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TITLE
A SIZE TUNABLE ENRICHMENT PLATFORM FOR CAPTURING NANO
PARTICLES IN A FLUID

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provisional Patent Application No.
62/193,876, filed July 17, 2015, the contents of which are incorporated by reference

herein in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
This invention was made with government support under Grant No. UL1

TRO000127 awarded by the National Center for Research Resources, the National Center
for Advancing Translational Sciences of the National Institutes of Health; Grant No.
DP2CA174508 awarded by the National Cancer Institute of the National Institutes of
Health; a United States Air Force Office of Scientific Research MURI Grant No.
FA9550-12-1-0035; and with support under Hatch Act Project No. PEN01607, awarded
by the United States Department of Agriculture. The government has certain rights in the

invention.

BACKGROUND OF THE INVENTION

The traumatic impact of viral infectious diseases was witnessed in the
1918 influenza pandemic, the ongoing HIV/AIDS pandemic, the most recent Ebola
outbreak (Fauci A.S. et al., New Engl J Med, 2012, 366:454-461), and more. Rapid
isolation, identification, and characterization of viruses from field samples are critical in
the prevention of epidemics (Pennington H., Nat Rev Micro, 2004, 2:259-262). Small
footprint lab-on-a-chip systems promise to rapidly analyze samples of small quantity with
high sensitivity at points of care (Whitesides G.M., Nature, 2006, 422:368-373).
Although many advanced virus detection methods have been reported, there has yet to be

a high efficiency sample preparation system (Ritzi-Lehnert M., Expert Rev Mol Diagn,
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2012, 12:189-206; Sin M.L.Y. et al., Expert Rev Mol Diagn, 2014, 14:225-244). Most
previous work employed antibodies or ligands to capture known nanoscale target like
viruses (Stern et al., Nature, 2007, 445:519). Existing virus sample preparation systems
utilizing, e.g. immune-based capture, which requires foreknowledge of virus strain or
membrane-based filtration, suffers from low efficiency and capacity due to non-
uniformity of pore size and low porosity, as well as a lack of downstream virus analysis
integration and lowers accessibility to the public. Label-free methods will be highly
desirable for unknown viruses. In addition, it is difficult to release the captured NPs for
further analysis.

There is a need for an improved method of label-free capture for small

particles like viruses. The present invention meets this need.

SUMMARY OF THE INVENTION

The invention provides enrichment platform devices for size-based capture
of particles in solution. The enrichment platform device is useful for label-free capture of
any particle. The invention relates to enrichment platform devices using nanowires and
vertically aligned carbon nanotubes. The invention provides methods for making the
enrichment platform devices. The invention provides methods for using the enrichment
platform devices for filtering particles, capturing particles, concentrating particles, and
releasing viable particles.

In one aspect, the invention relates to an enrichment platform device for
size-based, label-free capture of particles in sample solution, the device comprising: a
substrate; vertically-aligned carbon nanotubes arrays (VACNT); and a cover having at
least one inlet and at least one outlet; wherein the VACNT is attached to the substrate, the
cover bonds to the substrate to seal the VACNT within the cover, and sample solution
enters via the at least one inlet, passes over the VACNT, and exits via the at least one
outlet, whereupon particles in the sample solution are captured by the gaps between the
VACNT based on size.

In one embodiment, the substrate comprises material selected from the

group consisting of: silicon, glass, sapphire, metals, and polymers. In one embodiment,
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the cover comprises material selected from the group consisting of’ plastics, metals,
glass, sapphire, polymers, and polydimethylsiloxane (PDMS). In one embodiment, the
cover is removable.

In one embodiment, the VACNT comprise single-walled CNT, double-
walled CNT, multi-walled CNT, and combinations thereof. In one embodiment, the
VACNT is nitrogen-doped VACNT, boron-doped VACNT, silicon-doped VACNT,
aluminum-doped VACNT, phosphorus-doped VACNT, lithium-doped VACNT, and
combinations thereof. In one embodiment, the VACNT are separated by a gap size
between 1 nm and 500 nm.

In one embodiment, the device is a microfluidic device. In one
embodiment, the device is a handheld device.

In another aspect, the present invention relates to an enrichment platform
device for size-based, label-free capture of particles in sample solution, the device
comprising: a substrate comprising a plurality of channels; a cover having at least one
inlet and at least one outlet; and a plurality of nanowires; wherein the plurality of
nanowires are attached to the substrate within the channels, the cover seals the plurality
of channels, and sample solution enters via the at least one inlet, passes through the
plurality of channels, and exits via the at least one outlet, whereupon particles in the
sample solution are captured by the gaps between the plurality of nanowires based on
size.

In one embodiment, the substrate comprises material selected from the
group consisting of: silicon, glass, sapphire, metals, and polymers. In one embodiment,
the cover comprises material selected from the group consisting of’ plastics, metals,
glass, sapphire, polymers, and polydimethylsiloxane (PDMS). In one embodiment, the
cover is removable.

In one embodiment, the nanowires comprise materials selected from the
group consisting of: silicon, zinc, zinc oxide, and nickel. In one embodiment, each
nanowire is separated by a gap size between 1 nm and 500 nm.

In one embodiment, the device is a microfluidic device. In one

embodiment, the device is a handheld device.
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In another aspect, the present invention relates to a method of making an
enrichment platform device comprising VACNT, the method comprising: depositing a
metal catalyst thin film on a substrate by e-beam evaporation and lift-off process;
patterning the metal catalyst thin film using lithography; depositing CNT precursor
material on the metal catalyst thin film using chemical vapor deposition (CVD) to create
VACNT; and bonding a cover to the substrate to encase the VACNT,

In one embodiment, the metal catalyst thin film is an iron-catalyst thin
film, a nickel-catalyst thin film, or a cobalt-catalyst thin film. In one embodiment, the
metal catalyst thin film thickness is adjusted to tune gap size, diameter, and density of the
VACNT. In one embodiment, increasing the metal catalyst thin film thickness increases
the VACNT gap size. In one embodiment, the gap size is tuned between 1 nm and 500
nm. In one embodiment, increasing the metal catalyst thin film thickness increases the
VACNT diameter. In one embodiment, increasing the metal catalyst thin film thickness
decreases the VACNT density.

In one embodiment, the precursor comprises doping material. In one
embodiment, the doping material is selected from the group consisting of’ nitrogen,
boron, silicon, aluminum, phosphorus, and lithium.

In another aspect, the present invention relates to a method of making an
enrichment platform device comprising porous silicon nanowires (PSNWs), the method
comprising: depositing a thin photoresist layer on a silicon substrate; patterning the thin
photoresist layer by removing photoresist using lithography; etching a channel in the
substrate where photoresist is absent; depositing a thicker layer of photoresist on the
existing layer of photoresist; depositing silver nanoparticles (SNP) within the etched
channel; reacting with the SNP as a catalyst to perform silicon etching to form PSNWs;
removing the photoresist and SNP; and bonding a cover to the substrate to encase the
PSNWs.

In one embodiment, the etching is deep reactive-ion etching (DRIE), metal
assisted silicon etching, or wet etching. In one embodiment, the gap size of the PSNWs

is tuned by adjusting SNP deposition time. In one embodiment, increasing SNP
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deposition time increases PSNW gap size. In one embodiment, the gap size is tuned
between 1 nm and 500 nm.

In another aspect, the present invention relates to a method of filtering
particles of a specific size out of a solution, the method comprising: fabricating an
enrichment platform device comprising a gap size matching the size of the particle to be
filtered; and passing the solution through the filter.

In another aspect, the present invention relates to a method of capturing
particles of a specific size out of a solution for analysis, the method comprising:
fabricating an enrichment platform device comprising a gap size matching the size of the
particle to be filtered; passing the solution through the filter; and analyzing the captured
particles in the enrichment platform device.

In another aspect, the present invention relates to a method of capturing
viable particles of a specific size out of a solution and releasing the same viable particles
for analysis, the method comprising: fabricating an enrichment platform device
comprising a gap size matching the size of the particle to be filtered; passing the solution
through the filter; removing the enrichment platform device cover; releasing the captured
viable particles from the enrichment platform device; and analyzing the released viable
particles.

In one embodiment, the particles are released by scratching the device
surface. In one embodiment, the particles are released by degrading the device
nanostructures. In one embodiment, the solution is derived from a patient. In one
embodiment, the captured particles are used to diagnose the patient as being host to the
captured particles. In one embodiment, a patient being diagnosed as hosting the captured

particles is indicative of having a disease.

BRIEF DESCRIPTION OF THE DRAWINGS
The following detailed description of preferred embodiments of the
invention will be better understood when read in conjunction with the appended
drawings. For the purpose of illustrating the invention, there are shown in the drawings

embodiments which are presently preferred. It should be understood, however, that the
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invention is not limited to the precise arrangements and instrumentalities of the
embodiments shown in the drawings.

Figure 1, comprising Figure 1A and Figure 1B, depicts an illustration of a
vertically-aligned carbon nanotube (VACNT) microfluidic device. Figure 1A depicts a
device wherein the VACNT are bonded to substrate on the bottom and to cover on the
top. Figure 1B depicts a device wherein the VACNT are freestanding and are bonded to
substrate only on the bottom.

Figure 2A through Figure 2C depict the design and operation of the
pSiNWs forest based device for viral isolation. Figure 2A: size of various biological
molecules in the micro and nano scale. Figure 2B: illustrations of pSiNWs forest based
microfluidic device showing the overall microfluidic design in 3D, the location of the
pSiNWs forests (top inset, cross-sectional view), and nanoparticles captured inside the
pSiNWs forest (bottom inset). Figure 2C: photo of a prototype device.

Figure 3A through Figure 3H depict the synthesis and characterization of
pSiNWs. Figure 3A: Sketch of synthesizing pSiNWs showing larger SNPs defining the
inter-wire spacing and tiny SNPs generating porous structures on individual silicon
nanowire. Black solid arrows indicate reactant fluoride ions coming to the surface. Red
dash lines indicate product silicon hexafluoriode anions leaving the surface into the bulk.
Figure 3B: Scanning Electron Microscope (SEM) of SNPs and channel bottom (bar: 500
nm, insert bar: 200 nm). Figure 3C: SEM images of pSiNWs on channel bottom (bar: 500
nm, insert bar: 200 nm). Figure 3D: SEM images of pSiNWs on side wall (bar: 2 um).
Figure 3E: SEM images of cross-section view of pSiNWs (bar: 2 um, two inserts’ bar:
500 nm). Figure 3F: Sizes of SNPs and inter-wire spacing of pSiNWs forests versus the
silver nanoparticle deposition time. Figure 3G, Figure 3H: Distribution of the inter-wire
spacing of pSiNWs with silver nanoparticle deposition time of 45s (Figure 3G) and 60s
(Figure 3H), respectively.

Figure 4 depicts an exemplary fabrication process of the pSINW
microfluidic device. 1. Patterning photoresist SPR 3012 on high conductivity silicon
wafer by photolithography. 2. Patterning microfluidic channels on the silicon wafer by

DRIE with the SPR 3012 mask. 3. After DRIE, as SPR 3012 mask could not protect the
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surface of silicon as well as AZ p4620 during synthesizing pSiNWs (Figure 5), SPR 3012
was replaced by AZ 4620. Removing photoresist SPR 3012 in nanostrip. 4. Protecting
outside surface of channels by patterning thick photoresist AZ p4620 using
photolithography. 5. Depositing SNPs on the bottom and side walls of the channels in the
solution of 0.085% AgNO3 and 9.8% HF. 6. Etching pSiNWs forests with metal-assisted
etching in the solution of 0.35% H202 and 9.8% HF; 7. Removing photoresist AZ 4620
in acetone and SNPs in the silver etchant; 8. Sealing the microfluidic channels with
PDMS after surface treatment of silicon wafer and PDMS with oxygen plasma.

Figure SA and Figure 5B depict the protective effects of SPR 3012 mask
(Figure 5A) and AZ P4620 mask (Figure 5B) during synthesizing PSNWs (bar: 200 um).
When using SPR 3012 mask after DRIE etching, silicon surface outside the channels was
damaged by the etching solution. While using AZ 4620 mask, silicon surface outside the
channels was fine.

Figure 6A through Figure 6D depict fluid flow in the cross section
(labeled box) of the 20 um depth channels. The FEM model, which is a single channel
with five repeatable units, was simulated in Comsol. Figure 6A: Schematic of the
channel. Figure 6B: Velocity field along the channel (x direction, Vx). Figure 6C:
Velocity field in the horizontal plane (y direction, V). Figure 6D: Velocity field in the
vertical plane (z direction, 7).

Figure 7A through Figure 7D depict fluid flow in the cross section
(labeled box) of the 40 um depth channels. The FEM model, which is a single channel
with five repeatable units, was simulated in Comsol. Figure 7A: Schematic of the
channel. Figure 7B: Velocity field along the channel (x direction, Vx). Figure 7C:
Velocity field in the horizontal plane (y direction, V). Figure 7D: Velocity field in the
vertical plane (z direction, 7).

Figure 8A through Figure 8D depict fluid flow in the cross section
(labeled box) of the 60 um depth channels. The FEM model, which is a single channel
with five repeatable units, was simulated in Comsol. Figure 8A: Schematic of the

channel. Figure 8B: Velocity field along the channel (x direction, V). Figure 8C:
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Velocity field in the horizontal plane (y direction, J}). Figure 8D: Velocity field in the
vertical plane (z direction, 7).

Figure 9 depicts the forces on nanoparticles in a meandering channel.

— 2 4 2
Wall lift force: [t =T (B)pvaa™ 1D

F, =1.08x10™ zuDe'®a, De =Re /f_/;

Dean force:

Stokes drag: £, =6muav

Here, f(p) is the wall lift coefficient, o ris the density of the fluid, v is
fluid velocity in z direction, a is the nanoparticle radius, Dy is the hydraulic diameter of
the channel, « is the dynamic viscosity of the fluid, v is the velocity in £ direction, De is
Dean number, Re is Reynolds number, R is the curvature radius of the channel. In the
device, the velocity of the fluid is 0.011 m/s. The height of the channel was 20 pym. The
width of the channel was 100 pum. The curvature radius was 100 um. The nanoparticle
radius was about 50 nm, Under these conditions, the wall lift force was about 10" N, and
the Dean force was about 7.7x10°1%> N. So the Dean force was larger than the wall lift
force by 3 orders of magnitude. (Ho, B. P. et al, Journal of Fluid Mechanics 1974,
65:365-400; Asmolov, E. S., Journal of Fluid Mechanics 1999, 381:63-87; Matas, J.-P. et
al., Journal of Fluid Mechanics 2004, 515:171-195).

Figure 10A through Figure 101 depict the capture of nanoscale particles
inside the pSiNWSs microfluidic devices with the effect of the Dean flow. Figure 10A
through Figure 10C: FEM simulations showing velocity field on the cross-sectional
planes of meandering flow channels with channel depths of 20, 40 and 60 pum,
respectively. 0 and 100 um point the outer and inner rim of channel, respectively. Figure
10D: Capture efficiency of 75 nm and 400 nm nanobeads in channels with 20, 40 and 60
um height, respectively. Figure 10E: Capture of 75 nm green nanobeads showing top
views of the pSiNWs flow channels before, during, and after injecting nanobeads (bar:
200 pum); Figure 10F: Capture of 400 nm blue nanobeads showing top views of the
pSiNWs flow channels before, during and after injecting nanobeads (bar: 200 um);
Figure 10G: SEM image of captured 75 nm nanobeads (bar: 150 nm). Figure 10H:

-8-
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Capture efficiency of 75 nm and 400 nm nanobeads under different flow rates. Figure
10I: Capture efficiency of 75 nm and 400 nm nanobeads versus number of run times of
the same sample in the same device.

Figure 11A through Figure 11C depict the degradation of pSiNWs and
release of captured nanobeads. Figure 11A: SEM images of pSiNWs s from the top view
after soaking in PBS for 0, 24, 48 and 72 hours (bar: 1 um). Figure 11B: SEM images of
pSiNWs from the side view after soaking in PBS for 0, 24, 48 and 72 hours (bar: 2 um).
Figure 11C: Releasing nanobeads by degrading pSiNWs forests for 24 hours in PBS (bar:
200 pm).

Figure 12A through Figure 12E depict the capture of viruses inside the
pSiNWs microfluidic devices. Figure 12A: Control group: without injecting viruses (bar:
200 pum). Figure 12B: Capture of green immunofluorescent stained avian influenza virus
(bar: 200 um). Figure 12C: SEM image of a captured virus (scale bar: 150 nm). Figure
12D: Virus fluorescence intensity measured under different flow rates. Figure 12E: RT-
gPCR of inflow sample and outflow samples to calculate capture efficiency.

Figure 13 is a table listing the virus capture efficiency of the device.

Figure 14A through Figure 14C depict the results of releasing and
propagation of released virus. Figure 14A: Releasing virus by degrading pSiNWs forests
for 24 hours in PBS (bar: 200 um). Figure 14B: RT-qPCR of inflow sample and recovery
samples to calculate recovery efficiency. Dissolved PBS: pSiNWs degradation solution in
PBS without viruses. Figure 14C: HA test on samples after released virus and
propagation in embryonated chicken eggs. PBS control: pSiNWs degradation solution in
PBS without viruses; Positive control: virus solution with a titer 1:2°; Negative control:
DI water.

Figure 15A through Figure 15C depict the collection of released virus by
antibody conjugated magnetic beads. Figure 15A: Sketch of detecting released viruses by
magnetic beads (Fluorescence of streptavidin is red). Figure 15B: Released virus. Figure
15C: Control group. Viruses were captured by HS antibody conjugated magnetic beads
and then stained with red fluorescence labeled streptavidin conjugated to biotin labeled

HS antibody. The red fluorescence in the released virus solution was much stronger than
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that of the control group, indicating there were many viruses released in the solution and
collected at the outlet of the device.

Figure 16 is a table listing the virus recovery efficiency of the device.

Figure 17, comprising Figure 17A and Figure 17B, depicts the design and
working principle of the vertically-aligned carbon nanotube (VACNT) herringbone
device for virus enrichment and diagnosis. (Figure 17A) Illustration of virus diagnosis
procedures inside the device, include 1) size-based virus isolation and enrichment, 2) on-
chip virus lysis for genetic detection or on-chip immunofluorescence assay, 3)
culture/propagation of isolated AIV in fertilized chicken eggs. (Figure 17B) Assembled
device image and porous herringbone structure under EM including optical (1), SEM (ii,
iii, iv), and TEM (v) images of VACNT forest in herringbone structure.

Figure 18, comprising Figure 18 A through Figure 18C, depicts the results
of experiments demonstrating VACNT synthesis morphology and characterization after
30 minutes chemical vapor deposition (CVD) synthesis. (Figure 18A) Cross-sectional
SEM images of VACNT growing on 4nm, 7nm, and 10nm thick iron catalyst layer.
(Figure 18B) Characterization of CNT diameter. (Figure 18C) Characterization of CNT
density.

Figure 19, comprising Figure 19A through Figure 19C, depicts the results
of a gap size measurement with capture efficiency experiment, wherein gap size refers to
the average distance between each CNT. (Figure 19A) Calculated VACNT forest gap
size. (Figure 19B) Capture efficiency of 95nm gap size device characterized by
fluorescent nanospheres. (Figure 19C) Top-viewed fluorescence images of herringbone
structure after applied a mixture of particles with diameters of 20nm (red), 100nm
(green), and 1000nm (blue).

Figure 20, comprising Figure 20A through Figure 20D, depicts the results
of experiments demonstrating the capture and on-chip detection of Avian influenza virus
H5N2 from a swab sample. (Figure 20A) Histogram of HSN2 diameter with a TEM
image (inset). (Figure 20B) On-chip indirect immunofluorescence detection. (Figure
20C) SEM images of HSN2 trapped inside the herringbone structure. (Figure 20D) DNA

gel electrophoresis for genetic analysis after on-chip lysis.

-10 -
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Figure 21 depicts RT-qPCR demonstration of HSN2 enrichment and
improvement of detection limit from 1ELDso to 0.1ELDso.

Figure 13, comprising Figure 13A and Figure 13B, depicts the results of
experiments demonstrating virus capture and analysis by carbon nanotube-size tunable
enrichment platform (CNT-STEP). (Figure 13A) Schematic illustration showing the
design and operation of CNT-STEP. A swab sample containing viruses (red spheres) is
collected from a bird (1). As the virus suspension generated from the swab sample flows
through CNT-STEP, the viruses are captured within the sidewall of the droplet-shaped
microfluidic chamber made of CNT forest (2). The CNT forest traps virions with size
similar to CNT gap size. After capture, the virus is enriched inside CNT forest and can
be characterized by various methods (3). (Figure 13B) Images with increasing
magnifications of CNT-STEP before PDMS bonding. Brightfield microscopy image
showing top view of the droplet-shaped CNT microfluidic chamber on silicon substrate
(1). SEM image of CNT porous microfluidic sidewall in a tilted view (2). High
magnification SEM image showing side view of CNT forest structure (3). TEM image of
a single aerosol-assisted chemical vapor deposition (AACVD) synthesized CNT (4).
Scale bars in (B) 1-4 are 2mm, 50pum, 50nm, and 10nm, respectively.

Figure 14, comprising Figure 14A through Figure 14D, depicts the results
of experiments demonstration the characterization of the growth, geometry, and size-
tunable filtration properties of the CNT-STEP. (Figure 14A) Diameter and (Figure 14B)
density of the iron nanoparticles (red) and CNT (black) as functions of the thickness of
the iron catalyst thin films (1nm, 3nm, 6.5nm, 9.5nm, and 12nm, n = 8 each). Iron
nanoparticles were formed during temperature ramping phase (from room temperature to
825 °C in 30 minutes duration) before the CNT synthesis. The diameter and density
were measured from SEM images. (Figure 14C) Calculated the gap size of the CNT
structures from the measured densities and diameters. The inset illustrates the square
geometry model used for the calculation, where CNT-to-CNT distance (G) and diameter
of CNT (D) are constants. (Figure 14D) Measured size-tunable filtration characteristics
of CNT-STEP with various gap sizes of 25nm, 85nm, and 280nm. Small molecule

fluorescein and fluorescent polystyrene nanospheres of 20nm, 50nm, 100nm, 140nm,
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400nm, and 1000nm in diameter were used. Penetration ratio is defined as the ratio of
the fluorescence intensity of the filtrate to that of the original suspension (n = 8).

Figure 15, comprising Figure 15A through Figure 15G, depicts the results
of experiments demonstrating HSN2 avian influenza virus (AIV) captured and detected
by the CNT-STEP microdevice. (Figure 15A) Fluorescence microscope images of on-
chip IFA of HSN2 AIV inside the CNT-STEP microdevices with 25nm, 85nm, and
280nm gap sizes. Red arrows indicate the flow direction. (Figure 15B) RT-qPCR curves
of HSN2 (10° ELDso titration) trapped and extracted from 25nm, 85nm, and 280nm gap
size device after filtration. (Figure 15C) SEM images of the HSN2 AIV virions trapped
inside the CNT forest structure of 25nm gap size (the flow direction is into the plane),
with inset at a higher magnification (scale bars: 200nm). (Figure 15D) TEM images of
H5N2 AIV around MWCNTs after the CNT structures were scraped from the
microdevice, with inset showing the individual virion at a higher magnification (scale
bars: 200nm). (Figure 15E) RT-qPCR plots of HSN2 AIV samples of 0.1 ELDso titration
after enrichment and 1 and 10 ELDso titrations before enrichment (n = 6). (Figure 15F)
Pie charts presenting the percentage distribution of NGS reads generated by blast search
before and after microdevice enrichment. (Figure 15G) Circos plot of assembled HSN2
contigs generated by NGS from the CNT-STEP microdevice enriched sample. Track 1
(outermost): Reference strain “A/mallard/Wisconsin/411/1981(H5N2)” (the closest strain
of HSN2 by blast search). Track 2: Variants with color coding (deletion: long black line;
transitions: A-G: fluorescent green, G-A: dark green, C-T: dark red, T-C: light red;
transversion: A-C: brown, C-A: purple, A-T: dark blue, T-A: fluorescent blue, G-T: dark
orange, T-G: violet, C-G: yellow, G-C: light violet). Track 3: Open reading frame
(green). Track 4: Location of AIV detection by Sanger’s method targeting the NP gene
(713~1463 bp). Track 5: Coverage depth at each genomic position (black) (scale of the
plot from O to 30k reads). Track 6: Contigs generated by developed pipeline de-novo
assembly (grey). Inset is a TEM picture of the virus.

Figure 16 depicts the setup of aerosol assisted chemical vapor deposition
(AACVD) for CNT synthesis. Top image: Image of AACVD setup inside a fume hood.
Bottom image: Schematic illustration of AACVD for the CNT synthesis.
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Figure 17 depicts the results of experiments demonstrating the temperature
profile of the furnaces during the CNT synthesis. The devices were loaded at the center
region (~3 inches in length) of the 2™ furnaces.

Figure 18, comprising Figure 18A through Figure 18E, depicts the results
of experiments demonstrating the effect of the synthesis time on the height, CNT
diameter, and density of the vertically aligned CNT structure. Geometrical parameters
were measured from SEM images. (Figure 18A) Height of VACNT structure
synthesized for 30 minutes on Inm, 3nm, 6.5nm, 9nm, and 12nm thick iron thin films (n
=8). (Figure 18B through Figure 18D) The effect of the synthesis time on (Figure 18B)
height, (Figure 18C) CNT diameter, (Figure 18D) CNT density of the VACNT structure.
The CNT was grown on 3nm, 6.5nm, and 12nm thick iron catalyst thin films under 5, 10,
20, 30, and 40 minutes of AACVD synthesis (n = 8). (Figure 18E) Histograms of the
CNT diameter formed on 1nm, 3nm, 6.5nm, 9nm, and 12nm thick iron thin films. The
analysis was based on SEM images. The histograms were fitted for normal distribution
in solid lines. The inset is a TEM image of AACVD synthesized CNT on 12nm thick
iron thin film.

Figure 19, comprising Figure 19A and Figure 19B, depicts the results of
experiments demonstrating the characterization of the filtration related properties of the
vertically aligned CNT structure. (Figure 19A) Porosity calculated from cylindrical pillar
arrangement model and SEM images of CNT growing on 1nm, 3nm, 6.5nm, 9nm, and
12nm thick iron catalyst thin films for 30 minutes AACVD synthesis (n = 8). The inset
illustrates the geometry model of the CNT forest. (Figure 19B) Calculated porosity of
CNT grew on 3nm, 6.5nm, and 12nm thick iron catalyst thin films, based on geometry
assumption plotted in inset of (Figure 19A).

Figure 20 depicts the testing setup of the CNT-STEP microdevice. The
virus sample was loaded into the inlet sample reservoir and processed through CNT-
STEP microdevice via a vacuum source connected through a waste trap at the outlet. The
vacuum pressure was measured by a miniature pressure sensor and regulated by a

precision mechanical regulator.
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Figure 21 depicts SEM images of cross-sectional views of CNT structure
growingon 1, 3, 6.5, 9, and 12 nm thick iron catalyst layer. SEM magnification: 2,000
(top) and 20,000 (bottom). (Scale bars: 500nm (top), 100nm (bottom)).

