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DESCRIPTION

FIELD

[0001] Embodiments described herein relate to magnets, and in particular magnetic arrays for
magnetic separation methods and apparatus.

BACKGROUND

[0002] US Patent No. US 6,514,415B2 purports to describe a method and apparatus for
magnetic separation of particles within a container. In one embodiment, a container contains a
number of particles and a number of magnetically susceptible particles. A number of magnets
are arranged in a plane and placed close to the container. The magnetic poles of the magnets
are arranged in a pattern to apply magnetic fields oriented perpendicular to the plane on the
container. The pole pattern provides a consistent separation across the container of the
number of magnetically susceptible particles from the rest of the particles.

[0003] WO2008/080047 discloses arrangement of magnets that are used to separate
magnetic particles from fluid samples.

[0004] (LESTER BARNSLEY ET AL: "Halbach arrays consisting of cubic elements optimized
for high field gradients in magnetic drug targeting applications”, PHYSICS IN MEDICINE AND
BIOLOGY, vol. 60, no. 21, 12 October 2015, pages 8303-8327). Discloses the use of
permanent magnets to deliver the maximum pull or push.

[0005] WO99/42219 discloses a magnetic system for continuous separation.

[0006] WOO01/71034 discloses a method for manipulating biological entities using magnets.

SUMMARY

[0007] This summary is intended to introduce the reader to the more detailed description that
follows and not to limit or define any claimed or as yet unclaimed subject matter. One or more
inventions may reside in any combination or sub-combination of the elements or process steps
disclosed in any part of this document including its claims and figures.

[0008] Embodiments described herein may provide a design for a plate magnet for use in a
magnetic separation apparatus. In some cases, the magnet may be referred to as a universal
plate magnet. Embodiments of the plate magnets described herein may be used for
automation applications that can process a wide range of volumes in a reasonable time frame.
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[0009] In a broad aspect, there is provided a magnetic separation apparatus as defined in
claim 1 of the appended claims.

[0010] In some embodiments, the array surface is substantially planar.

[0011] In some embodiments, the first two-dimensional magnetic array is substantially
rectangular.

[0012] In some embodiments, the plurality of magnets are enclosed by the housing. In some
embodiments, the housing has an interior frame defining a two-dimensional frame array and
the magnetic elements are positioned in the two-dimensional frame array to define the two-
dimensional magnetic array.

[0013] In some embodiments, the housing defines a container receiving surface adjacent to
the array surface.

[0014] In some embodiments, the magnetic separation apparatus further comprises a plurality
of guide elements attached to the housing, the guide elements arranged to direct the one or
more containers to a position adjacent the container receiving surface.

[0015] In some embodiments, the guide elements include at least one guide member
extending from the housing in a direction perpendicular to the container receiving surface and
away from the array surface.

[0016] In some embodiments, the housing is substantially rectangular; and the plurality of
guide elements comprise a plurality of guide members extending from the housing, the plurality
of guide members including at least one guide member positioned at each corner of the
housing.

[0017] In some embodiments, the magnetic separation apparatus further comprises a second
plurality of magnetic elements arranged to define a second two-dimensional magnetic array. In
some embodiments, each of the first two-dimensional magnetic array and the second two-
dimensional magnetic array may be supported by a housing.

[0018] In some embodiments, the first two-dimensional magnetic array and the second two-
dimensional magnetic array are positioned in an at least partially facing arrangement with the
array surface of the first two-dimensional magnetic array facing a second array surface of the
second two-dimensional magnetic array; and the apparatus comprises a receiving area
between the first two-dimensional magnetic array and the second two-dimensional magnetic
array shaped to receive a container for a plurality of magnetically susceptible particles.

[0019] In some embodiments, the first two-dimensional magnetic array and the second two-
dimensional magnetic array are substantially parallel.
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[0020] In some embodiments, the first two-dimensional magnetic array and the second two-
dimensional magnetic array are oriented to define a magnetic field strength minimum along a
plane defined by the magnetic field strength minimum resulting from the magnetic field of the
first two-dimensional magnetic array and the magnetic field of the second two-dimensional
magnetic array.

[0021] In some embodiments, the first two-dimensional magnetic array and the second two-
dimensional magnetic array are arranged back to back.

[0022] In some embodiments, the apparatus has a receiving area shaped to receive at least
one container configured to contain a plurality of magnetically susceptible particles; and the at
least one container comprises at least one of a tube, a vial, a Petri dish, a bottle, a bag, and a
multi-well micro-plate.

[0023] In some embodiments, the magnetic elements comprise permanent magnets.

[0024] In a broad aspect, there is provided a method for magnetically separating a plurality of
targets from a suspension in a container unit as defined in claim 11 of the appended claims.

[0025] In some embodiments, positioning the container unit in proximity to the array surface
comprises guiding the container unit towards the array surface using a plurality of guide
elements.

[0026] In some embodiments, the plurality of guide elements are arranged to correspond to a
shape of the container unit.

[0027] In some embodiments, the container unit is one of a tube, a vial, a Petri dish, a bottle, a
bag, and a multi-well micro-plate.

[0028] In some embodiments, the container unit comprises a plurality of container
compartments, each container compartment shaped to receive an individual container for a
cell suspension, and at least one of the container compartments comprises an in-use container
with a corresponding cell suspension; and the method comprises repeating the linking and
extracting steps for the corresponding cell suspension of each in-use container.

[0029] Also disclosed, but not claimed, is a magnetic separation apparatus for separating a
plurality of magnetically linked targets in a container, the apparatus comprising: a plurality of
magnetic elements fixedly arranged adjacent to each other forming a two-dimensional array
having rows and columns, wherein respective magnetic fields of magnets of said plurality of
magnetic elements in a first row of the array are arranged to form a first order Halbach array,
and proceeding in a column direction of the array, respective magnetic fields of magnets of
said plurality of magnets in each of a second and succeeding rows of the array are oriented in
the same direction relative to respective magnetic fields of magnets of said plurality of magnets
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in any immediately preceding row, such that the plurality of magnets apply magnetic fields to
the container to separate at least some of the plurality of magnetically linked targets from
unlinked targets across the container.

[0030] The plurality of magnets may be supported by a housing. The plurality of magnets may
be enclosed by the housing. The housing may have an interior frame defining a two-
dimensional frame array and the magnetic elements are positioned in the two-dimensional
frame array to define the two-dimensional magnetic array.

[0031] The magnetic separation apparatus may further comprise one or more guiding
elements attached to the housing.

[0032] The container may comprisess at least one of a tube, a vial, a Petri dish, a bottle, a
bag, and a multi-well micro-plate.

[0033] The multi-well micro-plate may comprise at least one of an isolated tube or single well,
a 6-well plate, a 12-well plate, a 24-well plate, a 96-well micro-plate, a 384-well micro-plate,
and a 1536-well micro-plate.

[0034] The plurality of magnets may comprise at least one of a plurality of permanent magnets
and a plurality of electromagnets.

[0035] Also disclosed, but not claimed, is a method for magnetic separation comprising:
providing a container comprising a plurality of targets; adding a plurality of magnetically
susceptible particles to the container such that at least some of the targets become linked to
the magnetically susceptible particles; and positioning the container adjacent to a magnetic
field of a two-dimensional magnet array having a plurality of magnets arranged adjacent to
each other in rows and columns of the array; wherein respective magnetic fields of magnets of
said plurality of magnets in a first row of the array are arranged so as to define a first order
Halbach array, and proceeding in a column direction of the array, respective magnetic fields of
magnets of said plurality of magnet in each of a second and succeeding rows of the array are
oriented in the same direction relative to respective magnetic fields of magnets of said plurality
of magnets in any immediately preceding row, such that a plurality of magnetic poles of the
plurality of magnets apply magnetic fields oriented perpendicular to the plane to substantially
consistently separate the plurality of magnetically susceptible particles from the plurality of
particles across the container.

[0036] Providing the container may comprise providing one of a tube, a vial, a Petri dish, a
bottle, a bag, and a multi-well micro-plate.

[0037] Providing the multi-well micro-plate may comprise providing at least one of an isolated
tube or single well, 6-well plate, 12-well plate, 24-well plate, 96-well micro-plate, a 384-well
micro-plate, and a 1536-well micro-plate.
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[0038] Arranging the plurality of magnets may comprise supporting the arranged plurality of
magnets within a protective housing.

[0039] Arranging the plurality of magnets may comprise arranging at least one of a plurality of
permanent magnets and a plurality of electromagnets.

[0040] A plurality of magnetic separation apparatuses defined in accordance with the
teachings herein may be arranged to provide a substantially planar array with the two-
dimensional arrays positioned adjacent one another to provide a larger planar Halbach array.

[0041] A pair of magnetic separation apparatuses defined in accordance with the teachings
herein may be arranged back to back to enable separations in containers on either side of the
pair of magnetic separation apparatuses.

[0042] At least two magnetic separation apparatuses defined in accordance with the teachings
herein may be arranged in an at least partially facing relationship with a receiving area for a
container between the at least two magnetic separation apparatuses.

[0043] The at least two magnetic separation apparatuses may be oriented such that a plane
defining a magnetic field strength minimum is obtained near the plane defining the magnetic
field strength midpoint between the at least two magnetic separation apparatuses.

[0044] It will be appreciated by a person skilled in the art that an apparatus, system or method
disclosed herein may embody any one or more of the features contained herein and that the
features may be used in any particular combination or sub-combination.

[0045] These and other aspects and features of various embodiments will be described in
greater detail below.

