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ELECTROMAGNETIC ASSEMBLIES FOR PROCESSING FLUIDS

CLAIM OF PRIORITY
[0001] This patent application claims the benefit of priority to U.S. Provisional
Application Serial No. 83/004,913, filed April 3, 2020, which is incorporated by
reference herein in its entirsty.

BACKGROUND

[0002] The preparation of samples is a critical phase of chemical and biological
analytical studies. In order to achieve precise and reliable analyses, target compounds
must be processed from complex, raw samples and delivered fo analytical equipment.
For example, proleomic studies generally focus on a single protein or a group of
proteins. Accordingly, biclogical samples are processed to isolate a target protein from
the other cellular material in the sample. Additional processing is offen required, such
as protein isolation {e.g., Immunoprecipitation), matrix cleanup, digestion, desalting.
Non-target substances such as salts, buffers, detergents, proteing, enzymes, and
other compounds are typically found in chemical and biological samples. These non-
target substances can interfere with an analysis, for example, by causing a reduction
in the amount of target signal detected by analytical equipment. As such, complex, raw
samples are typically subjected o one or more separation and/or exiraction
techniques to isclate compounds of interest from non-target subsiances.
[0003] Magnetic parlicles or beads are a technology that can be employed for sample
preparation for chemical and biological assays and diagnostics. One key slement in
magnetic particle separation and handiing technology is efficient mixing o enhance
the reaction rate between the target substances and the particle surfaces, the mass
fransfer from one substrate to another or the transfer of an analyie from one medium
to another.
[0004] One known fechnigue for mibdng fluids using magnetic particles, involves
moving a magnet relative to a stationary container or moving the container relative o
a siationary magnet using mechanical means to induce relative displacement of a
magnetic field gradient within the container. Another technique involves the uss of two
glectromagnets facing each other around a chamber having magnetic particles
arranged therein. Sequentially energizing and de-energizing the two electromagnets
(i.e., binary on/off control) at a sufficient frequency operaies 1o suspend the magnetic
particles within a fluid disposed in the chamber. Such fechniques may require
excessive power consumption and could cause magnetic particles to separate slowly.
Or such techniques could require modified lens arrangements which could reduce

mixing guality. But these and other techniques known in the art suffer from various
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drawbacks, including the aggregation of particles and inefficiency in mixing of the
particles. Further, such techniques may require manual intervention between stages
of the process. A technique o improve mixing solutions using magnetic beads is the
use of eleciromagnets surrounding a sample container to creale a changing magnstic
field.
[0008] However, magnetic parlicies {ypically used for capture and isolation of
biological molecules are paramagnetic. Faramagnetic beads are responsive o an
applied external magnelic field but retain litlle or no residual magnetism when that field
is removed. This low residual magnetism reduces or eliminates clumping of the beads,
allowing the beads to remain dispersed and suspended in solution and to be easily
transferred through a pipette tip. Paramagnetic beads, however, are generally less
responsive {o an external magnetic field and therefore are more difficult {o effectively
mix using an electromagnetic mixer, particularly in viscous solutions such as those
used io selectively precipitate and isolate nucleic acids using magnetic beads.
Accordingly, a need exists o provide an arrangement of electromagnetic elements
that more effectively induces efficient mixing of such magnstic particles.
SUMMARY

(00086 Apparatus, systems, and methods are described herein allow for the
processing of sampling devices and fluids using slectromagnetic assemblies without
the limitations of known technigues. For example, the apparafus, sysiems, and
methods described herein allow for the processing of sampling devices and fluids
using electromagnetic assemblies on sample volume without sample loss or magnetic
particle loss.

DESCRIPTION OF THE DRAWINGS
[0007] A description is provided herein below with reference, by way of
exampie, 1o the following drawings. 1t will be understood that the drawings are provided
as examples only and that all reference {0 the drawings is made for the purpose of
fllustration only and are not intended to limit the scope of the disclosure in any way.
For convenience, reference numerals can alsc be repeated {(with or without an offset)
throughout the figures 1o indicate analogous components or features.
[0008] FIGS. 1A-1D are schematics of fluid processing systems according to various
aspects described herein.
[0008] FIGS. 2A and 2B are schematics illustrative open-well magnetic sample plate
according to various aspects described herein.
{0010} FIG. 3 is a schematic illustrative fluid processing systemn according 1o various

aspects described herein,
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[0011] FIG. 4 is a schematic llustrative fluid processing structure and mixing pattem
thereof according to various aspects described herein.

[0012] FIG. 5 is a schemaltic Hustrative fluid processing structure and mixing pattemns
thereof according to various aspecis described herein.

[0013] FIG. 8 is a schematic iHlusirative fluid processing and analysis system
according to various aspects described herein.

[0014] FIGS. 7A-B is a schematic of another example of a fluid processing system
according to various aspecls described herein.

[0015] FIG. 8 is a representation of one example of the z-direction mixing resuiting
from the physical movement of the magnetic lenses described herein,

[0018] FIGS. SA-B are representation fluid processing systems according fo various
aspects described herain.

[0017] FIG. 10A-B is a representation of a 4-point lens shape.

[0018] FIG. 11 is a representation of an illustrative lens shape.

[0018] FIG. 12 is a picture of an example magnetic lens assembly where the lenses
are fastened to the slectromagnet core via a threaded nut.

{80207 FIG. 13A-C is a representation of a permanent magnet rails where
such rail component moves in and out of the array of tubes for separation.

[0021] FIGS. 14A-B are representations of moving the sample relative to the lenses
{FIG. 14A) and moving the entire magnetic assembly relative {o the sample (FIG. 14B).
[0022] FIG. 15 is a representation of one example of an assembily of vertically oriented

permanent magnets which may be reversibly positioned adjacent to the fiuid sample.

DESCRIPTION

[0023] Those skilled in the art will understand the methods, sysiems, and
apparatus described herein are non-limiting examples and the scope of the applicant's
disclosure is defined solely by the claims. While the applicant's teachings are
described in conjunction with various aspects, it is not intended for the applicant's
teachings be limiled fo such aspects. On the contrary, applicants teachings
encompass various allernatives, modifications, and equivalents, as will be appreciated
by those of skill in the art. The features illustrated or described in connection with one
example can be combined with the features of other aspects. Such modifications and
variations are intended to be included within the scope of the applicant's disclosure.