Figure 22A and Figure 22B depict the working principle of virus
enrichment and concentration from field samples. (Figure 22A) A field sample containing
viruses (purple spheres) is collected by a cotton swab or as a tissue sample. (Figure 22B)
The supernatant of the field sample flows through the CNT-STEM and the viruses are
enriched within the device. Inset (right): illustration of size-based virus enrichment by the
aligned N-MWCNTs. Inset (bottom right): SEM image (scale bar, 100 nm) of the HSN2
AIV virions trapped inside the aligned N-MWCNTs. Inset (bottom left): dark field TEM
image (scale bar, 100 nm) of enriched HSN2 AIV after the aligned N-MWCNTs
structures were retrieved from the CNT-STEM.

Figure 23 A and Figure 23B depict the fabrication process and the testing
setup of the CNT-STEM. (Figure 23A) Fabrication process of CNT-STEM. (i) Iron
catalyst thin film was deposited on a prime silicon wafer and patterned by a lift-off
process. (ii) The aligned CNT was selectively synthesized on patterned silicon surface
during AACVD. (iii)) CNT-STEM was formed by bonding a PDMS chamber with fluidic
access to silicon substrate. Arrows label sample flow direction from the inlet to the outlet.
(Figure 23B) Top and side view of the testing setup. The virus-containing sample was
first filtered through a membrane filter of 0.2 um pore size (not shown here), then loaded
into the sample reservoir at the inlet and processed through CNT-STEM via a vacuum
source connected through a waste trap at the outlet. The vacuum pressure was measured
by a miniature pressure sensor and regulated by a precision mechanical regulator. Inset
shows the CNT-STEM device, scale bar: 1 cm.

Figure 24 depicts aerosol assisted chemical vapor deposition (AACVD)
for nitrogen-doped carbon nanotube (N-MWCNT) synthesis.

Figure 25 depicts the calculated distance between the iron particles based
on the Delaunay triangle selection algorithm. The inset illustrates the geometry definition
of nearest neighbor particles. The average particle-to-particle distance is the mean of 77,

r2 and rs.
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Figure 26 depicts a diagram of the data processing pipeline for NGS.

Figure 27A through Figure 27J depict controlled N-MWCNT growth and
tunable size-based filtration of the CNT-STEM. Microscopy images of the N-MWCNT
porous wall in the CNT-STEM (Figure 27A through Figure 27E). (Figure 27A) Bright-
field optical microscopy image showing the top view of the droplet-shaped porous wall
made by the aligned N-MWCNTs on a silicon substrate. Scale bar, 2 mm. (Figure 27B)
Scanning electron microscopy (SEM) image of the aligned N-MWCNTs. Scale bar, 50
um. (Figure 27C) High-magnification SEM image showing a side view of the aligned N-
MWCNTs. Scale bar, 100 nm. (Figure 27D) Transmission electron microscopy (TEM)
image of AACVD synthesized N-MWCNTs of various diameters. Scale bar, 20 nm.
(Figure 27E) High-resolution TEM image showing the multiwall structure N-MWCNT.
Scale bar, 5 nm. (Figure 27F) Formation of iron nanoparticle catalyst and growth of N-
MWCNTs on iron catalyst layers with different thicknesses. Top row: SEM images
showing top views of iron particles formed on a silicon surface after 850°C thermal
treatment in AACVD. Thicknesses of iron catalyst thin films are 1, 3, 6.5, 9 and 12 nm.
Middle and bottom row: SEM images of cross-sectional views of an aligned N-MWCNT
structure after 30 minutes N-MWCNT growth by AACVD. Scale bars, top: 100 nm,
middle: 10 um, bottom: 200 nm. Diameter (Figure 27G) and density (Figure 27H) of iron
particles (red) and N-MWCNT (black) as a function of iron film thickness (n = 8).
(Figure 271) Inter-tubular distance measured by image analysis as a function of iron film
thickness (n = 8). (Figure 27J) Calculated porosity of the N-MWCNT wall (n = 8).

Figure 28A through Figure 28F depict Raman spectra of the newly
synthesized N-MWCNT structures on silicon substrates and the effect of the synthesis
time on the height, diameter and density of the aligned N-MWCNT structure.
Geometrical parameters were measured from SEM images. (Figure 28A) Raman spectra
of the N-MWCNT structures synthesized on 3 nm, 6.5 nm and 12 nm thick iron catalyst
thin films. The Raman spectra indicate the aligned N-MWCNT has D, G and D’ band
peaks at 1352, 1578 and 2659 cm™!, respectively. The results are consistent with previous
studies on N-MWCNT. (Figure 28B) Plot of the peak height ratio of the D band and G
band of the N-MWCNT structures formed on 3 nm, 6.5 nm and 12 nm thick iron catalyst
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thin films over synthesis time. Thicker iron catalyst layer results in lower D/G band ratio.
(Figure 28C) Height of N-MWCNT structure synthesized for 30 minutes on 1 nm, 3 nm,
6.5 nm, 9 nm and 12 nm thick iron thin films (n = 8). (b-d) The effect of the synthesis
time on the height (Figure 28D), diameter (Figure 28E) and linear density (Figure 28F) of
the N-MWCNT structure. The N-MWCNT was grown on 3 nm, 6.5 nm and 12 nm thick
iron catalyst thin films under 5, 10, 20, 30 and 40 minutes of AACVD synthesis (n = 8).

Figure 29A and Figure 29B depict the measured particle size-dependent
filtration characteristics of CNT-STEMs with N-MWCNT inter-tubular distances of 25
nm, 95 nm, and 325 nm, using small molecule fluorescein and fluorescent polystyrene
nanospheres of 20 nm, 50 nm, 100 nm, 140 nm, 400 nm, and 1000 nm in diameter.
(Figure 29A) Fluorescence microscope images showing fluorescein solution and
fluorescent polystyrene nanospheres of various diameters being filtered by the CNT-
STEM. The direction of the flow is from right to left as indicated by the red arrows.
Yellow lines delineate the contours of the N-MWCNT structures. Scale bars, 50 um.
(Figure 29B) Penetration of fluorescein and fluorescence polystyrene nanospheres
through the N-MWCNT structure (n = 8).

Figure 30A and Figure 30B depict the characterization of size-based
particle capture by CNT-STEM. (Figure 30A) Diameter distribution of fluorescent
polystyrene nanospheres measured by laser diffraction. (Figure 30B) Florescence
microscopic image showing the transport of 100 nm fluorescently labeled nanospheres in
CNT-STEM device with 95 nm inter-tubular distance. Inset is a SEM image of
nanospheres trapped inside N-MWCNT structure of the CNT-STEM.

Figure 31 depicts a table listing the measurement of the inter-tubular
distance of N-MWCNT forest and the corresponding critical particle sizes of CNT-
STEM.

Figure 32A through Figure 32D depict the enrichment and concentration
of virus swab samples by CNT-STEM. (Figure 32A) Top-view illustration of viruses
passing through and captured by the N-MWCNT array. (Figure 32B) On-chip indirect
fluorescent antibody (IFA) staining of captured HSN2 AIV inside CNT-STEMs with 25

nm, 95 nm, and 325 nm inter-tubular distances. Fluorescence microscopy images of the
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CNT-STEMs, red arrows indicate the flow direction. Yellow dotted lines delineate the
contours of the N-MWCNT structures. The control sample was allantoic fluid without
viruses. Scale bars, 25 um. (Figure 32C) Capture efficiency of CNT-STEMs with inter-
tubular distance of 25, 95, and 325 nm measured by rRT-PCR (n = 6). (Figure 32D)
Examples of RT-PCR AIV detection curves for virus titers of 10*, 10°, 102, 10!, and 10°
EIDso/mL without (i) and with (i) CNT-STEM enrichment. a.u., arbitrary unit.

Figure 33 depicts the standard curve for the rRT-PCR detection of HSN2
AIV (n =4 each). The rRT-PCR assay had efficiency of 99.66% with the slope of the
standard curve -3.33. The concentration of the original HSN2 sample (no dilution) was
~1.8 x 10® EIDso. No signal was detected after 107 dilution thus the detection limit here
was 1.8x10% EIDso/mL.

Figure 34 depicts the capture efficiency measurement of CNT-STEM with
25 nm, 95 nm, and 325 nm inter-tubular distances when loading HSN2 AIV of 10°
EIDso/mL titer into each device (n = 6). The Ct values of filtrates and the original sample
were measured (n = 6 each).

Figure 35 depicts the rRT-PCR curves of HSN2 AIV samples of 10
EIDso/mL and 10> EIDso/mL titers without enrichment and those of 0.1 EIDso/mL and 1
EIDso/mL titers with CNT-STEM enrichment (n = 6).

Figure 36 depicts the compatibility test of N-MWCNT to rRT-PCR. The
“HSN2 + N-MWCNT” samples were prepared by scraping N-MWCNT from the CNT-
STEM without virus processing using razor blade and then mixed with swab-mimicking
HS5N2 AIV samples of 5x10* EIDso/mL titer for RT-PCR detection (n = 5).

Figure 37A through Figure 37C depict the results of CNT-STEM
enriching viruses viability and improving the minimal virus concentration of virus
isolation. (Figure 37A) Illustration showing inoculation of virus-embedded N-MWCNT
structure into embryonated chicken egg (ECE). (Figure 37B) Dot-ELISA detection of
HS5N2 AIV after virus cultivation in ECEs. Virus samples inoculated into chicken eggs
were either from original virus samples in the titers of 102, 10°, and 10* EID50/mL or
CNT-STEM enriched samples of the same corresponding original titers. A darken spot
with a positive sign indicated that HSN2 AIV successfully propagated inside the chicken
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egg. (Figure 37C) Success rates of AIV isolation via egg inoculation with and without
using the CNT-STEM for original virus titers of 10*, 10°, and 10? EIDso/mL (n = 10).***:
p <0.001.

Figure 38A through Figure 38C show CNT-STEM prepares mimic field
samples for NGS virus analysis. (Figure 38A) Raw reads generated by NGS without (i)
and with (i1) CNT-STEM enrichment. (Figure 38B) Circos plots of assembled
contiguous sequences generated from NGS reads of the CNT-STEM enriched HSN2
LPAIV samples. Track 1 [outermost]: scale mark. Track 2: iISNV. Track 3: variants
comparing to HSN2 AVI strain A/mallard/W1/411/1981. Track 4: coverage (black) on
scale of 0 to 30k reads. Track 5: de novo assembled contigs after CNT-STEM enrichment
(grey). Track 6: open reading frames (green). Color coding in tracks 2 and 3: deletion
(black), transition (A-G: fluorescent green, G-A: dark green, C-T: dark red, T-C: light
red), transversion (A-C: brown, C-A: purple, A-T: dark blue, T-A: fluorescent blue, G-T:
dark orange, T-G: violet, C-G: yellow, G-C: light violet). (Figure 38C) Phylogenetic tree
plots generated by comparing the HA (i) and NA (ii) genes of the sequenced HSN2 ATV
(highlighted in red) to those of closely related AIV strains isolated in North America
from Genbank.

Figure 39 depicts a table listing the assembled contigs of the LP HSN2
AIV sample enriched by CNT-STEM.

Figure 40A and Figure 40B depict tables showing the phylogenetic
analysis of the sequenced HSN2 strain (A/chicken/PA/7659/1985) to closely related
H5N2 AIV strains isolated from US/Canada in Genbank for (Figure 40A) the HA gene
and (Figure 40B) the NA gene.

Figure 41 depicts the results of rRT-PCR detection of the HI IN9 AIV
duck swab with and without CNT-STEM enrichment.

Figure 42A and Figure 42B depict the identification of an emerging AIV
H11IN9 strain from a surveillance swab sample using CNT-STEM followed by NGS and
de novo genome sequence assembly. (Figure 42A) Circos plot of assembled H11N9
contigs generated by NGS from a CNT-STEM enriched wild duck swab pool. Track 1

[outermost]: scale mark. Track 2: Identified iSNV. Track 3: Variants compared to a
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previously reported H1 1N9 AIV strain (A/duck/MN/Sg-00118/2007). Track 4: Coverage
on scale of 0 to 50 reads (black). Track 5: de novo assembled contigs after CNT-STEM
enrichment (grey). Track 6: Open reading frames (green). Color coding in tracks 2 and 3:
deletion (black), transition (A-G: fluorescent green, G-A: dark green, C-T: dark red, T-C:
light red), transversion (A-C: brown, C-A: purple, A-T: dark blue, T-A: fluorescent blue,
G-T: dark orange, T-G: violet, C-G: yellow, G-C: light violet). (Figure 42B) Phylogenetic
tree plots generated by comparing the HA (a) and NA (b) genes of the sequenced H11N9
ALV (highlighted in red) to selected closely related AIV strains isolated in North America
from Genbank.

Figure 43 is a table listing the assembled contigs of the HI 1N9 AIV field
sample enriched by CNT-STEM.

Figure 44A and Figure 44B depict tables showing the phylogenetic
analysis of the emerging H11NO strain (A/duck/PA/02099/2012) to previously reported
and closely related AIV strains for (Figure 44A) the HA gene and (Figure 44B) the NA
gene.

Figure 45A and Figure 45B depict the identification of a new IBDV strain
from a turkey eyelid tissue sample using CNT-STEM followed by NGS and de novo
genome sequence assembly. (Figure 45A) Circos plots of assembled contiguous
sequences generated from NGS reads of the CNT-STEM enriched IBDV samples. Track
1 [outermost]: scale mark. Track 2: iSNV. Track 3: variants comparing to OH Strain
(U30818) (b). Track 4: coverage (black) on scale of 0 to 2625 reads. Track 5: de novo
assembled contigs after CNT-STEM enrichment (grey). Track 6: open reading frames
(green). Color coding in tracks 2 and 3: deletion (black), transition (A-G: fluorescent
green, G-A: dark green, C-T: dark red, T-C: light red), transversion (A-C: brown, C-A:
purple, A-T: dark blue, T-A: fluorescent blue, G-T: dark orange, T-G: violet, C-G:
yellow, G-C: light violet). (Figure 45B) Phylogenetic tree plots generated by comparing
the open reading frames VP2/VP3/VP4 (a) and VP1 (b) of IBDV/Turkey/PA/00924/14
(highlighted in red) to previously reported IBDVs.
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Figure 46 is a table comparing contigs of the unknown virus
(IBDV/Turkey/PA/00924/14) generated by de novo assembly after CNT-STEM
enrichment and NGS to the closest IBDV strains in Genbank.

Figure 47A and Figure 47B depict tables showing the SNP/variant
analysis of the “unknown” virus (IBDV/Turkey/PA/00924/14) to sequenced IDBYV virus
strains for (Figure 47A) capsid proteins VP2, VP3, and VP4 and (Figure 47B) VP1.

Figure 48 is a table comparing CNT-STEM to several reported
ultrafiltration devices.

Figure 49 is a table listing the yield and reliability analysis of CNT-STEM
fabrication, assembly and testing.

Figure 50A is a table comparing the cycle threshold (Ct) values of
enriching plum pox virus using a current USDA virus enrichment protocol versus an
enrichment protocol using CNT-STEM with 25 nm inter-tubular distance.

Figure 50B is a table listing the results of enriching herpes simplex virus

using CNT-STEM.

DETAILED DESCRIPTION

The present invention provides for an enrichment platform device and
methods for size-based capture of particles in solution. The invention is useful for label-
free capture of any particle. The invention is also useful for filtering particles out of
solution. The invention is also useful for concentrating and isolating viable particles out
of solution for analysis.

In one embodiment, the device comprises vertically-aligned carbon
nanotubes (VACNT). In one embodiment, the device comprises nanowires. In one
embodiment, the enrichment platform device is a microfluidic device. In another
embodiment, the enrichment platform device is a portable device wherein sample
solutions are passed through by hand push.

The invention provides a method for making the enrichment platform

device. In one embodiment, the method comprises chemical-vapor deposition. In

-20 -



10

15

20

25

30

WO 2017/015226 PCT/US2016/042832

another embodiment, the method comprises deep reactive-ion etching (DRIE), metal
assisted silicon etching, and wet etching.

The invention provides methods for capturing particles in solution. In one
embodiment, the method filters particles out of a solution. In one embodiment, the
method captures particles in a solution for analysis. In one embodiment, the method

captures and releases viable particles for analysis.

Definitions

It is to be understood that the figures and descriptions of the present
invention have been simplified to illustrate elements that are relevant for a clear
understanding of the present invention, while eliminating, for the purpose of clarity,
many other elements found in typical tissue engineering system and methods. Those of
ordinary skill in the art may recognize that other elements and/or steps are desirable
and/or required in implementing the present invention. However, because such elements
and steps are well known in the art, and because they do not facilitate a better
understanding of the present invention, a discussion of such elements and steps is not
provided herein. The disclosure herein is directed to all such variations and
modifications to such elements and methods known to those skilled in the art.

Unless defined elsewhere, all technical and scientific terms used herein
have the same meaning as commonly understood by one of ordinary skill in the art to
which this invention belongs. Although any methods and materials similar or equivalent
to those described herein can be used in the practice or testing of the present invention,
the preferred methods and materials are described.

As used herein, each of the following terms has the meaning associated
with it in this section.

The articles “a” and “an” are used herein to refer to one or to more than
one (i.e., to at least one) of the grammatical object of the article. By way of example, “an
element” means one element or more than one element.

“About” as used herein when referring to a measurable value such as an

amount, a temporal duration, and the like, is meant to encompass variations of +20%,
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+10%, +5%, £1%, and £0.1% from the specified value, as such variations are
appropriate.

The term "carbon nanotubes" (CNTs) is used herein in a generic sense to
include single-walled and multi-walled carbon nanotubes, carbon nanofibers, carbon
nanofilaments, and carbon nanoropes.

The term “channel” refers to a gap between any two protrusions. The
channels of the present invention may be any convenient size or shape.

As used herein, “chemical vapor deposition” refers to plasma enhanced
chemical vapor deposition or thermal chemical vapor deposition.

A “disease” is a state of health of a living organism, wherein the living
organism cannot maintain homeostasis, and wherein if the disease is not ameliorated then
the living organism’s health continues to deteriorate.

In contrast, a “disorder” in a living organism is a state of health in which
the living organism is able to maintain homeostasis, but in which the living organism’s
state of health is less favorable than it would be in the absence of the disorder. Left
untreated, a disorder does not necessarily cause a further decrease in the living
organism’s state of health.

A disease or disorder is “alleviated” if the severity of a symptom of the
disease or disorder, the frequency with which such a symptom is experienced by a
patient, or both, is reduced.

As used herein, the term “doped” means that for any given carbon
nanotube, at least a portion of the carbon sites in the graphitic structure of the carbon
nanotube are filled with atoms of the doping material instead of with carbon atoms, such
that the portion of carbon sites so filled with the doping material would be detectable by
common analytical means known in the art such as, for example, x-ray photoelectric
spectroscopy (XPS).

The term “nanowire” as used herein is meant to describe a nanoscale
particle typically of high aspect ratio. An "aspect ratio" is the length of a first axis of a
nanostructure divided by the average of the lengths of the second and third axes of the

nanostructure, where the second and third axes are the two axes whose lengths are most
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nearly equal each other. For example, the aspect ratio for a perfect rod would be the
length of its long axis divided by the diameter of a cross-section perpendicular to (normal
to) the long axis. Consequently, a nanowire has an aspect ratio greater than about 1.5 or
greater than about 2. Short nanowires, sometimes referred to as "nanorods," typically
have an aspect ratio between about 1.5 and about 10. Longer nanowires may have an
aspect ratio greater than about 10, or even greater than about 10,000. The diameter of a
nanowire is typically less than about 500 nm and may be less than 200 nm. In some

examples, the diameter of a nanowire may even be less than about 5 nm.

29 CC 2% ¢

The terms “patient,” “subject,” “individual,” and the like are used
interchangeably herein, and refer to any living organism, or cells thereof whether in vitro
or in situ, amenable to the methods described herein. In certain non-limiting
embodiments, the patient, subject or individual is a human, an animal, an insect, or a
plant.

Throughout this disclosure, various aspects of the invention can be
presented in a range format. It should be understood that the description in range format
is merely for convenience and brevity and should not be construed as an inflexible
limitation on the scope of the invention. Accordingly, the description of a range should
be considered to have specifically disclosed all the possible subranges as well as
individual numerical values within that range. For example, description of a range such
as from 1 to 6 should be considered to have specifically disclosed subranges such as from
1to 3, from 1to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6, etc., as well as
individual numbers within that range, for example, 1,2, 2.7, 3, 4, 5, 5.3, 6, and any whole

and partial increments therebetween. This applies regardless of the breadth of the range.

Enrichment Platform Device

The invention provides enrichment platform devices for size-based capture
of particles in solution. The enrichment platform device is useful for label-free capture of
any particle.

Referring now to Figure 1A, one embodiment of a vertically-aligned

carbon nanotubes (VACNT) enrichment platform device 10 is depicted. VACNT
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enrichment platform device 10 comprises substrate 12, VACNT 14, and cover 16.
Substrate 12 can be any substrate known in the art, including, but not limited to, silicon,
glass, sapphire, metals, polymers, and the like.

VACNT 14 is attached to substrate 12 at their distal ends. VACNT 14
comprises at least one CNT selected from the group including, but not limited to, single-
wall CNT, double-walled CNT, multi-wall CNT, and combinations thereof. In one
embodiment, VACNT 14 is doped. Non-limiting examples of doped VACNT 14 include
nitrogen-doped VACNT, boron-doped VACNT, silicon-doped VACNT, aluminum-
doped VACNT, phosphorus-doped VACNT, and lithium-doped VACNT. In one
embodiment, VACNT 14 is doped to enhance biocompatibility, such that the viability of
captured particles is preserved.

VACNT 14 is arranged in forests, such that a forest comprises a plurality
of VACNT 14. Forests of VACNT 14 can be in any suitable arrangement. Non-limiting
examples of VACNT forest arrangements include herringbone pattern (Figure 17B),
continuous sidewalls (Figure 22B), solid blocks, striped pattern, concentric circles, and
the like.

A forest of VACNT 14 comprises gaps between VACNT. In one
embodiment, the gap size is at least 1 nm. In various embodiments, the gap size is
between 1 nm and 500 nm. In one embodiment, the gap size is dimensioned to fit the
diameter of the particles to be captured. In various embodiments, the device comprises a
plurality of VACNT forests having different properties. For example, the plurality of
VACNT forests may have different gap sizes, different diameters, different thicknesses,
and different densities. The device may also comprise a plurality of VACNT forests
having single-wall CNT, double-walled CNT, multi-wall CNT, and combinations thereof.
The device may also comprise a plurality of VACNT forests having differently doped
CNT.

The VACNT forests and substrate 12 are enclosed by cover 16. Cover 16
may be made from any material, including, but not limited to, plastics, metals, glass,
polymers, polydimethylsiloxane (PDMS), and the like. Cover 16 comprises at least one

inlet 18 and at least one outlet 20 for ingress and egress of sample solution. In one
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embodiment, cover 16 is bonded to both substrate 12 and VACNT 14, such as in Figure
1A. In another embodiment, cover 16 is bonded to substrate 12 only, such that VACNT
are secured only to substrate 12 at their distal ends and are not connected to anything at
their proximal ends, such as in Figure 1B. In one embodiment, cover 16 is removable.

In one embodiment, the VACNT enrichment platform device 30 is a
microfluidic device. In another embodiment, the VACNT enrichment platform device 30
is a portable device wherein sample solutions are passed through by hand push.

Referring now to Figure 2B, one embodiment of a nanowire enrichment
platform device 30 is depicted. Nanowire enrichment platform device 30 comprises
substrate 12, nanowires 32, and cover 34 (Figure 4). Substrate 12 can be any substrate
known in the art, including, but not limited to, silicon, glass, metals, polymers, and the
like.

Nanowires 32 are attached to substrate 12. Nanowires 32 can be made of
any suitable material, including, but not limited to, silicon, zinc, zinc oxide, nickel, and
the like. Further examples include: elemental semiconductor nanowires such as silicon
and germanium; III-V compound semiconducting nanowires such as gallium arsenide,
indium arsenide, and indium phosphide; II-VI semiconductor nanowires such as zinc
sulfide, zinc selenide, cadmium sulfide, and cadmium selenide; metal semiconductor
nanowires such as gold-silicon, and nickel-silicon; metal nanowires such as platinum,
gold, aluminum, and iron; oxide nanowires such as zinc oxide, magnesium oxide,
manganese dioxide, silicon dioxide, and titanium dioxide; sulfide nanowires such as
copper sulfide, nickel sulfide, and iron sulfide; alloy nanowires such as cobalt-copper,
iron-silver, and cobalt-silver; superconducting nanowires such as niobium nitride and
yttrium barium copper oxide; and polymer nanowires such as polypyrrole and
polyvinylpyrrolidone. In one embodiment, nanowires 32 comprise the same material as
substrate 12. In some embodiments, nanowires 32 are uncoated. In other embodiments,
nanowires 32 are provided with a coating. The nanowire coating can comprise any
suitable coating, including, but not limited to: nickel, copper, silicon, aluminum, zinc,
and the like. In one embodiment, the nanowire coating is enhances biocompatibility,

such that the viability of captured particles is preserved.
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Nanowires 32 comprise gaps between each nanowire. In one embodiment,
the gap size is at least 1 nm. In various embodiments, the gap size is between 1 nm and
500 nm. In one embodiment, the gap size is dimensioned to fit the diameter of the
particles to be captured. In various embodiments, the device comprises a plurality of
nanowires 32 having different properties. For example, the nanowires 32 may have
different gap sizes, different diameters, different thicknesses, and different densities. The
device may also comprise a plurality of nanowires comprising different materials. The
device may also comprise a plurality of nanowires having different coatings.

Nanowires 32 and substrate 12 are enclosed by cover 34. Cover 34 may
be made from any material, including, but not limited to, plastics, metals, glass,
polymers, polydimethylsiloxane (PDMS), and the like. Cover 34 comprises at least one
inlet 18 and at least one outlet 20 for ingress and egress of sample solution. In one
embodiment, cover 34 is bonded to substrate 12 only. In another embodiment, cover 34
is bonded to substrate 12 and to nanowires 32. In one embodiment, cover 34 is
removable.

In one embodiment, the nanowire enrichment platform device 30 is a
microfluidic device. In another embodiment, the nanowire enrichment platform device

30 is a portable device wherein sample solutions are passed through by hand push.

Methods of Making

The invention provides methods for making the enrichment platform
device. In one embodiment, the method is for making a VACNT enrichment platform
device. In another embodiment, the method is for making a nanowire enrichment
platform device.

