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(57) Abstract: A variety of devices, systems, kits, and methods are provided for separating or enriching circulating tumor cells in a
biological sample such as whole blood. In some aspects, the devices are multi-stage devices including at least a filtering stage, and two
separation stages for ferrohydrodynamic separation of magnetically labelled white blood cells and for marker-independent and size-
independent focusing of magnetically labeled particles so as to separate or enrich unlabeled rare cells in the biological sample. The
devices and methods are, in some aspects, capable of high throughput in excess of 6 milliliters per hour while achieving high separation
(> 97%) of the unlabeled rare cells.
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DEVICES AND METHODS FOR SEPARATING CIRCULATING TUMOR CELLS FROM
BIOLOGICAL SAMPLES

CROSS-REFERENCE TO RELATED APPLICATIONS

i1 This application claims priorily to, and the benefil of, co-pending U.S. provisional
application entitied “MICROFLUIDIC MAGNETIC CELL SORTER FOR BREAST CANCER
CIRCULATING TUMOR CELLS” having serial no. 62/668,355, filed May 8, 2018 and co-
pending U.S. provisional application entitled "DEVICES AND METHODS FOR SEPARATING
CIRCULATING TUMOR CELLS FROM BICLOGICAL SAMPLES” having serial no. 62/826,538,

filed March 29, 2019, both of which are incorporated by reference in their entirety.
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

2 This invention was made with government support under award 1150042 and award
1358095 and 1858525 awarded by the National Science Foundation and award RZ1GM104528
awarded by the National Instifutes of Heaalth and award UL1TRO02378 awarded by the National
Center for Advancing Translational Sciences of the National Instilutes of Health. The government

has certain rights in the invention.
TECHNICAL FIELD
{31 The present disclosure generally relates to microfluidics and uses thereof.
BACKGROUND

{41 Circulating tumor cells (CTCs) are cancer celis that are detached from primary solid
tumors and carried through the vasculature to potentially seed distant sile metasiases in vital
organs, representing the main cause of death in cancer patients. Molecular assessments of CTCs
not only could benefit basic cancer research, but also might eventually lead to a more effective
cancer freatment. However, one major limitation has been the limiled availability of viable CTCs
for investigations, due in part {o the small patient blood volumes that are allowable for research,
which usually vielded less than 100 CTCs from 1 mbL of whole blood. As aresult, technologies are
needed in order to separate these rare cells from blood, and important performance criteria for

these technologies include the ability to process a significant amount of blood quickly (e.g.,
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throughput ~7.5 mL "}, a high recovery rate of CTCs, a reasonable purity of isolated cancer

cells, and cell integrity for further characterization.

[5] Label-based CTC separation technologies were developed to selectively enrich a subset
of CTCs from blood, primarily through the use of specific biological markers including epithelial
cell adhesion molecule (EpCAM) (FIG. 1A). These antigen-based labels were a rate-limiting factor
in effective CTC separation, as the inherent heterogeneily of CTCs render these technologies
ineffective for general use. The vast array of various biomarkers that might or might not be
expressed, and which cannct be predicted to remain expressed in CTCs undergoing Epithelial-
to-Mesenchymal Transitions (EMT) are cumbersome and confounding in these label-based
methods. Furthermore, most label-based technologies do not conveniently enable
comprehensive molecular analysis of separated CTCs because they are sither dead or
immobilized to a surface. Thus, a variety of label-free methods have been developed o exploit
specific physical markers in order {o deplete non-CTCs in blood and thereby enrich cancer cells.
While such methods may be used {0 separate CTCs based upon, for example, size, the existence
of large while blood cells, such as monocytes, that may have overlapping sizes with CTCs
complicate these label-free mathods and reduce the purity of the sample obtained. Other davices
have attempted to incorporale two or more of these methods, but still suffer from the time-
consuming and laborious sample preparation due {o the complications discussed above for
labeling CTCs.

[61 There remains a need for improved devices and methods for separating circulating fumor

cells that overcome the aforementioned deficiencies.
SUMMARY

{71 In various aspects, microfluidic devices and methods of using microfiuvidic devices are
provided that overcome one or more of the aforementioned deficiencies. The devices and
methods can combine fillers, sheathing separation, and flow focusing o provide for high

throughput cell separation without the need for labeling the CTCs.

i8] The present disclosure provides cell separation system and devices for snriching
circulating umor cells in a biclogical sample. In aspects, the system includes a plurality of
magnetic microbeads for conjugation to white blood cells in the sample, a biocompatible
superparamagnetic sheathing compaosition, and a multi-stage microfluidic device comprising first,

second, and third microfluidic channels, and comprising one or more magnetic sources, the
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device configured to remove waste particles from the sampie, remove a plurality of magnetically
conjugated white biood cells from the sampls, and o enrich circulating tumor cells in the sample.
In embodiments of the systems of the present disclosure, included are a plurality of magnetic
microbeads adapted for conjugation to white blood cells in the biclogical sample and not for
conjugation with the circulating tumor cells configured o provide a magnetically labeled biclogical
sample having a majority of the white blood celis in the hiological sample conjugated to one or
more magnetic microbeads. In aspects of sysiems of the present disclosure, the biccompatible
superparamagnetic sheathing composition comprises a plurality of magnetic nanoparticles and a
biocompatible surfactant, the biocompatible superparamagnetic sheathing composition adapted
to be combined with a biocompatible carrier fluid 1o make a biccompatible superparamagnetic

sheathing fluid.

91 In various aspects, the mulli-stage microfluidic device of systems of the present disclosure
includes: (i) a filter section comprising a first microfluidic channel, a first fluid inlet, and one or
more filters along a length of the first microfluidic channel, wherein the first fluid inlet is configured
to receive the magnetically labeled biological sample, and whersin the one or more fillers are
configured to remove a first plurality of waste particles from the magnetically labsled biclogical
sample; (i) a first separation stage comprising a second microfiuidic channel! fluidly connected to
the first microfluidic channel and having a second fluid inlet {o receive the biocompatible
superparamagnetic sheathing fluid, and a first fiuid outlet at an end of the second microfiuidic
channel and offset from a central diamster of the second microfluidic channel, wherein the second
microfiuidic channel is configured (o combine the magnetically labeled biclogical sample from the
first filter section with the biocompatible superparamagnetic sheathing fluid; (i) a second
separation stage comprising a third microfluidic channel fluidly connected to the second
microfiuidic channel and having a second fluid outlet and at least a first circulating tumor cell outlet
and sscond circulating tumor cell outlet; and (iv) ong or more magnetic sources adjacent o the
mulii-stage microfluidic device. In aspects, the one or more magnetic sources are configured to
produce: {a) a non-uniform magnetic field along the second microfluidic channel having a
component sufficiently perpendicular to a length of the second microfluidic channel to cause a
plurality of white blood cells conjugated o the magnetic beads to be deflected into the first fluid
outiet; and (b} a substantially symmetric magnetic fisld having a field maximum along a length of
the third microfluidic channel sufficient to cause the while blood cells conjugated o the magnetic
beads in the third microfluidic channel {o be focused loward a center of the third microfluidic

channel and o exit the channsl via the second fluid outiet and to cause circulating tumor celis to
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be deflected towards an outer portion of the third microfiuidic channel and to exit the channel via

the first or second circulating tumor cell outlet.

[101 The present disciosure also provides mulli-stage microfluidic devices for enriching
circulating tumor cells in a biological sample. In various embodiments, the devices of the present
disclosurs include: A multi-stage microfiuidic device for enriching circulating tumor cells in a
biclogical sample, the device comprising: a filter seclion, a first separation stage, a second
separation stage, and one or more magnetic sources. In embodiments, the filter section
according to a device of the present disclosure includes: a first end and a second end fluidly
connected by a first microfluidic channel, a first fluid inlet fluidly connected to the first microfluidic
channel at the first end, and one or more fillers along a iength of the first microfiuidic channel
between the first end and second end, where the first fluid inlet is configured to receive a biological
sample comprising circulating tumor cells and white blood cells, where a majority of the white
blood cells in the biological sample are conjugated to magnetic microbeads, and where the one
or more filters are configured to remove a first plurality of waste particles from the biclogical
sample. In embodiments, the first separation stags according to a device of the present disclosurs
includes: (a) a third end and fourth end fluidly connected by a second microfluidic channel,
wherein the third end is fluidly connecled to the second end of the first microfluidic channel by a
first u-shaped channel, (b) a second fluid inlet at the third end of the second microfluidic channel
and configured o receive a biccompatible superparamagnetic sheathing fluid comprising a
plurality of magnstic nanoparticles and a biccompatible surfactant suspended in a biccompatible
carrier fluid, and (¢} a first fluid ouilet at the fourth end of the second microfiuidic channsel and
offset from a central diameter of the second microfluidic channel, wherein the second microfiuidic
channel is configured o combine the biological sample from the first filter section with the
biocompatible superparamagnetic sheathing fluid. In embodiments, the second separation stage
according to a device of the present disclosure includes: (&) a fifth and and a sixth end fluidly
connected by a third microfluidic channel, wherein the fifth end is fluidly connected {o the fourth
end of the second microfluidic channel by a second u-shaped channel, (b) a second fluid oullet
at the sixth end of the third microfluidic channel and configured 1o receive materials flowing
through a ceniral portion of the third microfiuidic channel, and {c) al least a first circulating tumor
cell outlet and second circulating tumor cell outlet at the sixth end of the third mircrofluidic channel,
each circulating tumor cell cullet being offsel from a central diameter of the third microfiuidic
channel and on opposing sides of the second fluid outlet and configured to receive material

flowing near the outer portion of the third microfluidic channel. in embodiments, the one or more
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magnetic sources according to a device of the present disclosure are adjacent {o the multi-stage
microfiuidic device and are configured 10 producs: (a) & non-uniform magnetic field along the
second microfluidic channel having a component sufficiently perpendicular to a length of the
second microfluidic channel to cause a plurality of while blood cells conjugated o the magnetic
beads to be deflected into the first fluid outlet; and (b) a substantially symmetric magnetic field
having a field maximum along a length of the third microfluidic channel sufficient to cause the
white blood cells conjugated {o the magnetic beads in the third microfluidic channel to be focused
toward a center of the third microfluidic channel and io exit the channel via the second fluid outlst
and to cause circulating tumor cells to be deflected towards an outer portion of the third

microfiuidic channel and to exit the channel via the first or second circulating tumor cell outlst.

M1 Methods of enriching circulating tumor cells in a biological sample comprising a plurality
of componenis are also provided in the present disclosure. According {0 various aspects, the
method comprises: combining the biological sample with a plurality of magnetic microbeads
adapted o conjugate o white bloods cells such that a majority of white blood cells in the sample
becomes conjugated {0 at ieast one magnetic microbead {0 produce a magnetically labeled
biclogical sample; introducing the magnstically labeled biclogical sample into the first fluid inlet of
a microfluidic device according the present disclosure described above; infroducing the
biocompatible superparamagnetic sheathing fluid info the second fluid inlet of the microfluidic
device, such that the magnetically labeled biclogical sample combines with the biocompatibie
supsrparamagnetic sheathing fluid to produce a combined fluid sample; and causing ths
combined fluid sample 1o flow along the first microfiuidic channel, the sscond microfluidic channesl,
and the third microfiuidic channel such that a majority of the magnetic microbeads and while blood
cells are deflected to the first or second fluid outlet and a majority of the circulating tumor cells

from the biological sample are collected in the one or more circulating tumor cell outlets.

{121 Ths present disclosure also provides methods of enriching circulating tumor cells in &
sample of whole blood, where the whole blood comprises unlabeled rare celis and white blood
cells. In various aspecis, the method includes: (i) adding a plurality of magnstic beads 1o the
sample to produce a magnetically labeled sample, wherain a majority of the while blood cells are
associated with the magnetic beads and wherein the magnetic beads do not conjugate to the
unlabelad rare cells; (i) filtering the magnstically labeled sample in a filter section of a microfluidic
device to produce a filtered sample by removing large debris from the magnetically labeled
sample; (i) separating at least a portion of the white blood cells that are associated with the

magnetic beads by flowing the fillered sample in a first separation stage of the microfluidic device
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through a sheath flow in a biccompatible superparamagnetic sheathing fluid in a2 non-uniform
magnetic field to produce a first envichsad sample; and (v} isolating a majority of the unlabeled
rare celis by flowing the first enriched sample through a channel in a second separation stage of
the microfluidic device with a substantially symmetric focused magnetic field such that a majority
of any remaining white blood cells associated with the magnetic beads are focused towards a
center of the channel and {o a ceniral channel outlet and the majority of the unlabelsd rare cells

are collected from one or more peripheral channel outlsts.

[13] Other systems, methods, devices, features, and advantages of the devices and mesthods
will be or become apparent {0 one with skill in the art upon examination of the following drawings
and detailed description. It is intended that all such additional sysiems, msthods, devices,
features, and advantages be included within this description, be within the scope of the present

disclosure, and be protected by the accompanying claims.
BRIEF DESCRIPTION OF THE DRAWINGS

{141 Further aspects of the present disclosure will be readily appreciaied upon review of the
detailed description of its various embodiments, described below, when taken in conjunction with

the accompanying drawings.

(187 FIG. 1.14 is a schematic illustration of traditionai label-based magnetophoresis for CTC
separation, in which rare cells were targeted via specific biomarkers such as epithelial cell
adhesion molecule {(EpCAM) through functionalized magnetic particles in order 1o pull these cells
through magnetic force towards magnetic field maxima in a continuous-flow manner. FIG. 1.1B
is a schematic illustration of label-fres ferrohydrodynamic cell separation (FCS) for CTCs. Large
rare cells in ferrofluid experience large magnetic buoyance force and will be pushed towards
magnetic field minimum FIG. 1.1C is a schematic of integrated ferrohydrodynamic cell separation
(iIFCS) for CTC separation. In iFCS, RBC-lysed blood and biocompatible ferrofiuid were
processed in a single straight channel. CTCs of different size and labelled WBCs were pushed
toward two different directions, resulting in a spatial separation at the end of the iFCS device. FIG.
1.10 is a photograph of a prototype IFCE device filled with dye and a permanent magnet. FIG,
1.1E is a top-view of the IFCS device with labels of inlels, outlets. FIG. 1.1F is a simulation of
rmagnetic flux density and particle trajectories of magnetic particles and non-magnetic pariicles in
channel (LxWxH, 57 80mmxG.80mmx=0.15mm)
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[18] FIGS. 1.2A-1.21 show optimization of iFCS device via simulation and beads calibration. A
30 model was developed o simulate particle trajectories and validated by comparing simulation
and experimental results. Numerical optimization of final position Y, separation distance AY, and
the expected range (standard deviation) at the end of the channel was conducted with different
parameters: (FIGS. 1.24, 1.2D, and 1.2G) throughput, (FIGS. 1.2B, 1.2E, and 1.2H) ferrofluid
concentration, and (FIGS. 1.2C, 1.2F, and 1.2I) magnetic field gradient. Ferrofiuid concentration
was fixed at 0.292% for FIG. 1.24, FIG. 1.2D, FIG. 1.2G, FIG. 1.2C, FIG. 1,2F, and FIG. 1.20
Magnetic field gradient was fixed at 1327 m’ for FIGS. 1.2A, 1.2D, and 1.2G. Throughput was
fixed at 100 ul min for FIGS. 1.2B, 1.2E, 1.2, 1.2C, 1.2F, and 1.21. FIGS. 1.2D, 1.2E, and 1.2F
were simulated particies positions and corresponding standard deviations. FIGS. 1.2G, 1.2H, and

1.21 were normalized particle distributions in experiment.

(171 FIGS. 1.3A-1.3F demonsirate iIFCS applied to muliipls beads separation. FIG. 1.3A shows
average separation distance between non-magnetic beads and magnetic beads. Non-magnetic
beads (20.3um, 8.0 um and 5.7 um} and magnetic beads {11.8 um} were spiked inlo 0.282%
ferrofluid at throughput between 10 and 350 pl min”. The magnstic field gradient was fixed at
132 T m'. FIG. 1.3B illustrates simulated and experimental separation distance between 8.0 um
non-magnetic beads and 11.8 um magnetic beads at low ferrofluid concentration between 0.01%
and 0.1%, and flow rate between 10 and 210 pL mint. The magnetic field gradient was fixed at
132 T nv'. FIG. 1.3C illusirates particle trajectories of 8.0 um non-magnetic beads at the flow rate
of 100 ul min'. A ferrofluid with its concentration of 0.049% (v/v) was usaed; the magnetic field
gradient was fixed at 132 T mv'. Scale bar: 200 um. FIG. 1.3D shows that, in absence of magnstic
fields, all of the beads (20.3 and 8.0 um non-magnetic beads, and 11.8 um magnetic beads) were
randomly distributed in the channel. Scale bar: 200 um. FIG. 1.3E iHlusirates that, when magnetic
fields were presant, non-magnetic beads {20.3 and 8.0 um) will be collected from cutlst 1. Most
of the magnetic beads {(11.8 um} will be collectsd at outlst 3, and the rest can be identified in
outlet 2. Scale bar: 200 um. FIG. 1.3F is an image of collected beads from 3 outlets. The red
fluorescent signal comes from 8.0 um non-magnetic beads and the vellow fluorescent signal

comes from 11.8 um magnetic beads. Scale bar: 200 um.

187 FIGS. 1.44-1.4C demonstrate size of cancer cell lines and labelling results of WBCs. FIG.
1.44 illustrates the size distribution of different cancer call lines — Prostate (PC-3), Breast (MCF-
7, MDA-MB-231, HCC1808) and Lung (H1289, H3122, HB69, DMS79), and white blood celis from
healthy donor. FIG. 1.4B illustrates the number of magnetic beads (dynabeads) per white blocd
caell (n=1000}. The average is 34 & 11 dynabeads per WBC. Inssct is a2 WBC labselled with 45
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beads. FIG. 1.4C illustrates the perceniage of magnetic content in labelled WBCs. The volume
fraction of magnetic content in dynabeads is 11.5%, the magnetic content for labelied WEC was

calculated based on volume fraction.

191 FIGS. 1.54-1.5F show iFCS applied to cancer cells separation. Certain numbers of PC-3
prostate cancer ceils and 1 x 10° WBCs were spiked into 1 mL ferrofluid with concentration of
0.049% (v/v). The cell mixiure was processed at the flow rate of 100 ul min'; the magnetic fisid
gradient was fixed at 122 T m™. FIG. 1.5A shows bright field and fluorescent images of 1 x 10°
PC-3 cancer cells and WBCs separation process. Green signal comes from PC-3 cancer cells
and red signal comes from WBCs Scale bar: 500 um. FIG. 1.58 illustrates collected PC-3 from
outiet 1. FIG. 1.8C shows normalized size distributions of spiked and collected cancer celis from
outlet 1 for PC-3, MCF-7 and MDA-MB-231. FIG. 1.8D shows magnstic beads enumeration on
collected WBCs from outlel 1 with different conceniration of ferrofiuid. FIG. 1.3E illustrales
recovery rate and purity for different cancer cell lines (~100 cells per mL}. Recovery rate of 87.9
+1.0%, 9761210 %, 98814 %, 994+ 0.8 %, 98.7 £ 0.6%, 95.0 £ 1.2%, 95.9 + 1.3% and
99.7 + 0.6% were achieved for MCF-7, MDA-MB-231, HCC1806, H1298, H3122, DMS79, HE8
and PC-3 cell lines, respectively. The corresponding purities are 212.0 £ 1.3 %, 235 + 0.7 %,
252+158%,231%208%,22.220.98%,242+17%, 217 £0.8% and 23.3 £ 0.4%, respectively.
Error bars indicate standard deviation, n = 3. FIG. 1.5F illustrates a series of experiments with
different number of spiked PC-3 cancer ceils (100, 250, 500, 1000 and 2000). An average

recovery rate of 98.8% (linsar fit, R® = 0.9998) was achieved for PC-3 cancer cells.

[201 FIGS. 1.64-1.8C illustrate an embodiment of an IFCE device design and operating
principle. FIG. 1.8A is a itop-view of the FCSv2 device with labels of inlets, debris filters and
outiets. The arrow indicates the direction of magnetic field during device operation. The device
integrates 3 stages infto ons single devics for biomarker- and size-independent CTC enrichment.
Stage one filters oul large cell debris. As illusirated in FIG. 1.68, stage 2 depletes the unbound
magnetic beads and WBECs bound with 23 beads into waste outlet 1 (FIG. 1.8B ). FIG. 1.6B i
flustraies that stage 3 continuously deflects unlabeled CTCs into collection outlet, while at the
same time focuses WEBCs bound with 21 bead into wasts outlel 2. FIG, 1.8C is a digital image of
the embodiment of the microfluidic device illustrated in FIG. 1.6A sandwiched between device
holders, which include top and botiom magnet arrays repelling each other and are secured with
screws and nuts. The thickness of channel is 250 um. The width of stage 2 is 1600 um and width

of stage 3 is 1200 um.
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[21] FiG. 1.7 ilustrates an embodiment of a microfluidic device of the present disclosure
sandwiched between the two device holders, which include fop and bottom magnet arrays
repelling each other and secured with screws and nuts. The center of the stage 3’s microchannel

{sea FIG. 1.64) is aligned exactly with the center of the magnet arrays.

[221] FIG. 1.8 illustrates a simulation result demonstrating that the magnetic field is stronger in
the center of the stage 3 region of the device illustraied in FIG. 1.8A. As a rasult, the magnetically
labeled white blood cells and free magnetic beads are focused in the center of the channel and
are collected through the waste outlet. At the same time, any uniabeled cells, including circulating
tumor celis are deflected into two sides of the channel and are coliected through coliection outlets.
Whole blocd is labeled and lysed by RBC lysing buffer before it is processed with the FCSv2.
Leukocyts-specific biotinylated antibodies (anti-CD45, anti-CDG66L and anti-CD16) and magnstic

Dynabeads are added o the blood sample for incubation.

