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MAGNETIC SEPARATION

CROSS-REFERENCE TO RELATED APPLICATIONS

{8881} This apphication claims the benefit of ULS. provisional patent application ser. no.
61/908,473 filed 25 November, 2013, which is hereby incorporated herein by reference in its

entirety.

BACKGROUND

18802} The isolation of biomeolecudes 1s a critical part of any sample processing system. For
all biochemistry processes the isclation and purification of the sample target s critical 10 1ts
success, The hmitations in biochemistry analysis process — pyro-sequencing, nucleic acid
ligation, polymerase chain reaction, digital PCR, gPCR, nucleic acid sequencing, proiein
detection/protein enrichment, genetic bead coating, rare cell detection and cell envichment -
and not hmited 1o these, are due 1o the starting concentrations of the target and the level of
biochemical inhibitors present within the reaction sample used in the analysis.

8803] For most biochemistry analysis a series of pre-analysis steps are performed on the
sample to 1solate the target from the initial sample and remove biochemistry inhibitors. These
steps are typically labour intensive and eltimately redoce the starting concentrations of the
target.

18804} One mothod of sample purification makes use of spin columns. However spin
columms require a number of centrifugation steps and hence cannot be integrated with an
automated DNA library preparation platform. Similarly, a punification technique for nucleic
acid fragment purification from agarose gels also requires centrifugation steps to achieve the
nucleie acid isolation.

[8885] One technique used for sample purification is paramagnetic bead-based purification.
This method offers an approach that can provide improved DNA recovery rates and tuncable
buffer conditions that can be used 1o sclectively bind specific DNA fragment sizes.

{8806} The paramagnetic bead based purification is a static well batch process. The current
method involves the pipetting of the bead-mixture — paramagnetic beads and a buffer - tnto a
well of a microtitre plate along with the initial sample. The solution is pipetted, mixed, and

incubated at room temperature to aliow the DNA to bind to the beads. The microtitre plate is
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then placed onto a magnetic plate. The beads holding the bound PNA move to the edge of the
plate and arc held by the magnet. Next the supernatant (containing waste) is removed using a
pipetic and discarded. Following this a number of wash steps are then performed to remove
resichual waste present on/at the bead pellet. Hthanol is pipetted to the plate containing the
bead pellet, incubated and then removed using a pipette. This wash step is repeated twice. An
clution buffer is then added. The plate is removed from the magnetic plate and the clution
buffer 1s mixed via pipette roixing. The microtiire plate is placed back outo the maguetic
plate. The eluent containing the purified DNA is then withdrawn using a pipette.

18087} The paramagnetic bead based protocol is a iabour intensive process and i
complicated 1o avtomate. The high numbers of pipetting steps also result in large initial and
final sample volumes, resulting in high reagent costs per data point.

[8808] One application and not limited to this application 1s for improved sample purification
for next generation sequencing platforms. Many next generation sequencing platforms
require DNA libraries made up of DNA fragments within a specific range of base pair
lengths. In addition, these DNA fragments need to be tagged with specific nuclootide
sequences (adapters) to allow the sequences to be amplified using PCR and to allow the
Hbrary fragments to anneal to the sequencer flow cell. Sequence specific ndices can also be
added to the DNA fragments to identify individual samples when multiplexing sample within
a single flow cell. The tagmentation of DNA (DNA is fragmented and tagged with adapters)
and the addition of commeon adapters and indices are achicved in two separate biclogical
reactions. Following these reactions, the DNA library is cleaned to remove exeess
nucleotides, enzymes, primers, salts and other contaminants, Consequently, the workflow
required to tagment DNA, purify tagmented DNA, add common adapters and indices and
purify the final brary product is complex and [abour intensive.

{8889 The systems and methods outlined herein can help achieve sample handling that
reduces and in some embodiments remoeves contamination and may achieve low-volume,

high-throughput, low-cost, and/or high in-sample concentration.
& é? E ] ?,-_;

SUMMARY

18618} Composite liquid cell handling systems are used {0 carry out sample processing and
therefore often include the capability to magnetically separate target molecules from the
surrounding sample. Highly efficient magnetic separation s particularly tmportant in

composite liquid cells where the volume of sample and reagent are smali and number of
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target molecules in a single cell may be correspondingly small. Although some specific
embodiments described herein are optimized for application to composite liquid cell
handling, the devices and methods disclosed arc also broadly applicable to systerns both with
and without composite Hquid cells.

