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(57) Abstract: The present invention relates to, infer alia, a microfluidic device for capturing target cells and analyzing genomic
DNA isolated from the target cells while under tflow conditions. The microfluidic device includes a cell microchannel and a nucleic
acid microchannel that intersect in an orthogonal manner, thereby forming a cell capture intersection region. The microfluidic device
also includes a cell capture array and a nucleic acid entanglement array. The cell capture array includes a plurality of cell capturing
micropillars and is located in the cell capture intersection region. The nucleic acid entanglement array includes a plurality of nucleic
acid entanglement micropillars that function to physically entangle and maintain thereon genomic DNA isolated from the one or more
target cell, and is located in a portion of the nucleic acid microchannel that is adjacent to and downstream of the cell capture intersection
region. Methods of using the microfluidic device are also disclosed.
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MULTIFUNCTIONAL MICROFLUIDIC DEVICE FOR CAPTURING TARGET
CELLS AND ANALYZING GENOMIC DNA ISOLATED FROM THE TARGET
CELLS WHILE UNDER FLOW CONDITIONS
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority benefit of U.S. Provisional Patent Application
Serial No. 62/339,924, filed May 22, 2016, the disclosure of which is hereby incorporated by

reference herein in its entirety.

GOVERNMENT RIGHTS STATEMENT
[0002] This invention was made with Government support under grant number
DA030329 awarded by the National Institutes of Health. The United States Government has

certain rights in the invention.

FIELD OF THE INVENTION
[0003] The present invention relates to, infer alia, a microfluidic device for capturing
target cells and analyzing genomic DNA isolated from the target cells while under flow

conditions.

BACKGROUND OF THE INVENTION
[0004] Cancer cells contain genetic mutations that allow them to escape the
regulatory processes necessary for the healthy function of tissues and organs.!-* Moreover,
there are numerous mechanisms for malignancy with different combinations of genetic
mutations, and cancer cells are constantly evolving,* which makes cancer treatment difficult
with varying levels of efficacy. Many assays have been developed that detect specific
mutations, whereas some have been designed to detect all mutations via sequencing.>!° Each
of these approaches has advantages and disadvantages.® Most of these assays also require
significant sample preparation to be performed in a bulk solution where the initial amount of
genetic material is limited, some is lost in processing, and the remaining material is used up
quickly. Therefore, an assay that incorporates sample preparation and enables the original
genetic template to be reused would be highly advantageous.
[0005] Aptamers are short single-stranded nucleic acids with structures determined by
their specific nucleotide sequence. These molecules bind with high affinity and specificity to
their intended targets. Aptamers are typically discovered by an iterative process called

Systematic Evolution of Ligands by EXponential enrichment (SELEX) in which they are
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selected from a very large, sequence-diverse library of nucleic acids (10'2-10'¢ unique
sequences).!!"* Cell-SELEX was developed more recently to select aptamers that bind
specifically to a certain type of cell.'*13 Using this technique, aptamers that bind specifically
to cells of interest can be determined without any prior knowledge about the surface
composition of the cells. Consequently, this method can be used to discover affinity ligands
that bind to cancer cells.!6-18

[0006] Many assays and devices are being developed that capture and isolate
circulating tumor cells (CTCs), and although antibodies are traditionally used, aptamer-based
CTC capture is also being performed.!?-** Aptamers have been used over antibodies in these
types of applications because of their increased robustness and ease of functionalization and
oriented immobilization. The Tan group has developed several devices for capturing CTCs in
which the aptamers are biotinylated and simply immobilized within the device by binding to
streptavidin adsorbed on the channel surface.?0-22-23:23.26

[0007] A device for extracting and purifying human chromosomal DNA from lysed
cells was previously developed.?” This device incorporated a fine micropillar array that
captured megabase-long genomic DNA (gDNA) strands via physical entanglement. The
physical nature of this isolation enables the gDNA to be isolated without dependence on
biochemical or electrostatic forces, making it available for downstream reactions. This also
allows the gDNA to remain on the micropillar array during flow, which allows downstream
analyses to be performed within the microdevice.

[0008] Genetic mutations in cancer cells are not only fundamental to the disease, but
can also have tremendous impact on the efficacy of treatment. Identification of specific key
mutations in a timely and cost-effective way would allow clinicians to better prescribe the
most effective treatment options. Furthermore, cancer cells are constantly evolving, so
regular testing of multiple important genes is also beneficial for monitoring disease
progression and future treatment.

[0009] There is a need for new and improved technologies for studying cancer and
particularly for detecting and understanding genetic mutations implicated in various cancers.
This is also a need for additional methods of detecting and treating cancer.

[0010] The present invention is directed to overcoming these and other deficiencies

in the art.
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SUMMARY OF THE INVENTION
[0011] The present invention provides, inter alia, a combination of microfluidic and
aptamer technologies suitable for use in studying, analyzing, detecting, and treating various
conditions and diseases. In particular, the present invention provides a microfluidic device
for aptamer-based cancer cell capture and genetic mutation detection, and the use of the
microfluidic device for various applications.
[0012] In one aspect, the present invention provides a microfluidic device
comprising: a cell microchannel and a nucleic acid microchannel that intersect to form a cell
capture intersection region; a cell capture array comprising a plurality of cell capturing
micropillars configured and arranged in a manner effective to capture one or more target cell
when flowed through the cell microchannel, said cell capture array being located in the cell
capture intersection region; and a nucleic acid entanglement array comprising a plurality of
nucleic acid entanglement micropillars configured and arranged in a manner effective to
physically entangle and maintain thereon genomic DNA isolated from the one or more target
cell, said nucleic acid entanglement array being located in a portion of the nucleic acid
microchannel that is adjacent to and downstream of the cell capture intersection region. The
microfluidic device is multi-functional in that it is effective for capturing said one or more
target cell, isolating said genomic DNA from the one or more target cell, and analyzing said
genomic DNA in a self-contained manner.
[0013] In one embodiment, the microfluidic device of the present invention further
comprises a first flow rate means for managing rate of flow of fluid through the cell
microchannel and a second flow rate means for managing rate of flow of fluid through the
nucleic acid microchannel.
[0014] In another embodiment, the microfluidic device of the present invention
further comprises a temperature controller for managing temperature of fluid and other
contents contained within the cell microchannel and/or nucleic acid microchannel.
[0015] In another aspect, the present invention provides a method of isolating and
maintaining genomic DNA of one or more target cell from a sample under flow for further
analysis thereof. This method involves the steps of: providing a microfluidic device as
described herein; introducing a sample comprising one or more target cell into the cell
microchannel at a flow rate effective to transport the one or more target cell to the cell
capture array so as to capture the one or more target cell in the cell capturing micropillars by

specific binding; lysing the one or more target cell by introducing lysing reagents through the
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nucleic acid microchannel at a flow rate effective to release genomic DNA from the one or
more target cell without shearing the genomic DNA; and maintaining fluid flow within the
nucleic acid microchannel at a flow rate effective to cause the released genomic DNA to
become physically entangled and maintained within the nucleic acid entanglement array for
further analysis thereof.

[0016] In another aspect, the present invention provides a method for conducting
aptamer-based cancer cell capture and genomic DNA mutation analysis of genomic DNA
isolated from one or more target cell. This method includes the steps of: performing the
steps described herein of the method of isolating and maintaining genomic DNA of one or
more target cell from a sample under flow; and conducting aptamer-based cancer cell capture
and genomic DNA mutation analysis of the genomic DNA isolated from one or more target
cell while in a flow environment within the microfluidic device.

[0017] In another aspect, the present invention provides a method for amplifying
individual genes of interest from the one or more target cell consecutively and collecting each
amplification product separately. This method includes the steps of: performing the steps
described herein of the method of isolating and maintaining genomic DNA of one or more
target cell from a sample under flow; and amplifying individual genes of interest from the
genomic DNA entangled and maintained under flow within the nucleic acid entanglement
array of the microfluidic device consecutively and collecting each amplification product
separately.

[0018] In another aspect, the present invention provides a method for sequencing
nucleic acids amplified from genomic DNA isolated from one or more target cell. This
method includes the steps of: performing the steps described herein of the method of
isolating and maintaining genomic DNA of one or more target cell from a sample under flow;
and sequencing the genomic DNA entangled and maintained under flow within the nucleic
acid entanglement array of the microfluidic device.

[0019] In another aspect, the present invention provides a method for multiple
displacement amplification (MDA) reactions of one or more nucleic acid sequence isolated
from one or more target cell. This method includes the steps of: performing the steps
described herein of the method of isolating and maintaining genomic DNA of one or more
target cell from a sample under flow; and conducting multiple displacement amplification
(MDA) reactions under flow using the genomic DNA entangled and maintained within the

nucleic acid entanglement array of the microfluidic device.
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[0020] In one aspect, the present invention relates to a novel microfluidic device that
provides a platform for specifically capturing cancer cells and isolating the genomic DNA for
specific amplification and sequence analysis. In one embodiment of the present invention, in
order to filter out rare cancer cells from a complex mixture containing a diversity of cells,
nucleic acid aptamers that specifically bind to cancer cells are immobilized within a
microchannel containing pillars to increase the number of collisions with the surface and
improve capture efficiency. The captured cells are then lysed and the genomic DNA is
isolated via physical entanglement within a secondary micropillar array. This type of
isolation enables multiple consecutive rounds of isothermal amplification to be performed to
amplify different individual genes separately, since the genomic template is retained on the
micropillars between subsequent amplifications. The amplified gene samples undergo
Sanger sequencing, an inexpensive sequencing approach requiring a pure sample, to reveal
the genetic sequence. The resulting sequence information is compared against the known
wildtype gene, and any mutations are identified. This approach offers a way to monitor
multiple genetic mutations in the same small population of cells, which is beneficial given the
wide diversity in cancer cells, and requires very few cells to be extracted from the patient
sample. With this capability for genetic monitoring, precision medicine should be more
accessible for the diagnosis and treatment of cancer and other diseases.

[0021] One advantage of the microfluidic device of the present invention over the
prior art is the combination of microfluidic aptamer-based cell capturing technology (e.g.,
high surface area microfluidic device for capturing selected cells by specific binding) with
the elongation/capture/analysis of nucleic acids isolated from the captured cells (e.g., using
small pillars or capture structures). As shown, the microfluidic device combines these
technologies into a single, integrated device in a manner that is unique over the prior art
technologies.

[0022] The microfluidic device of the present invention is unique over the prior art
for a variety of reasons. For example, the design of a microfluidic device of the present
invention is such that it can be fabricated as integrated unit, which is unique over the prior art
which involves the use of separate devices, which have different requirements for their
construction. Further, the operation of two, separate devices (as in the case of the prior art)
would require sample extraction from one device and then sample preparation and then
insertion into the other device. This would be very inefficient and cause the loss of portions

of the sample being studied, as well as opening the process up to contamination. Being able
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to use the current devices of the prior art does not inform one how to operate an integrated
unit such as the one of the present invention, where all processes must be carried out on a
chip with no valves or separate sample processing devices between them.