[231 FIG. 1.94 illustrates the recovery rate of separated cancer cells for different cancer cell
lines at the flow rate of 12 mi/h. recovery rates of 98.46 £ 0.50%, 99.68 £ 0.46%, 99.05 £ 0.75%,
99.35 + 0.46%, 99.40 £ 0.85%, 99.13 £ 0.48%, 98.11 £ 1.25%, and 98.11 £ 0.74% are achisved
for HCC1806 (breast cancer), HCC70 (breast cancer), MCF7 (breast cancer), MDA-MB-231
{breast cancer), H1289 (non-small cell lung cancer}, H3122 (non-small cell lung cancer), DMS379
(small cell lung cancer), and HBY (small cell lung cancer) cell lines, respectively. FiG. 1.9B
ilustrates a series of spike-in separation experiments in which a certain number (20, 50, 100, and
208y of HCCY0 breast cancer cells are spiked into 1 mL of labeled white blood celis. An average

recovery raie is 99.08%.

[241 FIGS. 1.10A-1.10B illustrate bright field and fluorescence image of spiked MDA-MB-231
breast cancer celis (labsled with CeliTracker Green) during the separation process confirmed the

cancer cell irajectories at the end of stages 2 and 3 in FIGS. 1.104-1.108C. Scale bars: 500 um.

[251 FIGS. 2.1A-21D illusirate an integrated ferrohydrodynamic cell separation (iFCS) system
and its working principle. FIG. 2.1A (top) is a schematic of an unlabeled circulating tumor cell
(CTC) experiencing “diamagnetophoresis” in a colloidal magnetic nanopariicle suspension

{ferrofluids) and moving towards the minima of & non-uniform magnetic figld. Magnetization of the

M,
unlabeled CTCs 'Mmis near zero and less than iis surrounding ferrofluids Juid - The
diamagnetic body force on the cell is generated from magnetic nanoparticle induced pressure

imbalance on the cell surface, and is proportional to cell volume. FIG. 2.1A (bottom) is a schematic
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of a magnetic bead labeled white blood cell (WBC) experiencing both “diamagnetophoresis” from
its cell surface and “magnetophoresis” from its aitached beads in a ferrofluid and moving towards

the maxima of a non-uniform magnetic field due io the fact that “magnetophoresis” outweighs

M

“‘diamagnetophoresis”. Magnetization of the WBC-bead conjugates 7 wec-bendis larger than its

surrounding ferrofluid medium Mﬁ""d. Color bar indicates relative amplitude of the magnetic field.
Red arrows show the direction of cell movement, small black arrows on cell surface show the
direction of magnetic nanopariicle induced surface pressure on celis, while white arrows show
the magnetophoretic force on magnetic beads. FIG. 2.18 illustrates two enrichment stages were
integrated into a single IFCS device to achieve cell size variation-inclusive and tumor antigen-
independent enrichment of viable CTCs, and simuitaneocus depletion of contaminating WBCs.
Prior to device processing, WBCs in blood were labeled with magnetic microbeads through
lsukocyie surface biomarkers so that the overall magnetization of the WBC-bead conjugates was
larger than surrounding ferrofluids. Magnetization of the uniabeled CTCs was less than ferrofluids.
in the first stage, a magnetic field gradient was generated {0 push uniabeled and sheath-focused
CTCs to remain at the upper boundary of a2 microchannel, while atiract unbound magnstic
microbsads and WBCs labelsd with 2 3 microbeads towards a wasle outlet. A significant
perceniage of magnetic beads and WBCs were depleied before the second stage to alleviate
potential bead aggregation. in the second stage, a symmetric magnetic field with its maximum at
the middle of the channel was used o attract remaining WBC-bsad conjugates towards to the
channel center for fast deplstion, and direct unlabeled CTCs towards the upper and lower
boundaries for collection. Gresn arrows with gradisnts indicate the distribution of magnstic fislds
in each stage. FIG. 2.1C illustrates a top-view of an embodiment of an iIFCS microchannel. The
microchannel includes a filter that removes large than ~50 um debris, a first and second stage for
CTC enrichment and WBC depletion. FIG. 2.1D is a digital image of prototype microchannel (left)
and assembled iFCS device with four permanent magnets in guadrupole configuration inside a
holder {right). The microfiuidic device and permanent magnets were placed within an aluminum
manifold during its operation. Scale bars: 1 cm.

[267 FIGS. 2.2A-2.2F illusirate system optimizations of an embodiments of iIFCS devices for
high recovery (>99%) of viable and rare CTCs (down fo ~10 cells mL™") with low WBC
contamination (~500 cells mL"} at 12 mL h'' throughput. FIG. 2.2A illustrates optimization of
magnetic flux densily and s gradient in microchanneis. Using four permanent magnetis in a

quadrupole configuration shown here, maximal flux density of up 1o 0.6 T in the first stage (fop),
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and up to 1.5 T in the second stage (bottom) in x-y plane (z=0) were obtained. Csll trajeciories
shows that in the first stage WBCs (11.7 um in diamster) labsled with 2 3 beads and unbound
magnetic beads were continuously depleted into a waste outlet, while CTCs (15 um in diameter)
moved 1o the second stage. In the second stage, remaining WBCs labeled with < 3 beads were
further depleted, leaving CTCs at both upper and lower channel walls for collection. Cell flow rate
of 200 pl min™ was used for simuiation. Maximal magnetic flux density gradient is 256 T m™ in

the first stage (top) and 825 T m™' in the second stage (bottom) in y-z plane (x=0) were obtained.

- -

Schematic of magnetic (’F;n) and hydrodynamic drag (‘F:!) forces on cells and their moving
direction {white arrows; endpoints of white arrows indicting the equilibriurn/final positions of celis)
are overlaid on top of magnelic flux density plots. FIG. 2.28 iilustrates optimization of magnstic
bead functionalization of WBCs. Top: distribuion of number of magnstic Dynabeads per WBC
(n=1000). On overage 34+11 Dynabeads are conjugated onto a single WBC. Inset is a WBC
labeled with multiple Dynabeads. Scale bar: 10 um. Bottom: Magnetic content in labeled WBCs.
More than 99.9% of WBCs are labsled with al ieast one bead, resulting in a 0.026% volume
fraction of magnetic matsrials. This percentage value was used in subseguent optimization of
ferrofluid conceniration in order {0 minimize WBC contamination at device’s outlets. FiG. 2.2C
Optimizations of CTC recovery and WBC depletion (proportional to separation distance AY) were
conducted on parameters including ferrofiuid concentration (lop) and device throughput (bottom).
An optimal ferrofluid concentration is found to be 0.028%, while the optimal throughput 1o process
clinically relevant amount of blood is 200 yl min™. In this optimization, magnetic flux density and
its gradient are the same as in a, bead functionalization of WBCs is the same as in FIG. 2.2B.
FIG. 2.2D Visualization of CTC and WBC distributions at the end of microchannels in the first (top)
and second (bottom) stages. CTCs were given a size range of 3-32 uim in diameter, while WBCs
werg given a size range of 5-25 um in diameter. After the first stage, the majority of WBCs were
depleted while all CTCs, regardless of their sizes, moved to the second stage. After the second
stage, all CTCs were collected with a minimal number of WBCs contamination/carryover. Yellow
areas indicate either transfer channel to the second stage or the collection outlets, while white
areas indicate waste outlets. FIG. 2.2E illustrates guantification of CTC and WBC distributions at
the end of microchannels in the first (top) and second (bottom) stages. Resuits show that 86.35%
of initial WBCs were depleted after the first stage while all CTCs are preserved, including CTCs
that are as small as 3 um in diameter (top). After the second stage, 3.6% of initial WBCs were
further depleted and still all CTCs are preserved (bottom). Overall, after two stages, 99.85% of

WBCs are depieted from initial samples and all CTCs are preserved. Simulation parameters of d
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and e include: cell flow rate of 200 uL min”, ferrofiuid with concentration of 0.028%, magnetic flux
density of 0.64 T and 1.5 T for stage | and stage I, flux density gradient of 256 Tm and 625 T
m’ for stage | and stage il.

[277 FIGS. 2.3A-2.3J illusirate validation of prototype iIFCS devices using culiured cancer cells
spiked into WBCs, for over 8% of cancer cell recovery with minimal WBC contamination {(~500
cells mL™) at clinically relevant spike ratio (down to ~10 celis mL™) and throughput {12 mL h™).
FIG. 2.3A llustrates visualization of cancer cell enrichment and WBCs depletion {top: bright fisld;
bottom: epifluorescence). In the first slage of the device, magnetic force atiracted labeled WBCs
and unbound beads toward waste outlet 1, while unlabeled cancer cells moved continuously into
the second stage. Cancer celis were labsled with green flucrescence. Scale bar: 500 um. FIG.
2.38 demonstrates that, in the second stage, magnetic force deflected uniabsled cancer celis
from cell mixture toward upper and lower collection outlets, At the same time, labeled WBCs were
focused into the middle of the channel and depleted into waste outlet 2. Top: bright field; botiom:
epiflucrescence. Scale bar: 500 um. Dashed lines in fluorescent images indicate the boundaries
of the microchannel. FIG. 2.3C illustrates spike-in resulis from iFCS devices show high recovery
(99.18%) of cancer cells. A series of spike-in enrichment expariments in which a certain number
{10, 25, 80, 100, and 200) of HCC70 breast cancer cells were spiked into 1 mbL of labeled WBCs
to emulate clinically relevant CTC concentration at a cell-processing throughput of 12 mL h'. An
average recovery rate of 99.18% was achieved (R®=0.9999, n=3). FIG. 2.3D illustrates size
distribution of 8 cancer cell ines and WEBCs. Both cancer cells and WBCs are polydispersed with
overlapping sizes, highlighting the need of IFCS development to enrichmant CTCs in an antigen-
independent and size inclusive manner. Mean diameter and standard deviations are listed in
Table 2.2. FIG. 2.3E is a graph Hllustrating recovery rates of spiked cancer cells {(~100 cells per
ml) from the cancer cell lines, including two smali cell lung cancer (SCLC) lines, at a flow rate of
12 mbL h' Recovery rates of 98.4610.50%, 99.68+046%, 99.05+0.75%, 99.351046%,
90.40+0.85%, 99.131£0.48%, 99.11%1.25%, and 99.11%0.74% were achieved for HCC1808,
HCC70, MCF7, MDA-MB-231, H1289, H3122, DMS79 (SCLC), and HB9 (SCLC) cell lines,
respectively (n=3). FIG. 2.3F illusirates size distribution of spiked and recovered cancer cells after
iFCS process, conductad in a single stage iFCS device. IFCS was able to preserve cancer cells
of all sizes. Mean diameter and standard deviations of spiked and recovered cancer cells arg
listed in Table. 2.3, Inset: recovered PC-3 prostate cancer cells showed polydispersily in
diameters. Smallest recovered PC-3 cells had a diameter of 6.64 um. Scale bar: 20 um. FIG. 2.3G

iflustrates short-term cell viability comparison before and after the iIFCS process. Celi viability of
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HCC1806 breast cancer cells before and after enrichment is determined {o be 98.3010.56% and
97.6910.70%, with little change. FIG. 2.3H shows represeniative images of Live/Dead staining for
before {left) and after (right) enrichmenti. Calcein AM {(green, live cells) and EhD-1 {red, dead
cells) channels were merged. Scale bar 100 um. FIG. 2.31 shows representative images of
cultured HCC1808 breast cancer cells afier enrichment on 3™ day. A Live/Dead staining of the
culiured celis on day 3 shows excelient cell viability. Scale bar: 100 um. FiG. 2.3J shows
immunofluorescence images of an intact spiked HCC1806 cancer cell (left panel) and an intact
white blood cell conjugated with multiple magnetic beads {right panel). Three channels including
CK (green), CD45 (red), and DAP! (blue) were used. Scale bar: 10 um. All error bars indicate s.d.,
n=3.

[28] FIGS. 2.4A-2.4C iliustrate variation in CTC sizes and heterogensity of CTC surface
antigen exprassions from breast cancer patient samples (first cohort, n=3}. FIG, 2.4A represent
bright field and immunofluorescent images of 7 selected individual CTCs enriched from 3 breast
cancer (BrC) patients. Five channels were used in immunofiucrescent staining, including
feukocyie marker CDA45S (red), epithelial CTC marker EpCAM (green), mesenchymal CTC markers
N-cadherin (N-cad, cyan) and vimentin (Vim, magenta), and nucleus marker DAP! {blug). White
blood cells were identified as CD45+/EpCAM-/N-cad-/Vim-/DAPI+, while CTCs were identified as
either EpCAM+/CD45-/DAPI+ (epithelial positive), or N-cad+/Vim+/CD45-/DAPIH (mesenchymal
positive), or EpCAMH/ N-cad+/Vim+/CD45-/DAPI+ (both epithelial and mesenchymal positive).
Scale bar, 10 um. FIG. 2.48 is a graph representing quantitative analysis of the effective diameter
{(maximum feret diameter of cells from their bright field images) of individual CTCs and WBCs
enriched from 3 breast cancer patients’ samples. Randomly selected CTCs from these patients
revealed a high polydispersity of cell sizes. CTCs from patient 1 (breast cancer, stage A, BrC-
F1-Opt) had diameters of 11.9927.87 um (n=24; meants.d.; smallest 4.95 um; largest 33.11 umj;
CTCs from patient 2 (breast cancer, stage A, BrC-P2-Cpl) had diametars of 13.7326.76 um
(n=26; meants.d.; smallest 6.00 um; largest 32.10 um); CTCs from patient 3 (breast cancer, stage
(A, BrC-P3-Oph) had diameter of 9.67+3.60 um (n=30; meants.d.; smallesi 4.51 um; largest 23,48
um). WBCs pooled from 3 breast cancer patients had diameter of 9831227 um (n=60;
meanzs.d.; smaliest 5.48 um; largest 21.45 umy) FiG. 2.4C is a graph representing analysis of
surface antigens expression of individual CTCs from 3 breast cancer patients’ samples revealed
a high heterogeneity of epithelial and mesenchymal characteristics in these celis. Cells from each
patient are grouped inio three categories (columns): epithelial positive (E+: EpCAM+/CD45-
/DAPIT), mesenchymal positive (M+: N-cad+/Vim+/CD45-/DAPIF), both  epithelial  and
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mesenchymal positive (E+/M+. EpCAM+/N-cad+/Vim+/CD45-/DAPIH). Numbers in each column
indicate the absoclute number of celis in each catasgory. For BrC-P1-Opt, 12.93% of CTCs was
epithelial positive, 78.45% of CTCs was mesenchymal positive, and 8.62% was both epithelial
and mesenchymal positive. For BrC-P2-Opt, 54.88% of CTCs was epithelial positive, 30.48% of
CTCs was mesenchymal positive, and 14.63% was both epithelial and mesenchymal positive.
For BrC-P3-Cpt, 31.75% of CTCs was epithelial positive, 65.08% of CTCs was mesenchymal
positive, and 3.17% was both epithelial and mesenchymal positive.

[281 FIGS. 2.5A-2.5C illustrate variation in CTC sizes and heterogeneity of CTC surface
antigen expressions from lung cancer patient samples (second cohort, n=3). FIG. 2.5A represents
bright field and immunoflucrescent images of 7 selected individual CTCs enriched from 3 lung
cancer (LC) patients. Five channsls were used in immunoflucrescent staining, including leukocyte
marker CD45 (red), epithelial CTC marker CK {green), mesenchymal CTC markers N-cadherin
{N-cad, cyan) and vimentin (Vim, magenia), and nucleus marker DAPI (blue). While blood cells
were ideniified as CD45+/CK-/N-cad-Vim-/DAPI+, while CTCs were identified as either
CR+/CD45-/DAPI+ {epithelial positive), or N-cad+Vim+/CD45-/DAPIH (mesenchymal positive),
or CKHN-cad+/Vim+/CD45-/DAPI+ (both epithelial and mesenchymal positive). Scals bar: 10 um.
FiG. 2.8B is a graph illustrating quantitalive analysis of the effective diameter (maximum feret
diameter of cells from their bright field images) of individual CTCs and WBCs enriched from 3
lung cancer patients’ samples. Randomly selected CTCs from these patients revealed a high
polydispersity of cell sizes. CTCs from patient 1 (NSCLC, stage IV, LC-P1-Opt) had diameters of
8732311 um (n=38; meants.d.; smallest 4.58 um; largest 18.52 um); CTCs from patient 2
{(SCLC, stage IV, LC-P2-Opt) had diameters of 10.981£3.41 um (n=43; meanzts.d.; smallest 5.61
um; largest 21.13 um); CTCs from patient 3 (8CLC, stage 1V, LC-P3-Opt) had diameter of
9.23x3.687 um (n=59; meanzts.d,; smallest 4.55 um; largest 21.67 pm). WBCs from 3 lung cancer
patients had diameter of 10.8822 27 um (n=74; meants.d.; smallest 8.86 ym; largest 16.83 um}
FIG. 2.8C illustrates analysis of surface antigens expression of individual CTCs from 3 lung
cancer patients’ samples revealed a high heterogeneily of epithelial and mesenchymal
characteristics in these cells. Cells from each patient are grouped into three categories (columns):
epithelial positive (E+. CK+/CD45-/DAPIH), mesenchymal positive (M+: N-cad+/Vim+/CD45-
/DARHY, both epithelial and mesenchymal positive (E+/M+. CR+/N-cad+/Nim+/CD45-/DAPI+),
Numbers in each column indicate the absolute number of cells in each category. For LC-P1-Opt,
11.84% of CTCs was epithelial positive, 78.95% of CTCs was mesenchymal positive, and 9.21%
was both epithelial and mesenchymal positive. For LC-P2-0Opt, 46.04% of CTCs was epithelial
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positive, 50.99% of CTCs was mesenchymal positive, and 2.97% was both epitheliali and
mesenchymal positive. For LC-P3-Opt, 27.93% of CTCs was epithslial positive, 81.71% of CTCs
was mesenchymal positive, and 10.36% was both epithelial and mesenchymal positive.

[307 FIGS. 2.8A-2.6G illustrate correlation between clinical stages, growth rates of CTC
culture, Oncotype Dx scores and heterogensity of CTC surface antigen expressions in early stage
breast cancer patients (third cohort, n=6) FiIG. 2.86A represenis bright field and immunofiuorescent
images of 3 representative CTCs and 1 WBC enriched from breast cancer patients. Cells were
subjecied to mulliplexed immunofiuorescence assessment with cell-type specific markers
detected with distinct wavelength channels, including leukocyte marker CD45 (blue), epithelial
CTC marker EpCAM (green), mesenchymal CTC marker vimentin (Vim, red). While blood cslis
were identified as CD45+/EpCAM-/Vim-, while CTCs were identified as EpCAM+NIM-/CD45-
{epithelial positive), EpCAM-/Vim+/CD45- {mesenchymal positive), or EpCAM+/Vim+/CD45-
{both epithelial and mesenchymal positive). Scale bar. 10 um. FiG. 2.6B is a graph illustrating
relative counts of CTC subtypes by surface antigen expression from 6 breast cancer patients’
samples. Celis from each patient are grouped into three categories (columns). epithelial positive
(E+: EpCAM+/NIm-/CD45-), mesenchymal positive (M EpCAM-/Vim+/CD45-), both epithelial
and mesenchymal positive (E+/M+: EpCAM+/Vim+/CD45-). Numbers in each column indicate the
absolute number of cells in each category. FIG. 2.6C lllusirates proportional components of CTC
profiles for breast cancer patients, Oncotype Dx scoring indicated for each patient. Scorss for P2,
P3 and P4 patlienis are not available becauss their clinical stages are either to0 high (fconfirmed
metasiasis) or too low (Fnon-invasive carcinoma/DCISY. FIG. 2.80 is a graph illusirating the
average proportional components of CTC sublypes are shown with respect to clinical staging.
FIG. 2.8E are representative images of primary cell culture of iIFCS device oulput over a 72-hour
pericd. NCCN staging for sach BrC patient is represented next to the patient designation. Scale
bar: 200 um. FIG. 2.6F is a graph illustrating combinsd total number of cells quantified from
primary cell culture imaging for each BrC patient at 0 hours and the change in counts at 72 hours.
FIG. 2.6G illustrates growth rate of cells in primary culiure for each BrC patient ({cell number at
72hr- cell number at Ohri/cell number at 72hr).

[31] FIGS. 3.1A-3.18 illusirate magnetic content of celis at various stages in an embodiment
of a device of the present disclosure. FIG. 3.1A ilusirates magnetic contant of undsflected {(lefi)
and deflected (right} white blood cells (WBCs) at stage | FIG. 3.1B illustrales magnetic contant
of undeflected (left) and deflected (right) WBCs at stage il
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[32] FIG. 3.2 is a graph illustrating the average number of Dynabeads per white blood celi
(WBC) after cell snrichment. The device carried over on average 533434 WBCs per 1 milliliter of
blood processed. Much of the carrvover was derived from WEBCs that were either not labeled or

labeled with just one magnetic bead.

[331 FIG. 3.3 illustrates the size distribution of clinical CTCs from non-small cell lung cancer
(NSCLC)Y patients, small cell lung cancer (SCLC) patienis, and breast cancer (BrC) patients.

Details are listed in Table 2.4,

[34] FIG. 3.4 are images of cytopathological staining of spiked HCC1806 cancer cells after

enrichment. Scale bars: 20 um.

(387 FIG. 3.854A shows bright field and immunofiucrescent images of CTCs enriched from breast
cancer patient. Five channels were used in immunofluorescent staining, including leukocyte
marker CD45 (red), epithelial CTC marker EpCAM (green), mesenchymal CTC markers N-
cadherin {N-cad, cyan) and vimentin (Vim, magenta), and nucleus marker DAPI (blue). FIG. 3.58
iHlustrate bright field and immunofiuorescent images of CTC enriched from lung cancer patients.
Five channels were used in immunofluorescent staining, including leukocyie marker CD43 (red),
epithelial CTC marker CK (green), mesenchymal CTC markers N-cadherin (N-cad, cyan) and

vimentin (Vim, magenta), and nucleus marker DAP! (blue). Scale bars: 10 um.

