finite Element
Modeling of flow profile in the chambers, according to the present specification
illustrating also various configuration of inlets and outlets and flow managements
features; Fig 6(a) and 6(b) relate to Fig 1, Fig 6(c) relates to Fig. 5(a) and Fig. 6(d)
relates to Fig. 5(d);

Figs. 6e and 6f show examples of asymmetric flow arrangements with Fig 6a
showing a single inlet and outlet and Fig. 6b showing a dual inlet and a single outlet
arrangement.

Figure 7A is a graph illustrating amplitude of oscillation of the particles on the edge
of the micro-magnetic array as a function of frequency of rotation of the magnetic
field without flow; Figure 7B. is an graph illustrating speed of particle motion in the
direction of flow at the edge of the micro-magnet arrays as a function of frequency of
rotation of the magnetic field in a fluid flowing at 100 ym/min, and Figure 7C is a
graph showing the speed of 1.0 and 2.8 micron particles on the edge of the magnetic
array as a function of flow rate and frequency of rotation of the magnetic field,;
Figures 8A to 8G are micrographs showing micro-particles on the edge of a micro-
magnet array at different separation frequencies of rotation of the magnetic field and
flow Vo = 100pm/min;

Figures 9A and 9B are graphs showing the amplitude of the magnetic field 0.5
micron-meter above surface of substrate, which is the location of 1 micron particles,
at the edge of the micro-magnet array as a function of the orientation of external
magnetic field. Figure 9A shows the External magnetic field rotation from 0- 135°.
Figure 9B shows External magnetic field rotation from 180-31 5°. Bottom: Position of
micro-magnets. Figure 9C is a graph showing Velocity of the particles in the x-

direction, Vx, as a function of external magnetic field frequency of rotation w; and
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Figs 10A, 10B, 10C, 10D and 10E are illustrations of example separations
using magnetic beads and a system and method of separation as provided by the
present specification; in particular, Fig. 10A is an illustration of separation of rare
cells using magnetic beads; Fig. 10B is an illustration of separation rare cell virus
proteins using double magnetic beads; Fig. 10C is an illustration of separation of rare
cell virus proteins using non-magnetic-magnetic beads; Fig. 10D is an illustration of
separation of rate cell virus for diagnostics using magnetic beads and Fig. 10E is an
illustration of separation of rare cell virus using non-magnetic-magnetic beads.

Figs. 11a, 11b and 11c show examples of tagged particles that may be
usefully employed within the context of the present teaching.

Fig. 12 shows an example of how the system of Fig 4b may be incorporated
into a larger analysis system.

Fig. 13 shows an example of an upstream aggregation technique that may be
usefully employed as part of the magnetic separation and labelling module of Fig 12.

Figure 14 shows exemplary data indicative of the improvement possible using

the aggregation technique of Figure 13.

Detailed Description Of The Drawings

Referring to the attached drawings and initially in particular Figs. 1(a) to (c), and
Figs. 2 and 3 there is provided a separation system 100 comprising a chip assembly
device 110 for performing flow enhanced non-linear magnetophoretic (F-NLM)
separations of analyte particles in a sample. It will be appreciated that the specifics
of this separation system are provided to assist in an understanding of the present

teaching and in no way should be construed as limiting the teaching to this example.

The separation system 100 comprises a magnetophoresis chip assembly device 110
for use in separating first and second particle types provided within a sample. The
chip assembly device 110 comprising an inlet means 150 for introduction of a
sample. The components of the chip assembly device are provided embedded in a
flow chamber 130. The sample is introduced as a flowing sample, and once
introduced has a flow path in afirst direction through the device. The flow path
preferably comprises a first fluid path 131 and a second fluid path 132 in fluid
communication with one another. In the example shown, each of the first and second

fluid paths are located side by side with one another. They are, in this exemplary
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configuration co-extending within the device. In this example it will be appreciated

that the flow path is bifurcated into first and second fluid paths.

The device 110 comprises a magnetic array 120 provided proximal to a fluid path. In
the exemplary arrangement shown, the first fluid path is provided proximal to and is
overlain on an array comprising a plurality of individual or discrete micro-magnet
arrays 120. By providing the first fluid path proximal to the magnetic array 120,
particles travelling within the first fluid path may experience an induced magnetic
field. By suitably configuring the nature of the field to the specifics of the particles, it
is possible to target specific particles travelling within a fluid flowing through the first
fluid path.

The second fluid path differs from the first in the nature of the magnetic field that may
be experienced by particles travelling within this fluid path. In an exemplary
arrangement no magnetic array is provided proximal to the second fluid path such
that it defines a non-magnetic flow channel 140. The second fluid path/non-
magnetic flow channel may be provided as a single or plurality of individual channels
140.

The chip is configured to cooperate with a magnetic module 170 which is provided
as part of the overall separation system. The magnetic module 170 preferably
comprises electromagnets, and is configured to operably generate an external
magnetic field. The magnetic field may be considered an external magnetic field and
applied proximate to or around the magnetic arrays 120. The external magnetic field
@®exy is operably provided as a rotating or travelling magnetic field. The system
includes a magnetic field controller 171 including a frequency controller 172 for
controlling the frequency of rotation of the magnetic field, as required. In the
exemplary arrangement of Fig. 1, the rotating magnetic field B_ : is provided by a
magnetic module 170 comprising three electromagnets 170a, 170b and 170c. The
frequency control is useable in separating the particles travelling within a fluid flow

through the device.

The system comprises an inlet means 150 and flow controller 200. In the exemplary

arrangement of Fig. 1, the inlet means comprises a single inlet for a sample fluid and
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a rinse fluid. The flow controller 200 may include a syringe pump 210, a switching
valve 220, and a flow sensor 230. The flow controller is operable to control the rate
of flow of a sample through the device. The flow controller may be operable to

control the rate of flow applied to the first and/or second fluid path.

The flow sensor 230 may be provided being configured to monitor the flow rate in the
flow chamber 130 in real time. Preferably the flow sensor 230 is integrated into the
chip assembly or system. Flow, transport, and the behaviour of particles within the
separation system and the separation process may be observed and recorded using
suitable sensor or monitoring means 500. For example a microscope or fluorescent
microscope 510 may be provided. The profile of flow may be monitored by using for
example a micro particles image velocimetry system. The magnetic field around the
chip 110 may be monitored and/or recorded by suitable monitoring means such as a
Gaussmeter 530. The system 100 or device 110 may further include one or more
pressure meters to monitor flow rates; i.e., pressure drop across channels provided.
It is further noted that the sensor or detector means could be configured to sense or
detect change in the electrical, magnetic, or optical properties of the channel. 1t will
be appreciated that this could be done in different ways. Requirements for the
sensor or detector include that it should be fast and able to count many particles.
The sensor or detector is preferably configured to induce a minimal local magnetic
field.

The arrangement and configuration of the system and chip assembly device 110 and
the magnetic array 120 in the first fluid path is such that particles within an
introduced sample operably experience an induced magnetic field configured to
cause a retention of particles of a first type within the first fluid path 131 or on the
magnetic array 120. The particles of a second type are transported to the second
fluid path 132 or non-magnetic separation channel 140 thereby effecting a
separation of the first and second particle types of the sample. Operably, the
particles of the second type are preferably transported to the second fluid path in a
direction substantially perpendicular to the flow path through the device. The chip
assembly device 110 is configured for use in a system with an external rotating
magnetic field B,,t as described above and the induced magnetic field in the chip

assembly device is a combination of the response of the particles to both the
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magnetic array and the external rotating magnetic field. In order to provide a
separation of the particles of the first and second types it will be appreciated that
these particles desirably differ in their response characteristics to the induced
magnetic field; the particles of the first type being more attracted than those of the
second type. In this way the particles of the first type are more likely to be retained
within an area defined by the first fluid path, and those of the second type will

migrate away from the first fluid path into the second fluid path.

The flow of particles of a sample to the separation system 100, chip assembly 110
and the flow chamber 130 is provided via an inlet means 150. The chip assembly
110 and flow chamber 130 further comprise an outlet 160. The separation system
100 may include flow control means 200 for controlling the flow rate of a sample
there through, as required. The direction of flow or flow path in the flow chamber
130 of the exemplary arrangement of Fig. 1 is downstream between the inlet 150
and outlet 160. The axis of flow is, in this example, provided normal to the
orientation of the external magnetic field B, ;. An outlet separator or analysis means
400 may be included to provide for final separation and/or countering of beads
and/or analytes of a sample. It will be appreciated that flow may be applied
continuously or discontinuously as required or as appropriate for a particular
separation. Each of the first and second fluid paths of the device may comprise an
individual inlet. It will be appreciated that the outlet may provide separate outlets to
the first and second fluid paths. The device 110 may be configured to receive a
sample flow and a carrier flow, (for example as shown and later described with
reference to Fig. 5A), the sample flow operably being directed through the first fluid

path and the carrier flow being directed through the second fluid path.

The magnetic arrays 120 are provided preferably as multiple discrete or individual
micro-magnet arrays on the flow chip assembly 110. Micro-magnet arrays 120 of
different form or having different properties may be provided or may be configured
for the capture of different analytes. For example, the dimensions of the micro-
magnets of the arrays or sub-arrays may be different or the separation of the micro-
magnet of the arrays or sub-arrays may be different. As shown in Fig. 1, the micro-
magnet arrays may comprise multiple sub-magnet arrays. The magnet arrays or

sub-magnet arrays may have different periodic characteristics, and may be provided
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or arranged on the same chip to support and implement multiple separations
simultaneously. Preferably, the different individual magnetic arrays are configured to
operably provide separation of particles of different types. This separation is
desirably achieved simultaneously under the same frequency of rotation of the
external magnetic field. The magnets are useable in creation of an effective
travelling magnetic field wave which combines with the external rotating field. In the
description, the terms magnet array, magnetic array, micro-magnet array and sub-

array have been used interchangeably.

In the exemplary chip assembly 110, ten micro-magnet arrays/subarrays 120 are
arranged in two offset or staggered rows of five micro-magnet arrays 120. Non-
magnetic flow channels 140 are arranged between the longitudinal edges 122 of the
micro-magnet arrays 120. The non-magnetic separation channels 140 in the first row
of micro-magnet arrays 120 are in-line with the lateral ends of the micro-magnet
arrays 120 in the second row. The second row of micro-magnet arrays is arranged
downstream in the flow chamber from the first row. The micro-magnet arrays may
comprise periodic arrays. The configuration of the exemplary Fig. 1 provides a highly
efficient separation based on the staged two columns of sub-magnetic arrays.
Similarly, multiple staged sub-magnet columns may be used for multiple separations

with high efficiency.

Referring to the exemplary magnetic array of Fig. 3a, a micro-magnet array 120 may
be comprised of circular magnets 121 arranged in a square lattice. Such magnets
may be of dimensions of the order of 5.0+0.1 wu diameter arranged in a square
lattice with 8.0+0.1 wu center-to-center distance. The form or layout of the micro-
magnet arrays 120 may be varied, as required, depending for example, on the types
of separations to be provided or on the analytes of interest in a particular separation.
In the exemplary arrangements, the micro-magnets are of substantially circular form,
however, micro-magnets of suitable different form or geometric shape, may also be
used. Examples of such alternatives include rectangular, bar, and triangle magnets.
Each configuration may be arranged to provide different resolution and efficiency of

separation, as required.
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It was found during separation in F-NLM, that the immobilized particles on a micro-
magnet array have to be held on the micro-magnet array in flow direction at the
same time as the separated particles travel transversally to the edge of micro-
magnet array and are then being swept downstream by flow. A large holding force is
required for quick separation in high flow rate flow. The rectangular or square shapes
of micro-magnets shown in Figure 3b are usefully employed to increase the holding
force and stabilize the particles movement in the flow direction during the separation.
It has been found that potential wells for square micro-magnets are deeper than that
for circular micro-magnets in the y-direction, the flow direction. When the phase of
external magnetic field is 90° and 270°, the sizes of potential wells for circular micro-
magnets are larger than that for square micro-magnets. In this case, the magnetic
particles could be tightly detained into potential well and cannot be moved iny

direction for square micro-magnets as compared with circular micro-magnets.

As shown in the exemplary Fig. 1, the non-magnetic flow/separation channels 140
may be provided between or adjacent to the multiple individual micro-magnet arrays.
In this way multiple fluid paths of a first and second type may be provided. The non-
magnetic flow/separation channels 140 are configured to allow specific proportions
of separated particles pass subsequent to their separation from an adjacent
magnetic array. Within the context of the present teaching many techniques may be
employed to provide for this separation. For example the remaining particles could
be separated from the magnets array by applying high flow rate flow or by varying

the frequency of the applied magnetic field.

The surface properties of non-magnetic channels may be modified by using surface
chemicals to reduce adhesion forces. It will be appreciated that such modification
may increase the flow rate of particles through this second fluid path. In a similar
fashion a thin layer of Polyethylene glycol (PEG) or other suitable material may be
coated on the surface of the micro-magnet array to reduce the adhesion between

magnetic particles and the surface.