[0023] To date, there are no known reports in the prior art of the transfer of whole
genomic DNA from one device to another as would be required in the use of the microfluidic
device of the present invention, where cells are selectively captured, DNA extracted and
moved to a separate region of a device for sequence specific selective amplification.

[0024] In accordance with another aspect, the present invention provides a process for
preparing a microfluidic device according to the present invention, said process comprising
steps as disclosed and/or contemplated herein.

[0025] In accordance with aspects of the present invention, there is provided a device
capable of specifically capturing cancer cells, isolating their gDNA, and amplifying specific
genes for sequencing to determine the presence of any genetic mutations in those genes. The
cancer cells are captured using aptamers immobilized on the microchannel surface, and the
gDNA is isolated via physical entanglement within a micropillar array. We developed a
modified version of multiple displacement amplification (MDA), an isothermal DNA
amplification technique, that amplifies a specific gene of interest. This amplification product
undergoes sequencing, and the resulting sequence is compared to the known human genome
to determine the presence of any genetic mutations. Identification of specific key mutations in
a timely and cost-effective way would allow clinicians to better prescribe the most effective
treatment options. Furthermore, since cancer cells are constantly evolving, regular testing of
multiple important genes is also beneficial for monitoring disease progression and
determining future treatment. The ability to perform this regular testing in a cost-effective
manner would encourage more frequent testing, which would likely improve overall
treatment efficacy.

[0026] These and other objects, features, and advantages of this invention will
become apparent from the following detailed description of the various aspects of the

invention taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0027] For the purpose of illustrating aspects of the present invention, there are
depicted in the drawings certain embodiments of the invention. However, the invention is not

limited to the precise arrangements and instrumentalities of the embodiments depicted in the
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drawings. Further, as provided, like reference numerals contained in the drawings are meant
to identify similar or identical elements.

[0028] FIG. 1: Schematic of portions of one embodiment of the microfluidic device
of the present disclosure. Two intersecting microchannels with an aptamer-functionalized
pillar array at the intersection for specific cancer cell capture. A finer micropillar array
downstream for genomic DNA isolation via physical entanglement. The initial cell sample is
injected into Inlet 1, flows through the capture region, and out Outlet 1. The lysis buffer is
injected into Inlet 2, and the genomic DNA is entangled in the micropillar array, while the
rest of the lysate flows out of the device through Outlet 2.

[0029] FIG. 2: Schematic of one embodiment of a microfluidic device of the present
disclosure. The embodiment illustrates microfluidic channels for capture of different
biological components from a sample.

[0030] FIG. 3: Microchannel design for capturing cancer cells and isolating their
gDNA. The device contains two orthogonal channels, the cell channel and the DNA channel.
It also contains two micropillar arrays, the cell capture array located at the intersection of the
channels (red box, scale bar: 200um) and the DNA isolation array located downstream of the
cell capture array in the DNA channel (blue box, scale bar: 20um). An image of the device is
also displayed in the upper right corner.

[0031] FIGS. 4A-4F: Cancer cell capture in microfluidic channels using aptamers.
An illustration of the surface chemistry within the microchannels is shown on the left. All of
the images shown are fluorescent images of the cell capture region. FIG. 4A and FIG. 4B
show the device without aptamers after flowing HeLa and CAOV-3 cells, respectively,
through the microchannel. FIG. 4C and FIG. 4D show the device containing aptamers after
flowing Ect1/E6E7 and End1/E6E7 cells, respectively, through the microchannel. FIG. 4E
and FIG. 4F show the device containing aptamers after flowing HeLLa and CAOV-3 cells,
respectively, through the microchannel. FIG. 4C shows fluorescent images of the cell capture
region without aptamers after flowing CAOV-3 cells through the microchannels. The HeLa
cells fluoresce due to GFP bound to their histones, and the CAOV-3, Ectl/E6E7, and
End1/E6E7 cells were stained with calcein-AM.

[0032] FIGS. SA-5D: Cancer cell lysis and isolation of gDNA via physical
entanglement within the micropillar array. FIG. SA: Fluorescent image of HeLa cells bound
to aptamers in the cell capture region. FIG. 5B: Fluorescent image of gDNA from HeLa
cells isolated by the micropillar array and stained with YOYO-1 dye. FIG. 5C: Fluorescent
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image of CAOV-3 cells stained with calcein-AM and bound to aptamers in the cell capture
region. FIG. 5D: Fluorescent image of gDNA from CAOV-3 cells isolated by the
micropillar array and stained with YOYO-1 dye.

[0033] FIGS. 6A-6D: Gel images of benchtop and on-chip demonstration of specific
MDA of the 7P53 gene and smaller gene fragments from PCR. FIG. 6A: MDA product
from reactions using 15 ng of purified HeLa gDNA. Different quantities of primers were
tested, as well as negative controls containing no gDNA template. The MDA product was run
on a 1% agarose gel and was approximately 10 kb. FIG. 6B: PCR product from reactions
amplifying a shorter 7P53 gene fragment using 60% of the MDA product. The PCR product
was run on a 2.5% agarose gel and was 130 nt in length. FIG. 6C: On-chip MDA product
from isolated HeLa and CAOV-3 cell gDNA verified using a 1% agarose gel. The ladder
indicates that the product was around 10 kb in length. FIG. 6D: PCR product verified via
8% PAGE. The ladder confirmed a product length of 130 bp.

[0034] FIGS. 7A-7B: Sanger sequencing results from HeLa and CAOV-3 cell 7P53
gene fragments where a SNP is known to occur in CAOV-3 cells. FIG. 7A: Wildtype
sequence for the 7P53 region is shown and was obtained from the International Agency for
Research on Cancer. Sequencing results for the HeLa cell 7P53 region are shown. FIG. 7B:
Mutant sequence for the known SNP in CAOV-3 cells where a C is replaced by a T.
Sequencing results for the CAOV-3 cell 7P53 region are shown. The specific base that is
mutated is underlined. FIG. 12 shows the wildtype sequence (SEQ ID NO:1) and the
sequencing results for the 7P53 fragments from HeLa (SEQ ID NO:2) and CAOV-3 (SEQ ID
NO:3) cells.

[0035] FIG. 8: Benchtop MDA results for PTEN and BRCA2 genes. MDA reactions
were performed using the primers for PTEN and BRCA?2, and controls containing no gDNA
and reactions containing 15ng of gDNA extracted from CAOV-3 cells were performed. The
reaction products were analyzed on a 1% agarose gel. The yellow arrow indicates the 10-kb
MDA product band on the gel.

[0036] FIG. 9: Benchtop PCR results for PTEN and BRCA?2 genes. PCR reactions
were performed using the primers for PTEN and BRCA2, and controls containing no MDA
product and reactions containing 60% of the MDA product were performed. The reaction
products were analyzed on a 10% polyacrylamide gel. The yellow arrow indicates the 130-nt

PCR product band on the gel.
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[0037] FIG. 10: On-chip MDA results for PTEN and BRCA?2 genes. MDA reactions
were performed within channels containing isolated CAOV-3 gDNA using either PTEN or
BRCA2 MDA primers. The MDA product was analyzed on a 1% agarose gel. The yellow
arrows indicate the ~10-kb MDA product.

[0038] FIG. 11: Product from PCR reaction using 60% of the MDA product
amplifying the PTEN and BRCA?2 genes on-chip from CAOV-3 cells. PCR reactions were
performed using the primers for P7EN and BRCA2, and controls containing no MDA product
and reactions containing 60% of the MDA product were performed. The PCR products were
analyzed on a 10% PAGE gel. The yellow arrows indicate the 130-bp PCR product.

[0039] FIG. 12: Sanger sequencing results indicating the point mutation in the 7P53
gene in CAOV-3 cells. The wildtype sequence (SEQ ID NO:1) for this fragment of the 7P53
gene is shown at the top of the figure. The upper plot shows the sequencing results for this
gene fragment (SEQ ID NO:2) for HeLa cells. The lower plot shows the sequencing results
for this gene fragment (SEQ ID NO:3) for CAOV-3 cells. The yellow box highlights the
region where the mutation is located, and the base that is mutated is underlined in black.
Some bases were not called by the sequencing software, but the bases can be determined by

looking at the plot peaks.

DETAILED DESCRIPTION OF THE INVENTION
[0040] The present invention relates to, infer alia, a combination of microfluidic and
aptamer technologies suitable for use in studying, analyzing, detecting, and treating various
conditions and diseases.
[0041] More particularly, in one aspect, the present invention relates to a microfluidic
device for aptamer-based cancer cell capture and genetic mutation detection, and the use of
the microfluidic device for various applications.
[0042] In one aspect, the present invention provides a microfluidic device
comprising: a cell microchannel and a nucleic acid microchannel that intersect to form a cell
capture intersection region; a cell capture array comprising a plurality of cell capturing
micropillars configured and arranged in a manner effective to capture one or more target cell
when flowed through the cell microchannel, said cell capture array being located in the cell
capture intersection region; and a nucleic acid entanglement array comprising a plurality of
nucleic acid entanglement micropillars configured and arranged in a manner effective to

physically entangle and maintain thereon genomic DNA isolated from the one or more target
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cell, said nucleic acid entanglement array being located in a portion of the nucleic acid
microchannel that is adjacent to and downstream of the cell capture intersection region. The
microfluidic device is multi-functional in that it is effective for capturing said one or more
target cell, isolating said genomic DNA from the one or more target cell, and analyzing said
genomic DNA in a self-contained manner.

[0043] In one embodiment of the microfluidic device of the present invention, the cell
capture array comprises one or more aptamer and/or another cell capture component specific
to the one or more target cell.

[0044] In another embodiment, the one or more aptamer and/or another cell capture
component is concentrated in the cell capture intersection region, thereby enabling capture of
the one or more target cell.

[0045] In another embodiment, the nucleic acid entanglement array is effective to
entangle and maintain the isolated genomic DNA for single amplification and/or multiple,
consecutive amplifications of one or more nucleic acid sequence of interest contained on the
isolated genomic DNA.

[0046] In certain embodiments, the one or more nucleic acid sequence of interest is a
cancer gene. In other embodiments, the one or more target cell is a cancer cell.

[0047] In one embodiment, the microfluidic device of the present invention further
comprises a first flow rate means for managing rate of flow of fluid through the cell
microchannel and a second flow rate means for managing rate of flow of fluid through the
nucleic acid microchannel.

[0048] In another embodiment, the first flow rate means comprises external valves at
the nucleic acid microchannel inlet and outlet and the second flow rate means comprises
external valves at the cell microchannel inlet and outlet.

[0049] In one embodiment, the external valves are selected from the group consisting
of two-way valves and four-way valves.

[0050] In another embodiment, the microfluidic device of the present invention
further comprises a temperature controller for managing temperature of fluid and other
contents contained within the cell microchannel and/or nucleic acid microchannel.

[0051] In one embodiment, the cell microchannel and the nucleic acid microchannel

have a height ranging from between about 20 pm and about 40 pm.

10
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[0052] In one embodiment, the cell microchannel and the nucleic acid microchannel
have a height of about 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38,
39, or 40 pm.