In one embodiment, the method of making a VACNT enrichment platform
device comprises bottom-up synthesis of CNT. An exemplary diagram is shown in
Figure 24. An iron-catalyst thin film is prepared on a substrate by e-beam evaporation
and lift-off process and patterned using lithography. In various embodiments, additional
catalyst materials are contemplated. Non-limiting examples of catalyst materials include

nickel and cobalt. The pattern can be any pattern, including, but not limited to, a porous

-26 -



10

15

20

25

30

WO 2017/015226 PCT/US2016/042832

herringbone pattern, a droplet pattern, a spiral pattern, and the like. The CNT are
synthesized through aerosol-assisted chemical vapor deposition (AACVD). The CNT
synthesis method is not limited to AACVD,; rather, the CNT synthesis method
encompasses any CNT synthesis method known in the art. In certain embodiments of the
method, at least a portion of the CNT is vertically aligned. In some embodiments, the all
of the CNT are vertically aligned.

The method is amenable to making a plurality of CNT types, including,
but not limited to: single-wall CNT, double-walled CNT, multi-wall CNT, and
combinations thereof. In one embodiment, the CNT are doped. The CNT can be doped
using any method known in the art, using any suitable material known in the art. For
instance, non-limiting examples of materials the CNT can be doped with include
nitrogen, boron, silicon, aluminum, phosphorus, and lithium. In one embodiment, the
CNT are doped to enhance biocompatibility for maintaining the viability of captured
particles.

In one embodiment, the gap size between the CNT is controlled by
adjusting the thickness of the iron-catalyst layer. For instance, in one embodiment,
increasing the thickness of the iron-catalyst layer correspondingly increases CNT gap
size. In one embodiment, the CNT gap size is tunable to be in the range of 1-500 nm. In
one embodiment, the diameter of the CNT is controlled by adjusting the thickness of the
iron-catalyst layer. For instance, in one embodiment, increasing the thickness of the iron-
catalyst layer correspondingly increases CNT diameter. In one embodiment, the density
of the CNT is controlled by adjusting the thickness of the iron-catalyst layer. For
instance, in one embodiment, increasing the thickness of the iron-catalyst layer
correspondingly decreases CNT density.

The CNT are encased in a microfluidic device by bonding with a cover
having at least one inlet and at least one outlet (Figure 23A). In one embodiment, the
cover is reversibly bonded. The cover may be made from any material, including, but not
limited to, plastics, metals, glass, polymers, polydimethylsiloxane (PDMS), and the like.

In one embodiment, the method of making a nanowire enrichment

platform device comprises deep reactive-ion etching (DRIE). An exemplary diagram is
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shown in Figure 4. A thin photoresist layer is deposited on a substrate, such as silicon,
and patterned using lithography. DRIE is used to create channels in the substrate where
photoresist is not present. A thicker photoresist layer is deposited over existing
photoresist, and silver nanoparticles (SNP) deposited. Silicon etching is performed by
reacting with the SNP as a catalyst to form porous silicon nanowires (PSNW). In various
embodiments, methods of etching commonly used in the art are also contemplated,
including metal assisted silicon etching and wet etching.

In one embodiment, the gap size between the PSNW is controlled by
adjusting SNP deposition time. For instance, in one embodiment, increasing SNP
deposition time increases SNP size, which correspondingly increases PSNW gap size.

The SNP and photoresist is removed and the PSNW encased in a
microfluidic device by bonding with a cover having at least one inlet and at least one
outlet. In one embodiment, the cover is reversibly bonded. The cover may be made from
any material, including, but not limited to, plastics, metals, glass, polymers,

polydimethylsiloxane (PDMS), and the like.

Methods of Use

The invention provides methods of using the enrichment platform device
for filtering particles, capturing particles, concentrating particles, and releasing viable
particles. In one embodiment, the method removes particles from solution. In one
embodiment, the method captures particles for analysis. In one embodiment, the method
captures and releases viable particles for analysis.

In one embodiment, the invention provides a method of using the
enrichment platform device to filter particles from solution. The gap size of the
enrichment platform device can be tuned to capture particles that conventional filters
cannot remove, such as in a water filter. Such particles can include viruses, bacteria,
nanoparticles, nanobeads, nanoshards, and the like.

In one embodiment, the invention provides a method of using the
enrichment platform to capture particles for analysis. The gap size of the enrichment

platform device can be tuned to a specific size for the purpose of capturing known
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particles. For instance, if a virus has a known size range, the gap size of the enrichment
platform can be tuned to capture particles of the known size. Passing a solution through
the enrichment platform device will enable users to determine whether the solution
contains particles of the known size. The particles can then be analyzed on the device for
purposes such as identification, diagnosis, quantification, and the like. In one
embodiment, the method uses a portable enrichment platform device. In one
embodiment, the method uses sample volumes in the milliliter range. In one
embodiment, the sample solutions are patient-derived solutions, including, but not limited
to, blood, urine, saliva, and the like. In certain embodiments, the sample can comprise a
solid such as tissue or stool. In certain embodiments, the sample can comprise a gas,
such as a patient’s breath, to capture air-borne pathogens. In various embodiments, the
sample can be obtained from non-human sources, such as animals, plants, and insects.

In one embodiment, the invention provides a method of using the
enrichment platform to capture and release particles while maintaining the viability of the
particles. Particles can include, but are not limited to, viruses (such as plant viruses,
human viruses, herpes, zika, hepatitis C, ebola), microorganisms and parasites (such as
bacteria, amoeba, and plasmodium), and their various life stages. The gap size of the
enrichment platform device can be tuned to a specific size for the purpose of capturing
known particles. For instance, if a particle of interest has a known size range, the gap
size of the enrichment platform can be tuned to capture particles of the known size range,
such as in Figure 22B. After a solution is passed through the enrichment platform device,
the device cover is removed and the captured particles are released. The particles can be
released by any method known in the art, including, but not limited to, scratching the
device surface and degrading the device nanostructures.

By capturing particles according to size, the enrichment platform device
also concentrates the population of captured particles. In some embodiments, the
methods only require milliliters of sample solution to capture and isolate a volume of
highly concentrated particles. The methods of the invention are also useful in providing

concentrated particle samples to improve the performance of conventional detection

-29-



10

15

20

25

30

WO 2017/015226 PCT/US2016/042832

schemes, including, but not limited to, RT-qPCR, next generation sequencing, and

culture.

EXPERIMENTAL EXAMPLES

The invention is further described in detail by reference to the following
experimental examples. These examples are provided for purposes of illustration only,
and are not intended to be limiting unless otherwise specified. Thus, the invention should
in no way be construed as being limited to the following examples, but rather, should be
construed to encompass any and all variations which become evident as a result of the
teaching provided herein.

Without further description, it is believed that one of ordinary skill in the
art can, using the preceding description and the following illustrative examples, make and
utilize the compounds of the present invention and practice the claimed methods. The
following working examples therefore, specifically point out the preferred embodiments
of the present invention, and are not to be construed as limiting in any way the remainder

of the disclosure.

Example 1: A Porous Silicon Nanowire Forest Based Microfluidic Point-Of-Care Device

For Label-Free Isolation and Release of Viruses

Viruses are infectious nanoscale agents which can infect all types of life
forms, including animals, plants and bacteria. The spread of viral infections could have a
significant negative impact on global health and economy (Binder, S. et al., Science
1999, 284(5418):1311-1313; Morens, D. M. et al., PLoS Pathog 2013, 9(7):¢1003467;
Lederberg, J. et al., Microbial Threats to Health: Emergence, Detection, and Response.
National Academies Press: 2003). They have caused some of the deadliest pandemics in
recorded human history, including the 1918 influenza pandemic with an estimated 50
million deaths, the ongoing HIV/AIDS epidemic with 36 million deaths so far (Fauci , A.
S. et al.,, New England Journal of Medicine 2012, 366(5):454-461), and the most recent
Ebola outbreak resulting in 11306 deaths and 28196 reported cases as of September 2015

(W. H. O, Situation summary 2015, 3). Moreover, adaptation and changes in viruses,
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human demographics and behavior, environmental changes, technology and economic
development, international travels, and global trades facilitate the rapid international
spread of viral infections (Khan , K. et al., New England Journal of Medicine 2009,
361(2):212-214; Wilson, M. E., Journal of applied microbiology 2003, 94:1-11).
Therefore, there is an urgent need for the development of techniques that can rapidly
detect viruses and perform the surveillance of viral diseases almost anywhere.

A number of methods have been developed for viral detection, and the
viral antigens, nucleic acids and serological antibodies are the core repertoire of
techniques used for laboratory diagnosis of viral infections (Herring, A. J. et al., Journal
of Clinical Microbiology 1982, 16(3):473-477; Lee, Y .-F. et al., Biosensors and
Bioelectronics 2009, 25(4):745-752; Leland, D. S. et al., Clinical Microbiology Reviews
2007, 20(1):49-78; Yeh, Y .-T. et al., Annals of Biomedical Engineering 2014,
42(11):2333-2343). The detection of virus-specific IgM antibodies allows a diagnosis to
be made from a single specimen and is uniquely useful for defining specific antiviral
immunity. However, serology is frequently subject to high levels of off-target cross-
reactions and may overlook acute infections as the immune system takes several weeks to
produce relevant IgM antibodies. In contrast, the detections on the basis of viral nucleic
acids and antigen can directly identify viruses in specimen allowing prompt diagnosis and
emergency treatment, often within the same day, although the isolation and enrichment of
viruses is a great challenge in the set-up given the extremely low virus levels in the early
stage of viral infections. Generally, the virus isolation methods fall into two categories:
biological methods and physical methods (Lee, Y.-F. et al., Biosensors and
Bioelectronics 2009, 25(4):745-752; Kim, Y .-G. et al, Biosensors and Bioelectronics
2009, 25(1):253-258; Tam, P. D. et al., Journal of Immunological Methods 2009, 350(1—
2):118-124). Biological methods use bioaffinities between antibodies and virus surface
antigen to isolate viruses, in which the expression of known antigen and the availability
of relevant antibodies must be simultaneously satisfied. These methods might face pitfalls
in dealing with unknown or unidentified viruses. In addition, the detachment of isolated
virus from antibodies functionalized surface while keeping viruses intact for subsequent

analysis or culture poses another significant challenge. For example, after isolation the
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entire virus-antibodies complex rarely can infect living cells. Moreover, biological
methods are usually labor intensive and require experienced personnel. The technical
challenges in surface functionalization, including heterogeneous conjugation of
antibodies and surface denaturation, also need to be addressed. In comparison, physical
methods, including differential ultracentrifugation, dielectrophoresis, and filtration,
mainly exploit differences in density, electrical affinity, and size between viruses and
impurities (Reimer, C. B. et al., Science 1966, 152(3727):1379-1381; Collins, J. E. et al,
Journal of Veterinary Diagnostic Investigation 1992, 4(2):117-126; Benfield, D. A. et al.,
Journal of Veterinary Diagnostic Investigation 1992, 4(2):127-133; Morgan, H. et al,
Biophysical Journal 1999, 77(1):516-525; Green, N. G. et al., Journal of Biochemical and
Biophysical Methods 1997, 35(2):89-102). They are label-free and virus-friendly,
offering excellent flexibility in subsequent molecular analysis. Among these methods,
size-based filtration is frequently used as most viruses have very unique size distribution
spectrums, ranging from 20 nm to 400 nm (Figure 2A) (Collins, J. E. et al., Journal of
Veterinary Diagnostic Investigation 1992, 4(2):117-126; Benfield, D. A. et al., Journal of
Veterinary Diagnostic Investigation 1992, 4(2):127-133; Yeh, Y. T. et al., Micro Electro
Mechanical Systems (MEMS), IEEE 26th International Conference 20-24 Jan. 2013; pp
951-954; Patolsky, F. et al., Nat. Protocols 2006, 1(4):1711-1724; Yeh, Y. T. et al.,
SENSORS, IEEE, 1-4 Nov. 2015; pp 1-4; Xia, Y. et al., 18th International Conference on
Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS), 21-25 June 2015;
pp 444-447; Chen, G. D. et al.,, Small 2011, 7(8):1061-1067; Yeh, Y. T. et al., 18th
International Conference on Solid-State Sensors, Actuators and Microsystems
(TRANSDUCERS), 21-25 June 2015; pp 747-750). Therefore, viruses can be
differentiated from impurities, such as proteins, bacteria and mammalian cells, allowing
size-based isolation. Additionally, in practical applications, the gap distance of a filter
can be tuned to obstruct different viruses with varying sizes. Carbon nanotubes (CNT)
and silicon nanowires have attracted special attention. Their light weight, high tensile
strength, biocompatibility, tunable gap distance, and reliable production are particularly
useful for isolating viruses by size (Yeh, Y. T. et al., Micro Electro Mechanical Systems

(MEMY), IEEE 26th International Conference 20-24 Jan. 2013; pp 951-954; Patolsky, F.
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et al., Nat. Protocols 2006, 1(4):1711-1724; Yeh, Y. T. et al., SENSORS, IEEE, 1-4 Nov.
2015; pp 1-4; Xia, Y. et al., 18th International Conference on Solid-State Sensors,
Actuators and Microsystems (TRANSDUCERS), 21-25 June 2015; pp 444-447; Chen, G.
D. et al., Small 2011, 7(8):1061-1067; Yeh, Y. T. et al., 18th International Conference on
Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS), 21-25 June 2015;
pp 747-750; Wang, Z. et al., Lab on a Chip 2013, 13(15):2879-2882; Zhang, G.-J. et al.,
Analytica Chimica Acta 2012, 749:1-15). Recently, it was successfully demonstrated that
the CNT forests with tunable gap distance can be used as filters to isolate viruses for
propagation and sequencing (Yeh, Y. T. et al., 18th International Conference on Solid-
State Sensors, Actuators and Microsystems (TRANSDUCERS), 21-25 June 2015; pp
747-750). Silicon nanowires were frequently used in field effect transistors for label free
viral detection (Patolsky, F. et al., Nat. Protocols 2006, 1(4):1711-1724; Zhang, G.-J. et
al., Sensors and Actuators B: Chemical 2010, 146(1):138-144; Chen, K -I. et al., Nano
Today 2011, 6(2):131-154), but have never been explored for viral isolation.

The following study reports a novel porous silicon nanowires (pSiNW5s)
forest-based microfluidic point-of-care (POC) device for isolating and releasing viruses.
The POC device has the dimensions 22 mm % 10 mm % 3 mm. The pSiNWs forest with
well controlled inter-wire space was prepared by metal-assisted wet etching within
curved channels (Figure 2B). In such a design, the curved channels introduce the
circulation in the plane of the cross-section (Di Carlo, D. et al., Proceedings of the
National Academy of Sciences 2007, 104(48):18892-18897; Hou, H. W. et al., Scientific
Reports 2013, 3:1259; Karabacak, N. M. et al., Nat. Protocols 2014, 9(3):694-710),
which can spontaneously bring viruses and impurities to the pSiNWs forest. Later,
viruses in a certain size range can pass through the gaps and physically trapped inside the
forest. Meanwhile, larger impurities can be directly excluded, and smaller ones can
escape from forest in continuous fluidic flow. To further improve the isolation efficiency,
the curvature and dimensions of channels were judiciously optimized, allowing this new
POC device to efficiently filtrate viruses or nanoparticles in similar size. The results show
that approximately 50% of influenza viruses can be isolated in 30 minutes. Moreover, the

pSiNWs forest is biodegradable in physiological conditions attributed to the extensive
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porous surfaces (Anderson, S. H. C. et al., physica status solidi (a) 2003, 197(2):331-335;
Chiappini, C. et al., Advanced Functional Materials 2010, 20(14):2231-2239), enabling
the release and harvest of trapped viruses in 24 hours for further culture and molecular
analysis. Together, combined with the portability, high isolation efficiency, large sample
capacity, and unique viral release mechanism, this POC devices can provide much faster
access to results at or near the sites of the patient care, discover unknown virus, and

monitor infectious diseases.

The materials and methods are now described.

Materials

4 inch <1 0 0> prime silicon wafer with resistivity 0.001 — 0.005 Qscm
(University Wafer, MA, USA). Positive photoresist SPR 3012, positive photoresist AZ
P4620, 49% hydrofluoric acid, and 30% hydrogen peroxide (Penn State University
Nanofab). 0.1 N silver nitrate solution (Acros Organics). 75 nm Fluoro-Max Dyed Green
Aqueous Fluorescent Particles, 400 nm Fluoro-Max Dyed Green Aqueous Fluorescent
Particles, goat anti-Mouse IgG (H+L) secondary antibody Alexa Fluor 488 conjugate
(Thermo Scientific). Cy3-Streptavidin (Invitrogen). Bovine serum albumin (BSA)
(Sigma). Polydimethylsiloxane (PDMS) (Dow Corning). 1x PBS (VWR). Filters with
450 nm (Celltreat scientific products) and 200 nm pore size (VWR). Qiagen Onestep RT-
PCR Kit (Qiagen, Valencia, CA). RNase inhibitor murine (New England Biolabs. Inc.,
MA, USA). Primers for RT-qPCR. H5N2 avian influenza virus and Mouse anti-HS
antibody. 9-11 day old special-pathogen free embryonated chicken egg.

Fabrication of pSiNWs forest-embedded microfluidic devices

The fabrication process is illustrated in Figure 4. A layer of positive
photoresist SPR 3012 in 1.2 um thickness was spin-coated on a silicon wafer with
resistivity of 0.001 —0.005 Qecm. Curved channels in 100 ym width with 100 um
internal curvature radius were patterned on the photoresist by photolithography followed

by DRIE (Alcatel Speeder 100Si) to generate channels in various depth ranging from 20
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to 60 um. Afterwards, SPR 3012 was completely removed, and a layer of positive
photoresist AZ P4620 in 15 um thickness serving as a protective mask for wet etching
was spin-coated and patterned (Figure SA and Figure SB). pSiNWs forest were prepared
within channels by metal-assisted etching following the same protocol described
previously (Hochbaum, A. 1. et al., Nano Letters 2009, 9(10):3550-3554; Qu, Y. et al.,
Nano Letters 2009, 9(12):4539-4543). In brief, the wafer bearing channel patterns was
immersed into the 0.085% AgNOs3 containing 9.8% HF for 10 to 90 sec at room
temperature (RT) allowing deposition of silver nanoparticles (SNPs) to the bottom and
sidewalls of the channels (Equation 1). Then, the wafer was transferred to the etchant
bath containing 0.35% H20: and 9.8% HF for an hours at RT to prepare pSiNWS forests
(Equation 2) (Wang, Z. et al., Lab on a Chip 2013, 13(15):2879-2882; Chiappini, C. et
al., Advanced Functional Materials 2010, 20(14):2231-2239; Mohammad, Z. et al.,
Journal of Micromechanics and Microengineering 2011, 21(6):065006; Shiu, S.-C. et al,
Applied Surface Science 2011, 257(6):1829-1834). Finally, after removing SNPs and
photoresist AZ P4620 individual devices were diced from wafer and firmly bonded with
a PDMS cover. (Figure 2C).

44g  +Si+6F — 4A4g+][SiF, ] (Eqn. 1)

24g+H,0,+2H" - 2A4¢g* +2H,0 (Eqn. 2)

Simulation of flows in the channels

A finite element method (FEM) model was established to simulate the
fluidic field inside the device by the software COMSOL. Laminar flow stationary study
was chosen. A meandering channel with five periodic S shapes (Figure 6A, Figure 7A,
Figure 8A) was constructed to study the flow condition. In the inlet of the channel, the
inflow condition was a normal inflow with a flow rate of 1.33 pl/min (8 ul/min in the
device with 6 channels). In the outlet, the outflow conditions of normal flow and suppress
backflow were set up. No slip condition was built on the walls. A physics-controlled finer
mesh was chosen to produce meshes in the model. The results of velocities inx, y, z
direction (Figure 6A through Figure 6D, Figure 7A through Figure 7D, Figure 8A

through Figure 8D) were output to gain the streamlines in the cross section area of the
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channel. Capture efficiency (Equation 3) with different channel heights was also
calculated by comparing fluorescence intensity of the mixture before they were injected

into channels and after they were gathered in the outlet, respectively.

o Vo (Eqn. 3)

FIr, v

1

Capture efficiency of nano beads = 1—
I

F1 is the fluorescent intensity of nanobeads solution measured by the microplate. V' is the
volume of nanobeads. The subunits /, O, R are inflow, outflow and recovery solution,

respectively.

Testing capture efficiency and degradation during device optimization

All fluorescent images were taken by an Olympus IX 71 microscope
equipped with a digital CMOS camera (C11440, Hamamatsu Photonics, Japan). Before
injecting nanobeads or HSN2 virus solution, 1% BSA in 1x PBS was flowed through the
device at 100 pl/min for 1 hour to prevent the non-specific absorption of nanobeads or
virus in the channels. When testing the device with nanobeads, a 40 ul mixture of 75 nm
and 400 nm nanobeads (the concentrations of both nanobeads in mixture were 375 pg/ml,
blocked with 1% BSA) was injected into the device, followed by flowing through 210 pl
DI water to wash channels. The outflow solution (containing both 40 ul beads mixture
and 210 pl DI water) was gathered in the well of a 96 well plate to calculate the capture
efficiency of nanobeads (Equation 3). To recover captured nanobeads, PBS solution

continuously flow through the device for 24, 48, 72 hours at RT.

Testing capture and recovery efficiency of H5N2 virus

The effect of flow rate on capture efficiency of HSN2 virus was optimized
first. 40 ul HSN2 virus solution was injected into the device at various flow rates ranging
from 2 pl/min to 16 pl/min. After rinsing all channels with 1x PBS thoroughly, captured
viruses were stained with primary antibodies (mouse IgG) targeting the HS
hemagglutinin on the virus surface and the secondary Alexa 488 labeled anti-mouse
antibodies at RT for 45 min, respectively. After washing with 1x PBS thrice, three
positions in the device were randomly selected for measurement of fluorescent intensity.

To quantify capture efficiency of HSN2 virus, CT value of RT-qPCR was used to
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measure and compare the concentration of virus before injecting the device and after
flowing through the device (Equation 4). To recover captured viruses, 1x PBS solution
continuously flew through the device at RT for 24 hours. The recovery solution was
gathered into a 1.5 ml centrifuge tube placing in an ice box. The concentration of
recovered virus solution was compared to that of inflow virus solution to calculate the
recovery efficiency (Equation 5).

CT,-CT, XV—O (Eqn 4)

I

v, (Eqn. 5)

Recovery efficiency of virus = 277 ¢Tr x &
1

Capture efficiency of virus = 1-2

Jis the volume of virus solution. C'7'is the CT value of the virus solution by RT-qPCR.
The subunits 7, O, R are inflow solution, outflow solution and recovery solution,

respectively.

Real time g-RCR

RT-qPCR of H5N2 influenza virus was conducted in a 25 pl reaction
system by one-step RT-qPCR kit (Spackman, E. et al., Journal of Clinical Microbiology
2002, 40(9):3256-3260). The primers and probe specific to HS subtype were used. The
reaction mixture contains 5 ul 5x reaction buffer, 1 pl each of two primers (10 pmol/ul)
and probe (5 pmol/ul), 1 ul ANTP mixture (10 mM each dNTP), 0.8 ul enzyme mixture, 2
ul RNA template, 13.7 ul RNase-free water and 0.5 ul RNase inhibitor (40 U/ ul). The
amplification and detection was performed in the 7300 Real time PCR system (Applied
Biosystem Inc., Foster City, CA, USA). The thermal cycling profile of RT-qPCR was 50
°C for 30 minutes, 94 °C for 15 minutes and 45 cycles of denaturation at 95 °C for 10
seconds and annealing and elongation at 60 °C for 1 minutes. The data was collected and
analyzed by 7300 real time PCR system software (7300 V1.4.0, Applied Biosystem Inc.)
The cycle threshold (CT) value of each sample was calculated and compared to gain the

capture and recovery efficiencies.

Propagation in embryonated chicken egg and hemagglutination assay
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200 pl released HSN2 influenza virus solution was inoculated and
propagated in 9-11 day old special-pathogen free embroyonated chicken egg. The
inoculated eggs were placed inside the incubator for 48 hours. Then the top of the egg
was cracked open and the shell was peeled without breaking the shell membrane.
Allantoic fluid was collected by a 3 ml sterile syringe with a 25G*5/8” needle. After
centrifugation at 8000 rpm for 5 minutes, the supernatant containing propagated virus
was filtered through 450 nm and 200 nm pore sizes filters sequentially. The
hemagglutination assay (HA) was used to test infectious ability of recovered viruses. HA
test was prepared with 0.5% chicken red blood cells (RBCs) (Hirst, G. K., The Journal of
Experimental Medicine 1942, 75(1):49-64). The propagated virus solution was diluted
into 2-fold serial and 50 pl of each dilution was added into different wells of a 96 well
plate. Then, 50 ul 0.5% chicken RBCs was added into each well and incubated in 37 °C
for 30 minutes. In the HA test, a negative result without virus appeared as a red dot in the
center of the well bottom as the virus concentration was too low for RBC to settle. A
positive result formed a uniform reddish suspension in the well. The concentration of

virus was estimated by the dilution times of which the RBCs started to settle down.

The results are now described.

Fabrication of pSiNWs forest-based microfluidic devices

For label-free size-based isolation of nanoparticles the inter-wire spacing
between pSiNWs should be slightly larger allowing nanoparticles trapping within the
pSiNWs forest. Therefore, the ideal inter-wise spacing was determined first. In metal-
assist etching, SNPs server as catalyst and only silicon beneath SNPs can be effectively
etched (Figure 3A) indicating the size of SNPs after deposition directly determine the
inter-wire spacing (Figure 3B). In experiments, pSiNWs forest bearing inter-wire spacing
was created on both sidewalls and bottom of channels (Figure 3C, Figure 3D), offering
large surface area for isolating nanoparticles. In addition, after 1 hour HF etching at RT,
the length of nanowires was ~10 um (Figure 3E). Mesopores in several nanometers were

observed on each single nanowires (Figure 3E). It was speculated that silver ions
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diffusing out the original SNPs can nucleate on nanowires at a certain concentration,
extract electrons from the silicon nanowires, form new tiny SNPs, and catalyze the
etching along the lateral direction of the nanowires (Qu, Y. et al., Nanoscale 2011,
3(10):4060-4068). It was found that by adjusting the deposition time ranging from 45 s to
90 s, the average size of SNPs clusters increased from approximately 75 nm x 100 nm to
140 nm x 190 nm (Figure 3B, Figure 3F). Accordingly, after wet etching the average size
of inter-wire spacing increased from about 180 nm x 230 nm to 250 nm x 330 nm (Figure
3C, Figure 3F). As the size of influenza A viruses used in this study were approximately
80 to 120 nm (Lamb, R. A. et al., Annual Review of Biochemistry 1983, 52(1):467-506),
the inter-wire spacing had to be kept slightly larger than 120 nm which would require 45
s to 60 s for deposition of SNPs (Figure 3F). To determine the ideal deposition time, 50
inter-wire spacing were randomly selected and measured in respective group (Figure 3G,
Figure 3H). The results clearly show over 30% of the inter-wire spacing is smaller than
120 nm if the deposition time is shortened to 45 s. In contrast, with 60 s deposition,
almost all inter-wire spacing is larger than the threshold value (Figure 3H), and the
average inter-wire spacing is about 227 nm x 291 nm (Figure 3G). Such spacing
distribution would allow viruses to enter into pSiNWs forest and trap them within the
forest. On the other hand, microparticles, such as bacteria and platelets, are unable to
cross the relatively narrow gap or deeply enter into pSiNWs forest. On the contrary, other
nanoparticles, e.g. serum proteins, are much smaller and can easily enter and escape from
the forest. Thus, deposition time of 60 seconds was used to prepare pSiNWs forest for

isolating virus influenza A.