(367 FIGS. 3.86A-3.6C illustrate correlation of the numbers of each CTC sublype with tumor

grade in third cancer patient cohort.

[377 FIG. 3.7A illustrales magnetization of the as-synthesized ferrofluid. Solid lines are the
fitting of the experimental date o the Langevin function. Saturation magnetization of this ferrofluid
was 0.104 kA m™, corresponding to a 0.028% volume fraction or concentration. FIG. 3.7B is a
rheological plot of the ferrofiuid. The viscosity of ferrofluid was measured to be 0.89 mPa s. FIG.
3.7C is a transmission electron microscopy (TEM) image of the maghemite nanoparticles. Scale

bar: 10 nm.

[381 FIG. 3.8 is a schematic Hllustration of a magnet array according 1o an embodiment of multi-
stage microfluidic device of the present disclosure showing orientation of the magnet array relative

to a first separation stage and sscond separation stage of the device.
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DETAILED DESCRIPTION

[391 In various aspects, microfluidic devices and methods of using microfiuidic devices are
provided for separating and/or enriching circulating tumor cells (CTCs) in a biological sample such
as whole blood. The methods do not involve labeling of the CTCs and are capable of high

throughputs with high leveis of retention and separation of the circulating tumor cells.

[4017 Before the present disclosure is described in greater detail, it is to be understood that this
disclosure is not limited to particular embodiments described, and as such may, of course, vary.
it is also to be understood that the terminclogy used herein is for the purpose of describing
particuiar smbodiments only, and is not intended {o be limiting. The skilled artisan wiill recognize
many varianis and adaptations of the embodiments described herein. These varianis and
adaptations are intended to be included in the teachings of this disclosure and o be encompassed

by the claims herein.

(411  All publications and patenis cited in this specification are cited to disclose and describs
the methods and/or materials in connection with which the publications are cited. Al such
publications and patents are herein incorporated by references as if each individual publication
or patent were specifically and individually indicaled to be incorporated by reference. Such
incorporation by reference is expressly limited to the methods and/or materials described in the
cited publications and patents and doss not extend {o any lexicographical definitions from the
cited publications and patents. Any lexicographical definition in the publications and patents ciled
that is not also expressly repeated in the instant specification should not be treated as such and
should not be read as defining any terms appearing in the accompanying claims. The cilation of
any publication is for iis disclosure prior 1o the filing date and should not be construed as an
admission that the present disclosure is not entitled {o antedate such publication by virtue of prior
disclosure. Further, the dates of publication provided could be different from the aciual publication

dates that may need to be independently confirmed.

[42] Embodiments of the present disclosure will employ, unless otherwise indicated,
techniques of biochemisiry, molecular biclogy, microfiuidics, and the like, which are within the skill

of the art. Such technigues are explained fully in the literature.

[431 The following examples are put forth 50 as to provide those of ordinary skill in the art with
a complete disclosure and description of how o perform the methods and use the compositions

and compounds disclosed and claimed herein. Efforts have been made to ensure accuracy with
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respect to numbers {e.g., amounts, temperature, efc.}, but some errors and deviations should be
accounted for. Unless indicated otherwise, parts are parts by weight, temperature is in °C, and
pressure is at or near atmospheric. Standard temperature and pressure are defined as 20 °C and

1 atmosphere.

[44] Although any methods and materials similar or squivalent to those described hersin can
also be used in the practice or testing of the pressnt disclosure, the preferred methods and
materials are now described. Funclions or consiructions well-known in the art may notf be

described in detail for brevity and/or clarity.

[45] it should be noted that ratics, concentrations, amounts, and other numerical data can be
expressed herein in a range format. it is 1o be understood that such a range format is used for
convenience and brevity, and thus, should be interprated in a flsxible manner to include not only
the numerical values explicitly recited as the limits of the range, but also {0 include all the individual
numerical values or sub-ranges encompassed within that range as if each numerical value and
sub-range is explicitly recited. To illustrate, a numerical range of “about 0.1% o about 5%” shouid
be interpreted to include not only the explicitly recited values of about 0.1% to about 5%, but also
include individual values {(e.g., 1%, 2%, 3%, and 4%) and the sub-ranges (e.g., 0.5%, 1.1%, 2.2%,
3.3%, and 4.4%) within the indicated range. Where the stated range includes one or both of the
limits, ranges excluding either or both of those included limits are also included in the disclosure,
e.g. the phrase “x {o y” includes the range from % 1o 'y as well as the range greater than % and
less than 'y’. The range can also be expressed as an upper limit, 8.¢. ‘about x, v, z, or lesg’ and
should be interpreted to include the specific ranges of ‘about X, ‘about v’, and ‘about 2’ as well as
the ranges of ‘less than x/, less than y’, and ‘less than z’. Likewise, the phrase ‘aboul x, vy, z, or
greater’ should be interpreted to include the specific ranges of ‘about X', ‘about ¥, and ‘about 2’
as well as the ranges of ‘grealer than x, greaiter than v, and ‘greatsr than 2. In some
embodimants, the ferm “about” can include traditional rounding according 1o significant figures of
the numerical value. In addition, the phrase “about % to 'y”, where % and ‘v’ are numerical

values, includes “about X o about 'y,

(461 As will be apparent to those of skill in the art upon reading this disclosure, each of the
individual embodiments described and illustrated herein has discrete components and features
which may be readily separated from or combined with the features of any of the other several

embodiments without departing from the scope or spirit of the present disclosure. Any reciled
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method can be carried cut in the order of events recited or in any other order that is logically

possible.
Definitions

[477 Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly undersiood by one of ordinary skill in the art to which this disclosure
belongs. |t will be further understoond that terms, such as those defined in commonly used
dictionaries, should be interpreted as having a meaning that is consistent with their meaning in
the context of the specification and relevant art and should not be interpreted in an idealized or

overly formal sense unless expressly defined hersin.

{481 Ths articles “a@” and “an,” as used herein, mean one or more when applisd {0 any featurs
in embodiments of the present invention described in the specification and claims. The use of “g”
and "an” does not limit the meaning to a single feature unless such a limit is specifically stated.
The arlicle “the” preceding singular or plural nouns or noun phrases denotes a particular specified
feature or particular specified features and may have a singular or plural connotation depending

upon the contexi in which if is used.

[491 As used herein, “comprising” is to be interpreted as specifying the presence of the stated
features, integers, steps, or components as referred o, but does not preclude the presence or
addition of one or more features, integers, steps, or components, or groups thereof. Moreover,
each of the terms “by”, “comprising,” “comprises”, “comprised of” “including,” “includes,”
“included,” “involving,” “involves,” “involved,” and “such as” are used in their open, non-limiting
sense and may be used interchangeably. Further, the term “comprising” is intended to include
examples and aspects encompassed by the terms “consisting essentially of” and “consisting of.”
Similarly, the term “consisting essentially of” is intended to include examples encompassed by

the term “consisting of.

[5017 In this disclosure, "consisting essentially of' or "consists essentially” or the like, when
applied o methods and compositions encompassed by the present disclosure refers to
compositions like those disclosed herein, but which may contain additional structural groups,
composition components or method steps {(or analogs or derivatives thereof as discussed above).
Such additional structural groups, composition components or method steps, etc., however, do
not materially affect the basic and novel characleristic{s) of the compositions or methods,
compared to those of the corresponding compositions or methods disclosed herein. "Consisting

essentially of’ or "consists essentially” or the like, when applisd to methods and compositions
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encompassed by the present disclosurs have the meaning ascribed in U.S. Patent law and the
term is open-ended, allowing for the presence of more than that which is recited so long as basic
or novel characteristics of that which is recited is not changed by the presence of more than that

which is recited, but excludes prior art embodiments.

811 As used herein, "aboutl" "approximately,” “substantially,” and the like, when used in
connection with a numerical variable, can generally refers to the value of the variable and to all
values of the variable that are within the experimental error {e.q., within the 5% confidence

interval for the mean) or within +/- 10% of the indicated value, whichever is greater. As used

LT EEITS

herein, the ferms “about,” "approximate,” “at or about,” and “substantially” can mean that the
amount or value in question can be the exact value or a value that provides equivalent results or
effaects as recited in the claims or taught herein. That is, it is undersiood that amounts, sizes,
formulations, parameters, and other quantities and characterisiics are not and need not be exact,
but may be approximate and/or larger or smaller, as desired, reflecting tolerances, conversion
factors, rounding off, measurement error and the like, and other factors known to those of skill in
the art such that equivalent resuits or effects are oblained. In some circumstances, the value that
provides equivalent resulls or sffects cannot be reasonably delermined. In general, an amount,
size, formulation, parameter or other quantily or characteristic is “about,” "approximatle,” or “at or
about” whether or not expressly stated to be such. It is understood that where "about”
“approximate,” or “at or abowl” is used before a quantitative value, the parameter also includes

the specific quantitative value itself, unless specifically siated otherwise.

[821 As used hersin, the ierms “oplional” or “optionally” indicates that the subsequently
described event or circumstance can or cannot occur, and that the description includes instances

where said event or circumstance occurs and instances where it does not.

[831 As used hersin, “kit” refers to a collection of at least two components constituting the kit
Together, the components constitute a funclional unit for a given purpose. Individual member
components may be physically packaged together or separately. For example, a kit comprising
an instruction for using the kit may or may not physically include the instruction with other
individual member components. Instead, the instruction can be supplied as a separate member
component, sither in a paper form or an elecironic form which may be supplied on computer

readable memory device or downloaded from an infernet website, or as recorded preseniation.

I541 As used herein, “instruction{s)” refers to documents describing relevant materials or

methodologies pertaining to a kit. These materials may include any combination of the following:
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background information, list of components and their availability information (purchase
information, etc.), brief or detailed protocols for using the kit, irouble-shooting, references,
technical support, and any other related documents. Instructions can be supplied with the kit or
as a separate member component, either as a paper form or an electronic form which may be
supplied on computer readable memory device or downioaded from an internst website, or as
recorded presentation. Instructions can comprise one or multiple documents, and are meant o

include future updates.

[881 As used herein, "attached” can refer to covalent or non-covalent interaction between two
or more molecules. Non-covalent interactions can include ionic bonds, electrostatic interactions,
van der Walls forces, dipole-dipole interactions, dipole-induced-dipole interactions, London
dispersion forces, hydrogen bonding, halogen bonding, slectromagnstic inferactions, 1w
interactions, cation-1r interactions, anion-1r interactions, polar m-interactions, and hydrophobic
effects.

[56] A “biccompatible” substance or fluid, as described herein, indicates that the substance or
fluid does not adversely affect the short-termy viability or long-term proliferation of a target cell

within a particular time range.
Microfiuidic Devices & Systems and Methods of Use Thereof

871 In various aspects, microfiuidic devices, systems, kits, and msthods of using mulli-stage
microfiuidic devices are provided for high throughput sorting, separation, and/or enrichment of
circulating tumor celis (CTCs) and other unlabeled rare cells in a biological sample such as blood,

where the CTCs or other rare cells do not need to be labsled.

(58] Although microfluidics-based methods have been explored as a new avenue to enrich and
study CTCs for the past decade, pravious approaches were based on the use of specific fumor
antigens {marker-dependent) or cell size threshold {cell size-dependent) for enrichment, and
suffered disadvantages due o limitations of these approaches. For example, marker-dependent
methods that relied on EpCAM or other combination of tumor cell surface antigens were rendered
ineffective due to inherent heterogeneity of tumor subtypes. The significant difference among
various markers and their expression levels in CTCs undergoing EMT was difficult {0 predict,
resulting in incomplete recovery of CTCs from dlinical samples. Cell size-dependent methods, on
the other hand, based on a presumed size difference belween blood and cancer cells, proved
largely ineffective because a significant percentage of CTCs in circulation were comparable or

smaller than blcod cells. Measurements of white blood cells (WBCs) and cultured cancer celis
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revealed that there was a significant size overlap betwesen the two, and an appreciable percentage
{2.g., ~35% for DMB 79 and HE9 small call lung cancer cell lines) of cancer cells were smaller
than ~10 pm. In addition, clinically isolated CTCs were reported {0 be as small as ~8 ym. As a
result, few cell size-dependent methods could achieve complete recovery and low WRC
contamination simultaneously. Furthermore, due 1o their fragile nature, CTCs need io be
processed with gentle enrichment conditions to keep their viabilily and tumorigenic capability for
downstream studies. Thus, new devices and methods are neseded that can enrich viable CTCs

regardiess of their surface antigens and size profiles.

[591 In some aspects, a mulii-stage microfluidic device is provided for enriching CTCs in a
biclogical sample. The device can include at ieast three stages, although there may be more in
some embodiments. Therefors, the terms first, second, third and so-on, when used {o describe
the stages, should not be considered limiting on the tolal number of slages but is used for
simplicity to describe the relative ordering of the stages. Additional stages, not explicitly described,

may in some aspects appear before the first stage.

807 Embodiments of the present disclosure include a cell separation system and/or kit for
enriching CTCs in a biological sample. In embodiments, the cell separation system/kit can include
a plurality of magnetic micro beads adapted for conjugation to white blood cells in the biclogical
sample and not to the CTCs, a biocompatible superparamagnetic sheathing fluid or composition
including a plurality of magnetic nanoparticies, and a mulli-stage microfiuidic device for
magnetically separating the CTCs from the biological sample. The systems/devices of the
present disclosure allow enrichment of CTCs are size independent and do not require labsling
the CTCs.

611 in smbodiments the piurality of magnetic microbeads can include various biocompatible
magnetic materials, such as, but not limited {o iron oxide based magnetic material (8.g., magnstite
{(Fe;04), maghemile (Fe;0s:), or combinations of these. The magnetic materials for the
microbeads should be non-toxic to cells. The magnetic microbeads of the present disclosure are
adapted for conjugation with white bicod cells (WBCs) such that the microbeads bind/conjugale
with WEBCs in the sample and do not substantially bind/associate with the CTCs in the sample
{e.g., they do not specifically bind/conjugate/associate with the CTCs or other components
present in the sample other than WBC’s, and any non-specific association with CTCs, if present,
is insignificant/negligible). In embodiments the magnetic microbeads are functionalized for

specific binding to WBCs, such as by surface-funclionalization with one or more binding agent(s)
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for specific binding to WEBCs but that will not substantially bind the CTCs (e.g., streptavidin/avidin
conjugated to bictinviated white blood cell-specific antibodies). In embodimants the magnetic
microbeads comprise sitreptavidin coated magnetic Dynabeads (Life Technologies, Carlsbhad,
CA). In embodiments, the streptavidin coated magnetic beads are further conjugated to while-
blood cell specific antibodies for specific binding to white blood cells. Examples of white blood
cell-specific antibodies include, but are not limited o anti-CD45, anti-CD86h and anti-CD186, and
combinations thereof (while other aniibodies can be used, a combination of the above antibodies

will target substantially all WBC’s present in a blood sample).

(621 In embodiments, the biclogical sample is whole blood. In embodiments, the sample is
whole biood that has been trealed with a lysis buffer o lyse/remove red blood cells. in
embodiments, the biological sample is combined with the magnetic microbeads prior o
introduction to the device of the present disclosure to produce a magnetically labeled biological
sample, such that the WBCs in the sample are substantially conjugated to magnetic microbeads
prior to introduction. In embodiments, about 95% to 89.9%, or more of the white blood cells are
conjugated {0 one or more magnestic microbeads. In smbodiments, a majority of white blood cslls
in the magnetically labeled sample are conjugated 0 about 1 or more magnstic microbeads. In
embodiments, a majority of while blood cells in the magnetically labeled sample are conjugated
to about 1 to about 80 magnetic microbeads. In embodiments, the white blood cells in the
magnetically labeled sample are conjugated to an average of about 20-50 magnetic microbeads.
As used herein, the terms “magnstically labeled biclogical sample” and “magnetically labeled
sample” refer to embodiments described above where a biological sample is combined with
magnetic microbeads adapled for specific conjugation with WBC’s and not to CTC’s or other
components of the sample, which are not substantially associated with the magnetic microbeads
or otherwise magnetically labeled . Thus the terms "magnstically labsled biclogical sample” and
“magnetically labeled sample” should not be interpreted to indicate any magneitic {abeling of any

other components of the biclogical sample other than the WBCs.

[631 In embodiments, the biocompatible superparamagnetic sheathing fluid {(also periodically
referred to herein as a “ferrofluid”) of the present disclosure is a coliocidal suspension of magnetic
nancparticles, coated by a biocompatible surfactant and suspended in & carier fluid. The
ferrofluid of the present disclosure is biocompatible and non-toxic to CTCs. In embodiments, the
magnetic nanopariicles are a non-toxic magnetic material, such as, but not limited {o ron oxide
materials {e.g., magnetite (Fe;O4), maghemite (FexOs), and combinations of these. In

embodimants, the magnelic nanoparticles are iron oxide pariicles (8.¢., maghemite (Fe04)).
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Materials such as iron, coball, coball ferrite, and FePt are potentiaily toxic to celis, but couid
potentially be usad if first rendered biocompatible/nontoxic by biccompatible coatings, stc. The
magnetic nanoparlicles can have a diameter of about 1-20 nm. In embodiments they have an
average diameter of about 812nm {(e.q., about 11 nm). In embodiments, the magnetic
nanoparticles are coated in a biccompatible surfactant to reduce agglomeration and to increase
biocompatibility. In smbodiments, the biocompatible surfactant can include electric double layer
surfactant, polymer surfactant, inorganic surfactant, or a combination thereof. In embodiments,
the surfactant is polymethyl methacrylate-polyethylens glvcol (PMMA-PEG). In embodimenis,
the carrier medium can include biocompatible carrier fluids, such as, but not limited to, water, salt
solution, or a combination. In embodiments, the camier medium is a balanced sall solution, such
as Hank's balanced salt solution {(HBES). in an embodiment, the biocompatible
superparamagnetic sheathing fluid includes maghemite nanoparticles (Fey0z) coated with
polymethyl methacrylate-polyethylene glycol (PMMA-PEG) and 10% (v/v) 10x Hank’s balanced
salt solution (HBSS). In embodiments, the pH is about 7, and the osmolic pressure is close {0
that of a bislogical {e.q., human} cell. In embodiments, the ferrofluid concentration {(volume
fraction of magnetic particles) is about 0.01% 1o 0.04% and intervening rangss. For instancs, in
embodiments the ferrofiuid concentration can be about 0.024 to 0.033 % (v/v). In embodimenis
the concentration is about 0.028%. The viscosity of the biccompatible superparamagnetic
sheathing fluid varies based on the concentration of magnetic particies, the surfaclant chosen, as
well as the carrier fluid. In embodiments, the viscosity of the ferrofluid is about 0.95 mPass to 1.1
mPa-s. In embodimeants of systems or kits of the present disclosure, the kivsystem may include
the fully prepared biccompatible superparamagnetic sheathing fluid as described above, and/or
a prepared biocompatible superparamagnetic sheathing fluid along with instructions for diluting
the fluid with additional carrier fluid o adjust the concentration/volume fraction of magnetic
nanoparticles in the sheathing fluid. In embodimeants, systems or kits of the present disclosure
may include a biocompatible superparamagnetic sheathing composition that includes the plurality
of magnetlic nanoparticles and instructions for combining the magnetic nanoparticles/
biocompatible superparamagnetic sheathing composition with a biocompatible surfactant and
biocompatible carrier fluid to make a biocompatible superparamagnetic sheathing fiuid of the
present disclosure. In embodiments, systems/kits of the present disclosure can include the
plurality of magnetic nanoparticles and the biocompatible surfactant (separately or mixed (e.g.,

such that the surfactant coails the magnetic nanoparticles) and instructions for combining the
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biocompatible superparamagnetic sheathing composition with a biccompatible carrier fluid to

make a biocompatible supsrparamagnstic sheathing fluid of the pressant disclosure.

[641 The multi-stage microfluidic devices of the present disclosure are adapted for use with the
biocompatible superparamagnetic sheathing fluids and the magnetic microbeads for enrichment
of CTCs from a biclogical sample. Embodiments of the multi-stage microfluidic devices include
a filter section, a first separation sitage, and a second separation stage {in description of
embodiments of the device in parts of the present disclosure, these three sections may also be

referred to as a first, second, and third stage).

(657 In smbodiments of multi-stage microfluidic devices of the present disclosure the filter
section can include a first microfiuidic channel, a first fluid inlet, and one or more filters along a
lsngth of the first microfluidic channel. The first fluid inlet is configured o receive the biclogical
sample, where the biological sample has been combined with the magnetic microbeads prior to
introduction to the multi-stage microfluidic device such that a majority of the white blood cells in
the biclogical sample are conjugated to one or more magnetic microbeads. This can be referred
to as the magnetically labsled sample and/or magnetically conjugated biclogical sample. In
embodiments, the one or more filters are configured to remove a first plurality of waste particles
from the biclogical sample (e.g., large particulate/agglomerated matier in the sample). After the

first filter section, the fillered biclogical sample proceeds to the first separation stage.

{681 In embodiments of multi-stage microfluidic devices of the present disclosure the first
separation stage includes a second microfluidic channel fluidly connected to the first microfiuidic
channel and having a second fluid inlet to receive the biocompatible superparamagnetic
sheathing fluid at a first end, and a first fluid outlet at a second end. In such embodiments, the
second microfluidic channel is configured to combineg the magnstically labeled biclogical sample
from the first filter section with the biocompatible superparamagnetic sheathing fluid from the
second fluid inlel. It is also contemplated that, in embodiments, the biocompatible
superparamagnetic sheathing fluid can be combined with the biclogical sample and the magnetic
microbeads prior {o infroduction 1o the device instead of introduced after the filter stage via a
second fluid inlet. Thus, in embodiments, the first separation stage may not inciude a second
fluid inlet. In other embodiments, a sscond fluid inlel may be localed in the filter ssction before or
after the filters. The first separation stage is fluidly connected to the second separation slage.

The second separation stage includes a third microfiuidic channel fluidly connected {o the second
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microfiuidic channel and having a second fluid outlet and at least a first and second circulating

tumor cell outlet.