[0053] In one embodiment, the cell microchannel and the nucleic acid microchannel
have a height of about 25 pm.

[0054] In one embodiment, the cell channel has a width ranging from between about
500 um and about 1500 pum.

[0055] In one embodiment, the cell channel has a width of about 500, 510, 520, 530,
540, 550, 560, 570, 580, 590, 600, 600, 610, 620, 630, 640, 650, 660, 670, 680, 690, 700,
710, 720, 730, 740, 750, 760, 770, 780, 790, 800, 810, 820, 830, 840, 850, 860, 870, 880,
890, 900, 910, 920, 930, 940, 950, 960, 970, 980, 990, or 1000 pum.

[0056] In one embodiment, the cell channel has a width of about 1000 um.

[0057] In one embodiment, the nucleic acid channel has a width ranging from
between about 200 um and about 1500 pm.

[0058] In one embodiment, the nucleic acid channel has a width selected from the
group consisting of about 200, 210, 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320,
330, 340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470, 480, 490, 500,
510, 520, 530, 540, 550, 560, 570, 580, 590, 600, 600, 610, 620, 630, 640, 650, 660, 670,
680, 690, 700, 710, 720, 730, 740, 750, 760, 770, 780, 790, 800, 810, 820, 830, 840, 850,
860, 870, 880, 890, 900, 910, 920, 930, 940, 950, 960, 970, 980, 990, 1000, 1010, 1020,
1030, 1040, 1050, 1060, 1070, 1080, 1090, 1100, 1120, 1130, 1140, 1150, 1160, 1170, 1180,
1190, 1200, 1210, 1220, 1230, 1240, 1250, 1260, 1270, 1280, 1290, 1300, 1310, 1320, 1330,
1340, 1350, 1360, 1370, 1380, 1390, 1400, 1410, 1420, 1430, 1440, 1450, 1460, 1470, 1480,
1490, or 1500 pum.

[0059] In one embodiment, the nucleic acid channel has a width selected from the
group consisting of about 250 um, 500 pm, and 1000 um.

[0060] In one embodiment, the cell capturing micropillars have a diameter ranging
from between about 40 um and about 60 um.

[0061] In one embodiment, the cell capturing micropillars have a diameter of about
40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, or 60 um

[0062] In one embodiment, the cell capturing micropillars have a diameter of about

50 um.
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[0063] In one embodiment, the cell capture array is ordered in a patterned array that is
rotated by about 4° to maximize contact between the one or more target cell and
microchannel surface.

[0064] In one embodiment, the nucleic acid entanglement micropillars have a
diameter ranging from between about 2 um and about 10 pum.

[0065] In one embodiment, the nucleic acid entanglement micropillars have a
diameter of about 2.0, 2.5, 3.0, 3.5, 4.0,4.5,5.0,5.5,6.0,6.5,7.0,7.5,8.0,85,9.0,9.5 or10
um.

[0066] In one embodiment, the nucleic acid entanglement micropillars have a cross-
sectional dimension of about 4 um x 4 um, wherein said nucleic acid entanglement
micropillars are spaced in a gradient that begins with the micropillars being about 10 um
apart and ending with the micropillars being about 7 um apart.

[0067] In another aspect, the present invention provides a method of isolating and
maintaining genomic DNA of one or more target cell from a sample under flow for further
analysis thereof. This method involves the steps of: providing a microfluidic device as
described herein; introducing a sample comprising one or more target cell into the cell
microchannel at a flow rate effective to transport the one or more target cell to the cell
capture array so as to capture the one or more target cell in the cell capturing micropillars by
specific binding; lysing the one or more target cell by introducing lysing reagents through the
nucleic acid microchannel at a flow rate effective to release genomic DNA from the one or
more target cell without shearing the genomic DNA; and maintaining fluid flow within the
nucleic acid microchannel at a flow rate effective to cause the released genomic DNA to
become physically entangled and maintained within the nucleic acid entanglement array for
further analysis thereof.

[0068] In one embodiment, the one or more target cell is captured in the cell capture
array due to specific contact with an aptamer or other capture component present in the cell
capture array.

[0069] In one embodiment, the one or more target cell is introduced into the cell
microchannel and thereafter captured within the cell capture array under a flow rate ranging
from between about 0.1 pL/minute and about 20 plL/minute.

[0070] In one embodiment, the one or more target cell is introduced into the cell
microchannel and thereafter captured within the cell capture array under a flow rate of about

0.1,05,1.0,1.5,2.0,25,3.0,3.5,4.0,4.5,5.0,5.5,6.0,6.5,7.0,7.5,8.0,85,9.0,9.5, 10,
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10.5,11,11.5,12,12.5, 13, 13.5, 14, 14.5, 15, 15.5, 16, 16.5, 17, 17.5, 18, 18.5, 19, 19.5, or
20 puL/minute.

[0071] In one embodiment, the lysing reagents are introduced through the nucleic
acid microchannel at a flow rate ranging from between about 0.1 uL/minute and about 2
uL/minute, thereby causing the release of the genomic DNA from the one or more target cell
without shearing the genomic DNA.

[0072] In one embodiment, the flow of fluid in the nucleic acid microchannel is
maintained at a flow rate ranging from between about 0.05 pL/minute and about 2 puL/minute,
thereby causing the released genomic DNA to become physically entangled and maintained
within the nucleic acid entanglement array.

[0073] In one embodiment, the one or more target cell is a cancer cell, although the
present invention can be used for any type of cell of structure that contains DNA or genomic
DNA.

[0074] In another aspect, the present invention provides a method for conducting
aptamer-based cancer cell capture and genomic DNA mutation analysis of genomic DNA
isolated from one or more target cell. This method includes the steps of: performing the
steps described herein of the method of isolating and maintaining genomic DNA of one or
more target cell from a sample under flow; and conducting aptamer-based cancer cell capture
and genomic DNA mutation analysis of the genomic DNA isolated from one or more target
cell while in a flow environment within the microfluidic device.

[0075] In another aspect, the present invention provides a method for amplifying
individual genes of interest from the one or more target cell consecutively and collecting each
amplification product separately. This method includes the steps of: performing the steps
described herein of the method of isolating and maintaining genomic DNA of one or more
target cell from a sample under flow; and amplifying individual genes of interest from the
genomic DNA entangled and maintained under flow within the nucleic acid entanglement
array of the microfluidic device consecutively and collecting each amplification product
separately.

[0076] In another aspect, the present invention provides a method for sequencing
nucleic acids amplified from genomic DNA isolated from one or more target cell. This
method includes the steps of: performing the steps described herein of the method of

isolating and maintaining genomic DNA of one or more target cell from a sample under flow;
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and sequencing the genomic DNA entangled and maintained under flow within the nucleic
acid entanglement array of the microfluidic device.

[0077] In another aspect, the present invention provides a method for multiple
displacement amplification (MDA) reactions of one or more nucleic acid sequence isolated
from one or more target cell. This method includes the steps of: performing the steps
described herein of the method of isolating and maintaining genomic DNA of one or more
target cell from a sample under flow; and conducting multiple displacement amplification
(MDA) reactions under flow using the genomic DNA entangled and maintained within the
nucleic acid entanglement array of the microfluidic device.

[0078] In one embodiment, the MDA reactions involve using the same genomic DNA
template isolated by the nucleic acid entanglement micropillars of the microfluidic device.
[0079] FIGS. 1-3 provide schematic views of illustrative embodiments and aspects of
the microfluidic device of the present invention. While the aforementioned figures relate to
and are further described below and in the examples also provided herein below, these figures
are helpful in describing the microfluidic device and any related systems and methods in
general terms.

[0080] FIG. 1 and FIG. 3 are schematic illustrations aspects of one embodiment of
microfluidic device 10 of the present disclosure. In particular, FIG. 1 and FIG. 3 illustrate
microfluidic device 10 as having cell microchannel 20 and nucleic acid microchannel 30,
which intersect to form cell capture intersection region 40. Microfluidic device 10 is also
shown to include cell capture array 50, which includes a plurality of cell capturing
micropillars 60 configured and arranged in a manner effective to capture one or more target
cell when such cells are flowed through cell microchannel 20. Cell capture array 50 is
located in cell capture intersection region 40. Microfluidic device 10 is also shown to include
nucleic acid entanglement array 70, which includes a plurality of nucleic acid entanglement
micropillars 80 configured and arranged in a manner effective to physically entangle and
maintain thereon genomic DNA isolated from the one or more target cell. Nucleic acid
entanglement array 70 is located in a portion of nucleic acid microchannel 30 that is adjacent
to and downstream of cell capture intersection region 40. Microfluidic device 10 is multi-
functional in that it is effective for capturing said one or more target cell, isolating said
genomic DNA from the one or more target cell, and analyzing said genomic DNA in a self-

contained manner.
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[0081] FIG. 2 is a schematic of one embodiment of microfluidic device 10 of the
present disclosure, which embodiment can be used for capturing different biological
components from a sample. As shown in FIG. 2, microfluidic device 10 can be used to
capture genomic DNA 90 from three, different types of DNA sources, i.e., cancer cells,
bacteria cells, and viruses, but from a single sample (e.g., a single blood sample). As shown
in FIG. 2, this embodiment of microfluidic device 10 illustrates three different cell capture
intersection regions 40. Each cell capture intersection region 40 is formed by the intersection
of three, separate nucleic acid microchannels 30 with different portions of cell microchannel
20. In particular, as shown in FIG. 2 (moving from left to right along cell microchannel 20),
there is cell capture intersection region 40 for cancer cell capture, cell capture intersection
region 40 for bacteria cell capture, and cell capture intersection region 40 for virus capture.
[0082] As illustrated in FIG. 2, a blood sample enters microfluidic device 10 at an
input port of cell microchannel 20 (left end in FIG. 2). The first cell capture intersection
region 40 includes a cell capture array having cell capturing micropillars that are specific for
certain cancer cells, so that such cancer cells are captured in the first capture intersection
region 40 and then lysed, with genomic DNA 90 from the captured and lysed cancer cells
being released and physically entangled and maintained by nucleic acid entanglement
micropillars 80 of nucleic acid entanglement array 70 at a position within the first nucleic
acid microchannel 30 that is downstream of the first cell capture intersection region 40. The
second cell capture intersection region 40 (in the middle) includes a cell capture array having
cell capturing micropillars that are specific for certain bacteria cells, so that such bacteria
cells are captured in the second capture intersection region 40 and then lysed, with genomic
DNA 90 from the captured and lysed bacteria cells being released and physically entangled
and maintained by nucleic acid entanglement micropillars 80 of nucleic acid entanglement
array 70 at a position within the second nucleic acid microchannel 30 that is downstream of
the second cell capture intersection region 40. The third cell capture intersection region 40
(on the right) includes a cell capture array having cell capturing micropillars that are specific
for certain viruses, so that such viruses are captured in the third capture intersection region 40
and then lysed, with genomic DNA 90 from the captured and lysed viruses being released and
physically entangled and maintained by nucleic acid entanglement micropillars 80 of nucleic
acid entanglement array 70 at a position within the third nucleic acid microchannel 30 that is

downstream of the third cell capture intersection region 40.
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[0083] Aspects of the microfluidic device of the present invention and various
methods of use thereof are further described below. Certain terms are used that are
interchangeable with the terms provided herein above and in the claims. Such
interchangeable terminology is readily apparent to those of ordinary skill in the art.