It will be understood that the device and system describe heretofore is particularly
advantageously employed as a separation system or device for non-linear

magnetophoretic (NLM) separation. In this context the particles that are introduced
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into the device include super-paramagnetic micro particles or micro- beads. Within
the present specification the term beads is intended to define particles having
dimensions on a nano or micro scale. It has been ascertained by the present
inventors that super-paramagnetic particles with thick diamagnetic shells, such as
silica, can be particularly usefully employed. An example of such a silica coated
paramagnetic particle comprises a 200 nm thick silica shell provided about a super-
paramagnetic core of 600nm diameter. Typically, in external magnetic fields, super-
paramagnetic particles form chains, which align with the direction of the external
magnetic field, due to dipole-dipole interactions. In magnetophoresis, the
configuration of chains can decrease the separation efficiency. Compared with
Dynabeads Myone, silica shell particles have weaker particle-particle magnetic
interaction in external magnetic fields. The silica shell magnetic particles could
increase the separation efficiency for F-NLM due to fewer chains formed and the

longer time to form chains in magnetic field.

However, irrespective of the specifics of the formation of the particles such particles
may be functionalized with antibodies or DNA oligonucleotides to form magnetic
complexes specific for a given pathogen. The super-paramagnetic particles or
micro-particles of for example, a first and second type are responsive to and
therefore may be separated by the application of different critical frequencies of the
external rotating magnetic field. The critical frequencies and threshold frequencies
for different particles vary depending on the properties of the particles. These
properties include, for example, size or magnetic moment. In the present
specification super-paramagnetic micro-beads of a sample are alternatively referred
to as micro particles, particles, micro-beads, beads and analytes. Example analytes
include a dimer or sandwich assay in which, the analyte is bound between two
magnetic particles. Another example comprises a magnetic particle bound to a non-
magnetic particle, analyte. Such an example could be a bacteria or cell (e.g. a stem
cell), bound to a magnetic particles or beads and a fluorescent particle. It is also
possible to use magnetic particles of different colours to allow identification and
resolution of analytes on the basis of colour. A system provided in accordance with
the present teaching may also provide for the identification of particles of different
colour or size for example by use of the heretofore described monitoring or sensor

means.
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The particles are typically provided in a solution and such solutions are normally
buffered or constant pH or aqueous solutions. The solutions may be selected to
avoid stickiness of particles. An exemplary sample having first and second different

micro-beads is described in detail below.

Referring to the drawings and initially Figs. 1, 2 and 3, in operation, the micro-
magnets 121 of the arrays 120 are magnetized in the X direction. The external
rotating or travelling magnetic field is rotated about Y axis and the flow is provided in
the Y direction. The flow fields are provided normal to the orientation of the external
magnetic field. The rotating magnetic field Bt is provided orthogonal to the axis of
flow on the chip. While exemplary directions and relative directions of fields and flow
are illustrated, it will be appreciated that suitable alternative arrangements may also

be used.

In accordance with the present teaching a continuous flow across the micro-magnet
arrays may be applied. By tuning the frequency of rotation of the external rotating
fields and flow rate, specific particles of the sample can be continuously separated
and collected. The flow is typically a laminar flow whose induced hydrodynamic
forces are useable to control the behaviour of the particles in the flow direction.
Transport of particles/beads on the micro-magnet arrays is controlled by controlling
the frequency of the applied external magnetic field on the basis that different

particles have different critical frequencies, as discussed in detail below.

It is possible within the context of the present teaching to manipulate the behaviour
of the particles as they move within and are transported on the chip assembly. It is
also possible to manipulate their behavior in specific predefined areas of the chip
assembly. Examples of such areas include those defined by the the magnet arrays
and the non-magnetic channels. The system 100 provides control means 171 for
controlling external magnetic field including control means 172 for controlling the
frequency of rotation of the external magnetic field, and flow control means 200 for
controlling the rate of flow in the flow chamber 130 and non-magnetic separation
channels 140. In the system 100there are further differences produced in the

interaction of the external magnetic field on the micro-magnet arrays 120 and on the

19



10

15

20

25

30

WO 2012/004363 PCT/EP2011/061550

non-magnetic separation channels 140. The arrangement of the system 100 and
chip assembly 110 is such that, control of frequency of the external magnetic field
provides transport of the beads or particles on the micro-magnet arrays 120. Using
the magnetic interaction selected particles may be trapped or immobilized on a
micro-magnet array and selected other particles may be transported to the edge of
the array. Using the influence of hydrodynamic flow on non-linear magnetophoresis
in regions such as on a micro-magnet array, at the edge of a micro-magnet array,

and in a non-magnetic separation channel is also of interest.

The separation system 100 and method may also be configured to take account of
how relative forces namely, hydrodynamic flow and magnetophoretic transport, affect
the movement of the particles within the device. It will be appreciated that these
relative forces exert or induce a force on the particles and by controlling and varying
these forces it is possible to manipulate the transportation of the particles within the
device to provide effective separation. Separation using the exemplary separation
system 100 and device 110 is based on non-linear magnetophoresis using
continuous and/or discontinuous microarrays 120 in conjunction with a hydrodynamic
flow. Transport of particles may be maintained at low fluid velocities. The flow
enhanced non-linear magnetophoresis (F-NLM) provided in accordance with the
present teaching allows for a continuous extraction of different types of particles
based on, for example, variation in the size of and/or magnetic moments and/or

magnetization of typical super-paramagnetic particles/beads.

In an exemplary method of use, particles of a first and second type are responsive to
a predefined frequency of operation of the rotating magnetic field. The patrticles of
the first type have a critical frequency w, at which particles of the first type are
trapped in the magnetic array, and a threshold frequency Q, at which a majority of
the particles of the first type are trapped in the magnetic array. The magnetic means
170 is tuneable to allow selection of frequency of rotation, and in particular of at least
one of the critical and threshold frequency. The particles of the second type are
desirably such as to have a different critical and threshold frequency to the particles
of the first type. The threshold frequency of a particle of a particular type is greater
than the critical frequency for the particles of that type. By using these differences in

the response characteristics of the particles of the first and second type to an
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experienced magnetic field it is possible to use the frequency of operation of the
rotating magnetic field to effect transport of the particles from the first fluid path to the

second fluid path.

When the system is operated at a frequency of rotation above the critical frequency
or threshold frequency of particles of the first type and below the critical frequency of
particles of the second types, the particles of the second type are transported to an
intermediary region adjacent to the first and second fluid paths in the direction of the
rotating magnetic field while the particles of the first type are trapped in the magnetic
array. In accordance with the configuration of the exemplary system 100, a force,
here a hydrodynamic force is applied to effect movement and separation of the
particles of the second type which have been transported to the intermediary region.
The rate of flow in the second fluid path is operably controlled to provide a
hydrodynamic force to effect the separation of particles of the second type as
required. The rate of flow and the frequency of rotation of the external magnetic field

are accordingly tuned to effect a separation of the particles of the first and second

type.

The effects of the frequency of rotation of the external magnetic field and the rate of

flow applied are described in greater detail as follows:

1. A translating periodic potential energy landscape is created by applying the
external rotating magnetic field to the arrays 120 of micro-magnets. Super-
paramagnetic particles exposed to the translating potential energy landscape
provided move horizontally across the chip assembly or substrate at a rate that
depends on the frequency of the external magnetic field «, as well as the
characteristic properties of the bead or particle and the array. At low frequencies,
the magnetic particles of the sample become locked into the potential energy
landscape and are shuttled and move between adjacent magnets 121 of the
magnetic array 120 with a speed proportional to the translation velocity of the
landscape. As this frequency is increased, there is a point at which the particles can
no longer remain in the local potential energy minima due to the hydrodynamic
forces and they become immobilized on a micro-magnet. The frequency at which

the particles begin to become immobilized, the critical frequency (w,), is dependent

21



10

15

20

25

30

WO 2012/004363 PCT/EP2011/061550

on the size and magnetic moment of the super-paramagnetic particles. Thus as the
frequency of rotation of the external magnetic field is varied, the behavior of
magnetic particles on and near the micro-magnet arrays 120 in the travelling
magnetic field varies. By tuning the rotating frequency of the external magnetic field
specific magnetic particles/beads can be recognised on a micro-magnet array. The
transport of the particles/beads on the micro-magnet arrays 120 is controlled by the

control of the frequency of the external magnetic field.

Referring to the drawings and in particular Figs 3 and 4, an exemplary transport of
magnetic particles or beads, is described in more detail. In the system 100 flow
fields are normal to the orientation of the external magnetic field, as indicated in the

drawings.

2. In the present system 100, the influence of hydrodynamic flow on non-linear
magnetophoresis is important. While non-linear magnetophoretic transport remained
unchanged at low fluid velocities on continuous micro-magnet arrays, it was found
that the magnetic beads could be displaced as the flow rate was increased.
Surprisingly, the flow rate at which a bead was displaced from the micro-magnet
array was not found to be strongly correlated with the size of the bead. The bead
transport behaviour was also studied on or at the edge of continuous micro-magnet
arrays. In the absence of flow, beads, for which w <w,, oscillated between a point
on the edge of the micro-magnets and a point in the area adjacent to the array. The
oscillation was at an amplitude that decreased with increasing frequency. When flow
was applied to the array, the beads moved in the direction of flow at a velocity that
was determined by inter alia the bead properties, flow rate, and external magnetic
field frequency. As illustrated in Figure 3, beads translate along the edge of the

micro-magnet array if w is less than a threshold frequency, Q,.

Surprisingly, the translation of the beads down the edge of the array was nonlinear in
that the bead were observed to be trapped on the outer edge of the micro-magnet
array at external field frequencies greater than this threshold frequency. The F-NLM
(flow enhanced non-linear magnetophoresis) Q,, frequency was found to be
significantly larger than the NLM w, frequency for large beads, which results in a

higher efficiency of separation. Further, F-NLM separates the beads based on their
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hydrodynamic size as they move along the edge of the array. Thus, F-NLM (flow
enhanced non-linear magnetophoresis) enables efficient continuous separation of

multiple analytes bound to super-paramagnetic beads from millilitre volume samples.

Accordingly the present teaching provides a system, a chip assembly and method
providing a new mode of non-linear magnetophoresis (flow enhanced non-linear
magnetophoresis F-NLM) that is capable of separating super-paramagnetic micro-
beads from complex mixtures with high sensitivity to their size and magnetic
moment. This separation method applies a rotating external magnetic field to an
array of micro-magnets in a flow cell to produce a periodic magnetic field that
translates across the surface perpendicular to a laminar flow field. In the absence of
flow, beads whose critical frequency wc, is less than the external magnetic field
rotation frequency, w, move across the continuous micro-magnet array until they
reached a region in which there are no micro-magnets. Beads at the edge of the
micro-magnet array oscillate in-phase with the external magnetic field with an
amplitude that decreases with increasing frequency until they reach a threshold
frequency, Q, where a majority of them stop moving. Flow may be used to sweep
beads for which the frequency experience< Q, downstream while leaving all the
beads on the continuous array undisturbed. Surprisingly, magnetic beads for which
we > Q¢ were trapped on all regions of the micro-magnetic array. Flow enhanced
non-linear magnetophoresis (F-NLM) exhibits an improved range of separation
frequencies as a result of the hydrodynamic separation of the beads at the edge of
the array. This method enables efficient, multiplex, and continuous separation of
super-paramagnetic beads based on size and magnetization, which clearly is useful
in providing and developing chip based diagnostic assays and bio-separation

technologies.

Referring to the drawings and in particular Figs 1, 4(a) and 4(b) and 5(a) and 5(b), it
is noted that sample particles separated at specific frequencies may then be
collected. This collection may be facilitated using, for example, a valve manifold or
switching valve 250 on the outlet port 160. A separation device or system according
to the present specification may include monitoring or sensor/analysis means 500
and/or separator or collector 400. For example, the sensor may provide countering of

the size and numbers of particles passing through an observation point at different
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separation frequencies, or, countering may be provided for example at the end of a

micro-magnet array.

Referring to Fig. 4(a) and 4(b) the separation system 100 may be used with a sensor
500 incorporated into a chip 551 having a substrate 552 and cover 553 and
comprising an impedance sensor 560 including electrodes 561 , 562 connected to an
impedance analysis chip. The impedance measurement arrangement provides high
resolution, enabling measurements for example of simple electrons, size exclusions.
Here it is noted that the channel 554 which defines an inlet 554 to the impedance
sensor is sized to control and provide a sorting of the cells as they pass through the
channel for counting. This type of arrangement is suitable for use for example in
cytometry for example counting stem cells in blood. The sensor arrangement allows
for the detection of particles passing the electrode, recognition of particles for
example based on size and counting. An outlet channel 555 is also provided for

example to a collector.

Referring to Fig. 4(b) the separation system 100 is connected to sensor 500, for
example, an impedance analysis sensor 560 or a micro-coulter counter for sensing
and countering the particles, which have been separated. In a further alternative the
arrangement may further included an integrated a linear magnetophoretic collector
420 provided downstream of the F-NLM separator and having a number of bins for
collection of different bead or particles which have been separated by the F-NLM
separation system. it will be appreciated that while the separation system, sensor
and collector are shown in the exemplary Fig. 4(b) as being connected in series, in
an alternative arrangement these components may be integrated into a single lab on

chip arrangement.