[671 The mulii-stage microfluidic devices of the present disclosure also include one or more
magnetic sources adjacent to the multi-stage microfluidic device. The magnetic source(s) are
configured {o produce a non-uniform magnetic field along the second microfluidic channel. The
magnetic field distribution is non-uniform along one or more dimensions {(e.g., length, width,
and/or height) of the second microfluidic channel.  In embodiments, magnetic source(s) are
configured {o produce a non-uniform magnetic field along the length, width, and/or height of the
second microfluidic channel. In embodiments, the magnetic field has a component sufficiently
perpendicular to the length of the second microfluidic channel to cause a plurality of white blood
cells conjugated to the magnetic beads to be deflected into the first fiuid outlet. The non-uniform
magnetic field also focuses the CTCs (which are not magnstically labeled) away from the first
fluid outlet and foward the second separation stage/third microfluidic channel. The magnetic
source(s) are also configured to produce a substantially symmetric magnetic field along the third
microfiuidic channel, where the substaniially symmetric magnetic fisld has a field maximum along
a lsngth of the third microfluidic channel sufficient to cause the whits blood celis conjugated {o
the magnetic beads in the third microfluidic channel to be focused toward a center of the third
microfiuidic channel and to exit the channel via the second fluid outlet and to cause circulating
tumor cells to be deflected towards an outer portion of the third microfluidic channel and to exit

the channel via the first and/or second circulating tumor call outlet.

[681 in embodiments, the mulli-slage microfluidic device has a serpentine shape. In
embodiments, the filter section has a first end and a second end fluidly connected by the first
microfiuidic channel, where the first fluid inlet is fluidly connected to the first microfiuidic channel
at the first end, and the one or more fillers are located betwesn the first and second end of the
first microfluidic channsl. In embodiments, the first separation stage has a third end and fourth
end fluidly connected by the second microfiuidic channel, where the third end is connecled {o the
second end of the first microfluidic channel of the filler section by a first u~-shaped channel, where
the second fiuid inlet is Tluidly connecied to the second microfiuidic channel at the third end and
the first fluid outlet is fluidly connected to the second microfluidic channel at the fourth end. In
embodimants, the second separation stage has a fifth end and a sixth end fluidly connecied by
the third microfluidic channel, where the fifth end is connecied to the fourth end of the second
microfiuidic channel of the first separation stage by a second u-shaped channel, where the second

fluid outlet is fluidly connected o the third microfiuidic channel at the sixth end and configured to
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receive malerials flowing through a central portion of the third microfiuidic channel.  in
embodimants, the first and second circulating tumor call outlets are each fluidly connecled to the
third microfluidic channel at the sixth end and offset from the center of the channel and configured
to receive material flowing near the outer portion of the channel. In embodiments the first and
second u-shaped channels located between the first filler section and the first separation stage
and between the first separation stage and second separation stags, respectively, provide the
serpentine shape to the mulli-stage microfluidic device. As used herein, “u-shaped” indicales a
general u-shape bul which may have a varisty of configurations (e.g., rounded, squared, or even
angular). In embodiments the U-shape channel has an angle of curvature of about 120° to about
180°.

[891 In embodiments of the microfluidic device of the present disclosure, the first fluid outlet is
offset from a ceniral diameter of the second microfluidic channel and configured to receive white
blood cells conjugated to magnetic beads and unconjugated magnetic beads flowing on one side
of the second microfluidic channel (e.g., due to deflection from the non-uniform magnetic field

produced by the one or more magnetic sources).

[701 In embodiments, the magnetic source is a magnet or magnetic array. In embodiments,
the magnetic source is a first magnet array and a second magnet array arranged in a quadrupole
configuration such that the first magnet array and the second magnet array are oriented to repel
each other, one embodiment of which is illustrated in FiG. 3.8. In embodiments, the second
separation stage (e.g., third stags) is sandwiched between the first magnst array and the second
magnet array and oriented such that the length of the third microfluidic channel is centrally aligned
between the first magnet array and the second magnet array. In embodiments, the magnetic
source is located about 800 to 1200 um from the third microfluidic channel. In embodiments, one
magnetic array is about 800-1200 um from the top of the third microfluidic channsl (second
separation stage), and the second magnetic array is about 1000 pm from the bottom of the third
microfiuidic channel. In embodimenis, the second microfiuidic channel of the first separation
stage (e.q., second stage) is offset from the magnetic source such that the magnetic source
provides a non-uniform magnstic field. In embodiments, the magnetic source is the sams first
and second magnet array arranged in a guadrupole configuration sandwiching the third
microfiuidic channel, but the second microfluidic channel runs along a side of the magnstic array,
such that the second microfluidic channel is not centrally aligned between the first and second
magnet array. In embodiments, the second and third microfluidic channels are substantially

parallel, thus there is the same distance above and below the channels from the magnetic source
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as set forth above for the third microfiuidic channel e.g., 800-1200 um}, yet the lateral distance of
the magnets from the center of the second microfluidic channel is greater as Hlusirated in FIG,
3.8

717  In embodiments of the microfluidic device of the present disclosure, the one or more
magnetic sources produce a flux density of about 0.3-0.87 {(e.g., 0.4 10 0.6T) in the first separation
stage and about 1-1.87 {(e.g., 1.3 {10 1.5 T} in the second separation siage. in embodiments, the
one or more magnetic sources produce a flux densily gradient that ranges from aboutl 410256 T
m-1 in the first separation stage and from about 0-625 T m-~1 in the second separation stage,
wherein the flux density gradient is lower towards the center of the third microfiuidic channel of
the sscond separation stage than at the outer portion, such that the magnetically conjugated

WBC's are deflected toward the second fluid outlet.

[721 In embodimenis, one or more of the first microfluidic channel, the second microfluidic
channel, and the third microfluidic channel have g thickness of about 100 um to about 300 um. In
embodiments, the thickness of the microfiuidic channels can range from about 100 um to 500 um,

gtc. In embodiments the thickness of the channel is about 300 um.

[731 In embodiments, the second microfluidic channel has a width of about 500 pym o 5000
urn, about 1200 um {o 2000 um, about 1400 um to 1800 um, or about 1800 uym, and the third
microfiuidic channel has a width of about 500 um to 5000 um, about 800 um to 1600 um, about
1060 um to 1400 um, or about 1200 um. In embodiments, the sscond microfluidic channel has
an optimized width of about 1800 um, and the third microfluidic channel has an optimized width
of about 1200 um. The widths of the second and third microfluidic channels was optimized based
on a combination of operating parameters, including magnetic flux density, operational flow rates,
concentration of the superparamagnetic fiuid, and the like. In embodiments, the microfiuidic

channels can have a lengih of about of 52000 - 57000 um.

[741 In embodiments, the second microfluidic channel has an optimized length of 55000 um,
with an acceptable range of 52000 -~ 57000 um, and the third microfluidic channel has an

optimized length of 55000 um, with an acceptable range of 52000-57000 um.

{781 In embodimenis of the microfluidic device of the present disclosure, the circulating umor
cells that exit via the first and/or second circulating tumor cell outlet comprise about 95% or more,
§7%, or more, or 99% or more of the total number of circulating tumor cells present in the

biclogical sample inserted into the first fluid inlet when in operation.
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[76] The present disclosure also inciudes methods of using the microfluidic devices of the
present disclosure and the systems of the preseni disclosure {&.¢., microfluidic device plus
biocompatible superparamagnetic sheathing fluid and magnestic microbeads) to enrich CTCs in a
biclogical sample. In some aspects, the methods are capable of isolating a majority of the
unlabeled rare cells. In some aspects, the uniabeled rare cells are circulating tumor cells in a
whole blood sampie, and the majority of the circulating tumor cells comprises about 90%, about
95%, about 97%, about 88%, or more of the circulating fumor cells as compared to a fotal number
of circulating fumor cells present in the biological sample inseried into the first fluid inlet when in

operation.

777  In some aspscts, the biclogical sample includes whole blood, wherein the whole blood
includes a plurality of componenis. In some aspects, the plurality of components comprises
magnetically labelled white blood cells, and wherein at least 85%, at least 98%, at least 98%, at
least 99.9%, or more of the white blood cells are not collected in the one or more circulating tumor
cell outlets as compared to a total number of white blood cells present in the whole blood inserted
into the first fluid inlet when in operation. This can mean, for instance, thatl at least 85%, at least
88%, at least 89%, at least 89.9%, or more of the white blood cells are collected in one or more
of the fillers, the first fluid oullet, and the second fluid outlet as compared to a tolal number of
white blood cells present in the whole blood inserted into the first fluid inlet when in operation.
This can result in, for example, that at least S0%, 92%, 95%, or more of the uniabeled rare cells
are collectad in the ons or more circulating tumor call outlets as compared o a total number of

unlabeled rare celis present in the whole blood inserted into the first fluid inlet when in operation.

[781 Methods are provided for enriching, separating, or isolating uniabeled rare cells such as
circulating tumor cells from a sample, e.g. a biological sample such as whole blood. In some
aspects, the biological sample is or includes whole blood. In some embodiments the biclogical
sample includses whole blood treated with a lysis buffer {0 lyse red blood cells as described above.
In some aspects, the biclogical sample includes about 1 1o 1000 circulating tumor cells per milliliter
of the biclogical sample, including both natural samples and samples spiked with CTCs for
research purposes. In embodiments, the biclogical sample comprises about 1-10 circulating
tumor celis per milliiier of the biological sample. Examples of the circulating tumor cells can
include those selectsd from the group consisting of a primary cancer cell, a lung cancer call, a

prostate cancer cell, a breast cancer cell, a pancreatic cancer cell, and a combination thereof.
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[79] The methods can include enriching circulating tumor celis in a sample of whole blood,
wherein the whole blood includes unlabeled rare cells and white blood cells, the method including:
(i} adding a plurality of magnetic beads to the sample to produce sample having magnetically
labeled WBCs, wherein at least some of the white blood cells are associated with the magnetic
beads; (i) filering the magnelically labeled sample in a microfluidic device 1o produce a filtered
sample by removing large cell debris from the magnstically labeled sample; (iii} separating &t lzast
a portion of the white blood cells that are associated with the magnetic beads by flowing the
filiered sample through a sheath flow in & nonuniform magnedtic field to produce a first enriched
sample; and (iv) isclating a majority of the unlabeled rare cells by magnetic flow focusing the first

enriched sample in a microfluidic channel.

[801 In embodiments, methods of enriching CTCs in a biological sample of the present
disclosure include combining the biclogical sampie (e.g., a sample from a biological host; e.g., a
sample having a plurality of components) with a plurality of magnetic microbeads adapted to
conjugate to white bloods celis such that a majority of white blood cells in the sample become
conjugated o at least one magnetic microbead and then iniroducing the magnstically labeled
biclogical sample {including the magnetic microbeads and magnetic microbead-conjugated
WEBCs) into the first fluid inlet of a microfluidic device and combining the magnetically labeled
biclogical sample with a biologically compatible superparamagnetic fluid, introduced via the
second fluid inlet, wherein the magnestically labeled sample and the superparamagnetic fluid are
introduced at a flow rate sufficient to causs the biological sample to fiow along the first microfluidic
channel, the second microfluidic channel, and the third microfluidic channel such that a majority
of the magnetic microbeads and white blood cells are deflected io the first or second fluid oullet
and a majority of the circulating tumor cells from the biological sample are collected in the one or

more circulating tumor cell outists.

[811 In embodiments, the biclogical sample is a sample from an animal host {g.g., a mammal,
human, etc). In embodiments, the biological sample is a fluid having a plurality of components
{e.q., cells, fluids, etc) (e.q., blood, urine, saliva, exudate, homogenized tissue in a biccompatible
fluid, eic). In embodiments, the biological sample is from a human. In embodiments, the
biclogical sample is whole blood or whole blood that has been treated with lysis buffer to lyse red
blood cells. In embodiments, the biclogical sample is whole blood, or RBC lysed blood from a

human host having cancer or suspecied of having cancer.



WO 2019/217539 PCT/US2019/031295

[82] In embodiments of methods of the present disclosure, the flow rate of the fluids/samples
{2.g., the magnetically labelad biclogical sample, the combined magnetically labeled sample and
superparamagnetic fluid, etc.) in the microfluidic device is about 10-400 microliters per minute, or
any intervening range. In embodiments, the flow rate is 10-250 microliters per minute. In some
embodiments, the flow rate is about 0.6 o 24 millilters of the fluids per hour, and intervening

ranges, e.g., about 0.6 {o 15 mi/hr.

[831 Untreated biclogical samples have various amounis of circulating tumor cells, dependent
on the type of cancer, the stage of cancer, other cancer treatments, efc. In general, un-spiked
samples from a host have about 1-10 circulating tumor celis/mi of the bioclogical sample. However,
for research purposes, sometimes sampies are spiked with additional CTCs. Also the levsl of
CTCs can be higher depending on the tumor grade of a host. Thus, in embodiments, the
biclogical sample can have from about 1 to about 1000 circulating tumor cells/mi of biological
sample. it will be undersiood that for research purposes even higher amounts of circulating tumor
cells may be present in a sample and still be within the scope of the present disclosure. However,
unlike some previous methods, the present mesthods/devices/systems are able o detect/enrich

CTCs from a sample having 10 or fewer CTCs/mi of biclogical sample.

[841 In embodiments, the CTCs can include, but are not limited to, a primary cancer cell, a lung
cancer cell, a prostate cancer cell, a breast cancer cell, a pancreatic cancer cell, and a

combination thereof.

{857 Msthods of the present disclosurs for enriching CTCs in a sample of wholeg blood {(or RBC-
lysed whole blood), where the whole blood comprises unlabeled rare cells and white blood cells,
include adding a plurality of magnetic beads 1o the sample o produce a magnetically labeled
sample, where a majority of the white blood cells are associated with the magnstic beads and
wherein the magnetic beads do not conjugaie o the uniabeled rare cells; filtering the magnetically
labeled sample in a microfluidic device o produce a fillered sample by removing large cell debris
from the magnetically labeled sample; separating at least a portion of the white blood cells that
are associated with the magnetic beads by flowing the filered sample through a sheath flowin a
biocompatible superparamagnetic sheathing fluid in a nonuniform magnetic field to produce a first
enriched sample; and then isolating a majority of the uniabsled rare cslls by flowing the first
enriched sample through a channel with a substantially symmestric focused magnelic field such

that a majority of any remaining white blood cells associated with the magnetic beads are focused
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towards a centsr of the channel and {0 a ceniral channel outiet and the majority of the unlabeled

rarg cells are collected from one or more peripheral channe! outlsts,

[881 The methods can include infroducing the biological sample/magnestically labeled biological
sample, which is preferably combined with the biocompatible magnetic microbeads prior {0
introduction, into the first fluid iniet of a microfluidic device described herein at a flow rate sufficient
to cause the biological sample to flow along the microfluidic channel(s) of the device such that a
majority of the circulating tumor cells from the biclogical sample are collected in the one or more
circulating tumor cell outlets.  In embodiments the magnetically labeled biological sample can
also be combined with the superparmagentic fiuid prior to introduction into the device. The
methods can include introducing a biocompatible ferrofiuid, which may include mixing the
biclogical sample with the ferrofluid in the device as well as the use of the ferrofiuid as a sheathing

fluid flow in the operation of the device.

[8717 The methods are devices are capable of high throughput. In some aspecis, the throughput
is about & milliliters to about 25 milliliters of the biological sample per hour. In some aspects, the

flow rate is about the flow rate is about 10 yl 1o about 500 pl per minuts.
EXAMPLES

[881 Now having described the embodiments of the present disclosure, in general, the following
Exampies describe some additional embodiments of the present disclosure. While embodiments
of the present disclosure are described in connection with the following examples and the
corresponding text and figures, there is no intent to limit embodimenis of the present disclosure
{o this description. On the contrary, the intent is to cover all allemmatives, modifications, and

equivalents included within the spirit and scope of embodiments of the present disclosure.

EXAMPLE 1: iFCS technology and device {medium magnetic field gradient, ong-

stage, sheath-free)

[891 Circulating tumor cells (CTCs) contains abundant information regarding the location, type
and stage of cancer and have significant implications in both diagnostic target and guiding
personalized treatment. The traditional isolation technologies rely on the properties of CTCs such
as antigens (e.g., epithelial cell adhesion molecule or EpCAM) or size o separate them from
blood. Integrated - ferrohydrodynamic cell separation(iFCS), a size-independent and marker-
independent method, can isolate cancer celis with large size distribution in biccompatible

ferrofiuids with a throughput 6mL b, an average recovery rate of 97.9%, and an 89.95% WBC
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depletion. We performed systemalic parametric studiss of key factors influsncing the performance
of iFCE and determined parameters for high-throughput, high recovery rate and high purity CTC
separation. We then iested and validated the performance of the method with cancer cells from
8 cultured cancer cell lines and 3 different types of cancer. The mean recovery rate of non-small
cancer cells from RBC-lysed blood using this technology was 98.7%. This method was also

validated with small lung cancer cells and the mean recovery rate was 85.5%.

integrated ferrohydrodyvnamic cell separation ((FCS) working principle

907 In the case of label-based magnetophoresis (FIG. 1.1A), magnetization of the particles

_/ifi*‘pis larger than the surrounding fluid medium A .- therefore the magnetic force will point toward

magnetic field maxima (FIG. 1.1A). On the other hand, for label-free negative magnetophoresis,

magnetization of the diamagnetic particles f’i%nis smaller than the surrounding ferrofluid medium

fQ@’f, therefore the magnetic force will point toward magnestic field minima (FIG. 1.1B). Integrated

ferrohydrodynamic cell separation (IFCS) scheme integraies both label-based magnetophoresis
and label-free negative magnetophoresis in a single device (FIG. 1.1D and 1.1E) under non-
uniform magnetic field. Particles and/or cells of magnstization larger than surrounding medium
and smaller than surrounding medium will move in different direction in the device, as shown in
FIGS. 1.1C and 1.1F, resulting in separation of particles and/or cells based on their relative

magnetization to the fluid medium.

Simulation and calibration with microbeads

911  In order o test the validity of working principle, we compared simulated trajeciories of
microbeads with experimental ones that were obtained from imaging 15.0-um-diameter non-
magnetic beads (NMB) and 11.8-um-diameter magnetic beads (MB) in an iFCS device. From the
trajectories, we calculated the deflection in the y-direction, denocted as Y, and separation distance
between the two iypes of beads, denoted as AY. The simulation results were carried out using
different parameters including throughput (10 — 800 pl. min™), ferrofiuid concentration (0 ~1.0%,
v/vy and magnetic field gradient (20 ~ 280 T m"). The goal here was to oplimize the separation of
non-magnetic beads from magnetic beads, which transiated to maximizing both Y and AY
simultaneously. Experimental conditions for calibration were the same as those in simulation. We
extracied Y and AY at the end of the channsl and ussd them o compare simulation and

experimental resulis,
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[92] We first optimized the throughput of the device. Both simulation and experimental resulis
(FIG. 1.24) showed a monotonically decreasing trend for AY as the throughput increased. Both
simulation (FIG. 1.20) and experimental results (FIG. 1.2G) indicated widsly distributed
trajectories for 11.8 um magnetic bead, and completely deflected trajectories for 15.0um non-
magnetic beads al high flow rate. The second parameter we oplimized was ferrofluid
concentration. In general, a higher ferrofiuid concantration resulted large magnetic force on non-
magnetic beads, leading to a larger deflection in the y-direction. However, the Y value of magnetic
beads {magnetic content is 0.737% v/v in this case) decreased as ferrofluid concentration
increased, and increased when the concentration was larger than 0.737 % (FIGS. 1.2E and 1.2H),
resulting a smaller separation distance AY (FIG. 1.2B}. It should be noted that a portion of
magnetic beads were trapped at the bottom of channel when ferrofluid concentration was low.
The last parameter that we chose to optimize was magnetic field gradient, whose value changed
as we adjusted the distance between the magnet and the channel. FIGS. 1.2C and 1.2F showed
that, in both simulation and calibration, when the magnetic field gradient increased, the overall
deflection Y for both beads increased too. This is because the magnstic force on beads was
determined in part by the gradient. The larger the fisld gradient, the larger the magnetic force. On
the other hand, the separation distance decreased when the gradient was too weak to deflect

beads. As a result, we chose a field gradient of 132 T m™ for following experiments.

(93] To achieve high throughput, recovery rate and purity, we chose a throughput of 100 pL
min, ferrofiuid concentration of 0.049% (v/v) and magnetic field gradient of 132 T m'. With
oplimized parameters, we run a series of experiments with 20.3 and 8.0 um (red fluorescent) non-
magnetic beads and 11.8 um (vellow fluorescent) magnetic beads. All the beads are randomly
distributed near the inlet. Without magnetic field, there are no separation (FIG. 1.3D) and they
start {0 deflect under the non-uniform magnetic field (FiG. 1.3E). Non-magnetic beads were
collected from outlet 1, as shown in FIGS, 1.3C and 1.3E. on the other hand, magnetic beads

were collected from outlet 2 and 3, as shown in FIG. 1.3F.

Verification of IFCS for high-throughput and high-recovery spiked cancer cells
separation.

[241 In orderto show the size-independent characteristic of IFCS device, we measured the size
of cancer cell lines before separation. The size distributions of various cancer cell lines and white
blood cells are presented in FIG. 1.4A. There is large size overlap belween cancer cell lines and

white biood cslis (WBCs), which was the main challenge in existing iabel-free cancer csli



WO 2019/217539 PCT/US2019/031295

35

separation methods. For exampie, the minimum size of PC-3 cell line was measured to be around
8 um. This makes it challenging o enrich small PC-3 cancer cells from WERBCs, bacause thay have

overlapping sizes (FIG. 1.44).