[0084] In accordance with one embodiment, the present invention includes a
microfluidic device capable of specifically capturing rare cancer cells and isolating their
genomic DNA for on-chip amplification and subsequent genetic sequencing. The device is
fabricated out of polydimethylsiloxane (PDMS) using a silicon mold. The PDMS is bonded
to a glass substrate to form the microfluidic channels. The device contains two
microchannels intersecting at right angles with a pillar array at the intersection functionalized
with single stranded DNA aptamers that serve as specific capture ligands for cancer cells.
The pillars are rotated 4° to increase the number of collisions cells undergo with the surface,
thereby increasing the capture efficiency. In one of the channels downstream from the cell
capture zone, there is a secondary micropillar array with smaller pillars spaced closely
together that will isolate the genomic DNA from the lysed captured cells. This DNA will
remain entangled in the micropillar array through multiple isothermal amplification reactions.
The amplification product will be extracted from the outlet of the device, and the DNA will
be sequenced to identify any genetic mutations.

[0085] As noted above, FIG. 1 is a schematic of one embodiment of the microfluidic
device setup in accordance with the present invention. As shown in FIG. 1, two intersecting
microchannels with an aptamer-functionalized pillar array at the intersection for specific
cancer cell capture. A finer micropillar array downstream for genomic DNA isolation via
physical entanglement. The initial cell sample is injected into Inlet 1, flows through the
capture region, and out Outlet 1. The lysis buffer is injected into Inlet 2, and the genomic
DNA is entangled in the micropillar array, while the rest of the lysate flows out of the device
through Outlet 2.

[0086] Aptamers are single stranded nucleic acids that are analogous to antibodies in
that they are ligands with specific binding affinity to their target, but with several advantages
over antibodies. Aptamers are chemically synthesized with no batch-to-batch variability,
much less expensive, more robust, and more easily functionalized. Here, a previously-
selected aptamer with specific affinity to surface species present on several types of cancer
cells that will capture the rare cancer cells and filter them from a complex sample can be used

(see Van Simaeys D, Lopez-Colon D, Sefah K, Sutphen R, Jimenez E, Tan W (2010) Study
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of the molecular recognition of aptamers selected through ovarian cancer cell-SELEX. PLoS
One 5:e13770. doi: 10.1371/journal. pone.0013770).

[0087] To detect specific genetic mutations, these genes can be individually amplified
in separate multiple displacement amplification (MDA) reactions using the same genomic
DNA template isolated by the micropillars. Following each amplification, the product can be
extracted from the device through the outlet. These samples can be sequenced using Sanger
sequencing, which requires pure samples with a single DNA sequence, and this can be
accomplished using our device capable of separate consecutive amplification reactions on the
same genomic DNA. The sequencing results can be compared to the known wildtype genes,
and any mutations can be identified. This information can then be passed onto clinicians to
make informed recommendations for the most appropriate and effective treatment for each
patient.

[0088] In various other embodiments, the present invention provides a microfluidic
device for capturing selected cells and efficiently separating genomic DNA from other
cellular components.

[0089] Further, although certain aspects of the present invention primarily relate to
the processing and analysis of DNA extracted and immobilized in the device and treating the
other cellular components, in other aspects, the present invention also relates to the use of a
microfluidic device for separating the cellular components from the genomic DNA such as
mitochondrial DNA or RNA.

[0090] One advantage of the microfluidic device of the present invention is that it is
an integrated device, as shown herein. The integrated device of the present invention
obviates the need for transferring the sample form one device to another and therefore
reduces the possibilities for contamination of the sample.

[0091] The structures that are employed in the microfluidic device of the present
invention for capturing the cells can be of many forms. For example, in certain
embodiments, the structures can be coated with antibodies or aptamers and can include,
without limitation, structures such as pillars, beads, flat surfaces, or patterned surfaces. Such
methods for incorporating such features in microfluidics are known to those skilled in the art.
[0092] In accordance with the present invention, the ability to capture the DNA by
mechanical entanglement with pillared structures allows the application of sequential
chemical treatments and washing steps by flowing different solutions past the immobilized

DNA.
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[0093] The microfluidic device of the present invention can be constructed of various
suitable materials. For example, in certain embodiments, the microfluidic device is
constructed of transparent plastic. However, the microfluidic device of the present invention
can alternatively be made of glass or other optically transparent materials to permit optical
microscopic imaging of captured cells and DNA. This would permit histological evaluation
of cells by a Pathologist to combine conventional imaging and analysis of cells to be
combined with our molecular diagnostics.

[0094] In certain embodiments, the microfluidic device of the present invention can
include multiple stages of cell capture regions of different geometry and chemical coatings to
capture different cell types or other biological entities such as cancer cells, shed cells from
implanted tissue, parasites, pathogens, bacteria, viruses, and others.

[0095] As described herein, FIG. 2 illustrates one non-limiting embodiment of a
microfluidic device having a channel structure for capturing different biological entities for
analysis.

[0096] The microfluidic device can be used to study various genes of interest,
including, without limitation, genes of interest in cancer. For example, as shown in the
examples section below, one such gene of interest is the TP53 gene. Additional examples of
genes of interest in cancer include, without limitation, APC, BRCA1, BRCA2, CDK4,
CMMI1, HER2, MLH1, MSH2, p16, and Rb1. The microfluidic device of the present
invention can be used to study these and other cancer genes, as well as other genes not
associated with cancer.

[0097] The microfluidic device of the present invention can be constructed so that it
does not require internal valves to control the flow of fluid or other materials through the
channels of the device. Thus, in accordance with the present invention, there are multiple
ways to control the flow through the device. For example, external valves can be used to
control the flow. Alternatively, tubing clamps or fluidic “plugs™ can also be used to control
the direction of flow in the microfluidic device of the present invention.

[0098] The microfluidic device of the present invention can also use various types of
cell capture components in addition to those specifically described herein. For example,
antibodies or other recognition elements could be used in the same way as described herein
with the same surface chemistry (e.g., biotinylated). Such cell capture alternatives would

work and could be incorporated into the microfluidic device.
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[0099] The microfluidic device of the present invention can be used to incorporate
various technologies relating to microfluidic arrays, microfluidic cell capture, aptamer-based
cell capture, nucleic acid elongation and capture, and the like. Such compatible technologies
described in the art can be found in various published U.S. patent applications, including,
without limitation, the following (which are incorporated herein by reference in their
entirety): US-2015/0291952, US-2015/0204859, US-2014/0121132, US-2014/0194313, and
US-2015/0011425.

EXAMPLES
[00100] The following examples are intended to illustrate particular embodiments of
the present invention, but are by no means intended to limit the scope of the present

invention.

Example 1
Microfluidic Device for Aptamer-Based Cancer Cell Capture and Gene Mutation
Detection
[00101] Genetic mutations in cancer cells are not only fundamental to the disease, but

can also have tremendous impact on the efficacy of treatment. Identification of specific key
mutations in a timely and cost-effective way would allow clinicians to better prescribe the
most effective treatment strategy. Here, we present a novel microfluidic device as a platform
for specifically capturing cancer cells and isolating their genomic DNA (gDNA) for specific
amplification and sequence analysis. To capture cancer cells within the device, nucleic acid
aptamers that specifically bind to cancer cells are immobilized within a microchannel
containing micropillars to increase capture efficiency. The captured cells are then lysed and
the gDNA is isolated via physical entanglement within a secondary micropillar array. This
type of isolation allows the gDNA to be retained within the channel, and enables multiple
types of analysis to be performed on the same gDNA template. The amplified gene samples
undergo sequencing, and the resulting sequence information is compared against the known
wildtype gene to identify any mutations. Cervical and ovarian cancer cells have been tested
for mutations in the 7P353, PTEN, and BRCA?2 genes using this technology. This approach
offers a way to monitor multiple genetic mutations in the same small population of cells,

which is beneficial given the wide diversity in cancer cells, and requires very few cells to be
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extracted from the patient sample. With this capability for genetic monitoring, precision

medicine should be more accessible for the treatment of cancer.

Experimental

Cell Culture and Buffers:

[00102] HeLa, CAOV-3, Ectl/E6E7, and End1/E6E7 cells were purchased from
American Type Cell Culture (ATCC). The HeLLa and CAOV-3 cells were cultured in DMEM
media (Life Technologies) supplemented with non-essential amino acids, 110 mg/L sodium
pyruvate, 200mM L-glutamine (Life Technologies), 1x Pen Strep (Life Technologies),
26.8mM HEPES, betamercaptoethanol, and containing 10% fetal bovine serum. The
Ectl/E6E7 and End1/E6E7 cells were cultured in keratinocyte-serum free media (Life
Technologies) with 0.1 ng/mL human recombinant epidermal growth factor (Life
Technologies), 0.05 mg/mL bovine pituitary extract (Life Technologies), and an additional
44.1 mg/L calcium chloride. Prior to use, the cells were trypsinized and resuspended in
phosphate-buffered saline (PBS) binding buffer [ 1x Dulbecco’s PBS with calcium chloride
and magnesium chloride (Fisher Scientific) containing 4.5 g/L glucose, 5 mM MgCl», and
0.1% Pluronic F-68 non-ionic surfactant (Sigma Aldrich)|. HeLa cells contained GFP-
conjugated histones, and CAOV-3, Ectl/E6E7, and End1/E6E7 cells were stained with
calcein-AM (Thermo Fisher Scientific) that allowed them to be observed using fluorescence

microscopy.

Device Fabrication:

[00103] The devices used here were polydimethylsiloxane (PDMS) microchannels
bonded to glass substrates. The devices consisted of two orthogonal microchannels that
contained two micropillar arrays: a cell capture array at the intersection of the two
microchannels and a gDNA isolation array downstream of the cell capture array (see FIG. 3).
The PDMS channels were made via soft lithography using a silicon master mold. The master
mold was fabricated from a 4™ silicon wafer via standard photolithography. Microposit S1813
photoresist (Shipley) was spun onto silicon wafers and exposed to UV light using a contact
mask aligner (ABM). The exposed wafer was developed using 726MIF developer
(Microchemicals) and the pattern was etched 25 um into the silicon via Bosch process using a
Unaxis SLR 770 deep reactive ion etching system (Unaxis USA Inc.). A monolayer of
(1H,1H,2H,2H-Perfluorooctyl)Trichlorosilane (FOTS) was deposited onto the etched silicon
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surface using an MVD100 molecular vapor deposition system (Applied Microstructures) to
enable easy release of the PDMS from the silicon mold.