[0024] The disclosure generally relates to fluid processing methods and
systems for mixing, separating, filtering, or otherwise processing a fluid sample by
utiizing magnetic particles dispersed therein. In accordance with various aspects of

the disclosure, the fluid sample can be disposed within a fluid chamber. In accordance
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with various aspects, the fluid could also be a viscous solution; however, the word fluid
will be generally used {o describe any material in which the sample can be suspended.
A plurality of fluid chambers are held and dispersed throughout a fluid container. The
fiuid chamber can be an open fube or similar device (e.g., open o the aimosphere)
such that the sample and/or reagents can be directly added to the open fluid chamber
(2.g., via an auto-sampler or pipette inserted through the open end of the fluid
chamber) and can likewise be directly removed therefrom {e.g., via a capture device)
following the processing, for example.

[0025] The magnetic particles, disposed and dispersed within the fluid, can be
configured o be agitated under the effect of magnetic fields {or gradients) generated
by a magnetic assembly arrangsd adjacent to the fluid chambers (2.g., arranged about
the periphery of the fluid container) 50 as to facilitate the movement of the magnetic
particles within the fluid. The magnetic assembly can include a one or a plurality of
magnetic structures arranged in horizontal or substantially horizontal lavers. Each of
the magnelic structures can be formed by one or more magnets, such as an
glectromagnet. The vertical position of one or more of the magneltic structures, relative
to the fluid, can be movable or adjustable, for instance, before, during, or after
facilitating the movement of the magnetic particles within the fluid. Adjustment of the
vertical position of the one or more of the magnetic structures before facilitating
movement of the magnetic particles can be used, for example, fo process different
sample volumes and/or to affect a characteristic of a magnedlic field gensrated by the
magnetic assembly. Vertical movement of the magnstic structures while facilitating the
movement of the magnetic particles may add, for example, a vertical component of
movement in the particles o provide a more effective or efficient mixing of the particles
in the fluid. Additionally or altermnatively, the electrodes of the various magnetic
structures {e.g., of the different verticaliy-spaced layers) can be selectively energized
50 as o process different sample volumes and/or fo affect a characteristic of a
magnetic field generated by the magnetic assembly.

[0026] The magnetic assembly structures can be formed from a plurality of
slectromagnets disposed around the fluid chamber al one or more different vertical
heights, with each slectromagnet being individually controlled {o generate a desired
magnetic field within the fluid chamber effective to influence the magnetic particles
disposed therein. Based on the selective application of electrical signals {o the plurality
of electromagnets surrcunding the fluid chamber, the magnstic parlicies can be
influenced 1o rotate, spin, move horizontally side-lo-side, and/or vertically up-and-
down, or any combination of such movements, within the fluid sample by the combined

effect of the magnetic field gradients generated by the varicus electromagnests. By way
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of exampie, the signals applied to the electromagnets of each magnetic struciure (e.g.,
in a single horizontal layer) can be configured to generate magnetic fieid gradients
substantially in the x-y plane, while the signals applied to the slectromagnets of the
different magnetic structures, if present (e.g., the slectromagnets in different horizontal
fayers) can result in magnetic field gradients exhibiting a z-direction or vertical
component. in this manner, the combined effect of the plurality of electromagnets can
produce a magnetic field within a sample container with different characteristics, such
as different strengths and/or directionality so as to rapidly and efficiently mix the fluid
and/or capture targst analytes within the fluid, by way of non-limiting example.

[0027] Making reference to FIG. 8, an assembly 800 comprising & pin 801
made of a magnetically permeable metal is placed through the center of a coil 730,
the pin 901 exiending above the coif 730, When the coil 730 is actusted, i creates a
magnetic field that is transmitted to pin 901 and, in turn, o lens assembly 730a, which
is also made of a magnstically permeable metal. Lens assembly 730a comprises a
plurality of magnetic lenses 730b (see FIG. 10A) created by a collection of lens
members 730¢, each focusing and shaping the magnetic field in a desired area, in this
example within sample tube 115 comprising magnetic particles (not shown). The lens
members 730c comprised in assembly 730a can have any suitable shape. In various
exampies, the lens member 730¢ can have a circular shape. In various examples, the
lens member 730c¢ has a 4-point shape, such as the one shown in FIG. 10B. By further
example, the lens member could be formed in any shape most efficient to the
assembly such as those show in FIG. 11. In various aspects, the magnetic lens is
brought into contact (or very close to) the samples described herein, such as a sample
fube 115,

[0028] I various examples, the lenses are 0.25mm thick to 20mm thick. In
another exampie, the lenses are 2mm thick to 12mm thick.

[0028] Although the lens assemblies shown in FIG. 10A and 10B are
substantially unitary because each lens member 730c¢ is joined by linking members
730d, in various examples, one or more of the plurality of lens members 730c¢ can be
individual. See for example FIG. 12, where sach individual lens member 730c
comprises threads configured 1o accept and thread on o threaded pin 801. In various
aspects, the magnetic lenses are formed of a single lens member 730¢ and a plurality
of the lens members 730c¢ would make up lens assembiy 73Ca.

(0030} i various examples, the colls used o induce the magnetic fisld are
encased in aluminum or copper. In varicus examples, the array of electromagnetic
coils is completely encased in & block of aluminum, or other highly thermally

conductive material with low magnetic permeability. In addition, & small amount of
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thermal potting compound {not shown) can be placed between the block and the coil
to create full contact between the coils and block. In various aspects, the coils 730 and
lens assembly 730a are encased in a solid potting material {not shown).

[0031] In various examples, the heat from the coils is isolaled from the
sampies and removed from the device in order to maintain a suitable temperature of
the sample.

[0032) In various examples, the samples can be heated or cooled such that
they are maintained or thermocycled at a different temperature than ambient. The
heating or cooling can be accomplished using any suitable heating or cooling element.
in one exampie, the samples can be heated using the heat generated by the coils used
to induce the magnetic fields.