[957 In addition, we measured the number of dynabeads on each labeled WBC (n=1000).
Human whole blood was obtained from healthy donors according to a protocol approved by
Institutional Review Board (IRE) at Universily of Georgia. Calculated the amount of biotinylated
antibody and magnetic beads required based on the WBC count. Used 100 fg/WBC for anti-CD45,
anti-CD16 (Biolegend, San Diego, CA), and anti-CD66b (Life Technologies, Carlsbad, CA). Each
WBC were labeled with 125 magnetic besads (Dynabeads Myone streptavidin T1, Life
Technologies, Carlsbad, CA). Dynabeads were washed twice with 0.01% TWEEN 20 in PBS,
then washed with 0.1% B2A in PBS and resuspended in PBE. The whole blood was firstly labsled
with antibodies for 30min and lysed by RBC lysis buffer (eBioscience, San Diego, CA) for 7 min
at room temperature. Cell mixtures were centrifuged for Smin at 800xg and the pellet were
suspended in PBS with Dynabeads. Incubate the tube for 25 min on the rocker. Added ferrofiuid
and 0.1% {(v/v} Pluronic F-88 non-ionic surfactant (Thermo Fisher Scientific, Waltham, MA) to
achieve the same volume with whole blood and keep mixing for 5 more minutes. The number of
dynabeads on each WBC were counted with microscope and the average was 34 + 11 dynabeads
per WBC (FIG. 1.4B). The magnetic content in dyvnabeads was 11.5% (v/v). Based on the size of
WBCs and the number of labeled dynabeads, we calculated the magnetic content in each WBC
(FIG. 1.4C). About 99.5% of WBCs had magnetic content larger than 0.05% {(v/v). Under
optimized experimental conditions (throughput = 100 ul. min™, ferrofluid concentration = 0.049%,
and field gradient = 132 T mr"), we collected about 88% spiked cancer cells and remove > 99.5%
WEBCs.

[881 We performed a series of experiments with spiked cancer calls of cultured cell lines and
WEBCs based on optimal parameters. We first studied the performance of iIFCS using spiked PC-
3 prostate cancers in WBCs. The concentration of DAPI stained WBCs, labeled with dynabeads,
was 1 x 10° celis mL"; CTCs were simulated by spiking ~1 x 104 CeliTracker Green stained PC-
3 cancer cells into 1 mb of WBCs. FiGG. 1.54 indicated that all the celis were randomly distributed
at the inlet of the device, then started to deflect when they entered the magnetic field region and
were completely separaled al the outlels. PC-3 cells collecied from collection outlet had
polydisperse sizes, as shown in FIG. 1.88. To future validate the size-independent characleristics
of iFCS, we repeated the experiments with MCF-7 and MDA-MB-231 cancer cells under the same

conditions. The size distribulions of each cell ine were extremely similar before and after iFCS
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processing (FiIG. 1.5C, Table 1.1). WBCs collected from collection outlet were aiso identified by
counting the number of dynabeads on their surface (FIG. 1.8D). The avsrage number of

dynabeads per WBC increased as the ferrofluid concentration increased.

Tabie 1.1. Statistics about spiked and collected cancer cells under optimized

experimental conditions.

Cancer cellline  Minimum diameter  Minimum cell diameter average diameter  average diameter

(spiked, um) {collected, urm) (spiked, um) {collected, um)
MCF-7 7.0 6.6 17.514.3 18853
MDA-MB-231 7.0 7.0 191236 199148
PC-3 8.1 6.6 19.9+48 204149

(977 We characlerized the iFCS device with & types of cancer cells under oplimized conditions
with ~ 100 cell mL" spike ratio. As shown in FIG. 1.5E and Table 1.2, the average recovery rates
of 97.94+1.0%,976£1.0%, 988+ 14%, 994208 %, 987 +£06 %, and 99.7 £ 0.6% were
achieved for MCF-7, MDA-MB-231, HCC1806, H1298, H3122 and, PC-3 cell lines, respectively.
The corresponding purities of separated cancer cells for each cell line were 22.0 £ 1.3 % (MCF-
7}, 235 £ 0.7 % (MDA-MB-231), 25.2 £ 1.5 % (HCC1806), 23.1 £ 0.9 % (H1299), 222 £ 0.9
(H3122}, and 23.3 £ 0.4 {(PC-3), confirming the robusiness of the (FCS device for cancer celi
separation. We further validated the device with small lung cancer cells. The average recovery
rates of 95.0 £ 1.2% and 95.9 £ 1.3% were achieved for DMS739 and HE9 cell lines, respectively.
A series of spike-in experiment, in which a certain number PC-3 cells (100, 250, 500, 1000, 2000}
and 1 miliion WBCs were spiked into 1 mL ferrofiuid, were carried out to validate that the device
has the potential to process dlinically relsvant blood samples (FIG. 1.8F). An average recovery

rate of 98.8% was achieved in the IFCS for this particular prostate cancer cell line.
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EXAMPLE 2: iFCS technology and device {high magnetic field gradient, multipie-

stage, sheath-flow}

981 In this device, we have developed a marker-independent and size-independent integrated
ferrohydrodynamic cell separation (iFCS) method, which is biocompatible and could enrich entire
rare circulating tumor cells (CTCs) from patient blood with a high throughput and a high recovery
rate. The blood samples suspended in ferrofluids (0.03% v/v) are injected into the inlel A and
focused by sheath flow through inlet B (ferrofluids with a concentration of 0.03% v/v). The majority
of labeled white blood cells (WBCs) and free Dynabeads are depleted into the wastie cutlet 1 in
stage 2. The unlabeled cells and some labeled WEBCs, including CTCs, enter the stage 3. The
CTCs are then continuously deflected o the two sides of the channel and labeled WBCs and fres

beads are focused in the center of the channel, as shown in FIGS. 1.6A-1.6C.

991  The magnet holder consists of top and bottom paris and is secured with screws and nuts.
Two magnet arrays repeliing each other are placed in the fop and bottom holders, respsecively.
The microfluidic davice is sandwiched between the magnet holders and the center of the siage
3’s channel is exactly aligned with the center of the magnet arrays (FIGS. 1.6A-1.8C and FIG.
1.7). CTCs enrichment is achieved by inpulting red blood cell (RBC)-lysed blood that is pre-
labeled with magnstic beads {(Dynabeads MyOne Streptavidin T1) targeting WBCs via CD45,
CD16 and CD66R surface antigens (FIG. 1.8). We will refer this multiple stage device as FCSv2.

§108] We performed systematic optimization of this method and determined paramelers in the
microfluidic device that achieved an average recovery rate of 99.16% using 8 different cell lines
(HCC1808, HCCT0, MCF7, MDA-MB-231, H1299, H3122, DMS73, and HE9) from RBC-lysed
WBCs, which were labeled with Dynabeads conjugated with leukocyte antibodies. The developed
device is able o process 12 mb of blood within one hour. The device achisved an average WBC
carryover of 527 WBCs per mil of input blood. Specifically, for each celi ling at ~100 cells per mL
spike ratio, the recovery rates of cancer cells were 98.46 1 0.50% (HCC1806 breast cancer),
99.68 x 0.46% (HCC70 breast cancer), 99.05 = 0.75% (MCF7 breast cancer), 99.35 £0.46%
{MDA-MB-231 breast cancer), 89.40 1 0.85% (H1299 non-smali cell lung cancer), 99.13 £ 0.48%
{(H3122 non-small cell lung cancer), 82.11 £ 1.258% (DMS7¢ small cell lung cancer), and 88.11 %
0.74% (HG% small cell lung cancer}). To validate that the device has the polential to process
clinically relevant blood samples, a series of spike-in experiments in which a ceriain number of
HCC70 breast cancer celis (20, 50, 100, and 200) are spiked into 1 mbL of WBCs. As shown in
FIGS. 1.8A4-1.88, an average recovery rate of 89.08% is achieved in the FCSv2 device. FIGS.
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1.104A-1.10B show the separation of spiked cancer cells (stained with CeliTrack Gresn) at the

end of stages 2 and 3.
EXAMPLE 3: Optimized iFCS system
[101] iIntroduction

[102] Iisolation of circulating tumor cells (CTCs) from blood provides a minimally-invasive
alternative into the basic understanding, diagnosis and prognosis of metasiatic cancers. The roles
and clinical values of CTCs are under intensive investigation, vet most studies are limited by
technical challenges in the comprehensive enrichment of intact and viabie CTCs with minimal
white blood celis contamination. The present example describes a novel, optimized system and
method based on conirast of cell magnetization, termed as integrated ferrchydrodynamic cell
separation (iFCS), that enriches CTCs in a tumor antigen-independent and cell size variation-
inclusive manner, and achieves high-throughput (12 mL "), high recovery rate (99.16% at down
to ~10 cells mL" spike ratio), low WBC contamination (~500 cells for every one milliliter blood
processed) and is biccompatible. This method allows for studies on subtypes of CTCs, and their

correlations with clinical and diagnostic variables in small cohorts of cancer patients.

[103] Insights on heterogeneity among circulaling tumor celis (CTCs) have significant
implications for basic and translational research of metastatic cancer that is responsible for over
80% of cancer related mortality. 1-4 While primary tumor characlerization is the most commion
source of malerial to predict tumorigenesis, clinically relevant findings would include the ability o
predict whether the tumor will likely metastasize and establish lethal colonies of tumors in distal
organ sites. Due to inherent heterogeneous composition of primary tumors, needle-biopsies and
surgical samples may miss key diagnostic markers that would define metastatic potential of the
tumor. Characterizing blood bome circulating tumor cells provides a window into metastasis
research as tumor cells are in route to their new niche, where these cells represent disease
potential of the tumors to establish multiple sites. 3 4 Hence, CTCs could be a more representative
sample of fumor disease potential than a primary tumor biopsy, including a compendium of
gensetic changes that increase metastatic potential over the course of tumor evolution.
Development of innovative technologies that will allow the enrichment and characterization of &
complete reperioire of viable CTCs could increase our undersianding of metasiasis and may lead
to novel applications including the creation of in vitro and ex vive models to experimentally

manipuiate and screen panels of patient derived tumors.
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[104] Three concurrent technical challenges in existing CTC enrichmeant methods, including the
dependence of specific tumor antigens for tumor cell recognition, inability to account for the
variation of tumor cell sizes in isolation, and difficulty of keeping CTCs viable and intact for
downstream analysis, complicated the study and applications of CTCs. These issues are
worsensd by the fact that CTCs are exiremely rare, estimated at less than 10 tumor celis in every
one-milliliter of whole blood. Past studies have showsd that CTCs isolated by the US Food and
Drug Administration (FDA) approved CellSearch system, identified by epithelial cell adhesion
molecules (EpCAM) alone, were associated with poor prognosis in metastatic and localized
carcinomas in clinical trials. 5-7 However, increasingly CTCs were found to be a rare and
heterogeneous population of different phenotypic subtypes,1' 8§ in which a fraction of original
epithelial tumor celis could transition into stem-like mesenchymal cells in a metamorphosis noted
as EMT, Epithelial to Mesenchymal Transition. 3 This fransition maybe what gives CTCs the trails
of high motility, invasiveness and limitless potential to create a new tumor site, therefore cells that
have gone through this transition could possess the greatest threat of metastasis and shori-term
recurrence. 3 4 8 Given the importance of EMT CTCs, the influence of mesenchymal properties
on the prolonged survival of CTCs in the circulation, and on their capacity to form metastatic
tumors, new methods are urgently needed fo allow for a comprehensive enrichment and analysis
of viable CTCs. Microfluidics-based methods have provided a new avenue o enrich and study
CTCs for the past decade but were often biased because of the use of specific tumor antigens or
cell size threshold in enrichment. Majority of microfluidic methods operated based on sither
marker-dependent or cell size-dependent principles. 10 For example, marker-dependent meathods
that relied on EpCAM or other combination of tumor cell surface antigens were rendered
ineffective due to inherent heterogeneity of tumor subtypes. i1 The significant difference among
various markers and their expression levels in CTCs undergoing EMT was difficult to predict,
resulting in incomplete recovery of CTCs from clinical samples. On the other hand, cell size-
depleted blood cells and recovered CTCs that were larger than ~10 um in diameter, based on a
presumed size difference betwsen blood and cancer cells. 18 The issue of these methods was
that a significant percentage of CTCs in circulation were comparable or smaller than blood cells.
Our measurements of white blood cells (WBCs) and cultured cancer cells revealed that there was
a significant size overlap between the two, and an appreciable percentage (e.g., ~35% for DMS
79 and HE9 small cell lung cancer cell lings) of cancer cells were smaller than ~10 um. In addition,

clinically isolated CTCs were reported to be as small as ~6 ym. 1§ As a result, few cell size-

H
H
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dependent meathods could achieve compleie recovery and low WBC contamination
simuitaneousiy. 10 18 Furthermore, CTCs are fragile and need to be processed with gentle
enrichment conditions to keep their viability and tumorigenic capability for downsiream studies. In
summary, the inherent bias in tumor antigen-dependent and cell size-dependent methods, and
the recognition that CTCs are highly rare, heterogensous and fragile, highlight the need to
develop new methods that can enrich viable CTCs regardless of their surface antigen and size

profiles.

[108] The device/system developed and described in the present Example addressed the
above-mentioned challenges through the development of a novel CTC enrichment method that is
based on contrast of magnstic properties of cells, termed as integrated ferrchydrodynamic cell
separation (IFCS). This method is tumor antigen-independent and cell size variation-inclusive; it
allows for simultaneous depletion of WBCs and enrichment of viable CTCs, resulting in complete
recovery of intact and viable CTCs with minimai WBC contamination that were suitable for clinical
applications. In developing this method, we performed systematic parametric studies of key
factors influsncing the performance of iIFCS and determined parameters for high-throughput (12
mi h'H), high recovery rate (82.16% at down to ~10 celis mL" spike ratio), low WBC contamination
{~500 cells for every one millililer blood processed) and biocompatible enrichment (cell viability
of 97.69x0.70% after snrichment) of CTCs from the bicod of cancer patients. iIFCS was first
validated with cancer cells from 8 culiured cell lines of 3 different types of cancer. Mean recovery
rate of cancer cells from rad blood cell (REC)-lysed blood using this method was 88.16%. The
profotype IFCS device carried over on average 533134 WBRCs per 1 mb of blood processed.
Enriched cancer cells had excellent short-term viability, and intact capability to proliferate fo
confluence. Clinically, iFCS was first used to study cell size variation and surface antigen
expression hsterogensity of CTCs enriched from 3 breast cancer patients and 3 lung cancer
patients. This study revealed a high degree of variation in CTC sizes. 55.4% of patient derived
CTCs possessed an effective diameter of less than 10 pm, and there was a significant overlap in
sizes between CTCs and WBCs. The siudy also showed heterogeneity of epithelial and
mesenchymal characteristics in patient CTCs surface antigen expression. These resulls
highlighied the naed for tumor anligen-independent and cell size variation-inclusive methods such
as iFCS. We also used IFCS at a remote sife (Henry Ford MHealth System, Delroit, Michigan) to
investigate whether variable counts of CTC subtypes would correlate with clinical and diagnostic

variables. We found, within a small cohort (n=8) of sarly stage breast cancer palients, that
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mesenchymal and EMT subtypes of CTCs had a higher correlation {o tumor grade than epithelial

subtype.
[108] Methods

[107] Model of iFCS and its validation. We developed an analytical model used in this study o
simulate cell frajectories in three-dimensional (30} manner 18, 19 it could predict 3D transport of
diamagnetic cancer cells and magnetic WBCs in ferrofluids inside a microfluidic channel coupled
with permanent magnets. The magnets produced a spatially non-uniform magnetic fisld that led
to a magnetic force on the celis. Trajectories of the cells in the device were obtained by (1)
calculating the 3D magnstic force via an experimentally verified and analytical distribution of
magnetic fislds as well as their gradients, together with a nonlinear Langevin magnetization model
of the ferrofluid and (2) solving governing equations of motion using analvtical expressions of

magnetic force and hydrodynamic viscous drag force in MATLAR (MathWorks Inc., Natick, MA).

[108] Synihesis and characterization of ferrofluids. Maghemite nanoparticies (10.91x4.86 nm)
were synthesized by a chemical co-precipitation method as previously described 19 Size and
morphology of maghemite nanoparticles were characterized via transmission electron microscopy
(TEM; FEI, Eindhoven, the Netherlands). Magnetic properties of the ferrofiuid were measured at
room temperature using a vibrating sample magnetometer (VSM; MicroSense, Lowell, MA). The
viscosity of ferrofluids was characterized with a compact rheometer (Anton Paar, Ashiand, VA) at

room temperature. Ferrofiuid characterization data are iliustrated in FIGS. 3.74-3.7C.

[109] Cell culture and sample preparation. Cancer cell lines (ATCC, Manassas, VA) including
four breast cancer cell lines (HCC1806, HCC70, MCF7 and MDA-MB-231)}, two NSCLC cell lines
(H1299 and H3122), two SCLC cell lines (DMS79 and H69), and one prostate cancer cell line
(PC-3) were used in this study. Cell lines were cullured following manufacturer's recommended
profocol. Cancer cells were flucorescently stained with CellTracker Green (Life Technologies,
Carlsbad, CA) before each use. Cells were counted with a Nageotie counting chamber (Hausser
Scientific, Horsham, PA) to determine the exact number of cells per pl. Desired cancer cells (10,
25, 50, 100 or 200) were spiked into 1 mL of [abeled WBCs.

[110] Ferrofluid biscompatibility. Short-term cell viability after iIFCS8 was examined using a
Live/Dead assay (Life Technologies, Carishad, CA}. For long-term proliferation, separated
HCC1806 cells from an IFCS device were washed three times with culture medium o remove the

nanoparticles, and then the celis were suspended in culture medium and seeded into a T25 flask.
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Cells were then cultured at 37 °C under a humidified atmosphere of 5% CQO2. Cellular morphology

was inspected svery 24 hours.

M11] IFCS device fabrication and assembly. Microfluidic devices were made of
polydimethylisiloxane (PDMS) using standard soft lithography technigques. The thickness of the
microfiuidic channel was measured o be 300 um by a profilometer (Veeco Instruments, Chadds
Ford, PA). Dsvice was placed within a cusiom aluminum manifold thal held four NdFeB
permanent magnets (K&J Magnetics, Pipersville, PA) in a quadrupole configuration. Each magnet
was 50.8 mm in length, 6.35 mm in both width and thickness, and had a remanent magnetization
of 148 T,

[112] Microfluidic experimeant setup and procedurs. During & typical experiment, a microfluidic
device inseried within manifold was placed on the stage of an inveried microscope (Axio
Observer, Carl Zeiss, Germany) for observation and recording. Two fluid inputs were controlled
by individual syringe pumps (Chemyx, Stafford, TX). Biood samples were injected into an inlet of
an iFCES device, sheath flow of ferrofluids was injecied into a second inletl. Images and videos of
cells were recorded with & CCD camera (Carl Zeiss, Germany). After enrichment, cells were
collected in a 15-mL centrifuge tube with complete culture media. Fabricated devices were flushed
by 70% ethano!l for 10 minutes and then primed with 1x phosphate-buffered saline (PBS)
supplemented with 0.5% (w/v) bovine serum albumin (BSA) and 2 mM EDTA (Thermo Fisher

Scientific, Waltham, MA) for 10 minules before sach use.

[113] Patient recruitment and sample processing. Healthy human blood samples were obtained
from Clinical and Translational Research Unit of University of Georgia with informed consents
according to a prolocol approved by Institutional Review Board (IRB) {(University of Georgia,
STUDYO0005431). Healthy donor samples were used for spike-in experimentis with cell lines.
Cancer patient samples collected at University Cancer and Blood Center (Athens, Georgia) was
approved by the IRB (University of Georgia, STUDY0O0005431) before study initiation and
informed consent was obtained from the participants. Cancer patient samples collected at Henry
Ford Health System (Detroit, Michigan) was approved by the IRB (Henry Ford Health System,
Davis-11564) before study initiation and informed consent was oblained from the participants. All
blood samples were collected into either vacutainer K2-EDTA tubes {(BD, Franklin Lakss, NJ,) or
cell-free DNA BCT (Streck, Omaha, NE) and were processed within 2 hours of blood draw.
Detailed patient information and CTC enumeration was listed in Table 2.5. Complete blood count

(CBC) reporis were obtained {o determine the number of WBCs. Whole biood was {abeled with
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lsukocyte-specific biotinylated antibodies including anti-CD45 (eBioscience, San Diego, CA}, anti-
CD16 (eBioscience, San Diego, CA), and anti-CDS6b (Biolegend, San Diego, CA} for 30 min.
The antibody conjugated blood was lysed by REC lysis buffer (eBioscience, San Diego, CA) for
10 minutes at room temperature. Blood cells were then incubated with streptavidin coated
magnetic Dynabeads (Life Technologiss, Carisbad, CA) for 30 minutes on a rocker. All the
labeling and washing procedures were followed by manufaciurer's recommended protocol. Blood
cells were finally suspended in the same volume of ferrofiuid (0.028% v/v) containing 0.1% {(v/v)

Pluronic F-68 non-ionic surfactant {Thermo Fisher Scientific, Waltham, MA) before processing.

[114] CTC identification. After processing of blood with an IFCS device, cells were immobilized
onto a poly-kHysine coated giass slide with a customized cell collection chamber. The collected
cells were fixed with 4% (w/v) paraformaldehyde for 10 minutes and subsequently permeahilized
with 0.1% (v/v) Triton X-100 in PBS for 10 minutes. Celis were then blocked with blocking reagent
(Santa Cruz Biotechnology, Dallas, TX) for 30 minutes. After blocking nonspecific binding sites,
cells were immunostained with primary antibodies including anti-cytokeratin (CK3-6H3)-FITC
{(Miltenyi Biotec, Auburn, CA) or EpCAM (EBA-1)-Alexa Fluor 488 (Sania Cruz Biotechnology,
Dallas, TX), Vimentin (VO)-Alexa Fluor 647 (Santa Cruz Biotechnology, Dallas, TX), and N-
cadherin {13A9)-Alexa Fluor 594, Nuclei were counterstained with DAPI. All samples were also
stained with anti-CD45 (HI30)-PE (BD Biosciences, San Jose, CA) to identify leukocytes. After
immunofiucrescence staining, cells were washed with PBS and coverslipped with mounting

medium for imaging or stored at 4 °C.

