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(57) ABSTRACT

Biomolecule arrays on a substrate are described which con-
tain a plurality of biomolecules, such as coding nucleic acids
and/or isolated polypeptides, at a plurality of discrete, iso-
lated, locations. The arrays can be used, for example, in high
throughput genomics and proteomics for specific uses includ-
ing, but not limited molecular diagnostics for early detection,
diagnosis, treatment, prognosis, monitoring clinical
response, and protein crystallography.
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PROGRAMMABLE ARRAYS

CROSS REFERENCE

[0001] This application claims priority to U.S. Provisional
Patent Application Ser. No. 61/551,128 filed Oct. 25, 2011,
incorporated by reference herein in its entirety.

STATEMENT OF GOVERNMENT RIGHTS

[0002] This invention was made with government support
under grant number R42 RR031446 awarded by National
Institutes of Health. The government has certain rights in the
invention.

BACKGROUND

[0003] Microarrays have revolutionized molecular biology
by enabling thousands of experiments to be performed simul-
taneously within the size of a single microscope slide. Origi-
nally microarrays consist of thousands of spots of short nucle-
otide polymers that are either synthesized directly onto the
microarray surface or pre-synthesized and then spotted onto
the surface. These © oligonucleotide’ microarrays are typi-
cally used to detect mRNAs that correspond to gene expres-
sion. The field of microarrays has expanded to now include
arrays of various different types of biological molecules (bio-
molecules) such as peptides, siRNA, microRNA, antibodies,
or proteins. However many of these emerging microarrays
have yet to reach their full potential, as research or clinical
diagnostic tools, since they are more difficult to manufacture
than oligonucleotide microarrays. For example, currently
protein microarrays are typically manufactured by expressing
and purifying thousands of proteins, which are then stored
until they are printed using pin-spotters, a process flow with
many inherent logistical problems. Furthermore, many pro-
teins are unstable so these steps must all be maintained at cold
temperature. Nucleic Acid Programmable Protein Arrays
(NAPPA) is a well-established method that gets around these
problems. It involves first printing DNA microarrays and then
transcribing and translating the DNA into proteins directly on
the microarray surface. This has many advantages since the
DNA arrays are relatively stable, even at room temperature,
and the proteins are often expressed immediately before an
experiment so they remain functional. Currently NAPPA
array density is limited to several thousand proteins per array.
There are many compelling needs to cost-effectively manu-
facture higher density protein and other types of microarrays.

SUMMARY OF THE INVENTION

[0004] In a first aspect, the present invention provides bio-
molecule arrays, comprising (a) a first substrate; and (b)
biomolecules comprising at least 10 isolated coding nucleic
acids and/or at least 10 isolated polypeptides, wherein each
nucleic acid and/or polypeptide is physically confined at a
discrete location on the first substrate, and wherein each
nucleic acid is capable of expressing its encoded product in
situ at its discrete location on the substrate, and/or wherein
each polypeptide is capable of a characteristic activity in situ
at its discrete location on the substrate; wherein the discrete
locations are separated from each other on the first substrate
by a center to center spacing of between about 20 nm and
about 1 mm.

[0005] In a second aspect, the present invention provides
arrays comprising (a) a silicon-containing substrate, having a
surface comprising a plurality of nanowells at discrete loca-
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tions wherein the discrete locations are separated from each
other on the silicon-containing substrate by a center to center
spacing of between about 20 nm and about 1 mm; and (b)
biomolecules capable of capturing another molecule located
at each discrete location. In one embodiment, the silicon-
containing substrate is a silica or silicon substrate, such as a
glass or a silicon wafer

[0006] In one embodiment of either of these aspects, the
discrete locations are separated from each other on the first
substrate by a center to center spacing of between about 20
nm and about 100 um. In another embodiment, each physi-
cally confined discrete location comprises a well. In a further
embodiment, each well has a diameter of between about 14
nm and about 0.75 mm. In another embodiment, the wells are
present on the first substrate at a density of between about 250
billion wells per square centimeter and about 100 well per
square centimeter. In a still further embodiment, the discrete
locations are functionalized. In another embodiment, each
discrete location further comprises reagents for expressing
the encoded nucleic acid product and/or for testing polypep-
tide activity. In a further embodiment, each discrete location
further comprises reagents for expressing the encoded
nucleic acid product and/or for testing polypeptide activity
and where those reagents are added to the array separately
from the nucleic acids or polypeptides. In one embodiment,
the reagent comprises a reticulocyte lysate. In a further
embodiment, the biomolecules comprise at least 10 isolated
coding nucleic acids. In another embodiment, the biomol-
ecules comprise at least 10 isolated polypeptides. In a further
embodiment, the nucleic acids and/or polypeptides are bound
to the substrate.

[0007] In another embodiment of either of these aspects,
either (i) the array further comprises a capture substrate
adapted to mate with the first substrate wherein the capture
substrate is functionalized to capture and isolate the expres-
sion product; or (ii) the discrete locations are further func-
tionalized to capture and isolate the expression product.
[0008] In another embodiment of either of these aspects,
the biomolecules comprise antigen or antibodies, and the like.
In a further embodiment, the biomolecules are attached to the
surface of the first substrate through a divalent linking group
to a functional group capable of binding to or associating with
the surface of the substrate.

[0009] In a third aspect, the present invention provides
methods for in situ nucleic acid expression, comprising (a)
contacting each discrete location of the array of any embodi-
ment or combination of embodiments of the invention with
reagents for nucleic acid expression to form a mixture; and (b)
incubating the mixture under conditions suitable for nucleic
acid expression.

[0010] In a fourth aspect, the present invention provides
methods for expressing and capturing a product, comprising
(a) contacting a nucleic acid array with reagents for nucleic
acid expression to form a mixture, wherein the nucleic acid
array comprises a first substrate and at least 10 isolated coding
nucleic acids physically confined at a discrete location on a
first substrate, and wherein each nucleic acid is capable of
expressing its encoded product in situ at its discrete location
on the first substrate; (b) optionally, bringing the first sub-
strate into the proximity of a capture substrate; (¢) incubating
the mixture under conditions suitable for production of
nucleic acid expression products; and (d) capturing and iso-
lating the expression products on the first substrate or, when
present, the capture substrate. In one embodiment, the capture
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substrate comprises a second substrate that comprises a plu-
rality of physically confined discrete locations that match the
physically confined discrete locations on the first substrate. In
another embodiment, the methods comprise pre-coating the
first substrate or the capture substrate, when present, with a
first member of a binding pair, wherein the expression prod-
ucts comprise a second member of the binding pair, and
wherein the incubating is done under conditions suitable for
binding of the first member and the second member of the
binding pair, resulting in capture of the expression product on
the pre-coated substrate. In a further embodiment, the meth-
ods comprise pre-coating the first substrate or the capture
substrate with a first member of a binding pair. In a further
embodiment, the capture substrate is contacted to the first
substrate to form a seal. In another embodiment, each discrete
location comprises a well. In further embodiments, the
nucleic acid expression comprises RNA expression and/or
protein expression. In another embodiment, the reagents
comprise an in vitro expression system. In a further embodi-
ment, the methods comprise modifying the polypeptide cap-
ture on the capture substrate. In a still further embodiment, the
methods comprise further stabilizing the captured polypep-
tides on the capture substrate to retain protein functionality,
such as by freezing the captured polypeptides on the capture
substrate.

DESCRIPTION OF THE FIGURES

[0011] FIG. 1 shows a side cut-through of an exemplary
array substrate and an exemplary process for preparing and
using the same.

[0012] FIG. 2 illustrates an exemplary method for filling
and sealing nanowells on a substrate for product expression.

[0013] FIG. 3 shows the substrate of FIG. 2 having a sealed
cover.
[0014] FIG. 4 illustrates an exemplary method for filling

nanowells on a substrate described herein.

[0015] FIG. 5 shows two separate results of a control
experiment on glass, with four drops of DNA & reagents
dispensed in the center spot, proteins produced from the DNA
using reticulocyte lysate and the proteins tagged with fluo-
rescently labeled antibodies.

[0016] FIG. 6 shows the same experiment as FIG. 5 using
silicon nanowells instead of glass with 4 drops of DNA &
reagents dispensed in the center well and reticulocyte lysate
sealed within each nanowell.

[0017] FIG. 7 shows the same experiment as FIG. 6 with 8
drops of DNA & reagents dispensed in the center well.
[0018] FIG. 8 shows the same experiment as FIG. 6 with 16
drops of DNA & reagents dispensed in the center well.
[0019] FIG.9 shows the same experiment as FIG. 6 with 32
drops of DNA & reagents dispensed in the center well.
[0020] FIG. 10 shows the same experiment as FIG. 9 with
reticulocyte lysate not sealed within each nanowell.

[0021] FIG. 11 illustrates an exemplary process for
expressing a product within a micro-capillary array.

[0022] FIG. 12 illustrates an exemplary method for detect-
ing the presence of fluorescent molecules within and on the
surface of microcapillary tubes.

[0023] FIG. 13 is an image produced according to the
method illustrated in FIG. 12.

[0024] FIG. 14 is an image produced according to the
method illustrated in FIG. 12.

[0025] FIG. 15 illustrates a method for producing a protein
array from a DNA array by first printing a DNA array onto a
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surface, filling an array of microcapillaries with reticulocyte
lysate, aligning the array of microcapillaries with the DNA
array, bringing the array of microcapillaries into contact with
the DNA array, sealing the array of microcapillaries and then
incubating the assembly to produce proteins from the DNA.
[0026] FIG. 16 illustrates an exemplary method of capture
of an expression product on a secondary (capture) surface
using a substrate comprising nanowells.