{0033} The lens assembly can be moved relative {0 the sampie tube, while one
or more of the coils are actuated, in order to move the beads up and down through the
sample liquid. The lens assembly can be physically moved while the sample tube
remains stationary. The sampile tube can be physically moved while the lens assembly
remains stationary. Both the lens assembly and the sample tube can be physically
moved. In various examples, the lens magnetic assembiies and/or structures cause
particles (e.q., ferrimagnetic particles) to spin, or travel back and forth in x-, v+, and z-
directions as confined by the presence of the magnetic fields. By way of example, the
signals applied io the slectromagnets 110a-d of each magnetic structure 110 {e.g., in
a single horizontal layer) can be configured to generate changing magnetic fields
substantially in the x-y plane, while the movement of the lens assembly reiative to the
sample tube creates a changing field in a z-direction or vertical component of mixing.
in this manner, the combined effect of the plurality of electromagnets can produce a
magnetic field within the container 115 with different characteristics, such as different
strengths and/or directionality so as o rapidly and efficiently mix the sample and/or
capture target analytes within the sample, by way of non-limiting example. The vertical
movement of the fens assembly or sample tube can be a single motion upward or
downward or may include any combination of upward and downward movemenis in
succassion. The vertical movement can begin at any vertical position of the lens
assembly relative to the sample tube. In some aspects, upward vertical movement can
begin when the lens assembly is positioned near the botiom of the sample tube in
order fo induce verlical resuspension of magnetic particles that may have setiled
toward the botiom of the tube. In some exampies, vertical movement of the lens
assembly or sample tube can begin when the lens assembly is positionad near a
sadimentation or boundary layer between liquids or components that can be

separating in the sample fluid. In this way, the vertical movement of the lens assembily
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or sample tube, while the coils are actuated, can help disrupt this sedimentation or
boundary laver to provide more effective mixing of the entire sample fluid. The rate of
vertical movement can be any suifable rate that maintains effective mixing in the x-y
plane while providing sufficient distribution of mixing along the z-direction. The range
of the vertical motion can be any suitable range required to maintain sufficient mixing
along the z-direction.

[0034] In various examples, the controlier can be configured fo differentially
actuate the electromagnets via the application of one or more of radio frequency (RF)
signals, direct current (DC) signals, alternating curent (AC) signals, electro frequency
(EF), or the like, and also including any combination thereof. in various examples, the
RF signals applied to the plurality of electromagnets can exhibit different phase delays
refative {0 one another so as to effect the desired movement of the electromagnets
within the sample fluid. In some aspects, the DC signals can be effective to isclate the
particles {e.g., draw magnetic particles {o one side and/or verlical level of the fluid
chamber) such that fluid can be withdrawn from the chamber without aspiration of the
magnetic particles, by way of non-limiting example. in some examples, a constant-
voltage DO signal can be interspersed between altemnating or changing actuating
signais in order to provide more effective mixing of the sample fluid. The alternating or
changing acluating signais surrounding the constant-voltage DC signal can be any
suitable RF, AC, DC, or EF signal, or the like.

[0035] In various examples, the tube is to remain nonrotatable during the
mixing process. For example, the fube can be mechanically fixed in place with an
interference fit mechanism. The tube can also be screwed or similarly rotated into a
focked position within the rack. The tube can also be held in a nonrofatable manner by
use of lid or similar feature associated with the rack.

[0036] Fluid processing systems described according o various examples can
be configured to process fluids at the micro-scale or macro-scale (including large-
volume formats). In general, the macro-scale invoives fluid volumes in the milliliter
range, while micro-scale fluid processing invelves fluid volumes below the millilifer
range, such as microliters, picoliters, or nanoliters. Large-volume formats can involve
the processing of fluid volumes greater than 1 ml. For example, fluid processing
systems in accordance with various aspects of the present teaching can be capable
of processing a fluid volume of about 1 pl. to about 15 mb and even greater, including
for example, about 1.5 mbL, about 2 mi, about 5 mL, about 10 mL, or greater. In some
aspects, the fluid chamber is configurad to hold a volume in arange of about 20-200pL.
[0037) In some examples, the fluid chamber is configured to extend from a

fower, closed end fo an upper, open end that is configured to be open to the
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atmosphere {0 receive the fluid to be processed therethrough. In some examples, the

fluid chamber comprises a lid.

[0038) However, it will be appreciated in light of the disclosure that the fluid
processing systems can process any fluid volume capable of operating as described
herein.

[0038] The use of magnstic assemblies to nflusnce magnetic particles

according o various examples, for instance, as compared to conventional magnetic
particle processing systems, can provide multiple technological advantages. One non-
limiting example of such an advantage includes significantly improved rates of
diffusion for increased sample contact rate in various volumes of the sample fluid, for
exampie, © improve analyie caplure efficiency in a magnetic immuncassay. Another
non-limiting exampie of a technological advantage includes increased sample mibding
efficiency as the magnetic structures of a magnetic assembly can influence the
magnetic particles to provide for faster and more effective sample mixing due to, for
example, more robust magnetic parlicle movement and movement in mulliple
dimensions. This can, for example, lead fo increased mass transfer bebween
componeants.

(00407 Processing samples using the fluid processing structures configured
according to applicant's teachings generates fast reaction kingtics. For instance,
protein  processing  (including  immunological  affinity  pull-down,  washing,
elution/denaturation, reduction, alkylation, and digestion steps) can be completed in
about 10-12 minutes, compared with a one- or two-day processing time for manual,
in-tube processing. The increased processing spesd can be achieved, for exampls,
due fo overcoming diffusion as a rate-limiting step of fluid processing (e.g., a rate-
imiting step of LC) and the necessity of utilizing small, fixed volumes in known
microfiuidic platforms. In addition, such fast, efficient sample processing can be
achieved across a iarge array of sample reaction containers simuliansously as the
fluld processing structures configured according to applicant's teachings can be
integrated into large amays of sample reaction wells, thereby increasing sample
processing and enabiing automation via an aulosampler, for example. it will be
appreciated in light of the disclosure that the fluid processing systems described herein
provide multiple other technological advantages in addition to the aforementioned non-
limiting examples,

(0041} While the systems, devices, and methods described herein can be
used in conjunction with many different fluid processing systems, an example of a
suitable fluid processing system 100 s Hlustraied schematically in FIG. 1A, It should

be understood that the fluid processing system 100 represents only one possible fluid
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processing system for use in accordance with systems, devices, and mesthods
describad herein, and fluid processing systems and/or components thereof having
other configurations and operational characteristics can all be used in accordance with
the systemns, davices, and methods described hergin as well.