DRAWINGS

[0046] For a better understanding of the described embodiments and to show more clearly
how they may be carried into effect, reference will now be made, by way of example, to the
accompanying drawings in which:

Figure 1 is a schematic of an example embodiment of a magnetic separation process;

Figure 2 is a simplified schematic of an example embodiment of a magnetic separation
process using a plate magnet;

Figure 3A is an illustration of an example of magnetic field lines generated in an interpolar gap;

Figures 3B is an illustration of magnetic field lines generated using a quadrupole magnet
configuration;
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Figure 3C is an illustration of a Halbach magnet array in accordance with an example
embodiment;

Figure 3D is an illustration of magnetic field lines for the Halbach magnet array of Figure 3C;

Figure 4 illustrates the magnetic field strength for various example configurations of magnet
arrays;

Figure 5A is a top plan view of magnetic elements of a two-dimensional magnetic array in
accordance with an example embodiment;

Figure 5B is a perspective view of a housing for a two-dimensional magnetic array in
accordance with an example embodiment;

Figure 6A is a top plan view of magnetic elements of examples of magnet arrays with constant
element size;

Figure 6B is a perspective view of the magnet arrays of Figure 6A,;

Figure 7 is a chart showing magnetic field decay with height for various examples of magnet
array configurations;

Figure 8A is a top view of the magnet arrays of Figure 6A with cell separation testing sites
identified;

Figure 8B is a chart showing cell separation performance for the magnet arrays of Figure 6A at
the cell separation testing sites shown in Figure 8A,

Figure 9A is a chart showing recovery versus time for various example magnet array
configurations;

Figure 9B is a chart showing change in purity odds ratio versus time for various example
magnet array configurations;

Figure 10A is a chart showing recovery versus time for various example magnet array
configurations;

Figure 10B is a chart showing purity change in odds ratio versus time for various example
magnet array configurations;

Figure 11 is a chart showing average MFD versus process volume height for various example
magnet array configurations; and

Figure 12 is a chart showing an example magnetization curve of superparamagnetic particles;

Figure 13 is a simplified perspective view of two-dimensional magnetic arrays in an example
embodiment of a magnetic separation apparatus;

Figure 14 is a simplified perspective view of two-dimensional magnetic arrays in another
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example embodiment of a magnetic separation apparatus;

Figure 15 is a top plan view of magnetic elements of examples of magnet arrays with varying
element size;

Figure 16 is a simplified perspective view of two-dimensional magnetic arrays in a further
example embodiment of a magnetic separation apparatus;

Figures 17A-17B are top plan views of two-dimensional magnetic arrays in various further
example embodiments of a magnetic separation apparatus.

[0047] The drawings included herewith are for illustrating various examples of articles,
methods, and apparatuses of the teaching of the present specification and are not intended to
limit the scope of what is taught in any way.

DETAILED DESCRIPTION

[0048] Various apparatuses or processes will be described below to provide an example of an
embodiment of the claimed subject-matter. No embodiment described below shall be
considered in a limiting sense and may cover processes or apparatuses that differ from those
described below. The claimed subject-matter is not limited to apparatuses or processes having
all of the features of any one apparatus or process described below or to features common to
multiple or all of the apparatuses described below. It is possible that an apparatus or process
described below is not an embodiment of any claimed subject-matter. Any subject-matter
disclosed in an apparatus or process described below that is not claimed in this document may
be the subject matter of another protective instrument, for example, a continuing patent
application, and the applicants, inventors or owners do not intend to abandon, disclaim or
dedicate to the public any such subject-matter by its disclosure in this document.

[0049] Furthermore, it will be appreciated that for simplicity and clarity of illustration, where
considered appropriate, reference numerals may be repeated among the figures to indicate
corresponding or analogous elements. In addition, numerous specific details are set forth in
order to provide a thorough understanding of the example embodiments described herein.
However, it will be understood by those of ordinary skill in the art that the example
embodiments described herein may be practiced without these specific details. In other
instances, well-known methods, procedures, and components have not been described in
detail so as not to obscure the example embodiments described herein. Also, the description is
not to be considered as limiting the scope of the example embodiments described herein.

[0050] The terms "an embodiment," "embodiment,” "embodiments,” "the embodiment,” "the
embodiments,” "one or more embodiments,” "some embodiments," and "one embodiment”
mean "one or more (but not all) embodiments of the present invention(s),"” unless expressly
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specified otherwise.

[0051] The terms "including,” "comprising,” and variations thereof mean "including but not
limited to,” unless expressly specified otherwise. A listing of items does not imply that any or all
of the items are mutually exclusive, unless expressly specified otherwise. The terms "a," "
and "the" mean "one or more," unless expressly specified otherwise.

an,

[0052] As used herein, the wording "and/or" is intended to represent an inclusive - or. That is,
"X and/or Y" is intended to mean X or Y or both, for example. As a further example, "X, Y,
and/or Z" is intended to mean X or Y or Z or any combination thereof.

[0053] Magnetic cell separation uses a magnetic field to separate magnetically linked targets
(also referred to as magnetically labelled cells) from a suspension. For simplicity and ease of
exposition, the description may refer to magnetic separation techniques applied to
suspensions, such as suspensions of cells (i.e. magnetic cell separation). However, it should
be apparent to a skilled reader that the apparatuses, systems and methods described herein
may also be used with other targets of interest, such as DNA, RNA, proteins etc. that can be
linked with magnetically susceptible particles for magnetic separation. In general, embodiments
of the magnetic separation apparatuses, systems and methods described herein may be used
with any magnetically susceptible particles.

[0054] Magnetic cell separation technologies are continually being developed with an aim of
providing sensitive, selective, rapid and high-yield cell separation. Two techniques that have
been developed for magnetic cell separation are positive selection and negative selection. In
positive selection methods, target cells are labelled with magnetic particles. In negative
selection methods, undesired cells are labelled with magnetic particles.

[0055] The choice of a positive selection method versus a negative selection method may
depend on the target type of interest and/or downstream applications involving the target type
of interest. For example, positive selection methods may be preferred for isolating a specific
target type from a population when the targets will be labelled directly with magnetic particles.
However, positive selection may interfere with some downstream applications. For instance,
positive selection can be problematic if the magnetic particles and/or antibodies block a binding
or active site involved in a downstream study. In such cases, negative selection may be
preferred as the undesired target types are labelled and removed from the population, leaving
targets of interest untouched/unmodified. Magnetic separation can also be applied with various
targets of interest, such as cells, DNA, RNA, and/or proteins that can be linked with
magnetically susceptible particles.

[0056] In general, to perform magnetic separation, a suspension that includes targets (e.g.
cells, DNA, RNA, and/or proteins) can be mixed with magnetic particles in a container. The
magnetic particles can be selected/designed to link with a particular target type or target
subpopulation (e.g. cells of interest in the case of positive selection methods or undesired cells
in the case of negative selection methods). The mixed targets and magnetic particles can then
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be incubated to allow the magnetic particles to link with the particular target type(s) (referred to
herein as linked particles, magnetic linked particles, magnetically labelled targets, and/or
magnetically tagged targets). For example, the magnetic particles can be coupled with a
specific antibody that recognizes a corresponding unique epitope on a particular cell
type/subpopulation. The antibodies link the target cells and magnetic particles creating a cell-
antibody-magnetic particle complex.

[0057] The targets of interest can then be recovered from the suspension by exposing the
container to a magnetic field. The magnetic field induces the magnetically linked targets to
accumulate at a container surface closest to the magnet surface. The unlabeled targets can
then be extracted into a new container (e.g. by aspiration, pour-off, hydrophilic/capillary
extraction, syringe pump, a gravity flow-cell system, a pump and/or a pressure gradient),
leaving the magnetically linked targets in the original container, e.g. at the container surface
near the magnet. Alternatively, the extracted targets may be the desired targets if a negative
selection method is used.

[0058] Figure 1 shows an example schematic of an embodiment of a magnetic separation

process. One example of a magnetic cell separation process is referred to as an EasySep '
separation process from Stemcell Technologies. The magnetic separation shown in Figure 1 is

an example embodiment using the EasySep™ separation protocol with a quadrupole magnet
array. Reagent concentration, incubation time, and separation time vary depending on the
desired separation and the strength of the magnet used.

[0059] In the example magnetic cell separation process, a cell suspension is provided in a
container such as the tube shown in Figure 1. In other embodiments, different containers such
as a vial, a Petri dish, a bottle, a deformable container (e.g. a bag), or a multi-well micro-plate
may be used. In different examples using multi-well microplates, different microplate
configurations may be used, such as a 6-well plate, a 12-well plate, a 24-well plate, a 96-well
micro-plate, a 384-well micro-plate, and a 1536-well micro-plate.

[0060] The cell suspension may include a plurality of cells of interest and a plurality of
undesired cells. A plurality of magnetic linking particles are introduced (i.e. added) to the cell
suspension. The magnetic linking particles can be selected to link with one or more
subpopulations of cells in the cell suspension such that the cells in that subpopulation, once
linked with the magnetic linking particles, are magnetically susceptible. These linked particles
may be referred to as a plurality of magnetically linked cell particles or magnetically linked
particles. In some cases, the cell suspension and the magnetic linking particles may be
incubated to allow the magnetically linked particles to form.

[0061] In some cases, the plurality of magnetic linking particles may be selected to link with the
cells of interest (i.e. in the case of a positive selection method). In other cases, the plurality of
magnetic linking particles may be selected to link with the undesired cells (i.e. in the case of a
negative selection method).
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[0062] Once the linked particles have been formed (e.g. after incubation), the container may
then be positioned in close proximity to a magnet array as disclosed herein. For example, the
container may be positioned adjacent to a surface of the magnet array. In some cases, the
container may be guided into a position near the surface of the magnet array by guide
elements provided by the magnet array and/or a housing for the magnet array. As shown in
Figure 1, the container may be positioned within a receiving area provided by the housing for a
quadrupole magnet array (this is not within the scope of the claims). The guide elements may
include a wall or walls that guide the container into the receiving area, e.g. by being shaped to
accommodate the container in the receiving area.

[0063] In the embodiments described herein using a two-dimensional magnet array, the
container may be positioned in proximity to the array surface of the two-dimensional magnet
array. For example, as shown in Figures 2 and 5B, the two-dimensional array may be provided
as a plate magnet. The container may then be placed on a surface proximate the array surface
(e.g. the array surface itself or a container receiving surface adjacent/just above the array
surface). An example of a container receiving surface is shown in Figure 5B.

[0064] In some cases, the container may be positioned in a receiving area proximate to the
array surface of one or more two-dimensional magnet arrays. Some examples of receiving
areas are shown in Figures 13, 14, 16, 17A and 17B.

[0065] The container comprising the magnetically linked targets and unlinked targets may be
left to incubate in proximity to the surface of the magnet array (e.g. in the receiving area). The
magnetic field generated by the magnet array may attract the magnetically linked targets and
magnetic particles to the container surface proximate the magnet array. The remaining,
unlinked, targets may then be removed from the container e.g. by aspiration, pour-off, etc. As
the unlinked targets are aspirated or poured off, the magnetically linked targets can be
retained in the original container because of the magnetic field exerted by the magnet array.

[0066] In other embodiments, the unlinked targets may be removed from the suspension, e.g.
through an outlet positioned adjacent the surface of the magnet array. This may be useful, for
instance, in magnetic separations processes involving a flowing cell suspension. For instance,
a suspension including magnetically labelled cells may be allowed to flow into a container
positioned adjacent the surface of the magnet array. In such cases, the magnetically labelled
cells may be removed from the flowing suspension as they pass the magnetic array and the
unlinked targets may be allowed to continue to flow out of the flow cell.

[0067] The performance of a cell separation can be measured based on purity of the sample
and the recovery of target cells after separation. Example purity and recovery parameters are
defined in equations (1) and (2):

Near M

Purity =P ==
r Ntar + Nntar
Ntar final Nfinalptar final
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where N is the number of cells, the subscript "tar”" represents the number of target cells, the
subscript "ntar" represents the number of non-target cells, the subscript "initial" represents the
initial target cell fraction pre-separation, and the subscript "final" represents the cell fraction
post-separation.