[M18] CTC culiure. Primary cells from patient blood after processing with iIFCE device were
centrifuged at 200xg for 5 minutes at 37 °C and resuspended in RPMI-1640 media with 15% fetal
bovine serum (FBS). Cells were cultured in vented T-25 om2 flask at 37 °C with 3% COZ. Primary

cell growth rate was determined over a 72-hour period.
[116] Resuiis
[117] Overview of iFCS.

[118] Iintegrated ferrohydrodynamic cell separation (iIFCS) method uses the following strategy
to achieve tumor antigen-independent and cell size variation-inclusive enrichment of viable CTCs
and simultansous depletion of contaminating WEBCs, leaving intact CTCs at its device’s output
with minimal WBC carryover. In this strategy, virtually all WBCs are rendered magnetic by labeling
them with magnetic microbeads through a combination of leukocyte biomarkers, while CTCs

remain unlabeled. WBC-bead conjugates and CTCs continuously flow through a microfiuidic
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device filled with ferrofluids, a collnidal suspension of magnetic nanoparticles with tunable particle

concentration. Magnetization of the ferrofluid Mﬁ ., under an external magnetic field, is adjustsd

to be less than that of WBC-bead conjugates Mmc—m’ s0 that uniabeled CTCs with a close to

zero magnetization Mm, regardiess of their sizes, are pushed towards a magnetic field minima

due to a phenomenon known as “diamagnetophoresis”™ (FIG. 2.14, top), 17 while WBC-bead
conjugates are atiractsd to a magnetic fisld maxima through a compstition betwesn both
“magnetophoresis” and “diamagnstophoresis” (FIG. 214, bottom), and continuously deplsted.
The strategy integrates both "diamagnetophoresis” and “magnetophoresis” in ferrofluids to enrich
the entire repericire of CTCs from biood regardiess of CTCs' surface antigen profile and size

profile.

[118] The iFCS-basaed CTC enrichmeni sirategy relies on the establishment of both
“magnetophoresis” and “diamagnetophoresis” of cells immersed in ferrofluids. A magnetic force

is generated on magnetic or diamagnetic cells under a non-uniform magnetic field, 17

K

0] F, =up,, (41,-5,, )V |0 (1)

Feidd

[121] where H, = 41 = 107 H m™' is the permeability of free space, Vcdl is the volume of the

cell, M is its magnetization, M P, is magnetization of the ferrofluid surrounding the cell, and

H is magnetic field strength at the center of the cell. For cells in ferrofluids under a2 magnetic
field, magnitudes of the magnetization of the cell 1\/!12&r and the ferrofluid 1\/1ﬁm_ar with
suparparamagnetic particles in it can be modeled via a Langevin function. From Eg. 1, we lgam
that the magnetic force directs cells {0 sither a magnsiic field maxima or minima depending on

the conirast between cell and fluid magnetlizations, i.e., the sign of the term ﬁ?fM —M and

Fuid?

the magnitude of the force is also proportional {o the volume of the cells Vcdl.

[122] FIGS. 2.14-2.10 Hustrate the design of a prototype iIFCS microfluidic device basead on the
above principle. We incorporated two enrichment slages in prolotype devices, in order to prevent
magnetic microbead aggregation due to the use of large number of magnetic beads. Prior to

device processing, WBCs in blood were labeled with magnetic microbeads through leukocyie

surface biomarkers so that overall magnetization of the WBC-bead conjugatss Mmcﬁmwas
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larger than its surrounding ferrofluid medium Mﬂm?d‘ Magnetization of the uniabeled CTCs Mm

was close 1o zero and iess than its surrounding ferrofiuids Mﬁuﬂ. In the first stage (FIG. 2.18,

top), a magnetic field was used o direct unlabeled and sheath-focused CTCs to remain at the
upper boundary of a microchannal, while atiract unbound magnetic beads and WBCs labeled with
2 3 microbeads towards a waste outlet. This way, a significant perceniage of beads and WBCs
were depleted before the second stage, so that bead aggregation was minimized (FIG. 3.14). In
the second stage, a symmelric magnetic fisld with its maximum at the middle of the channel was
used to atiract remaining WBC-bead conjugates towards to the channel center for fast depistion,
while unlabeled CTCs flowing along the upper and lower channe! boundaries were collected for
analysis at the end of the channel (FIG, 3.1B). This design aimed to enrich all CTCs regardisss
of their surface antigens and sizes, at the same time remove virtually all WBCs from collection
outiets. An example of an arrangement of magnetic sources (in this case, a magnetic array)

relative 1o the first and second separation stages of an exemplary device is illustrated in FiG. 3.8.

[123] A physical model was developed to optimize the prototype device for practical CTC
enrichment. CTCs are extremely rare in the blood circulation and hidden among millions of WBCs
with similar size. The rate of CTC occurrence was reported to be <10 celis in one milliliter of
blood. 18 15 In order {o optimize iIFCS method and objsclively evaluate its performance, four
metrics were used, including csll-processing throughput, CTC recovery rate, WEBC contamination
and integrity of enriched cells, which were consistent with reporis of existing methods (see Table
2.1). ForiFCS, the parameters that affected these four metrics include device geometry, magnetic
field and its gradient, magnetic bead labeling efficiency of WBCs, flow rate of cells, and ferrofiuid
properties. Thess parameters were coupled and optimized systematically. We created such a
model that could pradict three-dimensional (3D) trajectories of cells in laminar flow conditions
inside the device. 18 18 Both magnestic force and hydrodynamic drag force were iaken into

consideration in simulating the cell trajeciories.
[124] Optimization of iFCS for CTC enrichment.

[128] We optimized FCE for tumor antigen-independent and cell size variation-inclusive
enrichment of CTCs, with a goal of enriching the enfire repertoire of viable CTCs with minimal
WRBC contamination. in quantitative terms, the performance goals for iFCS devices included: (1)
a complete CTC recovery rate of >89% at dlinically relevant occurrence rate for CTCs (1-10 celis

mL™Y), regardless of their surface antigens and sizes; (2) a minimal WBC contamination of ~500
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cells at the device oufput for every one milliliter blood processed, (3) a blood processing
throughput of more than 10 mbL h', and (4) unaffected cell integrity after enrichment, including
viability and proliferation. These melrics were chosen as largets after a survey of existing

microfiuidic CTC enrichment methods (see Table 2.1).

[126] Systematic oplimization of IFCS devices focused on the effects of device
geometry, magnetic microbeads functionalized per WBC, magnetic field and its gradient, flow
rates, as well as ferrofluid concentration on device performance, including throughput, recovery
rate and WBC contamination. Firstly, we determined microchannel dimensions for both stages by
balancing a clinical goal of processing at least 10 milliliters of blood within one hour, and a goal
to mainiain laminar flow in the device. Final channel dimensions (first stage: 55%1.6x0.3 mm;
second stage: 55x1.2x0.3 mm; LxWxH)} were oplimized so that the Reynold’s number was on
the order of 10 when cell flow rate was 12 mbL h', ensuring laminar flow condition and
physiologically equivalent shear rates (first stage average: 270.8 87, range: 63.4-510.4 s"; second
stage average: 190.8 s range: 54.4-360.5 s') during CTC enrichment.28 The prototype
microchanna! and assembled device are shown in FIG, 2.1C and 2.1D0. Secondly, the amplitude
of magnetic force on cells is proportional {o the amplilude of magnetic field gradient. In order to
maximize field gradient, we adopted a quadrupole magnet configuration in the iIFCS device that
could generate magnetic flux density in the range of 0.5-1.5 T, and magnetic flux density gradient
up to 825 T mr! (FIG. 2.2A). Thirdly, number of magnetic microbeads functionalized onto WBCs
should be maxiniized {0 increase the contrast between WBC-bead conjugates and surrounding
ferrofiuids. Therefore, we optimized a WBC functionalization protocol by using a combination of
three leukocyle surface biomarkers. Streptavidin-coated Dynabeads {1.05 um, 11.4% FexOs
volume fraction) and biotinylated anti-human CD45, CD15 and CD88b antibodies combination
were used. Results in FIG, 2.2B show that with antibody and bead concentrations (CD45: 100
fgWBC, CD15: 75 fg/WBC, CD6e8b: 75 fg/WBC, magnetic beads: 125/WBC), WBCs were
conjugated with 34111 beads, and >99.9% of WBCs were labeled. Average magnetic content
volume fraction of WBCs from bead conjugation was 0.36%, with a minimal value of 0.026%,
corresponding to WBCs that were labeled with just one magnetic bead. By choosing a ferrofluid
concentration that was in the vicinity of the minimal value of WBCS magnetic content volume

fraction, it became possible to deplste virtually all WBCs.

(1273 The remaining oplimization focused on the effect of ferrofiuid concentration and
cell-processing throughput on the performance metrics in the second stage. For this part of

optimization, we calculated two oulputs — a deflection in the y-dirgclion for cells (ses FIG. 2.24
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for coordinates), dencted as Y, and a separation distance belween WBCs and CTCs, denoted as
AY. Both oulputs were optimized using parameters including ferrofluid conceniration (0-0.04%
viv) and throughput (0-700 ul min®, i.e., 0-42 mL h™"). The goal was to maximize CTC recovery
rate and minimize WBC contamination, which translated to maximizing AY and cell-processing
throughput simultaneocusly. FIG. 2.2C shows that separation distance AY reached a maximum
when using a ferrofluid with 0.028% magnetic volume fraclion, and largest throughput that could

be achieved without compromising CTC recovery was 200 ul min™ (e, 12 mL "),

[128]} In summary, the optimization resulted in following operating parameters for the
prototype IFCS devices: magnetic flux densily in the range of 0.5-1.5 T, and magnstic flux density
gradient up to 825 T m" via assembling four NdFeB permanent magnsts in quadrupole
configuration; WBCs conjugated with 34411 magnetic beads, and over 99.9% WBRBCs labeled;
cell-processing throughput 12 mb h''; and ferrofluid concentration 0.028% (v/v). Microchannels in
the device had a thickness of 300 um and a total length of 55 mm, widths of the microchannels
for the first and second stages were 1600 pm and 1200 um, respectively. Using these parameters,
we studied via simulation the recovery rate of CTCs (CTC size range: 3-32 pm in spherical
diameter) spiked inlo WRBCs (WBC size range: 5-25 um in spherical diameier, 34111 magnetic
beads per cell). We chose the smallest diameter of CTCs {o be 3 um, a value that was almost
half the size of smallest reported CTCs from clinical sampies, 18 in order {o test the robustness of
the tumor antigen-independent and cell size variation-inclusive enrichment method. FIG. 2.2D
shows a distribution of cell locations at the end of sach stage. In guantitative terms, FIG. 2.2E
reporis that 96.35% of initial WEBCs that were [abeled with 2 3 beads and all unbound beads were
depleted after just the first stage while all CTCs were persevered, including the smallest 3 um
ones. After the second stage, 3.60% of initial WBCs that were labeled with 2-3 beads were further
removed without affecting CTCs. Overall, these two stages together were predicated io be able
to deplete 99.95% of WBCs (corresponding o ~500 WECs contamination or carryover per 1

milliliter blood processed) and preserve 100% of CTCs regardless of their size profile.

[129] Validation of iFCS with spiked cancer cells in human blood.

[130] Using optimized device geomstry and operaling parametsrs, we studied cancer cell
enrichment in iIFCS prototype devices using a tolal of § cultured cancer cell lines that have
drastically different average cell sizes and polydispersity, including 4 breast cancer cell (BrC)
lines, 2 non-small cell lung cancer cell (NSCLC) lines, and 2 small cell lung cancer cell (SCLC)
lines. Performance of the enrichment was evalualed on cell-processing throughput, cell recovery

rate, WBC contamination/carryover, and integrity of isolaled cells. These resulis wers also
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compared o simulation for test the robustness of the analytical model. A typical enrichmeant
process can be visualized in FIG, 2.34A and 2.3B, in which ~10C gresen flucrescently stained
HCC1806 breast cancer cells {cell size range 6-47 um) were spiked into 1 mbL of WBCs and
processed in an IFCS device at a flow rate of 12 mbL h''. In the first stage (FIG. 2.3A, top: phase
contrast, bottom: epifluorescence), magnetic force atiracted labeled WBCs and unbound beads
toward a waste outlet while unlabeled cells including all CTCs and approximately 3.65% of WRBCs
were continuously flown 1o the second stage. No aggregation of magnetic beads or ferrofiuids
was observed within one hour of operation. In the second stage (FIG. 2.3, iop: phase contrast;
bottom: epifluorescence), magnetic forces deflected uniabeled cancer celis from the mixiure
toward both upper and lower coliection outiets. Meanwhile, labeled WBCs were focused to the
middie channel and depleted through a waste cullel

[131] We continued by testing recovery rale and WBC carryover at cancer cell
occurrence rates that were clinically relevant. The average rate of recovery for HCC70 breast
cancer celis was 99.18% at spike ratios between 10-200 (10, 25, 50, 100, and 200) celis mL" and
showed minimal variations among three repeats (FIG. 2.3C), which was consistent with simulation
resulis. After cell enrichment, the device carried over on average 533434 WBCs per 1 milllliter of
blood processed. Much of the carryover was derived from WRBCs that were either not labeled or
labeled with just one magnetic bead (FIG. 3.2}, which was predicied by simulation results. The
level of WBC contamination found in iFCS devices was comparabie to the monoiithic version of
the CTC-iChip {(~445 WBCs per 1 mb of blood processed) 21 and lower than other recently
reported methods, including magnetic ranking cylometry (~2000 WBCs mL™") and previous
versions of CTC-iChip (~1200 WBCs mL .8 22 23 Afler successfully demonstrating low-
concentration cancer cell enrichment using HCC70 breast cancer (BrC) cell iine, we expandead
the characterization of recovery rate in IFC3 devices with 7 other types of cancer cell lines,
including two SCLC cell lines. A measurement on the cell size of these cells lines and WBCs
showed that there was a significant size overlap between WBCs and cancer cells, espeacially the
SCLC lines (FIG 2.3D and Table 2.2). A noticeable percentage of patient CTCs were smaller than
10 um (565.4%; FIG. 3.3). This would make the enrichment of cancer cells via size-dependent
methods ineffective. However, as shown in FIG. 2.3E, by using iFCS method, recovery rates of
98.46+0.50%, 99.05+0.75%, 99.35+0.46%, 99.40£0.85%, 99.13:x0.498%, 99.111x1.25%, and
99.11+0.74% were obtained for HCC1808 (BrC), MCF7 (BrC), MDA-MB-231 (BrC), H1209
(NSCLC), H3122 (NSCLC), DMS79 (SCLC), and HB69 (SCLC) cell lines, respectively. The

average recovery rate across 8 cancer cell lines was 99.16%, which indicated a complete
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recovery of spiked cancer cells, including even the SCLC cslls, regardless of their size profiles.
The size distribution of three cells lines befors and after enrichment in a single stags version of
the IFCS device further confirmed that iIFCS could enrich all cancer cells without a loss of small
ones (FIG. 2.3F and Table 2.3).

(132} Ferrofluids and the iFCS enrichment process had little impact on cell viability and
intactness, given the extremely low ferrofiuid concentration (0.028% vivy and low shear rale in
enrichment. We examined shori-term cell viability and long-term cell proliferation of cancer cslls
following the enrichment process. As shown in FIG. 2.3G, cell viability of HCC1808 breast cancer
celis before and after enrichment were determined to be 98.30x0.56% and 97.69%0.70%,
respectively, indicating a negligible decrease in cell viability before and after the IFCS process.
Representative fluorescence images of cells are shown in FIG, 2.3H. We also studied whether
enriched cancer celis continued 1o proliferate normally. FIG. 2.31 shows the images of enriched
HCC1806 breast cancer cells on the third day. They were able to proliferate to confluence and
maintain the morphoiogy after the iFCS process. Flucrescence image in FIG. 2.31 also confirmed
that cells were viable afler the 3-day culivre. Enriched cells were intact and suitable for
immuncflucrescent and cytopathological staining (FIG. 2.3J and FIG. 3.4).

[133] Profiling cell size and surface antigen heterogeneity among CTCs in cancer patients

[134] iFCS devices were capable of enriching CTCs regardiess of their cell size variation and
surface antigen heterogeneity from clinical sampiles of breast cancer patients. We investigated
whether the heterogensous population of CTC cell types enriched from FCS could potentially
vield greater clinical utility. For this purpose, we studied two cohorts of cancer patients (breast
cancer and lung cancer}). We qguantified the numbers and sizes of CTCs overall, then defined and
guantified CTC subtypes in each patient and found distinct guantities of CTC subtypes within the
patient cohorl. We categorized the CTC sublypes based on their expression of cell surface

markers for epithelial and mesenchymal cell types.

[138] In the first cohort, we used IFCS devices 1o process blood samples from 3 breast
cancer patienis who were recruited and consented from University Cancer and Blood Center
(Athens, Georgia) under an approved IRB protocol (Universily of Georgia, STUDYG0005431).
These patients are ideniified as breast cancer optimization cohort {(BrC-P#-Opt, In which #
indicates the number of patient) in this paper. Peripheral blood was collected from the patients
before initiation of treatment. Their blood was first lysed {o remove RBCs, and then processed
with iFCS devices within 2 hours of blood draw. After iFCS enrichment, enriched cells were

stained with epithelial marker {(EpCAM), mesenchymal markers {vimentin and N-cadherin},
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identified as epithelial positive (EpCAM+/CD45-/DARH), mesenchymal positive (Vim+/CD45-
/DAPI, N-cad+/CD45-/DAPI+  or  Vim+/N-cad+/CD45-/DAPIY), or both  epithelial and
mesenchymal positive (EpCAM +/Vim+/N-cad+/CD45-/DARIF), while WBCs were identified as
CR-Vim-IN-cad-/CD45+/DAPI+. Results from this study are summarized in FIGS. 2.4A-2.4C.
Examples of intact CTCs from device outpuis are shown in FIG. 2.4A and FIG. 3.8A. We first
learned that the effective diameter of CTCs, defined as maximum feret diameter of cells from
bright field images, showed a high degree of polydispersity among these enriched cells. For
example, patient 1 of this cohort (BrC-P1-Opt) had an advanced stage breast cancer diagnosis
(stage A, pre-surgery). We identified 232 CTCs in 8.0 mb of blood (25 CTCs/mL) from this
patient. Effeclive diameters measured from randomly selectad celis {n=24) of this patient were
11.9947.87 um {meants.d.), where the smallest diameler was 4.95 um and the largest was 33.11
um (FIG. 2.4B). We characterized surface antigen expressions using above mentioned markers
for 232 celis from this patient. The characterization revealed a high degree of heterogeneity of
antigen expressions: 12.93% of them was epithelial positive, 78.45% was mesenchymal positive,
and 8.62% was both spithelial and mesenchymal positive (FIG. 2.4C). Palient 2 of this cohort
{(BrC-P2-Opt) had an early stage breast cancer diagnosis (slage A, post-surgery). 82 CTCs were
identified in 12.0 mL of blocd (6 CTCs/ml) from this patient. Effective diameters of CTCs (n=26)
again showed high polydispersity {(meants.d.=13.7316.76 um, smaliest diameter 6.00 um, and
largest diamster 32.10 um}. Surface antigen exprassions of cells {(n=82) revealad 54 88% was
epithelial positive, 30.49% was mesenchymal positive, and 14.63% was both epithelial and
mesenchymal positive. Similarly, a third post-surgery patient (BrC-P3-Opt) with a stage 1A breast
cancer diagnosis exhibited variations in CTCs size and heterogeneily among antigen

EXPressions.

[136] Overall, we found a variety of CTC subtypes thal were positive for sither epithelial
or mesenchymal faciors alone, or cells that were positive for both factors in this cohort (FIG. 2.44).
The cells that were positive for both factors likely represent CTCs that are in fransition between
Epithelial and Mesenchymal status, indicating their evolution to more virulent tumor celi
phenctypes. We found that each patient had a wide rangs in sizes of CTC’s that overlapped with
the size distribution of WBC's (FIG. 2.4B). This indicates that existing cell-size dependent
methods could greatly decrease the sensitivity of CTC enrichment, by excluding a large proportion
of CTCs. Given the proportion of CTC sublypes in each patient, and the corresponding distribution

of cell sizes for each patient, a large proportion of the size-excluded CTC’s would have been
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mesenchymal (FIGS. 2.4B and 2.4C). We also observed that the relative numbers of CTC types
varied greatly among patients (FIG. 2.40). For example, “Patient 17 (Br&-P1-Opt) and "Patient 37
(BrC-P3-Opt) carried predominantly mesenchymal CTCs and “Patient 27 (BrC-P2-Opt) carried
predominantly epithelial CTCs. In each case, the relative number of transitioning EMT cells
(positive for both epithelial and mesenchymal markers) was the least abundani within patient
sample counts; howsver, the relative number of EMT cells significantly varied among patients.
We went on to delermine if these variable counis of CTC sublypes would correlate with clinical
and diagnostic variables in a third cohort at Henry Ford Healih System (Detroit, Michigan).
Explicitly, we postulated whether the patients with the highest count of either mesenchymal or
EMT cells would alsc have the most aggressive tumor phenolypes. These resuits will be

discussed after next section.