[8811] Dovices, systems and methods for magnetically separating paramagnetic beads for

biomolecule isolation and processing are disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS
18812] FIG. 1 15 a schematic illustration of a2 liquid handling system.

[8813] FIGS. 2A-C illustrate the manifold level of the Hiquid handling system of FIG. 1
[8814] FIG. 3A-E llustrate the magnet level of the hquid handling system of FIG. 1
186135}

#0158} FIG. 4 illustrates the twbe guide lovel of the liquid handling system of FIG. 1.

DETAILED DESCRIPTION

18816} As cxplained in previous applications, such as U.S. pat. pub. no. US20120045765,
ULS. pat. pub. no. US20130280726, PCT pub. no. WO201201 1091, PCT pub. no.
WO2013111016, and PCT pob. no. WO2014083435, all of which are heveby mncorporated
herein by reference in their entirety, composite liguid cells can be created using fluid
handling systerns. Such a fluid handling systern can have a liquid conduit for uptake and
dispensing of liquids. The biguid conduits can be moved and aimed at specific locations for
aptake and dispensing of fluid from existing composite hiquid eells, or to or from other
locations or strucCtures.

{8017} In some embodiments, it can be advantageous to have a plurality of higuid conduits
acting in concert. The Hguid conduits may be arranged in any formation, for example, ina
{ine, in a rectanguiar or Cartosian grid, or hexagonally packed. Each liguid conduit will
typicaily have a working end from which liquids can be dispensed and into which liquids can
be drawn. The hquid conduits can be capillary tubes, 1.¢., having a hydrophilic interior
surface and the necessary geometry to draw in aqueous solations or pure water by capillary
action. Alternatively, opposite the working end, the Hguid conduits can be attached to
pump capable of creating a negative pressure sutficient to draw in hquids or air. Sucha
pump may also be configured to create positive pressures to dispense liguid out of the
working cnd of the conduit. A pump may be included regardiess of whether the liquid

conduits are capable of preducing capillary action.
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188181 In many biochemical protocols it can be usefud or necessary to separate target
biomolecules {¢.g., DNA) from a larger biological sample. One convenient method for such
separation is by binding the target molecules to magnetic beads in selution, applying a
magnetic field to inumobilize the beads with their bound target molecules, and flowing a wash
solution past the immobilized beads to remove the original sample material other than the
immobilized bound target molecoles. Once the target molecules have been thus isolated, the
magnetic ficld can be removed and the target molecules released for further processing.
188191 Such magnetic separation can be accomplished in a fhud handling system like the one
described above. Une or more magnets can be associated with cach liquid conduti. The
magnets can be connected 1o an actuator or actuators capable of moving cach maguet
between at least two positions, fivst a position in which the magnet is spaced away from the
liguid conduit, and second a position in which the magnet is juxtaposed to the hquid conduit.
In some embodiments, two magnets can be associated with each hiquid conduit. The magnets
can be spaced apart along the direction of a flow axis of the conduit. Spacing the magnets
apart along the flow axis of the conduit can tncrease the separation efficiency. Any bead not
immobilized as it flows past the first magnet will then be flowed past the second magnet.
(Given a small likelihood that any given bead will fadl 10 be timmobilized when passing a
single magnet, the likelihood that a bead will fail to be immobilized when passing two
magnets will be the even smaller square of that small ikehhood. Sech increased efficiency
can be advantageous when processing composite liquid cells because the volumes involved
arc so small. Failing to tomobilize a sroall fraction of the magnetic beads is less of a concern
when dealing with larger quantitics of hquid. Naturally, if even higher efficiency
immoebilization s desired, three, four, or more magnets in series can be used.

{8028} Onc cmbodiment of such a fluid handling systern is tustrated in FIG. 1. This system
% has three levels, a manifold level 2, a magnet level 3, and a tube guide level 4. The system
1s shown without the hguid conduits for clarity.

18421} FIG. 2A illustrates the manifold level 2 in isolation. The manifold level 2 includes
four generally lincar modules 261, 202, 203, 204, cach with six input ports 208, FIG. 2B
shows a single lincar module 264 in isolation with the fuput ports 288 visible on the top of
the module 284, FIG. 2C shows the same linear module 284 with the near wall removed to
reveal the interior of the module. Each input port 285 is connected to a branch 286 which
divides the fluid path into four cutput ports. The output ports are positioned on the side of
the manifold level 2 facing the magnet level 3. Thus the manifold level 2 separates a total of

twenty four input lines into ninety six output lines. While in some cmbodiments, the
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manifold can constitute separate linear moduales as illustrated, in other embodiments the
manifold can be a single element, in some cases a monolithic, or integral, piece. In some
cmbodiments the manifold can be made up of a combination of smaller moduies which may
ot may not be Hnear as shown in FIGS. 2A-C. The number of ports in a manitold in any
given embodiment need not be 96 as shown in the figures, and can be adjusted for a specific
application, as can the geometric layout of the tuput and/or cutput ports.