Optimization of performance of pSiNWs embedded microfluidic devices using

nanobeads

In flow through curved channel geometries, curvature amplifies a lateral
instability that drives a secondary cross-sectional flow field, known as Dean flow,
characterized by the presence of two counter-rotating vortices located above and below
the horizontal plane of symmetry of the channel (Di Carlo, D., Lab on a Chip 2009,
9(21):3038-3046). Inertial focusing of spherical microparticles with diameters ranging
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between 5 and 20 pm has demonstrated the promise of efficient separation as well as
increased throughput (Di Carlo, D. et al., Proceedings of the National Academy of
Sciences 2007, 104(48):18892-18897; Hou, H. W. et al, Scientific Reports 2013, 3:1259;
Karabacak, N. M. et al., Nat. Protocols 2014, 9(3):694-710). To date, the Dean flow-
based technique has not been reported with nanoparticles. In the present design, viruses
are expected to be brought into pSiNWs forest by vortices generated in the channels, and
thus the odds of trapping viruses inside the forest can be improved. Moreover, in the flow
the wall lift force pushing viruses against walls was smaller than the opposite Dean force
in several orders of magnitude (Figure 9) (Di Carlo, D., Lab on a Chip 2009, 9(21):3038-
3046; Matas, J.-P. et al., Journal of Fluid Mechanics 2009, 621:59-67; Martel, J. M. et al.,
Scientific Reports 2013, 3:3340). It will also guide viruses through inter-wise spacing to
pSiNWs forest, and trap them inside. Given that the curvature of channels is fixed, it was
hypothesized that vortices that can efficiently bring viruses to pSiNWs forest could be
generated by optimizing channel height and flow rate. To study the effect of channel
height on Dean flow in the cross-sectional plane, a FEM model was established to
simulate the fluidic field inside the channel. It was found that the intensity (Figure 6A
through Figure 6D, Figure 7A through Figure 7D, Figure 8A through Figure 8D) and
position of local vortices (Figure 10A through Figure 10C) significantly changed in three
groups. Relatively more local vortices near the channel wall were observed in the curved
channels with 20 um height in comparison with that in the rest of the two groups, and
thus it was speculated that more viruses would be brought into the pSiNWs forest in
channels with relatively lower height. Further, the height effect on capture efficiency
(Equation 3) was experimentally investigated using fluorescence labeled nanobeads.
Green or blue fluorescence labeled nanobeads in 75 nm and 400 nm sizes mimicking
influenza A viruses and impurities in body fluid, respectively, were used for testing.
When the channel height decreased from 60 um to 20 um, at 8 ul/min the capture
efficiency of 75 nm nanobeads increased from 6.4% to 14.1%, while that of the 400 nm
nanobeads was approximately 4% in all groups (Figure 10D). Together, the height
optimized from experiments was consistent with simulation outcome, and thus channels

with 20 um height were prepared for the following optimization.
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To study capture specificity, a 40 ul mixture of nanobeads in 75 nm and
400 nm size, respectively, were injected into channels with 20 um height at a flow rate of
8 ul/min followed by thoroughly rinsing with DI water. As the inter-wire spacing of the
pSiNWs was approximately 250 nm, it was expected that 75 nm nanobeads would be
isolated and trapped, while 400 nm nanobeads would be size excluded. After isolation,
the green fluorescence from the channel with 20 um height flowing 75 nm nanobeads
was much stronger than that of the original beads flow and pSiNWs background (Figure
10E), indicating that 75 nm nanobeads were efficiently captured and trapped inside the
pSiNWs. On the contrary, the blue fluorescence from 400 nm nanobeads was extremely
weak and very close to the pSiNWs background (Figure 10F), demonstrating that the
pSiNWs forests could barely capture 400 nm nanobeads. The SEM image further
validated that many 75 nm nanobeads and very few 400 nm nanobeads were captured and
tapped inside the pSiNWs forests (Figure 10G, in circles). The above experimental results
prove that the pSiNWs forest with ~250 nm inter-wires spacing in curved channels with
20 um height can effectively and specifically isolate 75 nm nanobeads.

In addition to channel height, flow rate can also affect the capture
efficiency of viruses. In general, high flow rate is preferred as it can significantly shorten
sample processing time and increase sample capacity. However, in the present design, the
nanoparticle-pSiNWs forest interactions might be impaired, which accordingly might
decease the capture efficiency of nanobeads. On the contrary, strong local vortices might
not form at low flow rate, although relatively low flow rate can ensure the full contact
and interactions between nanoparticle and pSiNWs forest. Therefore, to study the effect
of flow rate on the capture efficiency of 75 nm and 400 nm nanobeads, respectively, flow
rates ranging from 2 pl/min to 16 pl/min were tested. As shown in Figure 10H, the
capture efficiency of 75 nm nanobeads reaches the maximal value of 14.1% at 8 pl/min.
When the flow rate is slower than 8 pl/min, capture efficiency of 75 nm nanobeads can be
gradually improved by increasing flow rate. At relatively low flow rate, local vortices of
fluid flow could be strengthened by increased flow rate, and thus could effectively bring
nanobeads into pSiNWs forest. However, once the flow rate reaches or surpasses 12

ul/min the capture efficiency of 75 nm nanobeads decreases significantly. As a result, at
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relatively high flow rates, nanobeads might not have sufficient time to pass through inter-
wire spacing to be trapped before coming out from the device outlet. In the control group
using 400 nm nanobeads, which barely got trapped inside the pSiNWs forest, the capture
efficiency slightly fluctuates between 2% and 4.5% (Figure 10H).

In a cyclic iteration application, a sample might be run for multiple times
over the device to increase the capture efficiency (Wan, Y. et al., Cancer Research 2010,
70(22):9371-9380). This strategy has been widely used to isolate rare molecules. In a
previous study, it was found that after a single run, green fluorescence from 75 nm
nanobeads in the curved channels displayed random non-uniform distribution (Figure
10C), indicating there were still considerable empty spacing inside the pSiNWs forest for
trapping 75 nm nanobeads. Hence, it was speculated that the capture efficiency of 75
nanobeads could be significantly improved by increasing cycle times. In the following
experiment, the nanobeads suspension was recollected from the device outlet and
reinjected into the device for up to 5 times. The capture efficiency of 75 nm nanobeads
significantly increased from 14.1% to 37.6 % after the fifth recycling. In contrast, the
capture efficiency of 400 nm nanobeads was only slightly increased from 4.5% to 12.9 %
(Figure 101).

Compared to solid silicon nanowire, pSiNWs have been demonstrated to
be biodegradable in alkaline solution including PBS due to its mesopores at nanoscale
(Equation 6) (Anderson, S. H. C. et al., physica status solidi (a) 2003, 197(2):331-335).
However, they cannot be degraded in DI water (Anderson, S. H. C. et al ., physica status
solidi (a) 2003, 197(2):331-335). The degradation of pSiNWs will allow captured and
trapped nanobeads to escape from the forest. 1x PBS continuously flows through the
pSiNWs embedded microfluidic device for 24, 48 and 72 hours at RT, respectively, and
the appearance of pSiNWs forest at each timepoint are shown in Figure 11A and Figure
11B. SEM images reveal that the degree of corrosion is dependent on time, and pSiNWs
forest totally degraded at the 72 hour timepoint. The feasibility of releasing captured 75
nm nanobeads was tested. After continuous flushing within 1x PBS for 24 hours, green
fluorescence are barely detectable (Figure 11C), indicating trapped 75 nm nanobeads

escaped from the forest and flowed out of the channels. The extended flushing did not
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significantly improve the releasing efficiency, and thus 24 hours was chosen for the
following experiments. While flushing within DI water in the control group, green
fluorescence remained similar to that of O hour (Figure 12C), indicating nanobeads
trapped in the pSiNWs forest will not be flushed out by flow only. It was noted that after
release of captured 75 nm nanobeads with 1x PBS, the recovery efficiency of nanobeads
was not investigated as their concentrations in PBS was too low to be detected by a

microplate reader.

Si+20H +4H,0 — Si(OH ). +2H, +40H " (Eqn. 6)

Capture and release of influenza virus using pSiNW s forest embedded microfluidic

device

After optimizing operation parameters using nanobeads, the pSiNWs
forest embedded microfluidic device was used to capture HSN2 avian influenza viruses,
and an in sifu immunofluorescence assay was used to detect the captured viruses (Figure
12A through Figure 12C). The time-scale of pSiNWs degradation in 1x PBS solution was
hours, while the whole capture process takes only 30 min. Therefore it is safe to suspend
viruses into 1x PBS for capturing (Wang, Z. et al., Lab on a Chip 2013, 13(15):2879-
2882; Chiappini, C. et al., Advanced Functional Materials 2010, 20(14):2231-2239). For
the experimental group, 40 ul of HSN2 virus suspension was injected into the device
under various flow rates ranging from 2 pl/min to 16 ul/min with 3 cycles. Similar to the
capture efficiency of 75 nm nanobeads as they have very close size distributions, the
highest capture efficiency of HSN2 was also achieved at 8 ul/min (Figure 12D). The
fluorescence intensity was approximately 2.5 times higher than that in the negative
control group which contained no viruses (Figure 12A and Figure 12B). SEM images
also demonstrated HSN2 viruses were captured and trapped inside the pSiNWs forest
(Figure 12C). To further quantitatively determine the capture efficiency of viruses,
respective CT values of each group were measured on the basis of RT-qPCR results, and

the capture efficiency of viruses was determined using the device was 48 =4% (Figure

12E, Figure 13).
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Afterwards, after 24 hours continuously flushing with 1x PBS, the green
fluorescence intensity was only ~10% of that before flushing. In the control group, DI
water which cannot dissolve pSiNWs was used, and the green fluorescence intensity only
decreased to ~80% after 24 hours flushing (Figure 14A). This result indicated that
captured viruses were released by degradation of pSiNWs forest and then flushed out in
PBS flow. In contrast, simply flushing using DI water which has insignificant effect on
degradation of pSiNWs is inefficient to directly remove trapped viruses from pSiNWs
forest. The released viruses in PBS were recollected for further identification and culture.
Sandwich ELISA-like virus identification was performed first. Released viruses were
enriched with HS antibody-conjugated magnetic beads (Figure 15A through Figure 15C)
and stained with red fluorescence labeled HS antibodies for viral identification. Red
fluorescence intensity in experimental group was ~2 times higher than that of negative
control group containing pSiNWs degradation solution only without any viruses,
indicating released viruses can be successfully recollected for identification. To
determine the recovery efficiency, CT values of RT-qPCR results were used to quantify
viral concentration in the releasing solution (Equation 5, Figure 14B, Figure 16). It was
found the recovery efficiency was 29+ 7% in releasing solutions with varying volume
ranging from 60 pul to 1000 pul. So about 60% of captured viruses could be recovered and
recollected. In recovery sample A, the CT value was 16.8 £0.6. After conversion, virus
titer was ~6 X 10° EIDso/ml. Such high concentration would satisfy the following virus
cultivation if viruses are alive. To test the viability, released viruses were inoculated into
embryonated chicken eggs for cultivation, and HA test was used to quantify the relative
concentration of harvested virus solution. After being diluted 2'° times, virus suspension
failed to agglutinate the red blood cells, and RBCs began to settle out of suspension
forming red precipitation. Thus the titer of the virus sample was determined to be 1:2°,
which is ~4x10° EIDso/ml (The CT value of virus sample was 1:2!° was 16.45) (Figure
14C). The findings demonstrated that by propagating these viable viruses after capture
and release cycles, large amounts of viruses could be obtained for various subsequent

virus-related studies.
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In conclusion, a pSiNWs forest embedded microfluidic POC device was
successfully developed for label-free capture and release of viruses. For the first time it
was demonstrated that targets at nanoscale can be physically trapped into inter-wire
spacing with tunable distance with Dean flow in curved channels. Approximately 50% of
viruses can be physically captured and trapped in pSiNWs forest after only 3 iterative
cycles at as high as 8 pl/min flow rate. Viruses remain viable after 24 hours and can be
released through the degradation of the pSiNWs forest. The recovery efficiency is
approaching 29% of total inducing virus. Moreover, it was also demonstrated that
released viruses can be lysed for RT-qPCR or further cultivated with embryonated
chicken eggs. With this POC device, viruses with specific sizes could be isolated in 30
minutes and recovered by dissolving pSiNWs in PBS for another 24 hours. Recovered
viruses are alive and can be further cultivated with embryonated chicken eggs for further

long term analysis, like gene mutation detection, drug testing.

Example 2: A VACNT Integrated Handheld Device for Label-Free Virus Capture,

Detection, and Enrichment for Genomic Analysis

A handheld (1cm x 2cm) vertically aligned carbon nanotube (VACNT)

integrated microfluidic device is presented herein to capture virus by nanoscale filtration.
The device contains porous herringbone array made of VACNT with a tunable gap size
(20-550nm) on a fused silica substrate. Avian influenza virus (AIV) H5SN2 subtype was
isolated from chicken swab samples and detected by on-chip immunofluorescence
staining. The device enriched the HSN2 from swab samples and improved the RT-qPCR
detection limit by at least one order of magnitude, confirmed by SEM and gel
electrophoresis. Finally, the isolated HSN2 was successfully cultured ex vivo inside
chicken eggs.

VACNT was synthesized by aerosol-based chemical vapor deposition
(CVD) on a lithography-patterned iron-catalyst thin film to form a porous herringbone
array with 50 um in height (Figure 17A) (Stroock et al., Science, 2002, 295:647-651).
The porous structure captured virus with diameter similar to VACNT gap size during the

enhanced mixing process. After virus was captured, immunofluorescence or RNA
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extraction after on-chip virus lysis could be performed on-chip. Furthermore, the
enriched HSN2 was collected by scratching the VACNT forest structure with a pipette tip
and directly inoculated into chicken eggs for ex vivo culture. Optical, SEM, and TEM
images demonstrated the assembled device with vertically aligned CNT structure
selectively grew on fused silica substrate at different scales (Figure 17B).

Cross-sectional SEM images (Figure 18A) were analyzed and it was
observed that the nanoscale geometry of VACNT could be controlled by iron catalyst
thickness. CNT diameter and density can be turned in the range of 14~45nm and 2x108-
5x10'%cm?, respectively (Figure 18B and Figure 18C). By using diameter and density
data, it was calculated that the gap size of the VACNT forest has a range of 20-550nm
(Figure 19A). To study the size-based capturing process, a mixture of fluorescent
polystyrene nanospheres of 20nm (red), 100nm (green), and 1000nm (blue) in diameter
were added into 95nm gap devices and the flow-through was collected under a flow rate
ranging from 0.1~100 pl/min. In general, 100nm and 20nm nanospheres could be
captured and the capture efficiency increased with flow rate. 100nm nanospheres had
higher capture efficiency (~16%) at 100 pl/min flow rate (Figure 19B and Figure 19C).

Clinically relevant samples were constructed by spiking HSN2 virus
(Figure 20A) into a swab medium collected from a healthy (virus-free) chicken. 200 ul
of HSN2 swab sample were added into a 95nm device at a flow rate of 100 ul/min and
on-chip immunofluorescence assay was applied. Strong green fluorescent signals
indicated that HSN2 was trapped inside the herringbone structure (Figure 20B), which
was later confirmed by SEM images (Figure 20C). Virus was lysed on-chip and RNA
extracted for genetic detection. Figure 20D shows that a signature DNA fragment
(750bp) was observed in the all HSN2 samples and the positive control, but not the
negative control.

More importantly, the device demonstrated an order of magnitude
improvement in the detection limit of the current golden standard of virus detection, the
RT-qPCR. 1mL of 0.1ELDso HSN2 sample was added into the 95nm gap device, RNA
was extracted, and RT-qPCR was run for RNA detection (Figure 21, red lines). By
comparing with 0.1ELDso (blue lines) and virus sample 1ELDso (black lines) virus
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samples, the detection limit of RT-qPCR was improved by at least one order of
magnitude. Finally, after enrichment by the device, the scratched VACNT structures
with virus was inoculated into chicken eggs, and HSN2 was successfully propagated after

three days of ex vivo culture.

Example 3: Tunable and Ultra-Sensitive Virus Detection Using Carbon Nanotube Arrays

Viruses may cause unpredictable and recurring outbreaks that lead to
devastating mortality and traumatic economic losses, as exemplified by the 1918
influenza pandemic, the ongoing battle against HIV/AIDS, and the most recent Ebola and
Zika outbreaks (Fauci, A.S. et al., New Engl. J. Med. 2012, 366:454-461). However,
there is still a large pool of unknown mammalian and human viruses, among which could
be critical viral pathogens (Anthony, S.J. et al., mBio 2013, 4; Woolhouse, M. et al,
Philos. T. Roy. Soc. B 2012, 367:2864-2871). Almost all lethal viral outbreaks in the past
two decades were caused by new emerging viruses (Chiu, C.Y. et al., Curr Opin
Microbiol 2013, 16:468-478). As over 50% of the human pathogens are known to be
zoonotic (Howard, CR. et al., Emerg Microbes Infect 2012, 1:e46; Mark, EJ W. et al.,
Emerg. Infect. Dis. 2005, 11:1842), virus samples can be originated from various sources,
e.g. human, animals, and different environments. Thus, it is clear that the successful virus
isolation, identification, and genome characterization, directly from field and clinical
samples will lead to rapid discovery of emerging viral pathogens (Pennington, H., Nat.
Rev. Micro. 2004, 2:259-262).

Since the high mutation rate and the genetic diversity of viruses warrant
extensive surveillance (King, D.A. et al., Science 2006, 313:1392-1393), various virus
detection approaches have been established: 1) enzyme-linked immunosorbent assay
(ELISA) (Yolken, R.H., Yale J. Biol. Med. 1980, 53:85-92), ii) polymerase chain
reaction (PCR) (Ellis, J.S. et al., Rev. Med. Virol. 2002, 12:375-389; Spackman, E. et al.,
J. Clin. Microbiol. 2002, 40:3256-3260), iii) virus isolation (Eisfeld, A.J. et al., Nat.
Protocols 2014, 9:2663-2681; Wood, J.M. et al., Nat. Rev. Micro. 2004, 2:842-847), and
iv) next generation sequencing (NGS) (Chiu, C.Y. et al., Curr Opin Microbiol 2013,
16:468-478; Radford, A.D. etal., J. Gen. Virol. 2012, 93:1853-1868). However,
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additional advancements in the sample preparation techniques to enrich and concentrate
viruses are urgently needed (Beerenwinkel, N. et al., Front. Microbiol. 2012, 3:16; Chin,
C.D.etal, Lab Chip 2012, 12:2118-2134; Heider, S. et al., Virology 2014, 462-463:199-
206; Li, L. et al., J. Virol. Methods 2015, 213:139-146; Noda, T., Front Microbiol 2011,
2:269). In addition, the most conventional virus-sample preparation protocols utilize
immunological capture, physical separation or a combination of both (van Reis, R. et al.,
L. Membrane Sci. 2007, 297:16-50; Yeh, Y.-T. et al,, Ann Biomed Eng, 2014, 1-11).
Unfortunately, immunological capture requires prior knowledge of the targets, thus it is
not appropriate for virus discovery and can lead to technical difficulties for identifying
new or emerging virus strains. Ultracentrifugation is the most commonly used physical
method for virus enrichment and concentration. Unfortunately, it involves bulky
equipment, intensive labor, lengthy sample preparation, and has limitations for
concentrating small amounts of viruses in minute volumes (Radford, A.D. etal., J. Gen.
Virol. 2012, 93:1853-1868; Yeh, Y.-T. et al., Ann Biomed Eng, 2014, 1-11; Bibby, K,
Trends Biotechnol. 2013, 31:275-279). Microfiltration membranes can remove large
particles within samples while keeping the virus particles in the supernatant. It is
normally used as one of the steps in the whole sample preparation protocol for virus
analysis, however it neither removes contaminants of small size (e.g. nucleic acids and
proteins) nor concentrates the sample (Daly, G.M. et al., PLoS ONE 2011, 6:¢28879;
Hall, R.J. et al., J. Virol. Methods 2014, 195:194-204; Rosseel, T. et al., J. Virol.
Methods 2015, 222:72-80). Although ultrafiltration membranes are widely used as an
essential viral clearance step in the biopharmaceutical production from human or animal
origin (van Reis, R. et al., L. Membrane Sci. 2007, 297:16-50; DiLeo, A.J. et al., Nat.
Biotech. 1992, 10:182-188), their usage for virus detection is rare primarily due to their
low porosity, high operation pressure, poor virus viability and difficulty in virus access
for further analysis.

In this context, robust arrays of aligned CNTs with controlled inter-tube
distance could be used to effectively trap/concentrate viruses within a 3-dimensional
porous system. Although CNTs have been used as biochemical sensors

(Balasubramanian, K. et al., Anal. Bioanal. Chem. 2006, 385:452-468), imaging probes
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(Liu, Z. et al., Nano Res. 2009, 2:85-120), drug delivery vehicles (Cai, D. et al., Nat.
Methods 2005, 2:449-454), X-ray sources (de Heer, W.A. et al., Science 1995, 270:1179-
1180), neuron protection (Lee, H.J. et al., Nat. Nano. 2011, 6:121-125), treatment of drug
addiction (Xue, X. et al., Nat. Nano. 2016, 11:613-620), and substrates for
immunological capture of mammalian cells and bacteria (Chen, G.D. et al., Small 2011,
7:1061-1067), they have not been integrated into tunable devices able to isolate viruses of
different sizes. Here, a reliable, scalable CNT-STEM technology is developed that
provides size-based, label-free, viable enrichment and concentration of viruses from field
samples. The following study synergistically integrates bottom-up controlled nanotube
synthesis with top-down microfabrication. The study demonstrates that the CNT-STEM
not only improves virus detection sensitivity and the minimal virus concentration for
virus isolation by at least 100 times (Figure 22A and Figure 22B), but also removes host
and environmental contaminants, and concentrates samples to enable direct virus

identification by NGS from field-collected samples.

The materials and methods are now described.

Patterning of iron catalyst thin film

As shown in Figure 23 A, a 4” single-side polished prime silicon wafer
was cleaned in piranha solution, acetone, isopropyl alcohol (IPA) and ultrapure water
sequentially. Lift-off photoresist LORSA (MicroChem) and negative photoresist
NFR105G (JSR Microelectronics) were spin-coated at 4000 rpm, respectively, followed
by photolithography patterning with a contact aligner (Karl Suss MA/BA6). Iron was
deposited by an e-beam evaporator (Semicore) under 10”7 mTorr vacuum with deposition
rate of 0.1 nm per second to target thickness of 1, 3, 5, 8, 10 nm. The actual thickness of
the deposited films was measured tobe 1.0+ 0.1,3.0+0.2,6.5+0.5,92+04,11.9+
0.8 nm by AFM (Bruker Dimension Icon). A thin layer of negative photoresist NFR105G
was spin-coated as a protective layer prior to dicing. The silicon substrate was then diced

into individual dies of 1.2 cm by 1.2 ¢cm by a dicing saw (Advanced Dicing
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Technologies). Photoresist was lift-off by soaking the substrate inside remover-PG

(MicroChem) overnight at 60 °C.

N-MWOCNT synthesis by AACVD

The aerosol-assisted chemical vapor deposition (AACVD) setup consisted
of an ultrasonic nebulizer (RBI instrumentation, Meylan, France), two tube furnaces
(Thermo Scientific) arranged in series and a waste trap filled with acetone (Figure 24).
Benzylamine (Fluka, CAS:100-46-9) was fed through the system by a nebulizer, working
as both carbon source and nitrogen dopant. The iron-patterned substrates were placed in
the second furnace. All components were airtight sealed by silicone paste (McMaster
Carr) and flushed with argon and 15% hydrogen of 0.5 L/min flow rate for 5 minutes.
The furnace temperature ramped to 825 °C in 30 minutes. When the temperature reached
825 °C, the nebulizer was turned on and the argon and 15% hydrogen flow was increased
to 2.5 L/min. After the synthesis process was completed, the nebulizer was turned off, the
flow rate of carrier gas was decreased back to 0.5 L/min and the furnace temperature was
set back to 25 °C. The cooling process usually took 3 hours for the furnaces to reach

room temperature.

CNT-STEM assembly and experimental setup

The N-MWCNT forest pattern was designed as a droplet-shape to
distribute the aqueous sample evenly. The patterned N-MWCNT structure on the silicon
substrate was integrated into a microfluidic device by bonding it with a PDMS chamber.
The PDMS chamber was fabricated by standard soft lithography (Xia, Y. et al., Annu.
Rev. Mater. Sci. 1998, 28:153-184). The mold was fabricated by patterning SU-8 on
silicon wafers with a contact aligner (Karl Suss MA/BA6). The ratio of the depth of the
PDMS chamber and the height of the N-MWCNT forest was ~0.8-0.9. Then, well-mixed
PDMS precursor (part A: part B=10:1, Sylgard 184, Dow Corning) was poured onto the
SU-8 mold and bake at 60 °C for 40 minutes. The partially cured PDMS layer was diced
into 1.2 cm by 1.2 cm squares with a razor blade. Two through-holes serving as inlet and

outlet, 4 mm and 1 mm in diameter respectively, were punctured through the PDMS
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using a Luer adapter (BD). Before bonding, both the PDMS chamber and the N-MWCNT
patterned silicon substrate were treated with RF oxygen plasma (M4L, PVA TePla Inc)
with processing parameters of 400 mTorr oxygen pressure, S0 W power, and 30 seconds
duration. Then they were aligned and gently pressed together and baked at 85 °C for four
hours.

The experimental system for the CNT-STEM includes a sample reservoir,
a waste trap, and components for flow actuation and control (Figure 23B). A 100 pL
cylindrical sample reservoir formed with silicone tube of 5 mm inner diameter was
attached to the inlet port. The outlet port was connected to a custom-made waste trap
using a silicone tube of 0.5 mm inner diameter. The waste trap had three connections to a
vacuum pump, a miniaturized pressure sensor, and a mechanical pressure regulator
respectively. The vacuum pump (McMaster-Carr) provided a negative pressure. The
miniaturized pressure sensor (Honeywell ASDXL) had a sensing range of 10 inches of
water column. It was soldered to a printed circuit board (McMaster-Carr) and powered by
a 9V battery. The mechanical pressure regulator (McMaster-Carr) regulated the vacuum
suction. Fluidic connections were sealed by applying uncured PDMS precursor as sealant

to the ends of the connections, and then cured under room temperature for 24 hours.