[0068] To achieve a fast recovery rate in a plate magnet, the average magnetic field gradient
on the cells (over the entire process volume) should be large. In a plate magnet system the
separation performance may depend on the strength of the magnet, the shape of the container
holding the cell suspension, and the processed sample volume.

[0069] Figure 2 shows an example of the maximum process volume height, z4, and the
capture volume height, z, for an example plate magnet system. In the example of Figure 2, a

container 200 is positioned adjacent a surface of the plate magnet 210. The container 200a is
shown with the initial processed sample volume 220, including a first plurality of magnetically
linked targets, a second plurality of unlinked targets, and a third plurality of unlinked magnetic
particles. The processed sample volume 220 corresponds to the volume in container 200 after
magnetic particles have been added and the suspension is allowed to incubate, but prior to the
unlinked targets being removed. The container 200b is shown containing a capture volume
230, which corresponds to the amount of volume retained in the tube after aspiration of
unlinked targets (i.e. the volume of the suspension that remains in container 200 after the
unlinked targets are removed). In Figure 2, the separation distance is the difference between
the maximum height, z¢, of the process volume 220 and the height, z; of the capture volume

230.

[0070] In the embodiments described herein, magnetic arrays are formed using a plurality of
magnetic elements as sources of magnetic fields. Electromagnets and permanent magnets are
examples of sources of magnetic fields that may be used as the magnetic elements in various
embodiments described herein.

[0071] Electromagnets generally require a continuous supply of electrical energy to induce a
magnetic field. To generate large magnetic fields (e.g. around 1T) using electromagnets, a
large current is often required. However, a large current may cause heating of the sample
and/or pose safety concerns.

[0072] Permanent magnets can generate magnetic fields passively. Advancements in
permanent magnet technology may provide strong magnetic fields of 1T over volumes that
may be relevant for cell separation methods (see, for example, M. Zborowski, Magnetic Cell
Separation, Amsterdam: Elsevier, 2008). As a result, permanent magnets may provide a
simple, affordable alternative for magnetic separation applications as compared to
electromagnets in some embodiments. Permanent magnets can be arranged in different
configurations so that field components from the permanent magnets add algebraically at a
point in space. This property is called superposition and can be used to produce strong local
fields and high gradients.
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[0073] In prior systems, plate-type magnets typically use an array of alternating north and
south magnetic elements (referred to herein as a Dexter Design). This configuration creates
interpolar gaps that fringe the magnetic field, generating a large field gradient. An example of
the magnetic field lines 300 of an interpolar gap between a North magnetic element 305 and a
South magnetic element 310 are shown in Figure 3A.

[0074] In some other prior systems (e.g. those used with cylindrical geometries), a quadrupole
circular arrangement 320 of magnetic elements 325 and 330 may be used as shown in Figure
3B. The quadrupole configuration 320 may provide a large magnetic field due to minimal loss
of stray fields. The quadrupole configuration 320 may also provide a large field gradient
because the field is large at the surface and cancels out to zero at the center 335 of the
quadrupole magnetic arrangement 320.

[0075] While the quadrupole magnet configuration 320 may be useful for separations in a
cylindrical geometry, the alternating north south arrangement 300 for planar magnet arrays
may have some drawbacks. One potential disadvantage of the alternating N/S configuration
300 is that the interpolar gaps may need to be carefully arranged such that they fall precisely
under the wells (i.e. under container units) that are to be processed. Wells/containers that are
not aligned over the interpolar gap may not experience the full magnetic gradient. As a result,
magnetic separations in nonaligned wells may be inferior to magnetic separations in
wells/containers falling directly above an interpolar gap. This may result in a different magnetic
array being required for each different container unit geometry (e.g. for different multiwell plate
geometry). This may also introduce the potential for the alignment of containers on the
magnetic array to significantly impact magnetic separation performance.

[0076] A Halbach array 350, seen in Figure 3C, has a rotating 90° pattern of magnetic
elements 355a-355e. The Halbach array 350 uses the principle of superposition to amplify the
magnetic field on one side while cancelling out the field on the other side, as illustrated in
Figure 3D. The magnetic field 360 induced by magnetic elements 355a, 355¢c, and 355e is
superposed with the magnetic field 365 induced by magnetic elements 355b and 355d to
generate the magnetic field 370. As described in further detail herein below, embodiments
using Halbach arrays 350 may enable a more uniform magnetic field to be provided for a
container size of interest than other magnet configurations.

[0077] As shown in Figure 4, Halbach arrays have been used in a variety of different magnetic
configurations, such as a Super Halbach (SH) configuration and a Hyper Halbach (HH)
configuration. The plots illustrated in Figure 4 suggest that the HH configuration produces the
relatively strongest magnetic field and steepest gradient, followed by a single Halbach
configuration, and alternating magnet (i.e. North South) configuration.

[0078] Referring now to Figure 5A, shown therein is an example of a two-dimensional magnet
array 500 that may be used in embodiments of the magnetic separation methods and
apparatus described herein. The magnet array 500 is an example embodiment of a two-
dimensional magnetic array that may be described as a linear Halbach array.
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[0079] The magnet array 500 includes a plurality of magnetic elements 510 arranged to define
a two-dimensional magnetic array.

[0080] The two-dimensional magnetic array includes a plurality of magnetic elements 510
extending along a first dimension 505 (also referred to as a row direction) and a plurality of
magnetic elements 510 extending along a second dimension 515 (also referred to as a column
direction).

[0081] In the example array 500, the plurality of magnetic elements 510 are arranged into a
plurality of one-dimensional magnetic arrays 520. Each magnetic array 520 includes a plurality
of magnetic elements 510 positioned adjacent one another extending in the direction of the
first dimension 505 (i.e. to define a row of the array 500). The plurality of magnetic elements
510 in each one-dimensional magnetic array 520 are oriented to define a Halbach array such
as the Halbach array shown in Figure 3C and described herein above.

[0082] For instance, the one-dimensional magnetic array 520a includes magnetic elements
510aa, 510ab, 510ac, 510ad, and 510ae. The orientation of magnetic elements 510aa, 510ab,
510ac, 510ad, and 510ae are rotated 90 degrees with respect to each adjacent magnetic
element in the same one-dimensional magnetic array 520a.

[0083] Similarly, the one-dimensional magnetic array 520e includes magnetic elements 510ea,
510eb, 510ec, 510ed, and 510ee. The orientation of magnetic elements 510ea, 510eb, 510ec,
510ed, and 510ee are rotated 90 degrees with respect to each adjacent magnetic element in
the same one-dimensional magnetic array 520e.

[0084] The magnetic elements 510 define an array surface of the magnetic array 500. In
Figure 5A, the array surface is facing out from the page. The magnetic elements 510 are
arranged such that the magnetic fields defined by the plurality of magnetic elements 510
attract magnetically susceptible particles towards the array surface.

[0085] In array 500, the magnetic fields defined by the plurality of one-dimensional magnetic
arrays 520 are all oriented in the same direction along the surface of the magnetic array 500.
In the example shown in Figure 5A, each one-dimensional magnetic array 520 has the same
configuration and orientation of magnetic elements 510 as each of the other one-dimensional
magnetic array 520. That is, each magnetic element 510 in array 500 has the same magnetic
field orientation as each magnetic element that is adjacent to it in the direction of the second
dimension 515 (i.e. each magnetic element 510 in a column has the same orientation).

[0086] In the example array 500 shown in Figure 5A, the magnetic elements 510 each have
the same element size. In alternative embodiments, the size and shape of the magnetic
elements in the magnetic array 500 may be varied and/or tuned based on the overall size of
the array. For example, the size of magnetic elements 510 may vary between adjacent
Halbach arrays 520 that still define magnetic fields oriented in the same direction at the surface
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of the array 500.

[0087] As shown in Figure 5A, the two-dimensional array 500 is substantially rectangular. In
other embodiments, arrays may be configured into different two-dimensional configurations. In
some cases, the shape of the magnetic elements may be adjusted to provide different shaped
linear Halbach arrays.

[0088] In some cases, the surface of the array 500 may be substantially planar. In alternative
embodiments, the surface of the array 500 need not be planar. For example, the surface of the
array 500 may be shaped to conform to the shape of the container that is to be used with the
magnetic separation apparatus. For instance, the surface of the array 500 may be curved in
some examples. This may facilitate cell separation with containers that may also be curved
such as bags or other deformable containers.

[0089] Embodiments described herein provide a magnetic separation apparatus. The
magnetic separation apparatus may be used with a container configured to contain a plurality
of targets. The plurality of targets can include desired cells/cells of interest and undesired cells,
or DNA, RNA, or protein(s).

[0090] The plurality of targets may be linked with a plurality of magnetically susceptible
particles to provide magnetically linked targets that are magnetically susceptible. In some
cases, the magnetically linked targets may be magnetically susceptible particles. The
magnetically linked targets may be generated, for instance, by linking targets (e.g. desired cells
in the case of a positive selection technique or undesired cells in the case of a negative
selection technique) and magnetic particles to create a magnetically linked target complex (or
linked particles/cells) that includes the targets and magnetic particles.

[0091] The apparatus may include a plurality of magnetic elements arranged to define a two-
dimensional magnetic array. For example, the magnetic array 500 shown in Figure 5A and
discussed above may be used as the magnetic array in the magnetic separation apparatus.

[0092] In some examples, the magnetic elements can be arranged adjacent to each other
defining a rectangular array having a plurality of rows and a plurality of columns (as in the
example of array 500). In other embodiments, the magnetic array need not be rectangular.

[0093] In general, the magnetic elements in each row are arranged so as to define a first order
Halbach array. The rows of magnets are arranged adjacent to one another such that the
magnetic fields of each first order Halbach array are oriented in the same direction. The
rectangular magnetic array can define a substantially planar magnetic plate. In some
embodiments, each row of magnets in the substantially planar magnetic plate may provide
substantially the same magnetic field.

[0094] In other words, the magnets in a first row of the rectangular array have respective
magnetic fields arranged so as to define a first order Halbach array. Proceeding in a column
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direction of the array, respective magnetic fields of magnets in each of a second and
succeeding row of the array are oriented in the same direction as respective magnetic fields of
the magnets in any immediately preceding row.

[0095] Various different containers may be used with embodiments of the magnetic separation
apparatus described herein. For instance, the container may be a multi-well micro-plate in
some embodiments. The multi-well micro-plate may include at least one of an isolated tube or
single well, a 6-well plate, a 12-well plate, a 24-well plate, a 96-well micro-plate, a 384-well
micro-plate, and a 1536-well micro-plate. The container may also include at least one of a
tube, a vial, a Petri dish, a bag (e.g. a soft-walled container of any shape) and a bottle for
example.

