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(57) Abstract: Methods and apparatus for processing fluids are described.

In various aspects, a fluid processing system may include a magnetic as-
sembly that includes a plurality of magnetic structures configured to gener-
ate a magnetic field gradient within a fluid container. The magnetic struc-
tures may be formed as a plurality of electromagnets configured to be indi-
vidually actuated by a controller. Each of the electromagnets may generate a
magnetic field within the fluid container. The electromagnets may be ditfer-
entially actuated to create a magnetic field gradient within the fluid contain-
er to agitate, mix, or otherwise influence magnetic particles disposed within
the fluid container. Activation of the electromagnets of an electromagnetic
structure may generate a magnetic field gradient that influences magnetic

particles in an x-y direction. In addition, activation of the electromagnets of

a plurality of electromagnetic structures may generate magnetic field gradi-
ents that influences magnetic particles in an x-y direction and z-direction.
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ELECTROMAGNETIC ASSEMBLIES FOR PROCESSING FLUIDS

RELATED APPLICATIONS

[0001] This application claims the benefit of priority from US Provisional Application Serial
No. 62/261,065, filed on November 30, 2015, US Provisional Application Serial No. 62/286,196,
filed on January 22, 2016 and US Provisional Application Serial No. 62/426,706, filed on
November 28, 2016, the contents of all of which are incorporated by reference in their entirety

herein.
FIELD

[0002] The present teachings generally relate to processing fluids and, more particularly, to
methods and apparatus for processing fluids using electromagnetic structures configured to

manipulate magnetic particles disposed within the fluids.
INTRODUCTION

[0003] 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 to analytical equipment. For example, proteomic
studies generally focus on a single protein or a group of proteins. Accordingly, biological
samples are processed to isolate a target protein from the other cellular material in the sample.
Additional processing is often required, such as protein isolation (e.g., immunoprecipitation),
matrix cleanup, digestion, desalting. Non-target substances such as salts, buffers, detergents,
proteins, 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 to one or more separation and/or extraction techniques to isolate

compounds of interest from non-target substances.

[0004] Liquid chromatography (LC) is a typical solution-based technique for the separation
of an analyte of interest present in a complex mixture of different substances. LC generally
involves running a liquid sample over a solid, insoluble matrix. The liquid sample may include
an analyte of interest having an affinity for the matrix under certain conditions, for example, pH,

salt concentration, or solvent composition conditions. During LC, the chemical components in a
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mixture may be carried through a stationary phase by the flow of a liquid mobile phase.
Separation in liquid chromatography occurs due to differences in the interactions of the analytes
with both the mobile and stationary phases. High performance liquid chromatography (HPLC) is
a form of LC in which an analyte 1s forced through the stationary phase in a liquid mobile phase
at high pressure. Forcing the analyte using high pressure decreases the time the separated
components remain on the stationary phase and, therefore, the time the components have to
diffuse within the column. HPLC typically results in processed samples that may be used by
analytical equipment to achieve better resolution and sensitivity compared with conventional LC
techniques. However, LC is a complex technique that is costly to use for processing samples and
is a serial process such that multiple, parallel columns are required to process a plurality of
samples simultaneously. In addition, LC may irreversibly adsorb and/or co-elute certain
potential target materials. Although HPLC is faster than LC (typically requiring about 10-30
minutes to process a sample), the complexity and cost of HPLC is much greater than
conventional LC, for example, due to pumps and other specialized equipment required to carry

out the process.

[0005] Magnetic particles or beads are another technology that may be employed for sample
preparation for chemical and biological assays and diagnostics. Illustrative magnetic particles
have been described in U.S. Patent No. 4,582,622 and U.S. Patent No. 4,628,037. Examples of
devices and methods employing magnetic particles for sample separation and extraction are
described in U.S. Patent No. 4,554,088 and U.S. Patent No. 8,361,316. Such magnetic particles
have also been used in microfluidic systems, such as disclosed in an article entitled “Magnetic
bead handling on-chip: new opportunities for analytical applications,” authored by Martin A. M.
Gijs and published in Microfluid Nanofluid (2004; I: 22-40).

[0006] Magnetic particle technology is a robust technology that provides for high
performance (e.g., device sensitivity and accuracy) and also provides for easy automation of
assay protocols. In some applications, the surface of magnetic particles is coated with a suitable
ligand or receptor, such as C18, antibodies, lectins, oligonucleotides, or affinity groups, which
can selectively bind a target substance or a group of analytes in a mixture with other substances. .
In some applications, the mass transfer of components from one substrate to another substrate is
another consideration. One key element in magnetic particle separation and handling technology

1s efficient mixing to enhance the reaction rate between the target substances and the particle
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surfaces, the mass transfer from one substrate to another or the transfer of an analyte from one
medium to another. Suspended magnetic particles may be actuated by magnetic forces, resulting
in agitation of a sample solution to enhance or generate mixing processes. Examples of magnetic
particle mixing systems have been disclosed in an article entitled “A chaotic mixer for magnetic
bead-based micro cell sorter,” authored by Suzuki et al. and published in the Journal of
Microelectromechanical Systems (2004; I: 13:779-790) and an article entitled “A rapid magnetic
particle driven micromixer,” authored by Wang et al. and published in Microfluid Nanofluid

(2008; I 4:375-389).

[0007] Previous techniques for mixing fluids using magnetic particles, such as disclosed in
U.S. Patent No. 6,231,760, U.S. Patent No. 6,884,357, and U.S. Patent No. 8,361,316, have
involved moving a magnet relative to a stationary container or moving the container relative to a
stationary magnet using mechanical means to induce relative displacement of a magnetic field
gradient within the container. The displacement of magnetic field gradients using such methods
may cause some mixing within the container by inducing the magnetic particles to move
continuously with the change of the magnet position. However, the formation of the magnetic
field gradient within the container may attract and confine the particles in regions close to the
walls of the container, which reduces mixing efficiency and effectiveness. Another technique
described in International Patent Application Publication No. WO 1991/09308 involves the use
of two electromagnets 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 operates to suspend the magnetic particles within a fluid
disposed in the chamber. The movement of particles resulting from actuating the two
electromagnets according to this method is limited to a small area within the chamber and
generates relatively weak mixing forces. In addition, a portion of the magnetic particles may not
be effected by the magnetic fields. The non-effected particles aggregate near chamber surfaces

and do not contribute to mixing or affinity binding,

[0008] U.S. Patent No. 8,585,279 discloses a microfluidic chip device (the “MagPhase”
device of Spinomix SA) that employs radio frequency (RF) driven electromagnets in
combination with integrated pumps and fluidic channels to actuate magnetic particles within an
enclosed sample container. The electromagnets are actuated in a sequence configured to vary a

magnetic field gradient within the sample container to effectuate the movement of the magnetic



WO 2017/093896 PCT/IB2016/057189

particles within a sample fluid. However, the mixing of samples using the MagPhase device is
inherently serial in nature as the configuration of the microfluidic device only allows for the
processing of a limited number of samples simultaneously. In addition, as with other
conventional techniques, the MagPhase device only provides sample mixing in one dimension,
namely, in an x-y plane. Due to the particular configuration, the MagPhase device experiences
relatively large sample volume loss and magnetic particle loss. Furthermore, the enclosed
channels and sample container of the MagPhase microfluidic device introduces a barrier to
automation of the loading and collection of sample volumes from the device and limits the
sample volumes capable of being processed. Samples processed using the MagPhase device are
necessarily exposed to a large contact surface area as they are required to travel through the
various channels and fluidic paths of the device. Accordingly, samples processed via the
MagPhase device are susceptible to high carry-over and low recoveries, for example, due to non-

specific binding.

[0009] Magnetic particles have also been used in sample plate applications, such as the
SISCAPA technique described in an article entitled “Mass spectrometric quantitation of peptides
and proteins using Stable Isotope Standards and Capture by Anti-Peptide Antibodies
(SISCAPA),” authored by Anderson et al. and published in the Journal of Proteome Research
(2004; I 3:235-244). Exemplary magnetic sample plate systems include the Agencourt
SPRIPIlate 96R - Ring Super Magnet Plate provided by Beckman Coulter, Inc. of Brea,
California, United States and the Magnum FLX provided by Alpaqua® of Beverly,
Massachusetts, United States. In these applications, the sample plates include a plurality of
fixed-field magnets arranged such that the magnets either protrude between the sample wells or
allow the sample wells to be positioned within ring-shaped magnets. Magnetic particles within
the sample wells may be agitated to promote mixing and the magnetic particles can then be
trapped through the influence of the permanent magnets. Other types of automated mixing
devices generally attempt to achieve mixing by mechanical agitation (i.e., by shaking the sample
plate). After processing the samples, the magnets may be used to confine the beads to the side of
the sample wells to allow for the removal of the sample fluid. However, the fixed-field magnets
used in conventional magnetic sample plate applications are not capable of achieving robust

mixing. For example, the magnetic particles generally tend to aggregate and cluster in discrete
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areas of the sample wells. In addition, the plate itself must be moved between steps of the

analysis, which requires significant automation.

[0010] Accordingly, a need exists to improve the overall speed and efficiency of sample
mixing and separation using magnetic particles, including ultra-fast homogenous mixing of

sample fluids and the accessible, parallel processing of a large number of sample fluids.

[0011] A need also exists to improve the overall speed and efficiency of sample mixing and
separation using magnetic particles of a broad volume range, for example including larger

volume samples.
SUMMARY

[0012] Apparatus, systems, and methods in accordance with various aspects of the
applicant’s present teachings allow for the processing of sampling devices and fluids using
electromagnetic assemblies without the limitations on sample volume, sample loss, and magnetic
particle loss experienced with known systems. In various aspects, increasing mass transfer of
substances from one medium to another medium (eg. solid or liquid) can also be enhanced. By
way of example, fluids can be processed within a fluid container, such as an open fluid container
(e.g., open to the ambient atmosphere, without a top cover), using magnetic particles disposed
within the fluids. By way of another example, the fluid container may comprise a chamber
having continuous fluid flow. The magnetic particles can be configured to be agitated by a
magnetic field generated by a magnetic structure and/or assembly arranged adjacent to the fluid
container, for example, arranged about the periphery of the fluid container. The magnetic
structure can be arranged in a two-dimensional array about the periphery of the fluid container.
The magnetic assembly can also include a plurality of vertically-spaced magnetic structures
arranged in a horizontal or substantially horizontal layer. In some embodiments, the vertical
position of one or more of the magnetic structures can be adjustable, for instance, to process
different sample volumes. Each of the magnetic structures can be formed by one or more
magpnets, such as an electromagnet, disposed in a horizontal plane about the fluid container.
Based on the selective application of signals to the various electromagnets of the one or more
magnetic structures at the one or more vertical positons of the electromagnetic assembly, the
magnetic particles can be influenced to rotate, spin, move horizontally (laterally) side-to-side,

and/or vertically up-and-down by the combined effect of the magnetic field gradients generated
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by the various electromagnets within the fluid so as to rapidly and efficiently mix the fluid and/or
capture target analytes within the fluid, by way of non-limiting example. As noted above, the
magnetic structures can be formed from a plurality of electromagnets disposed around the fluid
container, with each electromagnet being individually controlled to generate a desired magnetic
field within the fluid container effective to influence the magnetic particles disposed therein. By
way of example, the signals applied to the electromagnets of each magnetic structure (e.g., ina
single horizontal layer) can generate magnetic field gradients substantially in the x-y plane, while
the signals applied to the electromagnets of the different magnetic structures (e.g., the
electromagnets in different horizontal layers) can result in magnetic field gradients exhibiting a

z-direction or vertical component.

[0013] In accordance with various aspects of the present teachings, the system may operate
to achieve a broad range of volume sample preparation , including larger volumes, including
those up to 10 mL. This can include vertical mixing techniques in certain embodiments. In
accordance with various aspects of the present teachings, the system may operate without the
integrated microfluidic delivery of the sample to the mixing chamber within the container such
that the methods and systems disclosed herein can enable the processing of a variety of different
volumes of samples therewithin. Whereas micro-fluidic based systems generally are closed
systems that rely on diffusion, capillary forces, or microfluidic pumps to transport a fixed
quantity of liquid through fully-filled microfluidic networks, systems and methods in accordance
with various aspects of the present teachings can utilize containers that can be filled or partially-
filled with various volumes of the fluid sample, thereby allowing for the reduction or expansion
of the sample volume to be processed, depending for example on the availability or expense of
the sample and/or on the requirements of a particular assay. In some aspects, samples to be
processed (and the reagents utilized to process the same) can be directly added to the open fluid
container (e.g., via an auto-sampler or pipette inserted through the open end of the container) and
can likewise be directly removed therefrom (e.g., via a capture device) following the processing,
for example. In accordance with various aspects of the applicant’s teachings, the methods and

systems disclosed herein can process a variety of different volumes of samples.

[0014] In accordance with various aspects of the applicant’s teachings, a fluid processing
system 1s provided that can include at least one fluid container defining a fluid chamber therein

for containing a fluid and a plurality of magnetic particles; at least one magnetic assembly
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comprising one or more magnetic structures disposed around the at least one fluid container at
one or a plurality of vertical positions (e.g., arranged in horizontal layers), each of the one or
plurality of magnetic structures comprising a plurality of electromagnets configured to generate a
magnetic field within the at least one fluid container; and a control component coupled to the one
or plurality of magnetic structures and configured to control the magnetic field generated by each
of the plurality of electromagnets to generate a plurality of magnetic field gradients within the at
least one fluid container sufficient to magnetically influence the plurality of magnetic particles

within the fluid.