{60421 In various aspects, in sclutions where a sample has been added to a
more viscous bead-containing solution, the two liquids may partially separate, forming
at least one boundary between partialiy-separated liquid layers. Verlical movement of
a magnetic assembly near or across such a boundary, while actuating one or more
glectromagnets of the assembly o mix the combined sample and bead solution, may
provide more effective or thorough mixing of the combined sample and bead solution,
in some examples, the vertical position of the boundary can be pre-estimated based
on known volumes of the bead-containing solution and the added sample. In other
examples, the vertical movement of the magnetic assembly is programmed o
gncompass a majority or a totality of the range of the sample fluid or sample tube in
order to facilitate effective mixing regardless of the initial vertical position of the
boundary.

[0043] FIG. 1A schematically depicts an example of a fluid processing system
100. As shown in FIG. 14, the fluid processing system 100 includes a fluid processing
structure or container 130 having a fluid chamber 115 and a magnetic structure 105
configured to generate a magnetic field gradient or magnetic force within the fluid
chamber, as discussed in detail below. The fluid chamber 115 can generally comprise
any type of vessel configured to hold a sample fluid, such as a sample well, a vial, a
fluid reservoir, or the like, defining a fluid-containing chamber thersin. As best shown
in FiG. 1B, the fluid chamber 115 extends from an open, upper end 115a (open to the
ambient atmosphere) to a lower, closed end 118b such that the fluid within the fluid
chamber 115 can be loaded and/or removed therefrom by one or more liguid
loading/collection devices 135 that can be inseried into the open, upper end 115a. it
will be appreciated by those skilled in the art that the chamber 115 can include a
removable cap that can be coupled o the open, upper end 115a (2.g., an Eppendorf
tube) during various processing steps, for example, to prevent the escape of fluid
during mixing, contamination, and/or evaporation. Hustrative liquid loading/collection
devices 135 can include, without limitation, manual sample loading devices {&.g.,
pipette), muiti-channel pipetie devices, acoustic liquid handling devices, and/or an
auto-sampler, all by way of non-limiting example.

[0044] With reference again to FIG. 1A, the sampie fluid can have a plurality

of magnetic particles 120 disposed therein and that can be added o the sample fluid
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before transferring the sample fluid to the fluid chamber 115, or can be added to the
fluid chamber 115 before or after the sample fluid has been transferred thereto.
[0045) Suitable magnetic particles 120 for use in the systems and methods
described herein include, but are not limited o paramagnetic pariicles, such as
AMPure XP beads available from Beckman Coulter, Inc., Brea, CA. Suitable magnetic
particles also include those described in U.S. Patent Nos. 5,705,628, 5,888,071, and
8,534 262, and in Published PCT Appl. No. WO 2020/018919, published January 23,
2020, all of which are incorporated by reference as if fully set forth herein,

[0048] As used herein, “ferrimagnetic particles” refers to particles comprising
a ferrimagnetic material, Ferrimagnetic particles can respond {0 an external magnetic
field {e.g., a changing magnetic fisld), but can demagnstize when the external
magnetic field is removed. Thus, the ferrimagnetic particles are efficiently mixed
through a sample by external magnetic fields as well as efficiently separated from a
sample using a magnet or slectromagnet but can remain suspended without
magnetically induced aggregation ocourring.

{0047} The magnetic particles 120 described herein are sufficiently responsive
to magnetic fields such that they can be efficiently moved through a sample. Ingeneral,
the range of the fisld intensity could be the same range as any electromagnet as long
as it is able to move the particles. For example, the magnetic field has an intensity of
between about 10mT and about 250 mT, between about 20 mT and about 80 mT, and
between about 30 mT and about 50 mT. In some examples, more powerful
slectromagnets can be used to mix less responsive microparticles. In some examples,
the magnetic field can be focused info the sample as much as possible. Also, the
glectromagnets can be as close to the sample as possible since the strength of the
magnetic field decreases as the square of the distance.

[0048] The magnetic particles 120 can be a variely of shapes, which can be
regular or irreguiar. In some examples, the shape maximizes the surface areas of the
particles. For example, the magnetic particles 120 can be spherical, bar shaped,
elliptical, or any other suilable shape. The magnetic particles 120 can be a variety of
densities, which can be determined by the compaosition of the core. In some examples,
the density of the magnetic particles can be adjusted with a coating.

[0048] The magnetic structure 105 can include a plurality of electromagnets
110a-d. Although four electromagnets 110a-d are depicted in FIG. 1A, the number and
kind of magnets are not so limited as any number of electromagnets capable of
operating according to various aspects of the applicant's teachings can be used. The
four slectromagnets 110a-d can operate the same as or substantially similar to a

guadrupole magnet structure. For example, a magnetic structure 105 can include two
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slectromagnets, three slectromagnets, or four electromagnets 110a-d, as depicted in
Fig. 1A; however, there can be more electromagnsis as necessary. The
glectromagnets 110a-d can include any slectromagnet known to those having skill in
the art, including, for example, a ferromagnetic-core electromagnet. The
electromagnets 110a-d may have various shapes, including sguare, rectangular,
round, elliptical, or any other shape capable of operating according to various aspscis
of the applicant's teachings.