Characterization of N-MWCNT forest geometries of vertically alighed N-MWCNT by
AACVD synthesis

The nanoscale geometries of the N-MWCNT synthesized on 3 nm, 6.5 nm
and 12 nm thick iron catalyst thin films under different synthesis time of 5, 10, 20, 30 and
40 minutes were studied by cross-sectional SEM images of the N-MWCNT structure
taken by a field emission SEM with accelerating voltage of 5 kV (LEO 1530 FESEM).
The height of the N-MWCNT forest was characterized with cross-sectional SEM images
under 8x10% magnification. For diameter analysis of single N-MWCNT, 6x10*
magnification was used and a total number of 500 focused N-MWCNTs were measured
with ImageJ. Both the N-MWCNT diameter D and its probability density function f(D)
were calculated. For density and inter-tubular distance measurement of the aligned N-

MWCNT structure, the images were taken under 2.5x10* magnification at bottom of the

-51-



10

15

20

25

30

WO 2017/015226 PCT/US2016/042832

N-MWCNT forest close to the substrate. One line equivalent to 1 um in length was
drawn perpendicular to the N-MWCNT growth direction on each image. The numbers of
focused N-MWCNTs that crossed the line was counted to calculate its linear density 4.
20 images of each synthesis condition were analyzed and five 1 um lines were drawn for
each image. For the inter-tubular distance, the distance was measured between pairs of
neighboring focused N-MWCNTs that were crossed by the drawing line. 20 images of
each synthesis condition were collected and data on 5 drawing lines on each image were
analyzed for each image. Assuming the N-MWCNT density is isotropic in 2D, the
porosity @ can be calculated from the measured N-MWCNT line density 4, diameter D;

1-223 (DD}
and the probability density function of the diameter fD;): * = .

Measurement and analysis of the iron nanoparticle geometry

To study the geometrical properties of the iron nanoparticles and the
relationship to those of the N-MWCNTs, silicon wafers were diced into device dies and
iron catalyst thin films of targeted thicknesses of 1, 3, 5, 8, 10 nm were deposited on
different device dies. For one set of device dies with different thicknesses of the iron
catalyst film, the AACVD process went through the thermal ramping stage and was
terminated prior to feeding the precursor (benzylamine). The SEM images of the top view
of the iron nanoparticles were taken under 5x10* magnification. SEM images of iron
particles were analyzed for their size and spatial distribution using Matlab image
processing toolbox. The average particle-to-particle distance was calculated by applying
the Delaunay triangle selection to determine the closest neighbor particles, then
represented as the mean of the three edges r1, r2 and r3 (Figure 25) (Bray, D.J. etal., J. R.
Stat. Soc. Ser. C-Appl. Stat. 2012, 61:253-275).

Raman spectra measurement of N-MWCNT
AACVD synthesized N-MWCNT was characterized by Raman

microscopy (Renishaw, InVia Raman microscopy) using 514 nm laser excitation for 30

seconds under 50x magnification. The laser power to the sample was 10 uW.
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CNT-STEM filtration process
The assembled CNT-STEM was primed by adding 10 puL of 0.5% Tween-

20 (Sigma-Aldrich) at the inlet port and letting the device sit undisturbed until all the air
inside the device was replaced by Tween-20. This wetting process took around 15
minutes. Subsequently, another 50 puL of 0.5% Tween-20 was added to inlet port. The
vacuum suction from the outlet was turned on and the differential pressure was
maintained at 0.1 psi (6.9x10% Pa) to move the aqueous phase through the CNT-STEM.
In the meantime, device leakage was tested by estimating the travel speed of the air-
liquid interface inside the silicone tubing. If the device passed the leak test, 200 uLL
Dulbecco’s phosphate buffered saline (DPBS) (Cellgro) was added to wash the device.
After most of the DPBS flew through the device, the virus sample was then added to the
inlet port while the vacuum suction remained. After most of the virus sample was filtered
through, 50 uL DPBS were added to rinse the device. All samples containing viruses
were filtered through member filters (VWR) of 0.2 um or 0.45 um pore size for swab
samples and tissue samples before introducing the filtrates using the CNT-STEMs.

N-MWCNT inter-tubular distance characterized by nanoparticle penetration

Fluorescein solution (Sigma-Aldrich, #46955) and polystyrene nanosphere
suspensions (Thermo Scientific Inc.) were diluted by 0.5% Tween-20 into final
concentration of 0.01% (solid). After device priming, 20 uL of the suspension were
loaded at the inlet port. The vacuum suction was turned off after all the suspension was
transported into the device. The fluorescence image of the device was taken by an
sCMOS camera (Hamamtsu ORCA-Flash4.0 V2) connected to a fluorescence
microscope (Olympus IX71). The fluorescence intensity was calibrated and measured by
ImagelJ (Bankhead, P. Analyzing fluorescence microscopy images with ImageJ. (2014)).
The penetration ratio was defined by the ratio of fluorescence intensity outside the CNT

droplet-shaped chamber (/in) to that inside (Zour), both corrected with background
1

Pennetration Ratio = leg

fluorescence intensity (/»g) without the fluorescent agents: m S

Size measurement of nanospheres and AVI virions
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The diameters of fluorescent polystyrene nanospheres were measured by a
Nano ZS particle-size analyzer (Malvern Zetasizer, Malvern Instruments Ltd, UK). The
size distribution of the nanospheres was calculated by the accompanying software
(Nanov510) using a refractive index of 1.59.

Similarly, 107 EIDso/mL AIV solution was diluted by 1000 fold with 20
mM phosphate buffer at pH 7.4. The suspension was then passed through membrane
filters of 0.45 um (Celltreat scientific products) and 0.2 um (VWR) pore size
sequentially, then analyzed on a Nano ZS particle-size analyzer (Malvern Zetasizer,
Malvern Instruments Ltd, UK). By assuming refractive index of 1.48 (Wang, S.P. et al ,
Proc. Natl. Acad. Sci. U. S. A. 2010, 107:16028-16032), the Nanov510 software

converted intensity data into diameter measurements.

HS5N2 ALV propagation and sample preparation

H5N2 AIV was propagated in specific pathogen-free (SPF) embryonated
chicken eggs (ECE) via allantoic cavity route inoculation at 9-11 days of age. The
inoculated eggs were placed in a 37 °C egg incubator for 72 hours. Then the eggs were
removed from the incubator and chilled at 4 °C for 4 hr. Each egg was cracked open at
the top air sac. The shell peeled without breaking the air sac membrane. The allantoic
fluid containing the virus was harvested using a 3 mL sterile syringe with a 25Gx5/8”
needle. The harvested allantoic fluid was clarified by centrifugation at 8000 rpm for 5
minutes. The virus titers were measured in embryo infectious doses 50% (EIDso) by the
Reed-Muench method (Reed, L.J. et al., Am. J. Epidemiol. 1938, 27:493-497). Briefly,
the freshly propagated HSN2 AIV stock was prepared in 10-fold serial dilutions from 10*
through 10°. Each dilution was inoculated into 5 eggs, 0.1 mL per egg. The inoculated
eggs were incubated at 37 °C for 72 hours. The eggs were candled daily to remove dead
eggs to chill them at 4 °C refrigerator. After 72 hours of incubation, allantoic fluid was
harvested from each egg and spin down. The supernatant was collected and passed
through a membrane filter of 0.2 um pore size prior to use. The infection status of each

egg was determined by Dot-ELISA. AIV H5N2 samples were produced experimentally
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by spiking a freshly propagated LPAIV H5N2 strain (A/chicken/PA/7659/1985) into

tracheal swabs obtained from SPF chickens.

On-chip immunofluorescence assay for HSN2 AIV detection and fluorescence intensity

measurement

After virus capture and phosphate buffered saline (PBS) washing inside
the CNT-STEM, monoclonal antibody of the HS HA protein (100 pL of 1:1000 diluted
work solution, Penn State Animal Diagnostic Laboratory) was added through the inlet,
incubated at 37 °C for 40 minutes, and washed with 1 mL of PBS. Then goat anti-mouse
immunoglobulin conjugated with FITC (100 pL of 1:500 work dilution, KPL) was added
and incubated at 37 °C for 40 minutes and followed by 1 mL PBS wash. Fluorescence
microscopy images were obtained by an sSCMOS camera (Hamamtsu ORCA-Flash4.0
V2) connected to a fluorescence microscope (Olympus [X71). By measuring average
intensity of an area of 100 pm x 100 um across the N-MWCNT walls, the fluorescence
signal was calculated by ImageJ (Bankhead, P. Analyzing fluorescence microscopy

images with ImageJ. (2014)).

Virus lysis and RNA extraction

After performing virus filtration by the CNT-STEM, the virus-trapped
device was disassembled by peeling the PDMS chamber using a razor blade. Normally
the N-MWCNT structure remained on the PDMS surface. The N-MWCNT structure was
then scraped from the PDMS chamber with a razor blade and placed into a
microcentrifuge tube containing 50 pL lysis/binding solution (MagMax, Life
Technologies). The viral RNA was extracted with MagMax ™ — 96 AI/ND viral RNA
isolation kit (Life Technologies, Cat.# AM 1835) following the manufacturer’s protocol.

Real-time reverse-transcriptase polymerase chain reaction (rRT-PCR)

Primers and a probe specific to influenza type A were used (Spackman, E.
et al., J. Clin. Microbiol. 2002, 40:3256-3260). The master solution of rRT-PCR was
prepared as a 50 pL reaction mixture using a One Step RT-PCR Kit (Cat. No.210212,
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QIAGEN, Valencia, CA), containing 10 pL of template RNA, 25 uL. of RNase-free
water, 10 uL of 5xBuffer, 2 uL. of ANTP mix (10mM each dNTP), 1 uL of enzyme mix,
and 1 uL of each of the two primers. Amplification was performed with a real-time PCR
system (7300, Applied Biosystem Inc.) using a reverse transcription step at 50 °C for 30
min. The initial PCR activation step was set at 95 °C for 15 min, then followed by 94 °C
for 30 s, 50 °C for 30 s, and 72 °C for 90 s of each cycle for 38 cycles, and lastly finished
with a single cycle of 72°C for 5 min. The data was collected and processed by the
manufacturer’s software (7300 V1.4.0, Applied Biosystem Inc.). The Ct value was
determined by 2724¢t method . The efficiency of the PCR is determined by:

1

Efficiency =10 *** =1 \yhere Slope is the slope of the PCR standard curve.

Virus isolation and characterization of the propagation by DOT-ELISA

N-MWCNTs were collected into a microcentrifuge tube containing 0.1
mL of PBS and inoculated into an ECE as described for virus propagation. After 72 hours
of incubation at 37 °C, allantoic fluid was harvested. The allantoic fluid infection status
was determined by Dot-ELISA using ATV HS monoclonal antibody. 10 uL test
specimens were applied to a strip of a nitrocellulose membrane (Thermo Scientific Inc.).
After the membrane was air-dried, blocking solution (10 mL of nonfat milk diluted in 30
mL of water) was added and the membrane was incubated at room temperature for 10-20
minutes. After blocking, the membrane strip was allowed to air dry. Anti-HS MADb was
then applied and incubated for 60 minutes at room temperature, followed by PBS wash
for 1-2 minutes with two repeats, and allowed to air dry. Next, goat anti-mouse IgG FITC
conjugate was added at 1:500 working dilution of the 0.1 mg/mL stock solution and
incubated for 60 minutes at room temperature. The PBS wash step was repeated. Finally,
BCIP/NBT (5-bromo-4-chloro-3-indolyl-phosphate/nitroblue tetrazolium, #B8503,
Sigma Aldrich) was applied and the membrane was kept in the dark during color

development.

Sample preparation for Next Generation Sequencing (NGS)
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To prepare a sample for NGS, first cDNA library was built from the total
RNA extracted of the sample. TruSeq Stranded Total RNA Sample Prep Kit (Illumina,
San Diego, CA, USA. Cat.# RS-122-2201) was used to reverse transcribe the extracted
RNA sample (total RNA) into cDNA. The manufacturer instructions were followed with
the exception that the initial poly A enrichment step was skipped. Briefly, by applying
elevated temperatures, total RNA was fragmented into shorter segments. Those shorter
RNA fragments were first reverse transcribed into cDNA strands with random primers.
By adding DNA polymerase I and RNase H, the complementary cDNA strands were
synthesized. The cDNA was ligated to an adaptor and amplified by PCR to generate
cDNA library. The quality of the cDNA library was tested by Agilent Bioanalyzer system
(Agilent Technologies, Santa Clara, CA, USA). Library concentration was assessed by
qPCR using the KAPA Library Quantification Kit Illumina Platforms (Kapa Biosystems,
Wilmington, MA, USA). Finally, the prepared cDNA libraries were loaded into different
lanes of the MiSeq sequencer using 150 nt single read sequencing (Illumina, San Diego,

CA, USA) to generate raw NGS reads.

De novo assembly and analysis

The overall pipeline for sequence data analysis is summarized in Figure
26. Starting from raw NGS reads, the added sequencing adaptors were removed by
SortMeRNA . Quality trimming by Trimmomatic (BWA-MEM) was used to remove
matched contaminating sequences of the host (e.g. chicken, turkey, human) and bacteria,
as well as rRNA. Unmatched sequence reads were assembled using de novo assembly
software SPAdes (V.3.5.0) (Bankevich, A. et al., J. Comp. Biol. 2012, 19:455-477) with
Kmer-size setting of 85. After de novo assembly, LASTZ (R. S. Harris, Improved
pairwise alignment of genomic DNA. (ProQuest, 2007)) and SAMMtools (Li, H.
Bioinformatics 2009, 25:2078-2079) were used to identify and obtain the final viral

consensus sequences. Coverage was analyzed by BWA-MEM.

Phylogenetic analysis
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Phylogenetic tree was generated by MEGA (V.6.06) (Kumar, S. et al.,
Computer applications in the biosciences: CABIOS 1994, 10:189-191) using ClustalW
alignment and maximum-likelihood (ML) (Tamura, K. et al., Mol. Biol. Evol. 2011,
28:2731-2739). The tree topologies were made by bootstrap analysis with absolute
distances following 1,000 bootstrap replicates (Felsenstein, J. Evolution 1985, 39:783-
791).

Intrahost variant calling and analysis

Intrahost variants (iISNVs) were identified using a haplotype-based variant
detector (Freebayes) with setting of ploidy of 1 and error rate of 0.8% (Illumine MiSeq)
(Quail, M. A. et al., BMC genomics 2012, 13:341). If the frequency of variant population
was higher than 0.8%, it was considered as an iISNV site. The genetic variants were
annotated by SnpEff v4.1 (Ruden, D.M. et al., Fly 2012, 6:80-92). The NGS data was
displayed by generating plots with Circos (v 0.67) (Krzywinski, M. et al., Genome Res.
2009, 19:1639-1645).

Field sample collection and preparation

AlV field samples were collected by inserting Dacron swabs (Fisherbrand,
Catalog No. 14-959-97B) into cloaca of poultry objects. The swabs were transferred into
a cryovial containing 5 mL viral transport medium, which was prepared by following
WHO guidance . Prior to testing, a cryovial containing swab was first shaken by a vortex
mixer (IKA MS2 S9 Mini Shaker) and then centrifuged under 1,500 g for 30 minutes.
The supernatant was collected and passed through a membrane filter of 0.2 pm pore size
prior to use.

The turkey tissue sample was from a turkey eyelid with gross lesion of
swelling. The tissue sample was minced with sterile scissors in a 20 mL sterile plastic
container (Cat No. 14310-684, VWR) containing viral transport medium at 1:5 (w/v)
dilution. The minced tissue was transferred to a sterile Stomacher bag and homogenized
in a Stomacher blender (Model 80, Seward Ltd., UK) for 2-3 minutes. The tissue

homogenate was centrifuged at 1500 rpm for 10 min. The supernatant was filtered
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through a 0.45 um syringe filter into a polypropylene conical tube, ready for virus

detection.

The results are now described.

Device operation and design based on tunable inter-tubular distance of aligned N-

MWCNTs

Depending on the type and source of the virus-containing sample, virus
particles need to be released into aqueous suspensions by gentle vortexing, shaking (for
swab samples) or tissue homogenization (for tissue samples), before they are introduced
into the CNT-STEM (Figure 22A). Large cells or tissue debris were removed by filtering
the crude samples with membrane filters exhibiting pore size of 220 nm or 450 nm (not
shown). As the virus suspension flows through the CNT-STEM, virus particles are
efficiently captured by the N-MWCNT arrays while contaminants of small size flow
through (Figure 22B). If needed, the viruses (tightly adhered to the carbon nanotubes) can
be easily retrieved/studied after opening the device (Figure 23 A, Figure 23B). In order to
synthesize these vertically aligned N-MWCNT on the micro-device substrate, standard
semiconductor batch microfabrication techniques were used to pattern catalyst (iron
clusters), followed by selective growth using aerosol-assisted chemical vapor deposition
(AACVD; Figure 27A and Figure 24) (Reyes-Reyes, M. et al., Chem. Phys. Lett. 2004,
396:167-173; Villalpando-Paez, F. et al., Chem. Phys. Lett. 2006, 424:345-352).

SEM and TEM images (Figure 27B through Figure 27E) as well as Raman
measurements with calculated D/G intensity ratios (Figure 28A and Figure 28B) confirm
the presence of N-MWCNTs synthesized directly on the substrates (Reyes-Reyes, M. et
al., Chem. Phys. Lett. 2004, 396:167-173; Villalpando-Paez, F. et al., Chem. Phys. Lett.
2006, 424:345-352; Sumpter, B.G. et al., ACS nano 2007, 1:369-375). N-MWCNTs were
selected for their excellent mechanical strength (Yu, M.F. et al., Science 2000, 287:637-
640) and optimal biocompatibility as reported by a previous study (Mihalchik, A L. etal.,
Toxicology 2015, 333:25-36). After growing N-MWCNT arrays on patterned areas of the
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substrate, the silicon substrate was bonded with a PDMS chamber in order to perfectly
seal the micro-fluidic chamber without experiencing any leakage.

An important accomplishment of this work is the control of the inter-
tubular distance within the CNT arrays so they could match different virus sizes. In this
context, different iron catalyst thickness were deposited onto the Si substrates (Figure
27F through Figure 27J). When the thickness of the iron catalyst thin film increases from
1 nm to 12 nm, the density of the iron particles decreases while the particle diameter
increases, thus causing the inter-tubular distance of N-MWCNTs to increase from 17+6
nm to 325456 nm. It is also noteworthy that N-MWCNTs consist of concentric tubules
exhibiting average diameters of 17-99 nm. In general, the height of the N-MWCNTs also
increases over time, however the growth rate significantly decreases after 20-30 minutes

of synthesis (Figure 28C through Figure 28F).

Performance of size tunable enrichment characterization

In order to validate the size-tunable enrichment capability of the CNT-
STEM, fluorescent molecules and fluorescent polystyrene nanospheres of 20 nm, 50 nm,
100 nm, 140 nm, 400 nm, and 1000 nm in diameter were tested and introduced into CNT-
STEMs exhibiting different inter-tubular distances (Figure 29A and Figure 30A). Figure
29B shows the filtration characteristics of CNT-STEMs with 25 nm, 95 nm and 325 nm
inter-tubular distances. They all have a binary separation profile, meaning that for a
CNT-STEM with a particular inter-tubular distance, smaller nanoscale particles usually
penetrate the N-MWCNT structure while larger particles cannot. The particle diameter
corresponding to a 50% penetration ratio (the background-corrected fluorescence
intensity of the filtrate to that of the original suspension) was defined as the critical
particle size of the CNT-STEM with a specific inter-tubular distance (Figure 31).
However, the fluorescence intensity inside the N-MWCNT array is extremely low,
maintaining at the same level before and after fluorescein or fluorescence nanospheres
flow into the device. This can be explained by the high optical absorbance of the N-
MWCNT forest, reported for vertically aligned carbon nanotube forests as a nearly

perfect black body absorber (deHeer, W.A. et al., Science 1995, 268:845-847; Mizuno,
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K. et al., Proc. Natl. Acad. Sci. U. S. A. 2009, 106:6044-6047; Yang, Z.-P. et al., Nano
Lett. 2008, 8:446-451). Similarly, the viruses inside the N-MWCNT array also elude
fluorescence detection (Figure 32A).

By opening the CNT-STEM device and after observing the N-NWCNT
array under SEM, the nanospheres embedded inside the N-MWCNT array could be
clearly visualized (Figure 30B). Thus, in order to separate large nanoscale particles from
small contaminates, the inter-tubular distance of the N-MWCNT can be tuned to be

smaller than the target nanoscale particles but larger than the contaminants.

Label-free capture of viruses by CNT-STEM

A low pathogenic (LP) avian influenza virus (AIV) (Gao, R. et al., Nwe
Engl. J. Med. 2013, 368:1888-1897; WHO, "World health report - A safer future: global
public health security in the 21st century," (Geneve, 2007); Yang, Z.Y. et al., Science
2007, 317:825-828) was used as a model system to characterize and optimize the CNT-
STEM performance. In particular, the performance of the CNT-STEM was studied using
swab samples of a LPAIV subtype HSN2 (A/chicken/PA/7659/1985) by spiking freshly
propagated viruses into tracheal swabs obtained from specific pathogen-free (SPF)
chickens. The size of the HSN2 LPAIV was measured as 93+35 nm (fig. S5). When 50
uL processed swab supernatant containing 10 EIDso/mL H5N2 LPAIV was introduced
into CNT-STEMSs of 95 nm inter-tubular distance, SEM and TEM images clearly showed
virus particles well distributed and efficiently trapped inside the N-MWCNT array Figure
22B insets). The CNT-STEM captured viruses are readily detected by on-chip indirect
fluorescent antibody (IFA) assay using ATV HS subtype specific monoclonal antibody
(Figure 32A, Figure 32B) (Lu, H. et al., J Veter Sci Med 2013, 1:5). In general, CNT-
STEMs of smaller inter-tubular distance showed stronger fluorescence, thus indicating a
higher density of the captured virus. However, as explained above, viruses trapped inside
the N-MWCNT structures cannot generate fluorescence. Thus the on-chip fluorescence
staining can only qualitatively detect the existence of the viruses, but incapable of

quantify virus counts within CNT forests.
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In order to measure virus capture efficiency, conventional reverse
transcription real-time PCR (rRT-PCR) was applied. CNT-STEMs were made with three
different inter-tubular distances of 25 nm, 95 nm and 325 nm. Each CNT-STEM was
loaded with 50 uL sample containing 10° EIDso/mL H5N2 LPAIV. By measuring the
original virus titer and that of the flow-through after enrichment with CNT-STEM, virus
capture efficiency of the CNT-STEMs with 25 nm, 95 nm and 325 nm inter-tubular
distances was measured as 96.5+0.5%, 88.0+0.3% and 57.5+0.4%, respectively (Figure
32C, Figure 33, Figure 34).

Virus concentration and enrichment

The most commonly used viral surveillance tests are rRT-PCR (Ellis, J.S.
et al., Rev. Med. Virol. 2002, 12:375-389) and virus isolation (Eisfeld, A.J. et al, Nat.
Protocols 2014, 9:2663-2681; Wood, J.M. et al., Nat. Rev. Micro. 2004, 2:842-847),
where a major challenge is to yield true positive results for samples containing virus
concentrations below the detection limits. It was investigated whether CNT-STEM could
improve the virus detection limits of TRT-PCR and virus isolation. In many cases,
captured viruses need to be retrieved from the device for further analysis. In the present
case, this has been easily achieved by opening the PDMS chamber of the device, and
recovering the virus-embedded within N-MWCNTs using a pipette tip.

In order to investigate the benefit of CNT-STEM on the overall rRT-PCR
assay sensitivity, 1.0 mL HSN2 sample was loaded into CNT-STEMs of 25 nm inter-
tubular distance. The viruses were enriched, retrieved, and re-suspended in a final volume
of 50 pL. The same volume was used for conventional rRT-PCR without virus
enrichment. After the CNT-STEM enrichment, rRT-PCR detected AIV in all samples
(6/6) with original titer as low as 1 EID50/mL, while without using the CNT-STEM, the
rRT-PCR detection limit was measured as 102 EID50/mL for the same AIV samples
(Figure 32D, Figure 33, Figure 35). Therefore, the CNT-STEM improves the overall
rRT-PCR detection limit by at least two orders of magnitude. To exclude the potential
effect of N-MWCNT in rRT-PCR, the same amount of N-MWCNTs was added inside
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the CNT-STEM into the rRT-PCR reaction, and it was found that the N-MWCNTs do not
exhibit adverse effects (Figure 36).

Virus isolation remains the “gold standard” for AIV diagnostics (Eisfeld,
A.J. et al., Nat. Protocols 2014, 9:2663-2681). For this procedure, viable intact virus
particles are inoculated into an embryonated chicken egg (ECE) and kept under proper
conditions for virus cultivation. This procedure fails when the original virus
concentration is too low or the viruses are non-viable or non-proliferable. Therefore, it
was investigated whether CNT-STEM enriched virus samples can be directly used for
virus isolation to study if the trapped viruses are viable, and then if the enrichment
procedure can potentially improve the well-established virus isolation procedure (Figure
37A). In this context, the HSN2 AIV was prepared in three serial dilutions in titers of 10*
EIDso/mL, 10° EIDso/mL, and 10* EIDso/mL. After 72 hours post inoculation in ECEs,
viruses were collected from the allantoic fluid and Dot-ELISA assay applied using
antibody against AIV HS5 antigen to test for the existence of viruses (Figure 37B). The
successful virus isolation rates were measured as 100%, 100%, and 90% for CNT-STEM
processed samples of original virus titers of 10* EIDso/mL, 10° EIDso/mL, and 107
EIDso/mL, respectively (Figure 37C). For those samples without CNT-STEM
preparation, the corresponding virus isolation rates were determined as 100%, 50%, and
0%, respectively. Therefore, the CNT-STEM retains the virus viability and significantly
improves the virus isolation rate, while the N-MWCNTs do not interfere with the virus

cultivation process.