[00104] Sylgard 184 (Dow Corning) PDMS base resin was mixed in a 10:1 ratio with
curing agent, and degassed in a vacuum oven at room temperature. The PDMS was poured
onto the master mold and baked at 140°C for 1 hour. The PDMS was allowed to cool to room
temperature, and it was carefully peeled off of the mold. Inlet and outlet holes were created
using a 1mm biopsy punch (Sklar Instruments). To complete the formation of the channels,
the patterned PDMS and a microscope slide were treated with oxygen plasma for 5 min, and
then bonded together. An external 4-way L-type valve (IDEX Health and Science) was used
at the DNA channel inlet and external 2-way valves were used at the cell channel inlet and

both outlets to control the flow between the perpendicular channels.

Surface Chemistry:

[00105] DNA aptamers that were used to capture cancer cells were immobilized onto
the surface of the microchannels via a streptavidin-biotin conjugation. The channels were
initially primed and cleaned with 100% ethanol and ultrapure water. A 1x PBS solution was
pumped through the channels at 50 pL/min for 9 min. A 1 mg/mL solution of streptavidin
(Life Technologies) in PBS was prepared, and 120 puL. were pumped through the cell channel
(see FIG. 3) at 4 uL/min to immobilize streptavidin via adsorption onto the channel surface.
A blocking solution containing 1% bovine serum albumin (BSA), 1% Pluronic F-68, and 1%
polyvinylpyrrolidone (PVP) K15 was prepared in 1x PBS with calcium chloride and
magnesium chloride, and 500uL of this solution was pumped through both the cell and DNA
channels at 4 uL./min to block the surface of the channel and prevent non-specific adhesion of
cells and other reagents. Finally, biotinylated aptamers (Integrated DNA Technologies),
which were previously selected (DOV4) to bind to several different types of cancer cells ,'8
were diluted to 10 uM in PBS binding buffer, and 180 pL. were pumped through the DNA
channel at 3 pL/min. This process enabled the aptamers to be concentrated in the cell capture

region at the intersection of the two channels.

Cell Capture, Lysis, and gDNA Isolation;

[00106] Cells suspended in PBS binding buffer were pumped through the cell channel
(see FIG. 3) at 1 uL/min until several cells were captured, as observed via fluorescence

microscopy. A solution of 6 M guanidinium isothiocyanate (VWR) was pumped at 1 uL/min
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through the DNA channel until cell lysis was observed. By lysing the cells in the direction of
the DNA micropillar array, the gDNA becomes physically entangled and remains in the
channel even under flow. To verify the gDNA was captured and retained by the micropillar
array, YOYO-1 dye was used to stain the DNA in the channel by flowing the dye through the
DNA channel at 1 uL/min. Otherwise, following lysis, the gDNA was washed with 1x Tris-
Ethylenediaminetetraacetic acid (TE) buffer to remove any remaining cellular debris and

guanidinium isothiocyanate.

Primers and Specific Gene Amplification from gDNA:

[00107] To amplify a specific gene from gDNA isothermally, MDA was used with
specific primers targeting a fragment of the 7P53, PTEN, or BRCA?2 gene. Table 1 contains
the 40 short primers used for these amplifications. Initially, the isolated gDNA was
chemically denatured using Buffer DLB from the Repli-g Mini Kit (Qiagen) prepared
according to the manufacturer’s instructions. This solution was pumped through the DNA
channel at 1 pL/min for 25 min. The gDNA was then neutralized using the Stop Solution
from the Repli-g Mini Kit with the addition of 12 pmol of each MDA primer. This solution
was pumped at 1 uL/min for 45 min. An MDA reaction solution was prepared from the
Repli-g Mitochondrial DNA Kit according to the manufacturer’s instructions, and 15-30
pmol of each MDA primer was added to the reaction solution. The microchannel device was
placed on a hotplate set to 33°C, and 50 uL. of MDA reaction solution was pumped through at
0.05 uL/min to perform the MDA reaction for approximately 16 hours. The eluent was
collected in an Eppendorf tube. For consecutive rounds of on-chip MDA gene amplification
from the same gDNA, the gDNA was denatured again, neutralized, and the MDA reaction
was performed as described above, but using different primers.

[00108] For benchtop control experiments, gDNA from HeLLa and CAOV-3 cells was
extracted using the Blood and Cell Culture DNA Mini Kit (Qiagen). Buffer D1 and Buffer
N1 from the Repli-g Mini Kit (Qiagen) were prepared, and 15 ng of extracted gDNA were
denatured and neutralized according to the manufacturer’s instructions. An MDA reaction
master mix was prepared using the buffer and DNA polymerase from the Repli-g
Mitochondrial DNA Kit (Qiagen) and various concentrations of specific MDA primers
(Table 1), and this solution was added to the denatured and neutralized gDNA. This reaction

was incubated at 33°C for 16 hours.
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MDA Primers for the TP53, PTEN, and BRCA2 Genes

Primer Name Sequence Primer Name Sequence
TTGTGC CCT G GCC ATGGCGC
TP53 MDA FOR #1 (SEQ ID NO:4) P53 MDA REV #1 (SEQ ID NO:5)
CAGTTGCTTT GCT GTGACT G
TP53 MDA FOR #2 (SEQ ID NO:6) TP53 MDA REV #2 (SEQ ID NO:7)
GTTTCTTTGC CCTCACAACC
TP53 MDA FOR #3 (SEQ ID NO:8) TP53 MDA REV #3 (SEQ ID NO:9)
GGA GGTGCTT CGCTCATGGT
TP53 MDA FOR #4 (SEQ ID NO:10) TP53 MDA REV #4 (SEQID NO:11)
TAGCTC GCT A CACCATCGCT
TP53 MDA FOR #5 (SEQID NO:12) TP53 MDA REV #5 (SEQ ID NO:13)
GTGTAGACGC TCT CTC CAGC
TP53 MDA FOR #6 (SEQ ID NO:14) TP53 MDA REV #6 (SEQ ID NO:15)
CCT ATCTCA A CTG GGC AACC
TP53 MDA FOR #7 (SEQ ID NO:16) TP53 MDA REV #7 (SEQ ID NO:17)
CCTGAGTGAC GAA TCA GAGG
TP53 MDA FOR #8 (SEQ ID NO:18) TP53 MDA REV #8 (SEQ ID NO:19)
ATCACACCAC ACCTAA GAGC
TP53 MDA FOR #9 (SEQ ID NO:20) TP53 MDA REV #9 (SEQ ID NO:21)
GGA GGCTGC A AGATGCTGA G
TP53 MDA FOR #10 (SEQ ID NO:22) TP53 MDA REV #10 (SEQ ID NO:23)
ATC ACTTGA G TCC ACA CGC A
TP53 MDA FOR #11 (SEQ ID NO:24) TP53 MDA REV #11 (SEQ ID NO:25)
TAG GAG GCT G TGT TTCTGT C
TP53 MDA FOR #12 (SEQ ID NO:26) TP53 MDA REV #12 (SEQ ID NO:27)
CACCTATAGT CACCACACTA
TP53 MDA FOR #13 (SEQ ID NO:28) TP53 MDA REV #13 (SEQ ID NO:29)
TAG CCA GGC A TCA GGCGGCT
TP53 MDA FOR #14 (SEQ ID NO:30) TP53 MDA REV #14 (SEQ ID NO:31)
ACCTCGTCTC CCCCAGTTGC
TP53 MDA FOR #15 (SEQ ID NO:32) TP53 MDA REV #15 (SEQ ID NO:33)
AGC CTG GGT A TTA ACCCCTC
TP53 MDA FOR #16 (SEQID NO:34) TP53 MDA REV #16 (SEQ ID NO:35)
GAGCCC AGGA AGGGCCACT G
TP53 MDA FOR #17 (SEQ ID NO:36) TP53 MDA REV #17 (SEQ ID NO:37)
CCAAGGCAGG CCCCCCTACT
TP53 MDA FOR #18 (SEQ ID NO:38) TP53 MDA REV #18 (SEQ ID NO:39)
TCCCAGCACT TAG GGA GGT C
TP53 MDA FOR #19 (SEQ ID NO:40) TP53 MDA REV #19 (SEQ ID NO:41)
TTG GTG GCT C TTGCACATCT
TP53 MDA FOR #20 (SEQ ID NO:42) TP53 MDA REV #20 (SEQ ID NO:43)
GTC CAGAGCC GUAGUC GCA G
PTEN MDA FOR #1 (SEQ ID NO:44) PTEN MDA REV #1 (SEQ ID NO:45)
AGC CGC CGC A GAACGT GGG A
PTEN MDA FOR #2 (SEQ ID NO:46) PTEN MDA REV #2 (SEQ ID NO:47)
AGT CGC TGC A TTC GCATCC G
PTEN MDA FOR #3 (SEQ ID NO:48) PTEN MDA REV #3 (SEQ ID NO:49)
TGC TGA GGA G CTGACC AGG G
PTEN MDA FOR #4 (SEQ ID NO:50) PTEN MDA REV #4 (SEQID NO:51)
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GCC GCT GCC A CACACCCTA G