[137] We extended our study to a second cohort including 3 non-surgical stage IV lung
cancer patients. They were recruited and consented from University Cancer and Blood Center
{Athens, Georgia) under the same IRB protocol (University of Georgia, STUDY00005431). These
patients are identified as king cancer optimization cohort (LC-P#-0Opt, in which # indicates the
number of patient). Same blood collection, processing and cell identification approaches were
used as for breast cancer cohort, except cytokeratin (CK} replaced EpCAM as the epithelial
marker. CTCs were identified as epithelial positive (CK+/CD45-/DAPI+), mesenchymal positive
(Vim+/CD45-/DAPI, N-cad+/CD45-/DAPI+, or Vim+/N-cad+/CD45-/DAPI+), or both epithelial
and mesenchymal positive (CK+/Vim+/N-cad+/CD45-/DAPI-}, while WEBCs were identified as CK-
NMim-IN-cad-/CD45+/DAPI+. Results are summarized in FIGS. 2.84-2.5C with intact CTCs being
shown in FIG. 2.848 and FIG. 3.5B. We learned that CTCs from lung cancer patients were highly
variable in cell sizes and antigen expressions too. For example, patient 1 of this cohort (LC-P1-
Opt) was diagnosed with advanced stage non-small cell lung cancer {stage 1V}, 228 CTCs were
identified in 8.0 mb of blood (25 CTCs/mb). Effective diametsrs of CTCs (n=39) were 8.7343.11
um (meants.d.), where the smallest diameterwas 4.58 um and the largest was 18.52 um. Surface
antigen expression characterization of cells (n=228) showed that 11.84% was epithelial positive,
78.95% was mesenchymal positive, and 9.21% was both epithelial and mesenchymal positive.
Data on the second patient (LC-P2-Opt, stage IV small cell lung cancer) and the third patient (LC-
P3-Cpt, stage IV non-small cell lung cancer) wers consistent with this cbservation. The siudy on
both breast cancer and lung cancer patients shows that CTCs from them are highly variable in
cell diameters and in most cases their diameters overlap with contaminating WBCs (FIG. 2.4B

and FiG. 2.58). Furthermore, surface antigen expressions of CTCs are non-uniform across cells,
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making mathods relying solely on cell diameter or antigen expression insffective. iFCS devices,
insensitive o both size and antigen variations, are able i enrich CTCs and pressrve these

variations.

[138] Non-EpCAM positive type of CTCs enriched by iIFCS show better correlation with
pathological variables in sarly-stage breast cancer patients.

[13%2] Inthe third cohort, we used iIFCS deavices at Henry Ford Health System {Detroit, Michigan)
to process blood samples from 6 breast cancer patients who were recruited and consented there
under an approved IRB protocoel (Henry Ford Health Systemn, Davis-11564). These patients are
identified as breast cancer culture cohort (BrC-P#-Culture, in which # indicates the number of
patient). Peripheral blood was collected from the patients before initiation of treatment. Similar
biood collsction, processing and cell identification approaches were used as in other cohoris.
After iIFCS enrichment, enriched cells were stained with epithelial marker (EpCAM), mesenchymal
markers {(vimentin), leukocyle marker (CD45) for their identification. CTCs were identified as
epithelial positive (EpCAM+/CD45-), mesenchymal positive (Vim+/CD45-), or both epithelial and
mesenchymal positive (EpCAM +/Vim+/CD45-), while WBCs were identified as CD45+. Resulis
from this study arg summarized in FIGS. 2.84-2.6G. When we compared the number of sach
CTC subtype with clinical-pathology variables we found interesting correlations that suggest the
non-EpCAM positive type of CTCs, defined as vimentin-only positive and both EpCAM and
vimentin positive, may have betler prediction value with regard to prognosis and diagnosis,
rafative o epithelial (EpCAM-only positive) CTCs. Specifically, when we correlated the numbers
of each CTC subiype with tumor grade, we found that EpCAM-only CTCs were the least
correlated with this variable (R%=0.025) while mesenchymal cells (vimentin-only CTCs) were
significantly more correlated (R*=0.584). interestingly, the EMT cealls had the highest correlation
with grade (R*=0.734), suggesting that the presence of these transitioning cells may indicate the
invasiveness and aggressiveness of the primary tumor (FIGS. 3.64-3.60).

[140] We also investigated how relative CTC subtype counts correspond with standard clinical
diagnostic variables. We observed that of the patients with the 21-gene recurrence risk scores
(R3), the patient with highest score (BrC-FP6-Culture, RS=16) had the highest proportion of
mesenchymal only CTCs and also the lowest proportion of EMT CTCs. This may indicate that the
relative numbers of cells in transition vs cells that have completely transitioned to mesenchymal
status, may be indicative of metasiatic potential. Conversely, the patient with the lowest RS score
had the highest proportion of epithelial CTCs and the largest proportion of EMT CTCs (FIG. 2.86C).

Of all patisnts with RS values in this cohorl, when we compared these with the relative numbers



WO 2019/217539 PCT/US2019/031295

54

of CTC sublypes, we found no significant correlation with this test. One limitation of this negative
finding is that only 3 cut of 6 patients had an indication for ordering the 21-gene recurrence test
and therefore we could not delermine specific correlation of CTC subtypes with great confidence.
As an alternative to recurrence risk scores, we investigated whether relative correspondence of
CTC subtypes with dlinical stages had a belter correiation in these patients with recurrence risk
estimates. Similar to our 21-gene recurrancs test obssrvations, we found that the patient with the
highest tumor stage (1A} also had the highest proportion of mesenchymal-only CTCs and the
lowest proportion of epithelial CTCs (FIG. 2.6D). While the limilations of these comparisons
preclude statistical significance, there is a compeliing trend of specific CTC subtypes correlated
with clinical stage and prognosis among the smail subset of patients.

[141] Because iFCS allows us to obtain viable cells, we also culfured CTCs for gach patient in
a pooled-subtype design, as opposed {o subclones of specific subtypes. With these cultures, we
investigated the relalive percentages of the CTC sublypes in each patient culture and measured
the growth rate of the cultures over a 72-hour period. We had variable success with culture growth
(FIG. 2.8E) and this corresponded to a variable growth rates within cultures that grew significantly
(F1GG. 2.8F). Of the patient samples that displayed significant growth curves (BrC-P3-Culiure, Bre-
P4-Culture, and BrC-P5-Cullure) we found their growth rate averaged over 80%. When we
compared these growth rates with CTC subtype proportions, we found that the two patients with
the highest growth curves had the iowest proportion of both epithslial and EMT CTCs, with the
highest relative mesenchymal CTCs (of these we successfully established cultures — patient BrC-
P&-Culture had the highest mesenchymal proportion but the line was lost io confamination before
a growth curve could be calculated). In a preliminary comparison, we observed that growth rates
were positively correlated with the relative proportion of mesenchymal cells (R®=0.289), though
not significantly.

[142] Discussion

[143] We developed an iFCS method and its prototype devices for tumor antigen-independent
and cell size variation-inclusive enrichment of CTCs from cancer patients. After validations with
both spike-in samples and clinical sampies, the performance of iFCS devices was determined to
be: (1) a close-to-complete CTC recovery rale of 99.18% at clinically relsvant ocourrence rate for
CTCs (1-10 cells mL"), reqardless of their surface antigens and sizes; (2) a minimal WBC
contamination of 533x34 celis at the device output for every one milliliter blood processed, (3) a
blood processing throughput of 12 mbL h', and (4) minimally affected cell integrity afier

enrichment, including viability and proliferation. We compared iFCE performance to a total of 36
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recently reported CTC enrichment methods (Table 2.1) and found iIFCS had beilter combinatorial
performance metrics in above-mentioned four categories than existing methods. The only
operation of a most recent version of CTC-iChip — monolithic CTC-iChip, 21 integrated three
working principles including cell size based deterministic lateral displacement (DLD) o deplete
red blood cells, inertial focusing to concentrate nucleated cslls, and magnetophoretic separation
to enrich CTCs. The size based DLD stage risked depleting CTCs smaller than or of similar size
as red blood cells. In our iFCS study, we found that on average 34.5% of CTCs (33.1% for NSCLC
CTCs, 36.4% for SCLC CTCs, and 34.6% for BrC CTCs) were less than 8 um (Table 2.4). With
other performance metrics (throughput, WBC contamination, and cell integrity) being similar, iFCS

could recover a more comprehensive reperioire of CTCs comparing o monolithic CTC-iChip.

{1441 We used iIFCS devices {o investigate whether heterogensous populations of CTC cell
types could potentially yield clinical utility. From first two cohorts of cancer patients (breast and
lung cancers), we discovered a variety of CTC subtypes that were positive for epithelial or
mesenchymal biomarkers alone, or cells that were positive for both markers. We also discovered
that each patient had a high level of CTC size variation, which overlapped with the size distribution
of WBCs. This finding highlights the need o develop tumor cell antigen independent and cell size

variation inclusive method for CTC studies.

{1451 Our third patient cohort — breast cancer cohort in this study are limited to sarly-siage
cancer patientis that had no indication of metastatic disease, which inherently allowead us o test
whether IFCS devices would vield biomarkers that can be more informative about potential for
disease progression and/or undetected metastalic disease, including micrometastasis. The
current clinical standard for utilization of CTCs is to rely on epithelial markers to select for tumor
cells from the blood cell componenis. This EpCAM marker selection completely misses a critical
component of the heterogenous CTC profile. By harvesting and characterizing the CTC sublype
landscape from liquid biopsy, we can develop a clinical application that assesses the ‘range’ and
relative variation in the numbers of mesenchymal celis, which we have currently shown may
correlate with clinical prognostic indicators. For instance, with a single liquid blood bicpsy, not
only could we potentially detect tumor pressnce but also may be able to predict staging for the
solid primary fumor. This level of diagnostics is usually only accomplished by invasive biopsy or
surgery. In our assessment of recurrence score correlations with CTC landscapes, cerfain
patients were not given the recurrence risk testing because their staging was deemed {00 low.

However, once we understand the variable landscapes associated with each stags, recurrence
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estimates can be made more precisely from the sub-population of CTCs that would eventually
avolve and establish distal meiastases. In this scenario, as Standard of Cars dissass
management may dictate that low-siaged patienis are not candidales for recurrence lesting, a
CTC profile could become a more appropriate indicator of the need for recurrence testing, as
opposed to detection of invasive tumor margins pre/post-surgical ressction. In addition, while we
see that recurrence scores appear not to be correlated to CTC landscape profiles, we consider
that the genomic signatures that are used to derive these recurrence risk scores are specific {o
the primary tumor. The source of tumor material is a core sample, which may not capiure the
heterogeneity of the most evolved or invasive region of the solid tumor. Therefore, the score may
be different and more informative when assessing these metastatic-potential genes from CTCs
and/or the leading edge of the tumor. Previous studies have shown that the spatial heterogensity
of cells throughout the tumor are reflective of tumor evolution leading o the most invasive regions
and typically have a distinct expression and mutational profile, associated with tumor evolution

and coupled disease progression.24-28

[148] Ths performance of (FCS opens up cpportunities in precision medicine which address
patient diversity. Specifically, accurately assessing the phenotypes of CTCs can be more
reflective of metasiatic potential and therefore prognosis. In addition, understanding the
mutational profiles within CTCs can assist with creation of personalized cancer vaccines that
exploit the distinct functional mutations that may occur in specifically in CTCs (absent in the

primary tumor) that subseguently colonize distal metastatic lssions.
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[184] it should be emphasized that the above-described embodiments of the present disclosure
are merely possible examples of implementations, and are set forth only for a clear understanding
of the principles of the disclosure. Many variations and modifications may be made to the above-
described embodiments of the disclosure without departing substantially from the spirit and
principles of the disclosure. All such modifications and variations are intendsed to be included

herein within the scope of this disclosure.

[185] The present disclosure will be belter understood upon review of the following aspects,
which should not be confused with the claims.

Aspect 1. A cell separation system for enriching circulating tumor cells in a biclogical
sample, the sysiem comprises:

a plurality of magnetic microbeads adaptad for conjugation to white blood cells inthe
biclogical sample and not for conjugation with the circulating tumor cells to provide a
magnetically labeled biclogical sample having a majority of the white blood cells in the biological
sample conjugated {o one or more magnetic microbeads;

a biocompatible supsrparamagnetic sheathing composition comprising a plurality of
magnetic nanoparticles and a biocompatible surfactant, the biocompatible superparamagnetic
sheathing compaosition adapied o be combined with a biocompatible carrier fluid to make a
biocompatible superparamagnetic sheathing fluid; and

a multi-stage microfluidic device, the device comprising:

(i) a filter section comprising a first microfluidic channsl, a first fluid inlet, and one or
more filters along a length of the first microfluidic channel, wherein the first fluid inlet is
configured to receive the magnetically labeled biclogical sample, and wherein the one or more
filters are configured to remove a first plurality of waste particles from the magnetically labeied
biclogical sample;

(ii} a first separation stage comprising a second microfluidic channel fluidly connecied to
the first microfluidic channel and having a second fluid inlet to receive the biocompatible
superparamagnetic sheathing fluid, and a first fluid outlet at an end of the second microfluidic
channel and offset from a central diameter of the second microfluidic channel, whersin the
second microfluidic cannel is configured o combine the magnetically labeled biological sample
from the first filier section with the biocompatible superparamagnetic sheathing fluid;

(i) a second separation stage comprising a third microfluidic channel fluidly connected
to the second microfiuidic channel and having a second fluid outlet and at least a first circulating

turmnor cell outlet and second circulating tumor cell cutiet; and
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{iv} one or more magnetic sources adjacent to the multi-stage microfluidic device and

configured to produce:
{a) a non-uniform magnetic field along the second microfluidic channel having a
component sufficiently perpendicular to a iength of the second microfiuidic channel to cause a
plurality of white biood cells conjugated to the magnetic beads to be deflected info the first fluid
outlet; and
{b) a substantially symmeilric magnetic field having a field maximum along a

length of the third microfluidic channel sufficient to cause the white blood celis conjugated to the
magnetic beads in the third microfiuidic channel to be focused toward a center of the third
microfiuidic channel and to exit the channel via the second fluid outiet and to cause circulating
tumor cells to be deflscted towards an outer portion of the third microfiuidic channel and o exit
the channel via the first or second circulating tumor cell outlet,

Aspect 2. The cell separation system of aspect 1, wherein the muiti-stage microfluidic
device has a serpentine shape and wherein:

the filler section comprises a first end and a second end fluidly connectad by the first
microfiuidic channel, wherein the first fluid inlet is fluidly connected o the first microfluidic
channel at the first end, and the ons or more filters are located betweaen the first and second
end of the first microfluidic channel;

the first separation stage comprises a third end and fourth end fluidiy connected by the
second microfluidic channsl, wherein the third end is connecied to the second end of the first
microfiuidic channel of the filter section by a first u-shaped channel, whearein the second fluid
inlet is fluidly connected to the second microfluidic channel at the third end and the first fluid
outiet is fluidly connected to the second microfluidic channel at the fourth end and configured {o
receive white blood celis conjugated to magnetic beads and flowing on one side of the second
microfluidic channel, and

the second separation stage comprises a fifth end and a sixth end fluidly connected by
the third microfluidic channel, wherein the fifth end is connected o the fourth end of the second
microfiuidic channel! of the first separation stage by a second u-shaped channel, wherein the
second fluid outlet is fluidly connectad to the third microfluidic channel at the sixdh end and
configured to receive materials flowing through a central portion of the third microfluidic channsl,
and wherein the first and second circulating tumor cell outlets are each fluidly connecled to the
third microfiuidic channel at the sixth end and offset from the center of the channel and

configured to receive material flowing near the outer portion of the channel.
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Aspect 3. The cell separation system according to aspect 1, wherein the first fluid outlst
is configured o receive white blood cells conjugated to magnetic beads and flowing on ons side
of the second microfluidic channel.

Aspect 4. The cell separation system according to any of aspscis 1-3, whersin at least
one magnetlic source comprises a first magnet array and a second magnet array arranged in a
guadrupocle configuration such that the first magnet array and the second magnet array are
oriented to repel each other;

wherein the second separation stage is between the first magnet array and the second
magnet array and oriented such that the length of the third microfluidic channsl is centrally
aligned between the first magnet array and the second magnet array.

Aspect 5. The cell separation system according to any of aspects 1-4, whersin one or
more of the first microfluidic channel, the second microfluidic channel, and the third microfluidic
channel have a thickness of about 100 pm to about 500 pm.

Aspect 6. The cell separation system according {0 any of aspects 1-5, whersin the
second microfluidic channel has a width of about 1400 um to 1800 um and the third microfluidic
channel has a width of about 1000 um to 1400 um.

Aspect 7. The cell separation system according io any of aspects 4-6, wherein a vertical
distance between the third microfluidic channel and each of the first magnetic array and the
second magnstic array is about 800-1200 pm.

Aspect 8. The cell separation system according to any of aspects 1-7, wherein the
circulating tumor cells that exit via the first and second circulating tumor cell outlet comprise
about 97%, or more, of the {otal number of circulating tumor celis present in the biclogical
sample inserted into the first fiuid inlet when in operation.

Aspect 9. The cell separation system according to any of aspects 1-8, whersin the
biclogical sample is selected from the group consisting of. whole blood and whole blood that
has been treated with lysis buffer {o lyse red blood cells, wherein the biclogical sample
comprises a plurality of components.

Aspect 10. The cell separation systemn according to any of aspects 1-8, wherein about
85% 1o 100%, of the white blood celis are conjugated (o one or more magnetic microbeads.

Aspect 11. The cell separation system according {o any of aspects 1-10, wherein a
majority of white blood cells in the magnetically labeled biclogical sample are conjugated to

about 1 to about 60 magnetic microbeads.
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Aspect 12. The cell separation system according to any of aspects 1-11, wherein ths
whits blood cells in the magneticailly labeled biological sample are conjugated o an average of
about 20-50 magnetic microbeads.

Aspect 13. The cell separation system according to any of aspecis 1-12, wherein the
one or more magnetic sources produce a flux densily of about 0.4 to 0.67T in the first separation
stage and about 1.3 10 1.5 T in the sscond separation stage.

Aspect 14. The cell separation system according to any of aspects 1-13, wherein the
one or more magnetic sources produce a flux density gradient that ranges from about 4 10 256 T
m in the first separation stage and from about 0-625 T m' in the second separation stage,
wherein the flux density gradient is lower at the center of the third microfluidic channel of the
second separation stage than at the cuter portion.

Aspect 15. A mulli-stage microfluidic device for enriching circulating tumor cells in a
biclogical sample, the device comprising:

(i) a filler section comprising a first end and a second end fluidly connected by a first
microfiuidic channel, a first fluid inlet fuidly connected to the first microfluidic channel at the first
end, and one or more filters along a length of the first microfluidic channel between the first end
and second end, wherein the first fluid inlet is configured to receive a biological sample comprising
circulating tumor cells and white blood cells, wherein a majority of the white blood cells in the
biclogical sample are conjugated to magnetic microbeads, and wherein the one or more filters
are configured {0 remove a first plurality of waste particles from the bioclogical sample;

(iiy a first separation stage comprising:

(a) a third end and fourth end fluidly connected by a second microfiuidic channel,
wherein the third end is fluidly connected 1o the second end of the first microfluidic channel by a
first u-shaped channel,

{b) & second fluid inlet at the third end of the second microfiuidic channel and
configured io receive a biocompatible superparamagnetic sheathing fluid comprising a plurality
of magnetic nanoparticles and a biocompatible surfactant suspended in a biocompatible carrier
fluid, and

{c) a first fluid outlet at the fourth end of the second microfluidic channel and offset
from a ceniral diamster of the second microfluidic channel, wherein the second microfluidic
channel is configured o combine the biclogical sample from the first filter section with the
biccompatible superparamagnetic sheathing fluid,

(i) a second separation stage comprising:
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{a) fifth end and a sixth end fluidly connected by a third microftuidic channel,
wherein the fifth end is fluidly connecled to the fourth end of the second microfluidic channel by
a second u-shaped channel,

{(b) a second fluid outlet at the sixth end of the third microfiuidic channel and
configured o receive materials flowing through a central portion of the third microfluidic channel,
and

(¢} atleast a first circulating tumor cell cutlet and second circulating tumor cell
outlet at the sixth end of the third mircrofluidic channel, each circulating tumor cell outlet being
offset from a central diameter of the third microfluidic channel and on opposing sides of the second
fiuid outlet and configured to receive material flowing near the outer portion of the third microfiuidic
channel; and

(iv} one or more magnetic sources adjacent o the mulli-stage microfluidic device and
configured to produce:

{a) a non-uniform magnetic field along the second microfiuidic channel having a

component sufficiently perpendicular to a length of the second microfluidic channel to cause a
plurality of white blood celis conjugaied to the magnetic beads o be deflecied info the first fluid
outiet: and

(b} a substantially symmetric magnetic field having a field maximum along a length
of the third microfluidic channel sufficient to cause the white blood cells conjugated to the
magnetic beads in the third microfluidic channel 10 be focused toward a center of the third
microfiuidic channel and to exit the channel via the second fuid outlet and to cause circulating
tumor cells to be deflected towards an outer portion of the third microfluidic channel and to exit
the channel via the first or second circulating tumor cell outlet.

Aspect 16. The cell separation system according to aspect 15, wherein at least cne
magnetic source comprises a first magnet arvay and a second magnst array arranged in a
quadrupole configuration such that the first magnet array and the second magnet array are
oriented to repel each other;

wherein the second separation stage is between the first magnet array and the second
magnet array and oriented such that the fength of the third microfiuidic channel is centrally
aligned between the first magnet array and the second magnst array.

Aspect 17. The cell separation sysiem according to any of aspects 15 or 16, wherein
one or more of the first microfluidic channel, the second microfiuidic channel, and the third

microfiuidic channel have a thickness of about 180 um to about 500 um.
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Aspect 18. The cell separation system according to any of aspects 15-17, wherein the
second microfluidic channel has a width of about 1400 um to 1800 um and the third microfluidic
channel has a width of about 1000 um to 1400 um.

Aspect 18. The cell separation system according to any of aspecis 15-18, wherein a
vertical distance between the third microfiuidic channel and sach of the first magnetic array and
the second magnetic array is about 800-1200 um.

Aspect 20. The cell separation system according o any of aspecis 15-18, wherein the
one or more magnetic sources produce a flux density of about 0.4 to 0.6T in the first separation
stage and about 1.3 10 1.5 T in the second separation stage.