[0027] FIG. 17 illustrates an exemplary method of capture
of an expression product on a secondary (capture) surface
using a substrate comprising microcapillaries.

[0028] FIG. 18 illustrates an exemplary method for releas-
ing a captured expression product from a substrate compris-
ing microcapillaries.

[0029] FIG. 19 is a continuation of FIG. 18, showing meth-
ods for preparing arrays or capturing solutions of the released
expression products.

[0030] FIG.20is acontinuation of FIG. 18, showing exem-
plary diagnostic methods using the released expression prod-
ucts.

[0031] FIG. 21 is a continuation of FIG. 18, showing other
exemplary diagnostic methods using the released expression
products.

[0032] FIG. 22 is a continuation of FIG. 21, showing exem-
plary diagnostic methods using the released expression prod-
ucts.

[0033] FIG. 23 illustrates an exemplary method for captur-
ing an expression product within the same nanowell as prod-
uct expression.

[0034] FIG. 24 illustrates diffusion on glass slides for
NAPPA at high array densities. (a) Schematic of NAPPA on
glass, with array spacing less than 400 microns. In-situ
expressed proteins diffuse in the lysate mixture and cross-
bind at neighboring locations. As shown in the print layout
schematic to the left, for both (b) and (c), only the center spot
was printed with DNA+printing-mix, while the surrounding
spots were printed with just printing-mix consisting of anti-
GST capture antibodies (no DNA). (b) NAPPA on glass slides
with feature period of 750 microns, showing no observable
diffusion. (c) NAPPA on glass slides with feature period of
375 microns, showing visible diffusion.

[0035] FIG. 25 (a) Schematic of NAPPA in silicon nanow-
ells; NAPPA samples were piezo dispensed in the wells,
which were then filled with lysate and press-sealed with a
compliant gasket film supported on a glass slab. Protein
expression and subsequent capture by substrate-bound anti-
body occurred in confined nano-liter volumes, resulting in
diffusion-free high density protein arrays (b) Method of fab-
rication of silicon nanowells; surface functionalization, print-
ing and NAPPA expression (c) Cross-sectional SEM image of
nanowells with 375 micron spacing (d) Engineering Arts
au302 8-head piezo printer, dispensing on-the-fly into silicon
nanowells (e) Schematic of vacuum assisted filling mecha-
nism developed in-house to effectively fill silicon nanowells
with IVTT lysate. Silicon nanowell slide is placed in the
gasket cutout and sandwiched between the two frames. When
the assembly is clamped a thin microfluidic chamber is
formed over the slide, enabling filling and sealing proteins (f)
Picture showing sealed nanowells filled with lysate.

[0036] FIG. 26 illustrates confined protein expression in
sealed nanowells. (a) Schematic of 16 different genes printed
into alternate wells, in a 7x7 nanowell array (375 pum period)
(b) Pico-green staining of printed DNA; to the right—3D
profile of the signal showing intensity plotted against x & y
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coordinates (c) Expression in unsealed nanowells detected
using an anti-GST antibody. Expressed proteins diffuse
locally and physically-adsorb inside neighboring wells, dis-
playing strong signal in all the wells (d) Expression in sealed
nanowells detected using an anti-GST antibody. The empty
wells in-between do not show any signal, implying no diffu-
sion of protein from sealed wells. 3D profile of protein dis-
play to the right clearly shows diffusion-free signals in sealed
nanowells. (Refer to Supporting Information for cDNA print
details).

[0037] FIG. 27 Demonstration of very high density protein
arrays towards 24,000 proteins on a single slide. 225 micron
period nanowell arrays were produced in round-well and
square-well geometries, by using different silicon wet-etch
chemistries. In both cases, control printing-mix spots (no
c¢DNA) were printed in a plus pattern around the central
expression spots. Neither the control printing-mix spots com-
prising antibodies nor the surrounding empty spots show
significant protein diffusion signal (a) Scanning electron
microscope (SEM) images of 225 micron period round sili-
con wells in top and cross-sectional views; inset shows opti-
cal microscope image (b) Schematic of print layout in 225
micron period round nanowell array (c¢) Corresponding pro-
tein array display showing high intensity from center cDNA
spots with no significant diffusion background (d) SEM and
optical microscope images of square nanowell arrays in top
and cross-sectional views (e) Schematic of print layout in 225
micron period square nanowell array (f) Expressed proteins
are displayed with strong signals (square shaped) from cDNA
printed nanowells, while printing-mix printed wells show
signals at the sharp edges of the well (and empty wells show
no discernible signal). Signal from square edges is thought to
be due to preferential aggregation of proteins and dye at the
sharp edges of square wells.

DETAILED DESCRIPTION OF THE INVENTION

[0038] All references cited are herein incorporated by ref-
erence in their entirety. Within this application, unless other-
wise stated, the techniques utilized may be found in any of
several well-known references such as: Molecular Cloning: A
Laboratory Manual (Sambrook, et al., 1989, Cold Spring
Harbor Laboratory Press), Gene Expression Iechnology
(Methods in Enzymology, Vol. 185, edited by D. Goeddel,
1991. Academic Press, San Diego, Calif.), “Guide to Protein
Purification” in Methods in Enzymology (M. P. Deutshcer,
ed., (1990) Academic Press, Inc.); PCR Protocols: A Guide to
Methods and Applications (Innis, et al. 1990. Academic
Press, San Diego, Calif.), Culture of Animal Cells: A Manual
of Basic Technique, 2" Ed. (R. 1. Freshney. 1987. Liss, Inc.
New York, N.Y.), Gene Transfer and Expression Protocols,
pp- 109-128, ed. E. J. Murray, The Humana Press Inc., Clif-
ton, N.J.), and the Ambion 1998 Catalog (Ambion, Austin,
Tex.).

[0039] All embodiments disclosed herein can be combined
with other embodiments unless the context clearly dictates
otherwise.

[0040] Unless the context clearly requires otherwise,
throughout the description and the claims, the words “com-
prise,” “comprising,” and the like are to be construed in an
inclusive sense as opposed to an exclusive or exhaustive
sense; that is to say, in the sense of “including, but not limited
to.” Words using the singular or plural number also include
the plural or singular number, respectively. Additionally, the
words “herein,” “above,” and “below” and words of similar
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import, when used in this application, shall refer to this appli-
cation as a whole and not to any particular portions of this
application. As used herein, the singular forms “a”, “an” and
“the” include plural referents unless the context clearly dic-
tates otherwise. “And” as used herein is interchangeably used
with “or” unless expressly stated otherwise.

[0041] As used herein, the term “about” means within 5%
of the recited limitation.

[0042] The description of embodiments of the disclosure is
not intended to be exhaustive or to limit the disclosure to the
precise form disclosed. While specific embodiments of, and
examples for, the disclosure are described herein for illustra-
tive purposes, various equivalent modifications are possible
within the scope of the disclosure, as those skilled in the
relevant art will recognize. For example, while method steps
or functions are presented in a given order, alternative
embodiments may perform functions in a different order, or
functions may be performed substantially concurrently. The
teachings of the disclosure provided herein can be applied to
other procedures or methods as appropriate. The various
embodiments described herein can be combined to provide
further embodiments.

[0043] In one aspect, the disclosure provides biomolecule
arrays, comprising (a) a first substrate; and (b) biomolecules
comprising at least 10 isolated coding nucleic acids and/or at
least 10 isolated polypeptides, wherein each nucleic acid
and/or polypeptide is physically confined at a discrete loca-
tion on the first substrate, and wherein each nucleic acid is
capable of expressing its encoded product in situ at its discrete
location on the substrate, and/or wherein each polypeptide is
capable of a characteristic activity in situ at its discrete loca-
tion on the substrate; wherein the discrete locations are sepa-
rated from each other on the first substrate by a center to
center spacing of between about 20 nm and about 1 mm.
[0044] Thearrays ofthe invention can be used, for example,
in high throughput genomics and proteomics for specific uses
including, but not limited molecular diagnostics for early
detection, diagnosis, treatment, prognosis, monitoring clini-
cal response, and protein crystallography.

[0045] Biomolecules of the present arrays can be a nucleic
acid or a polypeptide that is capable of producing an expres-
sion product when incubated with appropriate reagents (en-
zymes, buffers, salts, nucleotides, amino acids, ribosomes,
etc.), or of being tested for a specific activity on the substrate.
[0046] When the biomolecule is a polypeptide, such
polypeptides may comprise or consist of full length proteins,
protein fragments, and naturally occurring and synthetic pep-
tides. The polypeptides may include non-naturally occurring
amino acids and other modifications as desired for a given
purpose.