18022} FIG, 3A illustrates the magnet level 3 in isolation. The magnet level 3 includes four
twenty four hine magnet modules 381, 382, 383, 384, FIG. 3B illostrates a single magnet
modole 384 in isolation. The magnet module includes a socket 385 and a magnet bolt 386
slidably displaceable within the socket 385. FIG. 3C shows the same magoet module 384
with one side of the socket 385 removed so that the entire length of the magnet bolt 386 is
visible. Slots 387 would hold the magnets, which have been omitted for elarity. FIG. 3D
shows the magnet level 3 in cross-section. The cross-section cuts through the liquid conduits
3488 and shows the magnet slots 387 aligned with the hiquid conduits 308, FI1G. 3E shows the
magnet level 3 in a horizontal cross-section so that all ninety six of the magnet slots 387 are
visible.

8023} The magnet bolt 386 can be shot by an actuator to a fully fuserted posttion inte the
socket 385, Tn the fully inserted position, shown in FIGS. 3A-F, two magnets are juxtaposed
to each hguid conduit. Allernatively, the actuator can move the bolt 386 to a withdrawn
position, not shown. The magaet bolt 386 sits between two lines of twelve liquid conduits.
In the embodimnent shown, the magnet bolt 366 may contain forty cight magnets, two for cach
Hgoid conduit 388, with two discrete magnets in cach siot 387, Akernatively, each bolt could
imchide only twelve magnet slots, with two separated magnets in cach slot, the magnets
reaching horizontally across the bolt so that cach maguet can be juxtaposed to two lquid
condutts on opposite sides of the bolt 366, The magnet bolt 386 may contain twenty four
magnets, with the magnets sized and arranged n the bolt so that when the bolt is shot cach
magnet is juxtaposed to two Hguid conduits, one on cach side of the bolt. In other
embodiments, ditferent arrangements of magnets are possible.

18024} FIG. 4 illustrates the tube guide level 4. The function of the tube guide level is to
keep the liquid conduits straight. Although omitted for clarity, typically the tube guide level
4 wili be connected to the magnetic level 3 by four bolts passing through bolt holes 461, 482,
443, 404 and fixedly attached 1o the tube guide level 4. The bolis are also slidably connected
to the magnetic level 3. The tube guide level 4 is present to properly align the tips of the

liquid conduits with the wells of a multi-well plate. in some cases, precise control of the
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depth of each of the Hquid conduit tips can be important. To aid in such precise control, the
fube guide fovel 4 and the magnetic level 3 can be allowed fo slide relative to one another so
that the tube guide level 4 can be lowered down to make direct contact with the top surface of
the muli-well plate. n addition, each bolt may be surrounded by a spring that biases the tube
guide level upward toward the magnetic level 3. In this way, when the system is finished
nteracting with a multi-well plate, the twbe guide level 4 will retract toward the magnetic
fevel 3.

18025} A system hike the one shown in FIGS. 1-4 can be used as follows. Magnetic bead
solution is aspirated from a standard Society for Bimolecular Screening (SBS) plate into the
Higuid conduits, and then dispensed from the Hquid conduits so as 1o forom a number of
composite biguid cells (CLCs). The CLCs are typically retained on a platform such as a
thermal chip, where they can be incubated according to a predetermined protocol. After
ncubation, cach CLC, including the magnetic bead solution, is aspirated into one of the
hiquid conduits, followed by & wash buffer, air, encapsulating oil, an clution buffer and maore
encapsulating o1l According to the particular protocol in question, volumes from 1o 50 ul
of cach buffer are typically aspirated. The magnet or magnets are then engaged. The sanple
is flowed past the maguetic arrangement, thus capturing the beads. The fluids continue to
flow, so that the immobilized beads arc exposed to the wash buffer, air encapsulating oil and
elution buffer. The flow is reversed once the elution buffer passes the immobilized beads.
The flow is then reversed again, exposing the immobilized beads to the ehition buffer a
second time, after which cach elution buffer is dispensed from cach hiquid conduit. The
magnets are then disengaged, releasing the magnetic beads into the wash buffer. The wash
buffer is then dispensed into a waste location.