[0015] In some aspects, the fluid chamber extends from a lower, closed end to an upper,
open end that is configured to be open to the atmosphere to receive the fluid to be processed

therethrough.

[0016] In some aspects, the magnetic assembly is configured to magnetically influence the
plurality of magnetic particles in a horizontal x-y direction and/or a vertical z-direction. Based
on the selective application of electrical signals to the plurality of electromagnets surrounding
the fluid container at the one or more various vertical positions, the magnetic particles can be
influenced to rotate, spin, move horizontally side-to-side, and/or vertically up-and-down within
the fluid sample by the combined effect of the magnetic field gradients generated by the various
electromagnets. For example, the signals applied to the electromagnets of each magnetic
structure can be configured to generate magnetic field gradients substantially in the x-y plane,
while the signals applied to the electromagnets of the different magnetic structures, if present
(e.g., the electromagnets in different horizontal layers) can result in magnetic field gradients
exhibiting a z-direction or vertical component. By way of non-limiting example, when more
than one magnetic structure is present, the plurality of magnetic structures can be disposed
substantially in horizontal layers corresponding to the plurality of vertical positions, wherein
each magnetic structure can be configured to magnetically influence the plurality of magnetic
particles in an x-y direction substantially within its corresponding horizontal layer when
activated by the control component independent of the other of said plurality of magnetic
structures. In some aspects, the fluid processing system may further include a positioning
element configured to adjust a vertical position of at least one of the plurality of electromagnets
relative to the fluid container. In some embodiments, the positioning element is configured to

adjust the position based on a volume of the at least one fluid in the fluid chamber. Additionally
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or alternatively, in some aspects the magnetic assembly can comprise at least three magnetic
structures that are configured to be selectively activated based on at least one of the volume of
the fluid in the fluid chamber and to maintain the magnetic particles at a desired fluid level

within the volume.

[0017] In some aspects, the system is configured to process the at least one fluid by mixing
it. In some aspects, the system is configured to process the at least one fluid by performing fluid
separation to capture at least one target analyte within the at least one fluid. The plurality of
electromagnets in each of the magnetic structures can vary in number, but in some aspects the
magnetic structures can comprise four electromagnets surrounding the periphery of the fluid

chamber in each horizontal layer.

[0018] The fluid container(s) can have a variety of configurations. For example, in some
aspects, the fluid chamber can be configured to extend from a lower, closed end to an upper,
open end that is configured to be open to the atmosphere to receive the fluid to be processed
therethrough. In some aspects, the at least one fluid container can be configured as a macro-
scale fluid container that is configured to operate when partially-filled. The fluid chamber can
exhibit a variety of maximum volumes such as in a range of about 1 mL to about 10 mL, by way
of non-limiting example. Additionally or alternatively, in various aspects, the at least one fluid
container can comprise a plurality of fluidically-isolated fluid containers, wherein at least a
portion of the plurality of electromagnets are configured to generate the magnetic field within
two or more of the plurality of fluid containers. For example, the at least one fluid container can
comprise a plurality of sample wells arranged within a sample plate and the electromagnets of
the at least one magnetic assembly can be configured to simultaneously influence the magnetic

particles arranged within a plurality of the sample wells.

[0019] Additionally or alternatively, in some aspects, the fluid processing system can be
configured as a standalone mixing device that can process the fluid contained in a single vial or
one or more vials simultaneously. In various aspects, the fluid processing system can include a
plurality of sample wells arranged within a sample plate that can be integrated with or removably
associated with the magnetic assembly so as to simultaneously influence magnetic particles
arranged within each of the plurality of sample wells. In some embodiments, the sample plate is

formed as an open-well sample plate having one or more fluidically-isolated sample chambers.
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For example, in some embodiments, the open-well sample plate comprises a 96 well sample
plate modified in accordance with the present teachings. In some embodiments, the open-well
sample plate may include more than 96 sample wells. In some embodiments, the open-well
sample plate may include less than 96 sample wells, such as 1, 4, 8, 12, 32, and 64 sample wells.
In some embodiments, the open well sample plate may comprise a single vial. In some aspects,
the sample plate comprises a bottom surface configured to removably engage at least a portion of
the electromagnetic structures (e.g., the sample plate can be removed from the electromagnetic

assembly).

[0020] In accordance with various aspects of the applicant’s present teachings, the control
component can be configured to control the magnetic field generated by each of the plurality of
electromagnets by applying at least one radio frequency (RF) waveform to each of the plurality
of electromagnets in the electromagnetic assembly. In some aspects, the at least one RF
waveform applied to each of the plurality of electromagnets can exhibit a phase delay relative to
the signals of the other plurality of electromagnets. For example, the phase delay can be a 30°
phase delay, a 60° phase delay, a 90° phase delay, a 120° phase delay, a 150° phase delay, a 180°
phase delay, a 210° phase delay, a 240° phase delay, a 270° phase delay, a 300° phase delay, a
330° phase delay, a 360° phase delay, and any value or range between any two of these values
(including endpoints). In one aspect, for example, the control signal applied to the four
electromagnets in each magnetic structure (e.g., in each horizontal layer) can comprise an RF
waveform exhibiting a + 90° shift relative to the adjacent electromagnets in that layer and/or the
control signal applied to the four electromagnets in a magnetic structure can comprise an RF
waveform exhibiting a + 90° shift relative to its vertically-adjacent electromagnet in another
magnetic structure (e.g., of a different horizontal layer). In various related aspects, the fluid
processing system can include at least one memory operatively coupled to the controller
configured, for example, to store at least one sample processing protocol for execution by the

controller.

[0021] In accordance with various aspects of the applicant’s present teachings, the fluid
processing system can be utilized to prepare a sample for or to interface with any number of
downstream analysis instruments, including a liquid chromatography (LC) column, chemical
electrophoresis (CE) system, a differential mobility spectrometer (DMS), or a mass spectrometer

(MS) system (e.g., an ion source of a mass spectrometer), all by way of non-limiting example,
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that can be configured to receive the fluid from the fluid processing system. Moreover, in
various aspects, the fluid may be analyzed using a mass spectrometer (MS). In accordance with
various aspects of the applicant’s present teachings, fluid processed by the fluid processing
system can be transferred to a MS, DMS-MS, LC-MS, LC-DMS-MS via various fluid handling

techniques, including, without limitation, autosamplers, acoustic droplet dispensers, or the like.

[0022] In accordance with various aspects of the applicant’s present teachings, a method for
processing fluids is provided that comprises delivering a fluid sample and a plurality of magnetic
particles to a fluid chamber of at least one fluid container having an electromagnetic assembly
disposed around the periphery of the fluid container, the magnetic assembly comprising one or a
plurality of magnetic structures disposed around the at least one fluid container at one or a
plurality of vertical positions (e.g., arranged in horizontal layers), each of the one or plurality of
magnetic structures comprising a plurality of electromagnets; providing an electrical signal to
each of the plurality of electromagnets so as to generate a magnetic field within the at least one
fluid container, wherein the magnetic field is configured to influence the plurality of magnetic
particles; adjusting the electrical signal to modify the magnetic field within the fluid sample; and

thereafter withdrawing the sample fluid from the fluid container.

[0023] In some aspects, the fluid chamber can extend along a vertical axis from a lower,
closed end to an upper, open end that is configured to be open to the atmosphere to receive the
fluid to be processed therethrough, wherein the one or more plurality of magnetic structures are
disposed in one or more horizontal layers corresponding to the one or a plurality of vertical
positions, and wherein each magnetic structure is configured to magnetically influence the
plurality of magnetic particles in an x-y direction within its corresponding horizontal layer when
an electrical signal is provided to the electromagnets of each magnetic structure independent of
the other of said plurality of magnetic structures, if present. For example, the signals applied to
the electromagnets of each magnetic structure can be configured to generate magnetic field
gradients substantially in the x-y plane, while the signals applied to the electromagnets of the
different magnetic structures, if present (e.g., the electromagnets in different horizontal layers)
can result in magnetic field gradients exhibiting a z-direction or vertical component. Thus, in
some aspects, the selective application of electrical signals to the plurality of electromagnets
surrounding the fluid container at the various vertical positions can cause the magnetic particles

to be influenced to rotate, spin, move horizontally side-to-side, and/or vertically up-and-down
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within the fluid sample by the combined effect of the magnetic field gradients generated by the
various electromagnets. In various aspects, adjusting the electrical signal to modify the magnetic
field within the fluid sample can comprise performing a multi-step sample processing protocol.
By way of example, one or more reagents can be added to the at least one sample container after
a first step of the sample processing protocol. In various aspects, delivering the fluid sample to
the fluid chamber of the at least one fluid container comprises delivering the fluid sample

directly thereto using any of autosampler and pipette.

[0024] In some aspects the method can comprise adjusting a vertical position of at least one
of the plurality of electromagnets relative to the fluid container based on the volume of the fluid
in the fluid chamber or to maintain the magnetic particles at a desired fluid level within the
volume. Additionally or alternatively, in some aspects the magnetic assembly can comprise at
least three magnetic structures, the method further comprising selectively activating the at least
three magnetic structures based on at least one of the volume of the fluid in the fluid chamber
and to maintain the magnetic particles at a desired fluid level within the volume. For example, in
some aspects, adjusting the electrical signal to modify the magnetic field within the fluid sample
can comprise performing a multi-step sample processing protocol that can also include adjusting
the vertical position of some of the electromagnets and/or selectively activating the electrodes of

the various magnetic structures.

[0025] In various exemplary aspects, one of the plurality of magnetic structures can comprise
four electromagnets, wherein the at least one radio frequency waveform applied to each of the
plurality of electromagnets according to:

Lfirst electromagner = 1o sin(ft),

Lsecond electromagner = 1o sin(ff + m/2),

Linira etectromagner = 1o sin(f + ), and

Liourth electromagner = Lo sin(ft + 31/2),

wherein / is electrical current, f'is frequency, and 7 is time.

[0026] In some aspects, a fluid processing system comprises at least one fluid container
defining a fluid chamber therein for containing a fluid and a plurality of magnetic particles; at
least one magnetic assembly comprising a plurality of magnetic structures disposed around the at

least one fluid container at a plurality of vertical positions, each of the plurality of magnetic
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structures comprising a plurality of electromagnets configured to generate a magnetic field
within the at least one fluid container; and a control component coupled to the plurality of
magpnetic structures, the control component being configured to control the magnetic field
generated by each of the plurality of electromagnets to generate a plurality of magnetic field
gradients within the at least one fluid container sufficient to magnetically influence the plurality
of magnetic particles within the fluid, wherein the fluid container comprises an open port probe,
the open port probe comprising a tubular member, an inlet for the inflow of a solvent and an
outlet for the outflow of the solvent and a tip end open to the atmosphere and configured such
that the inflow and outflow of the solvent are directed to the tip end to maintain a steady state

level of solvent.

[0027] In some aspects, a substrate surface containing an embedded analyte is contacted with
the solvent at the tip end of the open port probe to cause desorption of the analyte from the
substrate surface to the solvent. In various aspects, the substrate surface may be a solid phase

microextraction fibre.

[0028] In some aspects, a fluid processing system comprises at least one fluid container
defining a fluid chamber therein for containing a fluid and a plurality of magnetic particles; at
least one magnetic assembly comprising a plurality of magnetic structures disposed around the at
least one fluid container at a plurality of vertical positions, each of the plurality of magnetic
structures comprising a plurality of electromagnets configured to generate a magnetic field
within the at least one fluid container; and a control component coupled to the plurality of
magpnetic structures, the control component being configured to control the magnetic field
generated by each of the plurality of electromagnets to generate a plurality of magnetic field
gradients within the at least one fluid container sufficient to magnetically influence the plurality
of magnetic particles within the fluid, wherein the fluid container comprises an open port probe,
the open port probe comprising a tubular member, an inlet and an outlet for a solvent, a tip end

open to the atmosphere and configured such that steady state level of solvent is maintained.

[0029] In some aspects, a method of processing a substrate surface with an embedded analyte
comprises: delivering a fluid sample and a plurality of magnetic particles to a fluid chamber of at
least one fluid container having an electromagnetic assembly disposed around the periphery of

the fluid container, the electromagnetic assembly comprising one or a plurality of magnetic
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structures disposed around the at least one fluid container at one or a plurality of vertical
positions, each of the one or plurality of magnetic structures comprising a plurality of
electromagnets; providing an electrical signal to each of the plurality of electromagnets so as to
generate a magnetic field within the at least one fluid container, wherein the magnetic field is
configured to influence the plurality of magnetic particles; adjusting the electrical signal to
modify the magnetic field within the fluid sample; contacting the substrate surface having an
embedded analyte to the fluid sample to cause transfer of at least a portion of the analyte from
the substrate surface to the fluid sample; thereafter withdrawing the fluid sample from the fluid

container.