[0096] In some cases, a container such as a tube or bag having an inlet or an outlet, or both,
may allow a suspension comprising targets to flow while the magnetic separation method is
performed. In other cases, the suspension may be substantially static within the container.

[0097] In various embodiments the magnets used in the magnetic separation apparatus may
take the form of permanent magnets. This may avoid heating the sample being separated.
This may also avoid safety concerns that may be associated with using currents to induce the
magnetic fields.

[0098] In other embodiments, the magnets may be electromagnets. This may also the
magnetic fields of the magnets to be controlled (e.g. activated and deactivated) connecting or
disconnecting a current supply.

[0099] The magnets are supported by or within (i.e. enclosed by) a housing in the magnetic
separation apparatus such as the housing 550 shown in FIG. 5B discussed below. The
housing may facilitate construction and operation of the magnetic array.

[0100] Referring now to Figure 5B, shown therein is an example embodiment of a housing
550. A housing such as housing 550 is used to support a two-dimensional magnet array, such
as magnet array 500 shown in Figure 5A. In some cases, the magnet array may be enclosed
within the housing 550. The housing 550 may act as a protective housing around the magnet
array 500. The housing 550 may also retain the magnetic elements of the magnet array 500 in
place.

[0101] The housing 550 may include a housing base 560. The interior of the housing base 560
may define a frame for receiving the magnetic elements. The frame may include a plurality of
channels and grooves that define the shape of a two-dimensional array. The housing base 560
may include walls defining the channels and grooves of the frame. The housing base 560 may
also include sidewalls 565 extending upward from the housing base 560. In some cases, the
sidewalls 565 may serve to define an outer portion of the channels in the housing base 560.
Each channel may extend substantially across the array along a first dimension. Each channel
may include a plurality of grooves corresponding to the positions along the first dimension at



DK/EP 3452590 T3

which magnetic elements may be positioned.

[0102] The magnetic elements of a magnet array can be positioned within the channels and
grooves of the housing base 560. Individual magnetic elements may be secured in place within
the corresponding channel and groove location. For example, a magnetic element may be
secured to the housing base 560 using a set screw. The housing 550 may also include a
housing cover 555 that may be mounted to cover the magnetic elements, and may or may not
be magnetic, ferromagnetic, or magnetizable itself. In general, a thin non-ferromagnetic
material is desired since it does not disturb the magnetic field. However, a ferromagnetic cover
with a different surface profile may have positive effects on magnetic separation. The cover
555 may also provide additional support to maintain the magnetic elements in place. The
housing cover 555 may also include a container receiving surface 580 adjacent the array
surface of the magnet array supported by the housing. The container receiving surface 580
may be shaped to support a container for use in magnetic separation processes.

[0103] In embodiments where both are present, the housing base 560 may be thicker than the
housing cover 555. This may allow the housing base 560 to provide structural integrity for the
housing 550. The housing cover 555 may be thin to minimize interference with the magnetic
fields of the magnet array and provide a maximum magnetic field strength for a container
positioned adjacent to, or on, the container receiving surface 580 of the housing cover 555.

[0104] The housing 550 may facilitate manufacturing of the two-dimensional magnetic array,
because the linear Halbach array structure can be an unstable magnetic configuration with
adjacent magnetic elements repelling one another. In some embodiments, the magnetic
elements may be formed of brittle materials, such as ceramic elements. In such cases, the
housing 550 may be preferred to secure the magnetic elements in place while ensuring that
the ceramic elements are not damaged.

[0105] Alternatively, less brittle materials, such as iron magnets, may be used in some
embodiments. In such embodiments, the housing 550 may be omitted if an alternative method
is used to fix the magnetic elements adjacent one another (e.g. glue or connectors between
adjacent magnets).

[0106] Additionally or alternatively, the magnetic elements may be shaped to interlock with one
another (see e.g. Figure 15). In some cases, this may permit more brittle magnetic elements
(e.g. ceramic elements) to be used without requiring the housing.

[0107] In some cases, the housing 550 may also include guide elements 570a-570d. The
guide elements 570 may be used to guide or direct a container toward a container receiving
surface 580 adjacent, or provided by, the top cover 555 of the housing 550. The guide
elements 570 may also retain the container or container unit proximate the surface of the
magnet array.

[0108] The guide elements 570 may include guide members that extend from the housing 550.
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The guide members may extend from the top cover 555 of housing 550, the sidewalls 565,
and/or the housing base 560. The guide members may be shaped and positioned to
correspond to the shape of a container used in a magnetic separation process. For example,
the guide elements 570 may include guide members extending from the surface of the top
cover of the housing at each corner of the housing 550. The guide elements 570 may include
guide channels 575 shaped to engage a container and/or a container unit that holds a plurality
of containers. In the example shown in Figure 5B, the guide elements may retain a multi-well
container unit near the container receiving surface 580. This may facilitate multiple individual
containers held within the multi-well container unit being concurrently positioned above, and
proximate to, the container receiving surface 580.

[0109] In some cases, the guide elements 570 may also elevate the top cover 555 of the
housing 550 from another surface if the magnetic separation apparatus is positioned with the
top cover 555 facing a surface. This may facilitate removing the magnetic separation
apparatus from magnetically susceptible surfaces, such as metal surfaces, by enabling the
magnetic separation apparatus to be pried off the surfaces. The guide members may also
operate as a safety feature to ensure that a user's hand is not crushed by the magnetic
separation apparatus being attracted to a surface or to another magnetic separation
apparatus.

[0110] The magnets in the array may be sized and arranged to provide a desired balance of
field uniformity, field strength and magnetic field intensity decay rate (i.e. the useful depth in
which a cell separation using magnetic particles may be achieved) for the container units and
sizes of interest in various embodiments. The magnets may also be arranged to achieve a
desired balance between field gradient and field penetration distance allowing for larger depth
of magnetic separation volume for the container units and sizes of interest in various
embodiments.

[0111] Embodiments of the magnetic separation apparatuses and systems described herein
may also combine a plurality of two-dimensional magnetic arrays in a modular manner. The
two-dimensional magnetic arrays may be assembled into larger arrays by combining individual
two-dimensional magnetic arrays into larger two-dimensional magnetic arrays. This may allow
the magnetic separation apparatus to be used with containers of different size. In
embodiments described herein, the two-dimensional magnet arrays may include columns of
magnetic elements having the same orientation, while the rows define Halbach arrays. This
configuration may facilitate a modular construction in which multiple two-dimensional magnet
arrays can be positioned side-by-side with the magnetic fields oriented and facing in the same
direction. As the columns have a repeating pattern/sequence of magnetic elements (e.g. the
same element throughout the column), the columns can be easily extended across multiple
two-dimensional magnet arrays.

[0112] In some cases, individual two-dimensional magnetic arrays can be arranged back to
back so that separations can be performed on 2 sets of samples, such as in a tube rack
configuration. This may facilitate rapid, automated processing methods, such as those
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involving automated pipetting systems. For instance, containers such as test tubes may be
positioned on either side of the back to back two-dimensional magnetic arrays. Samples can
be transferred to the tubes on either side, and a magnetic separation process can be
performed on those samples substantially concurrently. Because the linear Halbach array
results in a minimal magnetic field on the side opposite the array surface (as shown in Figure
3D above), minimal interference may occur in this back-to-back arrangement.

[0113] Referring now to Figure 14, shown therein is an example of a magnetic separation
apparatus 1400. The magnetic separation apparatus 1400 includes a first two-dimensional
magnet array 1405a and a second two-dimensional magnet array 1405b. The first two-
dimensional magnet array 1405a includes a plurality of one-dimensional magnetic arrays
1415a-1415h. The second two-dimensional magnet array 1405b includes a plurality of one-
dimensional magnetic arrays 1425a-1425h.

[0114] The apparatus 1400 includes a first receiving area 1410a corresponding to the first two-
dimensional magnet array 1405a. The apparatus 1400 also includes a second receiving area
1410b corresponding to the second two-dimensional magnet array 1405b. This may allow
containers to be positioned on either side of the apparatus 1400 for magnetic cell separation.

[0115] The pair of two-dimensional magnet arrays 1405a and 1405b are positioned in a back-
to-back arrangement. That is, the magnetic field generated by the first two-dimensional
magnet array 1405a is oriented in the direction opposite to the magnetic field generated by the
second two-dimensional magnet array 1405b. Containers may be used on either side, or both,
of the back-to-back arrays 1405a and 1405b to perform magnetic separation methods.

[0116] As the magnetic fields of the two-dimensional magnet arrays fall substantially to zero in
the back surface of the magnet array, the magnetic separation apparatus 1400 may allow each
of the first two-dimensional magnet array 1405a and the second two-dimensional magnet array
1405b to perform magnetic cell separation substantially simultaneously with containers
positioned on opposite sides of the apparatus 1400.

[0117] In some cases, 2 or more of the two-dimensional magnetic arrays may be arranged in a
facing arrangement (or partial facing arrangement). For example, 2 or more individual two-
dimensional magnetic arrays can be arranged in a parallel manner with one or more
containers positioned or sandwiched between planar arrays for magnetic separation.

[0118] Referring now to Figure 13, shown therein is an example embodiment of a magnetic
separation apparatus or system 1300. The magnetic separation system 1300 includes a
plurality of two-dimensional magnet arrays, including the first two-dimensional magnet array
1305a and the second two-dimensional magnet array 1305b. The two-dimensional magnet
arrays 1305a and 1305b may be generally similar to two-dimensional magnet array 500 shown
in Figure 5.

[0119] The first two-dimensional magnet array 1305a includes a plurality of one-dimensional
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magnetic arrays 1315a-1315h. The magnetic elements in each of the one-dimensional
magnetic arrays 1315a-1315h are oriented to define a Halbach array. Furthermore, the
magnetic fields of each Halbach array 1315a-1315h are oriented in the same direction in the
first two-dimensional magnet array 1305a. The magnetic fields of magnetic elements laterally
adjacent to one another, but in different Halbach arrays 1315 are also oriented in the same
direction.

[0120] Similarly, the second two-dimensional magnet array 1305b includes a plurality of one-
dimensional magnetic arrays 1325a-1325h. The magnetic elements in each of the one-
dimensional magnetic arrays 1325a-1325h are oriented to define a Halbach array.
Furthermore, the magnetic fields of each Halbach array 1325a-1325h are oriented in the same
direction in the first two-dimensional magnet array 1305b. The magnetic fields of magnetic
elements laterally adjacent to one another, but in different Halbach arrays 1325 are also
oriented in the same direction. In other embodiments, the magnetic fields of laterally adjacent
magnetic elements need not be in the same direction as shown in Figures 17A and 17B.