(0050} As shown in FIG. 1A, the fluid processing system 100 additionally
includes a controlfler 125 operatively coupled o the magnetic structure 105 and
configured to control the magnetic fislds produced by the electromagnets 110a-d. In
various aspects, the controller 125 can be configured to control one or more power
sourcas {not shown) configured 1o supply an electrical signal to the plurality of
eleciromagneis 110a-d. The electrical signal can be in the form of radio frequency
(RF} waveforms, DC current, AC current, or the like. Although RF waveforms are
generally used herein as an example of waveforms that can be applied to the
glectromagnets 110a-d fo promote mixing of the fluid sample, the types of electrical
signals are not so limiled, as any type of eleclrical current capable of operating
according to various aspects of applicant's teachings are contemplated herein. By way
of example, a DC signal can additionally or aiternatively be applied to one or more of
the electromagnets so as o draw magnetic particles to one side of the fluid chamber.
A further example may include a DC signal that can be supplied between RF and/or
AC signals to facilitate mixing of the sample, or be supplied after RF and/or AC signals
$0 as o aid in fluid transfer from the chamber afler the mixing step andfor prevent the
aspiration of the magnetic particles. In various exampies, the controller 125 can be
any type of device and/or electrical component capable of actuating an eleciromagnet.
The controlier 125 can operate {0 regulate the magnetic field produced by sach of the
electromagneis 110a-d by controlling the electrical current passing through a solencid
or coil of each of the slectromagnets. The controller 125 can include or be coupled to
a logic device (not shown) and/or @ memory, such as a computing device configured
to execute an application configured to provide instructions for controlling the
glectromagnets 110a-d. The application can provide instructions based on operator
input and/or feedback from the fluid processing system 100, The application can
include and/or the memory can be configured to store one or more sample processing
profocols for execution by the controlier 125,

[0051] In vanous aspects, sach electromagnet 110a-d can be individually
addressed and actuated by the coniroller 125, For example, the controller 125 can

supply RF electrical signals of different phases o sach of the one or more of the

11



WO 2021/203005 PCT/US2021/025587

10

15

20

30

35

slectromagnets 110a-d such that one or more of the electromagnets gensrate a
different magnetic field. In this manner, the magnetic field gradient gensrated by the
magnetic structure 105 within the fluid chamber 115 can be rapidly and effectively
controlied to manipulate the movement of magnetic particles 120 within the sample
fluid. The RF waveforms and the characteristics thereof (2.g., phase shifts) can be
applied to the electromagnests 110a-d according to the sample processing protocol. |t
will be appreciated in light of the disclosure that the magnetic structures 105 can be
utilized to manipulate the magnetic particles 120 within the sample fluid in various
processes including, without limitation, protein assays, sample derivatization (e.q,,
steroid derivatization, sample derivaiization for gas chromatography, efc.), and/or
sample purification and desalling. Following this processing, processed fluid can be
delivered to various analytical equipment 140, such as a mass spectrometer (MS) for
analysis. A single layer of electromagnets 110a-d (e.g., arranged at a height ahove
the bottom 115b of the fuid chamber about the periphery of the fluid container) can be
actuated to generate a magnetic fisld within the fivid chamber 115 that caplures and/or
suspends the magnetic particles 120 in g particular plane within the fluid chamber. For
example, the magnetic particles 120 can be suspended in a particular plane o move
the magnetic parlicles away from the bottom of the fluid chamber during a fluid
collection process and/or for processing fluids (e.g., reagents) in a plane above
material (e.q., cells adhering fo the lower surface of the fluid chamber), where contact
with the material on the lower surface of the fluid chamber is o be avoided.

{0052} In accordance with various exampies of the disclosure, the magnstic
structures 105 can be incorporated into various fluid processing systems and fluid
handling devices. With reference now to FIG. 1B, an example of a magnetic structure
105 is depicted as a standalone mixing device. For instance, a magnetic structure 105
can be used as the mixing element of a magnetic mixer or as a mixing element of a
vartex-type mixer (i.e., replacing the motor-driven mixing element). The fluid chamber
115 {e.g., a single vial and/or a sample well of a sampie plate) can be pressed against
an actuator 150 to initiate the controller 125 o acluate the electromagnets 110a-d
according to applicant’s teachings. In other examples, magneltic structures 105 can be
used for mixing magnetic particles 120 within the sample wells ¢f a sample plate, such
as a conventional 4, 8, 12, or 90 well sample plate. Magnetic structures 105 can be
configured o mix magnetic particles 120 within the sample wells of open-well sample
plate {i.e., open-to-atmosphere, sealed with a removable covering or cap, and/or
partially enclosed). As shown in FIG. 1C, the fluid chamber 115 (i.e., sample well) of
a sample plate 160 may fit down within a cavity formed between the electromagnets

110a-d. in another example, as shown in FIG. 1D, a sample plate 160 can be placed
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on a portion of the fluid processing system 100, such as on a planar surface 170
thereof, such that the sample well 115 can be arranged adjacent to the electromagnets
110a-d.

[00563] FIG. 2A depicts an example of an open-well magnetic sample plate. As
shown in FIG. 2A, a 98-well sample plate 205 can include a plurality of sample wells
215. Although diamond-shaped sample wells 215 are depicled in FIG. 2A, it will be
appreciated that the fluid chambers in accordance with the disclosure are not 50
limited. Forinstance, the sample wells 215 can have various shapes, including square,
rectanguiar, round, elliptical, or any other shape capable of operating according to
various examples of the applicant's feachings. Each sample well 215 can be
surrounded about its periphery by a magnetic structure 210 that includes a plurality of
glectromagnets 220a-d. The magnetic structures 210 and the methods of mixing
magnetic particles using RF-driven osciliating magnetic fieids according to various
aspects of the applicant's teachings can be incorporated info existing sample plate
devices, including sample plate devices configured as large, open arrays of sample
wells 215, For example, the magnetic structures 210 can be configured o recsive
standard sample plate devices, such as industry standard 28-sample well arrays 205.
This can be achieved, for instance, by using electromagnets 220a-d and magnetic
structure 210 formations having a geometry that corresponds with standard sample
well plates. In this manner, fluidic channels and pumps are not required, reducing and
even eliminating fluid processing issues relating with these elements, including,
without Himitation, non-specific binding and carryover (i.e., use of disposable sample
plate). In addition, the use of open-well sample systems provides for more efficient
methods for sampie loading and collection, such as integration with an auto-sampler
and other automated fluid-handling systems. in this manner, fluid processing systems
according o various examples of the applicant's teachings may allow for the
sirmultaneous processing of large arrays of samples that is simpie and efficient from a
fluld manipulation and a mechanical complexity perspective.