[0030] In some aspects, a method of processing a fluid sample comprising:

delivering a fluid sample containing an analyte and a plurality of magnetic particles to a fluid
chamber of at least one fluid container having an electromagnetic assembly disposed around the
periphery of the fluid container, the electromagnetic assembly comprising one or a plurality of
magnetic structures disposed around the at least one fluid container at one or a plurality of
vertical positions, each of the one or plurality of magnetic structures comprising a plurality of
electromagnets; providing an electrical signal to each of the plurality of electromagnets so as to
generate a magnetic field within the at least one fluid container, wherein the magnetic field is
configured to influence the plurality of magnetic particles; adjusting the electrical signal to
modify the magnetic field within the fluid sample; contacting a substrate surface with an affinity
for the analyte to the fluid sample to cause transfer of at least a portion of the analyte from the

fluid sample to the substrate surface.

[0031] These and other features of the applicant’s teaching are set forth herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] A detailed description of various embodiments is provided herein below with
reference, by way of example, to the following drawings. It will be understood that the drawings
are exemplary only and that all reference to the drawings is made for the purpose of illustration
only, and is not intended to limit the scope of the embodiments described herein below in any
way. For convenience, reference numerals may also be repeated (with or without an offset)

throughout the figures to indicate analogous components or features.
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[0033] FIGS. 1A-1D depict an illustrative fluid processing system according to various

aspects of the applicant’s teachings.

[0034] FIGS. 2A and 2B depict an illustrative open-well magnetic sample plate according to

various aspects of the applicant’s teachings.

[0035] FIG. 3 depicts an illustrative fluid processing system according to various aspects of

the applicant’s teachings.

[0036] FIG. 4 depicts an illustrative fluid processing structure and mixing pattern thereof

according to various aspects of the applicant’s teachings.

[0037] FIG. 5 depicts an illustrative fluid processing structure and mixing patterns thereof

according to various aspects of the applicant’s teachings.

[0038] FIG. 6 depicts an illustrative fluid processing and analysis system according to

various aspects of the applicant’s teachings.

[0039] FIGS. 7A-B depict another exemplary fluid processing system according to various

aspects of the applicant’s teachings.

[0040] FIGS. 8A-8D depict another illustrative fluid processing system according to various

aspects of the applicant’s teachings.

[0041] FIGS. 9A and 9B depict another illustrative fluid processing system according to

various aspects of the applicant’s teachings.

[0042] FIG. 10 depicts another illustrative fluid processing system according to various

aspects of the applicant’s teachings.

[0043] FIG. 11A depicts an illustrative open-well magnetic sample plate and fluid processing

system according to various aspects of the applicant’s teachings.

[0044] FIG. 11B depicts another illustrative open-well magnetic sample plate and fluid

processing system according to various aspects of the applicant’s teachings.

[0045] FIG. 12 schematically depicts mixing of the fluid in a single magnetic structure or
layer of an exemplary fluid processing system according to various aspects of the applicant’s

teachings.
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[0046] FIGS. 13A and 13B depict exemplary mixing patterns of the fluid processing system

of FIG. 12 according to various aspects of the applicant’s teachings.

[0047] FIGS. 14A-14B depict additional exemplary aspects of the fluid processing system of

FIG. 12 according to various aspects of the applicant’s teachings.

[0048] FIGS. 15A-15D an exemplary processing protocol using the fluid processing system
of FIG. 12.

[0049] FIGS. 16A-16C depict another exemplary fluid processing system and an exemplary

processing protocol according to various aspects of the applicant’s teachings.

[0050] FIGS. 17A-17C depict another exemplary processing protocol for the fluid processing
system of FIGS. 16A-16C according to various aspects of the applicant’s teachings.

[0051] FIG. 18 depicts another exemplary embodiment of an open port probe.
DETAILED DESCRIPTION

[0052] Those skilled in the art will understand that the methods, systems, and apparatus
described herein are non-limiting exemplary embodiments and that the scope of the applicant’s
disclosure is defined solely by the claims. While the applicant’s teachings are described in
conjunction with various embodiments, it is not intended that the applicant’s teachings be limited
to such embodiments. On the contrary, the applicant’s teachings encompass various alternatives,
modifications, and equivalents, as will be appreciated by those of skill in the art. The features
illustrated or described in connection with one exemplary embodiment may be combined with
the features of other embodiments. Such modifications and variations are intended to be

included within the scope of the applicant’s disclosure.

[0053] The present teachings generally relate to fluid processing methods and systems for
mixing, separating, filtering, or otherwise processing a fluid sample by utilizing magnetic
particles dispersed therein. In accordance with various aspects of the present teachings, the fluid
sample may be disposed within a sample or fluid container. In some embodiments, the fluid
container may be an open fluid container (e.g., open to the atmosphere) such that the sample
and/or reagents can be directly added to the open fluid container (e.g., via an auto-sampler or
pipette inserted through the open end of the fluid container) and can likewise be directly

removed therefrom (e.g., via a capture device) following the processing, for example. The
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magnetic particles, disposed within the fluid, can be configured to be agitated under the effect of
magnetic fields (or gradients) generated by a magnetic assembly arranged adjacent to the fluid
containers (e.g., arranged about the periphery of the fluid container) so as to facilitate the
movement of the magnetic particles within the fluid. The magnetic assembly may include a one
or a plurality of magnetic structures arranged in horizontal or substantially horizontal layers.
Each of the magnetic structures may be formed by one or more magnets, such as an
electromagnet. In some embodiments, the vertical position of one or more of the magnetic
structures may be adjustable, for instance, to process different sample volumes and/or to affect a
characteristic of a magnetic field generated by the magnetic assembly. Additionally or
alternatively, in some embodiments, the electrodes of the various magnetic structures (e.g., of the
different vertically-spaced layers) can be selectively energized so as to process different sample

volumes and/or to affect a characteristic of a magnetic field generated by the magnetic assembly.

[0054] The magnetic assembly structures can be formed from a plurality of electromagnets
disposed around the fluid container at one or more different vertical heights, with each
electromagnet being individually controlled to generate a desired magnetic field within the fluid
container effective to influence the magnetic particles disposed therein. Based on the selective
application of electrical signals to the plurality of electromagnets surrounding the fluid container,
the magnetic particles can be influenced to rotate, spin, move horizontally side-to-side, and/or
vertically up-and-down within the fluid sample by the combined effect of the magnetic field
gradients generated by the various electromagnets. By way of example, the signals applied to
the electromagnets of each magnetic structure (e.g., in a single horizontal layer) can be
configured to generate magnetic field gradients substantially in the x-y plane, while the signals
applied to the electromagnets of the different magnetic structures, if present (e.g., the
electromagnets in different horizontal layers) 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 target analytes within the fluid, by way of non-limiting example.

[0055] In various aspects, the controller may be configured to differentially actuate the
electromagnets via the application of one or more radio frequency (RF) signals, direct current

(DC) signals, alternating current (AC) signals, or the like. In various aspects, the RF signals
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applied to the plurality of electromagnets can exhibit different phase delays relative to 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 isolate the electromagnets (e.g., draw magnetic
particles to one side and/or vertical level of the fluid container) such that fluid can be withdrawn

from the container without aspiration of the magnetic particles, by way of non-limiting example.

[0056] Fluid processing systems described according to various aspects may be configured to
process fluids at the micro-scale or macro-scale (including large-volume formats). In general,
the macro-scale involves fluid volumes in the milliliter range, while micro-scale fluid processing
involves fluid volumes below the milliliter 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 50 uL to about 1 mL and even greater,
including for example, about 1.5 mL, about 2 mL, about 5 mL, about 10 mL, or greater.
However, it will be appreciated in light of the present teachings that the fluid processing systems

may process any fluid volume capable of operating as described herein.

[0057] The use of magnetic assemblies to influence magnetic particles according to various
aspects of the present teachings, 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 example, to improve analyte capture
efficiency in a magnetic immunoassay. Another non-limiting example of a technological
advantage includes increased sample mixing 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 particle movement and movement in multiple

dimensions. This can, for example, lead to increased mass transfer between components.

[0058] Processing samples using the fluid processing structures configured according to
applicant’s teachings generates fast reaction kinetics. 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 speed may be
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achieved, for example, due to overcoming diffusion as a rate-limiting step of fluid processing
(e.g., a rate-limiting step of LC) and the necessity of utilizing small, fixed volumes in known
microfluidic platforms. In addition, such fast, efficient sample processing may be achieved
across a large array of sample reaction containers simultaneously as the fluid processing
structures configured according to applicant’s teachings may be integrated into large arrays of
sample reaction wells, thereby increasing sample processing and enabling automation via an
autosampler, for example. It will be appreciated in light of the present teachings that the fluid
processing systems described herein provide multiple other technological advantages in addition

to the aforementioned non-limiting examples.

[0059] While the systems, devices, and methods described herein can be used in conjunction
with many different fluid processing systems, an exemplary fluid processing system 100 is
illustrated schematically in FIG. 1A. It should be understood that the fluid processing system
100 represents only one possible fluid processing system for use in accordance with
embodiments of the systems, devices, and methods described herein, and fluid processing
systems and/or components thereof having other configurations and operational characteristics

can all be used in accordance with the systems, devices, and methods described herein as well.

[0060] FIG. 1A schematically depicts a fluid processing system 100 according to various
aspects of some embodiments of the present teachings. As shown in FIG. 1A, the exemplary
fluid processing system 100 includes a fluid processing structure 130 having a fluid container
115 and a magnetic structure 105 configured to generate a magnetic field gradient or magnetic
force within the fluid container, as discussed in detail below. The fluid container 115 can
generally comprise any type of container configured to hold a sample fluid, such as a sample
well, a vial, a fluid reservoir, or the like, defining a fluid-containing chamber therein. As best
shown in FIG. 1B, the exemplary fluid container 115 extends from an open, upper end 115a
(open to the ambient atmosphere) to a lower, closed end 115b such that the fluid within the fluid
container 115 can be loaded and/or removed therefrom by one or more liquid loading/collection
devices 135 that can be inserted into the open, upper end 115a. It will be appreciated by those
skilled in the art that the container 115 can include a removable cap that can be coupled to the
open, upper end 115a (e.g., an Eppendorf tube) during various processing steps, for example, to
prevent the escape of fluid during mixing, contamination, and/or evaporation. Illustrative liquid

loading/collection devices 135 may include, without limitation, manual sample loading devices
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(e.g., pipette), multi-channel pipette devices, acoustic liquid handling devices, and/or an auto-

sampler, all by way of non-limiting example.

[0061] With reference again to FIG. 1A, the sample fluid can have a plurality of magnetic
particles 120 disposed therein and that can be added to the sample fluid prior to transferring the
sample fluid to the fluid container 115, or can be added to the fluid container 115 before or after
the sample fluid has been transferred thereto. The magnetic particles 120 or portions thereof
may be formed from various magnetically susceptible materials, including, without limitation
ferromagnetic materials, such as various iron oxide materials (e.g., Fe,Os, S10; coated Fe, 03,
Fe;0,, or the like). In some embodiments, the magnetic particles 120 may include a magnetic
“core” coated with a non-magnetic coating, for example, configured to not react with the fluids
and/or to selectively bind a material (e.g., a biomaterial) of interest. In some embodiments, at
least a portion of the magnetic particles 120 may include paramagnetic beads. In an embodiment
using paramagnetic beads, at least a portion of the magnetic particles 120 may include
ferromagnetic magnetic particles to agitate all of the magnetic particles in the fluid and/or to
facilitate movement of the magnetic particles within the system. In some embodiments, the
magnetic particles may include beads modified with various alkyl groups, such as C18 alkyl
groups (“C18 beads”). By way of non-limiting example, such C18 beads may be used for the
purification, desalting and concentration of peptides and protein digests, which is a major
function of LC. It will also be appreciated by a person skilled in the art in light of the present
teachings that in some embodiments, the magnetic particles can comprise beads that have been
functionalized, for example, by being coated with antibodies (“affinity beads™) to provide for
selective binding of particular analytes within the sample. The magnetic particles 120 may have
various shapes, such as spherical and/or rod-shaped (i.e., magnetic stir bars), such as described in

International Patent Application Publication No. WO 2015/128725.

[0062] The magnetic structure 105 may include a plurality of electromagnets 110a-d.
Although four electromagnets 110a-d are depicted in FIG. 1A, embodiments are not so limited
as any number of electromagnets capable of operating according to various aspects of the
applicant’s teachings may be used. In some embodiments, the four electromagnets 110a-d may
operate the same as or substantially similar to a quadrupole magnet structure. For example, a
magpnetic structure 105 may include 2 electromagnets, 3 electromagnets, 4 electromagnets 110a-

d, 5 electromagnets, 6 electromagnets, 7 electromagnets, 8 electromagnets, 9 electromagnets, 10



WO 2017/093896 PCT/IB2016/057189

20

electromagnets, or more. The electromagnets 110a-d may include any electromagnet known to
those having skill in the art, including, for example, a ferromagnetic-core electromagnet. The
electromagnets 110a-d may have various shapes, including square, rectangular, round, elliptical,

or any other shape capable of operating according to various aspects of the applicant’s teachings.