Thus the system and method as described above and with reference to Fig. 1 and
the other drawings may support a variety of sensing, analysis, and monitoring
arrangements including for example, optical monitoring, magnetic monitoring,
monitoring for fluorescently labeled marked for example, stem cell markers.
Impedance measurements, and countering of particles, or measuring size of
particles. The system may be operated in a diagnostic mode for identification or

separation of for example analytes. The system may also be operated in a self-
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sorting mode. The system may be arranged to provide for a lining up of separated

sample particles for counting or analysis.

While an exemplary system has been described initially with reference to Fig. 1, it
will be appreciated that suitable alternative arrangements may also be provided. For
example, in alternative arrangements a least one or multiple non-magnetic flow
channels 140 may be used for separation. Similarly, at least one or multiple discrete
magnetic arrays may be provided. Referring to Figs. 5 and 6 further alternative
arrangements of magnet arrays, non-magnetic channels and flow are shown. For
example, in an alternative arrangement sheath flow may be used in a similar
configuration. Furthermore, while flow has been described with reference to the
exemplary arrangement of Fig. 1 as normal to the NLM (non-linear magnetophoretic)
transport, it will be appreciated that the flow may alternatively be applied in an
alternative direction for example, a substantially parallel direction to NLM movement
by magnetic field. 1t will be appreciated that the magnetic means for providing the
external magnetic field may be integrated into the chip assembly device as may

other sensor/monitoring or collection/analysis components.

Referring to Figs. 5a and 5b a number of exemplary alternative separation system,
chip assembly and flow chamber, arrangements are described. The flow chamber
of Fig. 1 has an inlet and outlet and first and second fluid paths, as described
previously. Referring to Figs. 5a and 5b, in exemplary arrangements shown, the flow
chamber may comprise multiple inlets and outlets coupled to separate fluid paths.
Referring to Fig. 5a, a system 1100 is provided including a magnetic array 1120 in a
main channel or first fluid path 1115 and a second fluid path or by-pass channel
1140 provided located beside the main channel 1115. The system includes two inlets
1150 and 1151, inlet 1150 being provided to the first fluid path 1115 and the
magnets array 1120 and inlet 1151 being provided to the second fluid path or by-
pass channel 1140 respectively. The by-pass channel 1140 is similar to the non-
magnetic channel 140 described previously, for example with reference to Figs. 1.
The carrier flow in the by-pass channel 1140 may be configured such that once
specific particles have been moved to the boundary of two channels 1140 and 1115,
the carrier flow in the by-pass channel 1140 will sweep the beads/particles

downstream in the direction of flow to the outlet means 1160. In the case of a sample
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having first and second type particles/beads, the beads/particles of the second type
may accordingly be separated via a first outlet provided on the by-pass channel 1161
and beads/particles of the first type may be separated via another outlet 1162. In
contrast to the Fig. 1 arrangement, preferably the flow rate in two channels 1140 and
1115 may be adjusted separately and independently of each other. The flow rate
and resultant velocity down the side of the magnet-array in the by-pass channel may
be adjusted to provide a different velocity for example, to provide more efficient
separation. This arrangement provides for additional control in the separation and
advantageously provides a reduction in the time required for a separation. The
arrangement advantageously provides for the continuous introduction of a sample

and separation.

Referring to Fig. 5b a further exemplary arrangement is shown in which multiple
magnet arrays, each having different properties in this case each with different
periodic characteristics, are arranged next to each other in a flow chamber 2130
having multiple inlets and outlets to first, second, third and fourth fluid paths (2131,
2132, 2133, 2134) or channels respectively. The arrangement provides for the
simultaneous separation of multiple sample constituents or analytes. In such an
arrangement, the different magnet arrays 2120, 2121, 2122 and 2123 are configured
to separate different particles simultaneously at the same separation frequency, due
to the different periodic parameters of each of the respective magnetic arrays. The
different magnet arrays 2120, 2121, 2122 and 2123 are provided in this exemplary
arrangement in or proximal the different fluid paths, namely first to fourth fluid paths
respectively. As described with reference to Fig. 1the magnetic arrays may
comprise multiple sub-magnet arrays with non-magnetic flow channels arranged
therebetween. The arrangement of Fig. 5b may advantageously be used to separate
multiple particles simultaneously at the same operable frequency of external
magnetic field with a relatively fast separation time. The exemplary system 2100
comprises four inlets and four outlets, four fluid paths and four different types of
magnetic arrays and as shown the four sample types are outputted at the outlets.
The system provides for the control of the rate of flow on each of the magnet arrays

as required.
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Figs. 6(a) to 6(d) are schematic illustrations of the layout of different alternative
systems, device assemblies and flow chamber arrangements according to the
teaching of the present specification as described above with reference to Figs, 1
and 5. Flow is shown to be between the inlets and outlets and the direction of
transport by the external rotating magnetic field is shown to be normal to the
direction of flow. Referring to Fig. 6(a) a separation system and chip having a single

inlet and outlet are shown. This arrangement is similar to that of Fig. 1.

Referring to Fig. 6(b), a different flow is provided by the use of flow dispensing
channels between the inlet and fluid paths magnetic array/s and separation non-
magnetic channels and the outlet. The system comprises a plurality of fluid paths.
The flow dispensing channels advantageously provide a more uniform flow than may
be achievable with a single inlet, hence avoiding effects that may sometimes arise
where there may be variation in flow between channel sides and centre for example.
As described with reference to specific examples later, depending on the type of

separation required different optimal flow rates via the device and system apply.

Referring to Fig. 6(c) an arrangement similar to that described above with reference
to Fig. 5(a) is illustrated. Two inlets and outlets are provided. An inlet and outlet is
provided to each of the second fluid path or by-pass channel being the non-magnetic
channel and to the main channel or first fluid path including the magnetic arrays.
This arrangement preferably provides for independent control of the flow rates on the
second and first fluid paths and on non-magnetic channel and the magnet array.
Advantageously, the arrangement provides that separation may be operated
continuously and not sequentially. The separation of particles or beads of a first and
second type is illustrated. Micro-beads of the first type are separated from the micro-
beads of the second type on the micro-magnet array as described above. The
micro-beads of the first type are then moved from the edge of the micro-magnet

array by carrier flow in the non-magnetic channel to the first outlet.

By combining with an external magnetic field, the micro-magnet array 120 can be
used as a magnetic particles collector to capture the particles, which have been
introduced into the flow chamber 130, on the magnets array surface before applying

the rotating magnetic field. This separation and capturing of particles can be
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performed simultaneously and continuously. In another configuration separation may
be performed after the particles are collected on the micro-magnets array 120 by
introducing the carrier fluid into the flow chamber 130 and then pausing for a pre-
determined time period, for example one minute, to allow the magnetic beads to be
collected on the micro-magnet array with the z-direction electromagnet.

Simultaneous separation and capture can give more efficient capturing of particles

on the micro-magnet array.

Referring to Fig. 6(d) a system and chip are shown having multiple inlets, and
multiple outlets. In addition flow dispensing channels and provided between the
inlets and outlets and different fluid paths comprising the separation magnetic arrays/
non-magnetic channels. This arrangement advantageously provides for and supports

multiple separations on a single chip.

In other configurations asymmetric flow chambers may be used for F-NLM. In
scenarios where the flow direction is opposite to the NLM transport of the particles it
is difficult to control the transport of particles. Such scenarios may arise near the
outlet of a single inlet, single outlet arrangement such as shown in Figure 6a. To
avoid the generation of an opposite flow on the magnet array area, the flow
chambers may be designed to be long enough to keep the magnet array located in
the center of flow chamber, so the flow profile on magnet array area will have no
opposite flow. In another configuration such as shown in Figures 6(e) and 6(f)
asymmetric flow chambers may be employed to reduce the length of flow chamber
and avoid the opposite flow. In simulation of asymmetric flow chambers, the NLM
transport of magnetic particles is always perpendicular or in same direction with flow
direction. Figure 6e shows a first type of asymmetric flow chamber having a single

inlet and outlet whereas Figure 6f provides two inlets and two outlets.

While in the various arrangements of system and method described with reference to
the present specification, separation or transport of micro-beads/particles of the
second type in the non-magnetic separation channel has been provided using flow
and by control of the rate of flow and the hydrodynamic forces, it will be appreciated
that suitable alternatives to flow may be provided for example, by application and

provision of electro-kinetic forces or gravitational forces or centrifugal forces.
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As described above, the arrangement of the present specification provides for first
and second fluid paths and transport of particles of a second type to a second fluid
path. Means is provided for applying a force to particles of the second type in the
second fluid path to affect their transport and separation. In the exemplary
arrangement described above the force may be flow. However, it will be appreciated

that suitable alternative forces may be applied as noted above.

The exemplary system and device arrangements for example as described with
reference to Figs. 1to 6, support a method of non-linear magnetophoretic separation
to provide separation of first and second particle/bead types of a sample which
includes the following:

-Providing a separation system/device comprising a magnet array in a first fluid path
and a non-magnetic separation channel in a second fluid paths,

-Introducing a sample comprising first and micro-beads of the second type into the
system,

-Applying a rotating magnetic field proximate to the magnet array,

- Controlling the frequency of the rotating magnetic field, and the flow rate to provide

separation of said micro-beads of the second type from said micro-beads of the first

type.

The method provides a flow enhanced non-linear magnetophoretic separation (F-
NLM).

Flow in first and second fluid paths is controllable as required. The external
magnetic field is operable at a frequency of rotation above the critical frequency of
the micro-beads of the first type and below a threshold frequency of micro-beads of
the second type to effect a separation thereof affecting the trapping of the micro-
beads of the first type on the magnet array and transport of second-micro beads
across the magnet array to the non-magnetic separation channel adjacent an edge

of the magnet array.

A non-magnetic force is applied to transport micro-beads of the second type

downstream from said edge of the magnet array to effect separation of said micro-
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beads of the second type. The non-magnetic force may be flow, wherein the method
includes applying flow and controlling the rate of flow such that the resultant
hydrodynamic forces affect transport and separation of said micro-beads of the
second type. The rate of flow is controllable such that the induced hydrodynamic
force is in a range less than the force needed to displace the micro-beads of the first
type trapped on the magnet array and greater than that need to displace micro-
beads of the second type which have been transported to the edge of the magnet
array. The force, for example flow in the second fluid path or non-magnetic channel
may provide transport of the micro-beads of the second type or particles to a
collector. Similarly, after the micro-beads of the second type have been separated
from the micro-beads of the first type and transported downstream by flow, the
frequency of rotation of the external magnetic field is reduced to a frequency below
the critical frequency of the micro-beads of the first type to effect transport by non-
linear magnetophoresis of the micro-beads of the first type to the edge of the micro-
magnet array and transport of the micro-beads of the first type from said edge of the
micro-magnet array downstream. Alternatively, after micro-beads of the second type
have been separated the rate of flow may be controlled such that the induced
hydrodynamic force in the magnet array is sufficient to displace and transport said
micro-beads of the first type that have been trapped on the magnet array
downstream. A collector may also be provided for receiving micro-beads of the first
type. The method may further include collecting or counting or analysing said first
and micro-beads of the second type that have been separated. The frequency of

rotation and flow rate may be controlled to provide a continuous separation.

Example results and data from an example separation using an exemplary
separation device 100 are provided with reference to Figs, 2 and 3 and also Figs, 4,
5,6,7,8and 9 based on the use of the system 100 of the present specification to
isolate B. globigii and S. cerevisiae captured on 1.0 and 2.7 micron diameter
magnetic beads functionalized with specific antibodies by fixing » at a value that

would trap the beads bound to the microorganisms on the array.

EXAMPLE
In an exemplary arrangement, an embodiment of a separation system 100 was

provided comprised of an array of micro-magnets embedded in a flow chamber with
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fluidic ports. A double-layer, negative resist photolithographic lift-off process was
used to fabricate the cobalt micro-magnets with a high degree of dimensional
control. The micro-magnet array was composed 5.0+0.1 wu diameter circular
magnets arranged in a square lattice with 8.0+0.1 wu center-to-center distance. The
micro-magnets were created by thermally depositing 5 nm chrome, 70 nm cobalt,
and 5 nm chrome on the developed photoresist. After the removal of the resist the
resulting micro-magnets were inspected with scanning electron microscopy (SEM)
and atomic force microscopy to determine their z and xy dimensions with 1 and 10
nm resolution, respectively. The micro-magnet arrays were coated with a
substantially 600 nm thick spin on- glass (SOG) layer (Filmtronics, Butler, PA, USA)
to provide chemical protection. The rectangular flow chamber around the magnets
array was formed using a SU-8 (MicroChem, Newton, MA, USA) photolithographic
process. The rectangular flow channel was of dimensions of the order of 47mm long,
7.8mm wide, and 70 wu high. The microfluidics chamber was completed by using
laser machining to form inlet and outlet holes substantially of dimensions of 1mm
diameter and then bonding a 170 micron thick quartz sheet to the SU-8 layer to from
a closed chamber. The form of the flow chamber was configured to allow the velocity
of fluid flow to be set with 10% precision down the length of the chamber and the

motion of the particles on the arrays to be characterized with an optical microscope.