[0047] When the biomolecule is a nucleic acid, the nucleic
acid can be RNA or DNA. (e.g., a single-stranded DNA, or a
double stranded DNA). In a preferred embodiment, the
nucleic acid includes a plasmid or viral DNA or a fragment
thereof; an amplification product (e.g., a product generated by
RCA, PCR, NASBA); or a synthetic DNA. The nucleic acid
may further include one or more of’ a transcription promoter;
a transcription regulatory sequence; a untranslated leader
sequence; a sequence encoding a cleavage site; a recombina-
tion site; a 3' untranslated sequence; a transcriptional termi-
nator; a sequence encoding an epitope tag; and an internal
ribosome entry site. In another embodiment, the nucleic acid
also includes a sequence encoding a reporter protein, e.g., a
protein whose abundance can be quantitated and can provide
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an indication of the quantity of expression product. The
reporter protein can be attached to the nucleic acid expression
product, e.g., covalently attached, e.g., attached as a transla-
tional fusion. The reporter protein can be an enzyme, e.g.,
[-galactosidase, chloramphenicol acetyl transferase, 3-glu-
curonidase, and so forth. The reporter protein can produce or
modulate light, e.g., a fluorescent protein (e.g., green fluores-
cent protein, variants thereof, red fluorescent protein, variants
thereof, and the like), and luciferase. The transcription pro-
moter can be a prokaryotic promoter, a eukaryotic promoter,
or a viral promoter. The regulatory components, e.g., the
transcription promoter, can vary among nucleic acids at dif-
ferent addresses of the plurality. For example, different pro-
moters can be used to vary the amount of polypeptide pro-
duced at different addresses.

[0048] The biomolecules may be bound to the substrate, or
may be unbound. Methods for binding biomolecules to sub-
strates are well known in the art, as described below. The
biomolecules at each discrete position can all be the same, or
can vary from one position to another, as desired for any given
purpose. The expression products may be the same at each
location, may differ at each location, or any other configura-
tion, as desirable for a given purpose.

[0049] As used herein, the term “substrate” refers to any
type of solid support, such as the silicon-containing substrates
described below, or any of the following substrates on which
the biomolecules can be arrayed. Examples of such substrates
include, but are not limited to, microarrays, beads, columns,
optical fibers, wipes, nitrocellulose, nylon, glass, quartz, dia-
zotized membranes (paper or nylon), silicones, polyformal-
dehyde, cellulose, cellulose acetate, paper, ceramics, metals,
metalloids, semiconductive materials, coated beads, mag-
netic particles; plastics such as polyethylene, polypropylene,
and polystyrene; and gel-forming materials, such as proteins
(e.g., gelatins), lipopolysaccharides, silicates, agarose, poly-
acrylamides, methylmethracrylate polymers; sol gels; porous
polymer hydrogels; nanostructured surfaces; nanotubes
(such as carbon nanotubes, self-assembling-monolayers of
functionalized molecules and nanoparticles (such as gold
nanoparticles or quantum dots).

[0050] In other embodiments, the first substrate may be a
thermoplastic molded substrate via microtransfer molding or
hot embossing from a suitable mold. The mold can be a
patterned PDMS,; silicon, or metal (e.g., Ni) mold prepared by
methods familiar to those skilled in the art.

[0051] In one exemplary embodiment, the substrate com-
prises a substrate suitable for use in a “dipstick” device, such
as one or more of the substrates disclosed above. When bound
to a substrate, the biomolecule can be directly linked to the
support, or attached to the surface via a linker. Thus, the
substrate and/or the biomolecules can be derivatized using
methods known in the art to facilitate binding of the biomol-
ecules to the support. Other molecules, such as reference or
control molecules, can be optionally immobilized on the sur-
face as well. Methods for immobilizing various types of mol-
ecules on a variety of surfaces are well known to those of skill
in the art. A wide variety of materials can be used for the
functionalized solid support surface including, but not limited
to, glass, gold or silicon for example.

[0052] The biomolecule is physically confined at a discrete
location, such that the biomolecule is separated from biomol-
ecules at other discrete locations by any suitable type of
barrier. In various non-limiting embodiments, the discrete
location can be a well, a tube, a patterned (chemical or
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mechanical) region of the substrate, a pillar (in relief), or any
three-dimensional feature(s) that inhibit lateral diffusion
between adjacent locations.

[0053] In one embodiment, the arrays and methods dis-
closed herein provide dramatic improvements of protein
microarrays; particularly to reduce manufacturing costs,
improve quality and increase the density of Nucleic Acid
Programmable Arrays (NAPPA). NAPPA is a means of'in situ
expression and capture of thousands of different proteins in a
microarray format. In this method, DNA molecules corre-
sponding to the proteins of interest are printed on the microar-
ray substrate and then transcribed/translated in situ at the time
of assay. The DNA molecules are configured to append a
common epitope tag to all of the proteins on the N- or C-ter-
mini so that they can be captured by a high-affinity capture
reagent that is immobilized along with the DNA and bovine
serum albumen (BSA) and BS3 cross-linker. In vitro tran-
scription and translation (IVTT)-coupled reagents, such as
rabbit reticulocyte lysate, are used to produce the protein. The
expressed protein is captured on the array through the high
affinity reagent that recognizes the epitope tag. NAPPA
microarrays are used by researchers to concurrently study the
interactions of thousands of different proteins on the microar-
ray surface with another biomolecule, drug candidate or
serum sample.

[0054] Physical confinement of the discrete locations pre-
vents diffusion during, for example, in vitro protein expres-
sion of NAPPA. In certain embodiments, each of the physi-
cally confined discrete locations can comprise a well. As used
herein, a well is a fluid receptacle that is open at one end and
closed at the other end. The wells can be of any desired shape,
including but not limited to circular, rectangular, square,
polygonal, or arbitrarily shaped. Wells can be made by any
suitable technique, including but not limited to: photolithog-
raphy and/or isotropic or anisotropic etch in silicon wafers;
forming a silicon-dioxide layer on top of the silicon wafer for
compatibility with NAPPA chemistry that has been devel-
oped for glass (silicon-dioxide) surfaces; forming the nanow-
ells by micro/Nano-imprinting of PDMS or by photolithog-
raphy of SUB; etching of glass or bonding a perforated
membrane to a solid surface. In one embodiment, the sub-
strates comprise one or more further features to improve
sealing of wells during biochemical processing, when stored
orin use. Sealing prevents molecules from diffusing from one
well to the next during a biochemical processes, and is espe-
cially useful for high-density arrays with small well-to-well
spacing. Such features include, but are not limited to, a mating
substrate that serves to seal each well; a lip around each well
(where the lip comprises the same or different material as the
substrate is made of), a silicone-rubber gasket around each
well, and a mating substrate that forms a seal around each well
of the substrate. For example, the mating substrate may have
a compliant material to form a tight seal between discrete
locations when it is mated with the substrate.

[0055] Incertain embodiments, each well has a diameter of
between about 14 nm and about 0.75 mm. In various embodi-
ments, the well diameters are between 20 nm and 500 pm; 50
nm and 500 um; 100 nm and 500 pm; 250 nm and 500 pm; 500
nm and 500 pm; 1 pm and 500 pm; 10 pm and 500 pm; 100 pm
and 500 pm; 150 pm and 500 pm; 20 nm and 300 pm; 50 nm
and 300 um; 100 nm and 300 pm; 250 nm and 300 um; 500 nm
and 300 um; 1 pm and 300 pm; 10 pm and 300 pm; 100 pm
and 300 pm; 150 pm and 300 pm; 20 nm and 250 pm; 50 nm
and 250 um; 100 nm and 250 pm; 250 nm and 250 pum; 500 nm
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and 250 um; 1 pm and 250 um; 10 pm and 250 pm; 100 pm
and 250 um; and 150 pm and 250 pm.

[0056] The wells can be present on the first substrate at a
density of between about 250 billion wells per square centi-
meter and about 100 well per square centimeter. In various
embodiments, the wells are present on the first substrate at a
density of between about 250 billion wells per square centi-
meter and about 500 wells per square centimeter; about 250
billion wells per square centimeter and about 1000 wells per
square centimeter; about 250 billion wells per square centi-
meter and about 10,000 wells per square centimeter; about
100 billion wells per square centimeter and about 100 wells
per square centimeter; about 100 billion wells per square
centimeter and about 500 wells per square centimeter; about
100 billion wells per square centimeter and about 1000 wells
per square centimeter; about 100 billion wells per square
centimeter and about 10,000 wells per square centimeter;
about 10 billion wells per square centimeter and about 100
wells per square centimeter; about 10 billion wells per square
centimeter and about 500 wells per square centimeter; about
10 billion wells per square centimeter and about 1000 wells
per square centimeter; about 10 billion wells per square cen-
timeter and about 10.000 wells per square centimeter; about 1
billion wells per square centimeter and about 100 wells per
square centimeter; about 1 billion wells per square centimeter
and about 500 wells per square centimeter; about 1 billion
wells per square centimeter and about 1000 wells per square
centimeter; about 1 billion wells per square centimeter and
about 10,000 wells per square centimeter; about 100 million
wells per square centimeter and about 100 wells per square
centimeter; about 100 million wells per square centimeter and
about 500 wells per square centimeter; about 100 million
wells per square centimeter and about 1000 wells per square
centimeter; about 100 million wells per square centimeter and
about 10,000 wells per square centimeter; about 10 million
wells per square centimeter and about 100 wells per square
centimeter; about 10 million wells per square centimeter and
about 500 wells per square centimeter; about 10 million wells
per square centimeter and about 1000 wells per square cen-
timeter; about 10 million wells per square centimeter and
about 10.000 wells per square centimeter; about 1 million
wells per square centimeter and about 100 wells per square
centimeter; about 1 million wells per square centimeter and
about 500 wells per square centimeter; about 1 million wells
per square centimeter and about 1000 wells per square cen-
timeter; about 1 million wells per square centimeter and about
10,000 wells per square centimeter; about 100,000 wells per
square centimeter and about 100 wells per square centimeter;
about 100,000 wells per square centimeter and about 500
wells per square centimeter; about 100,000 wells per square
centimeter and about 1000 wells per square centimeter; about
100,000 wells per square centimeter and about 10,000 wells
per square centimeter; about 75,000 wells per square centi-
meter and about 100 wells per square centimeter; about
75,000 wells per square centimeter and about 500 wells per
square centimeter; about 75,000 wells per square centimeter
and about 1000 wells per square centimeter; about 75,000
wells per square centimeter and about 10,000 wells per square
centimeter; about 50,000 wells per square centimeter and
about 100 wells per square centimeter; about 50,000 wells per
square centimeter and about 500 wells per square centimeter;
about 50,000 wells per square centimeter and about 1000
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wells per square centimeter; and about 50,000 wells per
square centimeter and about 10,000 wells per square centi-
meter.