[0063] As shown in FIG. 1A, the exemplary fluid processing system 100 additionally
includes a controller 125 operatively coupled to the magnetic structure 105 and configured to
control the magnetic fields produced by the electromagnets 110a-d. In various aspects, the
controller 125 can be configured to control one or more power sources (not shown) configured to
supply an electrical signal to the plurality of electromagnets 110a-d. In some embodiments, 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 electromagnets 110a-d to promote mixing of the fluid sample,
embodiments are not so limited, as any type of electrical 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 alternatively be applied to one or more the electromagnets so as to
draw magpnetic particles to one side of the fluid container (and out of the bulk fluid) so as to aid
in fluid transfer from the container after the mixing step and/or prevent the aspiration of the
magpnetic particles, by way of non-limiting example. In various aspects, the controller 125 can
be any type of device and/or electrical component capable of actuating an electromagnet. In
some embodiments, the controller 125 can operate to regulate the magnetic field produced by
each of the electromagnets 110a-d by controlling the electrical current passing through a
solenoid of each of the electromagnets. In some embodiments, the controller 125 can include or
be coupled to a logic device (not shown) and/or a memory, such as a computing device
configured to execute an application configured to provide instructions for controlling the
electromagnets 110a-d. In some embodiments, the application can provide instructions based on
operator input and/or feedback from the fluid processing system 100. In some embodiments, the
application can include and/or the memory may be configured to store one or more sample

processing protocols for execution by the controller 125.

[0064] In various aspects, each electromagnet 110a-d can be individually addressed and
actuated by the controller 125. For example, the controller 125 can supply RF electrical signals

of different phases to each of the one or more of the electromagnets 110a-d such that one or
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more of the electromagnets generate a different magnetic field. In this manner, the magnetic
field gradient generated by the magnetic structure 105 within the fluid container 115 can be
rapidly and effectively controlled to manipulate the movement of magnetic particles 120 within
the sample fluid. In some embodiments, the RF waveforms and the characteristics thereof (e.g.,
phase shifts) may be applied to the electromagnets 110a-d according to the sample processing
protocol. It will be appreciated in light of the present teachings 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.g., steroid
derivatization, sample derivatization for gas chromatography, etc.), and/or sample purification
and desalting. Following this processing, processed fluid may be delivered to various analytical
equipment 140, such as a mass spectrometer (MS) for analysis. In some embodiments, a single
layer of electromagnets 110a-d (e.g., arranged at a height above the bottom 115b of the fluid
chamber about the periphery of the fluid container) can be actuated to generate a magnetic field
within the fluid container 115 that captures and/or suspends the magnetic particles 120 in a
particular plane within the fluid container. For example, the magnetic particles 120 can be
suspended in a particular plane to move the magnetic particles away from the bottom of the fluid
container during a fluid collection process and/or for processing fluids (e.g., reagents) in a plane
above material (e.g., cells adhering to the lower surface of the fluid chamber), where contact

with the material on the lower surface of the fluid chamber is to be avoided.

[0065] In accordance with various aspects of the present teachings, the magnetic structures
105 may be incorporated into various fluid processing systems and fluid handling devices. With
reference now to FIG. 1B, an exemplary magnetic structure 105 according to various aspects of
the applicant’s teachings is depicted as a standalone mixing device. For instance, a magnetic
structure 105 may be used as the mixing element of a magnetic mixer or as a mixing element of a
vortex-type mixer (i.e., replacing the motor-driven mixing element). In some embodiments, the
fluid container 115 (e.g., a single vial and/or a sample well of a sample plate) can be pressed
against an actuator 150 to initiate the controller 125 to actuate the electromagnets 110a-d
according to applicant’s teachings. In various aspects, magnetic structures 105 can be used for
mixing magnetic particles 120 within the sample wells of a sample plate, such as a conventional
4, 8, 12, or 96 well sample plate. In some embodiments, magnetic structures 105 may be

configured to mix magnetic particles 120 within the sample wells of open-well sample plate (i.e.,
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open-to-atmosphere, sealed with a removable covering or cap, and/or partially enclosed). As
shown in FIG. 1C, the fluid container 115 (i.e., sample well) of a sample plate 160 may fit down
within a cavity formed between the electromagnets 110a-d. In various aspects, as shown in FIG.
1D, a sample plate 160 may be placed on a portion of the fluid processing system 100, such as on
a planar surface 170 thereof, such that the sample well 115 may be arranged adjacent to the

electromagnets 110a-d.

[0066] FIG. 2A depicts an exemplary open-well magnetic sample plate according to various
aspects of the applicant’s teachings. As shown in FIG. 2A, a 96-well sample plate 205 may
include a plurality of sample wells 215. Although diamond-shaped sample wells 215 are
depicted in FIG. 2A, it will be appreciated that the fluid containers in accordance with the
present teachings are not so limited. For instance, the sample wells 215 can have various shapes,
including square, rectangular, round, elliptical, or any other shape capable of operating according
to various aspects of the applicant’s teachings. Each sample well 215 may be surrounded about
its periphery by a magnetic structure 210 that includes a plurality of electromagnets 220a-d. The
magnetic structures 210 and the methods of mixing magnetic particles using RF-driven
oscillating magnetic fields according to various aspects of the applicant’s teachings may be
incorporated into 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 to receive standard sample plate devices, such as industry standard 96-sample well
arrays 205. This may 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 limitation, 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 sample loading and collection, such as
integration with an auto-sampler and other automated fluid-handling systems. In this manner,
fluid processing systems according to various aspects of the applicant’s teachings may allow for
the simultaneous processing of large arrays of samples that is simple and efficient from a fluid

manipulation and a mechanical complexity perspective.

[0067] In an example involving a protein processing assay, pull-down beads can be disposed

within the first, leftmost column 250a of sample wells 2185, ion-exchange beads can be disposed
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within the second column 250b of sample wells 215, and trypsin-coated beads can be disposed
within a third column 250¢ of sample wells 215. In this manner, processing of the sample may
only require transferring the sample from one column to another column to perform the protein
processing assay, while actuating the electromagnet structures 210 surrounding each well

appropriately in order to facilitate the processing step performed therein.

[0068] FIG. 2B depicts a layout of a plurality of sample wells 215a-d and associated
magnetic structures that comprise electromagnets 220a-f that demonstrates the sharing of
electromagnets 220a-f between multiple sample wells 215a-d. In this example, sample well
215d is surrounding by magnetic structure comprising electromagnets 220a, 220b, 220c, and
220d. Electromagnets 220a and 220c¢ also surround sample well 215c¢ that itself is also
surrounded by electromagnets 220e and 220f. Electromagnets 220a and 220c¢ can generate a
magnetic field that penetrates into both sample wells 215¢ and 215d. Similarly sample wells
215b and 215d share electromagnets 220a and 220b and sample wells 215a and 215¢ share
electromagnets 220a and 220e. 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

similarly repeats throughout the sample well plate 205 to all sample wells.

[0069] FIG. 3 schematically depicts an illustrative fluid processing system according to
various aspects of the applicant’s teachings. 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 containers 315a-f. Each magnetic structure 305a-f can include a
plurality of electromagnets 310a-1, with certain of the electromagnets 310a-1 being shared among
the magnetic structures 305a-f. The electromagnets 310a-1 can be controlled via the application
thereto of RF signals having different phase delays, such as the following exemplary phase delay
equations 320:

1y = Iy sin(f?) eq. (1),
Ip = Iy sin(ft + w/2) eq. (2),
Ic = Iy sin(ft +m) eq. (3),
Ip = Iy sin(ft + 31/2) eq. (4),

wherein / = electrical current, /= frequency, and 7 = time.
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[0070] As shown in FIG. 3, the electromagnets 310a-1 are labeled A-D according to the
phase delay equation 320 corresponding to the electromagnet. The phase delay of the
electromagnets 310a-1 of the magnetic structures 305a-f produces a 90° phase shift for adjacent
electromagnets. However, embodiments are not so limited, as other phase shift values may 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-1 according
to the phase delay equations 320 causes the magnetic particles (not shown) in sample wells 315a,
315e, and 315¢ to mix in a clockwise motion and the magnetic particles in sample wells 315b,
315d, and 315f to mix in a counter-clockwise motion. Mixing fluids using magnetic particles
agitated according to various aspects of the applicant’s teachings causes the magnetic particles to
be dispersed homogeneously within each fluid container, providing for optimal exposure and

enhanced mixing with the fluid.

[0071] FIG. 4 depicts an illustrative fluid processing structure and mixing pattern thereof
according to various aspects of the applicant’s teachings. The graph 405 depicts the magnetic
fields 410a, 410b resulting from the application of electric current to the electromagnets 420a-d
of a fluid processing structure 400 at time intervals T1-TS according to various aspects of
applicant’s teachings. In various aspects, 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 410a corresponding to electromagnets 420a and 420d and
magnetic field 410b corresponding to electromagnets 420b and 420¢. In the illustrative
depiction of FIG. 4, it will be appreciated that the electromagnets 420a-d are arranged at
different locations relative to the fluid sample such that the orientation of the magnetic field
generated by each electromagnet generally differs when the same electrical signal is applied
thereto. Likewise, because the electromagnetic pairs (i.e., 420a and 420d, and 420b and 420c¢)
are arranged on opposed sides of the fluid 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 electrical signals of eq. (1)-(4) are applied to electromagnets 420a-d, respectively, the

resulting magnetic field in the sample fluid will vary over time as schematically depicted in FIG.



WO 2017/093896 PCT/IB2016/057189

25

4, with the pair of electromagnets 420a and 420d together generating the magnetic field 410a
and the pair of electromagnets 420b and 420c¢ together generating the magnetic field 410b
(magnetic field 410b is delayed 90° relative to 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

[0072] It will thus be appreciated in light of the present teachings that different mixing
patterns can be effectuated by controlling the RF waveforms applied to the electromagnets of a
magnetic structure. For example, with reference to FIG. 5, 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 pattern differs from that shown in FIG. 4 in that the
controller 1s configured to apply the following exemplary RF signals of different phase delays to

the electromagnets 420a-d, respectively:

Ly = Iy sin(ff) eq. (5),
I = Iy sin(ft — w/2) eq. (6),
Ic = Iy sin(ft — ) eq. (7),
Ip = Iy sin(ft — 31/2) eq. (8),

wherein / = electrical current, /= frequency, and 7 = time.

[0073] As shown in FIG. 5, when the exemplary sinusoidal electrical signals of eq. (5)-(8)
are applied to electromagnets 420a-d, respectively, the resulting magnetic field in the sample
fluid will vary over time as schematically depicted, with the pair of electromagnets 420a and
420d together generating the magnetic field 410a and the pair of electromagnets 420b and 420¢
together generating the magnetic field 410b. In this case, the magnetic field 410a is instead
delayed 90° 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.

[0074] Although the sinusoidal RF waveforms applied to each of four electromagnets
surrounding the containers of FIGS. 3-5 exhibit a + 90° shift relative to the adjacent
electromagnets, the present teachings are not so limited. Indeed, it will be appreciated that any

type of waveform may be supplied to electromagnets capable of operating according to
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applicant’s teachings. By way of non-limiting example, the number of electromagnets
surrounding each fluid container, the phase shifts between adjacent electromagnets (e.g., a 30°,
60°, 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 present teachings. Non-limiting
examples of electrical current waveforms may include square, rectangular, triangular,
asymmetrical, saw-tooth, or any combination thereof. In some embodiments, the type of current
supplied to the electromagnets may be modified during operation of a fluid processing system
configured according to some embodiments. For instance, at least a portion of the
electromagnets may receive an RF waveform with a 90° 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 may be modified during operation of the fluid processing system (e.g., the phase shifts
may be switched, synchronized, or the like). In some embodiments, at least a portion of the
electromagnets may be operated in parallel, sequence, pulsed, or the like. In various aspects, the
current supplied to the electromagnets may be controlled according to a processing protocol. In
some embodiments, the processing protocol may be dynamically altered during operation of the
fluid processing system based on various factors, such as feedback, operator input, detection of

mixing efficiency, analysis results, or the like.

[0075] Additionally, as noted above, the electromagnets 420a-d can alternatively have a DC
signal applied so as to generate a static magnetic field so as to draw magnetic particles to one
side of the fluid container (and out of the bulk fluid) so as aid in fluid transfer from the container
after the mixing step and/or prevent the aspiration of the magnetic particles, by way of non-

limiting example.

[0076] With reference now to FIGS. 7A-B, an exemplary fluid processing system 700 in
accordance with various aspects of the present teachings is depicted. With reference first to FIG.
7A, the fluid processing system 700, depicted in exploded view, comprises a base plate 710, a
PCB board 720, an plurality of electromagnetic 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 96-well 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 a variety of cross-sectional shapes and maximum volumes as discussed above. For
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example, in accordance with the present teachings, each of the open sample wells 742 can be
filled or partially-filled with various volumes of the fluid sample, thereby allowing for the
reduction or expansion of the sample volume to 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 present teachings such as a polymeric material
(e.g., polystyrene or polypropylene), all by way of non-limiting example. Additionally, as
known in the art, the surfaces can be coated with a variety of surface coatings to provide
increased hydrophilicty, hydrophobicity, passivation, or increased binding to cells or other
analytes. In some aspects, the bottom surface 740b of the upper plate 740 can be configured to
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 upper end 730a of the electromagnetic structures
730 or bores through which a portion of the electromagnetic structures can extend to be disposed

around and about each of the sample wells 742.