PTEN MDA FOR #5 (SEQ ID NO:52) PTEN MDA REV #5 (SEQ ID NO:53)
CITCTC CCCA GUAACC AGGC

PTEN MDA FOR #6 (SEQ ID NO:54) PTEN MDA REV #6 (SEQ ID NO:55)
CCGTTIC GGA G CAATCGOGTG G

PTEN MDA FOR #7 (SEQ ID NO:56) PTEN MDA REV #7 (SEQ ID NO:57)
GAGGCCGCC G QA AGA GACC

PTEN MDA FOR #8 (SEQ ID NO:58) PTEN MDA REV #8 (SEQ ID NO:59)
CCCCCOTAGGC CCGAGCTCGC

PTEN MDA FOR #9 (SEQ ID NO:60) PTEN MDA REV #9 (SEQID NO:61)
CCCQOTCCGCC GUTCAACCTC

PTEN MDA FOR #10 (SEQ ID NO:62) PTEN MDA REV #10 (SEQ ID NO:63)
CCC GGG CCG G GGG CCT AAGC

PTEN MDA FOR #11 (SEQ ID NO:64) PTEN MDA REV #11 (SEQ ID NO:65)
GGC GGC GGC A COT GUA ACAC

PTEN MDA FOR #12 (SEQ ID NO:66) PTEN MDA REV #12 (SEQ ID NO:67)
GCCTCCAACA GCA ACTCAGG

PTEN MDA FOR #13 (SEQ ID NO:68) PTEN MDA REV #13 (SEQ ID NO:69)
CGCCGGAGAG GUCCTCAATG

PTEN MDA FOR #14 (SEQ ID NO:70) PTEN MDA REV #14 (SEQID NO:71)
GTC GCCTGT C CCCCATAGG G

PTEN MDA FOR #15 (SEQ ID NO:72) PTEN MDA REV #15 (SEQ ID NO:73)
GCT CCA GGG A CTGGUATCA G

PTEN MDA FOR #16 (SEQ ID NO:74) PTEN MDA REV #16 (SEQ ID NO:75)
CGGCGGCCGC CTGGCATCAL

PTEN MDA FOR #17 (SEQ ID NO:76) PTEN MDA REV #17 (SEQ ID NO:77)
GGG AGAAGCG CCOTOAGCAD

PTEN MDA FOR #18 (SEQ ID NO:78) PTEN MDA REV #18 (SEQ ID NO:79)
CACCTCCCGC TCAGAGGACC

PTEN MDA FOR #19 (SEQ ID NO:80) PTEN MDA REV #19 (SEQ ID NO:81)
AGG CGC GGC G CCOCTCTIGC

PTEN MDA FOR #20 (SEQ ID NO:82) PTEN MDA REV #20 (SEQ ID NO:83)
CCTCAGTCAC GAC GTACTGG

BRCA2 MDA FOR #1 (SEQ ID NO:84) BRCA2 MDA REV #1 (SEQ ID NO:85)
TCCAGCGCTT CCACTAGACG

BRCA2 MDA FOR #2 (SEQ ID NO:86) BRCA2 MDA REV #2 (SEQ ID NO:87)
GAT GGG ACT G AGGGGCCAGT

BRCA2 MDA FOR #3 (SEQ ID NO:88) BRCA2 MDA REV #3 (SEQ ID NO:89)
CCCATCCTC A GGG GOTCCT A

BRCA2 MDA FOR #4 (SEQ ID NO:90) BRCA2 MDA REV #4 (SEQ ID NO:91)
TGG ACA GCAC CACCACGCCC

BRCA2 MDA FOR #5 (SEQ ID NO:92) BRCA2 MDA REV #5 (SEQ ID NO:93)
GGCTAGTGGC AAGTGU TGO G

BRCA2 MDA FOR #6 (SEQ ID NO:94) BRCA2 MDA REV #6 (SEQ ID NO:95)
ACT AGCCACG TCCGCC CAC O

BRCA2 MDA FOR #7 (SEQ ID NO:96) BRCA2 MDA REV #7 (SEQ ID NO:97)
CTGGITAGCG ACTTCT GGC T

BRCA2 MDA FOR #8 (SEQ ID NO:98) BRCA2 MDA REV #8 (SEQ ID NO:99)
CICTGT CCCC GITGOGUCAG G

BRCA2 MDA FOR #9 (SEQ ID NO:100) BRCA2 MDA REV #9 (SEQ ID NO:101)
GCGGCGTTG G CACGCA GCAC

BRCA2 MDA FOR #10 (SEQ ID NO:102) BRCA2 MDA REV #10 (SEQ ID NO:103)
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TGC TGATGG G GTA GCT GGG A
BRCA2 MDA FOR #11 (SEQ ID NO:104) BRCA2 MDA REV #11 (SEQ ID NO:105)
AAGCCCCTG G CTCCYG YT C
BRCA2 MDA FOR #12 (SEQ ID NO:106) BRCA2 MDA REV #12 (SEQ ID NO:107)
GGG CACGCTG COTCCA GGG
BRCA2 MDA FOR #13 (SEQ ID NO:108) BRCA2 MDA REV #13 (SEQ ID NO:109)
AGATGACGCC CTTGGCTCAC
BRCA2 MDA FOR #14 (SEQ ID NO:110) BRCA2 MDA REV #14 (SEQ ID NO:111)
CTTCCCTCCC TGGCCC AGGC
BRCA2 MDA FOR #15 (SEQ ID NO:112) BRCA2 MDA REV #15 (SEQ ID NO:113)
CCTTCAGCTC CAACGT GAG G
BRCA2 MDA FOR #16 (SEQ ID NO:114) BRCA2 MDA REV #16 (SEQ ID NO:115)
GGCCCGGCCT GCGACATGG G
BRCA2 MDA FOR #17 (SEQ ID NO:116) BRCA2 MDA REV #17 (SEQ ID NO:117)
CTGGGT CTCC TCCATGGIG G
BRCA2 MDA FOR #18 (SEQ ID NO:118) BRCA2 MDA REV #18 (SEQ ID NO:119)
CGA GCC CCGC CCAGTGGOTC
BRCA2 MDA FOR #19 (SEQ ID NO:120) BRCA2 MDA REV #19 (SEQ ID NO:121)
GCC CGA AGGC TGC TGE AAG G
BRCA2 MDA FOR #20 (SEQ ID NO:122) BRCA2 MDA REV #20 (SEQ ID NO:123)
PCR Primers

Primer Name

Sequence

TP53 PCR FOR

ACT TTC AAC TCT GTC TCC TTC CTC TTC CTA
(SEQ ID NO:124)

GGA CGC GGG TGC CG
TP53 PCR REV (SEQ ID NO:125)
AAGCGGCGGCAGAGCG
PTEN PCR FOR (SEQ ID NO:126)
TCT GGG AGC CTG TGO OTG AAG
PTEN PCR REV (SEQ ID NO:127)
ATG CAT CCC TGT GTA AGT GCATTT TGG
BRCA2 PCR FOR (SEQ ID NO:128)
CCOTOTCTT AAA AATTTC AAA AAATOT TGO CCT O
BRCA2 PCR REV (SEQ ID NO:129)

Gene Sequencing:

[00109]

The MDA product was verified by running the product on a 1% agarose gel,

and staining the gel with SYBR Gold (Thermo Fisher Scientific). Since the product was

around 10 kilobases (kb), a smaller product must be made to enable sequencing. Thus, a PCR

amplification was performed using 10-60% of the MDA product. The PCR product was

verified and purified using 8-10% polyacrylamide gel electrophoresis (PAGE) stained with

ethidium bromide or SYBR Gold. To purify the PCR product for sequencing, the 130-nt band

was cut from the gel, crushed, suspended in 3 M NaAc pH 6.2, and incubated at 37°C with

mixing overnight. The gel pieces were removed from the sample, the sample underwent

phenol-chloroform extraction and ethanol precipitation, and the DNA was resuspended in
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DEPC water. This purified PCR product was sequenced via Sanger Sequencing, and the

sequence was compared to the known wildtype gene.

Results and Discussion
Microchannel Design;

[00110] The assay presented here involves two main steps, cancer cell capture using
aptamers and genomic DNA analysis. The ability to perform these two step easily all within
one device would significantly reduce contamination and sample loss, which is important
when developing an assay for rare cells. Therefore, the device was designed to have two
intersecting orthogonal microchannels: the cell channel where cancer cells are captured, and
the DNA channel where the gDNA from the captured cells is isolated (FIG. 3). The cell
channel was 1 mm wide, and the DNA channel was 250 pm, 500 pm, or I mm wide. The
depth of the channels was ~25 um. The device also contained two micropillar arrays, one for
cancer cell capture and one for gDNA isolation. The cell capture array was located at the
intersection of the two microchannels, and consisted of pillars 50 um in diameter. This array
was rotated by 4° to maximize the contact between the cells and the channel surface
containing the aptamers, thereby improving the capture efficiency.!® The DNA micropillar
array was very similar to our previously-developed microarray for gDNA isolation.!” The
array presented here consisted of 4x4 um pillars spaced in a gradient that started with the
pillars 10 um apart and finished with them 7 um apart. These small pillars placed in such a
fine array caused the gDNA to become physically entangled and remain within the array even
under flow, while allowing the cellular debris to flow out of the device. This is highly
advantageous and enables multiple types of analysis to be performed on the same gDNA
template.

[00111] To control the flow within the device, valves were needed at the inlets and
outlets. An external 4-way L-type valve was used at the DNA channel inlet to not only
control flow, but also eliminate most of the dead volume caused by the length of tubing
needed to reach the syringe pump while the device is either observed under a microscope or
is incubated using a hotplate. This is necessary because high initial flowrates cannot be used
after the gDNA 1is isolated on the micropillar array, as there is a risk of losing some of the
entangled gDNA under the high flow conditions. External 2-way shutoff valves were used at
each of the outlets as well as the cell channel inlet to control the fluid flow. These types of

valves were used because they do not disturb the fluid within the channels, whereas
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controlling the flow using tubing clamps causes significant flow during the clamping process,
which can disturb the captured cells. This device design and setup enables this assay to be

performed easily by the user.

HeLa and CAOV-3 Cell Capture and Genomic DNA Isolation:

[00112] The target cells were suspended in PBS binding buffer and pumped through
the device with aptamers immobilized on the surface of the cell capture region containing a
pillar array. The cell capture was most efficient at a flowrate of 5 uL/min when the cells were
freshly trypsinized and the channel depth was ~25 um. Several flowrates were tested ranging
from 20 pL/min down to 0.1 pL/min. At high flowrates (>10 pL/min), the linear velocity of
the cells was very high and the cells did not bind to the aptamers on the surface easily. At low
flowrates (<5 puL/min), the cells did bind to the aptamers, but the throughput was very low
and there was increased non-specific adhesion of the cells to the device. Cells used from
frozen stocks did not bind as readily, likely due to different surface compositions caused by
the shock of a freeze/thaw cycle. With channels deeper than 25 um, the cell capture took
longer, since fewer collisions with the channel surface were likely occurring. To demonstrate
using aptamers to specifically capture cancer cells within the microchannels, HeLa and
CAOV-3 cancer cells were tested with and without aptamers immobilized on the surface, and
Ectl/E6E7 and End1/E6E7 non-cancerous cells were tested with aptamers immobilized on
the surface. FIG. 4A and FIG. 4B show the cell capture region without aptamers, and
indicate that HeLa and CAOV-3 cells do not non-specifically adhere to the surface of the
device. FIG. 4C and FIG. 4D show the cell capture region with aptamers immobilized, and
demonstrate that Ectl/E6E7 and End1/E6E7 non-cancerous cells neither bind non-
specifically to the device, nor bind to the aptamers. FIG. 4E and FIG. 4F show that HeLa and
CAOV-3 cancer cells bind to aptamers immobilized within the cell capture region of the
device. These results demonstrate the successful use of aptamers to specifically capture
cancer cells.

[00113] After successfully capturing cancer cells within the cell capture region, the
cells were lysed through the DNA channel. The cell contents flowed through the DNA
micropillar array, and the gDNA was isolated on the pillars via physical entanglement. To
verify that the gDNA was isolated and retained within the micropillar array, the gDNA was
stained with YOYO-1 dye, and the results are shown in FIG. 5 for both HeLLa and CAOV-3
cells. The gDNA from both types of cells was successfully isolated by the micropillar array

27



10

15

20

25

30

WO 2017/205267 PCT/US2017/033789

and remained within the microchannel after multiple hours of flow. This gDNA isolation
technique has several advantages, including allowing the gDNA to be completely chemically
available for any downstream reaction, and more importantly it enables the gDNA to be
retained within the device even under flow. This enables multiple types of analyses to be
performed on the same template gDNA, so a large amount of information can be gathered
from a single small population of cells without necessitating substantial whole genome

amplification, which can be biased and information can be lost.20-2?