[0057] In various embodiments, the wells have a depth of
between about 10 pm and about 150 pm; about 10 pm and
about 125 um; about 10 um and about 100 um; about 10 pm
and about 90 um; about 10 um and about 80 um; about 10 pm
and about 75 um; about 10 um and about 70 pm; about 10 pm
and about 60 um; about 10 um and about 50 um; 25 pm and
about 100 um; about 25 um and about 150 pum; about 25 pm
and about 125 pm; about 25 um and about 100 pm; about 25
um and about 90 um; about 25 pm and about 80 pm; about 25
um and about 75 um; about 25 pm and about 70 pm; about 25
pum and about 60 um; about 25 pum and about 50 pm; about 50
pum and about 150 pum; about 50 pm and about 125 um; about
50 um and about 100 um; about 50 pm and about 90 um; and
about 50 pm and about 75 pum.

[0058] In various embodiments, the wells have a period
(i.e.: spacing) on the array of between about 100 pm and about
400 um; about 100 um and about 375 pm; about 100 pm and
about350 pm; about 100 pm and about 325 pm; about 100 pm
and about 300 um; about 100 um and about 275 um; about 100
um and about 250 um; about 100 um and about 225 um; about
100 pum and about 200 um; about 100 pm and about 185 um;
about 100 pm and about 175 pm; about 100 pm and about 150
pm; 125 pm and about 400 um; about 125 pm and about 375
um; about 125 um and about 350 um; about 125 pm and about
325 um; about 125 um and about 300 pm; about 125 pm and
about 275 um; about 125 um and about 250 pm; about 125 pm
and about 225 um; about 125 um and about 200 um; about 125
pm and about 185 um; about 125 pm and about 175 pm; about
125 um and about 150 pm; 150 pm and about 400 pum; about
150 um and about 375 pm; about 150 pm and about 350 um;
about 150 pm and about 325 pm; about 150 um and about 300
pwm; about 150 um and about 275 pm; about 150 pm and about
250 pm; about 150 um and about 225 pm; about 150 um and
about 200 um; about 150 pm and about 185 pum; about 150 pm
and about 175 um; 175 pm and about 400 pum; about 175 pm
and about 375 um; about 175 um and about 350 um; about 175
pum and about 325 um; about 175 pm and about 300 pm; about
175 um and about 275 pm; about 175 pm and about 250 um;
about 175 pm and about 225 pm; about 175 pm and about 200
um; about 175 um and about 185 um; about 185 pm and about
400 pm; about 185 um and about 375 pm; about 185 um and
about350 um; about 185 pm and about 325 pm; about 185 pm
and about 300 um; about 185 um and about 275 um; about 185
pm and about 250 pm; about 185 um and about 225 um; and
about 185 um and about 200 pm.

[0059] In another embodiment, where well spacing (in
mm) is “Sp”, density is “Dn”, diameter is “Dm”, and depth is
“Dp”.

[0060] (a) the well density (in
1/Sp™2<=Dn<=1/(Sp*(0.75)°*)*;

[0061] (b) the well diameter (in mm) is 0.1%*Sp<=Dm<=0.
95*Sp; and/or

[0062] (c) the well
0.1*Dm<=Dp<=3*Dm; and
[0063] Inotherembodiments, each physically confined dis-
crete location comprises a tube (FIG. 11). As used herein, a
tube is a fluid receptacle that is open at both ends. The “tube”
may be one or more (i.e.: 2,3,4, 5, 6,7, 8,9, 10, or more)
adjacent tubes in a single location. In one preferred embodi-
ment, a plurality of tubes in a discrete location is bundled
together. In another embodiment, a plurality of tubes is fused

spots/mm™2) is

depth is (in mm) is
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at one end with the other ends remaining separate. As a result,
each tube will, in use, receive the same fluid sample. The
tubes can be of any desired shape, including but not limited to
circular, rectangular, square, polygonal or arbitrarily shaped.

[0064] Tubes can be made by any suitable technique,
including but not limited to: bundling glass capillaries
together, fusing and drawing them out and then slicing and
polishing the result into thin sheets of fused nanotubes; pho-
tolithography and/or isotropic or anisotropic etch in silicon
wafers; forming a silicon-dioxide layer on the surfaces of the
nanotubes for compatibility with NAPPA chemistry that has
been developed for glass (silicon-dioxide) surfaces; forming
the nanotubes by nano-imprinting of PDMS or by photoli-
thography of SUS or etching of glass.

[0065] Incertain embodiments, each tube can have an inner
diameter of between about 14 nm and about 0.75 mm. The
tubes may be present on the first substrate at a density of
between about 250 billion tubes per square centimeter and
about 1 tube per square centimeter. In another embodiment
the tubes are present on the first substrate at a density of
between about 250 billion tubes per square centimeter and
about 10 tubes per square centimeter. In another embodiment
the wells are present on the first substrate at a density of
between about 250 billion tubes per square centimeter and
about 100 tubes per square centimeter. All embodiments of
well diameter, period, and spacing on the array are equally
applicable to tube inner diameter, period, and spacing. Tube
depth can be any suitable depth based on length of capillary
tubes used. In one embodiment, tube length is between 10 nm
and 10 mm. In various further embodiments, the tube length
is between 10 nm and 5 mm; 10 nm and 1 mm; 10 nm and 100
pum; 10 nm and 50 pm; 10 nm and 10 pm; 10 nm and 1 pm; 10
nm and 100 nm; 25 nm and 10 mm; 25 nm and 5 mm; 25 nm
and 1 mm; 25 nm and 100 um; 25 nm and 50 pm; 25 nm and
10 pm; 25 nm and 1 pm; 25 nm and 100 nm; 50 nm and 10
mm; 50 nm and 5 mm; 50 nm and 1 mm; 50 nm and 100 pm;
50 nm and 50 pm; 50 nm and 10 pm; 50 nm and 1 pm; 25 nm
and 100 nm; 100 nm and 10 mm; 100 nm and 5 mm; 100 nm
and 1 mm; 100 nm and 100 pm; 100 nm and 50 um; 100 nm
and 10 um; 100 nm and 1 pm; 500 nm and 10 mm; 500 nm and
5 mm; 500 nm and 1 mm; 500 nm and 100 pm; 500 nm and 50
pm; 500 nm and 10 pm; 500 nm and 1 pm; 1 pm and 10 mm;
1 um and 5 mm; 1 pm and 1 mm; 1 pm and 100 pm; 1 pm and
50 um; 1 pm and 10 pm; 10 pm and 10 mm; 10 pm and 5 mm;
10 um and 1 mm; 10 pm and 100 pm; 10 pm and 50 um; 100
pm and 10 mm; 100 pm and 5 mm; and 100 pm and 1 mm.

[0066] Each of the discrete locations may be additionally
functionalized. In certain embodiments, the surface is func-
tionalized to be hydrophilic, as described below. Such hydro-
philic surfaces can promote wetting and spreading of
reagents. In certain embodiments, the surface is functional-
ized to be hydrophobic, as described below. Such surface
functionalization may be within each discrete location or
between the discrete locations; in the latter case, the surface
functionalization may serve to define the discrete locations.
In one embodiment when the substrate comprises silicon, the
Si substrates (such as substrates where each of the physically
confined discrete locations comprises a well) may be func-
tionalized by coating with oxide, to reduce quenching of
fluorescence by Si. In this embodiment, any suitable thick-
ness of oxide can be coated on the substrate, such as between
about 10 nm and 500 nm in thickness, preferably between
about 50 nm and 250 nm in thickness, or about 100 nm in
thickness.
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[0067] Eachdiscrete location can further comprise reagents
for expressing the encoded nucleic acid product and/or for
testing polypeptide activity. Any suitable reagents for a given
purpose can be used. Those of skill in the art can determine
appropriate reagents for a given use, based on the teachings
herein combined with the level of skill in the art. In one
non-limiting example, where the biomolecule comprises a
DNA molecule and the desired expression product is a
polypeptide, the reagents may comprise a reticulocyte lysate.
[0068] For example, the reagents may comprise reagents
for expressing the encoded nucleic acid product and/or for
testing polypeptide activity and where those reagents are
added to the array separately from the nucleic acids or
polypeptides. The reagents can either by added prior to add-
ing the nucleic acids or polypeptides, or they can be added
after the nucleic acids or polypeptides. For NAPPA for
example, the reagents consist of a mixture of capture antibod-
ies, BSA and BS3. This mixture can be combined with the
nucleic acids prior to printing them onto the array surface or
they can be printed separately. Furthermore, the nucleic acids
can be printed onto the array surface with a suitable chemistry
to bind them to the array surface and then the mixture can be
flooded over the whole array surface. In particular embodi-
ments, the reagent can comprise a reticulocyte lysate. The
reticulocyte lysate can be a solution (for example, added by an
end user), or may be placed at the discrete locations and
frozen (for example, by a manufacturer), such that it can be
stored, shipped, etc. Upon expression, the end products may
be proteins that crystalize inside each physically confined
discrete location.