Unknown virus enrichment and detection by NGS

While NGS does not require prior knowledge of pathogens, the
combination of CNT-STEMs for virus enrichment and NGS for virus identification can
be a unique and powerful approach for discovering unknown/emerging viruses. Normally
NGS requires starting genetic materials in microgram range with high purity in a small
volume of tens of microliters (Acevedo, A. et al., Nat. Protocols 2014, 9:1760-1769),
which is prohibitive for field samples of low virus count and highly contaminated. In

order to explore the feasibility and develop a practical pipeline of the CNT-STEM for
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these field conditions, the HSN2 LPAIV strain that had been tested in the present study
was used to prepare mimic field samples. Although this is an AIV strain isolated in 1985,
its whole genome has not been sequenced before. Freshly propagated viruses were spiked
into tracheal swabs obtained from SPF chickens to a final virus titer of 107 EIDso/mL
titer. Then 250 uL of the prepared sample was loaded into a CNT-STEM of 95 nm inter-
tubular distance and RNA extracted into a final volume of 50 pL for NGS analysis.
Compared with control RNA extracted from 50 uL original HSN2 sample, both the
concentrations of the total RNA and the converted cDNA were higher after the CNT-
STEM enrichment and concentration (RNA: 870450 pg/uL versus 144434 pg/ul., cDNA:
3.8 nM versus 0.8 nM). The NGS viral reads increased from 2.9% (37,627 reads) to
90.6% (1,175,537 reads), thus corresponding to an enrichment factor of ~600, and
indicating that the CNT-STEM removed most of the contamination from the chicken host
at the same time (Figure 38A). For the CNT-STEM processed sample, by following the
bioinformatics pipeline in Figure 26, the viral reads by NGS were de novo assembled into
eight single contiguous sequences (contigs) with a ~10°x coverage. The nucleotide
BLAST search to Genbank (nr/nt database) shows the assembled sequences form the
complete genome of the unsequenced HSN2 LPAIV strain (Figure 38B, Figure 39). High
sequence coverage allowed for the identification of 38 intrahost variants, including 35
intrahost single nucleotide variation (iISNV) sites, 2 intrahost multiple nucleotide
variation (iIMNV) sites, and 1 deletion site. By searching through sequenced AIV strains
in Genbank, the closest strain is HSN2 AIV strain A/mallard/Wisconsin/411/1981
isolated from mallard chicken in Wisconsin, USA in 1981. Phylogenetic analysis of HA
and NA gene suggested this HSN2 strain (A/chicken/PA/7659/1985) belongs to the same
branch of HSN2 strains isolated during 1980s in the Eastern and Midwestern United
States (Figure 38C, Figure 40A, Figure 40B). This unsequenced H5N2 strain was named
A/chicken/PA/7659/1985 and deposited into the NCBI database under KP674444-
KP674451 (8 segments, complete sequences). This HSN2 strain has the mono-basic
cleavage site (PQRETR/GLF) in the HA gene, indicating it is a LPAIV, which can grow
only in limited areas of the poultry host (Alexander, D.J. et al., Avian Influenza.

(Blackwell Publishing Ltd., 2009), pp. 217-237).
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Field sample validation — a case study of avian influenza surveillance

In order to validate the new approach for real field samples, a cloacal swab
pool collected from five ducks during a 2012 AIV surveillance in Pennsylvania were
applied. The sample was previously detected as AIV type A positive by rRT-PCR.
Without any virus purification and propagation, 1.0 mL of the total ~5 mL suspension of
the duck swab sample was enriched and concentrated by a CNT-STEM of 95 nm inter-
tubular distance. Measured by rRT-PCR, the CNT-STEM increased virus titer from
6x10% EIDso/mL to 2x10* EIDso/mL (Figure 41). NGS and de novo sequence assembly
yielded 8 AIV contigs in complete lengths (Figure 42A), but no AIV related contig was
discovered in the sample without CNT-STEM enrichment. A nucleotide BLAST search
of Genbank (nr/nt database) showed the sequenced AIV was an unsequenced strain and
had different homologies to other reported strains, with ~99% similarities to the closest
strains (Figure 45A, Figure 45B). Phylogenetic analysis indicated the sample is an
emerging H11NO strain. It is closest to two H1 1N9 strains A/duck/MN/Sg-00118/2007
(H11N9) and A/pintail/ MN/Sg-00149/2007(H11N9) isolated in Minnesota, USA in 2007
(Figure 42B, Figure 43, Figure 44A, Figure 44B). It was named “A/duck/PA/02099/2012
(H11N9)” and the sequence was deposited in the NCBI database under KR870234-
KR870241 (8 segments, complete sequences). The H1 1NO strain was further confirmed
by USDA-NVSL (Ames, [A) through serological tests.

Field sample validation — a case study of an unknown turkey virus

To verify the utility of the novel method with a truly clinically “unknown”
virus, the CNT-STEM was used to process an eyelid tissue homogenate from a clinical
case of a turkey reported to the Penn State Animal Diagnostic Laboratory in the summer
of 2014. The turkeys had a symptom of blepharoconjunctivitis that had nodules and
swollen lesions and was suspected to be caused by a viral agent. Various common tests
for virus identification based on the symptoms of the infected turkeys, such as general
serologic tests (e.g. fluorescent antibody, agar gel immunodiffustion, hemagglutination-

inhibition, virus neutralization), and molecular assays (e.g. PCR) came out negative.
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CNT-STEM was used with NGS as the last resort. First, 5 mL tissue homogenate was
filtered through a membrane filter of 0.45 um pore size. Then 750 uL filtrate was
enriched and concentrated to 50 uL by a CNT-STEM of 25 nm inter-tubular distance and
analyzed by NGS. From the CNT-STEM processed sample, 3.81% of the total NGS reads
were viral reads (50,076/1,263,289), in contrast to only 0.001% viral reads
(17/1,626,134) from 50 pL of the original membrane filter tissue filtrate without CNT-
STEM enrichment/concentration. The NGS reads represent an enrichment factor of
3.8x10°. After assembly, two viral contigs were obtained with an average coverage of
1,056. The nucleotide BLAST search identified this putative viral agent as a new variant
strain of infectious bursal disease virus (IBDV) with less than 94-95% similarity to other
reported IBDV strains in the USA (Figure 45A). iSNV analysis identified 4 iSNV sites,
where 2 iISNV resulted in amino acid changes. Phylogenetic analysis and BLAST search
results indicated that this is indeed a novel strain (IBDV/turkey/PA/00924/14), close to
an IBDV strain of serotypes 2 isolated from turkeys in Ohio, USA (Figure 45B, Figure
46, Figure 47A, Figure 47B). Serotype 2 is relatively rare for sequenced and identified
IBDVs, and it is suspected this is the reason why initial serologic and molecular tests
failed to identify the virus. Moreover, the viral agent was observed under TEM, and it
consisted of “birnavirus-like” particles of ~65 nm in diameter, well matched with the
IBDYV identification (Fig. 8B inset). The virus was named “IBDV/turkey/PA/00924/14”,
and the sequence deposited with NCBI database under KP642112 (Segment A) and
KP642111 (Segment B).

Carbon nanotubes are among the strongest materials on earth (Yu, M.F. et
al., Science 2000, 287:637-640; Qian, D. et al., Appl. Mech. Rev. 2002, 55:495-533). The
strength and stiffness of N-MWCNTSs are comparable to pristine MWCNTs (Ganesan, Y.
et al., ACS Nano 2010, 4:7637-7643). Since filtration is mainly a mechanical process, the
high stiftness of the constructing nanomaterial enables the fabrication of a device with
extremely high porosity up to 95% while still maintaining structure integrity during
filtration. Therefore, the robustness of CNTs and the extremely high porosity of the N-
MWCNT arrays distinguish the present CNT-STEM technology from other existing
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ultrafiltration techniques; at least two orders of magnitude lower in normalized flow
resistance compared with commercial ultrafiltration membranes (Figure 48). This high
porosity is critical for reducing flow resistance, preventing device clogging, and
decreasing CNT material usage to minimize negative effect in downstream virus
analyses, all of which empower the CNT-STEM as a point-of-care platform for efficient
virus sample preparation from animal and human samples.

It is also noteworthy that the overall success rate from device fabrication
to testing is 76.8% out of 228 fabricated devices for these studies. In Figure 49, the
device yield and reliability were recorded and analyzed during the CNT-STEM
fabrication, assembly and testing. The overall success rate from device fabrication to
testing is 76.8% out of 228 fabricated devices. During device fabrication, the PDMS top
chamber was aligned to the N-MWCNT forest patterns by naked eyes before bonding, 16
out of 228 devices (7.0%) failed because of the misalignment. Although the N-MWCNT
forest structure can withstand pressure and forces during normal device operation, when
it hits a hard surface during fabrication, it can still “crash”. This kind of mishandling
accounts for 2.6% of overall device failure. Finally prior to virus filtration, the flow rate
was measured during the PBS wash. 31 out of 206 devices were found to have a leakage
problem, which presented 58.5% (31/53) of all failure devices. The leakage is believed to
be caused by some micro-scale damages of N-MWCNT structures, which compromised
the integrity of the N-MWCNT porous wall and too miniscule to be observed under an
optical microscope directly. To improve the yield of the device, some custom-made jigs
or tools can be designed for automatic handling during the device fabrication, assembly
and testing.

Device failing is due to leakage (13.6%), misalignment of PDMS-CNTs
(7.0%) and N-MWCNT structure inhomogeities (2.6%). However, all these can be
improved by further microfabrication tuning. For leakage, a simple and effective method
was developed to evaluate it (before introducing real samples), by measuring the flow
rate of buffer solution through the CNT-STEM device.

The tunable range of the inter-tubular distance of N-MWCNT (17 - 325

nm) spans the majority of the virus size spectrum, and provides unique flexibility in
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device design/fabrication able to reach the best performance for different viruses. In order
to prepare samples for NGS, it is preferable to use CNT-STEM with larger inter-tubular
distance if host ribosome RNA (rRNA) is a concern; larger inter-tubular distance will not
trap ribosomes (~20 nm in diameter). Thus, CNT-STEM with 95 nm inter-tubular
distance was used for the AIV samples targeted for NGS analysis. This is also justified
for mimicking HSN2 swab samples: the rRNA reads reduced from 985,397 (41.7% of
total reads) to 33,735 (2.6% of total reads) after the CNT-STEM sample preparation. For
viruses of small size or samples with unknown viruses, it is more preferable to test
viruses with devices of smaller inter-tubular distance. CNT-STEM of 25 nm inter-tubular
distance was used to enrich and concentrate unknown viruses from the turkey eyelid
tissue sample, and it turned out that the isolated IBDV was smaller than the previously
tested AIV (65 nm vs 93 nm).

It has been reported that high concentration of CNTs can inhibit PCR
while low concentration of CNTs may enhance it. The present experiments demonstrate
there was no noticeable effect of N-MWCNT on the Ct values of the rRT-PCR. The
weight of N-MWCNTs inside each CNT-STEM was measured as 26 pg, which
corresponds to a final concentration of 0.5 pg/uL in the rRT-PCR reaction mixture. The
concentration is consistent with the previously reported CNT concentration ranges that
have no effect or can enhance PCR.

In both the rRT-PCR virus detection and the ECE virus isolation
experiments, the improvement correlates with the volume ratio of the original sample to
that of the re-suspended sample after enrichment, which underlines the importance of the
optimal sample concentration provided by the CNT-STEM. Concentration effects can
account for a large part of the improvement of rRT-PCR and virus isolation, since the
contaminating materials do not significantly affect the highly specific rRT-PCR virus
detection and they are non-proliferable in embryonated chicken eggs. However, the
contaminant removal and sample concentration are key for the whole genome sequencing
using NGS, because random primers are used that do not distinguish viral targets from

other contaminating genetic materials.
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The CNT-STEM reported here provides a unique platform of a
nanomaterial-integrated microfluidic device for label-free enrichment and concentration
of viruses from field samples. By engineering the bottom-up synthesis process, N-
MWCNTs arrays were selectively grown on device substrates and then integrated directly
into microfluidic devices. This combined bottom-up synthesis and top-down
microfabrication makes the production of the device potentially scalable and low cost.
The unique properties of the vertically aligned N-MWCNT enable the CNT-STEM to
enrich viable virus particles, and remove host and environmental contaminants in a
highly efficient way. The tunable size range of the CNT-STEM covers the size of most of
the reported viruses. This novel technology was demonstrated to significantly improve
current rRT-PCR and virus isolation in avian influenza virus surveillance. More
importantly, it enables genomic sequencing using NGS directly from real field samples
without virus amplification. Since neither CNT-STEM based virus sample preparation
nor NGS requires prior knowledge of the viruses inside the sample, this combination
provides a unique and powerful approach for novel and emerging virus discovery, thus

significantly contributing to the control and eradication of viral infectious diseases.

Example 4: Plant plum pox virus (PPV) enrichment
A feasibility study of PPV enrichment was performed by CNT-STEM.
CNT-STEM with 25 nm inter-tubular distance was used to enrich PPV samples. The

enrichment results were measured by RT-PCR. Figure 50A shows the Ct values of PPV
serial dilution samples after being processed by current a USDA protocol and by CNT-
STEM. Overall, CNT-STEM has better PPV enrichment performance compared to the
current USDA protocol. Under PPV with 100x dilution, CNT-STEM improved the Ct
value by ~7, which corresponds to ~100 times better yield compared to the current USDA
standard protocol. This preliminary study demonstrated the feasibility of CNT-STEM as

an effective sample preparation platform for PPV field sample preparation.

The materials and methods of the feasibility study are now described.
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Leaf sample preparation

A set of plant grinding bags were labeled for the number of samples to be
tested, wherein each laboratory sample should consist of no more than 8 leaves. The
leaves were stacked on top of each other and a portion of the leaves were torn nearest to
the petiole end, along the mid rib on the remaining side of the leaves. 0.3 g of each
sample were weighed and placed in the corresponding grinding bag between the mesh
layers of the grinding bag. Samples were kept on ice.

Pre-chilled GEB4 grinding bufter was added to each bag at 1:10 ratio
(tissue weight in g:buffer volume in mL). A tissue homogenizer device was used to grind
the leaves into sap from the outside of the bag. After grinding, the bags of ground sap
were kept in ice until loading. At least S00 uL of ground sap into a 1.6 mL disposable
microcentrifuge tube. All processed sampels should be loaded into a prepared plate

within 1-2 hours of grinding.

One-step RT-PCR

All reagents, primers, and probes were thawed at room temperature,
except the SuperScript® III RT/Platinum® Taq Mix and RNaseOUT were kept on ice.
All thawed reagents were vortexed at a setting of 7-10 until well homogenized. Vortexed
tubes were spun for 15-30 seconds at >10,000 rpm in a bench-top microcentrifuge and

kept on ice.

RT-PCR set-up

RT-PCR TagMan was performed with Invitrogen’s SuperScript® 11
Platinum® One-Step qRT-PCR Kit. The kit consists of 2x Reaction Mix (containing RT-
PCR buffer, 3mM Mg and dNTPs), SOmM MgSO4 and SuperScript® III RT/Platinum®
Taq Mix. The kit also contains ROX Reference Dye, which was not used. Master Mix
preparation and aliquoting must be done in a decontaminated PCR workstation/enclosure
on a new disposable lab mat.

A Cepheid cooling block was removed from a 4 °C refrigerator and placed

in the PCR workstation. 20 uL. of PPV Master Mix was prepared for each sample plus 4-
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6 control tubes plus 1 extra mix for every 10 reactions needed. For example, for 20
reactions, 22 volumes of PPV Master Mix was prepared. Each volume of PPV Master
Mix contained: 3.5 uL Molecular Grade Water; 12.5uL 2x Reaction Mix; 1.5 uL 50mM
MgSOs4; 1 uL 5pM Sch FRD-REV primer mix; 0.5 pL 5pM Sch probe; 0.5 pL 40u/pL
RNaseOUT; and 0.5 pL SuperScript® III/Platinum® Taq Mix. Master Mix was mixed by
pipetting gently up and down 2-3 times and kept on ice. SmartCycler® tubes (25 pL)
were placed into the Cepheid cooling block, and the 20 pL volumes of Master Mix were
pipetted into each tube. The tubes were taken to the PCR thermocycler station and 5 pL.
of RNA sample or control were added to the appropriate tubes to yield a total reaction

volume of 25 pL.

The disclosures of each and every patent, patent application, and
publication cited herein are hereby incorporated herein by reference in their entirety.
While this invention has been disclosed with reference to specific embodiments, it is
apparent that other embodiments and variations of this invention may be devised by
others skilled in the art without departing from the true spirit and scope of the invention.
The appended claims are intended to be construed to include all such embodiments and

equivalent variations.
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CLAIMS

What is claimed is:

1. An enrichment platform device for size-based, label-free capture of

particles in sample solution, the device comprising:

a substrate;

vertically-aligned carbon nanotubes arrays (VACNT); and

a cover having at least one inlet and at least one outlet;

wherein the VACNT is attached to the substrate, the cover bonds
to the substrate to seal the VACNT within the cover, and sample solution enters via the at
least one inlet, passes over the VACNT, and exits via the at least one outlet, whereupon
particles in the sample solution are captured by the gaps between the VACNT based on

size.

2. The enrichment platform device of claim 1, wherein the substrate
comprises material selected from the group consisting of: silicon, glass, sapphire, metals,

and polymers.

3. The enrichment platform device of claim 1, wherein the cover
comprises material selected from the group consisting of: plastics, metals, glass, sapphire,

polymers, and polydimethylsiloxane (PDMS).

4. The enrichment platform device of claim 1, wherein the cover is

removable.

5. The enrichment platform device of claim 1, wherein the VACNT
comprise single-walled CNT, double-walled CNT, multi-walled CNT, and combinations
thereof.

6. The enrichment platform device of claim 1, wherein the VACNT is
nitrogen-doped VACNT, boron-doped VACNT, silicon-doped VACNT, aluminum-
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doped VACNT, phosphorus-doped VACNT, lithium-doped VACNT, and combinations
thereof.

7. The enrichment platform device of claim 1, wherein the VACNT

are separated by a gap size between 1 nm and 500 nm.

8. The enrichment platform device of claim 1, wherein the device is a

microfluidic device.

0. The enrichment platform device of claim 1, wherein the device is a
handheld device.
10.  An enrichment platform device for size-based, label-free capture of

particles in sample solution, the device comprising:

a substrate comprising a plurality of channels;

a cover having at least one inlet and at least one outlet; and

a plurality of nanowires;

wherein the plurality of nanowires are attached to the substrate
within the channels, the cover seals the plurality of channels, and sample solution enters
via the at least one inlet, passes through the plurality of channels, and exits via the at least
one outlet, whereupon particles in the sample solution are captured by the gaps between

the plurality of nanowires based on size.

11.  The enrichment platform device of claim 10, wherein the substrate
comprises material selected from the group consisting of: silicon, glass, sapphire, metals,

and polymers.
12.  The enrichment platform device of claim 10, wherein the cover

comprises material selected from the group consisting of: plastics, metals, glass, sapphire,

polymers, and polydimethylsiloxane (PDMS).
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13.  The enrichment platform device of claim 10, wherein the cover is

removable.

14.  The enrichment platform device of claim 10, wherein the
nanowires comprise materials selected from the group consisting of: silicon, zinc, zinc

oxide, and nickel.

15.  The enrichment platform device of claim 10, wherein each

nanowire is separated by a gap size between 1 nm and 500 nm.

16.  The enrichment platform device of claim 10, wherein the device is

a microfluidic device.

17.  The enrichment platform device of claim 10, wherein the device is
a handheld device.
18. A method of making an enrichment platform device comprising

VACNT, the method comprising:

depositing a metal catalyst thin film on a substrate by e-beam
evaporation and lift-off process;

patterning the metal catalyst thin film using lithography;

depositing CNT precursor material on the metal catalyst thin film
using chemical vapor deposition (CVD) to create VACNT; and

bonding a cover to the substrate to encase the VACNT.

19. The method of claim 18, wherein the metal catalyst thin film is an

iron-catalyst thin film, a nickel-catalyst thin film, or a cobalt-catalyst thin film.

20. The method of claim 18, wherein the metal catalyst thin film
thickness is adjusted to tune gap size, diameter, and density of the VACNT.

21.  The method of claim 20, wherein increasing the metal catalyst thin

film thickness increases the VACNT gap size.
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22. The method of claim 20, wherein the gap size is tuned between 1

nm and 500 nm.

23.  The method of claim 20, wherein increasing the metal catalyst thin

film thickness increases the VACNT diameter.

24.  The method of claim 20, wherein increasing the metal catalyst thin

film thickness decreases the VACNT density.

25. The method of claim 19, wherein the precursor comprises doping

material.

26. The method of claim 25, wherein the doping material is selected
from the group consisting of’ nitrogen, boron, silicon, aluminum, phosphorus, and

lithium.

27. A method of making an enrichment platform device comprising
porous silicon nanowires (PSNWs), the method comprising:
depositing a thin photoresist layer on a silicon substrate;

patterning the thin photoresist layer by removing photoresist using

lithography;
etching a channel in the substrate where photoresist is absent;
depositing a thicker layer of photoresist on the existing layer of
photoresist;
depositing silver nanoparticles (SNP) within the etched channel,
reacting with the SNP as a catalyst to perform silicon etching to
form PSNWs;

removing the photoresist and SNP; and

bonding a cover to the substrate to encase the PSNWs.

28. The method of claim 27, wherein the etching is deep reactive-ion

etching (DRIE), metal assisted silicon etching, or wet etching.
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29. The method of claim 27, wherein the gap size of the PSNWs is
tuned by adjusting SNP deposition time.

30. The method of claim 28, wherein increasing SNP deposition time

increases PSNW gap size.

31 The method of claim 28, wherein the gap size is tuned between 1

nm and 500 nm.

32. A method of filtering particles of a specific size out of a solution,
the method comprising:
fabricating an enrichment platform device comprising a gap size
matching the size of the particle to be filtered; and
passing the solution through the filter.

33. A method of capturing particles of a specific size out of a solution
for analysis, the method comprising:
fabricating an enrichment platform device comprising a gap size
matching the size of the particle to be filtered,;
passing the solution through the filter; and

analyzing the captured particles in the enrichment platform device.

34. A method of capturing viable particles of a specific size out of a

solution and releasing the same viable particles for analysis, the method comprising:

fabricating an enrichment platform device comprising a gap size
matching the size of the particle to be filtered,;

passing the solution through the filter;

removing the enrichment platform device cover;

releasing the captured viable particles from the enrichment
platform device; and

analyzing the released viable particles.
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35. The method of claim 33, wherein the particles are released by

scratching the device surface.

36. The method of claim 33, wherein the particles are released by

degrading the device nanostructures.

37. The method of claims 32 or 33, wherein the solution is derived

from a patient.

38. The method of claims 36, wherein the captured particles are used

to diagnose the patient as being host to the captured particles.

39. The method of claim 37, wherein a patient being diagnosed as

hosting the captured particles is indicative of having a disease.

-77-



PCT/US2016/042832

WO 2017/015226

dT — VT 24n314

1/59

...................................................... %

.

- ,

7 owvems 7 hewivEiey.
g7 — Pmi e — (g 01

v



PCT/US2016/042832

WO 2017/015226

2/59

DT — V¢ 2in3i4

e

‘“,mm_.m.\‘\\.\,,‘..\.ﬁ\.%.\.:i\.w..s..,\\nﬁmwwuwm SO @umﬁmﬁ HPIMPOIA m

2

Connrrrl

4 5 4 -

IR R FEEE R B %

197 (oY

mwmmmmw § % mawwmmm H k4 mwmmumm § £ m
wirty swospiay  HH00L WGl SR
WP UOYOOMIY Spicdty

Rlsiaeg SHESTIA B0 SHNIBOUL RUg




WO 2017/015226

T
s
&
el
124
)
%4
=
=
Wy
Q.
£
S
Py
vy
Q
5
® |
)
=
£
)
Q.

SNPs @ bottom C

Cross-section view

PCT/US2016/042832

480

Shat side; 227436
Long side; 291£47

N 58

300 360 420

Length (nhy)

246

B

¢ R
N,

“\‘:,_

0

\,g <
I
Lo
T
i
Q [eo] faw Lon] [oec)
afivjusdiad
[ g
85
s
o &
S & h
75
]
§ 28 2
H Oz
8E
oY =
=
<r
N
QL
poe X -
N b
SN
L
A
&
T B T T T \'\ ::
<t ! oy g <
o [r) fon) o <3
afimjusiod
(]
r &5
Lo \
b3 A . )
------- =% \&%;——%4 =
v \
VoA
oo 1»‘---&"----‘ e--a@‘;‘-im 2 o
N \\ o
L0 \ :
% @ E g‘. B \\\$+§«~: fé;(lll g
FoE N | f
o g g \ ¥
5 WL & v
& s A
6 & e ‘?ﬁ
e GG A
Looog g 2 Lo
Foalr el < S o e 5 ™
HH oW ﬂ.
N =]
[
IR
f T T T T L)
22 2 Lo 3 o] <
(=] 2 L2 Q
-3 o Tt o
LL. (L) Bz

Figure 3A-3C



PCT/US2016/042832

WO 2017/015226

4/59

\

.

SANG 4O caﬁmoawa G

SO \%&
Aydesbouylr

{ 2an314

%; &

SIANISA BUgsII D SANS B Isisasojoyd Bujaocway

ysasoyoyd wiyy bulaoway ¢ FHAE

il

142

\\ Y

T Wi QM Bujess g

%xo«ﬁmoﬁﬂ 1



WO 2017/015226

\"\\\F 3
%\&

5/59

PCT/US2016/042832

Figure 5A—-5B



WO 2017/015226 PCT/US2016/042832

3 ) &
3 Ems—

RGO {5

vy Fiald, s cnnp

Gugtbosi Wuhach

Figure 6A - 6D

-;*mm:

2 Hied, y nn

o

St et




WO 2017/015226

i Sk xRS

o2

PCT/US2016/042832

Figure 7A-7D



WO 2017/015226

5.
B
S
&N
N
v
.5&{
%.
&
S
§
BN
B
&t

5

X

g

PCT/US2016/042832

Figure 8A—-8D



WO 2017/015226

9/59

PCT/US2016/042832

Figure 9



PCT/US2016/042832

WO 2017/015226

10/59

dot — voT 34n3i4

(wr) yipim

speag wug0y =

(wn) yidsq
O_m . O,.Jv _ .O"N
-,

&

Mﬁw.\\\\'ﬁﬁﬂmj

§

() ypim

T

T

T




PCT/US2016/042832

WO 2017/015226

11/59

uone.sy|

10T — 30T 24n314

(Un/n

0 91 Zl

) 8184 MO|H
14

8

o

a—"
"

—

-\1\\\.\\\. s
\.\\.&\\a

v . .
e spesq W0y —w—|
(A SPBAQ WUG/ ity

00 -

~

—
o

.\\\\\\\\\

o o
, < <
Aouapiye aunyden

speeq WuQQy —e—
wnmmﬂ Etm .N Soeonefpercss

=
o

~

Frunsasasasna:

~

.-

00

T

¥
=3
<
o

T
o
<
o

T
o
e
o

-91°0

O
jab)
O
=
&
o
o
=
y O,
3]
=
)
e




PCT/US2016/042832
12/59

WO 2017/015226

JTT — VIT 24n314

O s

i s
o
7

%

T

A

Ja1em g ui sinot

_ . \ .