[0077] With reference now to the lower portions of the fluid processing system 700, FIG. 7A
depicts a PCB board 720, a base plate 710, and a plurality of electromagnetic structures 730. As
shown, the PCB board 720 comprises a plurality of electrical contacts 722 to which an electrical
signal can be applied by a power source (not shown) and to which the electromagnetic structures
730 can be electrically coupled. As otherwise discussed herein, the PCB board 720 can be wired
such that each electromagnetic structure can be individually addressed and actuated by a
controller through the selective application of electrical signals thereto. Additionally, the PCB
board 720 includes a plurality of holes 724 through which a portion of the electromagnetic
structures can extend to make electrical contact with the base plate 710. For example, as shown
in FIG. 7A, the electromagnetic structures 730 can include a mounting post 732 that extends
through the holes 724 when the electromagnetic structures 730 are seated on the electrical
contacts 722, and such that conductive leads associated 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 posts 732 so as to 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 electrical signals can be applied to the
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plurality of electrical contacts 722 of the PCB board 720 to allow an electrical current to flow
through the electromagnetic structures 730 in accordance with the present teachings. As shown
in FIG. 7A, the electromagnetic 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. It will thus be appreciated that as current flows between the electrical contacts
722, the wire coil 734, upper end 730a, and the metal base plate 710 (current direction depends
on the voltage of the signal applied to the particular contacts 722 of the PCB board 720), the wire
coil 734 acts as a solenoid to thereby generate a magnetic field through and about the wire coil
734, the directionality of which is dependent on the direction of the current. The upper end 730a
of the electromagnetic structures 730 can have a variety of shapes (e.g., substantially 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 to the peripheral surfaces of the sample wells, so as to act as a lens that concentrates

the magnetic field and/or increases its uniformity within the sample wells.

[0078] As should be appreciated, the examples embodied by FIGS. 1-5 and 7 are directed 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 aspect of the present
teachings. As will be detailed in further embodiments, such systems and methods can be
modified in a manner in which additional magnetic fields are generated to cause mixing of

particles in the z direction as well.

[0079] FIG. 8A schematically depicts an exemplary fluid processing system 800 according to
various aspects of some embodiments of the present teachings. As shown in FIG. 8A, the
exemplary fluid processing system 800 includes a fluid container 115 and a magnetic assembly
805 configured to generate one or more magnetic field gradients or magnetic forces within the
fluid container 115, as discussed in detail below. The fluid container 115 can generally comprise
any type of container configured to hold a sample fluid, such as a sample well, a vial, a fluid
reservoir, or the like, defining a fluid-containing chamber therein. In some embodiments, the
exemplary fluid container 115 may extend from an open, upper end 115a (open to the ambient
atmosphere) to a lower, closed end 115b such that the fluid within the fluid container 115 can be

loaded and/or removed therefrom by one or more liquid loading/collection devices 135 that can
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be inserted into the open, upper end 115a. It will be appreciated by those skilled in the art that
the container 115 can include a removable cap that can be coupled to the open, upper end 115a
(e.g., an Eppendorf tube) during various processing steps, for example, to prevent the escape of
fluid during mixing, contamination, and/or evaporation. Illustrative liquid loading/collection
devices 135 may include, without limitation, manual sample loading devices (e.g., pipette),
multi-channel pipette devices, acoustic liquid handling devices, and/or an auto-sampler, all by

way of non-limiting example. The container 115 contains a plurality of magnetic particles 120.

[0080] As shown in FIG. 8B, the magnetic assembly 805 may include a plurality of
electromagnet structures 845a-n, each of which comprises a horizontal or substantially
horizontal layer of electromagnets 810 arranged in a plane normal or substantially normal to the
vertical axis of the fluid container 115. As indicated by the number of magnetic structures 845a-
n, the exemplary magnetic assembly 805 can comprise a plurality of vertically-spaced layers,
including 2 electromagnet structures, 3 electromagnet structures, 4 electromagnet structures, 5
electromagnet structures, 10 electromagnet structures, 20 electromagnet structures, or more.
Additionally, it will be appreciated that although four electromagnets 810 are depicted as being
associated with each electromagnet structure 845 in FIG. 8B (e.g., electromagnets 810a-d in
magnetic structure 845a and electromagnets 810e-h in magnetic structure 845n), the present
teachings are not so limited as any number of electromagnets 810 capable of operating according

to various aspects of the applicant’s teachings may be used as further described herein.

[0081] In some embodiments, the four electromagnets 810 surrounding the fluid container
115 in each layer of the magnetic assembly 805 (e.g., electromagnets 810a-d in layer 845a) may
operate the same as or substantially similar to the quadrupole magnet structure, as described
previously in FIGS. 1-5. It will be appreciated that the electromagnets 810a-h can include any
electromagnet known to those having skill in the art, including, for example, a ferromagnetic-
core electromagnet. The electromagnets 810a-h can have various shapes, including square,
rectangular, round, elliptical, or any other shape capable of operating according to various

aspects of the applicant’s teachings.

[0082] As schematically depicted in FIGS. 8A and 8B, the exemplary fluid processing
system 800 additionally includes a controller 825 operatively coupled to the magnetic assembly

805 and configured to control the magnetic fields produced by the electromagnets 810a-h. In
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various aspects, the controller 825 can be configured to control one or more power sources (not
shown) configured to supply an electrical signal to the plurality of electromagnets 810a-h. In
some embodiments, 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 electromagnets 810a-h to promote mixing of
the fluid sample, the present teachings are not so limited, as any type of electrical 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 alternatively be applied to one or more of the
electromagnets so as to draw magnetic particles to the perimeter or one side and/or vertical level
of the fluid container (and out of the bulk fluid) so as to aid in fluid transfer from the container
after the mixing step and/or prevent the aspiration of the magnetic particles, by way of non-
limiting example. In various aspects, the controller 825 can be any type of device and/or
electrical component capable of actuating an electromagnet. In some embodiments, the
controller 825 can operate to regulate the magnetic field produced by each of the electromagnets
810a-h by controlling the electrical current passing through a solenoid of each of the
electromagnets. In some embodiments, the controller 825 can include or be coupled to a logic
device (not shown), processor, and/or a memory, such as a computing device configured to
execute an application configured to provide instructions for controlling the electromagnets
810a-h. In some embodiments, the application can provide instructions based on operator input
and/or feedback from the fluid processing system 800. In some embodiments, the application
can include and/or the memory may be configured to store one or more sample processing

protocols for execution by the controller 825.

[0083] In various aspects, each electromagnet 810a-h can be individually addressed and
actuated by the controller 825. For example, the controller 825 can supply RF electrical signals
of different phases to each of the one or more of the electromagnets 810a-h such that one or
more of the electromagnets generate a different magnetic field. In this manner, the magnetic
field gradient generated by each magnetic structure 845a-n within the fluid container 115 can be
rapidly and effectively controlled to manipulate the movement of magnetic particles 120 within
the sample fluid. In some embodiments, the RF waveforms and the characteristics thereof (e.g.,
phase shifts) may be applied to the electromagnets 810a-h according to the sample processing

protocol. It will be appreciated in light of the present teachings that a magnetic assembly 805
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can be utilized to manipulate the magnetic particles 120 within the sample fluid in various
processes including, without limitation, protein assays, sample derivatization (e.g., steroid
derivatization, sample derivatization for gas chromatography, etc.), and/or sample purification
and desalting. Following this processing, processed fluid may be delivered to various analytical
equipment 140, such as a mass spectrometer (MS) for analysis. In some embodiments, only a
single layer of electromagnets 810e-h (i.e., magnetic structure 845n, e.g., arranged at a height
above the bottom 115b of the fluid chamber about the periphery of the fluid container) can be
actuated to generate a magnetic field within the fluid container 115 that captures and/or suspends
the magnetic particles 120 in a particular plane within the fluid container. For example, the
magnetic particles 120 can be suspended in a particular plane (e.g., at the level of magnetic
structure 845n) to move the magnetic particles away from the bottom of the fluid container
during a fluid collection process and/or for processing fluids (e.g., reagents) in a plane above
material (e.g., cells adhering to the lower surface of the fluid chamber), where contact with the

material on the lower surface of the fluid chamber is to be avoided.

[0084] In accordance with various aspects of the present teachings, the magnetic assemblies
805 may be incorporated into various fluid processing systems and fluid handling devices. With
reference now to FIG. 8C, an exemplary magnetic assembly 805 according to various aspects of
the applicant’s teachings is depicted as being incorporated into or operating in combination with
a sample tray 850, such as a sample plate system. In various aspects, magnetic assemblies 805
can be used for mixing magnetic particles 120 within the sample wells of a sample plate, such as
a conventional 4, 8, 12, or 96 well sample plate. In some embodiments, magnetic assembly 805
may be configured to 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. 8C, the fluid container 115 (i.e., sample well) of a sample plate 850
may fit down in an area adjacent to the electromagnets 810a-h of a magnetic assembly 805. In
various aspects, a sample plate 850 may be placed on a portion of a magnetic assembly 805, such
as on a planar surface thereof, such that the sample well 115 may be arranged adjacent to the

electromagnets 810a-h of the magnetic structures 845a-n.

[0085] With reference now to FIG. 8D, an exemplary magnetic assembly 805 according to
various aspects of the applicant’s teachings is depicted as a standalone mixing device 860. For

instance, a magnetic assembly 805 may be used as the mixing element of a magnetic mixer or as
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a mixing element of a vortex-type mixer (i.e., replacing the motor-driven mixing element). In
some embodiments, the fluid container 115 (e.g., a single vial and/or a sample well of a sample
plate) can be pressed against an actuator 865 to initiate the controller 825 to actuate the

electromagnets 810a-h according to applicant’s teachings.

[0086] FIGS. 9A and 9B depict another exemplary illustrative fluid processing system 900 in
which at least one of the magnetic structures (i.e., layer 945n of electrodes 910) of the
electromagnetic assembly 905 is vertically adjustable according to various aspects of the
applicant’s teachings. The fluid container 915 can be arranged within a magnetic assembly 905
having a lower magnetic structure 945a (comprising electromagnets 910a-d, only two of which
are shown) and an upper magnetic structure 945n (comprising electromagnets 910e-h, only two
of which are shown). As shown in FIGS. 9A and 9B, the fluid container 915 is configured to
contain different volumes of fluid (having magnetic particles 920 arranged therein), which
extend to various heights 940a (as shown in FIG. 9A) and 940b (as shown in FIG. 9B) within the
fluid chamber. As shown specifically in FIG. 9A, in a first configuration the magnetic structure
945n can be located at a first height 960a, for example, to effect the magnetic forces generated
within the fluid container 915 by the magnetic assembly 905 and/or to optimize mixing of the
fluid having a height 940a within the fluid container. It will be appreciated, for example, that the
position of the magnetic structure 945n with respect to the magnetic particles 920 and/or other
magnetic structures (i.e., magnetic structure 945a) may affect the location, strength, intensity,
direction, or other characteristics of the magnetic field gradient generated by the electromagnetic
assembly 905 within the fluid container 915. As shown in FIG. 9B, when a volume of fluid
having a second height 940b, the upper magnetic structure 945n can be moved or actuated in an
upward direction such that the magnetic structure has a height 960b greater than height 960a. In
this manner, the magnetic structure 945n can be moved to various heights in order to optimally
process fluids of different volumes and/or to alter the characteristics of magnetic field gradients

generated in the fluid container 915.

[0087] By way of example, FIG. 10 depicts another illustrative fluid processing system 1000
according to various aspects of the applicant’s teachings in which at least one of the magnetic
structures 1045a-c of a magnetic assembly 1005 can be actuated (e.g., moved) to adjust the
vertical separation of the magnetic structures so as to accommodate mixing of different volumes

of sample fluid within the fluid chamber. As shown in FIG. 10, the fluid processing system 1000
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includes a sample tray 1050 having a sample well 1015 surrounded by a plurality of
electromagnets 1010 of a magnetic assembly 1005. For example, the magnetic assembly 1005
includes three layers of horizontal magnetic structures 1045a-¢, each of which formed from a
plurality of electromagnets 1010 (only one of which is labeled to simplify the figure).
Additionally, the magnetic assembly 1005 and/or individual magnetic structures 1045a-c include
a positioning element 1025 configured to adjust the position of one or more electromagnets 1010
or magnetic structures 1045a-c relative to one another, and/or to adjust the position of the entire
magnetic assembly 1005 relative to the sample well 1015. Non-limiting examples of positioning
elements 1025 may include rotary actuators, linear actuators, servomotors, electronic motors, or
the like. In some embodiments, the volume of fluid in the sample well 1015 can be measured by
measuring device 1060 such that the positioning element 1025 can automatically adjust the
position of one or more electromagnets 1010, magnetic structures 1045a-c¢, and/or the entire
magnetic assembly 1005 based on the measured volume of fluid in the sample well 1015 and/or
the requirements of the fluid processing protocol. In some embodiments, the positioning element
1025 can be configured to adjust the position of one or more electromagnets 1010, magnetic
structures 1045a-c, and/or the entire magnetic assembly 1005 based on user input, manual input,

a sample processing protocol, and/or a pre-set volume.