[0054] FIG. 2B depicts an example of a partial view of container comprising a
layout of a plurality of sample welis 215a-d and asscociated magnstic structures that
comprise electromagnets 220a-f that demonstrates the sharing of eleclromagnets
220a-f between multiple sample wells 215a-d. In this example, sample well 215d is
surrounding by magnetic structure comprising eleciromagnets 220a, 220b, 220¢, and
220d. Electromagnets 220a and 220c¢ also surround sample well 215c that is itseif also
surrounded by slectromagnets 220e and 2201 Electromagnets 220a and 220¢ can
generate a magnelic field that penetrates into both sample wells 215¢ and 215d.

Similarly, sample wells 215b and 215d share electromagnets 220a and 220b and
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sample weils 215a and 215¢ share electromagnets 220e and 220f. Electromagnet
220a is shared by sample wells 215a-d and can generate a magnetic field in all four
sample wells. As should be appreciated, this structure can similarly repeat throughout
the sample well plate 205 to all sample wells.

[0085] FIG. 3 schematically depicts an ilustrative fluid processing system
according o various aspects. As shown in FIG. 3, the fluid processing system 300
includes a plurality of magnetic structures 305a-f configured to generate a magnetic
field gradient within associated fluid chambers 315a-f. Each magnetic structure 305a-
f can include a plurality of electromagnets 310a-1, with certain of the slectromagnets
310a-l being shared among the magnetic structures 305a-f. The electromagneis 210a-
| can be controlled via the application thereto of RF signals having any suitable phase
delays.

[0056] As shown in FIG. 3, the electromagnets 310a-i are labeled A-D. The
phase delay of the slectromagnets 310a-i of the magnetic structures 305a-f can
produce a 90° phase shift for adjacent electromagnets. Howsver, the disclosure is not
so limited, as other phase shift values can be used according to various aspects of the
applicant’'s teachings, such as a 180° phase delay, a 270° phase delay, or the like. In
various aspects, the actuation of the electromagnets 310a-l according 10 the phase
delay equations 320 causes the magnelic particles (not shown) in sample wells 315a,
315e, and 315¢ to mix in a clockwise motion and the magnetic particles in sample
wells 315b, 3158d, and 315f to mix in a counter-clockwisa maotion.

{0057} Mixing fluids using magnelic particies agitated according to various
exampias of the applicant's teachings causes the magnetic particles o be dispersed
homogeneously within each fluid chamber, providing for optimal exposure and
enhanced mixing with the fluid.

[0058] FIG. 4 depicts an Hustrative fluid processing structure and mixing
pattern thereof according to varicus exampies of the applicant's teachings. The graph
405 depicts the magnelic fields 410a, 410b resulting from the application of slectric
current {o the eleciromagnets 420a-d of a fluid processing structure 400 at time
intervals T1-TS according t© various aspects of applicant's tsachings. In various
exampias, the waveforms of the magnetic fields 410a, 410b represent sine waves
which generate the exemplary, schematic movement 425 of the magnetic particles
within the container to facilitate continuous magnetic particle mixing and improved
mixing efficiency. The magnetic fields 410a, 410b have a 90° phase shift relative to
one another, with the magnetic field 410z corresponding {o electromagnets 420a and
420d and magnetic field 410b corresponding to electromagnets 420b and 420¢. Inthe

Hlustrative depiction of FIG. 4, it will be appreciated that the electromagnets 420a-d
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are arranged at different locations relative to the fluid sample such that the orientation
of the magnetic fisld generated by each electromagnet generally differs when the
same electrical signal is applied thereto. Likewise, because the eleciromagnetic pairs
(i.e., 420a and 420d, and 420b and 420c¢) are arranged on opposed sides of the fiuid
sample, the magnetic field generated by the electrode in each pair is in the same
direction 430 when an electrical signal of the same magnitude and of opposite phase
are applied to the electromagnet in each pair. Thus, when the exemplary sinusoidal
glectrical signals of eq. (I-{4) are applied to slectromagnets 420a-d, respectively, the
resulting magnetic field in the sample fluid will vary over time as schematically depicted
in FiG. 4, with the pair of electromagnets 420a and 420d together generating the
magnetic fisld 410a and the pair of slectromagnets 420b and 420¢ togsther generatling
the magnetic fisld 410b (magnetic field 410b is delayed 90° relative {o magnetic field
410a), thereby causing the fluid to experience mixing due to the generally counter-
clockwise movement 425 and alignment 435 of the particles at the various time points
as schematically depicted.

[o058] i will thus be appreciated in light of the disclosure that different mixing
patterns can be effectuated by conirolling the RF waveforms applied o the
slectromagnets of a magnetic structure. For example, with reference to FIG. §, another
illustrative mixing pattern for the fluid processing structure of FIG. 4 is depicted
according to various aspects of the applicant's teachings. As shown, the fluid mixing
pattemn differs from that shown in FIG. 4 in that, for exampie, the controller is
configured to apply RF signals of different phase delays o the slectromagnets 420a-
d.

[Gos0} As shown in FIG. 5, when sinusoidal slectrical signals are applied to
slectromagnets 420a-d, respectively, the resuiting magnetic fisld in the sample fluid
will vary over time as schematically depicted, with the pair of slectromagnets 420a and
420d together generating the magnetic field 410a and the pair of electromagnets 420b
and 420c¢ together generating the magnetic field 410h. In this case, the magnetic field
410a is instead delayed 20° relative to magnetic field 410b, thereby causing the fluid
to be mixed in a general clockwise manner due to the movement 425 of the particles
at the various time points as schematically depicted.