A rotating magnetic field orthogonal to the axis of flow on the chip was provided
generated with three electromagnets 170 comprised solenoids of 570 coils
surrounding a cylindrical iron core of diameter of 60 mm and length of 150 mm were
provided. Two synchronized sinusoidal signals with a 90 degree phase difference
were generated with a controller 16 1 comprising two-channel function generator
(Tektronix, Beaverton, Oregon, USA). This signal was amplified to the desired
current using two programmable amplifiers (Kepco, Flushing, NY, USA) and supplied
to the electromagnets assembled on the x and z axes. This generated an elliptical,
rotating magnetic field with an amplitude of 48 and 29 Gauss in the z-direction and x-
directions, respectively. The uniformity of magnetic field generated by the

electromagnets was > 96% in the axial direction and >83% in the radial direction.

The separation was performed after the particles were collected on the micro-

magnet array 120 by introducing the carrier fluid into the flow chamber 130 and then
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pausing for one minute to allow the magnetic beads to be collected on the micro-

magnet array with the z-direction electromagnet.

Off-chip fluidic handling was used to control the flow on-chip and collect magnetic
bead fractions. The syringe pumps (Chemyx, Stafford, TX USA) were used to
introduce sample and rinse fluids at specified flow rates between 20 and

300microlitres/minute.

The Reynolds number (A/re) for a rectangular channel is

A0,

&I
;\é\l‘

i
where V) is the average velocity of the liquid, D,, is the hydrodynamic diameter of
the channel, and p and p are the density and viscosity of the fluid, respectively. In an
exemplary arrangement an N, of the order of magnitude of 1077 for non-linear
magnetophoretic transport under continuous flow (F-NLM), which is deep in the

creeping flow regime.

F-NLM separation was executed after the beads were collected on the micro-magnet
array by introducing the carrier fluid into the chamber at a defined flow rate and
activating the rotating magnetic field at a specific frequency. Sample fractions
separated at specific frequencies were collected using a valve manifold on the outlet

port.

The transport properties of the F-NLM device were characterized with an epi-
illumination, optical microscope (Zeiss Axioskop 2, Welwyn Garden City, UK) with a
63x long-working distance 80 lens. Images of the magnetic beads on the micro-
magnet array were acquired with a high-speed camera (Axiocam Hsm, Zeiss)
capable of resolving the 1 mwu diameter beads in a 140 x 110 wu field of view with 10

ms resolution.

Reagents Two different super-paramagnetic particles were used in this study, i.e.,
carboxyl coated My-one and M-270 particles were purchased from Invitrogen
(Carlsbad, CA, USA). The diameter of the particles were measured with scanning

electron microscopy (Hitachi S-4300) to be 1.0 and 2.8 wu, respectively, and
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coefficient of variation (CV) of the diameter of each particle was less than 3%. The
magnetic properties of particles was measured with SQUID magnetometry (type).
These measurements were conducted at room temperature by dispersing the
particles on a silicon substrate. The saturation magnetization of the particles was
found to be 300 kA/m at 0.2 T. The magnetic susceptibility (x) of the 1.0 and 2.8 wu
particles was 0.3 and 0.1 7, respectively. The particles were dispensed in a 1 mM
phosphate buffered saline solution with 0.5% Triton X- 100 solution (PBST). The

PBT solution was also used as the carrier fluid.

Transport

Referring to Figs. 7(a), 7(b) and 7(c), the motion of magnetic beads on the
continuous micro-magnet arrays was studied as a function bead size (d), external
magnetic field rotation frequency (w), and flow rate (q) with an optical microscope. In
the absence of flow the beads were observed to move across the micro-magnet
arrays at low frequencies but became immobilized at a characteristic frequency. The
critical frequency, w., of the beads was determined at which the average bead
velocity, V,, diverged from the velocity of the translating potential energy landscape.
The velocity of the 1 and 2.8 wu diameter beads was measured as a function of the
external magnetic field rotation frequency and w, was found to be 4.5 and 9 Hz,
respectively. The frequency at which half of the 1 and 2.8 wu diameter magnetic
beads were immobilized on the micro-magnet array, which we will define as the
threshold frequency w,, was found to be 5.5 and 12 Hz, respectively. The variation in
transport behaviour of each lot of beads was observed in the magnitude of (w; - w¢)
and is likely to result from variation in bead magnetization, which has been shown to
vary by as much as 25% within a given sample of beads. The motion of the beads on
the continuous micro-magnet array was also studied as a function of fluid flow rate.
At flow rates less than 140 pi/min very little change in NLM transport behaviour could
be detected. At flow rates greater than 140 pi/min the 2.8 wu beads were observed
to start to become displaced from the micro-magnet array and move down the
microfluidic channel in the direction of flow. The 1.0 wu beads began to become
displaced from the micro-magnet array at a flow rate of 180 pi/min and were also
observed to move with the flow. Both magnetic beads were observed to become

displaced from the micro-magnet array over a wide distribution of flow rates.
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Transport behaviour of the magnetic beads on the continuous micro-magnet arrays
The motion of the magnetic beads on edge of the micro-magnet arrays was also
studied as a function of d, w, and q. The beads on the edge of the array were found
to oscillate between the edge of the micro-magnet and a position in the flow channel,
as illustrated in Figure 3. Figure 7(a) presents the measured amplitude of this
oscillation, aAx, as a function of w at g=0, where A X is defined as is the distance from
the centre of bead when beads reach its maximum distance from the micro magnet
to the edge of the micro-magnet. Referring to figure 7(a) it is noted that, AX was
found to decrease as w increased. This decrease was found to take place at two
rates. At w < 1 Hz the AXx was found to decrease rapidly while at ® > 1 Hz AX
decreased less rapidly. Second, the smaller beads had a smaller A X across the
range of frequencies for which displacement was measured. Third, there is a
threshold frequency at which Ax becomes zero, which we define as the point where
the bead sticks to the surface of magnet and oscillates at its point of contact. This
threshold frequency was between 15-20 Hz and was significantly larger than w; of
both beads.

Figure 7(b) presents the velocity of the beads measured moving along the edge of
the micro-magnet array in flow, Vy, as a function of w at a flow rate of 100 pyi/min. It is
noted first, that that at w less than a threshold frequency, Q, , the beads at the edge
of an array will move with flow. Second, at w > Q, the beads stop moving in the
direction of flow. The magnitude of Q,was quite close to wfor the 1 uu beads but
was 15 Hz for the 2.8 wu beads. Third, Q, and Vy were a function of the physical

properties of the beads with the larger beads exhibiting higher values of Q, and V-

Figure 7(c) summarizes the measurement of W of the beads as a function of flow
rate at two frequencies of rotation of the external magnetic field. These results
illustrate that Vy is a function of q, w, and d. Four trends can be drawn from these
results. First, larger beads moved faster than the smaller beads. Second, W for the
larger beads appears to be independent of w . Third, the small beads were confined
on the edge of the micro-magnet array at 9Hz. Fourth, at higher flow rates, i.e., q >
160 p/min, all the beads on the edge of the array were swept away into the flow
channel. It appears that the optimum range of flow rate for separation are in the

range of 1 ooul/min.
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Referring to FIGS 8A to H, separation of the magnetic micro-beads using F-NLM is
further shown in an example in which separation is demonstrated by stepping to
frequency of rotation » of the external magnetic field through a series of frequencies

at a flow rate of 100 pi/min.

Figure 8 illustrates an exemplary separation provided in three steps. Initially, the
external field frequency was set at 30 Hz, which exceeds the critical frequency of all
the particles. Figures 8A, B, and C show that the particles were fixed on the micro-
magnet array. In the second step, the field frequency was increased to 9Hz where «
< 0o, 2.8um < Qe¢.2.84m aNd W > W ¢,iwm- Figures 8D, E, and F show the smaller 1 wu
particles fixed on the array while the larger beads move across the array until they
encounter an edge where they follow the direction of flow. In this way, the large
beads were separated from the micro-magnet array 120 in the flow direction while
the 1 wu particles were trapped on the micro-magnet array 120. In the last step the

frequency was decreased to 3Hz where oo < oo, iym and Q Figures 8G, H, and |

tc' 'Hm®
illustrate that the small particles were displaced from the chip and separated in the

laminar flow.

The exemplary F-NLM (flow enhanced non-linear magnetophoresis) separation
illustrated shows that the separation using the separation device 100 provides a
separation of multiple magnetic particles at different frequencies. The last remaining
particles on the magnetic array were displaced by increasing the laminar flow to

sweep the remaining particles downstream.

Analysis of Motion of the particles on the micro-magnet array
The magnetic force generated on a bead by a rotating magnetic field on a micro-

magnet array has been previously described as

Fixt)=F_ sinjkx- tot)
eql

where Fmag is the maximum magnetic force and k =2n/d is a constant describing the

spatial periodicity of the array. The solution of the equation of motion for this bead
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reveals the bead's motion can be described as an overdamped non-linear oscillator.

The critical frequency for this oscillator is

where, o is the permittivity of space, 6, is an experimentally determined parameter
representing the effective magnetic pole distribution on the array surface, n is the
drag coefficient, H_ . is the magnitude of the external magnetic field, and B is the ratio

of the bead radius, a, to the characteristic length scale of the array, b.

Overdamped non-linear oscillators are dynamic systems exhibiting two distinct
transport regimes depending on the magnitude of the external driving frequency.
When the external driving frequency is less than a critical threshold, the bead
reaches a stable position within a given trap in the landscape and moves at a
constant horizontal velocity with a speed equal to the translation velocity of the
landscape, wd/2mt. Near the critical threshold, the bead will lag behind the local
energy minima. Above the critical threshold, the beads begin to slip with respect to
the translating potential energy landscape. Physically, this slipping is observed as an
oscillatory rocking motion between adjacent magnets superimposed on a time-
averaged linear velocity, which reduces to zero with increasing frequency at a rate

defined (w- v (W:z- Wz yc ¥

Analysis of magnetic field at the edge of the micro-magnet array and motion of the

magnetic beads.

The magnetic field distribution at edge of a micro-magnet array was calculated using
finite element modeling. Figure 2b presents cross-sectional images of the normalized
magnetic flux density,

B=+B.B

in an xz-plane that insects the centre of two micro-magnets (Figure 3) as a function
of the orientation of the external magnetic field, ©. The magnitude of the B has been
presented in light/dark colour with a single scale used for all eight images. The

magnetic potential energy of the super-paramagnetic beads will cause the
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beads to move towards the maximum B, i.e., the magnetic force Fm drives the bead
to maximum B
Xy

~+3 2u _
* ¢ Equation (3).

F = (mV)B=¥.

To guide the eye the equilibrium position of magnetic bead has been drawn onto
these calculations at the point of estimated maximum B. Observations are drawn
from the series of B cross-section calculations in Figure 2b that provide details of the
motion of the magnetic beads at the edge of the micro-magnet array. First, the B
distributions on both the inner and outer micro-magnets have a similar form in most
orientations of the external magnetic field. For example, B is high just to the right of
the micro-magnets when o is 135° and is low on the left side of the micro-magnets
as o rotates to 45° Second, B in the flow channel beside the micromagnets is
constant at 60 Gauss, which is equal to the field intensity produced by the
electromagnets. This B is significantly lower than the maximum B on the micro-
magnetic array. Third, B in the channel was higher than B on the left side the outer
micro-magnet at © between 90° and 180°. These calculations suggest that once a
magnetic bead travels to the edge of the micro-magnet array it is captured in a local
magnetic field that oscillates between a point on the edge of the micro-magnet and a
point in the channel. This motion of the B has similarities to the motion of B on the
continuous micro-magnet array with the noted exception that it returns to the same
micro-magnet. It also appears that the beads trapped on the edge of the micro-
magnet array were not captured in a local B maximum between 90° and 225°, but to
move in a relatively uniform B. These fields produce low magnetic forces that allow
the beads to move down the edge of the micro-magnet array due to hydrodynamic

drag when the external field angle is 90° <g<225°.

An analysis of the B field was also done in three dimensions for a 5*3 micro-magnet
array. The results were found to be consistent with the results of the analysis in 2-

dimensions

Figures 9(a) and 9(b) present B as a function of o in an xz-plane along the centre of

the two micro-magnets 0.5 wu above the SOG surface (Figure 3, line 1). As
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mentioned above the bead will 30 move along the x-axis to the region of maximum
local B. Clearly, B does not have a simple functional form thus the equation of
motion of the bead cannot be solved analytically as was the case in NLM. Figure
9(a) presents B as o rotates from 0 to 180° resulting in the displacement of the bead

from the left side of the outer micro-magnet into the flow channel.