[0121] In system 1300, the pair of two-dimensional magnet array 1305a and 1305b are
provided in a facing arrangement. That is, the magnetic field from the first two-dimensional
magnet array 1305a is oriented towards the second two-dimensional magnet array 1305b.
Similarly, the magnetic field from the second two-dimensional magnet array 1305b is oriented
towards the first two-dimensional magnetic array 1305 a.

[0122] System 1300 includes a receiving area 1310. The receiving area is configured to
receive a container. When a container is positioned in the receiving area 1310, a cell
suspension within the container can be magnetically separated using the magnetic fields
induced by the pair of two-dimensional magnet array 1305a and 1305b. For example, the
receiving area 1310 may be configured to receive a test tubes, dishes or flasks or tray(s) of
test tubes, dishes or flasks. Alternatively, the receiving area 1310 may positioned to allow a cell
suspension to flow therethrough, allowing magnetically susceptible particles to be removed
from the flowing suspension.

[0123] In the magnetic separation apparatus 1300, the first two-dimensional magnet array
1305a and the second two-dimensional magnet array 1305b are parallel to one another. The
strength of the magnetic fields of the first two-dimensional magnet array 1305a and the second
two-dimensional magnet array 1305b define a magnetic strength midpoint plane at a position
within receiving area 1310 of the first two-dimensional magnet array 1305a and the second
two-dimensional magnet array 1305b. The magnetic strength midpoint plane may correspond
to the geometric midpoint, for instance, where the magnetic fields of the first two-dimensional
magnet array 1305a and the second two-dimensional magnet array 1305b are identical. In
other cases, where the magnetic field strength varies, the magnetic strength midpoint plane
may not be positioned at the geometric midpoint. The magnetic fields of the first two-
dimensional magnet array 1305a and the second two-dimensional magnet array 1305b can be
selected to provide a magnetic field strength minimum substantially along the plane defining
the magnetic strength midpoint. The receiving area 1310 may be configured to direct the



DK/EP 3452590 T3

container or containers to the magnetic strength midpoint plane. This may facilitate magnetic
separation by providing a large field gradient between the first two-dimensional magnet array
1305a and the second two-dimensional magnet array 1305b.

[0124] The orientation between parallel planar arrays can be configured such that a plane
defining a magnetic field strength minimum is obtained near the plane defining the magnetic
field strength midpoint between the parallel planar Halbach arrays. The magnetic field strength
midpoint may not correspond directly to the geometric midpoint between the two-dimensional
magnetic arrays, for example where the magnetic field strength of the respective two-
dimensional magnetic arrays is different. This may increase the magnetic field gradient as one
moves away from the bisecting magnetic field minimum plane.

[0125] In some embodiments, the orientation of the magnetic fields of the facing two-
dimensional magnetic arrays may be rotated with respect to one another (e.g. parallel,
perpendicular, or other relative orientations). Referring now to Figure 16, shown therein is an
example magnetic separation apparatus 1600. Magnetic separation apparatus 1600 includes a
first two-dimensional magnet array 1605a and a second two-dimensional magnet array 1605b
in a facing arrangement. A receiving area 1610 for a container is arranged between the first
two-dimensional magnet array 1605a and the second two-dimensional magnet array 1605b.

[0126] The first two-dimensional magnet array 1605a includes a plurality of one-dimensional
Halbach arrays 1615a-1615e. Similarly, the second two-dimensional magnet array 1605b
includes a plurality of one-dimensional Halbach arrays 1625a-1625e. However, the orientation
of the magnetic field of the first two-dimensional magnet array 1605a is rotated perpendicular
with respect to the magnetic field of the second two-dimensional magnet array 1605b.

[0127] As well, the at least two facing two-dimensional magnetic arrays may be positioned at
an angle to one another. The angle and rotation of the two-dimensional magnetic arrays can
be adjusted depending on the magnetic field desired for a particular application.

[0128] Referring now to Figure 17A, shown therein are top plan views of magnetic separation
apparatus 1700a and magnetic separation apparatus 1750a in accordance with example
embodiments. Magnetic separation apparatus 1700a includes a pair of two-dimensional
magnet arrays 1705a and 1705b in a perpendicular arrangement. A receiving area 1710 for a
container is positioned in a region in front of both two-dimensional magnet arrays 1705a and
1705b. The magnetic fields of both two-dimensional magnet arrays 1705a and 1705b can thus
overlap, at least partially, to attract targets in a container in the receiving area 1710.

[0129] Magnetic separation apparatus 1750a includes a pair of two-dimensional magnet
arrays 1755a and 1755b in a partially facing arrangement (also referred to as an acute angular
relationship). A receiving area 1760 for a container is positioned in a region in front of both
two-dimensional magnet arrays 1755a and 1755b. The magnetic fields of both two-
dimensional magnet arrays 1755a and 1755b can thus overlap, at least partially, to attract
targets in a container in the receiving area 1760.
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[0130] Referring now to Figure 17B, shown therein are top plan views of magnetic separation
apparatus 1700b and magnetic separation apparatus 1750b in accordance with example
embodiments. Magnetic separation apparatus 1700b is similar to apparatus 1700a in that it
includes a pair of two-dimensional magnet arrays 1705a and 1705b' in a perpendicular
arrangement. However, in magnetic separation apparatus 1700b the orientation of the two-
dimensional magnet array 1705b' has been rotated with respect to the orientation of two-
dimensional magnet array 1705b. As a result, the magnetic field interacting with a container in
the receiving area 1710 would be different for magnetic separation apparatus 1700b as
compared to magnetic separation apparatus 1700a.

[0131] Similarly, magnetic separation apparatus 1750b is similar to magnet separation
apparatus 1750a except that the magnetic field of magnet array 1755b' is rotated with respect
to the magnetic field of magnet array 1755b. Here again, the magnetic field interacting with a
container in the receiving area 1760 would be different for magnetic separation apparatus
1750b as compared to magnetic separation apparatus 1750a.

[0132] The embodiments described herein may provide a substantially universal plate magnet
that can be used for automation applications that can process small (e.g. 1 micro-Litre) to large
volumes (> 50 mL) in a reasonable time frame.

[0133] To achieve maximum uniformity over a finite surface plane the size and shape of the
magnetic blocks in the magnetic array (e.g. the LH array) can be varied and tuned dependent
on the overall size of the array. For example, in an array of 85 mm x 130 mm (standard ANSI
plate dimensions) alternating blocks of small cubic magnet elements can be assembled with
larger (double size) blocks to reduce boundary effects of a finite linear Halbach array. In other
examples, the magnetic elements may be rectangular (and not cubic) in shape or other shapes
to provide the desired magnetic field distribution and uniformity.

[0134] Referring now to Figure 15, shown therein are examples of magnetic elements 1510
and 1520 that may be used to form one-dimensional Halbach arrays 1500a and 1550b
respectively (and in turn two-dimensional magnetic arrays) in some embodiments described
herein. A first one-dimensional Halbach array 1500a includes a first plurality of magnetic
elements 1510a-1510i. A second one-dimensional Halbach array 1500b includes a second
plurality of magnetic elements 1520a-1520i.

[0135] As shown in Figure 15, the magnetic fields of the magnetic elements 1510a-1510i are
oriented to define the Halbach array 1500a. However, in the array 1500a, the magnetic
elements 1510 do not have a constant element size. Rather, the size of the magnetic elements
1510 varies throughout the Halbach array 1500a. In the example array 1500a, the size of the
magnetic elements 1510 varies in a repeating pattern, with each second magnetic element
1510 having the same size. Similarly, the magnetic elements 1510 do not have a constant
shape. Rather, the shape also varies with each second magnetic element 1510 having the
same shape. In Halbach array 1500a, magnetic elements 1510a, 1510c¢, 1510e, 1510g and
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1510i have the same shape and size as one another. Magnetic elements 1510b, 1510d, 1510f
and 1510h have the same shape and size as one another, but different from magnetic
elements 1510a, 1510c, 1510e, 1510g and 1510i.

[0136] Halbach array 1500b also illustrates an example magnetic array using varying element
size. As shown, the magnetic elements 1520b, 1520d, 1520f and 1520h have generally the
same shape and size of magnetic elements 1510b, 1510d, 1510f and 1510h from array 1500a.
However, the magnetic elements 1520a, 1520c, 1520e, 1520g and 1520i are smaller than the
magnetic elements 1510a, 1510c, 1510e, 1510g and 1510i of array 1500a.

[0137] The Halbach arrays 1500a and 1500b also illustrate an example of one-dimensional
magnetic arrays with interlocking magnetic elements. This may provide additional structural
support between the magnetic elements in the arrays.

[0138] In some cases, magnetic field strength may be sacrificed in order to provide a more
uniform magnetic field across the surface of the array for the container of interest. Thus,
embodiments of the LH arrays described herein may provide both a strong magnetic field
gradient and a very uniform field for a container unit of interest. This may enable, for example,
cell separation to be carried out reproducibly for containers positioned at locations across the
magnetic surface independent of the precise positioning of the sample on the surface of the
magnet array.

[0139] The magnetic field is defined by magnetic field strength, H, and magnetic field intensity,
B. The magnetic field strength vector describes the strength of the magnetic field source and
the magnetic field intensity vector describes the resulting effect on the surrounding space. The
magnetic field strength can be labelled as the driving force or "the cause", whereas the
magnetic field intensity can be considered the coupled flux density or "the effect”. In free space
(a vacuum), the magnetic field intensity is proportional to the magnetic field strength as shown
in equation (3).

B =y H (3)

where, ug is the magnetic permeability of free space

(o = 4m x 1077 T'Tm)

[0140] A magnetic field can be visualized using magnetic field lines. The magnetic field lines
are tangent everywhere to the magnetic field strength and magnetic field intensity vectors. The
presence of matter changes the relationship between magnetic field strength and magnetic

field intensity. The magnetic field intensity in matter is given by equation (4).
B =uy(M+H) 4)

m=VM (5)
where, M is a magnetization vector. Magnetization defines the density of magnetic dipole
moments m in a material of volume V, as expressed in equation (5).
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[0141] In isotropic material the magnetization is proportional to the magnetic field strength.
This property is defined in equation (6).

M = yH (6)

where, ¥ is the volumetric magnetic susceptibility of the material.

[0142] Magnetic susceptibility is a dimensionless constant that describes the degree of
magnetization of material in response to an applied magnetic field. Therefore, equation (4) can

be rearranged as follows:
B =uy(M + H) = puo(xH + H) = po(x + DH = pop, H (7)
where, U, is defined as the relative magnetic permeability of the material.

[0143] Magnetic susceptibility is often very small for biological material such as cells and their
medium. This is because cells are composed of mostly water which is diamagnetic. Water has

a very small, negative magnetic susceptibility on the order of 106. Ferromagnetic materials
that may be used in magnetic cell separation can have magnetic susceptibilities on the order of

10"1. Thus, labelling target cells with magnetic particles can drastically increase the magnetic
susceptibility of the target cell compared to its surroundings.