[0088] With reference now to FIG. 11A, another exemplary fluid processing system 1100
having an open-well magnetic sample plate format according to various aspects of the
applicant’s teachings is depicted. As shown in FIG. 11A, a 96-well sample plate 1150 can
include a plurality of sample wells 1115. Although diamond-shaped sample wells 1115 are
depicted, it will be appreciated that the fluid containers in accordance with the present teachings
are not so limited. For instance, the sample wells 1115 can have various shapes, including
square, rectangular, round, elliptical, or any other shape capable of operating according to
various aspects of the applicant’s teachings. Furthermore, the fluid container need not contain
only static fluid. For example, the fluid container may comprise input and output lines that allow

the inflow and outflow of liquid into the container.

[0089] Each sample well 1115 is surrounded about its periphery by a magnetic assembly
1105 that includes a plurality of vertically-separated magnetic structures, each of which
comprises a plurality of electromagnets 1110 disposed about the periphery of the sample well

1115. As a top-down view of the sample plate 1150, FIG. 11A only depicts the upper-most
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magnetic structure 1145n of the magnetic assembly 1105; however, the magnetic assembly

includes a plurality of magnetic structures as otherwise discussed herein.

[0090] In accordance with the present teachings, the magnetic assemblies 1105 and the
methods of mixing magnetic particles using RF-driven oscillating magnetic fields can be
incorporated into existing sample plate devices, including sample plate devices configured as
large, open arrays of sample wells 1115. For example, the magnetic assemblies 1105 can be
configured to couple to (e.g., releasably engage) standard sample plate devices, such as industry
standard 96-sample well arrays. This may be achieved, for instance, by using electromagnetic
assemblies 1105 (and their magnetic structures 1145a-n and electromagnets 1110) having a
geometry that corresponds with standard sample well plates. In addition, the use of open-well
sample systems provides for more efficient methods for sample loading and collection, such as
integration with an auto-sampler and other automated fluid-handling systems. In this manner,
fluid processing systems according to various aspects of the applicant’s teachings may allow for
the simultaneous processing of large arrays of samples that is simple and efficient from a fluid
manipulation and a mechanical complexity perspective. Moreover, because fluidic channels and
pumps are not required, fluid processing issues relating with these elements, including, without
limitation, non-specific binding and carryover can be reduced and even eliminated through the

use of a disposable sample plate that can be coupled to the magnetic assemblies.

[0091] In various aspects, various reagents, magnetic particles, and/or other process elements
may be incorporated into the sample wells 1115 of the sample plate 1150 in order to perform a
full assay with reduced sample manipulation. For example, sample wells 1115 in each row or
column of the sample plate can include process elements required for a particular assay in order
of required use. In an example involving a protein processing assay, pull-down beads can be
disposed within the first, leftmost column A of sample wells 1115, ion-exchange beads can be
disposed within the second column B of sample wells 1115, and trypsin-coated beads can be
disposed within a third column C of sample wells 1115. In this manner, processing of the
sample may only require transferring the sample from one column (e.g., column A) to another
column (e.g., column B) to perform the protein processing assay, while actuating the
electromagnets 1110 surrounding each well appropriately in order to facilitate the processing

step performed therein.
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[0092] Though the fluid chambers of the sample wells 1115 of FIG. 11A are depicted as
being fluidically-isolated, it will also be appreciated that the sample plate 1150 can additionally
include various liquid handling elements, including fluidic channels, valves, pumps, or the like,
to facilitate fluid movement between the various sample wells 1115, In another example, one or
more pneumatic-controlled pressure manifolds can be integrated onto the sample plate 1150 to
automatically transfer fluid between the sample wells 1115, between a reagent filling port and
reagent reservoirs, and/or between reagent reservoirs and the sample wells without requiring

moving parts.

[0093] In various aspects, each electromagnet 1110 of the magnetic assembly 1105 can be
associated with more than one sample well 1115 so as to generate a magnetic field within more
than one sample well. For example, as depicted in FIG. 11B, electromagnet 1110a can generate
a magnetic field within each of sample wells 1115a-d. Accordingly, in conjunction with
electromagnets 1110b-d, electromagnet 1110a can form part of an electromagnetic assembly
1105 with respect to sample well 1115d. Likewise, electromagnet 1110a can form part of an
electromagnetic assembly 1105 with respect to sample well 1115¢ with electromagnets 1110c¢,
1110e, and 1110f. In this manner, each electromagnet 1110 can be configured to influence the
magnetic particles arranged within multiple sample wells 1115a-d. Accordingly, fewer
electromagnets 1110 may be used to actuate magnetic particles within a tray of sample wells
1115. For example, only 117 electromagnets 1110 may be required for a 96-well sample plate in
accordance with FIG. 11B, compared with 384 electromagnets (96 x 4) for a 96-well sample tray
using four electromagnets for each sample well 1115 as shown in FIG. 11A. Extraction of an
entire sample plate may be achieved by actuating alternative rows of electromagnets 1110 within
the layers of magnetic structures of each magnetic assembly 1105 in sequence, with a processing

time on the order of a few seconds to complete the extraction process for the entire sample plate.

[0094] With reference now to FIGS. 12 and 13A-B, exemplary aspects of the mixing of the
fluid in a single magnetic structure or layer of an exemplary magnetic assembly will first be
described. FIG. 12 schematically depicts a portion of an exemplary fluid processing system
1200 in accordance with various aspects of the present teachings. The exemplary fluid
processing system 1200 depicted in FIG. 12 is similar to that depicted in FIG. 11B in that the
system 1200 includes a plurality of magnetic assemblies, each of which is partially depicted in

FIG. 12 and comprises an upper magnetic structure (not shown) and a vertically-spaced lower
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magpnetic structure 1245a comprising four electromagnets 1210a-d and multiple sample wells
1215a-f. With a focus on the sample well 1215a, the four electromagnets 1210a-d surround the
periphery of the sample well 1215a and can be effective to cause mixing in the x-y plane (i.e.,
the plane of the lower magnetic structure 1245a) via the generation of a magnetic fields within
the sample well. The electromagnets 1210a-d can be controlled via the application thereto of RF
signals having different phase delays, according to the exemplary phase delay equations (1) (2)
(3) and (4) described previously.

[0095] As shown in FIG. 12, the various electromagnets 1210 are labeled A-D according to
the phase delay equation corresponding to the signal applied to the particular electromagnet. It
will be observed that the phase delay between adjacent electromagnets 1210a-d of the magnetic
structure 1245a exhibits a = 90° phase shift relative to its adjacent electromagnets within the
magnetic structure 1245a. It will nonetheless be appreciated that the present teachings are not so
limited, as other phase shift values may be used according to various aspects of the applicant’s
teachings, such as a 30° phase delay, a 60° phase delay, a 90° phase delay, a 120° phase delay, a
150° phase delay, a 180° phase delay, a 210° phase delay, a 240° phase delay, a 270° phase delay,
a 300° phase delay, a 330° phase delay, or the like. In various aspects, the actuation of the
electromagnets 1210a-d according to these exemplary phase delay equations causes the magnetic
particles (not shown) in sample well 1215a to mix in a counterclockwise motion in the x-y plane.
It will also be observed that the particular pattern of RF signals applied to the electrodes in
Columns 1-4 similarly results in each sample well to be of the opposite direction in the x-y plane
(counterclockwise or clockwise) to the sample wells adjacent thereto. Mixing fluids using
magnetic particles agitated according to various aspects of the applicant’s teachings causes the

magpnetic particles to be horizontally dispersed homogeneously within each fluid container.

[0096] FIG. 13A depicts the electrodes 1210a-d of the lower layer (i.e., the magnetic
structure 1245a) described above with reference to the sample well 1215a of the magnetic
assembly 1205 (comprising magnetic structures 1245a and 1245b, etc.) and an exemplary
mixing pattern thereof according to various aspects of the applicant’s teachings. The graph 1301
depicts the magnetic fields 1302a, 1302b resulting from the application of electric current to the
electromagnets 1210a-d of the magnetic assembly 1205a at time intervals T1-TS according to
various aspects of applicant’s teachings. In various aspects, the waveforms of the magnetic

fields 1302a, 1302b represent sine waves which generate the exemplary, schematic movement of
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the magnetic particles within the container to facilitate continuous magnetic particle mixing and
improved mixing efficiency. The magnetic fields 1302a, 1302b have a 90° phase shift relative to
one another, with the magnetic field 1302a corresponding to electromagnets 1210a and 1210¢
and magnetic field 1302b corresponding to electromagnets 1210b and 1210d. In the illustrative
depiction of FIG. 13A, it will be appreciated that the electromagnets 1210a-d are arranged at
different locations relative to the fluid sample such that the orientation of the magnetic field
generated by each electromagnet generally differs when the same electrical signal is applied
thereto. Likewise, because the electromagnetic pairs (i.e., 1210a and 1210¢, and 1210b and
1210d) are arranged on opposed sides of the fluid sample, the magnetic field generated by the
electrode in each pair is in the same direction 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 electrical signals of eq. (1)-(4) are applied to electromagnets 1210a-d, respectively,
the resulting magnetic field in the sample fluid will vary over time as schematically depicted in
FIG. 13A, with the pair of electromagnets 1210a and 1210c¢ together generating the magnetic
field 1302a and the pair of electromagnets 1210b and 1210d together generating the magnetic
field 1302b (magnetic field 1302b is delayed 90° relative to magnetic field 1302a), thereby
causing the fluid to experience mixing in a generally counter-clockwise manner due to the

movement 1303 of the particles at the various time points as schematically depicted.

[0097] It will thus be appreciated in light of the present teachings that different mixing
patterns can be effectuated by controlling the RF waveforms applied to the electromagnets of a
magnetic structure. For example, with reference to FIG. 13B, another illustrative mixing pattern
for the fluid processing structure of FIG. 13 A 1s depicted according to various aspects of the
applicant’s teachings. As shown, the fluid mixing pattern differs from that shown in FIG. 13A in
that the controller is configured to apply the following exemplary RF signals of different phase

delays to the electromagnets 1210a-d, respectively:

Ly = Iy sin(ft) eq. (5),
Ip = Iy sin(ft — m/2) eq. (6),
Ic = Iy sin(ft — m) eq. (7),

Ip = Iy sin(ft — 31/2) eq. (8),
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wherein / = electrical current, /= frequency, and 7 = time.

[0098] As shown in FIG. 13B, when the exemplary sinusoidal electrical signals of eq. (5)-(8)
are applied to electromagnets 1210a-d, respectively, the resulting magnetic field in the sample
fluid will vary over time as schematically depicted, with the pair of electromagnets 1210a and
1210c¢ together generating the magnetic field 1302a and the pair of electromagnets 1210b and
1210c together generating the magnetic field 1302b. In this case, the magnetic field 1302a is
instead delayed 90° relative to magnetic field 1302b, thereby causing the fluid to be mixed in a
general clockwise manner due to the movement 1303 of the particles at the various time points as

schematically depicted.

[0099] Although the sinusoidal RF waveforms applied to each of the four electromagnets
1210a-d surrounding the sample well 1215a of FIGS. 12A-13B exhibit a + 90° shift relative to
the adjacent electromagnets, the present teachings are not so limited. Indeed, it will be
appreciated that any type of waveform may be supplied to electromagnets capable of operating
according to applicant’s teachings. By way of non-limiting example, the number of
electromagnets surrounding each fluid container, the phase shifts between adjacent
electromagnets (e.g., a 30°, 60°, 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 present
teachings. Non-limiting examples of electrical current waveforms may include square,
rectangular, triangular, asymmetrical, saw-tooth, or any combination thereof. In some
embodiments, the type of current supplied to the electromagnets may be modified during
operation of a fluid processing system configured according to some embodiments. For instance,
at least a portion of the electromagnets may receive an RF waveform with a 90° 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 may be modified during operation of the fluid
processing system (e.g., the phase shifts may be switched, synchronized, or the like). In some
embodiments, at least a portion of the electromagnets may be operated in parallel, sequence,
pulsed, or the like. In various aspects, the current supplied to the electromagnets may be
controlled according to a processing protocol. In some embodiments, the processing protocol
may be dynamically altered during operation of the fluid processing system based on various
factors, such as feedback, operator input, detection of mixing efficiency, analysis results, or the

like.



WO 2017/093896 PCT/IB2016/057189

39

[00100] Additionally, as noted above, the electromagnets 1210a-d can additionally or
alternatively have a DC signal applied so as to generate a static magnetic field so as to draw
magnetic particles to one side of the fluid container (and out of the bulk fluid) and to aid in fluid
transfer from the container after the mixing step and/or prevent the aspiration of the magnetic

particles, by way of non-limiting example.