7
5%




PCT/US2016/042832
13/59

WO 2017/015226

32T — VT 24n314

JaQUUNU 810AD

{(Uiun) el moj4

- 00+30 _ @*w _ ﬂw m ,mw , 0

e 0O+ -0001

b0+

;, - 0002
¢ UIBS MOIPNG e
+1Z Bjdues MOINE ——i 1 80+ 38

{ 1) 20oUB83IoN Y
V) 80uUsnsaIon]4

SIUBE MOPL] e | SAHA GNGH 2 - 00058

N

o .
wm §e -
g
%

- ............. T ............. . T T I w a xS w .v k ._.“T».t




PCT/US2016/042832

WO 2017/015226

14/59

€T an3i4

%0°0S %0°0S mMose 0v'0T mMose ¢ apdwres mo[nQ
%S b %S°SS mMose ST 0T mMose 7 9[dwes mopnQ
%' TS %9'L¥ mMose LY'0T mMose [ s[dwes mo[pnQ
M osz or'61 mov ordwes mopyuy
AJUDIDILYD SNIIA MO[J
ADdb I 103 swnoA paniq onfeA 1D QWINJOA [eNIU]
armde) N0 JO 9FBIUDIJ




PCT/US2016/042832
15/59

WO 2017/015226

JVT — VT 24n314

Jscuuny BuAT

: Sy Oy S8 0F SE OC S 0F § D
josod saneban L L N I I
HONUOD BA1ISOH
SO+ mu
OII0D S84 Manm
a
N&Em . R A S Rt oo R m
- ; YRS \m.w
“ Gl DOMOBBIY sive] ®
4y adwes Aennaey) il gy ge 2
DL B SIoA0DY e hed
7i iE A [ ST SRS S S S Y 4 CE L BIBS AIRADIRY el
& 4 ke Laten L% P e hoX PSS oo L% i, @wﬁgﬂm &}Q&.Qm o




WO 2017/015226 PCT/US2016/042832

o
W
48]

-

Streptavidin,

Bi

|
|
|
.

«

»

104in

%

Figure 15A - 15C



PCT/US2016/042832

WO 2017/015226

17/59

9T 24n314

%C 8T M 0001 §5'€T M 0001 g o[duwes AT9A009Y
M 0$T 0v'61 M or q ojdwes mopu[
%T 6T Mooy 9127 M oot q oidwes A19A000y
I Ot 761 M 0f g o[dwes mojuy
%0 1€ M09 1991 M09 ¢V d[duwres A19A009Y
%9 LE M09 €9l M09 TV d1dwes A19A059y
%9 L1 M09 €v'LI M09 [V 9[dues A19A003Y
Mozl T6'S1 Mozl V ojdwes mopuy
Adouamo1ge aamde) ADdb I 103 dwnoa paniq anfeA 1) QWIN[OA [ET}IU]




PCT/US2016/042832
18/59

WO 2017/015226

VLT @.n3i4

Y, -

% I

(2 i, 5
%

sy,
e




WO 2017/015226 PCT/US2016/042832

19/59

N

RS B

N
N

AR
N

N

R

Figure 17B



Diameter

i
U3
S
ot
o
Qi
i&i&-‘:

WO 2017/015226

PCT/US2016/042832

20/59

S
e

thirkress i

4

Lo

\m

}

by st ok ss {nm

Figure 18A — 18C



PCT/US2016/042832

WO 2017/015226

21/59

J6T — V6T 24n314
LT Bl MO

{uiu} sspUDLl 18AIED
o0 8 ¢ v ¢

3

:g\i}:

Gis degd paieinsies

{96} Aousmyie s

e

i

L
L ¥



PCT/US2016/042832

WO 2017/015226

aoz — voz 24n3i4

e e e e
B e

vvvvvvvv : mw

X a
w7

R

§




WO 2017/015226 PCT/US2016/042832

23/59

Figure 21



PCT/US2016/042832

WO 2017/015226

24/59

d¢¢ —Vee 24n3i4

”

SJUBLIUEILICT) LNOAMIN-N paulipy st

B ik R R R R A R R P e

o eeed

WSUILUUS WTLE-1ND

“X\\\\\ ;
\

g

A




PCT/US2016/042832

WO 2017/015226

25/59

d€¢ — Ve 24n314

vEe NS INOUB

uey S

£2% 7 g 1%
iR \\ i1l

i

\\\\\\ﬁ\\\\\\\\\\\

a\\\\\\\\\\\\\x

{uy

___________
i

v



PCT/US2016/042832

WO 2017/015226

26/59

'z 24n314

fospumeghuungy

A,
7

wo W22 s Y

il B (S -

o

des} DISEAR  DOBUING T S0BUINY T  JSZINGBN

| AB}j0IU00
O}




WO 2017/015226 PCT/US2016/042832

27/59

N

\
.
=
RS
1))
)
- QO
=
=
.......... 9
-~ O
il
£
- =
-
O
L.
_cf') -

I T I Ll ! L] l L] Q

o - o O
A =

(wu) esuelsip epiped-ol-apiued abelony

Figure 25



PCT/US2016/042832

WO 2017/015226

28/59

9 24n314

o

N SAA

LI B A

v

G

AIUUISSSE LUCUBD

QU0 AEND

!



<

WO 2017/015226

29/59

N

PCT/US2016/042832

W

=

)
sapned u

QJ]

jem snosod | NOAMIACN

Figure 27A - 27F



PCT/US2016/042832

WO 2017/015226

30/59

(L) SSSUNOIYY Wi UOY)
2l 6 9 ¢

i 1. i

rL2-9.¢ 2in814

0

A
K

{LUU) SSBLDIDIY UL U0
ek 6 9 €

L H 3.

0

001

- 00C

-
-
8]

©
o
¥

0

Y.,
..mlzu e s..e.\.ﬂ. |
wwmumtmg uoy —a

501

@
L]
-—

7
o]
=~
o
P

! 1Ol

LU} S2URISID BINGN-191U|

{

{wonunoo) Aisuag

{LUU) SSBWDILL WY Uo|

-

4 T 9 £ 0
- . “ ~ L0
%& 80
y,
/
I m\\ -6°0
-0
{LuL) SSBUNDIUL WY UGk
A T ¢ 9 g 0
_ _ : : 0
. A Loz
\\». / oF
¥ 7 09
A
i 08
\, e i o
v INO e [ 09
sojonsed uoy —u— 0T

{(9%) Ausouog

{Luu} Je1eweg



PCT/US2016/042832

WO 2017/015226

31/59

JRAAELS) B SRR

o 2 €, #

418¢ — V8¢ 9in3

E

g
¥ P
H g 7
H H %
H ape b enn B
Gescnieie et G ciecrstrss Yot o

57 54

T

4 B

b
-

W
o
3
X
&
B
ey
§
=
&
]

R+ Wi o BT ARR PR AEy S

z

Yporerr s

L

X 3
s
a0

-
s mnn

bl

>

5 et 1

[
% b3

WYY oy D

§\\\\\\\:\\;

Py

i % 5 ; <

e

N
&

SRS

R

vty e L el s

p o

Lo
P

HPEFY i SSGG, 7o 000 ARG, ity

s:}
o
NI

s
RN

Lo,

o3

Py

100 L]

N
=

WS

7
‘
:
¢
i
1y
;

148

oy ey




WO 2017/015226

Particle diameter

<

102 10°
Particle diameter (nm)

10"

10°

(%) ones uonensuad

&
oy
L]
2
o
ke
£
o
=
O
<
=
g
Q
<
h

 —

&

8oUBISIP JBINgNY JaJU]

PCT/US2016/042832

Figure 29A — 29B



PCT/US2016/042832

WO 2017/015226

33/59

40€ — VOE 24nS14

722

%5

2%5% \“

o
............ o
{uas BUR F4ETHEE AL 5500
B G % LYER) WS Gy e o
0% G % GAPLY B GE o
T R s R RV
(RS F G £ MG O o
e b R PAR LY S

S

3 &g

%

{



PCT/US2016/042832

WO 2017/015226

34/59

1€ 24n314

STA4S

08~
mmz

99
o
T4
0]
9

qce

4]
S6
T4
LT

1
6
59
€
1

(wu) W3LS-LND jo
s9ziIs apd1yed [earns)

(wu) uoneinap piepuers  (wu) asueisip sejngni-13uj

INOMIN-N

(wiu) ssauwydiy3
1sAjejed uouj|




PCT/US2016/042832
35/59

WO 2017/015226

azeg - Vg 24n3i4

Jaquinu 9D laquinu 8jpAD (wu) aoueysip JeIngni-Jaiu|
gl ««\«\ A\\o.
,\N\\&&\. vy )60 ..%.&4 ..w.,.nw
o
T 2
S o s
630G S 0z =
g 3
o] o o
e =
930’} 2 09 m.
o =
e 08 €
949 L — 3
001~
WILS-LND tim (1) WILS-IND o/m (1) q 0

SIUBUILEIUOS  STUIA  TNDMIAN

. 7
...................................... G B % \ & mﬂw

P essieeisy
Ay osiiiids

«\\\\w\\k\k\\

7
st

L srrrerey

A

P

[03U0D) wu Gze Wu 66 Wy 67
Buiuiels y4| diyo-uQ




PCT/US2016/042832

WO 2017/015226

36/59

€€ 24n314

(w/~q13) uoneny sniA
a0l 01 o0) <0} +0) <0L z01

il egennolommoos dmitDomanmo i o Sl

« NN
(30) pioysesyy 8AD




PCT/US2016/042832

WO 2017/015226

37/59

€ 24314

Jaquuinu 8j0An

WU G6 4O 9)

mmwmvﬂwmmmmvwwnmﬂﬁw




PCT/US2016/042832

WO 2017/015226

38/59

S

€ 24n38i4

BI04

,. B

wﬁ@ﬁbﬁmtcw ﬂt@ :Mg mﬁ

WIBLILOLIUS O J&W.

oS Yy Ty QIE 10
(CERE
Q13 08 -
JISUDILE Op Yl R O} et §

eysq

U



WO 2017/015226 PCT/US2016/042832

39/59

45

40

35

o BN +N-MWCNT

f

LLLRLALILILIAS,

25
Cycle numbe

15

w
o

L

(‘'n'e) uy eyeq

Figure 36



WO 2017/015226 PCT/US2016/042832

40/59

) a
§ zwe e meve e
Sl L e

Figure 37A - 37C



PCT/US2016/042832

WO 201

41/59

X A %

P \ P> <5 m\

: 2 . ] H7
1 SeBUEULNGUSION )

d8€ — Vg€ 2.n3i4

{8}

(%6 ‘spesd 99812 1)



PCT/US2016/042832

WO 2017/015226

42/59

(ZNGHICBLIB96H MARSY Y — 16
{ZNSHIEBE1iE6 3/ Miuoabpiwy LJ%

{ZNSHIEBBE/0L G L/ MiPIeliE WY .

(ENGHILE6L /L 17/ MypiRy R Ul Y —

.o
JuE

]

A

{ZMSHIS LB L/ 208 Ty piRR W)Y
{ZNSHIG/64is 127 mjasoobiy 168

B e

004

J8€ 24n3i4

S0

(ZNGH)IBE6L/SSE LI NANESERLD Y
{ZNGHIOBBL/ L 165 LINWMR ANy R Y
(ZNSHIS661/E-9295/ ANUB LILOBALRY Y
{ZNgHIZO0Z/08 /am/piRlR WY Y
{ZNGHILO0ZIS-B979Lp/ D OO e3Bm, Y -y BB
{ZNGHIO00Z/L L6401 ANHR RNy

801

{ZNGH} 002557908/ 14 .S:a&'l_
{ZNSHIZ00Z/5580LpIHO HINPIY

(ZNSHIBG0Z/8892 5080/ 11/ 4OnPY oot
(ZNSHIBO0T/Z-096Z IR NN/ XOND) Y = 28

vN (1)

2000

(ZNGHISLEL/ELL/ fpasaobly Jﬁ "
(INGHIGLBL/478/ T/ PRI W, Y
Y T TV P — 004

{ZNGHILBB L/ LY/ Miplee WY H_
Vg : ; o0l

{ENGHICB6L/EC66E/ X L/BaUL Y Sme
(ZNGHISBE L/BOL LE/TN/US YOI Y B
{ZNGHICEEL/B09E/ Y iU R Y3y

(ZNSHIOGOZ/0SZ Y E/ N/ R W) Y
{ZNGH)L002/6094 MMHIYOlEaYY 66
{ZNSHID0T/ACYBEY/ L MIPH A Y

ool

{ZNGHIB00Z01Z5TY/ W y/asoobiy
(ZNGHISGOZ/CLRL 010 darudy
{ENSHIS00ZsE 281D B/piBIB WY Y
(ZNSHIGO0TIL-vL8BSHU QI MOARIY

{ZNGHIDO0Z/SFLOBGH HOMMOl Y — 86

wH (1)



PCT/US2016/042832

WO 2017/015226

43/59

6€ 94n314

0 0SPET 0£9€T /o304
(598/598) (z8essn) (oovzz/8eTT)
598/0 %00T 598 (ZNSH)T86T/TSST-689€/NIN/AxINy )y TT0VFP08YT 506 ZSN/TSN
S (sTot/€T0T) (T9£¥TOAD) (9z087/tvTT)
S LY n/tin
10T/0 %66 Tot (ZNSH)T86T/86ST/NIN/ASYINY Y 986£F9¥9ST ot TN/
6 (6EVT/LEPT) (SO¥6LTAD) (z6T8T/6T7L)
£¥T/0 %66 vt (INSH)TS6T/TE/IM/189) M-O/V GEQTF6TICT esrt VN
6 (6EST/6EST) 6eST (z8zevLn3) (6SYTZ/ESPT) ceqT dN
€ST/0 %00T (ZNSH)T86T/TSST-689€/NIN/AxIny )y 06TEFTTHET
4 (TvLT/TELT) (TT¥6LTAD) (Gzz81/0278T)
/1/0 %66 it (ZNSH)T86T/TTH/IM/PIelleW /Y TSLTFITCCT it VH
S (szTz/vore) 722 (7S8YTOAD) (9968T/5€6T) 6572 vd
727/0 %66 (INSH)Z86T/63T /440N MaN/pJejjew /y 897TFVEETT
9 (90€z/50€7) 907 (r8zerLn3) Emmm\ﬁmmv 9TE7 194
0€7/0 %66 (ZNSH)T86T/TSST-689€/NIN /ANy )y Y9VETE8E0T
9 (9tgr/sten) TE7 (s8zevLn3) Ao%mm.k?mv oTEZ 28d
1€7/0 %66 (ZNSH)Z86T/TSST-689€/NIN/ASNINY /Y 0/8YFoYS
sde SaNUD () a2uanbas) uiess Ajiepuas 1says {xew/uw) u) y18ua| Snuo; uswiga
] nnuap| qdusr (a ) utens Aysepius 1s9ySiH y1dap ‘bas -ony {w) y18us) 8nuoy 3 S

jjuequan ui uiens ZNSH 153so[)




H&

WO 2017/015226

%5 Muclentide et

al

11

15

o

242 847 947 541

G442

o 2

]

o4

94% 942 943 943

847

=T

[l

4.4

84 4

[Sa]
o
i

=t
[xx

B4.4

1y

of
th

e

577

@
P

1]
oy
&

545 943

94 5

(T3]

&

247 847 844 8946

4.3

L]

o

=)
o

=
L

<
i

[»\.
[
X

2]
]
o

3]

241

T

a4 7 a4 4

94 .4

s

w1

of
]

a4z a4 2 43 847

245

fws
823

=

e

SEE

3RL5

™
l;:ﬁ
S|

By
)

5.4

™

g
h

th

il
5

o532

]

[x]
(]

&)
&

£
fex]
o

i
o

e}

a5.1

L
h
[

Lk
m
N

L
Leg}

L
T

[yl
WG
th

n

(%]
:
(R4

ed
W

=t

oFi

l‘-_
[

R

2k ]

i

o

98.6

w
3
(33

th

o

%5
i

o
(]

i
=]
h

o
n
[a)]

PrTs

[}

]

[ ]
i
(4}

la
th

s
o

]

o]

o]
i

i“\.
=
]

o H
I~
&

a5 1

[Fy]
i

[y}

oy
hy

8953

85 3

o
N
[ay}

5y
[Ny

K]

T

]

i
i

w

H
P~
o

o

L]
]

5.3

35.8

PR3

[

i

4]
3]
fe

)
o
[a ]

]
[O]

[1g]

eyl
&

11

8.7

i
g

93 3

(3]
g
o

W
w©
[% 4]

o
ad

i

X
th

ey
e
0

877

8975

o

AHRIURD] 9T OUEUY 35

9.4

®

&

™

]
h

m

h
Wi
Pep)

wy
)
&

P
£

Al

]
Al

44/59

2 825 BRY

a8z ;

a5 1

G2 8

()

o
T

G758 877

a

948

a4 5

254

ac4

&5%

8.6

[y}
)
Pl

th
L]

@
(3 5]
m

|

=
<

)
Ayl
N

W
L
D]

[N
]
h
[}
[ai]
£

=
]
wh

.2

™
I~
e

=
B

W

Py

e
=5

8.1

[4.5]

i
Al
Th

7.9

W
i

o8l

[}
™~
il

1%

%

e}

p
H

Label Strain{accession

%

by
1985H3M2 3}

T

&
H

CESSHN

IR
N

tabel Strain s

HONZHGO923133)

{

&

Affoed /ORf459674-51 200

i
:

.

‘rr

‘PASTEEE

CYO35268]

OIS HSMZ )

/07813/2

B

3t

[

B

|2

74
i

FEISBEH

ard/ wWi/41%

H
H

sdmat

2

PCT/US2016/042832
& =
i s .
2o Fg ¥
AEgady
Sdwa o
N o N D
Q.mm@mfﬁ
=owg o 0oooH
SEHD =S x
L oo 2 o0 20
o B g
-;I;,-W;:?':Qit‘,u‘i
R
VT TR
C:‘_:[:TEJS\E!‘T'.‘
AT e
o mo N B
mt:!mmc?“‘"*
T B A A I )
W Sy =
R
R N I .
O o & =
&.“mkﬁm*
gl.—.:'l & QTMM
P~ I T I
T, '»""u.. :;(-\-,\ (vl ":::’\ n:.)‘“
B D a2 o
3__}__}"‘_\_, e:_,u
e
TR IYES
c etz eoe M
g TR W e S Nag
S < o = O =L
MoRE O M P @
o e e e e
o
&
A o o
B o D oed
5888
»*-—.U‘]Qvt:ﬂhi—'
prdi T T
AR odo
P =R T I L R
f-:’ '«f.:j N e aa’ L)
S SRR X
=sls2cg
[0 T A L R e
zn,gm_;n___i‘?§g
T TR Rt o
PE s R ey
N 2 @ ‘g 0
owa A Qom
o L& g
LEANe ol
h(ﬁ“‘*&-m“*'::-""ﬁ‘
= o e P PR S
mﬁﬁwﬂﬁﬁ
"‘%.k.w'“l\._\ﬂ'-k‘u
[ B NP
FTIEATAE
ST T T g wE
._gagwu!ﬁm&
M Y N e e N M
o < =L o« =T <f
O W W M= B h

[Ny}

16 Afchicken/Pafaa05/1993/H

Figure 40A



WO 2017/015226 PCT/US2016/042832

o [ BL P ey SN T T B G ooy
Bt o N B N rre ot W0l o o ¥
A RRATRIERAREAEOFTRNS
e N R e e I L B I B
st e AF Ay oF NF P~ P B B W i [ G v ]
NFEORFRIEREERARRRY R
M R R R S B B R o
WO IS S L L S S S o N ] oo o # o g
MERIFIFIEREERAIRIRR &~ - Y
G o e e R @
@ wioen M o=
@%L{T}m of e
o e NN N M o @ e @ e T N DESINYEY
SOl IS L FOAF OANF ONF ORF P P e B S i [ ()fl [ . -
TRTAFRIFIIEREREREEL RSR gmgmggg
NE o mdE =
Z ooy e
P B e a8 ORI > S R & T I e I P
R R R R A I R B PO YITRNE
A B B R i M S i QR A A A oo T e b
N O I I o Yy 3y Oy Y M LU O 2w W W s & T
P oL L oL AR
[ el et Y R R i
,MAMUOOJ%F:'n‘)%
QB N o Yy N R Sl a8 ag v
e NE o oma a Ra A W W W W R e e e ey Sl e s e D W S
LSRR T ™ A~ A > = G L B L B G 3 SRR B B x L S o I o
Lo B e AN
P T Y o TS el A VTS
Eler m @ om0 oo F
R L P B L B B SO S S S ML B N o4 clm o yoe 2]
N e F eA eA of of 9l R oS e ) el o e o T W
MRRTRERANRE FEFRAER JEFoTn g
Slg e &L 5 1
S R N B I T B L RIS RE s
T O G B A R S eah S - om o XM E bW
- sl U T < T T ST TR ¢ ST o MG DI 4 T L T L T P T u*‘é",::f
o =& S D 3 Q% =
A T as 29 R
:g 40 | vy T vy Y Ty Yo ™y
Uy SCSP ST o) U ST o) 4 N W O e s il LSl L L
B oof of of of of of o83 i im0 o0 udoud ool
R e = TR O Y R %
2 e B B I T -
g ﬂzwl el v v
§ N R B TR R N
RN nr nF of of of of of & = ood od o oud ool
N @ & & @ g
|
R e et T T T T N R N W
e I S N N N R B B T R A o . —
Aarmmm Ry BH OO nn -~ N oo
b - ) oy
t“t:)f-qc) e, A*"TD
= F W G w0 e
LT A T Tt B B S B L L Peoh P b 0 wF
R I e CR G G v B+ B B N BT o N e b WP e g ogh o M
AR N R SR O e N A o S e & M R
Mo M s . f;“l
e -l S &
[ e e B S s B e ™~ &
R e I e o S VR B = GO ow e oo & &
P I I O A IV Y, QY Y ORISR \o@
A @Y th o d @ o B ] T WL AR T 5
- lﬁ X e \l’;"'; L_Ji‘_] N‘ '::3
[ o OR e W o N
A T I - A W o W Ll S e T -
o s e E P [T BT BT T SR = e ST e ~
Tled o ¥ o oo W g R o w o w GV o D
LA N R I S & H o d o SIlor ~ 8 W ok =3
L I s s S < R < on
P B I B S B [
oo BP vl M o T
gy TR ST e W W o “*\:‘,:,,«:‘:,«gmr\ D sf
MRS @SR RE W W flEisss 8y e
¥ mom R R th B Qe g 2 Se I S
e S e e E
oo KK T 2
Q > @ S e
oy EROER MY R e N D O & N w0 = W R s il
T I T L e B B T T BB S S B T EmOW W YW 2w Y
DRI - O T T T S v ST I R T T T N w BT o BT o Y = E-.‘“\;Q[)G-‘“L.m‘m
LA I - S G VI A A R A A = SIS B T2 B~ PR i o
P et M e M Ty M Ty Sy ey
[ I M B
T B B I o i i S i
R B S T s o I MG YV T VT Y T Y N o N N
s PRRERNOEREERRR R & ﬁmwmwmmhmmm
g s I R LI I R R LR SR AN N
= A
e
> 2
ANIUDPI PIIE QUL 5

Figure 40B



PCT/US2016/042832

WO 2017/015226

46/59

Tt @4n3i4

Jaquinu 8joAn

4
H

\ H HoUUD W3S
o uswyouus N3LS

..............................

LNO UM -
-LNO O/M

(‘'n'e) uy eyeq



WO 2017/015226

-

NS
\\\\\

47/59

!

T s N
& / a\\\\\\\\\\\\\\\\\\‘\\\\\\\\\\\\\

0 =
fod
: SR
- § o ©®
p

PCT/US2016/042832

B < ‘ \\‘ N \\
\ B ~ ~ ‘\\}‘"‘\t‘. \ N
% @-\\\ G) Dy \\ . .
g N : - \ &, . .
<L, N ‘\\§ N,
> o SO h 0w
T3 & & \\\\ o .
R S B N 0
O ) \\
" N
P~
g

A,
A

Figure 42A



PCT/US2016/042832
48/59

WO 2017/015226

d¢i 24n3i4

u m.m?u
(BN IHIZBBL/C08/Y My sonppy — 80 _
(6NZH)2661/Z2/BY R Y — m.ﬁ
{6NLLH)Z002/999059/ 30A0UWN/Y
(6N1IH)LO0Z/ L9/ H OB Y~ 1
{6N1 LHIZO0Z/BE v/ O/ PIRE WYY 05

\ {(BNEHILDDZILE BV /preyE WY
(6N HIBDOZ/ZROL-601 Y/ N/BUOISLINY Y ...“g
\ {6NLHIBO0T/LGE/3A/PIBIOYS!Y
{6NLLHIR00Z/LG v/SeIBURD 8D BUI/BUDISLINYY

{6NLLHIB002/19500 am%zamcgnﬁsg i

, azix:momxm:oo 53N w,%a_wmsz g

. (BNFHIB002/CE0ZIHO/PIBIR MY m )

(BN1LHIB00Z/C995-601 Y/ Y/pIRlR WY ﬂ
(6NOVHIZI0Z/8CLTS 021 HOERYY Tmﬁ
(BNLLHIBOOZ/SOTY/I M/PIBYBUY Y _

{6N1LHIBDOT/EBLEI VI EES_&T

(ENLLHIBOOZ/ZOLE/ MijeABuUBpioE Y '

{(BMLLHIPEB1/9GY/ piDielie W)Y

(BN LHIZDOZ/RES/QW/DIBIR W)Y

(BNLLHI000Z/OPTOPEINBDIRITR Ul Y ima'
(BNLLHIBRRL/TT 28 L/NW/PIBlR WY —

(BNLLHIS00Z/PE99/ Y O/pieje Uy 50}

a,ﬁ%mgm\mmStéaﬁ_me& 5

(BNLEHILLOZ/E985SOLLISHpIElR Uy

{6NLEHIB00Z/980-DEpb Y/ M y/DiBHB U Y

[BNLLHIZL0Z/ /697 SOZLIHO/ plelR W Y ) I8

(BNLLHIDLOZ/SBL 9S00 MBteR Uy ' 10

{ENLLHIOLDZ/6L 058001 HiusleADYS /Y —
a%i%gSmmmmo@q%z\mgg mmi&

s

EZZIEocm\m:oo i (1)



PCT/US2016/042832

WO 2017/015226

49/59

€ 24n314

0 ZEVET I6VET o304
{IT zgessn|g3)reeTS0ND)
858/0 Awmw%mmwv 598 {(6NSH)900CZ/v mmmv 798 ZSN/TSN
’ -£90v9p/stoul]||/|leud wiayiou/y *
{9£0050ND)
L00T/0 ﬁowﬁo\% ot) LT0T {(zZNSH)9002/9 Ammmv 800T ZN/TIN
° -LST891/aieme|aq/|eal paduim uaaid/y
(SEPT/LTVT) {¥85260AD) (81/2)
SEvT/0 %66 Sevl (6NTTH)600Z/€6T€/eMO|/plejew/y Tt SEvL VN
(vzst/zest) {z2£66€TAD) (tz/1)
rZst/o %66 ST (gnpH)9002/296-901v/er05BUUIA /PRl Y TF1T cost dN
{s£8Tvsd)
OvLT/0 8«@ mwmg ovLT {6NTTH)8002/18£67900V/00IXaN AWMMV YyLT VH
° MBaN/einde seuy/y *
(sozez/T0T) {TS06ZTAD) (8NEH)L002/679Z0/AdI1msunig (8T/1)
sozz/o %66 toce M3N/>Nnp Y2e|q uedlBWY /Y 91T otee vd
(vree/11ET) (8TE8ETAD) (ZNSH)OT0Z/88Z00/HdImsunig (zz/1)
vi€z/o %66 oree MaN/|ed) pasuim-an|q/y v¥eT oree T8d
(cogz/c0eT) {09£0%TAD) (IN9H)6002/7T62 (sz/1}
Logz/o %66 L0EC -601v/e10%eq YuoN/|eaL paduim-an|q/y ZFEL veee ¢ad
(xew/urwi)
sden salnuap| (au) (@1 @2uanbas) uiesys Ayrrejiuus 3saysiH yydap (u) wasuay juswsas
Yadua -bas ‘any 8nuos

JUequaD ul uless ZNSH 153so)d




WO 2017/015226

A} HA

entity

a

o

e

o

% Mucleot

)
|

©J

1

Wy
bl

o

=

&

U]

-

o

tri

o

P
L

Strain

&
D]

8.5

P~
2]

Das]

m

[

m

[ing

I~

mn

o]
i

56.4

[
o

]

&

[

b

o
oy

a

-
o
b3

[y

o3l

ol
om
C‘})

P

=~

=
I~
it

el
m

275

bl

o)
o

L]

ih

o
o

2]

&
Y
o

0
(U]

e

rs
o

N
s
o)

P
o

R?7.4

P
o

P

L'?

a
o
o

(]

&
Y
o

[
o

86,5
86,

D
&

(2]
o
[2)]

5
iyl
oy

I~
wd

mn

0
(U]

ey
e
&N

(]

=

N

o]
e

=

2]

g

wy
o
[2)]

Fs

Lo
)

ey
o
o

i

mn

1
Py

B
[T
o

EFi

EFi

an
=

86.3

|

N

i

_r

BE,

@
72}
o

3}
3}

L'?