[0144] Magnetic force on a volume of magnetic material is given by equation (8).
F,=(m-V)B=V(M-V)B (8)

[0145] The magnetic force can be rewritten by substituting equations (6) and (7) into equation
(8) yielding equation (9) below.

Fo=V(M-V)B = Vy(H V)B = —% (BB ©)

uo(1+ )

[0146] The total magnetic force on a magnetically labelled cell is given by equation (10).
_ Moy

T (14 )
where, np is the number of particles per cell and V, is the volume of a single magnetic

(B-V)B (10)

particle.

[0147] Therefore, the magnetic force on a labelled cell can be characterized by the magnetic
particle properties (which are assumed constant), and the term (B - V)B, which is the
differentiation of the magnetic field intensity vector, B, with respect to its self. This term is called
the magnetic force density and is defined by the equation (11).

0B, dB, 0B, .
(BXW—FBya_y.-l_BZE)l
(B-V)B = (Bx%+By%+BZ%)j (11)
(Bx dB, 0B, aBZ)ﬁ

—fZ,.p_*Z,p =
ax Ty TG
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[0148] In a one-dimensional case the magnetic force on a magnetically labelled cell can be
simplified to equation (12).
Tlp/CVp}( dBZ

me =T 9 (12)

[0149] The above formula shows that the magnetic force on a cell is a function of the magnetic
field intensity and the magnetic field intensity gradient. The path of a labelled cell in an external
magnetic field may not be intuitive, as it does not follow the magnetic field lines. The cell
follows magnetic path lines defined by the magnetic force field defined above. The magnetic
path lines are tangent everywhere to the magnetic force field.

[0150] Magnetic nanoparticles typically used in cell separation are superparamagnetic. The
magnetization curve of superparamagnetic particles can be seen in Figure 12. Figure 12
shows that the magnetic particle can either be in a linear superparamagnetic region where the
magnetization is proportional to the magnetic field intensity or a saturated magnetic region
where the magnetization remains constant. This can be mathematically represented by a term
called effective susceptibility, xef, in equation (13).

HoTTlsat
p (VB BB "
—_ hd — Sa
Xeft =TT+ )~ | HoMsat - (13)
v P E e

[0151] Effective susceptibility can be substituted into equation (10), yielding equation (14)
below.

_ 10/C p?f

CV €
W—P“(B-V)B (14)

[0152] The magnetic force on the target may depend on if the particles are in the linear or
saturated superparamagnetic region. This can be represented in equation form by substituting
the piecewise effective susceptibility equation (13) into equation (14), vielding equation (15).
Simplifying equation (15) to a one-dimensional case gives equation (16).

st B.V)B, B < By

F, = Mp/e pXeff (B-V)B = nBiLsat 5
Hg sat (B VB, B>B.,
msat de
Fo = np/chXeffB dB, B, sat B, dz B, < Bysat (16)
mz — Lo Z dx - Mgyt de dBZ
B BZ 2 Bz,sat

—_m t—
“ dz 2t dz '

[0153] Equation (16) shows that, in the linear superparamagnetic region, the magnetic force is
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a product of the magnetic properties of the particles (which are constant), the magnetic field,
and the magnetic field gradient. In the saturated superparamagnetic region the magnetic force
is a product of the magnetic properties of the particles and the field gradient.

[0154] In order to have a fast recovery rate in a plate magnet, the average magnetic force on
the targets in a container (over the entire process volume) should be large. This means that in
the plate magnet system the separation performance will often depend on the hardware used,
and the sample volume being processed. This is because the hardware and the process
volume define the separation height range. The separation height range, seen in Figure 2, is
the difference between the maximum process volume height, z1, and the capture volume

height, z,. The capture volume being the amount of volume retained in the tube. In this

section, the average magnetic force (over a given separation height range) will be derived for a
uniform plate magnet system.

[0155] The magnetic nanoparticles available from STEMCELL Technologies used to evaluate
the example plate magnet embodiments saturate at a magnetic field intensity of approximately
0.5T. In the plate magnet embodiments tested there are considerably more magnetic
nanoparticles in the superparamagnetic linear region compared to the saturated region. This is
because the maximum magnetic field intensity for the prototypes of the embodiments tested
was around 0.5T at the surface which was found to decay exponentially with height. Therefore,
the proportion of cells in the saturated region versus cells in the linear region is negligible.
Thus, in embodiments of the plate magnet system the magnetic force on the cells can be given
by equation (17). In a simplified one-dimensional case the magnetic force can be given by
equation (18). The magnetic particle properties and labelling conditions in the linear
superparamagnetic region are represented by a constant, y, defined in equation (19).

CV €
Fo = 2<pXelt g g = T2 (g.y)B = y(B-V)B (17)
Ho Bsat
dB,
Fm,Z :yBZE (18)

i np/chXeff _ Msat
Ho Bsat

[0156] The magnetic field intensity as a function of height was determined experimentally for
uniform plate magnets. The magnetic field decay with height for a uniform plate magnet is
defined by equation (20). Where «a is a positive constant that represents the magnetic field at
the surface of the magnet, and B is a positive constant that defines the magnetic field decay
rate with height. Taking the derivative with respect to height of equation (20) gives equation
(22), the magnetic field gradient as a function of height.

B =B.i+B,j+Bk=ac*k (20)

B, = ae % (21)
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aB aB., -
Z T —Bz 22
= k afe Pk (22)
dB

= _ —Bz 23
17 afe (23)

[0157] The general magnetic force density function defined earlier in equation (11) can be
simplified to equation (24) for the uniform plate magnet case.

dB, .. ~
(B-V)B = Bzd—zzk = —a?Be 2Pk (24)

[0158] Therefore, the magnetic force at a given height over a uniform plate magnet may be
determined using equation (25).
Fm = _aZBye—ZBZE (25)

[0159] The negative sign indicates that the force would be acting in downward in the z
direction (refer to Figure 2 for frame of reference). Equation (26) defines the magnetic force
density magnitude (MFD) as the function fd(z). Taking the integral of equation (26) over the
separation height range and dividing by the separation height range gives equation (27), the
average MFD (AVG MFD).

fd(z) = |(B- V)B| = a?fe%F (26)

(e—Z[)’ZZ _ 6—2521)

aZ
fdavg (Zl) = 7 (27)

Zy — 23

[0160] The AVG MFD is proportional to the average force experienced on the cells; therefore it
is directly related to the recovery rate. As a result, the inventors used the AVG MFD as a
parameter for comparing the various embodiments described herein.

[0161] In view of the foregoing, the inventors identified that the performance of a given
magnetic array is predictable by calculating the magnetic field density (MFD). For example,
with 2" N52 magnets, an approximately 6-fold stronger array can be created as compared to
an array constructed with %" N52 magnets. As shown in Figure 11 a 6-fold stronger magnetic
array (LH2) is achieved resulting in an increase of the separation zone (Z2) of approximately
25 mm - this increase makes separations in deep well plates possible (see, for example, LH2
shown in Figure 11).

[0162] The embodiments described herein may be implemented to satisfy various design
objectives. First, it may be preferable that a magnet be compatible with a variety of hardware.
A flat profile of a plate magnet may allow for easy compatibility with a large range of hardware
such as microplates, tubes, cell culture flasks, or bags. Or, a curved or non-planar profile of the
plate magnet may allow for easy compatibility with deformable containers, such as bags. Some
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example embodiments of the magnetic separation apparatuses described herein using two-
dimensional magnet arrays may provide these benefits.

[0163] Embodiments described herein may also be mountable onto automated cell separation
instruments. Embodiments described herein can, however, also have a large average MFD
over a large volume range. The MFD depends on the magnetic field at the surface, the
magnetic field gradient, and the separation height range. A uniform magnetic field is preferred
so that separation performance is consistent at any location and with any hardware. Some
embodiments described herein may be able to process samples in a time period of 15 minutes
or less.

[0164] The recovery and final purity of targets separated using the described plate magnets
may vary with hardware and process volume, however it is preferred that performance be at
least equal to or greater to the performance of other magnet configurations against which the
prototype embodiments were tested. The unit-size plate magnet should preferably have a
footprint equal to the area of a standard microplate or about 0.011sq m (0.12 sq ft). Some
example embodiments of the magnetic separation apparatuses described herein using two-
dimensional magnet arrays will be handled by laboratory technicians. Accordingly, they may be
implemented with a reasonable weight and necessary safety features such as the guide
members described above. Furthermore, as described above embodiments of the magnetic
separation apparatus disclosed herein may be easy to manufacture at a reasonable cost. For
example, a housing with a frame may simplify construction of the magnetic separation
apparatus.

Table 1: Design Objectives and Benchmark Values for Embodiments of the Plate Magnet

Design Objective(s) Benchmark Value(s) for Example Embodiments

Compatibility with a variety {Microplates, tubes, flasks, bags, etc.
of hardware

Mountability RoboSep-16

Large average magnetic  {Greater than or equal to the BLUE magnet available
force over large height from Stemcell Technologies (although it will be variable
range depending on associated hardware)

Uniformity of magnetic Consistent performance

field

Sample processing in Less than or equal to 15 minutes

reasonable time frame

High recovery of target Greater than or equal to the BLUE magnet available
cells from Stemcell Technologies (although it will be variable

depending on associated hardware)

High final purity of target  {Greater than or equal to the BLUE magnet available
cells from Stemcell Technologies (although it will be variable
depending on associated hardware)

Small footprint 12 sq ft < footprint <1 sq ft
Movability < 20lbs
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Design Objective(s) Benchmark Value(s) for Example Embodiments
Easy to manufacture Simple and safe assembly

Reasonable cost to < $400

manufacture

Safe to handle Necessary safety features

[0165] Three alternative configurations (shown in Figure 6A) of a plate magnet were tested
and evaluated using prototypes constructed by the inventors. The alternative configurations
tested were an example of the Linear Halbach (LH) array configuration 620 similar to the array
500 described herein shown in Figure 5A above, and the Super Halbach (SH) 610 and Hyper
Halbach (HH) 630 arrays mentioned above. Prototypes of these embodiments were evaluated
against existing NS plate magnet configurations 600 (Dexter Design) available from Stemcell
Technologies. Desirable parameters such as consistent cell separation performance, large
average MFD (Magnetic Force Density), high final recovery, high final purity, and ease of
assembly were evaluated as a means of comparison, the results of which are shown in Figures
7 and 8B-11.

[0166] The magnetic testing experiments illustrated in Figure 4, suggest that the HH
embodiment may produce the strongest magnetic field and steepest gradient, followed by the
single Halbach, alternating magnets, and the SH. While the HH may provide a strong magnetic
field it has a complicated assembly.