Specific Isothermal Amplification of Genes from gDNA:

[00114] With the gDNA isolated and retained within the micropillar array, several
types of genetic analyses can be performed. Here, we demonstrated the amplification of
specific genes to determine their nucleotide sequence and discover any genetic mutations.
MDA, an isothermal amplification technique, was used to reduce the complexity and cost of
the device and enable straightforward device operation, since thermocycling is not necessary.
MDA uses many short primers and a strand-displacing DNA polymerase (¢29) to make
numerous copies of the template DNA isothermally. Whereas MDA is commonly used as a

2326 in this work we use MDA to amplify a specific

method for whole genome amplification,
gene from gDNA. To our knowledge, this is the first demonstration of using MDA to amplify
a specific gene from gDNA. Forty 10-nt primers (20 forward and 20 reverse primers) were
designed around regions of the 7P53, PTEN, and BRCA2 genes, which are commonly
mutated genes in cervical and ovarian cancer.?’*° This modified MDA technique for
amplifying these genes from gDNA was initially verified in benchtop experiments using
purified HeL.a and CAOV-3 gDNA. FIG.6A shows the successful amplification of 7P53 from
purified HeLa gDNA. FIG. 8 shows the successful amplification of PTEN and BRCA?2 from
purified CAOV-3 gDNA. Shorter gene fragments were also produced via PCR from these
MDA products (FIG. 6B and FIG. 9).

[00115] The isolated gDNA from HelL.a and CAOV-3 cells was first chemically
denatured to create single stranded DNA (ssDNA). The DNA was then neutralized prior to
the MDA reaction. Since the gDNA is entangled in the micropillar array, upon denaturation
the two complimentary strands likely cannot diffuse and migrate away from each other as
readily as they can in a bulk solution, so it is possible that some may rehybridize upon
neutralization. This would prevent the MDA reaction from occurring efficiently. To reduce

the likelihood of this occurring, the neutralization buffer was spiked with the MDA primers
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allowing the primers to bind to the ssDNA before it rehybridizes. The MDA reaction solution
containing additional primers and the DNA polymerase was pumped through the device and
the amplification product was collected. The MDA product from HeLa and CAOV-3 cell
gDNA was analyzed on an agarose gel, and FIG. 6C shows images of the gels after a
successful MDA reaction. The MDA product DNA strands were around 10 kb in length, and
this is because the 929 polymerase is known to extend for approximately 10 kb.?$2 To
prepare the amplified gene sample for sequencing, it must be shortened to accommodate the
sequencing technology. For Sanger sequencing, up to a few hundred bases can be sequenced.
To create a shorter gene fragment from the HelLa and CAOV-3 MDA product, PCR was used
to create 130-nt DNA strands, which were verified via PAGE (FIG. 6D). MDA is an
advantageous technique to use not only because it is isothermal, but also because amplifying
10 kb strands allows large strands of gDNA to be amplified from cells. These strands can be
completely sequenced inexpensively by performing a few PCRs to isolate different regions of
the strand, and performing Sanger sequencing on these pure samples. Alternatively, the MDA
product can be digested into shorter fragments and targeted next-generation sequencing can

be performed.

Sequencing of the TPS3 Gene Fragment:

[00116] The purified 7P53 gene fragments from HeLa and CAOV -3 cells were
sequenced via Sanger sequencing. This sequencing technique was chosen because it is fast,
inexpensive, and can perform longer reads than other techniques. It also requires the sample
to be pure, as only one read is performed. The wildtype sequence for 7P53 was obtained from
the International Agency for Research on Cancer, and the known mutation in the 7P53 gene
in CAOV-3 cells was obtained from the mutation data for this cell line from ATCC. CAOV-3
cells contain a homozygous single-nucleotide polymorphism (SNP), and this SNP
(c.406C>T) is a nonsense mutation resulting in a truncated p53 protein. FIG. 7 shows the
wildtype and mutated nucleotide sequence and the sequencing results from HeLa (FIG. 7A)
and CAOV-3 (FIG. 7B) cells for the region where the SNP occurred. These results show that
we were able to successfully detect a point mutation in the CAOV-3 7P53 gene, while HeLa
cells contained the wildtype sequence of this gene fragment. Analogous testing of all
locations on this gene would allow us to determine additional genetic information about this

gene in these two cancer cell lines. Additional genes that commonly contain mutations in
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cancer could also be tested in this way, since the gDNA is retained on the micropillars and is

available for additional amplification reactions and analysis.

Conclusions

[00117] We have developed a device and technique for capturing cancer cells using
aptamers, and isolating their gDNA for genetic analysis. The device was designed to enable
both the cell capture and gDNA isolation to occur within a single device to significantly
reduce contamination and sample loss. Preventing sample loss is particularly important, since
most cells of interest, such as circulating tumor cells, are rare and are generally found in low
numbers. The device was also designed to isolate the gDNA via physical entanglement within
a micropillar array. This isolation technique allows the gDNA to be chemically available for
downstream reactions. It also enables the gDNA to be retained within the microchannel even
under flow, which enables multiple types of analyses to be performed on the same template
gDNA.

[00118] We demonstrated on-chip isothermal amplification of a specific gene and
subsequent sequencing of this gene to determine any genetic mutations. We successfully
detected a point mutation in the 7P53 gene in CAOV-3 cells. Specifically, we developed a
method using MDA to amplify a specific gene from whole gDNA. This technique allows for
long strands of DNA to be produced that can cover an entire large gene up to 10 kb. Here, we
used PCR to produce pure samples of smaller gene fragments that could be sequenced using
Sanger sequencing, but other sequencing methods can be used where pure samples are not
necessary as multiple reads are taken.

[00119] An assay like this can be extremely impactful when it comes to cancer
diagnosis and treatment. If the mutations present in a specific patient’s cancer cells can be
identified, clinicians will be able to use this information to better diagnose the patient and
better determine the most effective treatment options. This would truly enable precision
medicine when it comes to cancer treatment, which is necessary to effectively treat patients
considering the substantial diversity observed in cancer.

[00120] While we have described the application of our device primarily in terms of
isolating and genetically analyzing cancer cells. The same device and approach can be
applied to other improvements in bioanalytical applications. For example, the rapid
identification of antibiotic resistant bacteria is of great importance for determining

appropriate treatment in a timely manner. Our device could be employed to select by
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aptamer binding a particular type of bacteria from body fluid or a swab sample and with even
a single or a few cells rapid genetic analysis could determine the strain of the bacteria and its
antibiotic resistance. This would be much more rapid than culturing cells to determine the
effective antibiotic treatment. Another example would be for forensic analysis where human
cells could be isolated from a complex sample and even a few cells genetically analyzed to
identify the genetic fingerprint of the individual from whom the cells originate. There are
numerous other examples to which our device and approach could be applied such as
environmental monitoring for invasive organisms, analyzing drinking water safety or
detecting rejections of human medical transplants where the rapid isolation of selected cell
types and identification of specific genetic traits would be valuable.

[00121] Supplementary information is shown in FIGS. 8-12, with the descriptions

being provided herein above in the Brief Description of the Drawings section.

Example 2
Various Embodiments of a Microfluidic Device for Aptamer-Based Cancer Cell
Capture and Gene Mutation Detection

[00122] The microfluidic device of the present invention can be used for aptamer-
based cell capture for various uses. This example illustrates one protocol for preparing one
embodiment of a microfluidic device of the present invention. As shown, this example
describes a protocol of the preparation process, starting with the PDMS device fabrication
and continuing through to the on-chip specific multiple displacement amplification (MDA)

reaction.

Surface Chemistry for Hel.a Cell Capture in Microfluidic Devices

A. Fabrication of PDMS Devices

e For each wafer, mix 50g of PDMS base and 5g of curing agent thoroughly
s Degass the mixture completely in the vacuum oven

s Make an Al foil boat around the wafer and pour the PDMS onto the wafer
s Pop any bubbles that formed during the pouring process

s Put the samples in the oven at cure at 140C for >1h

Bonding the devices:
s Once cured, SLOWLY and carefully peel the PDMS off of the wafer to prevent the
pillars from ripping off
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s Cut out the devices individually to fit on a microscope slide and punch inlet and outlet
holes using a 1-mm biopsy punch

s  Wash the PDMS thoroughly with soap and tap water and then DI water

¢ Rinse the PDMS and a microscope slide thoroughly with 100% ethanol and DI water

s Dry the PDMS and slide with nitrogen and place immediately into the plasma cleaner

¢ Draw a vacuum on the plasma cleaner for about a minute and then turn the plasma on
high

o Adjust the door valve so that the plasma is a pink color (a blueish plasma
means there is not enough oxygen)

s Plasma treat for 10min

e Immediately take out the PDMS and slide and bond them, but do not push too hard as
the channels can collapse

s Cover the inlet and outlet holes with tape to prevent debris from entering the device

B. Cleaning the device

To avoid having to clean with acid and base, use a device that has been bonded within 48
hours.

With a device bonded within the last 48 hours,
s Connect tubing to all inlets and outlets, and connect valves to all inlets and outlets
o The valves at the inlets should have a third connection that allows dead
volume to be pumped out into waste

e Fill 2 I-mL syringes for each device with ethanol and connect them to both inlet
valves

s  With the valves set to flow out to waste, pump 100uL of ethanol through at
100puL/min to flush out any bubbles

s Set the valves to flow into the device and then flow 900uL through both inlets at
30uL/min

e Fill a 1-mL syringe with ultrapure water

s  With the valves set to flow out to waste, pump 100uL of water through the cell
channel inlet valve at 100uL/min to flush out any bubbles

e Set the valve to flow into the device and then flow 1mL of water through the cell
channel at SOuL/min

s Repeat this for the DNA channel

e Fill a 1-mL syringe with filter-sterilized 1x PBS

s  With the valves set to flow out to waste, pump 100uL of PBS through the cell channel
inlet valve at 100pL/min to flush out any bubbles

e Set the valve to flow into the device and then flow 450uL of water through the cell
channel at SOuL/min

s Repeat this for the DNA channel
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C. Surface Chemistry for Immobilizing Aptamers

Fill a 1-mL syringe with ~200uL of 1mg/mL streptavidin
With the valves set to flow out to waste, pump ~60uL of streptavidin through the cell
channel inlet valve at 80uL/min to flush out any bubbles (stop flowing once bubbles
are flushed out and the fluid stream can be seen in the waste tubing past the valve)
Set the valve to flow into the device and then flow 90uL of streptavidin through the
cell channel inlet at 3ul./min, and then incubate for 10-15mins
Fill a 1-mL syringe with a blocking solution of 1% BSA, 1% Pluronic F-68, and 1%
polyvinylpyrrolidone (PVP) K15 in PBS binding buffer (1xDPBS with Mg and Ca,
4.5g/L glucose, and SmM MgCl,)
With the valves set to flow out to waste, pump 80uL of blocking solution through the
cell channel inlet valve at 80uL/min to flush out any bubbles
Set the valve to flow into the device and then flow 500uL of blocking solution
through the cell channel inlet at 4uL/min
Repeat for the DNA channel
Prepare an aptamer solution by combining 3uL. of I1mM biotinylated DOV4 aptamer
with 297uL of PBS binding buffer

o Incubate this aptamer solution at 75°C for Smins then allow to cool to RT
Fill a 1-mL syringe with this solution
With the valves set to flow out to waste, pump ~60uL of aptamer solution through the
DNA channel inlet valve at 80uL/min to flush out any bubbles (stop flowing once
bubbles are flushed out and the fluid stream can be seen in the waste tubing past the
valve)
Set the valve to flow into the device and then flow 180uL of aptamer solution through
the DNA channel inlet at 3uL/min