Figure 9(b) shows the magnetic field (B) that results in the displacement of the bead
from the flow channel back onto the outer micro-magnet as o rotates from 180 to
315°. Arrows have been drawn on each of these figures to illustrate a solution for the
position of the bead as o increase. Several observations can be made about the B
field generated at the edge of the micromagnet array from these calculations. First,
unlike NLM it is clear that the bead does not always move in a local B maximum.
Rather, it starts in a B maximum at the left edge of the outer micro-magnet at o = 0°.
At © = 90° there no longer is a maximum B, but the bead moves up the B gradient
into the channel until @ = 180° where the bead reverses its direction as it moves
toward the B maximum that has been created at the side of the outer micro-magnet.
Second, B on the left edge of the micro-magnet adjacent to the channel exceeds that
on the inner micro-magnet for @ between 180 and 315°. This B serves to retrieve the

bead from the channel in flow and to hold the bead in place.

Figure 9(c) presents V, of the 1.0 and 2.8 wu beads calculated from the AX'vs. w
data in Figure 7(a). The velocity of the beads increased until » reached w, after
which the velocity stabilized until w reached a threshold frequency which was 17 and
21 Hz for the 1 and 2.8 wu beads, respectively. The trends observed in Figure 9(c)
have some similarities to those observed in NLM, i.e., the velocity of the beads
increases until the frequency reaches w.. However, at frequencies above w, the
velocity does not decrease but remains constant until a threshold frequency is
reached. This appears to result from the fact that the B in the channel next to the
micro-magnet array does not have a maximum for 90° <@ <225° but increased
monotonically toward the B in the channel produced by the electromagnet. The result
is that V, does not decrease at higher frequencies but rather remains approximately
constant until w is greater than the threshold frequency at which point the bead does
not appear to have sufficient time to move into the channel. The Vy of the magnetic

beads as a function of w was presented in Figure 7(c). Analysis of B generated the
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micro-magnets in Figures 9(a) and (b) suggests that vy should not depend on
frequency for w < Q, and this was in fact observed in the results presented in Figure
7(c). That is, at frequencies less than Q, the velocity of the 1 and 2.8 wu bead was
approximately 60 and 180 wu/s, respectively, for flow rates of 100 ui/min. It appears
that the velocity of the 1 and 2.8 wu beads at the edge of the array was proportional
to the size of the bead at a given flow rate despite the fact that the velocity of the
fluid at the surface of the flow chamber was a non-linear function of z, and magnetic
force (Equation 3) is complex function of the bead physical properties and magnetic
field.

In the exemplary system and method described heretofore, the transport of super-
paramagnetic beads on a micro-magnet array has been studied in a hydrodynamic
flow field. It has been observed that flow has little influence on the magnetically
activated transport of the beads moving on a continuous micro-magnetic array until
the velocity was increased to a level that swept the beads away from the array. It can
also be concluded that flow has a more controlled influence on the motion of beads
trapped at the edge of a micro-magnetic array. At w greater than a threshold
frequency, Q,, the beads were immobilized at the edge of the micro-magnet array. At
w <, the beads moved along the edge of the micromagnet array at a velocity that

was proportional to velocity and the radius of the bead.

Insight into this behaviour was gained from finite element calculations of the
magnetic flux density, B, produced by the micro-magnet at the edge of the array as a
function of external magnetic field orientation, ©. The B profile took on two forms as @
increased from 0 to 360°. As o increased 30 from 0 to 180° the bead travelled from a
local magnetic field maxima on the edge of the outer micromagnet into the flow
channel where B was weak and lacked a local maximum. As e increased from 180 to
360° the bead moves back to the edge of the micromagnet where a strong B maxima
developed. These calculations provided insight into the forces that led to the capture
the magnetic bead at the edge of the micro-magnet array and caused it to oscillate
between a point on the edge of the micromagnet and a point in the channel. They
also provide a basis for understanding why the threshold frequency on the edge of
the micro-magnet array, Q,, is different from the threshold frequency on the

continuous array, w;. It was striking note that both Q, and Vy appear to scale with
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bead size for v <) at a flow rate of 10oul/min. This suggests that Q; and Vy were

dominated by hydrodynamic drag force, which is proportional to bead diameter.

Example for preparing the complexes of particles for separation of analytes in an

example separation according the present specification:

Complexes of magnetic-fluorescent particles, were modified with polyethylene glycol
(PEG) to minimize the non-specific adsorption between particles and analytes, are
prepared for separation. Attached fluorescent particle will allow the separation
process and results can be observed with ease using fluorescent microscopy. The
complexes were functionalized with monoclonal antibodies against specific analytes

(such as Dengue virus) for analytes separation and detection.

An example process for preparing this type of complex is as follows:

1. Modification and functionalization of particles

The surfaces of the paramagnetic particles was modified with carboxyl groups that
were readily available for covalent coupling of proteins and other molecules.
Magnetic particles were functionalized with the anti-dengue antibody by covalent
bond attachment through a PEG monolayer, as described previously. The particles
were first coated with a monolayer of primary amines by physically adsorbing
polyethylene imine (PEl, Polymin SNA, BASF, Rensseler, NY, USA) on the
negatively charged particles. These surfaces were then functionalized with a vinyl-
sulfone PEG monolayer by reacting «-vinyl sulfone, «>-N-hydroxysuccinimidyl ester
of poly(ethylene glycol)-propionic acid (NHS-PEG-VS) (Nektar, Huntsville, AL, USA)
with the PEI coated particles. The antibody was modified with sulfhydryl groups
using /V-succinimidyl-S-acetylthioacetate (SATA, Pierce Biotechnology, Rockford, IL,
USA) at 1 : 10 ratio in 100 mM phosphate buffer, 150 mM NaCl, and 10 mM EDTA at
pH 7.2. The sulfhydryl group was activated with a deacetylation buffer of 50 mM
hydroxylamine-HCI, 2.5 mM EDTA, 62.5 mM Na,HPO,-NaH ,PO, at pH 7.5 for 2 h.
The buffer was replaced on an excellulose desalting column (Pierce, Rockford, IL,
USA) with 50 mM Na,HPO,-NaH ,PO,, 1 mM EDTA, pH 7.2. Approximately 10
PEG-VS particles were reacted with 700 ug of the SATA activated antibody in

desalting buffer. The 1+ 0.1 wu green fluorescent microparticles (Duke Scientific,
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Palo Alto, CA, USA) were modified with anti-dengue antibody by following the same
procedure.

2. Formation of complexes

The magnetic and fluorescent microparticles were reacted at a concentration of
approximately 10* particles per ml, with killed type 2 dengue virus at a concentration
of 1-1 0% PFU nrf ! (plaque forming unit). These particles were functional ized with
monoclonal antibodies against type 2 dengue virus using a polyethylene glycol
(PEG) chemistry that minimizes the non-specific adsorption of proteins from the
sample. The product of this reaction was a mixture of a large number of individual
particles and a smaller number of magnetic-fluorescent, magnetic-magnetic, and
fluorescent-fluorescent particles assembled through an antibody-virus-antibody
bond. Then the magnetic particles were concentrated from the sample using a single
step magnetic separation to allow the unbound fluorescent particles to be rapidly and
efficiently separated from those bound to magnetic particles. After that, fluorescent-
magnetic particle complexes could be sorted and be used as separation complexes
for FNLM separation using a device or system according to the present specification
for analytes detection.

It will be appreciated that this exemplary methodology of preparing complexes is
provided to assist the person of skill in understanding how such complexes may be
provided and is not intended to limit the present teaching to such a specific
exemplary methodology. Fluorescent-magnetic particle complexes, once fabricated
using any one of a number of different methodologies, could be sorted and used as
separation complexes for FNLM separation using a device or system according to
the present specification for analytes detection.

It will be appreciated that a system and method in accordance with the present
teaching has a number of distinct advantages and can be employed in a number of
different environments where magnetic forces may be used in analysis. The specifics
of the arrangements may differ depending on the intended analysis target, for
example protein, DNA, virus, bacteria, stem cells, etc. Use of the present teaching
allows provision of highly sensitive bio-analytical assays and other methodologies
where bio-separation may be advantageously employed in the understanding of
living organisms. Therefore while it is not intended to limit the present teaching to
any one specific methodology the following exemplary applications may be

considered as indicative of tools that may employ the present teaching.
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Specific use and implementation of the present teaching will depend on one of a
number considerations including definition of

a) assay protocol (e.g., monoclonal antibody, polyclonal antibodies, monoclonal-
polyclonal antibody pair, or protein);

b) the matrix that the assay-separation has to be performed in (e.g., blood matrix,
fermentation broth matrix, environmental matrix, etc);

c) if sensing can be done in a single step or if multiple steps are needed (i.e., some
of these modes may require pre-concentration);

d) if fluorescent particles-magnetic particles or magnetic particle assemblies are
preferred; and

e) what users want to do with the particles after they are separated (for example if

they are required for further use/analysis or may be discarded).

Example of Separation and Bio-sensing Applications for F-NLM:

1) Use of the present teaching allows rare cell separation from blood for
translational medicine applications whereby magnetic separation is used in the
isolation of rare cell types. One specific example is where stem cells are targeted.
Having stem cells suspended in complex fluids like blood there is a need to isolate
the stem cells. The stem cells are typically present in a very small fraction, i.e.,
1:100,000 stem cell per blood cells. By using techniques employing the present
teaching it is possible to provide a highly efficient separation protocol that is
advantageously less stressful to the cells than for example centrifugation. An
example of a protocol that may be employed in such a separation will be described
as follows with reference to Figure 10 A (the arrangement of the device shown is
similar to that described with reference to Figs. 5A and 6C):

a. In an initial step, one or more antibodies or receptors of choice are attached to
super-paramagnetic particles. If large particles are used (>300 nm) the particles
should be uniform in size (CV < 30%) and magnetization (<30%). K small particles
are used (<300 nm) the particles do not need to be as uniform in size or
magnetization. Surface chemistries should minimize the nonspecific adhesion of
proteins and/or nucleic acids.

b. The target analyte such as cells will be suspended in sample volumes that are

10-1 00 ml, viscous, and chemically unstable. Stabilizing agents (e.g., heparin). may
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need to be added to avoid coagulation and allow antibodies to react efficiently. The
each of the magnetic particles will be mixed with the target analyte at a density of
1075-1 0”9 particles/ml. The reaction will typically take place for 1-60 minutes. It may
be useful

C. Most of the antibodies used for stem cell separation are monoclonal and
directed against cell surface proteins that are present in large numbers. Particle
densities would need to be optimized to capture as many of the target cells as
possible in the minimum time. Larger numbers of non-target cells and more viscous
solutions would require longer reaction times or higher densities of particles. It will be
noted that it may be preferable to mix the probes with the target analyte cells and
then attach the magnetic particles to the target analyte using protein A or a similar
receptor.

d. The F-NLM device would need to be able to work at relatively large flow rates
in this case, i.e., flow rates of at least 1 ml/min of blood would be required. This
means that continuous separation would be the most advantageous configuration,
i.e, Figures 5A or 6C. For example, this instrument may be made of glass-silicon,
i.e., like a flow cytometer, but most biology labs like to work with plastic disposables.
e. Samples would need to be loaded onto the F-NLM magnetic array of the type
shown in Figure 5A. The particles would be loaded on the array and the external
rotation frequency would be set so bare particles would be swept into channel 1161
leaving the stem cells on the chip (note that the is figure is a little confusing as it
shows the separation of magnetic particles of two sizes). A single large
micromagnet array or a small number of arrays (e.g., 1-5) would be preferred. The
total number of micro-magnets would need to be at least 10x larger than the total
number of cell-magnetic particle complexes to be collected. Atthe end of the
separation either flow would be used to sweep the cells off the array into channel
1160 or the frequency would be reduced and the stem cells would be collected in
channel 1161. This is of course not truly continuous separation because the feed
would have to be stopped. Continuous separation could be achieved by running two
or more channels in parallel for defined periods.

f. A practical issue of concern relates to non-specific adhesion of the blood
proteins to the F-NLM separator and the need to capture the particles on the surface
of the array. The first point can be addressed by adding stabilizing agents to the

blood before separation and coating the surface of the chamber with non-ionic
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hydrophilic polymers that minimize nonspecific adhesion. The second point can be
addressed by using a "force" to pull the particles down to the surface of the array just
before separation. This force could be magnetic, hydrodynamic, or electrokinetic.

g. It may also be desirable to have a filter on the front of the separator to remove
particle aggregates or cell debris. A particle counter on the flow streams may also
be useful but this is not essential.

h. The example above is for a single cell type but it could be extended to
multiple cell types if large magnetic particles were used.

i The smaller particles would need to be used at higher densities so that the
cells were given enough magnetic moment for separation. This would result in the
binding on multiple particles to a single cell of interest but would also produce a cell-
particle assembly with a distribution of magnetizations. This may be useful in
identifying the density of receptors on a cell. Smaller magnetic particles may also be

easier to remove from the cells of interest after separation.