[00101] FIGS. 14A and 14B depict additional exemplary aspects of the illustrative large-
volume fluid processing system 1200 partially shown above with reference to FIGS. 12 and 13A-
B. Whereas the exemplary RF signals and mixing patterns for a single layer of the electrodes
1210 of the magnetic assembly 1205 are discussed above with reference to FIGS. 12 and 13,
FIGS. 14A and 14B schematically depict exemplary RF signals and the resulting mixing patterns
in one of the sample wells (i.e., sample well 1215a) for the magnetic assembly 1205 having two
vertically-spaced horizontal magnetic structures 1245a,b, etc. in accordance with various aspects
of the present teachings. As shown in FIGS. 14A and 14B, the fluid container 1215a is disposed
within a magnetic assembly 1205 having a lower magnetic structure 1245a (comprising
electrodes 1210a-d) disposed around a lower portion of the container 1215 and an upper
magnetic structure 1245b (comprising electrodes 1210e-h) vertically separated therefrom and
disposed around an upper portion of the container 1215. As shown, each electromagnet 1210a-h
1s adjacent two electromagnets in its own structure or layer 1245a or 1245b, and is vertically
adjacent one electromagnet in the other layer. By way of example, electromagnet 1210a 1s
adjacent electromagnet 1210b and 1210d in lower magnetic structure 1245a, and is vertically
adjacent electromagnet 1210e in magnetic structure 1245b. As discussed above with reference
to FIGS. 12 and 13, the electromagnets 1210a-d in lower magnetic structure 1245a are labeled
A-D according to the exemplary signals (according to the phase delay equations) applied to each
electromagnet 1210a-d so as to result in the exemplary counterclockwise mixing in the x-y plane
schematically depicted in the lower portion of the fluid volume 1275 of FIG. 14A. Likewise, the
electromagnets 1210e-h in upper magnetic structure 1245a can also have applied thereto the
exemplary signals (according to the phase delay equations as labeled A-D), with the signal
applied to each electromagnet 1210e-h exhibiting a + 90° shift relative to its adjacent
electromagnets in the upper magnetic structure 1245b so as to result in the exemplary clockwise
mixing in the x-y plane schematically depicted in the upper portion of the fluid volume 1275 of
FIG. 14A. However, as indicated schematically in FIG. 14B, the pattern of the RF signals
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applied to the electromagnets 1210e-h of the magnetic assembly 1205 can also be effective to
generate magnetic field gradients in the z-direction, thereby additionally resulting in the vertical
mixing of the magnetic particles as depicted schematically in FIG. 14B. Specifically, in the
exemplary depiction of FIGS. 14A and 14B, each electromagnet 1210a-d of one layer is
vertically adjacent one electromagnet 1210e-h from the other layer (i.e., magnetic structure
1245b or 1245a), with the signal applied to each exhibiting a £ 90° shift relative to its vertically-
adjacent electromagnet. In the exemplary magnetic assemblies 1205 depicted in FIGS. 12-14,
for example, the signals applied to the electrodes of the lower magnetic structure 1245a as
indicated by Column 2 can be shifted one column to the left for the upper magnetic structure
1245b (and Column 3 can likewise be shifted one column to the left), thereby resulting in the
pattern of signals applied to the electromagnets of the upper magnetic structure and the
schematic mixing patterns depicted in FIGS. 14A and 14B. That is, the different signals applied
to the electromagnets 1210 (e.g., electromagnets 1210a-d) relative to the other electromagnets in
a single layer (e.g., within the lower magnetic structure 1245a) can generate magnetic field
gradients primarily in the x-y plane, while the different signals applied to the vertically-adjacent
electromagnets 1210 (e.g., electromagnet 1210a and 1210e) of the different magnetic structures
(e.g., between the lower magnetic structure 1245a and the upper magnetic structure 1245b) can
result in magnetic field gradients exhibiting a z-direction or vertical component. In this manner,
the magnetic particles can be influenced to rotate, spin, move horizontally side-to-side, and/or
vertically up-and-down within the fluid sample by the combined effect of the magnetic field
gradients generated by the various electromagnets 1210a-h. Mixing fluids using magnetic
particles agitated according to various aspects of the applicant’s teachings causes the magnetic
particles to be dispersed homogeneously vertically and horizontally within each fluid container,
providing for optimal exposure and enhanced mixing with the fluid. Though any number of
mixing patterns can be provided by altering the phase and/or amplitude of the RF signal applied
to each of the electromagnets 1210a-h in accordance with the present teachings, it will also be
recognized that the reversed mixing directions at the different layers (e.g., counterclockwise in
the lower layer and clockwise in the upper layer in the x-y plane as indicated in FIG. 14A) and in
the various fluid columns (e.g., in the z-direction as indicated in FIG. 14B) can especially

enhance mixing of the fluid contained within the container 1215a.
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[00102] With reference now to FIGS. 15A-15D another exemplary processing protocol using
the fluid processing system 1200 depicted in FIGS. 12-14 is depicted in accordance with various
aspects of the applicant’s teachings. Specifically, FIG. 15A depicts the configuration for the
horizontal and vertical mixing of the magnetic particles in sample fluid volume 1240a contained
within the sample well 1215a as described above with specific reference to FIGS. 14A and 14B.
In FIG. 15B, however, the signals applied to the electromagnets are altered such that the
vertically-adjacent electromagnets 1210 of the different magnetic structures 1245 (e.g., electrode
1210a of the lower magnetic structure 1245a and electrode 1210e of the upper magnetic
structure 1245b) are the same so as to suspend the magnetic particles, for example, on a side of
the fluid container 1215 at a fluid level corresponding to the vertical separation between the
lower and upper magnetic structures 1245a,b. Isolation of the magnetic particles as depicted in
FIG. 15B, for example, may facilitate a liquid extraction process. Following extraction of fluid
from the sample well 1215a, additional fluid (e.g., a different sample and/or additional reagents)
can then be added. Alternatively or additionally, as depicted in FIG. 15C, the upper magnetic
structure 1245b can then be lowered relative to its position in FIGS. 15A and 15B, such that the
captured magnetic particles 1220 can then be re-suspended and mixed within the reduced volume

1240b as shown in FIG. 15D.

[00103] FIGS. 16A-16C depict the side view of another exemplary fluid processing system
1600 according to various aspects of the applicant’s teachings. As shown in FIG. 16A, a fluid
container 1615 containing a volume 1640a of fluid may be arranged within the exemplary
magnetic assembly 1605. The magnetic assembly 1605 is similar to that depicted in FIG. 12 but
differs in that it includes three layers of vertically-spaced magnetic structures 1645a-¢ having
electromagnets 1610a-d (of which only 1610a and 1610b are visible), 1610e-h (of which only
1610e and 1610f are shown), and 1610i-1 (of which only 1610i and 1610j are visible). In one
mixing configuration, for example, each of the visible electromagnets 1610a, 1610b, 1610e,
1610f, 1610i, and 16105 would have signals corresponding to the exemplary phase delay
equations (1) and (2) discussed above (as labeled A or B in FIGS. 16A-16C), while
electromagnets 1610¢, 1610d, 1610g, 1610h, 1610k, and 16101 (not shown) would have signals
corresponding to phase delay equations (3) and (4) applied thereto such that each electrode
within a given horizontal structure 1645a-c is adjacent electromagnets having a + 90° phase shift

relative thereto.
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[00104] In general, FIGS. 16A-16C depict the actuation of the different magnetic structures
1645a-c based on the volume 1640a-c¢ of fluid 163S in the fluid container 1615 so as to mix in
the x-y plane at various levels within the fluid volume. In addition, FIGS. 16A-16C depict
concurrent activation of more than one electromagnetic structure 1645a-c to effectuate mixing in
multiple directions, including in the x-y direction and the z-direction. In FIG. 16A, for example,
only the lowest magnetic structure 1645a is activated as the fluid volume 1640a is relatively low,
and vertical mixing is not required. Activation of magnetic structure 1645a alone may produce a
magnetic field causing mixing of magnetic particles in the fluid in the x-y direction. In FIG.
16B, however, the volume 1640b has increased and electromagnets 1610e-h of electromagnetic
structure 1645b have additionally been activated. Accordingly, a magnetic field gradient may be
generated that causes mixing of magnetic particles in the fluid in the x-y direction (e.g., due to
the magnetic field generated by electromagnets 1610e-h within the same magnetic structure
1645b) and in the z-direction (e.g., due to the magnetic field generated by electromagnets 1610a
and 1610e within different magnetic structures 1645a,b). In FIG. 16C, the volume 1640c is
further increased and the magnetic structure 164Sc¢ has additionally been activated. Accordingly,
a magnetic field gradient may be generated that causes mixing of magnetic particles in a
horizontal and vertical direction throughout the entire fluid volume 1640¢. In some aspects, the
signals applied to one or more of the structures 1645a-c can be selectively deactivated so as to
result in the magnetic particles preferentially being maintained at a given fluid level within the
volume. By way of example, the top layers of the fluid volume can be preferentially mixed
while limiting disturbance to the lower layer by only applying the signals depicted in FIG. 16C
to the top and middle magnetic structures 1645b,¢, while providing no signal to the bottom
magnetic structure 1645a so as not to disturb cells being cultured on the bottom surface of the

sample well 1615.

[00105] With reference now to FIGS. 17A-17C another exemplary processing protocol using
the fluid processing system 1600 depicted in FIG. 16 is depicted in accordance with various
aspects of the applicant’s teachings. FIG. 17A, for example, depicts the mixing of a fluid
volume 1640c¢ in accordance with various exemplary aspects of the present teachings and as
described with reference to FIG. 16C above in which: 1) each of the electromagnets 1610a,
1610f, and 1610i has a signal corresponding to the exemplary phase delay equation (1) applied
thereto (indicated by the A in FIG. 17A); 2) each of the electromagnets 1610b, 1610e, and 1610j
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has a signal corresponding to the exemplary phase delay equation (2) applied thereto (indicated
by the B in FIG. 17A); 3) each of the electromagnets 1610¢, 1610h, and 1610k (not shown)
would have signals corresponding to phase delay equation (3) applied thereto; and 4) each of the
electromagnets 1610d, 1610g, and 16101 (not shown) would have signals corresponding to phase
delay equation (4) applied thereto such that each electrode within a given horizontal structure
1645a-c were adjacent electromagnets having a + 90° phase shift relative thereto and vertically
adjacent to an electromagnet in a different horizontal structure 1645a-c exhibiting a &= 90° phase
shift relative thereto. As discussed otherwise herein, such a configuration as depicted in FIG.
17A would result in magnetic field gradients that cause mixing of magnetic particles in a
horizontal and vertical direction throughout the entire fluid volume 1640¢. Upon completion of
the mixing and/or the desired reaction, the signals applied to lower and upper magnetic structures
1645a,c can be deactivated, while the signal applied to the electromagnets 1610e-h of the middle
magnetic structure 1645b can be altered to capture the magnetic particles 1620 against the wall
of the sample well 1615 at the level of the middle magnetic structure (e.g., through the
application of a DC voltage or a signal of the same phase to each of electromagnets 1610e-h) so
as to facilitate a liquid extraction process. Following extraction of fluid from the sample well
1615, a lower volume of fluid 1640b can be added to the sample well 1615 and the captured
magnetic particles can then be re-suspended and mixed within the reduced volume 1640b as

shown 1n FIG. 17C.

[00106] In another example, the fluid processing systems described herein can be utilized in
fluid containers that do not contain static amounts of liquid. Now with reference to Figure 18,
the fluid processing systems herein described can be utilized to implement mixing of magnetic
particles in an open port probe device, such as those described in United States Provisional
Application Serial No. 62/329,870, filed on April 29, 2016, hereby incorporated by reference and
also described in Abstract and/or Poster “Coupling Solid-Phase Micro-Extraction (SPME) to
Mass Spectrometry via an Open-Port Probe (OPP) Sampling Interface”, Chang et al. at 21%

International Mass Spectrometry Conference, Toronto, incorporated by reference

[00107] The open port probe 1800 comprises a tube 1870 having an open ended tip 1875 that
is configured to both introduce and extract solvent 1885 on a continuous basis providing a steady
state level 1880 of solvent at the tip end 1875. In this particular example, the open port probe

1800 comprises a first cylindrical member disposed within a second cylindrical member arranged
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in a co-axial arrangement. The solvent 1885 travels towards the tip end 1875 through the
annular space 1890 between the two cylindrical members and then travels away from the tip end
1875 through the inner cylinder as depicted in the arrows in the figure defining the fluid path.

As should be appreciated, if no inflow or outflow of fluid is present, the solvent 1885 level will
remain steady and in many respects, the open port probe 1800 will operate in a similar manner to
the other fluid containers described previously, such as a vial. The open port probe 1800 can be
used to extract analytes from a substrate surface that comes into contact with the solvent 1885 at
the tip 1875. In several embodiments, small magnetic particles 1895 can be introduced into the
solvent at the tip 1875 of the open port probe 1880 and in combination with the fluid processing
systems and magnetic assemblies and/or structures 1881, comprising electromagnets 1882 herein
described, the magnetic particles can be influenced to resist the outflow of solvent 1885 from the
tip end 1875 and remain in the vicinity of the tip end by virtue of the presence of the magnetic
fields. In addition, the magnetic assemblies and/or structures cause the magnetic particles to
spin, or travel back and forth in x y and z directions as confined by the presence of the magnetic
fields. While the electromagnetics can typically be chosen to be sufficiently strong to prevent
any escape of magnetic particles from the tip surface, a downstream permanent magnetic (not
shown) can also be used to capture magnetic particles, thereby preventing any downstream
analysis from contamination. The presence of the magnetic particles 1895 at the open port probe
tip 1875 can assist in the mass transfer of analytes (or portions thereof) from a substrate surface
into the solvent. In an embodiment, the substrate surface that comes into contact with the solvent
may comprise a Solid Phase Microextraction (SPME) fibre 1896. The SPME fibre 1896 can
contain an embedded analyte which is extracted (or desorbed) into the solvent 1885 upon
contact. The substrate surface may be any material configured to hold an analyte sample, and

can include various examples such as a mesh material or blade like surface.