D. Preparing the HeLa cells

From culture:

Passage the cells as usual, but resuspend one pellet with 3mL PBS binding buffer
containing no DMSO
o This can be used directly

From frozen:

Thaw quickly an aliquot of cells in a 37°C waterbath and transfer the cells to a falcon
tube. Add 9mL of PBS binding buffer and spin down the solution at 100xg for Smins
Take out supernatant and resuspend in 3mL of PBS binding buffer

Repeat this washing 3 times to remove all of the DMSO

Resuspend the cells in 1mL of PBS binding buffer and use directly in the device
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E. Capturing and Lysing HeL.a cells

e Fill a 1-mL syringe with HeLa cell suspension

s  With the valves set to flow out to waste, pump 80uL of cell suspension through the
cell channel inlet valve at 10uL/min to flush out any bubbles

e Set the valve to flow into the device and then flow cells at 1puL/min and monitor
capture using a fluorescence microscope (the HeLa cells have green fluorescent
protein on their histones that enables them to fluoresce)

s Once cells are captured, close the cell channel valves

e Fill a 1-mL syringe with ~200uL of 6M guanidinium thiocyanate in ultrapure water
(this is the lysis solution)

s  With the valves set to flow out to waste, pump 80uL of the solution through the DNA
channel inlet valve at 80uL/min to flush out any bubbles

e Set the valve to flow into the device and then flow solution at 1puL/min and monitor

lysis using a fluorescence microscope (look for disappearance of fluorescent whole
cells)

F. Performing Specific MDA Reaction

e Flush out the lysis solution with 1x TE: Fill a I-mL syringe with ~200uL of 1x TE
s  With the valves set to flow out to waste, pump 80uL of the solution through the DNA
channel inlet valve at 80uL/min to flush out any bubbles
e Set the valve to flow into the device and then flow 60uL of solution at 1uL/min
e Use the REPLI-g Mitochondrial DNA kit to provide the buffer and enzymes for the
MDA reaction
e Prepare the D1 denaturing buffer:
o 54uL Reconstituted Buffer DLB
o 192uL ultrapure Water
e Fill a 1-mL syringe with D1 solution
s  With the valves set to flow out to waste, pump 80uL of the solution through the DNA
channel inlet valve at 80uL/min to flush out any bubbles
e Set the valve to flow into the device and then flow 25uL of solution at 1uL/min
e Prepare the N1 Neutralizing Buffer
o 36uL Stop Solution
o 24uL MDA primer mix for the gene of interest
o 180uL ultrapure water
e Fill a 1-mL syringe with N1 solution
s  With the valves set to flow out to waste, pump 80uL of the solution through the DNA
channel inlet valve at 80uL/min to flush out any bubbles
o Set the valve to flow into the device and then flow 45uL of solution at 1uL/min
s Setup the device on a hotplate set to 3°C
s Setup a humidity chamber around the device to prevent evaporation
e Prepare the MDA master mix
o 75uL ultrapure water
o 24uL MDA primer mix
o 121.5uL REPLI-g reaction buffer
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o 4.5uL DNA polymerase
Fill a 1-mL syringe with MDA reaction mix
With the valves set to flow out to waste, pump the solution through the DNA channel
inlet valve at 80uL/min to flush out any bubbles, and stop flowing once bubbles are
flushed out and the fluid stream can be seen in the waste tubing past the valve
Set the valve to flow into the device and then flow 50uL of solution at 0.05uL/min
and collect eluent in an Eppendorf tube
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[00124] Although the present invention has been described for the purpose of

illustration, it is understood that such detail is solely for that purpose and variations can be

made by those skilled in the art without departing from the spirit and scope of the invention

which is defined by the following claims.
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WHAT IS CLAIMED IS:

1. A microfluidic device comprising:

a cell microchannel and a nucleic acid microchannel that intersect to form a
cell capture intersection region;

a cell capture array comprising a plurality of cell capturing micropillars
configured and arranged in a manner effective to capture one or more target cell when flowed
through the cell microchannel, said cell capture array being located in the cell capture
intersection region; and

anucleic acid entanglement array comprising a plurality of nucleic acid
entanglement micropillars configured and arranged in a manner effective to physically
entangle and maintain thereon genomic DNA isolated from the one or more target cell, said
nucleic acid entanglement array being located in a portion of the nucleic acid microchannel
that is adjacent to and downstream of the cell capture intersection region,

wherein said microfluidic device is multi-functional in that it is effective for
capturing said one or more target cell, isolating said genomic DNA from the one or more

target cell, and analyzing said genomic DNA in a self-contained manner.

2. The microfluidic device according to claim 1, wherein said cell capture
array comprises one or more aptamer and/or another cell capture component specific to the

one or more target cell.

3. The microfluidic device according to claim 2, wherein the one or more
aptamer and/or another cell capture component is concentrated in the cell capture intersection

region, thereby enabling capture of the one or more target cell.

4, The microfluidic device according to claim 1, wherein said nucleic
acid entanglement array is effective to entangle and maintain the isolated genomic DNA for
single amplification and/or multiple, consecutive amplifications of one or more nucleic acid

sequence of interest contained on the isolated genomic DNA.

5. The microfluidic device according to claim 4, wherein the one or more

nucleic acid sequence of interest is a cancer gene.
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6. The microfluidic device according to claim 1, wherein the one or more

target cell is a cancer cell.

7. The microfluidic device according to claim 1 further comprising:
a first flow rate means for managing rate of flow of fluid through the cell
microchannel and a second flow rate means for managing rate of flow of fluid through the

nucleic acid microchannel.

8. The microfluidic device according to claim 7, wherein the first flow
rate means comprises external valves at the nucleic acid microchannel inlet and outlet and the

second flow rate means comprises external valves at the cell microchannel inlet and outlet.

9. The microfluidic device according to claim 8, wherein the external

valves are selected from the group consisting of two-way valves and four-way valves.

10.  The microfluidic device according to claim 1 further comprising:
a temperature controller for managing temperature of fluid and other contents

contained within the cell microchannel and/or nucleic acid microchannel.
11. The microfluidic device according to claim 1, wherein the cell
microchannel and the nucleic acid microchannel have a height ranging from between about

20 um and about 40 um.

12. The microfluidic device according to claim 1, wherein the cell

microchannel and the nucleic acid microchannel have a height of about 25 pum.

13. The microfluidic device according to claim 1, wherein the cell channel

has a width ranging from between about 500 um and about 1500 um.

14. The microfluidic device according to claim 1, wherein the cell channel

has a width of about 1000 um.
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15. The microfluidic device according to claim 1, wherein the nucleic acid

channel has a width ranging from between about 200 pm and about 1500 um.

16. The microfluidic device according to claim 1, wherein the nucleic acid
channel has a width selected from the group consisting of about 250 um, 500 wm, and 1000

pm.

17. The microfluidic device according to claim 1, wherein the cell

capturing micropillars have a diameter ranging from between about 40 um and about 60 um.

18. The microfluidic device according to claim 1, wherein the cell

capturing micropillars have a diameter of 50 um.

19. The microfluidic device according to claim 1, wherein the cell capture
array 1s ordered in a patterned array that is rotated by about 4° to maximize contact between

the one or more target cell and microchannel surface.

20. The microfluidic device according to claim 1, wherein the nucleic acid
entanglement micropillars have a diameter ranging from between about 2 um and about 10

pm.

21. The microfluidic device according to claim 1, wherein the nucleic acid
entanglement micropillars have a cross-sectional dimension of about 4 pm x 4 um, wherein
said nucleic acid entanglement micropillars are spaced in a gradient that begins with the
micropillars being about 10 um apart and ending with the micropillars being about 7 um

apart.

22. A method of isolating and maintaining genomic DNA of one or more
target cell from a sample under flow for further analysis thereof, said method comprising the
steps of:

providing a microfluidic device according to any one of claims 1-21;

introducing a sample comprising one or more target cell into the cell

microchannel at a flow rate effective to transport the one or more target cell to the cell
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capture array so as to capture the one or more target cell in the cell capturing micropillars by
specific binding;

lysing the one or more target cell by introducing lysing reagents through the
nucleic acid microchannel at a flow rate effective to release genomic DNA from the one or
more target cell without shearing the genomic DNA; and

maintaining fluid flow within the nucleic acid microchannel at a flow rate
effective to cause the released genomic DNA to become physically entangled and maintained

within the nucleic acid entanglement array for further analysis thereof.

23. The method according to claim 22, wherein the one or more target cell
is captured in the cell capture array due to specific contact with an aptamer or other capture

component present in the cell capture array.

24, The method according to claim 22, wherein the one or more target cell
is introduced into the cell microchannel and thereafter captured within the cell capture array

under a flow rate ranging from between about 0.1 uL/minute and about 20 puL/minute.

25. The method according to claim 22, wherein the lysing reagents are
introduced through the nucleic acid microchannel at a flow rate ranging from between about
0.1 pL/minute and about 2 puL/minute, thereby causing the release of the genomic DNA from

the one or more target cell without shearing the genomic DNA.

26.  The method according to claim 25, wherein the flow of fluid in the
nucleic acid microchannel is maintained at a flow rate ranging from between about 0.05
ulL/minute and about 2 ul./minute, thereby causing the released genomic DNA to become

physically entangled and maintained within the nucleic acid entanglement array.

27.  The method according to claim 22, wherein the one or more target cell

is a cancer cell.
28. A method for conducting aptamer-based cancer cell capture and

genomic DNA mutation analysis of genomic DNA isolated from one or more target cell, said

method comprising the steps of:
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performing the steps of the method according to claim 22; and
conducting aptamer-based cancer cell capture and genomic DNA mutation
analysis of the genomic DNA isolated from one or more target cell while in a flow

environment within the microfluidic device.

29. A method for amplifying individual genes of interest from the one or
more target cell consecutively and collecting each amplification product separately, said
method comprising the steps of:

performing the steps of the method according to claim 22; and

amplifying individual genes of interest from the genomic DNA entangled and
maintained under flow within the nucleic acid entanglement array of the microfluidic device

consecutively and collecting each amplification product separately.

30. A method for sequencing nucleic acids amplified from genomic DNA
isolated from one or more target cell, said method comprising the steps of:

performing the steps of the method according to claim 22; and

sequencing the genomic DNA entangled and maintained under flow within the

nucleic acid entanglement array of the microfluidic device.

31. A method for multiple displacement amplification (MDA) reactions of
one or more nucleic acid sequence isolated from one or more target cell, said method
comprising the steps of:

performing the steps of the method according to claim 22; and

conducting multiple displacement amplification (MDA) reactions under flow
using the genomic DNA entangled and maintained within the nucleic acid entanglement array

of the microfluidic device.
32.  The method according to claim 31, wherein said MDA reactions

involve using the same genomic DNA template isolated by the nucleic acid entanglement

micropillars of the microfluidic device.
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