2) An example of a technique that may be employed in rare cell-virus-protein
separation for diagnostics (double large magnetic particle, direct antibody
configuration) is described in Figure 10B (the arrangement of the device shown is
similar to that described with reference to Figs. 5A and 6C). An exemplary
application where this may be usefully employed is identification of neonatal white
blood cells that are in the mother's blood. This technique could also be used to
identify bacteria and viruses for the identification of infectious diseases from complex
media like blood. Small protein targets are also of interest, e.g, cardiac troponin 1,
which are present in blood but also in simpler media that comes from environmental
sampling. Using a system and methodology in accordance with the present teaching
it is possible to isolate these analytes which are present in a very small fraction, i.e.,
1:100,000 cell per blood cells, using specific antibodies. The advantage of using F-
NLM is that it is rapid, extremely sensitive, and can be used in a multiplexed sensing.
The protocol would be as follows:

a. Attach one or more antibodies or receptors of choice to magnetic particles of
defined size. The magnetic particles should be uniform in size (CV < 30%) and
magnetization (<30%). For smaller analytes, i.e., viruses and proteins, the particles

should be smooth. Smaller analytes also have a smaller number of epitopes, which
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will change the manner in which the antibodies can be used. All surface chemistries
should minimize the non-specific adhesion of proteins.

b. The analyte of interest would most likely be suspended in sample volumes
that are 0.1-10 ml, viscous, and chemically unstable. Stabilizing agents may need to
be added to avoid coagulation and allow antibodies to react efficiently, e.g., heparin.
The each reacting particle type will be mixed with the cells at a density of 10*5-1 0"9
particles/ml. In some cases, it may be desirable to mix the antibodies with the
analyte and then attach the magnetic particles to the analytes using protein A or a
similar receptor. The reaction will typically take place for 1-60 minutes.

C. It may be preferable to first separate the particles on a magnet using linear
magnetophoresis to drive the clustering of magnetic particles around the analytes,
which makes the complex easier to identify with F-NLM. It would be desirable if this
step took place on the F-NLM device as it would make the sample handling easier
and less prone to error.

d. After linear separation the sample will be moved to the F-NLM device. F-NLM
would work at modest flow rates in this case because pre-concentration would
reduce the working volume significantly, i.e., flow rates of t 0.1 ml/min would be
sufficient. The sample would be identified through the formation of dimers and the
most advantageous separation configuration would be a 2x2 continuous flow system
(i.e., Figures 5A or 6C). This instrument could be made of glass-silicon, i.e., like a
flow cytometer, but most diagnostic labs like to work with plastic disposables.

e. Samples would be continuously loaded onto the F-NLM magnetic array,
shown in Figure 5A, and the external magnet rotation frequency would be set so the
dimer particles would be swept into channel 1161 leaving the bare particles on the
chip (note that the is figure is confusing as it shows the separation of magnetic
particles of two sizes). The total number of micromagnetics would need to be at
least 10x larger than the total number of bare magnetic particles to be collected. At
the end of the separation or some intermediate point where the coverage of bare
magnetic particles on the array is high flow would be used to sweep the bare
magnetic particles off the array into channel 1160.

f. The practical issues identified with respect to the separation of rare cells will
equally apply to this exemplary application, the separation of rare cell-virus-proteins
g. The example above is for a single analytes but it could be extended to

multiple analytes if different size magnetic particles were used.
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h. A particle counter on the flow streams could be usefully employed for
identifying the presence of the analytes. The use of an impedance type sensor
would make it possible to identify the size of the aggregates and could be used as a
filter for the assay in combination with frequency of external magnetic field rotation.
An optical sensor could also be used to define the size of the particles is
transmission mode. However, reflection and size scatter optical detectors could be

used in conjunction with fluorescently labeled magnetic particles.

3) Figure 10C (the arrangement of the device shown is similar to that described
with reference to Figs. 5A and 6C) shows a further exemplary application whereby
rare cell-virus separation for diagnostics is effective using nonmagnetic-magnetic
particles, direct protein configuration. One specific area where this could be
employed is in targeting neonatal white blood cells that are in the mother's blood.
This technique could also be used to identify bacteria or viruses for the identification
of infectious diseases from complex media like blood. Small protein targets are also
of interest, e.g, cardiac troponin 1, which are present in blood but also in simpler
media that comes from environmental sampling. By using a system and
methodology in accordance with the present teaching it is possible to isolate these
cells which are present in a very small fraction, i.e., 1:100,000 cell per blood cells,
using specific antibodies. The advantage of using F-NLM is that it is rapid, extremely
sensitive, and can be used in a multiplexed sensing. The protocol would be as
follows:

a. Attach one or more antibodies or receptors of choice to magnetic or non-
magnetic particles of defined size. The magnetic particles should be uniform in size
(CV < 30%) and magnetization (<30%). Nonmagnetic particles should have a
uniform size (CV < 10%) and it may be desirable if they are optically active. Surface
chemistries should minimize the nonspecific adhesion of proteins. For smaller
analytes, i.e., viruses and proteins, the particles should be smooth. Smaller analytes
also have a smaller number of epitopes, which will change the manner in which the
antibodies can be used.

b. The analyte of interest would most likely be suspended in sample volumes
that are 0.1-10 ml, viscous, and chemically unstable. Stabilizing agents may need to

be added to avoid coagulation and allow antibodies to react efficiently, e.g., heparin.
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The each reacting particle types will be mixed with the cells at a density of 10*5-1 09
particles/ml. The reaction will typically take place for 1-60 minutes.

C. A marked difference from Example 2 is that it may not be preferable to first
separate the particles on a magnet using linear magnetophoresis as clustering would
make mulitplexed detection of more difficult. F-NLM would be performed at medium
flow rates i.e., flow rates of t 0.1 ml/min would be sufficient. The sample would be
identified through the formation of magnetic-nonmagnetic complexes and either a
2x2 continuous flow system (i.e., Figures 5A or 6C) or simple flow configurations
(6A,B, or D) would be suitable.

d. In this case, the magnetic conjugated particles will be captured on the F-NLM
device while the nonmagnetic particles are flushed out of the device. This involves
higher flow rates than in Example 2. The total number of micromagnetics would
need to be at least 10x larger than the total number of magnetic particles. At the end
of the first separation step the external magnet frequency would be set so the
monomeric particles would be swept off the chip. After the monomers were removed
either flow would be used to sweep the magnetic-nonmagnetic complexes off the
array or the frequency would be reduced and the analyte would be collected.

e. Diagnostic assays can also be run with a linear magnetophoresis step. In this
chase it is import to also count clusters of magnetic and nonmagnetic particles that
will be promoted by the intimate contact created by linear magnetophoresis. These
clusters will have a higher critical frequency and thus should be easily identified as
the first set of magnetic particles that leave the chip.

f. The use of nonmagnetic particles brings the added benefit that if fluorescent
particles are available they allow the analyte to be tagged for a second degree of
sensitivity in multiplexed sensing.

h. A patrticle counter on the flow streams could be usefully employed for
identification of the presence of the analytes. The use of an impedance type sensor
would make it possible to identify the size of the aggregates and could be used as a
filter for the assay in combination with frequency of external magnetic field rotation.
An optical sensor could also be used to define the size of the particles is
transmission mode. However, reflection and size scatter optical detectors could be

used in conjunction with fluorescently labeled magnetic particles.
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4) Figure 10D (the arrangement of the device shown is similar to that described
with reference to Figs. 5A and 6C) shows in schematic form an arrangement that
could be usefully employed in rare cell-virus separation for diagnostics using small
magnetic particles and a direct protein configuration. The protocol would be as
follows:

a. Attach one or more antibodies or receptors of choice to magnetic or
nonmagnetic particles. Small particles are used (<300 nm) thus they do not need to
be as uniform in size or magnetization as the large particles. However, it would be
desirable if they were uniform in physical properties. Surface chemistries should
minimize the nonspecific adhesion of proteins.

b. The cells of interest would most likely be suspended in sample volumes that
are 0.1-1 0 ml, viscous, and chemically unstable. Stabilizing agents may need to be
added to avoid coagulation and allow antibodies to react efficiently, e.g., heparin.
The each reacting particle types will be mixed with the cells at a density of 10*5-1 09
particles/ml. The reaction will typically take place for 1-60 minutes. Note that it may
be preferable to mix the antibodies with the cells and then attach the magnetic
particles to the cells using protein A or a similar receptor.

C. It may be preferable to first separate the particles on a magnet using linear
magnetophoresis. The purpose here would be to drive the clustering of magnetic
particles around the cells, which would make the complex easier to identify with F-
NLM. The smaller particles would need to be used at higher densities so that the
cells were given enough magnetic moment for separation. This may be useful in
identifying the density of receptors on a cell. Smaller magnetic particles may also be
easier to remove from the cells of interest after separation. It would be desirable if
this step took place on the F-NLM device as it would make the sample handling
easier and less prone to error.

d. After linear separation the sample would be transferred in the F-NLM device.
F-NLM would work at modest flow rates in this case because pre-concentration
would reduce the working volume significantly, i.e., flow rates of t 0.1 ml/min would
be sufficient. The sample would be identified through the shift in magnetization of
the cell-bacteria-virus and the most advantageous separation configuration would be
the 2x2 continuous flow system (i.e., Figures 5A or 6C).

e. Samples would be continuously loaded onto the F-NLM magnetic array, such

as the type shown in Figure 5A, and the external magnet frequency would be set so
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the dinner particles would be swept into channel 1161 leaving the bare particles on
the chip (note that the is figure is confusing as it shows the separation of magnetic
particles of two sizes). At the end of the separation either flow would be used to
sweep the bare magnetic particles off the array in channel 1160 or the frequency
would be reduced to collect them in channel 1161. This is of course not truly

continuous separation because the feed would have to be stopped.

5) Figure 10E shows a further application where the present teaching may be
employed in rare cell-virus separation for diagnostics using magnetic-nonmagnetic or
magnetic-magnetic particles in a molecular configuration. It is noted that the
arrangement of the device shown is similar to that described with reference to Figs.
5A and 6C. Molecular diagnostics have become a powerful and widely used tool for
diagnosing diseases and these assays are highly successful because polymer chain
reaction (PCR) amplification can be used to create large numbers of copies of the
target nucleic acid (such as DNA) and the probes that are used for PCR provide an
excellent degree of specificity. Disadvantages of the current generation of PCR
include that it requires careful design of the probes and extraction of the nucleic acid
(such as DNA) to overcome the deleterious effects of contamination. It also cannot
be used to determine if the pathogen is viable. Use of techniques in accordance with
the present teaching increases the speed and ease of separation as well as obviates
the need for PCR amplification. This would be achieved by collecting pathogen
using magnetic separation and then identification of specific sequences of the
nucleic acid using the very high sensitivity of F-NLM. The protocol would be as
follows:

a. Attach one or more antibodies, receptors, or nucleic acid oligonucleotides to
magnetic or nonmagnetic particles. It would be desirable if all the particles are
uniform in physical properties, i.e., magnetization, color and size. Surface
chemistries should minimize the nonspecific adhesion of proteins.

b. The analyte of interest would most likely be suspended in sample volumes
that are 0.1-10 ml, viscous, and chemically unstable. Stabilizing agents may need to
be added to avoid coagulation and allow probes to react efficiently, e.g., heparin.
The reacting particle types will be mixed with the cells at a density of 10*5-1 0*9
particles/ml. The reaction will typically take place for 1-60 minutes. It will be noted

that it may be preferable to mix the probes with the target analyte cells and then
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attach the magnetic particles to the target analyte using protein A or a similar
receptor.

C. It may be preferable to first separate the particles on a magnet using linear
magnetophoresis. The purpose here would be to clean-up the sample for DNA
extraction. After linear separation the nucleic acid would be extracted, hybridized
with specific oligonucleotides, and then reacted with a second set of particles. It
would be desirable if these steps took place on the F-NLM device as it would make
the sample handling easier and less prone to error.

d. The sample could be identified through the formation of magnetic-magnetic
complexes. The most advantageous separation configuration for aggregates would
be the 2x2 continuous flow system (i.e., Figures 5A or 6C). F-NLM would work at
modest flow rates in this case because pre-concentration would reduce the working
volume significantly, i.e., flow rates of t 0.1 ml/min would be sufficient. The sample
would be continuously loaded onto the F-NLM magnetic array and the external
magnet frequency would be set so the dimer particles would be swept into channel
1161 leaving the bare particles on the chip. At the end of the separation either flow
would be used to sweep the bare magnetic particles off the array into channel 1160
or the frequency would be reduced to collect them in channel 1161.

e. The sample could be identified through the formation of magnetic-optical
complexes. The separation protocol is described in Example 3 above.

f. The example above is for a single analyte type but it could be extended to
multiple types of analytes of different size magnetic and/or optical particles were

used.

Figures 11a, 11b and 11c show examples of particles that can be analysed using a
system in accordance with the present teaching. In the examples, the particle
assembly is via nucleic acid interactions with subsequent NLM detection. In the
arrangement of Figure 11a, magnetic particles covalently attached to a nucleic acid
probe form complexes with a second fluorescent particle also covalently attached to
a nucleic acid probe. In Figure 11b, a similar arrangement is provided however a
second magnetic particle as opposed to a fluorescent particle is covalently attached
to a nucleic acid probe. In Figure 11c, an example of a streptavidin coated magnetic
particle is coupled to a biotinylated nucleic acid probe forming complexes with a

second fluorescent (which similarly to Figure 11b could also be a magnetic particle)
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also covalently attached to a nucleic acid probe. It will be appreciated that in each of

these configurations:

» The magnetic and fluorescent particles can be of any size
The fluorescent particles can be of any fluorescence
* The nucleic acid probes can be DNA or RNA
* The nucleic acid probes can contain degenerate bases
* The nucleic acid probes can be of varying length
* The nucleic acid probe can contain any ligand complementary to the surface
of the magnetic or fluorescent patrticles.
It will be appreciated these specific types of particles while useful in the context of F-
NLM could also be advantageously used with other types of magnetic separators.
Experimental evidence shows that using such patrticles that it is possible to capture
genomic DNA through the formation of complexes using nucleic acid probes and
magnetic particles. 1t will be understood that this is only an example of the type of
capture that could be performed using these types of complex particle structures. For
example by suitably configuring the particles it is possible to provide mRNA isolation

and the capture of primary or secondary antibodies.