[0069] Incertain embodiments, the biomolecules comprise
at least 10 isolated coding nucleic acids. As will be clear to
those of skill in the art, more than 10 isolated coding nucleic
acids and/isolated polypeptides can be arrayed on the sub-
strate; in various embodiments, 50, 100, 500, 1000, 2500,
5000, 10,000, 25,000, 50,000, 100,000, or more isolated cod-
ing nucleic acids and/isolated polypeptides can be arrayed on
the substrate. In other embodiments, the biomolecules com-
prise at least 100 isolated coding nucleic acids; or at least
1000 isolated coding nucleic acids; or at least 10 isolated
polypeptides; or at least 100 isolated polypeptides; or at least
1000 isolated polypeptides. In any of the preceding embodi-
ments, nucleic acids and/or polypeptides can be bound to the
substrate.

[0070] The arrays may further comprise either (i) a capture
substrate adapted to mate with the first substrate wherein the
capture substrate is functionalized to capture and isolate the
expression product; or (ii) the discrete locations are further
functionalized to capture and isolate the expression product.
As used herein, “mate” means to form a seal, such that each of
the discrete locations is completely separated from each
other. However, a complete seal is not necessary, proximity,
on the order of micrometers, may be good enough in some
cases. The capture substrate can be flat or it can have physical
features that mate with those on the first substrate. In certain
embodiments, the capture substrate forms a complete seal
with the first substrate. The capture substrate and/or the first
substrate can have a compliant material to form a tight seal
between discrete locations when the two are mated together.
[0071] In another aspect, the disclosure provides an array
comprising a silicon-containing substrate, having a plurality
of nanowells at discrete locations formed in a surface of the
substrate wherein the discrete locations are separated from
each other on the silicon-containing substrate by a center to
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center spacing of between about 20 nm and about 1 mm; and
biomolecules capable of capturing another molecule located
ateach discrete location. In certain embodiments, the discrete
locations are separated from each other on the first substrate
by a center to center spacing of between about 20 nm and
about 100 um. All embodiments of well diameter, period,
depth, and spacing on the array provided above are equally
applicable in this aspect of the invention.

[0072] In one embodiment, the arrays comprise one or
more further features to improve sealing of wells when stored
or in use. Such features include, but are not limited to, a lip
around each well (where the lip comprises the same or dif-
ferent material as the substrate is made of), a silicone-rubber
gasket around each well, and a mating substrate that forms a
seal around each well of the substrate. For example, the
mating substrate may have a compliant material to form a
tight seal between discrete locations when it is mated with the
substrate.

[0073] Examples of biomolecules which may be located in
the nanowells at each of the discrete locations include, but are
not limited to, nucleic acids, antigen, antibodies, and the like,
as discussed above. When the biomolecule is a polypeptide,
such polypeptides may comprise or consist of full length
proteins, protein fragments, and naturally occurring and syn-
thetic peptides. The polypeptides may include non-naturally
occurring amino acids and other modifications as desired for
a given purpose.

[0074] When the biomolecule is a nucleic acid, the nucleic
acid can be RNA or DNA. (e.g., a single-stranded DNA, or a
double stranded DNA). In a preferred embodiment, the
nucleic acid includes a plasmid or viral DNA or a fragment
thereof; an amplification product (e.g., a product generated by
RCA, PCR, NASBA); or a synthetic DNA. The nucleic acid
may further include one or more of: a transcription promoter;
a transcription regulatory sequence; a untranslated leader
sequence; a sequence encoding a cleavage site; a recombina-
tion site; a 3' untranslated sequence; a transcriptional termi-
nator; a sequence encoding an epitope tag; and an internal
ribosome entry site. In another embodiment, the nucleic acid
also includes a sequence encoding a reporter protein, e.g., a
protein whose abundance can be quantitated and can provide
an indication of the quantity of expression product. The
reporter protein can be attached to the nucleic acid expression
product, e.g., covalently attached, e.g., attached as a transla-
tional fusion. The reporter protein can be an enzyme, e.g.,
[-galactosidase, chloramphenicol acetyl transferase, f-glu-
curonidase, and so forth. The reporter protein can produce or
modulate light, e.g., a fluorescent protein (e.g., green fluores-
cent protein, variants thereof, red fluorescent protein, variants
thereof, and the like), and luciferase. The transcription pro-
moter can be a prokaryotic promoter, a eukaryotic promoter,
or a viral promoter. The regulatory components, e.g., the
transcription promoter, can vary among nucleic acids at dif-
ferent addresses of the plurality. For example, different pro-
moters can be used to vary the amount of polypeptide pro-
duced at different addresses.

[0075] The biomolecules may be confined at the nanowells
according to methods familiar to those skilled in the art; for
example, any of the preceding can be attached to the surface
of'the nanowells on the silicon-containing substrate through a
divalent linking group to a functional group capable of bind-
ing to or associating with the surface of the substrate, as
discussed below.
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[0076] Examples of molecules that the biomolecules may
capture include, but are not limited to, nucleic acid expression
products when incubated with appropriate reagents (en-
zymes, buffers, salts, nucleotides, amino acids, ribosomes,
etc.). In other embodiments, the biomolecules which may
capture and isolate the expression product include, but are not
limited to an antigen, inhibitor (e.g., an irreversible inhibitor),
or an antibody for the expression product. Such surface func-
tionalizations may be introduced by methods familiar to those
skilled in the art.

[0077] In certain embodiments, the silicon-containing (Si)
substrate is a silica or silicon substrate. For example, the
substrate may comprise a glass or a silicon wafer (each having
a shape suitable for its intended purpose). Such substrates
may be chemically patterned (e.g., microcontact printing) or
etched (e.g., standard masking and etching methods for sili-
con) according to methods known to those skilled in the art to
provide a plurality of discrete locations on a surface thereof.
For example, see e.g., Xia and Whitesides, Ann. Rev. Mater.
Sci. 1998, 28, 153, which is hereby incorporated by reference
in its entirety.

[0078] In one embodiment, the Si nanowells are coated
with oxide, to reduce quenching of fluorescence by Si. In this
embodiment, any suitable thickness of oxide can be coated on
the substrate, such as between about 10 nm and 500 nm in
thickness, preferably between about 50 nm and 250 nm in
thickness, or about 100 nm in thickness.

[0079] Suitable linking groups include, but are not limited
to a group of the formula, —(C,-C,, alkyl-Q),_,-C,-C,,
alkyl-, wherein Q is a bond, aryl, heteroaryl, C;-Cq
cycloalkyl, or heterocyclyl; and no more than one methylene
in each alkyl group is optionally and independently replaced
by —O— —S—, —NR")— —CH=CH)—,
—(C=C—, —C(O)— —S(O)—, —S0),— —PO)
(OH)—, —OP(O)(OH)—, —P(O)YOH)O—, —N(R®)P(O)
(OH)—, —P(O)(OH)N(R*°)—, —OP(O)(OH)O—, —OP
(O)(OH)NR)—, —N(R**)P(0)(OH)O—, —N(R*)P(0)
(OH)N(R®)—, —C(0)O—, —C(O)N(R°)—, —OC(0)—,

—NR")C(O)—, —S(O)0—, —0S(0)—, —SON
R°9)—, —NR)S(0)—, —S(0),0—, —O0S(0),—,
—S(0),N(R**)—,—N(R**) $(0),—, OC(0)0O—, —OC(O)
NR*)—, —NR®)C(0)0—, —NR*)C(ONR?)—,
—0S(0)0—, —OS(ON(R?)—, —NR*)S(0)0—,
—NR")S(ONR*)—, —0S(0),0—, —O0S(0),N
R)—, —NR?)S(0),0—, or —N(R"*)S(0),N(R*)—,

wherein each R is independently hydrogen or C,-C alkyl.

[0080] Suitable functional groups include, but are not lim-
ited to —NH, (amine), —COOH (carboxyl), siloxane (—Si
(OR),, whereeach R is C,-C,, alkyl), —OH (hydroxyl), —SH
(mercapto), —CONH, (amido), —P(O)(OH), (phosphonic
acid), —S(0),0OH (sulfonate), —S(O)OH (sulfinate), —OS
(0),0H (sulfate), and chemical groups including the same.

[0081] Thedivalentlinker may also comprise a photocleav-
able group within the divalent group. Such surface function-
alization can allow for expression products to be isolated on
the surface by binding with the biomolecule capable of cap-
turing the expression products. After expression, the substrate
may be washed by methods familiar to those in the art to
remove leftover starting materials, reactants, and/or contami-
nants. Then, the washed substrate may be exposed to a suit-
able wavelength of light for a period of time suitable to cleave
the photocleavable linker (FIG. 18), thereby releasing the
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expression product to allow further manipulation of the
expression product (e.g., isolation on a second substrate as
discussed below).