[o061] Although the sinusoidal RF waveforms applied to each of four
electromagnets surrounding the containers of FIGS. 3-5 exhibit a 2 90° shift relative to
the adjacent slectromagnets, the disclosure is not so limited. Indeed, it will be
appreciated that any type of waveform can be supplied {0 electromagnets capable of
operating according to applicant's teachings. By way of non-limiting exampile, the

number of slectromagnets surrounding each fluid chamber, the phase shifis between
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adjacent electromagnets (e.g., a 30°, 80°, 90°, 120°, 150°, 180°, 210°, 240°, 270°,
300°, and 330° phase shifts}, and the waveform shape can be varied in accordance
with variance aspects of the disclosure. Non-limiting examples of electrical current
waveforms can include square, rectangular, trianquiar, asymmeirical, saw-tooth, or
any combination thereof. The type of current supplied to the electromagnets can be
modified during operation of a fluid processing system configured according {o some
embodiments. For instance, at least a portion of the electromagnets may receive an
RF waveform with a 80° phase shift, while another portion may receive an RF
waveform with a 180° phase shift. In such an embodiment, the phase shift of each
portion can be modified during operation of the fluid processing system {(e.g., the
phase shifts can be switched, synchronized, or the like). At least a portion of the
glectromagneis can be operated in parallel, sequence, puised, or the like. In various
aspects, the current supplied to the electromagnets can be controlled according to a
processing protocol. The processing protocol can be dynamically altered during
operation of the fluid processing sysiem based on various factors, such as feedback,
operator input, detection of mixing efficiency, analysis results, or the like.

[0062] i various examples, the waveform can include different segments with
differing amplitudes. For example, the waveform can include an initial segment of
relatively short duration with a higher amplitude (boost}, followed by a lower-ampiitude
sustained segment. In varicus aspecis, the amplitude of the sustained segment is
below that which would excessively heat the sample. In various embodiments, the
boost amplitude is higher but can be tolerated at the beginning of actuation. In varicus
aspects, the sustained segment can be followed by a constant segment. The constant
section can comprise a DC signal of constant voltage, including a voltage of zero. The
combination of boost, sustained, and constant segmenis, or any sub-combination
thereof, can be sequentially repeated. In various exampiles, the boost amplitude can
be 1-50% higher than the sustained amplitude. In various aspects, the boost
amplitude can be 10-30% higher than the sustained amplitude. In various aspects, the
boost amplitude can be 20% higher than the sustained amplitude.

[0063] in ancther example, as shown in FiIG. 15, vedically oriented
neodymium magnets 330 are an example of a separate, permanent magnet used to
draw or pull down the beads within a chamber. The magneis 330 can be used within
a tray 340 or other holding mechanism. When neodymium magnets are ulilized, by
exampie, such magnets are arranged in a single row on opposing sides of at leastone
chamber or row of chambers. In such an exampile, one row of magnets 330 would be
arranged such that a north pole oriented upward and in the opposing row the south

pole would be oriented upward. A plate 350, by example made of steel, can be placed
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below the magnets 330 to connect the magnets 330 to a magnetic circuit. Further, &
motor 360 can be coupled with one or both of the tray 340 and plate 350 such that
when the one or both of the tray 340 and plate 350 are inserted in the guide bracket
370, the motor 3680 can cause movement of the tray 340. Such movement is o a
position adjacent to the chambers to pull down the beads. During mixing, the tray 340
moves the magnets 330 away from the chambers o aliow the beads to remain in
suspension.

[oos4] FIG. 13 is another example of the separate, permanent magnet used to
puli-down beads. its shown here in the pull-down position. The permanent magnet is
the bar closest to the botlom of the tube, (the fapered, conical part, shown upside
down in the current figure). in the retracled position, the tray pulls the magnstic bar
away from the sample tubes. With 13B being a few from the top, 13A a view from the
right and 13C a view from the front.

[0065] Additionally, as noled herein, the electromagnets 420a-d can
alternatively have a DC signal applied so as o generate a static magnetic field so as
to draw magnetic pariicles {o one side of the fluid chamber (and out of the bulk fluid)
so as aid in fluid transfer from the chamber after the mixing step and/or prevent the
aspiration of the magnsetic particles, by way of non-limiting example. in various
aspects, a separate magnet is used {0 draw the particles {0 one side of the chamber.
in some examples, the separate magnet is a permanent magnel. in ancther example,
the separate magnet is movable o be positioned immediately adjacent the container,
at a desired height relative to the bottom of the container, o draw the particles. In
some examples, the separate magnet can be configured {o slide horizontally to the
position immediately adjacent the container. in some examples, the separate magnet
may have its magnetic axis aligned perpendicular {o the vertical axis of the container.
in another example, the separate magnet may have iis magnetic axis aligned paraliel
with the vertical axis of the container.

[0088] With reference now o FIGS. 7A-B, these figures provide examples of
a fluid processing system 700 in accordance with various examples of the disclosure.
With reference first to FIG. 7A, the fluid processing system 700, depicted in exploded
view, comprises a base plate 710, a printed circuit board (PCB) 720, an plurality of
glectromagnetic structures 730, and an upper plate 740 defining a plurality of sample
wells 740 extending from a substantially planar upper surface 740a thereof It will be
appreciated by a person skilled in the art that that though the upper plate 740 is
depicted in FIG. 7A as a 98-weli format in which the sample wells have a substantially
circular cross-sectional shape, the upper plate 740 can include any number of sample

wells 742 exhibiting & variety of cross-sectional shapes and maximum volumes as
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discussed above. For example, in accordance with the disclosure, each of the open
sample wells 742 can be filled or partially-filled with varicus volumes of the fluid
sample, thereby allowing for the reduction or expansion of the sample volume 1o be
processed, depending, for example, on the availability or expense of the sample and/or
on the requirements of a particular assay. It will further be appreciated that the upper
plate 740 can be manufactured of any material known in the art or hereafter developed
in accordance with the disclosure such as a polymeric material (e.g., polystyrene or
polypropylenea), all by way of non-limiting example. Additionally, as known in the ari,
the surfaces can be coated with a variely of surface coatings to provide increased
hydrophilicty, hydrophobicity, passivation, or increased binding fo cells or other
analytes. In some examples, the bottom surface 740b of the upper plate 740 can be
configured fo engage (permanently or removably) with the lower portions of the fluid
processing system, as discussed below. For example, in some aspects, the bottom
surface 740b can include depressions formed therein for engaging the upperend 730a
of the electromagnetic structures 730 or bores through which a portion of the
glectromagnetic structures can extend to be disposed around and about each of the
sample wells 742,