[8826] More generally, a system can comprise a plorality of hiquid conduits, each Hauid
conduit defining a flow axis. Each liquid conduit may have a proximal end and a distal end,
the ends spaced apart along the flow axis, For each haquid conduit, one, two or more magnets
can be associated with the liquid condeit, the two or more magnets may be spaced apart from
ong¢ another in a direction parallel to the flow axis defined by the associated liquid conduit,
The two or more magnets can, for cxample be two, three, four, five or more magnets. At
least one actuator can be associated with the magnets, the at least one actuator being capable
of causing each magnet to assume cither a first position in which the magnet is separated
from the associated liguid conduit in g direction perpendicular to the flow axis defined by the

associated Haguid conduit, or 2 sccond position in which the magnet is juxtaposed to the

6
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associated Hquid conduil. The flow axes of the plorality of Bquid conduits are all paraliel to
one another. The fiquid conduits can be spaced apart from one another in a plane
perpendicular to the parallel flow axes of the plurality of Hquid conduits, for example ina
two dimensional pattern in the plane, such as rectangidar or hexagonal packing. The hquid
conduits can be spaced apart in one or more lines. The liquid conduits may or may not be
capillary tubes,

180271 The system can also foclude at least one pump operably connected to a plurality of
Hgoid conduits such that activation of the at least one pump can create cither a negative ora
positive pressure within at least one of the plurality of hiquid conduits, The system can
nchude a plurality of pumps with cach liquid conduit operably connected to exactly one of
the plurality of pumps. Bach of the pumps can be operably conmected to four of the phurahity
of liquid conduits. Alternatively, the system could imchude only a single pump operably
connected to all the Hauid conduits,

18028} The system can include a controlier operably connected to both the pump or pumps
and the actuator or actuators, where the controller is programmed to (1) activate one or more
pumps so as 1o create a negative pressure within one of the plurality of Hquid conduits,
thereby drawing into the liquid conduit a liquid containing maguetic beads, (2) activate one
ot more actuators, thereby causing the two magnets associated with one or more of the
phorality of liquid conduits to go from the first position to the second position, and (3}
activate the pump 50 as {0 create a pressure that moves the aqueous liquid past the two
magnets.

18028} The system can include one or more actuators. There may be exactly one actustor for
cach maguet, or there may a singie actuator associated with a plurality of liquid conduits, and
cach higuid condutt being associated with only one actuator. Each magnet can be associated
with one liquid conduit, two Hguid conduits, or more hiquid conduits,

{8038} In some embodiments, the system can inchide 8 manifold o fhud communication
with the proximal end of cach Hquid conduit such that cach liquid conduit is in fiuid
conununication with at least one other iquid conduit through the manifold. For example,
cach hquid conduit can be in fluild commumication with one, two, three or more other Hauid
conduits.

{8631} In some embodiments, the system can include a tube guide operably attached to the
distal end of each thud conduit, the tube guide being adapted to direct cach distal end of each
fluid conduit to a predetermined position. In some embodiments such systems ¢an inchide a

tube guide conirolier operably attached to the tube guide, the tube guide controller

~3
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progranuned to posttion the tube guide such that the tobe directs each distal end of each fhad
conduit to 2 predetermined position. In some such systems the predetermined positions for
cach distal end of each fluid conduit are arranged such that the distal end of cach find is
aligned predetermined locations on a substrate having stabilization features adapted to
mmmobilize composite Hquid cells, or some other beneficial substrate, e.g., a multi-well plate.
{8832] In cortain crobodiments, the system may be used for purification. In cortain
embodiments, purification may be performed upstream of quantitative PCR when analyzing
samples sach as blood, saliva, or urine for viral pathogens. In order to achieve the sensitivity
required to accurately scroen patient samples for viral infections such as HIV, Hepatitis, and
many more, it 1s necessary to purify the viral RNA or DNA from the sample. There remains
a large level of difficulily to concentrate large fnput samples into small sample volumes for
detection with PCR. Such systems making use of magnetic separation may be used in a wide
variety of biochemistry processes, €.g., pyro-sequencing, nucieic acid ligation, PCR, digital
PCR, gPCR, nucleic acid sequencing, protein detection/curichment, genctic bead coating rare
cell detection,and cell enrichment, ctc.