[0082] The divalent linker may also comprise a chemically
cleavable group within the divalent group. Such surface func-
tionalization can allow for expression products to be isolated
on the surface by binding with the biomolecule capable of
capturing the expression products. After expression, the sub-
strate may be washed by methods familiar to those in the art
to remove leftover starting materials, reactants, and/or con-
taminants. Then, the washed substrate may be exposed to a
suitable reagent for a period of time suitable to cleave the
chemically cleavable linker, thereby releasing the expression
product to allow further manipulation of the expression prod-
uct (e.g., isolation on a second substrate as discussed below).
[0083] In certain embodiments, the surface is functional-
ized to be hydrophilic. Examples of hydrophilic functional-
izations include, but are not limited to hydroxyalkyl, ami-
noalkyl, or carboxyalkyl-functionalized siloxanes (for silica
surfaces; e.g., 3-aminopropyl trimethoxysilane, (N,N-Dim-
ethylaminopropyl)trimethoxysilane, or [3-(2-aminoethy-
lamino)propyl]trimethoxysilane) and hydroxyalkyl-, amino-
alkyl-, or carboxyalkyl-functionalized thiols (for metal
surfaces, such as Au, Ag, Cu, Ni, Zn, or Pt, and the like; (e.g.
11-Mercaptoundecyl)tetra(ethylene glycol); 11-mercaptoun-
decyl)-N,N,N-trimethylammonium bromide; 11-Mercapto-
1-undecanol; 11-mercaptoundecanoic acid; 11-mercaptoun-
decylphosphoric acid). As used herein, “hydrophilic” means
that the location has a water contact angle less than 40 degrees
as measured by the sessile drop method known to those
skilled in the art. Such hydrophilic surfaces can promote
wetting and spreading of reagents.

[0084] Such functionalizations may include use of a pho-
toprotected hydroxyalkyl, aminoalkyl, and/or carboxyalkyl-
functionalized siloxane which may be photopatterned
according to methods known to those skilled in the art to
locally generate hydrophilic surfaces at discrete locations on
the substrate surface. Such functionalizations may also
include use of a reactive surface functionalization, such as an
epoxy or isocyanato group which may be reacted with a
second molecule (e.g., 1,2-diaminoethane) to generate a
locally hydrophilic surface (e.g., (triethoxysilyl)propyl iso-
cyanate or 3-glycidoxypropyldimethylethoxysilane).

[0085] “In certain embodiments, the surface of the silicon-
containing substrate is functionalized to be hydrophobic.
Examples of hydrophobic functionalizations include, but are
not limited to alkyl-functionalized and fluoroalkyl-function-
alized siloxanes (for silica surfaces; e.g., 1H,1H,2H,2H-per-
fluorooctyltriethoxysilane and dodecyltriethoxysilane) and
alkyl-functionalized thiols (for metal surfaces, such as Au,
Ag, Pt, and the like (e.g., 1-Dodecanethiol). As used herein,
“hydrophobic” means that the location has a water contact
angle greater than 90 degrees as measured by the sessile drop
method known to those skilled in the art.

[0086] Such functionalizations to capture and isolate the
expression product can be located on a second substrate, or
can be located within the same discrete location on the first
substrate. For example, an individual well (e.g., rectangular
sized or large elliptical/circular) can be treated such that one
portion of the well has a nucleic acid (e.g., DNA) printed, and
another portion has a coating of an antibody to the expression
product. An expressed protein can bind to this antibody to
isolate the pure protein. That is, a “capture substrate” can be
a separate substrate from the silicon-containing substrate, or
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may be a portion of the silicon containing substrate available
for use as to capture expression products. In one non-limiting
embodiment the “capture substrate” comprises one or more
discrete locations on the substrate adjacent to the discrete
location at which expression occurs, and the locations are
physically confined by a well or a tube (bottom capture,
tube-wall capture or side capture etc.).
[0087] In another aspect, the disclosure provides methods
for in situ nucleic acid expression, comprising
[0088] (a) contacting each discrete location of the array
as described in any of the preceding aspects and embodi-
ments thereof, with reagents for nucleic acid expression
to form a mixture; and
[0089] (b) incubating the mixture under conditions suit-
able for nucleic acid expression.
[0090] Inyet another aspect, the disclosure provides meth-
ods for expressing and capturing an expression product, com-
prising
[0091] (a) contacting a nucleic acid array with reagents
for nucleic acid expression to form a mixture, wherein
the nucleic acid array comprises a first substrate and at
least 10 isolated coding nucleic acids physically con-
fined at a discrete location on a first substrate, and
wherein each nucleic acid is capable of expressing its
encoded product in situ at its discrete location on the first
substrate;
[0092] (b) optionally, the first substrate may be brought
into the proximity of a capture substrate;

[0093] (c) incubating the mixture under conditions suit-
able for production of nucleic acid expression products;
and

[0094] (d) capturing and isolating the expression prod-

ucts on the first substrate or, when present, the capture

substrate.
[0095] Itis well within the level of those of skill in the art to
determine the most appropriate conditions for the contacting,
incubating, and capturing steps based on the teachings herein.
In one non-limiting example, conditions for NAPPA typically
comprise incubating the DNA of 1-2 hours at 30° C. to
express proteins.
[0096] The expressed product may be captured on the same
first substrate or the capture substrate. For example, each of
the discrete locations may further comprise a biomolecule
capable of binding to or associating with the expressed prod-
uct, as discussed herein, such that the expression product is
produced and captured at the discrete location. In another
example, the first substrate may be contacted with a capture
substrate, where the capture substrate is coated with a bio-
molecule capable of bonding to or associating with the
expressed product; upon expression, the product can be cap-
tured on the capture substrate. Exemplary capture substrates
and their use are provided in FIGS. 16-17. FIG. 16 (well) and
FIG.17 (capillary tubes) show embodiments in which capture
antibodies are coated on glass slides (and not in the DNA/
reagent mixture in the wells) that act as the capture substrate;
contacting this capture substrate with the array and carrying
out protein expression results in a capture substrate that is a
pure protein array and does not contain the stating DNA or
reagents. The capture substrates may be made of any material
or comprise any other components suitable for a given use,
including but not limited to gold and/or silver coated capture
substrates (for example, for use in surface plasmon resonance
(SPR) studies), capture substrates that comprise field effect
nanowires (for example, to produce substrates having nanow-
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ires coated with the expressed proteins), and capture sub-
strates comprising spin-coated probe molecules magnetic
micro/nanoparticles coated with secondary antibodies or
chemical linkers.

[0097] Using the methods of the invention, expression
products can be expressed multiple times from the same
array, enabling more than one isolated-expression product
capture per array. Herein, ‘isolated’ means that the DNA print
location is separated from the capture location of the expres-
sion product and not contaminated by other biological mate-
rial. (e.g., in regular NAPPA both these locations are the
same).

[0098] The contacting can be done under any conditions
suitable for a given purpose. In one embodiment, the reagents
can be flooded across all discrete locations. In another
embodiment, the reagents can be discretely delivered to some
or all discrete locations, for example, using known microflu-
idic techniques. As will be understood by those of skill in the
art, the arrays may be generated and used immediately, or the
arrays may be generated and stored for later use. When arrays
are generated and stored for later use, the reagents (such as
reticulocyte lysate) may be added at the time of use or the
array/reagents may be generated and stored frozen, such that
at the time of use the lysate is unfrozen and incubated as
appropriate. In a further embodiment, the arrays may be fro-
zen after the incubating/protein expression and any desired
subsequent steps, for later use of the expressed proteins.
[0099] In various non-limiting embodiments of any of the
preceding aspects and embodiments thereof, the methods
may comprise one or more of the following:

[0100] (a)Filling and sealing the discrete locations (such
as nanowells) during polypeptide expression to prevent
cross contamination between neighboring wells. For
example, plasmid DNA in the nanowells is exposed to
reagents, such as reticulocyte lysate, to express proteins
from the DNA (e.g., use pre-vacuumed PDMS wells (or
another foamy substrate like silicone rubber foam),
where residual vacuum sucks lysate in; or e.g., fill wells
with water first, remove water other than inside of wells,
and then inject lysate to displace/mix water with lysate).

[0101] (b) using a rigid cover with spacers between a
cover (as used herein, including but not limited to a
capture substrate) and substrate array surface, followed
by removal of the spacers to push down the cover-plate
and seal the discrete locations;

[0102] (c) using a rigid cover-plate with elastic spacers
between a cover and the discrete locations, followed by
pushing down on the cover-plate to compress the elastic
spacers to seal the discrete locations;

[0103] (d) using a flexible cover and pushing down on a
cover to deform it and seal the discrete locations;

[0104] (e) forcing the reagents, such as reticulocyte
lysate fluid through a narrow gap between the substrate
and a cover to spread the fluid uniformly over the array
surface;

[0105] (f) filling the discrete locations (such as nanow-
ells or tubes) with reagents, such as reticulocyte lysate
using vacuum, syringe and solenoid-valve. See, for
example, FIG. 4. Assembling a cover-plate, with two
holes, over the substrate. Sealing the cover-plate to the
substrate around the edges. Leaving a gap between the
cover-plate and the substrate. Attaching a syringe to a
solenoid-valve with just enough reticulocyte lysate to fill
the discrete locations, the gap over the substrate and the
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assorted valves, fittings and tubing. Attaching the other
end of the solenoid-valve to one of the holes in the
cover-plate. Applying a vacuum to the other hole in the
cover-plate. Opening the solenoid valve. Releasing the
vacuum. This embodiment can be varied by one or more
of:

[0106] (1) replacing the solenoid-valve with a septum
and piercing the septum with a syringe needle
attached to the syringe to start the flow of reagents into
the device;

[0107] (2) eliminating the solenoid-valve, holding
back the flow of reagents using a mechanical stopper
on the syringe plunger and then releasing the
mechanical stopper to start the flow of reagents into
the device;

[0108] (3) eliminating the solenoid-valve, holding
back the flow of reagents using a syringe pump and
then moving the syringe pump forward to start the
flow of reagents into the device;

[0109] (4) placing a flow restrictor in line with the
solenoid-valve to slow down the flow rate if neces-
sary;

[0110] (5) adding mechanical damping to slow down
the movement of the syringe plunger if necessary;

[0111] (6) adjusting the gap between the substrate and
the cover-plate to obtain uniform filling of all of the
discrete locations; and

[0112] (7) attaching a single syringe of reticulocyte
lysate to multiple arrays to simultaneously fill more
than one array at a time.