[G087] With reference now to the lower portions of the fluid processing system
700, FIG. 7A depicts a PCB 720, a hase plate 710, and a plurality of electromagnetic
structures 730. As shown, the PCB 720 comprises a plurality of elecirical contacts 722
to which an electrical signal can be applied by a power source {not shown) and io
which the electromagnetic structures 730 can be electrically coupled. As otherwise
discussed herein, the PCB 720 can be wired such that each electromagnstic structure
can be individually addressed and actuated by a confroller through the selective
application of electrical signals thereto. Additionally, the PCB 720 includes a plurality
of holes 724 through which a portion of the electromagnetic struciures can extend to
make elecirical contact with the base plate 710. For example, as shown in FIG. 74,
the electromagnetic structures 730 can include a mounting post 732 that exiends
through the holes 724 when the electromagnetic structures 730 are seated on the
slectrical contacts 722, and such that conductive leads associgted with the mounting
posts 732 can be electrically coupled to the base plate 710. As shown, the base plate
710 can include bores corresponding to the mounting posis 732 50 as {o ensure that
the mounting posts 732 are in secure engagement therewith. The base plate 710 can
also be coupled to a power supply {or grounded) to complete the circuit(s) such that
one or more slectrical signals can be applied to the plurality of electrical contacts 722
of the PCB 720 o sliow an electrical current {o flow through the eleciromagnstic

structures 730 in accordance with the disclosure. As shown in FiG. 7A, the
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slectromagnetic structures 730 can include an upper post around which is coiled a
conductive wire 734 that is electrically coupled to the contacts 722, and which
terminates in an upper end 730a. H will thus be appreciated that as current flows
hetween the electrical contacts 722, the wire coll 734, upper end 730a, and the melal
base plate 710 {current direction depends on the voltage of the signal applied to the
particular contacts 722 of the PCRB 720), the wire coil 734 acls as a solenoid to thereby
generate a magnetic fisld through and about the wire coll 734, the directionality of
which is dependent on the direction of the current. The upper end 730a of the
glectromagnetic structures 730 can have a variety of shapes {e.g., subsiantially the
same cross-section shape as the post around which the wire is coiled), though it has
been found that the upper end 730a can be preferentially formed from a conductive
material and shaped to correspond {o the peripheral surfaces of the sampie wells, so
as to act as a lens that concentrates the magnetic field and/or increases its uniformity
within the sample wells. As should be appreciated, the examples embodied by FIGS.
1-5 and 7 are dirscted to apparatuses and methods wherein the magnetic structures
are arranged about a fluid container in only a single horizontal layer. In this
configuration, the generation of magnetic fields causes mixing of particles in
substantially the x-y plane which describes just one aspsact of the disclosure. As will
be detailed further in this disclosure, such systems and methods can be modified in a
manner in which additional magnetic fields are generated o cause mixing of pariicles
in the z direction as well.

{3068} it will thus be appreciated in light of the disclosure that different mixing
patterns can be effeciuated by controlling the RF waveforms applied to the
glectromagnets of a magnstic struciure.

[006Y] While cvlindrical members have been described above in describing
the tube 115, it should be appreciated that other shapes with varying cross-sectional
shapes can also be utilized include triangular, square, rectangular or any other mull-
sided shape.

{0070} The magnetic assemblies and/or magnetic structures that comprise
slectromagnets can be placed outside of the metal tube or can be part of the metal
tube itself and directly integral to metal at or near the tip.

[0071] it should be appreciated that teachings described herein can be
modified and adapied to meel specified needs as can be delermined by ordinary
skilied persons.

(0072} The magnelic structures and fluid processing systems descrived in
accordance with the applicant's disclosure can be used in combination with various

analysis equipment known in the art and hersafter developed and maodified in

18



WO 2021/203005 PCT/US2021/025587

10

15

20

30

35

accordance with the disclosure, such as an LC, CE, or MS device. With reference now
to FH3. 8, one Hlustrative fluid processing and analysis system according o various
aspects of the applicant's teachings is schematically depicted. As shown in FIG. 6, a
fiuld processing sysiem 610 can be configured to process fluid samples using
magnetic structures and an open-well sample plate in accordance with some
embodiments. The processed fluid can be collected from the fluid processing system
810 using any of a manual sample loading device (8.¢g., pipette, a multi-channel
pipette) or various automated systems such as a liquid handling robot, an auto-
sampler, or an acoustic liguid handling device (2.g., Echo® 5285 lguid handler
manufactured by LabCyle, Inc. of Sunnyvale, California), all by way of non-limiting
exampie. The processed fluid can be transferred using various fluid transfer devices,
such as a vertex-driven sample transfer device. As noted ahove, the sample removed
from one sample well can be added to a different sample well on the plate for further
processing steps or can be delivered to the downstream analyzer. For example, in
some aspects, the processed sampile can be delivered to an LT column 815 for in-line
LT separation, with the eluaie being delivered to the ion source 820 for ionization of
the processed analyies, which can be subsequently analyzed by a DMS 625 that
analyzes the ions based on their mobility through a carrier gas and/or a mass
spectrometer 830 that analyzes the ions based on their m/z ratio. In some aspacls,
processed samples can be transferred directly fo an ion source 815, with separation
being provided by a differential mobility spectrometer (DMS) assembly, for example,
in-line with & MS as described in U.S. Patent No. 8,217,344, Fluid processing systems
described in accordance with the applicant's disclosure in combination with a DMS
assembly for chemical separation may eliminate the need for a LC (or HPLC) column
for processing samples for MS analysis. In various aspects, processed samples can
be infroduced into analytical equipment, such as an M3, using a surface acoustic wave
nebulization (SAVWN) apparatus, an electrospray ionization (ES1) device, and a matrix
assisted inlet ionization (MAH) source.

[0073] it will be appreciated that various of the above-disciosed and other
features and functions, or alternatives thereof, can be desirably combined inte many
other different systems or applications. it will also be appreciated that various presently
unforeseen or unanticipated alternatives, modifications, variations or improvements
therein can be subsequently made by those skilled in the art which alternatives,
variations and improvements are also intended to be encompassed by the following

claims.
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