[0167] The SH design 610 tested by the inventors had consistent separation performance, but
had an AVG MFD (for typical cell separation height ranges) similar to the Dexter NS design
600. Accordingly, the cell separation performance in the SH 610 was similar to the NS 600.

[0168] The LH embodiment 620 and HH configuration 630 tested had similar AvG MFD's (for
typical cell separation height ranges) that were much greater than the NS configuration 600.
This translated to the LH embodiment 620 and HH configuration 630 having similar cell
separation performance in terms of final cell recovery and purity.

[0169] The LH embodiment 620 and HH configuration 630 had recovery rates that were
approximately twice that of the NS configuration 600. This resulted in higher final recoveries
and purities for the LH array 620 and HH array 630 compared to the NS configuration 600.

[0170] The LH embodiment 620 tested had a uniform magnetic field for the locations of
interest, which resulted in consistent cell separation performance at all locations on the
magnet. The HH configuration 630 tested did not show a uniform magnetic field and had a
strong pole (HH H Pole) and a weak pole (HH N Pole). As a result, in the HH configuration 630
tested the cell separation performance was not consistent over all locations.

[0171] The LH embodiment 620 also provided a simple arrangement of magnets that
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facilitated assembly (as described above). The LH embodiment 620 was even found to
outperform the current DEXTER NS design 600 magnet despite having significantly smaller
and lower grade magnets.

[0172] A constant element size nine-by-nine array for each of the HH, LH and SH arrays were
constructed using 1/4 inch cube N42 rare earth magnets. A top view schematic of the HH 630,
LH 620 and SH 610 arrays is shown in Figures 6A along with the top view of a NS control
configuration 600. The arrows point from the south pole to north pole of the magnet.

[0173] An example of a housing was used to hold the cube magnets in the desired orientation.
Magnets were equally spaced apart in the X direction with Tmm ribs and in the Y direction with
1 mm plastic spacers. This may help maintain a uniform magnetic field. The top cover of the
housing can be preferably as thin as possible (1 mm) to maximize the magnetic field at the
surface. The housing base can have an increased thickness (3 mm) that may provide the
housing with sufficient rigidity. A pair of housing portions (i.e. a base and top cover) may be
used to lock the magnets in place and are shown in Figures 5B and 6B.

[0174] Multiple experiments were conducted to characterize the magnetic properties and
separation performance of the prototypes of the alternative magnet array configurations. A
gauss meter (AlphalLabs Inc. GM2-Model) was used to characterize the magnetic field for each
magnet. CD3 positive cell selection separations were used to test prototype performance.
Initial and final cell concentration measurements of live cells and CD3 positive cells were made

by flow cytometry (BD Accuri’ C6). From these experiments, separation parameters such as
the final recovery and logit purity difference could be calculated. The data gathered from these
experiments was used to evaluate the performance of the prototypes for the example
alternative plate magnet embodiments.

[0175] The magnetic field decay with height was characterized for each prototype by
measuring the field at different height intervals (as shown in Figure 7). The NS, SH, LH, HH,
and Dexter design (a BLUE magnet from Stemcell technologies) magnets were evaluated. In
previous tests, it was discovered that the HH configuration may not be uniform. The HH
configuration may have strong poles, which are referred to as Hyper Poles (H Pole), and weak
poles called the Null Poles (N Pole). The HH H Pole and HH N Pole were each tested in this
experiment. Measurements were made at 0, 0.4, 0.76, 1.72, 3.46, 6.4, 9.46, 12.65 mm from
the magnet housing surface. Plastic spacers were used to create the change in height because
they do not interfere with the magnetic field. In this experiment three replicate measurements
were made for each of the 48 conditions giving a total of 144 measurements. The results from
this experiment are shown in the chart of Figure 7.

[0176] The magnetic field characteristics for the various magnets tested are shown in Table 2:
Table 2 - Magnetic Field Characteristics for Magnet Embodiments

Magnet a(G) {aSTDEV(G) {B(1/mm) {B STDEV (1/mm) {R2
BLUE 4537 17.60 0.324 0.0034 0.9994
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Magnet a(G) {aSTDEV(G) i{B(1/mm) {B STDEV (1/mm) {R2

NS 3588 {9.21 0.436 0.0030 0.9998
SH 4086 13.58 0.463 0.0041 0.9997
LH 4878 15.94 0.228 0.0021 0.9994
HHH Pole 5846 {8.15 0.266 0.0010 0.9999
HH N Pole {2996 {24.14 0.551 0.0117 0.9974

[0177] The magnetic field strength at the surface in decreasing order were HH H Pole, LH,
DEXTER DESIGN, SH, NS and HH N Pole, which had magnitudes of 5800 G (0.58 T), 4900 G
(0.49 T), 4500 G (0.45T), 4100 G (0.41 T), 3600 G (0.36 T), and 3000 (0.3 T), respectively.
The magnetic field decay rates in decreasing order belong to the HH N Pole, SH, NS, DEXTER

DESIGN, HH H Pole, and LH, which had values of 0.55 mm™', 0.46 mm!, 0.44 mm', 0.32 mm~

1,0.27 mm™, and 0.23 mm™', respectively. A larger magnetic field decay rate corresponds to a
steeper field gradient.

[0178] The HH did not have a uniform field; the HH H Pole had the largest field magnitude
whereas the HH N Pole had the weakest. By using the same amount of magnetic material and
only changing the magnet orientation, the HH H Pole generated a 61% larger field compared to
the NS. The magnetic field decay rate for the HH H Pole was 39% smaller than the NS decay
rate, while the HH N Pole was 25% larger than the NS decay rate.

[0179] The LH had the second largest field magnitude and a uniform field over all poles (other
locations were not tested). The magnetic field magnitude was 36% larger than the NS field
magnitude and the magnetic field decay rate was 48% smaller than the NS rate. The LH's
strong initial magnetic field and shallow field gradient allows for separation of large height
ranges.

[0180] The SH had a uniform field over the poles. The magnetic field magnitude was only
slightly larger (14%) than the NS field magnitude, and the magnetic field rate was slightly larger
(5%) than the NS rate. The AVG MFD for this magnet is expected to be small because it has a
small initial magnetic field and shallow gradient.

[0181] Both the LH and HH H Pole magnets had larger initial magnetic fields and smaller field
decay rates compared to the DEXTER DESIGN magnet. This means the prototypes of the LH
embodiment and HH configuration generated a larger field and shallower gradient using less
magnetic material and weaker magnets as compared to the Dexter design. Therefore, these
configurations may provide a much larger AVG MFD, in turn making the processing of much
larger separation height ranges (larger volumes) possible.

[0182] Consistent separation performance is the driving force for a plate magnet having a
uniform field. In theory, if the magnetic field is uniform, the separation performance should be
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consistent. Uniformity was tested for each alternative magnet configuration as well as the
control magnets by performing CD3 positive cell selection separations at different locations on
each magnet. If the recovery of CD3 cells was consistent from location to location the magnet
was considered uniform (at least for cell separation purposes). As shown in Figure 8A, the NS
configuration and Dexter Design magnets 800 was tested at positions 805a and 805b. The SH
configuration 810 was tested at positions 815a and 815b. The example LH embodiment 820
was tested at positions 825a-825d. The HH configuration 830 was tested at positions 835a and
835b.

[0183] The PURPLE magnet (available from Stemcell Technologies) was used as control for
maximum recovery. The Dexter and NS magnets have four independent (non-repeating
locations), SH and LH have six independent locations, and the HH has 12 independent
locations. For the plate magnets, 2 mL vials were used as they could be easily placed directly
over a desired location. The process volume used was a 0.5 mL capture volume and 0.1 mL
was left behind. This means, theoretically, the baseline recovery should be 20%. The negative
fraction was removed using aspiration with micropipette. The PURPLE magnet used a 5 mL
tube and had a process volume of 2 mL. In this experiment, there were 12 conditions with
three replicates, for a total of 36 separations. The separations were run in a random block
design. The results from this experiment can be seen in Figure 8B.

[0184] The NS, SH, and LH were found to have consistent recoveries, indicating they have
uniform fields. The HH, as expected, did not have consistent recoveries between the HH H
Pole (P1), and HH N Pole (P2); indicating its magnetic field was not uniform. For a 10 minute
separation, the average LH recovery was 70.21%, which was 59% more than the NS recovery
of 44.28%. The average HH H Pole recovery was 75.35%, which 70% more than the NS
recovery. These recoveries are larger than the average Dexter magnet design with a recovery
of 61.64%. The SH and the HH N Pole had average recoveries of 39.26% and 44.76%,
respectively, which were both lower than the average NS recovery. The SH recoveries were
lower than the NS most likely because the field magnitude is the same, but the gradient is
slightly shallower.

[0185] Next, the recovery as a function of time (recovery rate) was characterized for each
prototype of the alternative magnet embodiments. This may provide a better understanding of
how recovery varies with time for each plate magnet system. For this experiment, the
separation was a CD3 positive cell selection, with a 0.5 mL process volume, and 0.1 mL
capture volume. Again, the theoretical baseline recovery is 20%. The maximum recovery was
found by completing a 2 mL PURPLE magnet separation. The different plate magnets used
were the NS, LH, and HH, and all separations were done on the P1 location (from last
experiment). Each magnet had separations completed at time intervals of 0, 5, 10, and 20
minutes. Again, 2 mL vials were used as they could be easily placed directly over the desired
location. In this experiment, there were 11 conditions with two replicates (three for PURPLE),
for a total of 23 separations. The separations were run in a random block design. The recovery
and change in purity odds ratio versus time results from these experiments can be seen in
Figures 9A and 9B.
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[0186] The LH and HH H Pole had similar recovery rates. This is because the LH and HH H
Pole had similar AVG MFD over the separation height range for the current experimental
setup. The 2 mL vial sits 5 mm above the magnet surface; therefore the HH H Pole with its
slightly steeper field gradient loses the advantage of its higher initial magnetic field. The
recovery rates for the LH and HH H Pole are about twice the recovery rate of the NS.

[0187] Next, the LH embodiment and Dexter design magnets were compared head to head,
even though the Dexter plate magnet had more magnetic material and higher grade magnets.
This experiment gave a baseline of how the prototype LH compared to the Dexter design. This
information was used to assess the potential of a second Linear Halbach (LH2) prototype with
larger and higher grade magnets.

[0188] The recovery rates of the LH and Dexter magnets were compared head to head, and
the cell sedimentation rate was quantified. The sedimentation of non-target cells can lead to a
decrease in final purity. For this experiment, the separation was a CD3 positive cell selection,
with a 1 mL process volume, and 0.1 mL capture volume. Therefore, the baseline recovery is
10%. The maximum recovery was found by completing a 2 mL PURPLE magnet separation.
The different plate magnets used were the LH and the Dexter design, and all separations were
done on the P1 location (described above). Each magnet had separations completed at time
intervals of 0, 3, 5, 8, 10, 15, 25, 40 and 60 minutes.