As discussed above the F-NLM separator of the present teaching can be provided
in-line within a larger analysis system comprising one or more of an aggregator and
a detector sub-system. Figure 12 shows such an example where a system module
such as previously described with reference to Figure 4b is incorporated into a larger
analysis system. In this configuration the F-NLM separator is provided downstream
of a magnetic separation and labelling module and upstream of detector and

collector modules.

In the example of Figure 12 the magnetic separation and labelling module describes
two alternative analysis techniques that may be usefully employed within the context
of the present teaching. In the first- Step n1A, n1B, n2A, n2B nucleic acid
identification is provided. In this schematic the n1 blocks reflect the stripping out of
the nucleic acid from an initial sample and the n2 blocks reflect a further processing

to tag those stripped particles to magnetic particles or the like for use in the
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downstream F-NLM analysis. The Step i1A blocks show an equivalent pre-

processing for antibody identification.

Figure 13 shows an example of an upstream assay operation using super-
paramagnetic materials (SPM's). The specifics of the operation will depend on the
assay time and bead concentrations the aggregates can be large and contain
numerous super-paramagnetic materials (SPM's). In this example which provides
two initial starting particles as exemplary of the type of analysis that may be
conducted a number of steps are completed as part of a magnetic separation and
labelling. This detail is exemplary of the type of analysis that may be conducted as

part of the i1A steps of Figure 12.

B1- SPM's are either (i) - purchased with a streptavidin functionality, or (ii)
carboxyl beads from the same supplier are covered with a PEG coating that is later
conjugated to the protein of choice.

B2 - SPM's are incubated with target.

B3i - Aggregation of the beads is aided via the use of a "magpull* stage, or if
required

B3-M the sample can be analysed immediately by passing it downstream for
further analysis.

B4 - During the "magpull” stage the beads may be washed.

B5 - Beads are resuspended before analysis which will be conducted as part
of a downstream analyser.

B6i - The aggregated particles are provided downstream to an F-NLM
analyser or if used independently of same to another analyser to allow for further

analysis. This can be used to count the number of bead aggregates.

It will be appreciated that the above steps comprise the sequential exposure of
beads to magnetic fields of different orientations. Effectively in the second step the
relative orientation of the beads to the field is varied. This may be achieved through
use of moving the beads relative to the magnetic field or maintaining the beads
stationary and varying the direction of the applied field.

In step B3-i- the MagPull step, the sample was left in the presence of a magnetic

field until all the beads were judged to have come out of solution (1 min), the initial
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solution was removed leaving all the beads on the side of the container and 500 !
PBS was added to the beads. The solution was stirred and the magnet was replaced
and the beads separated out under the magnetic field for a second time. Once the
SPMs had collected onto the side of the container the tube was rotated 90 degrees,
whilst maintaining the magnetic field. This allowed the pellet of SPMs to roll over the
side of the container and each other until they had settled over the magnet again, at
this stage the magnet was removed and the pellet was allowed to settle to the
bottom of the vial for 30 sec before finally being vortexed, resuspended and diluted
into 1ml of PBS for analysis. This process we term "Magpull" and is aimed to
increase the particle-particle interactions and thus increase the number of particle

aggregates.

In conducting further analysis of the effect of this Magpull stage it was noticed that
after being incubated with the analyte for 30 min that the beads were close to being
saturated. Further analysis indicated that this saturation most likely occurs within the
first few minutes. Indeed experimental data such as the result shows in figure 14,
which shows Concentration of dinners in an assay as a function of analyte
concentration, 1- 30 min assay magpull, 2- 5 min assay magpull, 3- 5 min assay
no magpull it is clear that only minor changes in the aggregates numbers are
observed when the assay time is reduced. The fact that there exists a relatively low
efficiency in relationship between aggregates and analyte concentration means that
this technique provides a signal, over eight orders of magnitude. The use of the
magpull to effect the number of dimers at longer hybridization times is minimum
when the concentrations of analyte is high, but can be seen to cause an increase for
formation of dimers at lower concentrations, curve 2 - figure 14. The samples in
some assays was analysed prior to the magpull ( curve 3 - figure 14) similar curves
are observed, however in these samples the number of dimers and larger
aggregates depends upon the collision frequency of the beads in solution. At high
concentrations the curves correlate with those of the magpull experiment, but the

number of measured aggregates in the presence of the magpull was always greater

It will be appreciated that the system and methodology described heretofore has a

number of advantages over prior art techniques. These include the ability to provide
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separation without having to apply the high magnetic field gradients that have been
required in the prior art approaches. The system and methodology is also simplified

in comparison with the prior art approaches.

The separation provided in frequency dependent which provides for multiple sensing
and is easily integrated with automatic control system to provide high levels of

flexibility of application.

The separation device advantageously provides for separation of multiple analytes
such as for example, for separation/detection of analytes attached with particles,

such as macro-organism, DNA, antibodies.

By introducing flow into non-linear magnetophoretic separations it is possible to
provide for manipulation of particles based on particle behaviour by adjusting flow
and the external magnetic field within the device to enable a continuous non-linear
magnetophoretic separation and to provide for multiple separations of multiple
particles. it will be appreciated that the present teaching takes advantages of known
benefits of magnetophoresis in using the motion of dispersed magnetic particles
relative to a fluid under the influence of a magnetic field to detect or isolate specific
components in the fluid using specific binding and or capture. By introducing flow
into a magnetophoretic separator the present teaching provides an improved use of

magnetic beads in a detection and purification of DNA, proteins and antibodies.

The device, system and method of the present specification provide for frequency
dependent separation which may be easily integrated and implemented in a digital
arrangement. This provides a two tier system and method for the separation of
beads based on their physical properties. In summary, F-NLM system and method of
the present specification have a number of advantages over prior art approaches

1) it can be used to work with a relatively high density of magnetic beads in milliliter
volumes;

2) it has all the advantages inherent to chip based technologies;

3) Q; is proportional to bead size and has a range of frequency dependence that is

larger than the range observed in prior art NLM; and
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4) the velocity of the beads at the edge of the micromagnet array was proportional to

bead size and thus can also be used for separation.

In this way the present teaching may be employed to rapidly separate multiple
analytes bound to super-paramagnetic beads from millilitre volume samples.
Whereas prior art techniques allows for separation of super-paramagnetic micro-
particles based on their size and magnetic moment by using non-linear
magnetophoresis (NLM), the present teaching combines this with provision of a flow
field substantially perpendicular to the orientation of the applied external magnetic
field. The traditional NLM transport behavior on the micro-magnet array is
maintained at low fluid velocities but particles will simultaneously move in the
direction of the flow at a velocity that is determined by the flow rate and the applied
field frequency. By tuning the external field frequency and the flow rate it is possible
to cause migration velocities of different bead types to differ by several orders of
magnitude over an extended range of frequencies. In this way it is possible to
separate super-paramagnetic particles with 95 % efficiency. Use of such efficiency in

separation allows for application in bio-separation and similar assays.

Various alternative arrangements of the device and system have been described. It
will be appreciated that the device and system may be provided or manufactured in
various configurations without departing from the scope of the invention. For
example, the detector, monitoring and sensor means may be provided integrated
into a single chip device or for connection in series. For example, components of the
device or system may be provided as sterile or single-use or disposable components

while other components may be provided for re-use, as required.

The words comprises/comprising when used in this specification are to specify the
presence of stated features, integers, steps or components but does not preclude
the presence or addition of one or more other features, integers , steps, components

or groups thereof.
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CLAIMS

1. A magnetophoresis chip assembly device for use in separating first and
second particle types provided within a sample, the device comprising:

an inlet for introduction of a flowing sample,

a flow path in fluid communication with the inlet such that the sample, once
introduced, travels in the flow path in a first direction through the device, the flow
path comprising first and second fluid paths located side by side and in fluid
communication with one another,

a magnetic array provided proximal to the first fluid path such that particles
within the sample operably experience an induced magnetic field causing a retention
of particles of a first type within the first fluid path, particles of a second type being
operably transported to the second fluid path thereby effecting a separation of the

first and second particle types.

2 A device as claimed in claim 1 configured such that operably the particles of
the second type are transported to the second fluid path in a direction substantially

perpendicular to the flow path.

3. A device as claimed in any preceding claim configured for use with an
external rotating magnetic field, and wherein operably the induced magnetic field is a
combination of a response of the particles to both the magnetic array and the

external rotating magnetic field.

4. A device as claimed in any preceding claim wherein the second fluid path

defines a non-magnetic flow channel through the device.

5. A device as claimed in any one of claims 1to 3 comprising a second magnetic

array provided proximal to the second fluid path.

6. A device as claimed in claim 5 wherein operably the magnetic field induced by

the first magnetic array is different to that induced by the second magnetic array.
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7. A device as claimed in any preceding claim wherein the magnetic array

comprises a plurality of individual micro-magnet arrays.

8. A device as claimed in any preceding claim comprising an outlet provided

downstream of the inlet.

9. A device as claimed in any preceding claim wherein each of the first and

second fluid paths comprises an individual inlet.

10. A device as claimed in claim 9 wherein the individual inlets are coupled to a

common inlet of the device.

11. A device as claimed in claim 8 wherein the outlet provides separate outlets to

the first and second fluid paths.

12. A device as claimed in any preceding claim configured to receive a sample
flow and a carrier flow, the sample flow operably being directed through the first fluid

path and the carrier flow operably being directed through the second fluid path.

13. A device as claimed in any preceding claim wherein the particles comprise

super-paramagnetic particles.

14. A device as claimed in claim 13 wherein the super-paramagnetic particles are

formed from complex sample mixtures.

15. A device as claimed in claims 7 to 14 wherein different individual magnetic
arrays are configured to operably provide separation of particles of different type

simultaneously at the same frequency of rotation of the external magnetic field.

16. A device as claimed in claim 15 wherein the magnetic arrays comprise

different periodic parameters and/or micro-magnets of different dimensions

17. A device as claimed in claims 7 to 16 comprising non-magnetic separation

channels provided adjacent to or between multiple individual magnetic arrays.
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18. A system for flow enhanced non-linear magnetophoretic separation of first
and second magnetic particles of a sample, comprising:

a chip assembly device as claimed in any preceding claim, and

magnetic means operable on the chip assembly to apply an external rotating

magnetic field.

19. The system of claim 18 wherein the magnetic means comprises a frequency

control whereby the frequency of the applied external rotating field may be varied.

20. The system as claimed in claims 19 wherein the frequency control is useable

in separating the first and second patrticles.

21. A system as claimed in any one of claims 18 to 20 wherein the magnetic

means is operable to generate a travelling magnetic field.

22. A system as claimed in claim 21 configured to direct the travelling magnetic

means in a direction substantially perpendicular to the flow.

23. A system as claimed in any one of claims 18 to 22 comprising a flow control

for controlling the rate of flow of a sample in the device.

24. A system as claimed in any one of claims 18 to 23 wherein the particles of the
first and second type are responsive to a predefined frequency of operation of the
rotating magnetic field, the particles of the first type having a critical frequency, w. at
which particles of the first type are trapped in the magnetic array, the particles of the
first type having a threshold frequency Q, at which a majority of particles of the first
type are trapped in the magnetic array, the magnetic means being tuneable to allow

selection of at least one of the critical and threshold frequency.

25.  The system of claim 24 wherein the particles of the second type have a

different critical and threshold frequency to the particles of the first type.
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26.  The system of claim 24 or 25 wherein the threshold frequency is greater than

the critical frequency for each of the particles of the first and second types.

27.  The system of any one of claims 19 to 26 wherein the rotating magnetic field
is useable to effect transport of the particles from the first fluid path to the second
fluid path.

28. A system as claimed in claim 27 wherein the frequency » of rotation of the
external magnetic field is greater that the critical frequency w. of the particles of the

first type and less than the critical frequency . of the particles of the second type.

29. A system as claimed in any one of claims 18 to 28 comprising means for
applying a non-magnetic force to particles of the second type in the second fluid path

to effect their transport and separation.

30. A system as claimed in any one of claims 18 to 29 comprising flow control

operable to vary the rate of flow of a sample through the device.

31. A system as claimed in claim 30 wherein the flow control means is operable

to control the rate of flow applied to the first fluid path.

32. A system as claimed in claim 30 or 31 wherein the flow control means is

operable to control the rate of flow in the second fluid path.