[0113] (g) orienting the substrate vertically and sub-
merging it, at a controlled rate, into a reagent thereby
displacing air from the nanowells by the reagent;

[0114] (h) orienting the substrate vertically and sub-
merging it, at a controlled rate, into a reagent while
vibrating the reagent to further assist in displacing air
from the nanowells by the reagent;

[0115] (i) placing the substrate vertically into a vessel
and filling the vessel from the bottom at a controlled rate
with a reagent thereby displacing air from the nanowells
by the reagent;

[0116] (j) placing the substrate vertically into a vessel
and filling the vessel from the bottom at a controlled rate
with a reagent while vibrating the reagent thereby fur-
ther displacing air from the nanowells by the reagent;

[0117] (k) filling the discrete locations with reagents,
such as reticulocyte lysate inside of a vacuum chamber.
Assembling a cover-plate, with one hole, over the
nanowell array surface. Sealing the cover-plate to the
nanowell array surface around the edges. Leaving a gap
between the cover-plate and the nanowell array surface.
Placing a drop of reticulocyte lysate over the hole and
putting the assembly into a vacuum chamber. Appling a
vacuum to the vacuum chamber and waiting until all of
the air from the gap escapes through the small hole in the
cover plate. Removing the vacuum thus forcing the
reticulocyte lysate into the small hole and onto the
nanowell array surface.

[0118] (1) Filling the discrete locations of the substrate
with reagents while the substrate is vibrating to release
any air bubbles entrapped within the discrete locations.

[0119] (m) Adding a lip around each discrete location
(such as nanowells) with a lip for improved sealing.
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[0120] (n) Adding a thin film (which can optionally be
transparent) between a silicone rubber and the wells.

[0121] (o) Using a thin film and air pressure to seal the
wells instead of silicone rubber.

[0122] Regulate the temperature of the liquid for ther-
mal cycling of the reaction process.

[0123] In another embodiment, a microsieve membrane
can be used to cover the array. For example (relating to
improved NAPPA), print NAPPA mixtures on the substrate.
Using precise tooling, align the pores of the membrane to the
NAPPA spots. Expose the NAPPA spots to reticulocyte lysate
through the pores in the membrane to isolate protein expres-
sion within individual spots. Maintain an air-gap between the
bottom of the microsieve-membrane and the top of the flat
microarray surface. However allow the reticulocyte to bridge
the gap. Make physical contact between the bottom of the
microsieve-membrane and the top of the microarray surface.
Use a highly perforated microsieve-membrane with very
small, closely-packed pores so that multiple pores cover one
NAPPA spot. This alleviates the need for precise alignment of
the microsieve-membrane and the microarray surface. Based
on the teachings herein, it is within the level of skill in the art
to determine appropriate reagents and incubation conditions
to use for an intended use.

[0124] “Capture substrate” as used herein can be a separate
substrate from the first substrate, or may be a portion of the
first substrate available for use as to capture expression prod-
ucts. In one non-limiting embodiment the “capture substrate”
comprises one or more discrete locations on the substrate side
by side with the discrete location at which expression occurs,
and the locations are physically confined by a well or a tube
(bottom capture, tube-wall capture or side capture etc.).

[0125] Inoneembodiment, the capture substrate comprises
a second substrate that comprises a plurality of physically
confined discrete locations that match the physically confined
discrete locations on the first substrate. The capture substrate
can be one or more further substrates, as appropriate for any
intended use. Any arrangement of discrete locations on the
second substrate can be used that is suitable for a given
expression product capture method. In one non-limiting
embodiment, each discrete location on second substrate com-
prises pre-patterned locations/array of devices or chemical
patterns or material film patterns. In various non-limiting
embodiments, gold nanodots can be used to generate plas-
monic sensors, nanowire arrays can be used to generate field
effect sensors, and meso-porous alumina/gold pads can be
used to generate electrochemical sensors.

[0126] In another non-limiting embodiment, each discrete
location on the second substrate comprises an array of nano-
holes with lipid bi-layers, wherein lipid bi-layers capture
expressed polypeptides to produce membrane polypeptides.

[0127] Inafurther non-limiting embodiment, multiplicities
of second discrete locations are provided on different capture
substrates. In one non-limiting example of this embodiment,
multiple capture substrates can be used for each nucleic acid
array (e.g., reusable)

[0128] In yet another non-limiting embodiment, the dis-
crete locations comprise surfaces of micro or nano particles
introduced into the confined spaces on the capture substrate.
In one example of this embodiment, gold or magnetic micro/
nano particles can be introduced into the discrete locations to
create particles where surfaces are covered with individual
polypeptides after capture.
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[0129] In various further embodiments, the capture sub-
strate is applied/subject to any one, or a combination of, a
varying potential/voltage/current or application of a magnetic
field or application of a temperature or a mechanical force, as
appropriate for an intended use. In one example, electro-
chemical oxidation/reduction can be used to induce cover
capture on metal or dielectric substrates.

[0130] In another embodiment, the cover-capture surface
can be nano-structured to increase surface capture area and/or
surface roughness, there-by binding more expression prod-
uct, for increased signal. In another embodiment, etched/
frosted glass (chemical or physical etch) can be used to pro-
vide a rough surface for coating with capture reagent.
[0131] In certain embodiments of any of the preceding
methods, the first substrate or the capture substrate can be
precoated with a first member of a binding pair, wherein the
expression products comprise a second member of the bind-
ing pair, and wherein the incubating is done under conditions
suitable for binding of the first member and the second mem-
ber of the binding pair, resulting in capture of the expression
product on the precoated substrate.

[0132] Any suitable binding pairs can be used for a given
purpose. In one example, the substrate is pre-coated with
biotin, and the biomolecule expression product comprises a
streptavidin tag. Once the sequence for the streptavidin tag is
expressed, it binds the expressed protein to the biotin-coated
substrate. As will be apparent to those of skill in the art, many
such permutations are possible, all of which are contemplated
herein. For example another suitable binding pair comprises
halotag protein and halotag ligands. In another example an
E-coil tag on the expression product binds to a K-coil peptide
immobilized on the substrate.

[0133] Inother embodiments of any of the preceding meth-
ods, the first substrate is precoated with a first member of a
binding pair. In other embodiments of any of the preceding
methods, the capture substrate is precoated with a first mem-
ber of a binding pair.

[0134] The capture substrate can be contacted to the first
substrate to form a seal. In this embodiment, a seal is made so
that each of the discrete locations is completely separated
from each other. In certain embodiments, each discrete loca-
tion comprises a well. In certain other embodiments, each
discrete location comprises a tube. The tubes may be of any
suitable type for a given purpose. In one embodiment, tubes
can be commercially obtained from, for example, Incom or
other vendors, as noted above.

[0135] Inoneembodiment, NAPPA mixtures are dispensed
into the tubes in an array format. For example, the inside of
the tubes can be flooded with reticulocyte lysate to express
polypeptides and capture them on the inside walls of the
tubes. Optionally, both ends of the tubes can be sealed during
polypeptide expression and capture. For detection, the array
can be imaged by any suitable technique, including but not
limited to illuminating the array from one-end and detecting
fluorescent signal at the other end taking advantage of the
light-guide properties of the arrangement. In another embodi-
ment, a user can optionally hold the light-source at an angle to
increase signal strength (FIG. 12). Exemplary methods for
expressing a product within a tube array (FIG. 13) and for
detecting the presence of fluorescent molecules within and on
the surface of the tubes (FIG. 14) are provided. cDNA was
diluted with reagent mix and placed into the tubes. The tubes
were then filled with reticulocyte lysate and expressed as
usual in NAPPA. When the NAPPA print mix is dilute enough
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the print mixture with cDNA is deposited on the side of tubes.
If the print mix is too concentrated, it may block the tubes,
making it more difficult to introduce the lysate. cDNA coating
on the side of the tubes facilitates filling with lysate and
expression. In this case the final image shows a clear internal
ring of fluorescent signal, inside of the tubes corresponding to
printed locations.

[0136] In certain embodiments, nucleic acid expression
comprises RNA expression. In other embodiments, the
nucleic acid expression comprises polypeptide expression.
Accordingly, the reagents may comprise an in vitro expres-
sion system. Any suitable in-vitro expression system can be
used, including: but not limited to reticulocyte lysates, insect
cell lysates and human cell lysates.