[00108] While cylindrical members have been described above in describing the tube, it
should be appreciated that other shapes with varying cross-sectional shapes may also be utilized

include triangular, square, rectangular or any other multi-sided shape.

[00109] The presence and mixing of the magnetic particles 1895 may also assist in the
disruption of bubbles that may generate at the open port probe tip 1875. These may be caused for
example by the usage of compressed gas driven pumps that are utilized to deliver solvent into the

open port probe. The outflow of solvent containing an analyte to be analyzed can then be
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processed downstream using one or more suitable analytical instruments (eg. Mass spectrometer,

detector, etc.)

[00110] The magnetic assemblies and/or magnetic structures that comprise electromagnets
may be placed outside of the metal tube or may be part of the metal tube itself and directly

integral to metal at or near the tip.

[00111] While this particular embodiment describes the mass transfer of an analyte from a
substrate surface to the solvent, it should be appreciated that the within teachings may also be
used to assist in the mass transfer in the reverse direction, that is transfer of an analyte (or a
portion thereof) from a fluid sample to a substrate surface that has an affinity for the analyte. For
example, such as the case for when a biological fluid sample may contain an analyte of interest
that is to be transferred to a solid substrate surface that is to be further processed or directly

analyzed. The biological fluid sample may be blood, saliva, urine, sweat, plasma, etc.

[00112] It should be appreciated that teachings described herein can be modified and adapted

to meet specified needs as can be determined by ordinary skilled persons.

[00113] The magnetic structures and fluid processing systems described in accordance with
the applicant’s present teachings can be used in combination with various analysis equipment
known in the art and hereafter developed and modified in accordance with the present teachings,
such as an LC, CE, or MS device. With reference now to FIG. 6, one illustrative fluid
processing and analysis system according to various aspects of the applicant’s teachings is
schematically depicted. As shown in FIG. 6, a fluid processing system 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
610 using any of a manual sample loading device (e.g., pipette, a multi-channel pipette) or
various automated systems such as a liquid handling robot, an auto-sampler, or an acoustic liquid
handling device (e.g., Echo® 525 liquid handler manufactured by LabCyte, Inc. of Sunnyvale,
California), all by way of non-limiting example. The processed fluid may be transferred using
various fluid transfer devices, such as a vortex-driven sample transfer device. As noted above,
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 sample can be delivered to an LC column 615 for in-line LC
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separation, with the eluate being delivered to the ion source 620 for ionization of the processed
analytes, which can be subsequently analyzed by a DMS 6285 that analyzes the 1ons based on
their mobility through a carrier gas and/or a mass spectrometer 630 that analyzes the ions based
on their m/z ratio. In some aspects, processed samples can be transferred directly to an ion
source 615, with separation being provided by a differential mobility spectrometer (DMS)
assembly, for example, in-line with a MS as described in U.S. Patent No. 8,217,344, Fluid
processing systems described in accordance with the applicant’s present teachings 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
may be introduced into analytical equipment, such as an MS, using a surface acoustic wave
nebulization (SAWN) apparatus, an electrospray ionization (ESI) device, and a matrix assisted

inlet 1onization (MAII) source.

[00114] It will be appreciated that various of the above-disclosed and other features and
functions, or alternatives thereof, may be desirably combined into many other different systems
or applications. It will also be appreciated that various presently unforeseen or unanticipated
alternatives, modifications, variations or improvements therein may 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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Claims

1. A fluid processing system, comprising;:

at least one fluid container defining a fluid chamber therein for containing a fluid and a
plurality of magnetic particles, the fluid chamber extending from a lower, closed end to an upper,
open end that is configured to be open to the atmosphere to receive the fluid to be processed
therethrough;

a magnetic assembly comprising at least one magnetic structure, each magnetic structure
comprising a plurality of electromagnets, each of the plurality of electromagnets being
configured to generate a magnetic field within the at least one fluid container; and

a control component coupled to the at least one magnetic structure, the control
component being configured to control the magnetic field generated by each of the plurality of
electromagnets to generate a magnetic field gradient within the at least one fluid container

sufficient to magnetically influence the plurality of magnetic particles within the fluid.

2. The system of claim 1, wherein the plurality of electromagnets comprises four
electromagnets.
3. The system of claim 1, wherein the at least one fluid container comprises a plurality of

fluidically-isolated fluid containers, wherein at least a portion of the plurality of electromagnets
1s configured to generate the magnetic field within two or more of the plurality of fluid

containers.

4. The system of claim 1, wherein the at least one fluid container comprises a plurality of

sample wells arranged within a sample plate.

S. The method of claim 4, wherein the at least one magnetic structure is configured to

simultaneously influence the magnetic particles arranged within a plurality of sample wells.

6. The system of claim 4, wherein the sample plate comprises a bottom surface configured

to removably engage at least a portion of the electromagnetic structures.
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7. The system of claim 1, wherein the control component is configured to control the
magnetic field generated by each of the plurality of electromagnets via applying at least one

radio frequency waveform to each of the plurality of electromagnets.

8. The system of claim 1, wherein the at least one radio frequency waveform applied to each

of the plurality of electromagnets has a phase delay.

9. The system of claim 8, wherein the phase delay is a 90° phase delay.

10. The system of claim 8, wherein the phase delay is a 180° phase delay.

11. The system of claim 8, wherein the plurality of electromagnets comprise a first
electromagnet, a second electromagnet, a third electromagnet, and a fourth electromagnet,

wherein the at least one radio frequency waveform is applied to each of the plurality of
electromagnets according to:

I first electromagnet Iy Sin(ﬁ):

]second electromagnet — 1 0 Sin(ﬁ +n/ 2)7

Lipira electromagnet — Iy Sin(ﬁ + TC), and

I fourth electromagnet — Iy Sin(ﬁ + 37/ 2),
wherein [ 1s electrical current, f'is frequency, and ¢ is time.

12. The system of claim 1, wherein the fluid chamber is configured to hold a maximum

volume in a range of about 1 mL to about 10 mL.

13. The system of claim 1 wherein the plurality of electromagnets are arranged around the at

least one fluid container at a plurality of vertical positions.

14. A method for processing fluids, comprising:
delivering a fluid sample to a fluid chamber of at least one fluid container through an
upper end of the fluid chamber open to the atmosphere, wherein a plurality of electromagnets are

disposed around the periphery of the fluid container; and
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providing an electrical signal to each of the plurality of electromagnets so as to generate a
magnetic field within the at least one fluid container, wherein the magnetic field is configured to
influence a plurality of magnetic particles disposed within the fluid sample in the fluid container;

adjusting the electrical signal to modify the magnetic field within the fluid sample; and
thereafter

withdrawing the sample fluid from the fluid container via the upper end of the fluid

chamber.

15. A fluid processing system, comprising;:

at least one fluid container defining a fluid chamber therein for containing a fluid and a
plurality of magnetic particles;

at least one magnetic assembly comprising a plurality of magnetic structures disposed
around the at least one fluid container at a plurality of vertical positions, each of the plurality of
magnetic structures comprising a plurality of electromagnets configured to generate a magnetic
field within the at least one fluid container; and

a control component coupled to the plurality of magnetic structures, the control
component being configured to control the magnetic field generated by each of the plurality of
electromagnets to generate a plurality of magnetic field gradients within the at least one fluid

container sufficient to magnetically influence the plurality of magnetic particles within the fluid.

16. The system of claim 15, wherein the fluid chamber is configured to extend from a lower,
closed end to an upper, open end that is configured to be open to the atmosphere to receive the

fluid to be processed therethrough.

17. The system of claim 15, wherein the control component is configured to control the
magnetic field generated by each of the plurality of electromagnets via applying at least one

radio frequency waveform to each of the plurality of electromagnets.

18. The system of claim 17, wherein the at least one radio frequency waveform applied to
each of the plurality of electromagnets in a magnetic structure exhibits a phase delay relative to

the radio frequency waveform applied the other of the plurality of electromagnets.
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19. The system of claim 18, wherein the plurality of electromagnets of at least one of the
plurality of magnetic structures comprise a first electromagnet, a second electromagnet, a third
electromagnet, and a fourth electromagnet,

wherein the at least one radio frequency waveform is applied to each of the plurality of

electromagnets according to:

I first electromagnet Iy Sin(ﬁ):

]second electromagnet — 1 0 Sin(ﬁ +n/ 2)7

Linira electromagnet — Iy Sin(ﬁ + TC), and

I fourth electromagnet — Iy Sin(ﬁ + 37/ 2),
wherein [ 1s electrical current, f'is frequency, and ¢ is time.

20. A method for processing fluids, comprising:

delivering a fluid sample and a plurality of magnetic particles to a fluid chamber of at
least one fluid container having an electromagnetic assembly disposed around the periphery of
the fluid container, the electromagnetic assembly comprising a plurality of magnetic structures
disposed around the at least one fluid container at a plurality of vertical positions, each of the
plurality of magnetic structures comprising a plurality of electromagnets;

providing an electrical signal to each of the plurality of electromagnets so as to generate a
magnetic field within the at least one fluid container, wherein the magnetic field is configured to
influence the plurality of magnetic particles;

adjusting the electrical signal to modify the magnetic field within the fluid sample; and

thereafter withdrawing the sample fluid from the fluid container.

21. The method of claim 20, wherein the fluid chamber extends along a vertical axis from a
lower, closed end to an upper, open end that is configured to be open to the atmosphere to
receive the fluid to be processed therethrough, wherein the plurality of magnetic structures are
disposed in horizontal layers corresponding to the plurality of vertical positions, and wherein
each magnetic structure is configured to magnetically influence the plurality of magnetic

particles in an x-y direction within its corresponding horizontal layer when an electrical signal is
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provided to the electromagnets of each magnetic structure independent of the other of said

plurality of magnetic structures.

22. The fluid processing system of claim 15, wherein the magnetic assembly is configured to
magnetically influence the plurality of magnetic particles in a z-direction and/or in an x-y

direction.

23. A fluid processing system, comprising;:

at least one fluid container defining a fluid chamber therein for containing a fluid and a
plurality of magnetic particles;

at least one magnetic assembly comprising a plurality of magnetic structures disposed
around the at least one fluid container at a plurality of vertical positions, each of the plurality of
magnetic structures comprising a plurality of electromagnets configured to generate a magnetic
field within the at least one fluid container; and

a control component coupled to the plurality of magnetic structures, the control
component being configured to control the magnetic field generated by each of the plurality of
electromagnets to generate a plurality of magnetic field gradients within the at least one fluid
container sufficient to magnetically influence the plurality of magnetic particles within the fluid,
wherein the fluid container comprises an open port probe, the open port probe comprising a
tubular member, an inlet and an outlet for a solvent, a tip end open to the atmosphere and
configured such that a solvent is directed to the tip end and maintains a steady state level of

solvent.

24, The use of a fluid processing system as defined in claim 23 wherein a substrate surface

containing an embedded analyte is contacted with the solvent at the tip of the open port probe.

25. The use of claim 24 wherein the substrate surface comprises a solid phase

microextraction fibre.

25. A method of processing a substrate surface with an embedded analyte comprising:

delivering a fluid sample and a plurality of magnetic particles to a fluid chamber of at
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least one fluid container having an electromagnetic assembly disposed around the
periphery of the fluid container, the electromagnetic assembly comprising one or a
plurality of magnetic structures disposed around the at least one fluid container at one or
a plurality of vertical positions, each of the one or plurality of magnetic structures
comprising a plurality of electromagnets;

providing an electrical signal to each of the plurality of electromagnets so as to generate a

magnetic field within the at least one fluid container, wherein the magnetic field is configured to

influence the plurality of magnetic particles;

adjusting the electrical signal to modify the magnetic field within the fluid sample;

contacting the substrate surface with an embedded analyte to the fluid sample to cause

transfer of at least a portion of the analyte from the substrate surface to the fluid sample;

26.

thereafter withdrawing the fluid sample from the fluid container.

A method of processing a fluid sample comprising:

delivering a fluid sample containing an analyte and a plurality of magnetic particles to a
fluid chamber of at least one fluid container having an electromagnetic assembly
disposed around the periphery of the fluid container, the electromagnetic assembly
comprising one or a plurality of magnetic structures disposed around the at least one fluid
container at one or a plurality of vertical positions, each of the one or plurality of
magnetic structures comprising a plurality of electromagnets;

providing an electrical signal to each of the plurality of electromagnets so as to generate a

magnetic field within the at least one fluid container, wherein the magnetic field is configured to

influence the plurality of magnetic particles;

adjusting the electrical signal to modify the magnetic field within the fluid sample;

contacting a substrate surface with an affinity for the analyte to the fluid sample to cause

transfer of at least a portion of the analyte from the fluid sample to the substrate surface.
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