33. A system as claimed in any one of claims 30 to 32 wherein each of the flow
control and the magnetic control effects a variance in an induced force on the

particles within the device.

34. A system as claimed in any one of claim 33 wherein each of the flow control
and magnetic control are tuned to effect separation of the particles of the first and

second types.

35. A system as claimed in any one of claims 18 to 34 wherein the frequency of

rotation of the external magnetic field is controllable to effect transport of the
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particles of the second type to an intermediary region adjacent to each of the first

and second fluid paths in the direction of the rotating magnetic field.

36. A system as claimed in claim 35 when dependent on claim 32 wherein the
rate of flow in the second fluid path is operably controlled to provide a hydrodynamic
force to effect movement of the particles of the second type which have been
transported to an intermediary region adjacent to each of the first and second fluid

paths.

37. A system as claimed in claim 35 wherein the frequency of rotation of the
external magnetic field is controllable to operably provide that particles of the second

type oscillate in phase with the external magnetic field at the intermediary region

38. A system as claimed in claim 18 comprising means for providing a
hydrodynamic, electro-kinetic, gravitational, or centrifugal force to the second fluid

path to effect transport and separation of particles of the second type.

39. A system as claimed in claim 32 wherein the flow control effects a variance on

the flow based on properties of the particles of the first and/ or second type.

40. A system as claimed in claims 30 to 39 further comprising a sensor or

detector means configured to sense or detect particles.

41. A system as claimed in claim 40 wherein the sensor or detector means

comprises an impedance sensor or micro-coulter detector or optical microscope.

42. A system as claimed in claim 40 wherein the sensor or detector means

induces a minimal local magnetic field.

43. A system as claimed in any preceding claim further comprising monitoring

means for monitoring operation of the system.

44. A system as claimed in claim 43 wherein the monitoring means comprises a

microscope or Gauss-meter or pressure meter.
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45. A system as claimed in any of claims 18 to 44 configured for use in-line with
linear magnetophoresis, the linear magnetophoresis effecting a first separation of

particles.

46. A system as claimed in any one of claims 18 to 45 comprising a fluorescent

detector.

47. A system as claimed in any preceding claim wherein the particles are provided in

the form of micro-beads.

48. A system as claimed in any preceding claim wherein the particles are

functionalised prior to introduction into the device.

49. A method of non-linear magnetophoretic separation comprising:

Providing a separation system in accordance with any of claims 18 to 48
comprising a magnet array and a non-magnetic separation channel in first and
second fluid paths,

Introducing a sample comprising beads of a first and a second type to be
separated into the system,

Applying a rotating magnetic field proximate to the magnet array,

Controlling the frequency of the rotating magnetic field, and
wherein the frequency of rotation of the external magnetic field and the flow rate are
tuned to provide separation of said micro-beads of the second type from said micro-

beads of the first type.

50. A method as claimed in claim 49 comprising controlling flow in first and

second fluid paths.

51. A method as claimed in claim 49 or 50 operating the magnetic field at a
frequency of rotation above the critical frequency of the micro-beads of the first type
and below a threshold frequency of micro-beads of the second type to effect a

separation thereof
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52. A method as claimed in claim 51 comprising the step of trapping the micro-

beads of the first type on the magnet array.

53. A method as claimed in claim 51 or 52 comprising transporting second-micro
beads across the magnet array to the non-magnetic separation channel adjacent an

edge of the magnet array.

54. A method as claimed in claim 52 comprising applying a non-magnetic force to
transport micro-beads of the second type downstream from said edge of the magnet

array to effect separation of said micro-beads of the second type.

55 A method as claimed in any of claim 54 comprising applying flow and
controlling the rate of flow such that the resultant hydrodynamic forces effect

transport and separation of said micro-beads of the second type.

56. A method as claimed in claim 55 wherein the rate of flow is controlled such
that the induced hydrodynamic force is in a range less than the force needed to
displace the micro-beads of the first type trapped on the magnet array and greater
than that need to displace micro-beads of the second type which have been

transported to the edge of the magnet array.

57. A method as claimed in claim 56 wherein after the micro-beads of the second
type have been separated from the micro-beads of the first type and transported
downstream by flow, the frequency of rotation is reduced to a frequency below the
critical frequency of the micro-beads of the first type to effect transport by non-linear
magnetophoresis of the micro-beads of the first type to the edge of the micro-magnet
array and transport of the micro-beads of the first type from said edge of the micro-

magnet array downstream.

58. A method as claimed in claim 57 wherein after micro-beads of the second
type have been separated the rate of flow is controlled such that the induced
hydrodynamic force in the magnet array is sufficient to displace and transport said

micro-beads of the first type downstream.
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59. A method as claimed in claims 56 to 58 further comprising collecting or
counting or analysing said first and micro-beads of the second type that have been

separated.

60. A method as claimed in claims 49 to 59 wherein the frequency of rotation and

flow rate are controlled to provide a continuous separation.

61. A method of flow enhanced non-linear magnetophoretic separation as claimed
in any of claims 49 to 60 for rare cell separation for translation medicine applications,

for example stem cell separation from a complex fluid sample.

62. A method as claimed in claim 61 wherein the sample comprises cell-magnetic

particles complexes to be separated.

63 A method as claimed in claims 61 to 62 further comprising the step of
attaching one or more antibodies or receptors of choice to super-paramagnetic

particles prior to introducing the sample to the separation system.

64. A method of flow enhanced non-linear magnetophoretic separation as claimed
in any of claims 49 to 60 for rare cell-virus-protein separation for diagnostics, for

example to separate neonatal white blood cells from a maternal blood sample.

65. A method as claimed in claim 64 comprising the step of attaching analytes of

interest to be separated to selected magnetic particles of defined size.

66. A method as claimed in claim 65 comprising the step of firstly separating the
particles on a magnet using linear magnetophoresis to drive the clustering of
magnetic particle around analytes to provide increased ease of identification of

complexes in the subsequent step of non-linear magnetophoretic separation.

67. A method of flow enhanced non-linear magnetophoretic separation as claimed
in any of claims 49 to 60 for rare cell-virus separation for diagnostics using
nonmagnetic-magnetic particles, in a direct protein configuration for example to

separate neonatal white blood cells from a sample of maternal blood.
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68. A method as claimed in claim 67 comprising the step of preparing the sample
for separation by attaching one or more antibodies or receptors of choice to

magnetic or non-magnetic particles of defined size.

69 A method as claimed in claim 68 wherein the magnetic particles are of

substantially uniform size and magnetization.

70 A method as claimed in claims 68 to 69 wherein the nonmagnetic particles are

of substantially uniform size.

71. A method as claimed in claims 68 to 70 wherein the non-magnetic particles
comprise fluorescent particles configured to allow an analyte to be tagged for a

second degree of sensitivity in multiplexed sensing.

72. A method as claimed in claims 68 to 71 wherein the sample is identified

through the formation of magnetic-nonmagnetic complexes.

73. A method of flow enhanced non-linear magnetophoretic separation as claimed
in any of claims 49 to 60 for rare cell-virus separation for diagnostics using small

magnetic particles and a direct protein configuration.

74. A method as claimed in claim 73 comprising the step of attaching one or more

antibodies or receptors of choice to magnetic or nonmagnetic particles.

75. A method as claimed in claim 74 further comprising the step of mixing the
antibodies with the cells prior to attaching the magnetic particles to the cells using a

protein or similar receptor.
76. A method as claimed in any one of claims 49 to 75 comprising, prior to

introducing the sample comprising beads of a first and a second type, aggregating a

plurality of beads.
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77.  The method of claim 76 wherein the aggregating a plurality of beads
comprises:

Providing a container with a sample solution with beads in the presence of a
magnetic field of a first orientation;

Allowing the beads to migrate to and collect on a side surface of the
container;

Exposing the beads to a magnetic field of a second orientation to allow

formation of aggregates of the beads.

78.  The method of claim 77 comprising

Subsequent to the collection of the beads on a side surface of the container,
replacing the sample solution with a second solution and re-exposing the new
solution to a magnetic field to allow the beads to migrate to and collect on the side

surface of the container.

79. The method of claim 77 or 78 wherein the beads are super-paramagnetic

beads.

80. A method as claimed in claims 73 to 76 further comprising the step of
separating the particles on a magnet using linear magnetophoresis prior to the step
of flow enhanced non-linear magnetophoretic separation to drive the clustering of

magnetic particles around the cells.
81. A method of flow enhanced non-linear magnetophoretic separation as claimed
in any of claims 49 to 60 for rare cell-virus separation for diagnostics using magnetic-

nonmagnetic particles in a molecular configuration.

82 A method of claim 81 comprising the step of attaching one or more antibodies,

receptors, or DNA oligonucleotides to magnetic or nonmagnetic particles.

83. A method of claim 82 wherein the particles are uniform in physical properties,

i.e., magnetization, color and size
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84. A method as claimed in claims 81 to 83 comprising separating the particles on
a magnet using linear magnetophoresis to clean-up the sample for DNA extraction,
and after linear separation extracting the DNA and hybridizing with specific
oligonucleotides and then reacting with a second set of particles prior to the step of

flow enhanced non-linear magnetophoretic separation

85. A method as claimed in claims 81 to 84 wherein the sample is identified

through the formation of magnetic-magnetic complexes.

86. A method as claimed in claims 81 to 85 wherein the sample is identified

through the formation of magnetic-optical complexes

87. A chip assembly device comprising first and second fluid paths in fluid
communication, the first fluid path comprising a first magnetic field and the second

fluid path comprising a second magnetic field.

88. A device as claimed in claim 87 wherein the first fluid path comprises a first

magnet array.

89. A device as claimed in claims 87 or 88 configured for use with an external
rotating magnetic field wherein the first magnetic field is defined by the interaction of

an external rotating magnetic field and the first magnet array.
90. A device as claimed in claims 87 to 89 configured for use with an external
rotating magnetic field wherein the second magnetic field is defined by the

interaction of an external rotating magnetic field on the second fluid path.

91. A device as claimed in claims 87 to 90 wherein the first magnetic field is

different from the second magnetic field.

92. A device as claimed in claims 87 to 91 wherein the second fluid path

comprises a non-magnetic separation channel.
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93. A device as claimed in claim 92 wherein the second magnetic field is defined
by the interaction of an external rotating magnetic field on the non-magnetic

separation channel.

94. A device as claimed in claim 87 to 93 wherein the second fluid path comprises

a second magnet array.

95. A device as claimed in claims 87 to 94 wherein the magnet array comprises a

micro-magnet array.

96. A device as claimed in claims 87 to 95 wherein the chip assembly comprises
a flow control means for controlling the rate and direction of flow in the first and

second fluid paths.

97. A device as claimed claims 87 to 96 wherein the chip assembly comprises an

inlet means.

98. A device as claimed in claims 87 to 97 comprising flow control means
operable to provide flow in the first and second fluid paths in a direction transverse to

the direction of the first and/or second magnetic fields.

99. A device as claimed in claims 87 to 98 wherein the chip assembly is
configured to provide separation of first and micro-beads of the second type of a

sample.

100. A device as claimed in claim 87 to 99 wherein the frequency of rotation of the
external magnetic field is controllable to effect transport of the micro-beads of the
second type to an edge of the first magnet array in the direction of the rotating

magnetic field.

101. A method of aggregating a plurality of beads for subsequent analysis
comprising:
Providing a container with a sample solution with beads in the presence of a

magnetic field of a first orientation;
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Allowing the beads to migrate to and collect on a side surface of the
container;
Exposing the beads to a magnetic field of a second orientation to allow

formation of aggregates of the beads.

102. The method of claim 101 comprising

Subsequent to the collection of the beads on a side surface of the container,
replacing the sample solution with a second solution and re-exposing the new
solution to a magnetic field to allow the beads to migrate to and collect on the side

surface of the container.

103. The method of claim 101 or 102 wherein the beads are super-paramagnetic

beads.

104. The method of claims 101 to 103 comprising, prior to exposing the beds to the

magnetic field, incubating the beads with a target analyte.

105. A magnetic particle complex comprising:
A first magnetic particle coupled to a nucleic acid probe; and

A second magnetic or fluorescent particle coupled to a nucleic acid probe.

106. The magnetic particle complex of claim 105 wherein the first magnetic particle
and the second magnetic or fluorescent particle are coupled to the same nucleic acid

probe.

107. The magnetic particle complex of claim 105 or 106 wherein the magnetic

particles are covalently coupled to the nucleic acid probe.

108. The magnetic particle complex of any one of claims 105 to 107 wherein:
the nucleic acid probes are DNA or RNA; and/or
the nucleic acid probes contain degenerate bases; and/or
the nucleic acid probes are of varying length; and/or
the nucleic acid probe contain a ligand complementary to the surface of the magnetic

or fluorescent particles.

68



10

WO 2012/004363 PCT/EP2011/061550

109. The magnetic particle complex of any one of claims 105 to 108 wherein the

first magnetic particle is provided with a protein coating.

110. The magnetic particle complex of claim 109 wherein the protein coated first
magnetic particle is coupled to a biotinylated nucleic acid probe.

111. The magnetic particle complex of claim 109 or 110 wherein the protein is
streptavidin.
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