Aspect 21. The cell separation systemn according to any of aspects 15-20 wherein the
one or more magnetic sources produce a flux density gradient that rangses from about 410 256 T
m' in the first separation stage and from about 0-625 T m™ in the second separation stage,
wherein the flux density gradient is lower at the center of the third microfluidic channel of the
second separation stage than at the ouler portion.

Aspect 22. A method of enriching circulating tumor cells in a biclogical sample
comprising a plurality of components, the method comprising:

combining the biological sample with a plurality of magnetic microbeads adapted
to conjugate to white bloods celis such that a majority of white blood cells in the sample become
conjugated to at least one magnstic microbead to produce a magneticaily labeled biclogical
sample;

introducing the magnetically labeled biological sample into the first fluid inlet of 2
microfluidic device according to any of aspects 1-21;

introducing the biccompatibie superparamagnetic sheathing fluid into the second
fluid inlet of the microfiuidic device, such that the magnetically labeled bislogical sample
combines with the biocompatible superparamagnstic sheathing fluid to produce & combined
fluid sample; and

causing the combined fluid sample to flow along the first microfiuidic channel, the
second microfluidic channel, and the third microfiuidic channel such that a majority of the
magnetic microbeads and white blood cells are deflected to the first or second fluid outlet and a
majority of the circulating tumor cells from the biological sample are collected in the one or more
circulating tumor cell outlets.

Aspect 23. The method according to aspect 22, wherein the biological sample is

selected from the group consisting of. whole bicod and whole blood that has been freated with
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lysis buffer {0 lyse red blocd cells, wherein the biological sample comprises a plurality of
componsnts.

Aspect 24. The method according {0 any of aspects 22-23, whersin the biological
sample comprises about 1 to 1000 circulating tumor cells per milliliter of the biological sample.

Aspect 25. The method according to any of aspects 22-24, wherein the flow rate is about
0.6 milliliters 10 15 milliliters per hour.

Aspect 26. The method according to any of aspects 22-25, wherein the circulating tumor
cells are selected from the group consisting of a primary cancer cell, a lung cancer cell, a
prostate cancer cell, a breast cancer cell, a pancreatic cancer cell, and a combination thereof,

Aspect 27. A method of enriching circulating tumor celis in a sample of whole bicod,
wherein the whole blood comprises unlabeled rare cells and white blood cells, the method
comprising:

(i) adding a plurality of magnetic beads to the sample to produce a magnetically labeled
sample, wherein a majority of the white blood cells are associated with the magnetic beads and
wherein the magnetic beads do not conjugate to the unlabeled rare cells;

(i) filtering the magnetically labeled sample in a filter section of a microfluidic device {o
produce a filtered sample by removing large debris from the magnetically labeled sample;

(i) separating at least a portion of the white blood cells that are associated with the
magnetic beads by flowing the fillered sample in a first separation stage of the microfluidic
device through a sheath flow in a biocompatible superparamagnstic sheathing fluidin a
nonuniform magnstic fisld to produce a first enriched sample; and

(iv) isolating a majority of the unlabeled rare cells by flowing the first enriched sample
through a channel in a second separation stage of the microfiuidic device with a substantially
symimetric focused magnetic field such that a majority of any remaining white blood celis
associated with the magnstic beads are focused towards a center of the channsl and o a
central channel cutlet and the majority of the unlabeled rare cells are collected from one or more

peripheral channel outlets.



WO 2019/217539 PCT/US2019/031295

Claims:

1. A cell separation system for enriching circulating tumor cells in a biological samplg, the
system comprises:

a plurality of magnetic microbeads adapted for conjugation to white blood cells in the
biclogical sample and not for conjugation with the circulating tumor celis to provide a
magnetically labeled biclogical sample having & majority of the white blood cells in the biological
sample conjugated {o one or more magnetic microbeads;

a biccompatible superparamagnetic sheathing composition comprising a plurality of
magnetic nanoparticies and a biocompatible surfactant, the biocompatible superparamagnetic
shaathing composition adaptsd o be combined with a biccompatible carrier fluid to make &
biocompaiible superparamagnetic sheathing fluid; and

a multi-stage microfluidic device, the device comprising:

(i) a filter section comprising a first microfluidic channel, a first fluid inlet, and one or
more filters along a length of the first microfluidic channei, wherein the first fluid inlet is
configured to receive the magnetically labeled biological sample, and wherein the oneg or more
filiers are configured io remove a first plurality of waste particles from the magnetically labeled
biclogical sample;

(iiy a first separation stage comprising a second microfluidic channel fluidly connected {o
the first microfluidic channel and having a second fluid inlet to receive the bioccompatible
suparparamagnetic sheathing fluid, and a first fluid outlet at an end of the second microfluidic
channel and offset from a central diameter of the second microfluidic channel, wherein the
second microfluidic cannel is configured to combine the magnetically labeled biclogical sample
from the first filler section with the biocompatible superparamagnetic sheathing fluid;

{iiy a second separation stage comprising a third microfluidic channsl fluidly connected
to the second microfluidic channel and having a second fluid outlet and at lsast a first circulating
tumor cell ocutlet and second circulating tumor cell outlet; and

(iv} one or more magnetic sources adjacent to the multi-stage microfluidic device and
configured to produce:

{a} a non-uniform magnetic field along the second microfluidic channsl having a
component sufficiently perpendicular o a length of the second microfluidic channel to
cause a plurality of white blood celis conjugated to the magnetic beads {0 be deflected

into the first fluid outlet; and
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{b) a subsiantially symmetric magnetic fisld having a field maximum along a
length of the third microfluidic channel sufficient to causs the white blood cells
conjugated io the magnetic beads in the third microfluidic channel to be focused toward
a center of the third microfluidic channel and to exit the channel via the second fluid
outlet and to cause circulating tumor cells to be deflected towards an outer portion of the
third microfluidic channel and (o exit the channel via the first or second circulating tumor

cell outlet,

2. The cell separation system of claim 1, wherein the multi-stage microfluidic device has a
serpenting shape and wherein:

the filter section comprises a first end and a second end fuidly connected by the first
microfiuidic channel, wherein the first fluid inlet is fluidly connecled to the first microfluidic
channel at the first end, and the one or more fillers are located between the first and second
end of the first microfluidic channsi;

the first separation stage comprises a third end and fourth end fluidly connecled by the
second microftuidic channel, wherein the third end is connected {0 the second end of the first
microfluidic channel of the filter section by a first u-shaped channel, wherein the second fluid
inlet is fluidly connecled to the second microfluidic channel at the third end and the first fluid
outlet is fluidly connected to the second microfluidic channel at the fourth end and configured to
raceive white blood cells conjugated o magnetic beads and flowing on one side of the second
microfluidic channel, and

the second separation stage comprises a fifth end and a sixth end fluidly connected by
the third microfiuidic channel, whersin the fifth end is connecied to the fourth end of the second
microfiuidic channel of the first separation stage by a second u-shaped channel, wherein the
second fluid outlet is fluidly connscled to the third microfluidic channel at the sixih end and
configured to receive materials flowing through a central portion of the third microfluidic channel,
and wherein the first and second circulating tumor cell outlets are each fluidly connected to the
third microfiuidic channel at the sixth end and offset from the center of the channel and

configured to receive material flowing near the outer portion of the channel.

3 The cell separation system according to claim 1, wherein the first fluid outlet is
configured to receive white blood cells conjugated to magnetic beads and flowing on one side of

the second microfluidic channel.
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4, The cell separation system according o any of claims 1-3, wherein at least one
magnetic source comprises a first magnet array and a second magnet array arranged in a
guadrupole configuration such that the first magnet array and the second magnet array are
oriented to repel each other;

wharein the second separation stage is between the first magnet array and the sscond
magnet array and oriented such that the length of the third microfluidic channel is centrally

aligned belween the first magnet array and the second magnet array.

5. The cell separation system according to any of claims 1 or 4, wherein one or more of the
first microfluidic channel, the second microfluidic channel, and the third microfluidic channsl

have a thickness of about 100 um to about 500 um.

6. The ceil separation system according to any of claims 1 or 4, whersin the second
microfiuidic channel has a width of about 1400 um to 1800 um and the third microfluidic channsl
has a width of about 1000 um to 1400 um.

7. The cell separation system according to claim 4, wherein a vertical distance between the
third microfiuidic channel and each of the first magnetic array and the second magnstic array is
about 800-1200 pm.

8. The cell separation system according to claim 1 or 2, wherein the circulating tumor cells
that exit via the first and second circulating tumor cell cutiet comprise about 97%, or more, of
the total number of circulating tumor calis present in the biological sample inserted into the first

fluid inlet when in operation.

9. The cell separation system according to claim 1 or 2, wherein the biological sample is
selected from the group consisting of: whole blood and whole blood that has been ifreated with
lysis buffer to lyse red blocd celis, wherein the biological sample comprises a plurality of

components,

10. The cell separation system according to claim 1 or 2, wherein about 95% to 100%, of the

white blood cells are conjugated to one or more magnetic microbeads.
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11. The cell separation system according o claim 1 or 2, wherain a majority of white blood
cells in the magnetically labeled biological sample are conjugated to about 1 to about 60

magnetic microbeads.

12. The cell separation sysiem according to claim 1 or 2, wherein the white blood cells in the
magnetically labeled biological sample are conjugated o an average of about 20-50 magnetic

microbeads.

13. The cell separation system according to claim 1 or 2, whersin the one or more magnetic
sources produce a flux density of about 0.4 1o 087 in the first separation stage and about 1.3 10

1.5 T in the second separation stage.

14. The cell separation system according to claim 1 or 2, wherein the one or more magnetic
sources produce a flux density gradient that ranges from about 4 10 256 T mv! in the first
separation stage and from about 0-625 T mv' in the second separation stage, wherein the flux
density gradient is lower at the center of the third microfluidic channel of the second separation

stage than at the outer portion.

15. A multi-stage microfiuidic davice for enriching circulating tumor cells in a biclogical sample,
the device comprising:

(i) a filter section comprising a first end and a second end fluidly connecied by a first
microfiuidic channel, a first fluid inlet fluidly connected to the first microfluidic channel at the first
end, and one or more filters along a length of the first microfluidic channel betwsen the first end
and second end, whersin the first fluid inlet is configured to receive a biological sample comprising
circulating tumor cells and white blood cells, wherein a majority of the whiie blood cells in the
biclogical sample are conjugated o magnetic microbeads, and wherein the one or more filters
are configured to remove a first plurality of waste particies from the biological sample;

{iiy & first separation stags comprising:

{d) a third end and fourth end fluidly connected by a second microfluidic channsl,
wherein the third end is fluidly connected to the second end of the first microfluidic channel by a

first u-shaped channel,
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(&) a second fluid inlet at the third end of the second microfluidic channel and
configured to receive a biocompatible superparamagnstic sheathing fluid comprising a plurality
of magnetic nanoparticles and a biocompatible surfactant suspended in a biocompatible carrier
fluid, and

{f) a first fluid outiet at the fourth end of the second microfiuidic channel and offset
from a central diameter of the second microfluidic channel, wherein the second microfluidic
channel is configured to combine the biological sample from the first filter section with the
biocompatible superparamagnetic sheathing fluid,

(iiiy a second separation stage comprising:

{d) fifth end and a sixth end fluidly connected by a third microfiuidic channel,
wharein the fifth end is fluidly connected to the fourth end of the second microfluidic channel by
a second u-shaped channel,

{e) a second fluid oullet at the sixth end of the third microfluidic channel and
configured to receive materials flowing through a central portion of the third microfluidic channel,
and

{fi atleast a first circulating tumor cell outlet and second circulating tumor cell
outlet at the sixth end of the third mircrofluidic channel, each circulating tumor cell outlet being
offset from a ceniral diameter of the third microfluidic channel and on opposing sides of the
second fluid outlet and configured to receive material fliowing near the ouler portion of the third
microfluidic channel, and

(ivl one or more magnstic sources adjacent to the mulli-stage microfluidic device and
configured to produce:
{a) a non-uniform magnetic field along the second microfluidic channel having a
component sufficiently perpendicular to a length of the second microfluidic channel 10 cause a
plurality of white blood cells conjugated 1o the magnetic beads {0 be deflected into the first fluid
outlet; and

{b) a substantially symmetric magnetic field having a field maximum along a length
of the third microfluidic channel sufficient 1o cause the white blood celis conjugated io the
magnetic beads in the third microfluidic channel 0 be focused toward a center of the third
microfluidic channel and {0 exit the channel via the second fluid outlet and {0 cause circulating
tumor cells {o be deflected towards an outer portion of the third microfluidic channel and o exit

the channel via the first or second circulating tumor cell outlet.
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18. The ceil separation sysiem according to claim 15, wherein at lsast one magnsiic source
comprises a first magnet array and a sscond magnet array arranged in a quadrupols
configuration such that the first magnet array and the second magnet array are oriented io repel
each other;

wherein the second separation stage is between the first magnst array and the second
magnet array and oriented such that the length of the third microfiuidic channst is centrally

aligned between the first magnet array and the second magnet array.

17. The cell separation system according to any of claims 15 or 18, wherein one or more of
the first microfiuidic channel, the second microfluidic channel, and the third microfluidic channel

have a thickness of about 100 um to about 500 um.

18. The cell separation system according o any of claims 15 or 18, wherein the second
microfiuidic channel has a width of about 1400 um to 1800 um and the third microfiuidic channel
has a width of about 1000 um {0 140C um.

19. The cell separation system according to any of claims 15 or 18, wherein a vertical
distance between the third microfluidic channel and each of the first magnetic array and the

second magnstic array is about 800-1200 pm.

20. The cell separation sysiem according to any of claims 15 or 18, wherein the one or more
magnetic sources produce a flux density of about 0.4 to 0.67 in the first separation stage and

about 1.3 to 1.5 T in the second separation stage.

21. The cell separation sysiem according to any of claims 15, 186, or 20 wherein the one or
more magnetic sources produce a flux density gradient that ranges from about 4 10 256 Tm in
the first separation stage and from about 0-825 T m™ in the second separation stage, wherein
the flux densily gradient is lower at the center of the third microfluidic channel of the second

separation stage than at the outer portion.

22. A method of enriching circulating tumor cells in a biological sample comprising a plurality

of components, the method comprising:
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combining the biclogical sample with a plurality of magnetic microbeads adapted
to conjugate to white bloods calls such that a majority of white blood cells in the sample
become conjugated to at least one magnetic microbead fo produce a magnetically labeled
biclogical sampie;

introducing the magnetically labeled biological sample into the first fluid inlet of a
microfluidic device according to claim 1 or claim 15;

introducing the biocompatible superparamagnetic sheathing fluid info the second
fluid inlet of the microfluidic device, such that the magnetically labeled biological sample
combines with the biocompatible superparamagnetic sheathing fluid to produce a combined
fluid sample; and

causing the combined fluid sample to flow along the first microfluidic channsl,
the second microfluidic channel, and the third microfluidic channel such that a majority of the
magnetic microbeads and white blood cells are deflected to the first or second fluid outlet and a
majority of the circulating tumor cells from the biclogical sample are collected in the one or

more circulating tumor csll cutlsts.

23, The method according to claim 22, wherein the biological sample is selected from the
group consisting of: whole blood and whole blood that has been treated with lysis buffer o lyse

red biood celis, wherein the biclogical sample comprises a plurality of componenis.

24, The method according io claim 22, whersin the biclogical sample comprises about 1 to

1000 circulating tumor cells per milliliter of the biological sample.

25, The method according to claim 22, whersin the flow rate is about §.6 milliliters {o 15

milliliters per hour.

26. The method according to claim 22, wherein the circulating tumor cells are selected from
the group consisting of a primary cancer cell, a lung cancer cell, a prostate cancer cell, a breast

cancer cell, a pancreatic cancer cell, and a combination thereof.

27. A method of enriching circulating tumor cells in a sample of whole blood, wherein the

whole blood comprises unlabeled rare cells and white blood cells, the method comprising:
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{iy adding a plurality of magnetic beads to the sample to produce a magnetically labeled
sample, wherein a majority of the white blood cells are associated with the magnetic beads and
wherein the magnetic beads do not conjugate o the unlabeled rare cells;

(i} fiitering the magnetically labeled sample in a filter section of a microfiuidic device to
produce a filtered sample by removing large debris from the magnetically labeled sampie;

(i) separating at lsast a portion of the white blood celis that are associated with the
magnetic beads by flowing the fillered sample in a first separation stage of the microfluidic
device through a sheath flow in a biocompatible superparamagnetic sheathing fluidin a
nonuniform magnetic field 1o produce a first enriched sample; and

(iv} isclating a majority of the uniabeled rare celis by flowing the first enriched sample
through a channsl in a second separalion stage of the microfluidic device with a substantially
symmetric focused magnetic field such that a majority of any remaining white blood cells
associated with the magnetic beads are focused towards g cenier of the channel and to a
central channsl outlet and the majority of the unlabeled rare cells are coliected from one or more

peripheral channel outlets.
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continued from previous sheet
[note: claim 1 essentially comprises claim 15 so only claim 1 will be treated below]
As to claim 1, MGH discloses a cell separation system for enriching circulating tumor cells in a biological sample, the system comprises:

a plurality of magnetic microbeads adapted for conjugation to white blood cells in the biological sample and not for conjugation with the
circulating tumor cells to provide a magnetically labeled biological sample having a majority of the white blood cells in the biological
sample conjugated to one or more magnetic microbeads (para [0070]; "FIG. 1 is a schematic illustrating an example of a microfluidic
system 100 that is capable of sorting particles, in part by using magnetic fields having high magnetic flux gradients ... In the present
example, a fluid sample (e.g., blood, e.g., whole or diluted blood) is provided to an input port 108 of the hydrodynamic sorting region
106. The sample may contain multiple analytes, some of which are specifically bound to magnetic particles. For example, the sample
may include whole blood incubated with magnetic beads that specifically bind to white blood cells within the sample"; see sheet 1 fig 1
illustration: "White blood cells labeled with magnetic beads"” and "circulating tumor cells” funlabeled)]. See separation at magnetic field at
102 into separate microfluidic outlsts). MGH does not disclose the remaining claim limitations, including a multistage microfluidic device.

However, UGRF discloses a biocompatible superparamagnetic sheathing composition comprising a plurality of magnetic nanoparticles
and a biocompatible surfactant, the biocompatible superparamagnetic sheathing composition adapted to be combined with a
biocompatible carrier fluid to make a biocompatible superparamagnetic sheathing fluid (para [0005); "a second inlet located after the first
inlet and after the filtration region, wherein the second inlet is configured to combine a second fluid with the first fiuid to create a third
fluid, and to hydrodynamically focus the components of the third fluid into a stream by sheath flow, wherein the second fluid includes a
magnetic fluid”; para [0042]; "the magnetic fluid can be a ferrofluid, paramagnetic solution"; see sheet 1 fig 1A: "inlet B"); and

a multi-stage microfluidic device, the device comprising:

(i) a filter section comprising a first microfluidic channel, a first fluid inlet, and one or more filters along a length of the first microfluidic
channel, wherein the first fluid intet is configured to receive the magnetically labeled biological sample, and wherein the one or more
filters are configured to remove a first plurality of waste particles from the magnetically labeled biological sample (para [0005]; "a filtration
region disposed between the first end and the second end, wherein the filtration region includes at least one filter in the serpentine
microfluidic channel, wherein the filter removes one or more of the plurality of components”; see sheet 1 fig 1A);

(ii) a first separation stage comprising a second microfluidic channel! fluidly connected to the first microfluidic channel and having a
second fluid inlet to receive the biocompatible superparamagnetic sheathing fluid (sheet 1 fig 1A; "inlet B"), and a first fluid outlet at an
end of the second microfluidic channel and offset from a central diameter of the second microfluidic channel, wherein the second
microfluidic channel is configured to combine the magnaetically labeled biological sample from the first filter section with the
biocompatible superparamagnetic sheathing fluid (sheet 1 fig 1A; para [0005]; "a second inlet located after the first inlet and after the
filtration region, wherein the second inlet is configured to combine a second fluid with the first fluid to create a third fluid"});

(iii) a second separation stage comprising a third microfluidic channel fluidly connected to the second microfluidic channel (sheet 1 fig
1A) and having a second fluid outlet and at least a first circulating tumor cell outlet and second circulating tumor cell outlet (sheet 1A fig
1: first circulating tumor cell microfluidic outlet "6"); and

(iv) one or more magnetic sources adjacent to the multi-stage microfluidic device and

configured to produce:

(a) a non-uniform magnetic field along the second microfluidic channel having a component sufficiently perpendicular to a length of the
second microfluidic channel to cause a plurality of white blood cells conjugated to the magnetic beads to be deflected

into the first fluid outlet (para [0045]; "the fluid is exposed to a non-uniform magnetic force generated by a magnetic device. In an
embodiment, the particles experience a magnetic buoyancy force that causes the particles to separate from one another based on the
volume of the particles");, and

(b) a substantially symmetric magnetic field having a field maximum along a length of the third microfluidic channel (sheet 1 fig 1A;
magnet) sufficient to cause the white blood cells conjugated to the magnetic beads in the third microfiuidic channel to be focused toward
a center of the third microfluidic channel and to exit the channe! via the second fluid outlet (sheet 1 fig 1A; conjugated white blood cells
exit third microfluidic channel through central microfluidic outlets “2", "3", "4") and to cause circulating tumor cells to be deflected towards
an outer portion of the third microfluidic channel and to exit the channel via the first or second circulating tumor cell outlet (sheet 1 fig 1A:
circulating tumor cell microfluidic outlet "6").

It would have been obvious to combine MGH with UGRF because it would have enabled separating unlabeled circulating tumor cells
from magnetic microparticle conjugated via antibodies to white blood cells using a microfluidic device.

As the common technical feature was known in the art at the time of the invention, this cannot be considered a common special
technical feature that would otherwise unify the groups. The inventions lack unity with one another.

Therefore, Groups | and |l lack unity of invention under PCT Rule 13 because they do not share a same or corresponding special
technical feature.

Item 4 (continued):
Claims 5, 6, 21 are multiple dependent claims and are not drafted according to the second and third sentences of PCT Rule 6.4(a).
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