2]

o

rs)

d

Al

~

of
oo

=
o

3]

s

o

['x)
ok 4

u‘:
[Tl
o

[T}

86,2

*

a

BE,

u

[=2)
[Ny

o

oy
wQ
o

Py

o

P

0

Ly
gl

=
W
i

55,9

P

57.%

.

[ag]

T

[2¥]
(>3]

e.“j

=3
o

[ay]

o

3]

94

[ay]

Ly
gl

™
I~

2]

=

oy
(>3]
241

L]

Al

[ay]

o

w3
2]
EFi

=i

wi
&

57.%

.

[ag]

T

ny
e
o]

(o]

Al

=i

o

]
o

=
o

3]

%
=y

§7.7

9e.3

7

=]

Ly
(>3]
23]

L]

o

(o]

byl

iy
o

fanusp poe ouny

e

(o]

gl

[
@

g

uw

[ax]

[Lg]

[
o
o

[x3]
w
igl

50/59

[Ead

s

¥
¥

[N

B

o
A

i
[

T

TR.3

P

o
0N

o
3]

DI 43

o

i

D]
P

L]

o
M

i)

W
ES

1
[Tl
P

L]

N

Ny

B

6.7

=~

Strain faccession o

Label

JRAR/ 1055863/ 2011HT

i3]
Afmatlard/dANS 2462455 2000

13

Afrnalh

11
1z

M

11N

§
%

2
3

LD

WIA/ADD

£

2y

Affnas aout

PCT/US2016/042832

0216561)

3,

i

1INGY

PR
bat

Admallard/WIF4R6/1984(H

i4

45 25]

h

¥

)

h

&

Afmall

g

40
AT

Afshoveler /i1

&
7
&
g

id

f2OLHTINGHOYL

100355193

41/

fBKS

Afmallard/ Wy

P

]
Ay}
I

) 19

HEL

ey

i

1IN

=
T
o
(]

;

&

6

136-05

444

ard

4
H
H

Afmall

YIREH22)

B

*

Afmallard/daMS 18

Figure 44A



WO 2017/015226

23]

i

112
RS

D]

ad

o

o

]

oy

23]

% Huclentide identity

[25]

o3

o

o

WA

B}

e
[
i

o

[Sh]

D]

bl

o

)

Sl

s

2.8

iy

wy

o

G
n

of

% 8

Lr'g
[
53]

o
o
oy

]
]

m

L
w

2
P

o
&y

53]

£+

S
i
o))

[35]

T
L]
o

o
v
53

57

ey

EQ

&

D
3yl
5

=¥
@
Y

[
P
[ap}

[~
(=3}

wy

g;

wy

[2x]

o

EQ

™~

&

oy
I
]

f-‘“’j

3

i

fan

o
o
gl

W
&

U]

[ V]
oo o
By oW

o

woud oW
o

E S IR
P s M
LAl I vy

NFOWr N

o
o

e+ R Ty
[N i ]
[S AR ]

f

98
373

&

-
;oo
g@lmm

o
%
g

L i
¥ e
M (&3' o
|

2
g,
58.4

Wy oy

A

387

e e Py

(o]
ur oo
L B I e

@ i
O Oy

iy
r
ng]

o

)

w
[y

l-!"’)_
o0
o

ury

o
uwy
m

P
uwy
m

e
>
Fi

o
=

o

2

o

~

us
Py

Nt
.,_p_;

PR

Lo

o

~

us
Py

ES P2

Wi
b}

)

&
[Tg]
[3g]

[T

RG]

.8

=

04

.

W
<y

[

S

i

Anuap poe ouny &

5B

ay

[Le]

o

\“:1'

2]

ey
D)
Ty

oF

N

51/59

=~y

B

Ly
3a)

=~y

o1

[ag]

wy
=31

=4

<y

[y
o
53]

£33

i

=t
o
i

[T ]
Jab]

o

34

]
~

9

=l
I
= g]

e\j
D

i

J3a]

F~
A1
n

1)

~i

R

P

¥

]
oA}

i

L
il

o
~F
LA ]

Y
)

5

o

P~

xy

wy

I
i

o]
~y

[ay]
o1
[ay]

[ra]
"~

o
[

i

L]

o

oy

l‘-"f]
L]

m
o
m

™
[f ]
N

[

o

5

50.3

2]

Bl

SL5I0N

i

Strain {ag

Label

=y

()]
[

o)
oy

E/35%/

irgd ST

oreDn;

by

Afturnstone/NIFAIDB- 108

1

&f

13
12

0985/ 201 2{HI NG HKRETO22S)

Z

}

Fi¥

¥

afducks/Pa

Y1402

S
A~

)]

ety

H1?

et

¢ 200G

27

&=
=
=
K\:
W
[
]
i
s
S
=

P
Z

{

2517 2068(H

5

Canela

‘
:
d

ideneyef/ W /3192720051

o

7

&f

SOG6a6R/ 200

PCT/US2016/042832

o
N
A
- =
R e
i)
et
o
= i
o
=
Lo
i
o]
)
£~
i
e
"
At
B
n
W e
S &
w LR
[
S TR S W®
o 3 i
&S @
T M e M,
L SN
W or |
v e vl
o
g 2
=Y e
S
A e o
¢ >80
P e
e =
@Cﬁav‘
e R . =
L) ey e =l
e 2 =
ow% =+
& ]
o [
o Bk [
SRR
S e B "
FnE T
e Un]
@,mm )
foy MY Q)
e, W &
t.ﬁ“lh"] F
g G i)
N Efd 0
o 2 8 =
"’K““&O =
&R N S
o o O
e e T =
=ow L ]
Fon =
o Aman e N &
WO R oy
EEELES
e e =
L A S <L
Wow oo 9

Figure 44B



PCT/US2016/042832

WO 2017/015226

52/59

VSt @.n3i4

5
e

4
i

\ )
w B \\.\\\\\\\.\\

s

2
,@\\\\\\\\\\\\\\\\N iy
. @Oy,

7 4 e O
- B R A 8 \uv %,

SN
\\\)\
O

, 1
VIZBOON RIS N (W
. 7 F B 005t

i,
%

N
N

&z
7, \\\\\\\\

i \\\\ ‘
Wy G i \

% \\,\\\\\\ Ly \\ | v/&)? M
i) ‘
g
s %



PCT/US2016/042832

WO 2017/015226

53/59

dst 24n3i4

100

(Syessleudyiaziegys — 0o
{(BB96FPOONGLOZ}PIH
T 0Ty T T ——— o
(orizeexriziozng -
(8972570901 TH 08
{51960 DMKEL07)PONH
{6140EN)H{2002IHO v
(¥
FARES T
{ovzagsNriict
(FREPELXMNZLOZILL-ZNN-XD 0z
{1261 184rH1 1 02)EEHEY — oot
{Z60291n3Ng00)esingip 00k
(v6029103)(2002)1-v¥ !
(LPERLBAVHLDOZI NN~
{6v6816AvH D0z e0p3~ 00!

L.
Q

%

W

{oLo0eni002IH0 |L%[

b 7

L28EAVKi60TIz8RE

el
{Bronaisoneinis — 06

a8
&6

(076118471 0T)ERHE Y -
{98081 4 3NG002IZ-HdH
{984 BZCAHPO0TIN .
{gyzeovoaisoozhe 88
{eaery(io0zian 424
{52081 $43N800Z)05H
{ceooLv43¥0002)56-2-50 - 169
weoroienozied 9
Zunnorizioziessos 158
{62666F4¥)P002)820
amzma%oom:m: ”
(osorze ) Eooionnzrz —-

. i 66 7
(peoLZE 4 HZ00ZiEZH zZdA (B

ool




PCT/US2016/042832

WO 2017/015226

54/59

9t 24n3i4

It €109 09 |p304
(£282/8697) (6768T6AY) g JusWIBS (€79z/LL8)
8
1eep3 Lo8z/o %596 Lese SNJIA 9SEISIP |BSING SNOD3JU| OSYFL0ET £58¢ g
(6sT€/0L0€) (8780€N) v IuBWEaS (8
snjjen 65¢Ce/CT
I / %6 vsce SNJIA 9SEISIP |BSING SNOD3JU| Z01/6127)SSCF908 8sce v
(xew /uiw)
b 8
1SOH sdep CETMIIET | (3u) yasua (@1 3ouanbas) yidap 3uipuanbas (au) ya8u3) uswsag
ures3s Ayepiuas 3saysiH aSe1any 8nuo)

)uequao uj sules3s Adgd] 3153502 3y} o} uosiiedwo)




WO 2017/015226 PCT/US2016/042832

| TS O P o o Y ) B P o) g
R B I N e S o VI R O I I R O I U
[ o DR NS O S NS VO L N o I (S VI
T R R B ) R KE e g Ch
Sen e e P P PeoghoEn Peoch e oo
MM OE o/ oh o noEh v
I I N T S B I
— | &1 o B - e N eh ogno oeh Y ong o
XA ] P VIS T YR VR VS T VI = O T = (<
- M W o BN LA - Y e SR e oo
OO B O T ool = VB A oo ch
" HERBYERAEI RSN BRAG
o LU B B LR T B L TR L B S T T, T |
Silod on ey e G ot oo bd e o ool bd f od od o o
Wit och e N SR Th RN RN ok o o T oh
.
L R SV - B SO e N " S O r~ m
L e B ST v e A B O L] fee]
[CEIE e ] I NS = VI AT RS o = (=] A | & ey
l e
anf [fe
oy
N L A B B B T S o B BT EJ_,QEJ Py
D T T T I B o O S e ) N IO~ > B (I < I o vy
Wit och o dhoEn N Nt & n oo En O oh el
o =
[ e 5
. . . | M ™~
L T B B R T O A R O I T | Wy "% 8 =
=] NG TN S S R B m o= S s}
e B G I I I L\ S I L Y I (v Y G.'C’.’l& ™Sy
= [ I I S T < S VR < i €n hoch SR 6 e & A =&
1 m =
g S| e Il
= B0 0 2 T
% [ ING I G R I I T A  S  N  E R E
S N ey by B R e g oEN b OGN B D oh B R .
E AR FTHEARHER m:ﬂ:} 25
R anal
[+
2
I T B S LB Ty B B L
Eemmmmmmhch! i fhEh 31m e
WO omEh hooh A Fch [ ook én dn
R B T L N T B L I T R
Pl o0 07 @ oo s i oh N ool fy ook R0
ISR R [ I I - R = R
o Pe BN W g VB R B U0 o —
Wley oy oo g o § oo ool ooy e P P~ e, Pl >
WM oe3oan fno+ e th &noeh on W[ ;‘;1,’*5:—3 o
L ' o
Eﬂ P Q Wow
513 = =Elorh
F’;T.‘--..P-Jrq -;—lth!:j
o Wrong e om W R e R MR WL 2o WOF
R ey B S B B I B B B R B EQ’T"{““* Um‘;“'m
Mo Eh Y h B R ORI En fnooh ko)l Q.:d%’sff:‘ ::3"*&:(23
A I N g WY
Q[ ool e S
UMN—J‘QQ .:3-—\%(;;]:?*«‘,
T W R WT W P o D Lyl Pl e B A o s
i R R R R R Ll e we WS
[ L =) B VI R Y A = I 1 )} gl oo o L R
fedll IR R s
Zled N opg I -l s B
A R Y
hiet I e ) 0
frarl I B S I oo I el N
M e WM R W ~f @ Qo =t i I R
Ll L N s B S B o
N ¥ ogh nochothoinoh &h E
let e nw o~ @oo §
ol
oy Py o1 ook oo i
R S N S S SN I e T oo T B e B o W B
™Nlgy o osn O 23 o o T v B F RO oh
DI EEFESFEER ARG G
=t G, s
e S N b
= oen &h
bd
=9
=
el C B T2 TR SN Y < S R o B S = o
=N
-
Epial
w3
AIRuap pUe CUINIY %

Figure 47A



WO 2017/015226

8} WPi

% Mudeotide identity

=

=

<t

i

D]

™~

=

o

=

2]

o

w

»

Lrain

3
2

Wl
=)
[2a]

Y
]

B

H
(=]
I

o
ol

[y

~

&3.
E+

=t
ad]
=}

~f

3]

[

Bl

H

e

]
L]
o1

Lip]
[T
o)

axy

W
o}
(23]

25.6

"
e

50,2

32.4

5.2

&
1Y
m

85,1

o
ol
o

L]

ry

A28
B

o

-
feor et

o
I
@

5.8

432

uy
[Tad
oAl

s

-

w
o
o

233

1

"y
i
(=)

=p
Y

AN

i

D]
s
N

i

s
iy
oy

Le']
s
N

L]

Lo
o)

(a3

L]
i

1]

o
]
&

(a3

oy

T
[Ep]

v

-~
St
=3

3]
H
=2}

=
[
&

98.3

%)
o

[al

™
=]

95.8

-
WA
i

"
F
o

o
3]
o

P

3.

LY
u

L

i
k3

SB.2

W

25.6

557

o
)

[

[1s]

@
o

o]

8.5

]

o]

o

3

807

o]

o

(L)

»
lj";

P
o
m

7
e

uy
W

P
o
m

w

@
@

5.4

0
5

Wy

95

Fres

el

o
o0

[ex}

<F

W
o

<F
D]
]

~
A

r~

o
&

Y

&

H

) '['2
[Ty
&

=
w
58]

i

4]

o

)
e}

90.5 i

S35

i
&

uy
o
A

m

A

82.4

(12
Pl

o

o
N

Wy
)
[

o
[
22

o]
2 5]
Y]

é‘:

2]

]

IS

fuap pre ouwy 5

o
m
n

R

]
o

BR.3
33,

™
ol

i

™

]
Al

S5

W

3

nwy

[l

-~

o
>

st
1
i

I~

5

8

e

24}

[
o

o

383

[
o]

[
o

2]
(o]

33 W)

[N

W

W

w
I~

Y

o

~p
-~

G

™

=]
Fi

o

&

[1g]

w4

L]
ay
2]

w
Pl

P
a
[

uy
A
[=a}

i

o

2

[f]

8

wy
[P

]

w

[Te]

~

tabel Strain {accession number}

Label Strain {accession number}

1

SHE2 014K I108845)

i3

-y
=
[
P

PCT/US2016/042832

2%
4

i

%

i

FRE11521)

Figure 47B



PCT/US2016/042832

8t 24n314

57/59

ri .
fesd e = &N Buysn o7 2inssosd woiiesadD pue ‘W ABSGoSIA F KB} U] DRIEINIET 51 Yy SOURISISSS PEZHEWLDN ]
ooy
m =" 52 ¢ BRUE [PUCIIIRS-SI0L0 PUB 1D S18) M
] 9%Lh I e o FRATLE 56
ApRis sy SEE-ST 6890 wiigpy ———— MWTIS-END
R wRLE xS BT =74
23 I o7 AT . 2T =8 261 A oo c fmsodaingg) areungiesdod
— g T A INTD 23IxE T80 wn g gL ) .
(o) oo E-ST % Z T s IRE 150 OTATTR'C oT < DELTIE HIRIL
. W0G-GT 0T IHEE ~OIXF'F 05T wrl gg az BUE LU
les-g9} OF-GT _
CLBG ToF-C - - OTHE S SOTXET g - o1 OO WERAMALMIYE DITIDOUY
) Jausdpod
{2 g OF-0% %e0e s IR TE A S LA T-TE 2L w98 =1 :
033 BI040 STz edoUe
; ; , , , {07 A
iggi o5 oL - w2 OTHFG ARG ADIXTE LT wr gy 0z . _ WAl
lfed} 30 PazYdeInAY
f9g 6%} - - #OIATE mUIp L6  p DTG TFT 0T wrlpgr 8127 foaT anos2an a:0dymA)
34 PRRpudeIpiy
fruau}
F3ue; A4} oI} SIEISISDI {ean} smnssaxd {rau} SRHAI] UCIIBIIFEIHN
Fn2is)ayd  Ijgeuni  Ausoicd  Aujgesuisd PITHEWLION A5/ xnp Buneradg SEIUNTM L TS DO

WO 2017/015226



PCT/US2016/042832

WO 2017/015226

58/59

6t @4n314

€S

(82T/SLT) %8°9L

|ero]

93eyea

Juswudi|esin

(SLT/SLT) %00T

(SLT/SLT) %00T
(902/SLT) %1°S8

UOI10BJIXd ¥NY
uoI3eJy|I4 SNIIA
3a3yd Ayljenb a31AsQ

gunsaj

(82e/T12) %<6

(872/8TT) %00T
(872/8TT) %00T

Ajquiassy
duipuoq SINAd

SIS9YIUAS INDMIN-N
Suip/3utuiened uod

uoleslige4

(@4nj1e}) syuno)

apow aJnjieg

PIBIA

sdais




PCT/US2016/042832

WO 2017/015226

59/59

g . . .
oss €0+36T'T ¢878'8¢ 60¢09'¢ TT9.°9¢ 0T
TOT6L'S Y1119 0T
+37e . . .
<79 v0+3¢E°T 8T€S'GC 9/TT'T¢C oveve <01
T6L'%59 C1¥9°6¢ »0T
+3TC" .
€0+31S°S €S¢L9C 01
(Tuymyd)
sordoo 10 sordoo 10 JOJ) SILITA
(p10y) 10300)
JuWYPRLIUY JUWPLIUD JINJY JUWIYILIUD JI0JY
40s 24n3i4
1008 001:1 sojdures 2anIsod
56757 LE 7 0T:T sopdues aansod
NRA 1D
1957 r X1 so[dures 9Anisoq
4 [onuod Ayedy
IWALS-LND 1000101d y@sn
suonnqp pue djdureg
poydow doad ddureg
V0S 24n314




INTERNATIONAL SEARCH REPORT International application No.

. ' PCT/US16/42832

=
Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

D Claims Nos.: : !

because they relate to subject matter not required to be searched by this Authonty, namely:

2. D Claims Nos.:

because they relate to parts of the mtematxonal application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.: 39 -
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order fo_r all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: Claims 1-9 are directed toward an enrichment platform device for size-based, label-free capture of particles in sample solution,
the device comprising: a substrate; vertically-aligned carbon nanotubes arrays (VACNT); and a cover having at least one inlet and at
least one outlet; wherein the VACNT is attached to the substrate, the cover bonds to the substrate to seal the VACNT within the cover,
and sample solution enters via the at least one inlet, passes over the VACNT, and exits via the at least one outlet, whereupon particles in
the sample solution are captured by the gaps between the VACNT based on size.

-***.Continued Within the Next Supplemental Box-***-

1. EI As all required additional search fees were tlmely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying addmonal fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No required adqitibna_l search fees 'Were timely paid by the applicant. Consequently, this international search report is
: restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-9

Remark on Protest The additional search fees were accompanied by the applicant’s protest and, where applicable, the

payment of a protest fee.

The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

Ood

No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - BO7B 1/00, 1/46, 13/04; B82Y 30/00; BO1D 61/14 (2016.0
CPC - BO07B 1/4609, 13/04; B82Y 30/00; BO1D 67/00

1)

According to International Patent Classification (IPC) or to both national classification and [PC

B.  FIELDS SEARCHED

IPC(8) Classifications: BO7B 1/00, 1/46, 13/04; B82Y 30/00; BO1D &1/
CPC Classifications: BO7B 1/4609, 13/04; B82Y 30/00; BO1D 67/00

Minimum documentation searched (classification system followed by classification symbols)

14 (2016.01)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of

Vertically aligned, carbon nanotube, CNT, VACNT, size-based, nanofi
outlet

data base and, where practicable, search terms used)

PatSeer (US, EP, WO, JP, DE, GB, CN, FR, KR, ES, AU, IN, CA, INPADOC Data); Google Scholar; PubMed; EBSCO Discovery;

Itration, separation, microfluidic device, substrate, cover, seal, inlet,

C. DOCUMENTS CONSIDERED TO BE RELEVANT

claim 22

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2008/0271606 A1 (HOLMES, SJ et al.) 06 November 2008; figure 8A; paragraphs [0026], 1-9
[0028], [0037], [0045], {0078], [0080]-[0081]; claim 1
Y US 2011/0114486 A1 (HAN, J et al.) 19 May 2011; figure 1; paragraphs [0015], [0029], [0031], [1-9
[0063], [0170]-[0171], [0198]; claim 1
Y LI, P, et al. Integration of nanosensors into a sealed microchanne! in a hybrid lab-on-a-chip 3,9
device. Sensors and Actuators B: Chemical. 2012 May 20. Vol. 166, pages 870-871; figures 1, 5
Y US 2011/0220574 A1 (BAKAJIN, O et al.) 15 September 2011; paragraphs [0003], [0071], 4
[0074]
Y US 2012/0238021 A1 (HASHIM, DP et al.) 20 September 2012; abstract; paragraph [0014}, 6

D Further documents are listed in the continuation of Box C.

I___I See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

14 September 2016 (14.09.2016)

Date of mailing of the international search report

02DEC 2016

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774
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-***-Continued from Box No. lil: Observations where unity of invention is lacking-***-

Group iI: Claims 10-17 are directed toward an enrichment platform device for size-based, label-free capture of particles in sample
solution, the device comprising: a substrate comprising a plurality of channels; a cover having at least one inlet and at least one outlet;
and a plurality of nanowires; wherein the plurality of nanowires are attached to the substrate within the channels, the cover seals the
plurality of channels, and sample solution enters via the at least one inlet, passes through the plurality of channels, and exits via the at
least one outlet, whereupon particles in the sample solution are captured by the gaps between the plurality of nanowires based on size.

Group lll: Claims 18-26 are directed toward creating VACNT by depositing a metal catalyst thin film on a substrate by e-beam
evaporation and lift-off process; patterning the metal catalyst thin film using lithography; depositing CNT precursor material on the metal
catalyst thin film using chemical vapor deposition (CVD); and bonding a cover to the substrate to encase the VACNT.

Group IV: Claims 27-31 are directed toward a method of making an enrichment platform device comprising porous silicon nanowires
(PSNWs), the method comprising: lithography; photoresist; form PSNWs; depositing a thin photoresist layer on a silicon substrate;
patterning the thin photoresist layer by removing photoresist using etching a channel in the substrate where photoresist is absent;
depositing a thicker layer of photoresist on the existing layer of depositing silver nanoparticles (SNP) within the etched channel; reacting
with the SNP as a catalyst to perform silicon etching to removing the photoresist and SNP; and bonding a cover to the substrate to
encase the PSNWs.

Group V: Claims 32-38 are directed toward a method of capturing viable particles of a specific size out of a solution and releasing the
same viable particles for analysis, a gap size matching the size of the particle to be filtered; releasing the captured viable particles from
the enrichment platform device; and analyzing the released viable particles.

The inventions listed as Groups |-V do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:
the special technical features of Group | include wherein sample solution passes over the VACNT, which are not present in Groups {I-VI;

the special technical features of Group Il include depositing a metal catalyst thin film on a substrate by e-beam evaporation and lift-off
process; patterning the metal catalyst thin film using lithography; depositing CNT precursor material on the metal catalyst thin film using
chemical vapor deposition (CVD) to create VACNT, which are not present in Groups 1, and llI-V.

the special technical features of Group Il include porous silicon nanowires (PSNWSs), the method comprising: lithography; photoresist;
form PSNWs; depositing a thin photoresist layer on a silicon substrate; patterning the thin photoresist layer by removing photoresist
using etching a channel in the substrate where photoresist is absent; depositing a thicker layer of photoresist on the existing layer of
depositing silver nanoparticles (SNP) within the etched channel; reacting with the SNP as a catalyst to perform silicon etching to
removing the photoresist and SNP; and bonding a cover to the substrate to encase the PSNWs, which are not present in Groups IHli,
and [V-V.

the special technical features of Group Vi include depositing a metal catalyst thin film on a substrate by e-beam evaporation and lift-off
process; patterning the metal catalyst thin film using lithography; depositing CNT precursor material on the metal catalyst thin film using
chemical vapor deposition (CVD) to create VACNT, which are not present in Groups I-lll, and V.

the special technical features of Group V include capturing viable particles of a specific size out of a solution and releasing the same
viable particles for analysis, a gap size matching the size of the particle to be filtered; releasing the captured viable particles from the
enrichment platform device; and analyzing the released viable particles, which are not present in Groups I-IV.

The common technical features of Groups |-V is an enrichment platform device comprising a gap size.

This common technical feature is disclosed by US 2011/0114486 A1 to HAN, et al. (hereinafter ‘Han’). Han discloses an enrichment
platform device comprising a gap size (biomolecule fractionation microfluidic device (enrichment platform) comprising nanofilters with
gap size; abstract; paragraphs [0014]).

Since the common technical feature is previously disclosed by Han, this common feature is not special and so Groups |-V lack unity.

Form PCT/ISA/210 (extra sheet) (January 2015)
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