18033} In some cmbodiments, the sysiem can aspirate sample liquids, such as blood, saliva,

or uring, dircctly from an original sample vessel.
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We claim:
1. A system comprising:
a plurality of liquid conduits, cach liguid conduit defining a flow axis;
for cach laquad condunt, at least two magnets associated with the liguid conduit, the at
least two magnets spaced apart from one ancther in a direction parallel to the
flow axis defined by the associated liquid conduit; and
at least one actuator associated with the magnets, the at least one actuator being
capable of causing each magnet to assume either a fivst position in which the
magnet is scparated from the associated liquid conduit in a direction
perpendicular to the flow axis defined by the associated Hquid conduit, ot a
second position in which the magnet is juxtaposed to the associated hquid
conduit.

2. The system of claim 1, wherein the flow axes of the plurality of liquid conduits are all
parafle] to one ancther.

3. The system of claim 2, wherein the plorality of iquud condvits are spaced apart from one
another in a plane perpendicular to the parallel flow axes of the plurality of liquid
conduits.

4. The system of claim 3, wherein the plurality of Hauid conducts are spaced apart in a two
dimensional pattern in the plane perpendicular to the parallel flow axes of the
piurality of liquid conduits.

5. The system of claim 3, wherein the plarality of liguid conducts are spaced apart in a ue in
the plane perpendicular to the paralie] flow axes of the phurality of Haguid conduits.

6. The gystem of any of claims 1-5 wherein the liquid conduits are capillary tubes capable of

drawing in an agueous solution by capillary actiou.

~

. The system of any of claims 1-6 further comprising at least one pump operably connected
to the plurality of hquid conduits such that activation of the at least one pump can
creatfe cither a negative or a positive pressure within at least one of the plurality of
Haquid conduits,

8. The system of claim 7 wherein the at least one pumyp 1s a phurality of purops, and each

Hguid conduit is operably connected to exactly one of the plurality of pumps.
G. The system of claim 8 wherein cach of the plurality of pumps is operably connected to four

of the plurality of liquid conduits.
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10. The system of any of claims 7-9 further comprising a controller operably connected to
both the at least one pump and the at icast one actuator, the coniroller being
programmed to:
activate one of the at least one pomps so as 1o create a negative pressure within one of
the phuality of hiquid conduits, thereby drawing into the hiquid conduit a liquid
containing magnetic beads;

activate the at least one actuator, thereby causing the two magnets associated with the
one of the plorality of liquid conduits to go from the first position to the
second position; and

activate the pump so as to create a pressure that moves the agueous ligquid past the two
magnets.

11. The system of any of clatms 1-10 i which the at least one actuator is a plurality of
actuators, each actuaior being associated with a plorality of liquid conduits, and each
Haquid conduit being associated with only one actuator,

12. The system of any of claims 1-11 wherein each magnet is associated with exactly one
Hguid conduit.

13. The systern of any of claims 1-11 wherein cach magnet is associated with exactly two
Hepnd condunts.

14. The system of any of claims 1-11 wherein cach magnet is associated with more than two

liquid conduits.

. The system of any of claims 1-14 whercin the at least two magnets are exactly three

Magnets.

16. The system of any of claims 1-15 wherein:

cach higuid conduit has 2 distal end and proximal end spaced apart along the flow
axis;

the system further comprising a manifold in fluid conmmnunication with the proximal
end of cach liquid conduit such that cach liquid conduit is in fluid
communication with at least one other liquid conduwit through the manifold.

17. The system of claim 16 wherein each fhud condut is in fhuid communication with exactly
one other fluid conduit throogh the manifold.

18. The system of claim 16 wherein cach fluid conduit is in fluid communication with exactly
two other fluid conduits through the manifold.

19. The system of claim 16 wherein each fluid conduit s n fluid communication with exactly

three other fluid conduits through the manifold.
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20. The system of any of claims 1-19 further comprising a tube guide operably attached to the
distal end of cach fluid conduit, the tube guide being adapted to direct cach distal end
of each fluid conduit to a predetermined position.

21. The system of claim 20 further comprising a tube guide comroller operably attached to
the tube guide, the tube guide controller programmed to position the tube guide such
that the tube directs cach distal end of cach fluid conduit to a predetermined position,

22. The system of claim 21 wherein the predetermined positions for cach distal end of cach
fhid conduit are arranged sach that the distal end of cach fluid is aligned
predetermined locations on a subsirate having stabilisation features adapted to

imumoebilize composite liquid cells,
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