[0189] A sedimentation condition (SED) that was not placed on a magnet was also processed
at the same time intervals. Again, 2 mL vials were used as they could be easily placed directly
over the desired location. In this experiment, there were 26 conditions with two replicates, for a
total of 52 separations. Since there were so many separations the two replicates for each
condition were mixed prior to flow cytometry analysis. This provides a manual average of the
replicates. The separations were run in a random block design. The recovery and change in
purity odds ratio versus time results from this experiment can be seen in Figures 10A (recovery
versus time for LH, BLUE, and SED) and 10B (purity change in odds ratio versus time for LH,
BLUE and SED).

[0190] The prototype LH embodiments used 1/4", N42 grade, rare earth, cube magnets as the
magnetic elements. A further embodiment of the LH design (referred to as LH2) may employ
1/2", N52 grade, rare earth, cube magnets compared to the 1/4", N42 grade, rare earth, cube
magnets as the magnetic elements. The AVG MFD was estimated for the LH2 embodiment
over a range of process volume heights and a constant capture volume height. The AVG MFD
was also simulated for the NS, Dexter, and LH for contrast. Figure 11 shows the AVG MFD as
a function of process volume height for the NS configuration, Dexter configuration, and the LH
and LH2 embodiments. The capture volume height has been set to 4.99 mm and the process
volume height varies from 5 mm to 25 mm.

[0191] As Figure 11 illustrates, the LH2 embodiment is expected to produce a much stronger
average magnetic force on the cells compared to the DEXTER DESIGN magnet because of its
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larger AVG MFD. This suggests that the LH2 design will be much stronger than the current
Dexter design, therefore it should have the capabilities to process a large separation height
range (potentially up to an inch). Depending on the hardware used, the LH2 should be able to
process small to extra-large process volumes.

[0192] The linear Halbach array is not a stable configuration of the magnet elements. As a
result, a suitable housing may be required to hold the elements of the linear Halbach array in
place. Stronger magnetic elements may cause large internal stresses in the housing; therefore
a strong material may be required for the housing. Aluminum is one example of a suitable
housing material because it has a large strength to weight ratio, and is a non-magnetic
material. By contrast, while steel is very strong, it is ferromagnetic and may disturb the
magnetic field.

[0193] In some cases, set screws may be used to secure magnetic elements in place. Outer
posts, e.g. guide elements such as four outer posts extending about a 1/2" from the surface of
the housing may be used as a safety precaution. These posts may stop the magnet from
getting too close to large ferromagnetic objects. This may also protect users from getting their
hands crushed. The posts can be used to protect users from large ferromagnetic objects.
Small ferromagnetic objects may still have access to the magnet surface, so users should
handle the magnet with care. The thickness of the top plate/cover may be minimized in order
to maximize the AVG MFD.

[0194] To achieve maximum uniformity over a finite surface plane the size and shape of the
magnetic elements in the linear Halbach array can be varied and tuned dependent on the
overall size of the array. For example, in an array of 85 mm x 130 mm (standard ANSI plate
dimensions) alternating blocks of small cubic magnet elements can be assembled with larger
(double size) blocks to reduce the boundary effects of a finite linear Halbach array (see e.g.
Figure 15). Designs can be created that, while sacrificing magnetic strength, result in an overall
more uniform magnetic field across the surface of the array. Thus, Linear Halbach Arrays can
be optimized to create both a very strong magnetic field gradient and a uniform field that
enables, for example, cell separation to be carried out reproducibly across the magnetic
surface independent of the precise positioning of the sample on the surface of the magnet
array.

[0195] As array elements scale relative to the size of the array inhomogeneity arises. In such
cases, variable sized magnetic elements may be used in the array to improve field uniformity.

[0196] While the above description describes features of example embodiments, it will be
appreciated that some features and/or functions of the described embodiments are susceptible
to modification without departing from the principles of operation of the described
embodiments. For example, the various characteristics which are described by means of the
represented embodiments or examples may be selectively combined with each other.
Accordingly, what has been described above is intended to be illustrative of the claimed
concept and non-limiting. It will be understood by persons skilled in the art that other variants
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and modifications may be made without departing from the scope of the invention as defined in
the claims appended hereto. The scope of the claims should not be limited by the preferred
embodiments and examples, but should be given the broadest interpretation consistent with
the description as a whole.
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Patentkrav
1. Magnetisk adskillelsesanordning, der omfatter:
a) en flerhed af magnetiske elementer, der definerer et forste todimensionalt

magnetisk array indbefattende en forste dimension og en anden dimension; og

b) et hus, der understotter flerheden af magnetiske elementer;
hvor
c) det todimensionale magnetisk array indbefatter en flerhed af endimensionale

magnetiske arrays, hvor hvert endimensionalt magnetisk array omfatter en flerhed af de
magnetiske elementer, der er placeret stedende op til hinanden og roteret 90 grader omkring den
samme akse 1 forhold til hvert tilstedende magnetisk element i det samme endimensionale
magnetiske array, der strekker sig 1 en ferste retning langs den ferste dimension og er orienteret
til at definere et Halbach-array, hvor flerheden af endimensionale arrays er placeret stadende op
til hinanden og streekker sig i en anden retning langs den anden dimension,

d) flerheden af magnetiske elementer definerer en array-flade, der har et magnetfelt
udformet til at tiltrekke magnetisk modtagelige partikler mod array-fladen; og

e) magnetfelterne af flerheden af endimensionale arrays er orienteret i den samme

retning langs array-fladen.

2. Magnetisk adskillelsesanordning ifelge krav 1, hvor array-fladen i alt vaesentligt er plan,

og eventuelt i alt veesentligt rektanguleer.

3. Magnetisk adskillelsesanordning ifelge krav 1 eller 2, hvor huset definerer en
beholdermodtagelsesflade stedende op til array-fladen og/eller et beholdermodtagelsesomrade
udformet til at modtage mindst én beholder, der er udformet til at indeholde flerheden af

magnetisk modtagelige partikler.

4. Magnetisk adskillelsesanordning ifelge krav 3, der endvidere omfatter en flerhed af
foringselementer, hvilke foringselementer er anbragt til at dirigere én eller flere beholdere til en
position stedende op til beholdermodtagelsesfladen, og hvilke foringselementerne eventuelt
indbefatter mindst ¢t feringsorgan, der straekker sig fra huset i en retning vinkelret pa

beholdermodtagelsesfladen og vk fra array-fladen.

5. Magnetisk adskillelsesanordning ifelge et hvilket som helst af kravene 1 til 4, der
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endvidere omfatter en anden flerhed af magnetiske elementer, der er anbragt for at definere et

andet todimensionalt magnetisk array.

6. Magnetisk adskillelsesanordning ifelge krav 5, hvor:

a) det forste todimensionale magnetiske array og det andet todimensionale
magnetiske array er placeret i et mindst delvist modstaende arrangement med det forste
todimensionale magnetiske arrays array-flade vendende ind mod det andet todimensionale
magnetiske arrays array-flade; og

b) anordningen omfatter et modtagelsesomrade mellem det forste todimensionale
magnetiske array og det andet todimensionale magnetiske array udformet til at modtage en

beholder til en flerhed af magnetisk modtagelige partikler.

7. Magnetisk adskillelsesanordning ifelge krav 6, hvor det feorste todimensionale

magnetiske array og det andet todimensionale magnetiske array i alt veesentligt er parallelle.

8. Magnetisk adskillelsesanordning ifelge krav 6 eller 7, hvor det forste todimensionale
magnetiske array og det andet todimensionale magnetiske array er orienteret for at definere et
magnetfeltstyrkeminimum langs et plan, der defineres af magnetfeltstyreminimummet, som
folger af magnetfeltet af det forste todimensionale magnetiske array og magnetfeltet af det andet

todimensionale magnetiske array.

0. Magnetisk adskillelsesanordning ifelge krav 5, hvor det feorste todimensionale
magnetiske array og det andet todimensionale magnetiske array er anbragt:

a) ryg mod ryg; eller

b) for at tilvejebringe et i alt vasentligt plant array med det forste og det andet

todimensionale array placeret stadende op til hinanden for at tilvejebringe et storre array.

10.  Magnetisk adskillelsesanordning ifelge et hvilket som helst af kravene 1 til 9, hvor de

magnetiske elementer omfatter permanentmagneter og/eller elektromagneter.

11.  Fremgangsmade til magnetisk adskillelse af en flerhed af mal fra en suspension i en
beholderenhed, hvilken fremgangsmade omfatter:
a) forbindelse af flerheden af mal med magnetisk modtagelige partikler for at

tilvejebringe en flerhed af forbundne partikler i suspensionen;
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b) placering af beholderenheden i umiddelbar narhed af en array-flade af et
todimensionalt magnet-array, hvilket todimensionalt magnet-array omfatter en flerhed af
magnetiske elementer, der er anbragt for at definere en flerhed af endimensionale Halbach-
arrays, der streekker sig 1 en forste dimension, hvilken flerhed af magnetiske elementer af hvert
ene dimensionale Halbach-array er roteret 90 grader omkring den samme akse 1 forhold til hvert
tilstodende magnetisk element 1 det samme endimensionale array, hvor flerheden af
endimensionale Halbach-arrays placeres stedende op til hinanden og strekkende sig i en anden
dimension, og hvor magnetfelterne defineret af flerheden af endimensionale Halbach-arrays er
orienteret i den samme retning langs array-fladen; og

c) fiernelse af en del af suspensionen fra beholderenheden, mens beholderenheden

placeres 1 umiddelbar nzrhed af array-fladen.

12.  Fremgangsmade ifelge krav 11, hvor placering af beholderenheden i umiddelbar narhed
af array-fladen omfatter foring af beholderenheden mod array-fladen ved hjzlp af en flerhed af

foringselementer.

13.  Fremgangsmade ifelge krav 12, hvor flerheden af foringselementer anbringes, séledes at
de svarer til en form af beholderenheden, og eventuelt beholderenheden er én af et ror, et

hetteglas, en petriskal, en flaske, en pose og en flerbrendsmikroplade.

14.  Fremgangsmade ifalge et hvilket som helst af kravene 11 til 13, hvor:

a) beholderenheden omfatter en flerhed af beholderrum, hvor hvert beholderrum er
udformet til at modtage en individuel beholder, og mindst ét af beholderrummene omfatter en
beholder i brug med en tilsvarende suspension; og

b) fremgangsmaden omfatter gentagelse af trinnene med forbindelse og ekstraktion

af den tilsvarende suspension fra hver beholder i brug.
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