[0137] The method may further comprise modifying the
polypeptide capture on the capture substrate. Any suitable
modification of the polypeptide can be made as appropriate
for an intended use. In one non-limiting embodiment, the
bound/captured polypeptide is post-translationally modified
using the same or a secondary reagent that may be present in
the expression mixture or added after the expression-capture.
This embodiment may be carried out on the capture substrate
only, or may include a third substrate. The method may fur-
ther comprise stabilizing the captured polypeptides on the
capture substrate to limit protein diffusion. Stabilizing may
be, for example but not limited to, freezing the captured
polypeptides on the capture substrate.

[0138] The captured proteins on the capture-reagent coated
surface may be used to carry out one or more process selected
from the group consisting of surface plasmon resonance
(SPR) detection, MALDI mass spectrometry, and post-trans-
lational modification.

[0139] In another aspect, the invention provides methods
for detecting biomolecules on any of the arrays described in
the preceding aspect and embodiments thereof, comprising,
scanning the arrays at various depths and combining the
intensity reading at each pixel of the resulting scanned
images. As used herein, ‘combining’ means calculating any
suitable mathematical norm of the pixel intensities, including
but not limited to the average or peak value, for the purpose of
uniformly increasing the detection signal across discrete
locations. Typical microarray scanners used for fluorescent
detection of biomolecules are designed to scan a flat surface
and consequently have limited depth of field. However the
discrete locations disclosed here may be three dimensional.
Scanning these locations at various focal depths and then
combining the resulting images circumvents limitations due
to the limited depth of field of microarray scanners for this
application.

[0140] One non-limiting embodiment of the arrays of the
invention and their preparation and use is provided in FIG. 1,
and has 50 um depth wells that have 35° walls and 145 um
diameter, where the wells have a 225 pm period. Substrates
containing such arrays can be obtained, for example, from
etched silicon or etched glass. The wells can be functional-
ized with amino silane prior to printing of cDNA on the
bottom of the wells (or alternatively the cover) and filled with
reticulocyte lysate, followed by use of a cover to squeeze out
excess reticulocyte lysate and seal the microwells (FIGS.
2-3). The arrays can then be incubated for 0.5 to 2 hours to
transcribe and translate the protein encoded by the cDNA.
[0141] FIGS. 5-10 show the results of experiments in which
a controlled amount of DNA and reagents are dispensed
either on glass or in wells, showing the significant improve-
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ment in reducing diffusion using the arrays and methods of
the invention. FIG. 5 shows a control experiment on glass,
with four drops of DNA & reagents dispensed in the center
spot, proteins produced from the DNA using reticulocyte
lysate and the proteins tagged with fluorescently labeled anti-
bodies; significant diffusion between spots is evident in the
detected fluorescence pattern. FIG. 6 shows the same experi-
ment as FIG. 5 using sealed silicon nanowells with a period of
between 200-225 um instead of glass, with a resulting sig-
nificant reduction in diffusion of fluorescence from one well
to another. FIGS. 7-9 show similar results using increasing
amounts of DNA and reagents per well, while FIG. 10 shows
that the cover seal helps to limit diffusion between wells.

[0142] In one embodiment employing microcapillaries,
FIG. 18 shows a method for releasing a captured expression
product from a substrate comprising microcapillaries via
cleavage of a cleavable linker (chemical or photo-induced), or
by competing with excess antibody or antigen. The expressed
proteins are thus suspended in solution, producing an array of
proteins in solution phase, which can be stored in any suitable
manner. For example, the array can be sealed with sealing/
capture substrate on either or both side of the array and frozen
for storage or shipment (FIG. 19). When ready to be used, the
user can transfer the proteins onto the substrate just before
use, or can use the arrays in any other suitable manner. In
other embodiments, the arrays can be sealed with a capture
substrate (including but not limited to gold and/or silver
coated surfaces) suitable for use in surface plasmon reso-
nance (SPR), allowing the resulting arrays on the capture
substrate to be used in SPR-based detection/diagnostics or
other suitable studies. Alternatively, the array can be sealed
with a capture substrate that comprises field effect nanowires,
where the resulting capture substrate has nanowires coated
with the expressed proteins, for use in diagnostic or other
suitable sensing procedures (FIG. 20). Other exemplified
capture substrates include those with spin-coated probe mol-
ecules or capture substrates with magnetic micro/nanopar-
ticles coated with secondary antibodies or chemical linkers
and applied to the capture substrate using spin coating or
microfluidics. (FIGS. 21-22)

[0143] Those of skill in the art will understand that all of
these exemplified embodiments can also be used with well-
based embodiments of the arrays, or any other embodiment of
the means for physical confinement.

[0144] FIG. 23 shows an embodiment for capturing an
expression product within the same nanowell where expres-
sion occurred. In this embodiment, silicon nanowells are
coated with ligands for a tag expressed as part of the protein
product to be expressed. Plasmid DNA encoding the tagged
expression products of interest is printed in the microwells via
any suitable technique, such as via a piezoelectric arrayer.
Reticulocyte lysate is then placed in the wells via any suitable
technique, such as by flooding all of the wells or dispensing
into individual wells using a piezoelectric arrayer, and the
wells are sealed. The array is incubated under suitable con-
ditions for protein expression, and expressed tagged proteins
will be captured by ligands in the wells. The sealing means is
removed and the wells washed under conditions suitable to
remove unbound materials. Bound proteins are contacted
with any suitable reagent, such as reagents/conditions suit-
able for citrullination of the bound proteins, which can then
be detected by incubation under suitable conditions to bind
anti-citrulline antibodies/fluorescently labeled secondary
antibodies.
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EXAMPLES

[0145] Inthis study, we sought to determine whether in situ
synthesis of NAPPA reactions suffered from diffusion-related
cross-talk at higher array densities. We then sought to solve
the problem of diffusion with an innovative silicon nanowell
platform that used the NAPPA protein arrays system as a test
case. This platform enables confined biochemical reactions in
physically separated nanowells. The NAPPA method was
adapted to nanowell array substrates produced using silicon
micro fabrication technology, which enables high-through-
put, high-fidelity fabrication of nanowell substrates. We have
also simultaneously developed a precise and accurate high-
throughput liquid dispensing system to align and dispense
genes and reagents into individual wells. After in vitro expres-
sion of proteins in the nanowells with a sealed cover, we
demonstrated successful protein display in wells with negli-
gible diffusion. Preliminary results also indicated functional
protein that allows detection of known protein-protein inter-
actions. Our development represents a major step forward in
the production of functional human proteome protein arrays
without diffusion of soluble species from feature to feature.

Results

NAPPA on Glass Slides

[0146] We tested the effect of reduced spacing of features
using NAPPA. Diffusion of expressed proteins captured at
neighboring locations became significant as separation dis-
tances (center-to center) drop below 400 microns on NAPPA.
This is demonstrated in FIG. 24 where genes were printed on
planar glass in two different array densities: a low density
array with a 750 micron period (FIG. 245) and a high density
array with a 375 micron period (FIG. 24¢). The features were
printed in a pattern such that the center feature, containing
cDNA+printing-mix, was surrounded by control features,
where the control features contained only capture antibody
(no genes). This configuration is highly sensitive for detection
of cross-contamination because the control features do not
produce protein that could compete with diffused protein. As
illustrated in the 3-D rendering (FIG. 24), there was signifi-
cant diffusion to neighboring features at 375 micron spacing
compared to minimal diffusion for the 750 micron period
array. The halo of signal around the center spot seen in both
images is probably due to protein diffusion followed by phy-
sisorption to amine coated glass surface, and the shift of halo
off-center may be due to fluid drift.

NAPPA in Silicon Nanowells

[0147] To enable high density printing without diffusion,
we replaced planar glass slides with slides comprising an
array of nanowells on the silicon substrate and sealed the
wells during protein expression (FIG. 25). Adapting the
NAPPA method to the nanowell platform enables physically
confining protein expression and the ensuing antibody cap-
ture in nanoliter volumes (volume of nanowells <5 nanoliter).
Expressed proteins are free to diffuse within the individual
sealed wells until they are captured by the anti-GST antibod-
ies in the wells. Semi-spherical nanowell arrays, approxi-
mately 250 microns in diameter and 75 microns deep with a
period of 375 microns, were fabricated on silicon wafers,
diced into the shape of glass slides (1 inchx3 inch), and used
as substrates for protein display. Monolithic crystalline sili-
con wafers were chosen due to the established silicon pro-
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cessing techniques that allow for well-controlled and inex-
pensive fabrication of nanowell array slides. Wells were
etched by photo-patterning silicon-nitride mask layer depos-
ited on silicon, using HNA isotropic etch chemistry (see also
Materials and Methods). Nanowells etched in silicon were
coated with 100 nm of dry oxide grown at 1,000 C in an
oxidation furnace. Semiconducting silicon acts to quench
surface fluorescence due to its semimetallic nature, hence
requiring 100 nm thin layer of oxide dielectric layer. Addi-
tionally, thermally grown silicon dioxide serves as high qual-
ity glass surface for subsequent aminopropyltriethoxy silane
(APTES) coating and appropriate NAPPA chemistry.

Non-Contact Piezoelectric Dispensing

[0148] Standard solid pin printing would not suffice for the
precision that is required in printing expression mixtures into
the nanowells. Thus, we developed a new method using
piezoelectric printing. NAPPA expression mixtures were
piezo-jet dispensed into APTES coated silicon nanowells
(SiNW) using Engineering Arts’ 8-tip au302 piezo printer,
capable of aligning and printing at the center of the nanowells
at very high-speeds (FIG. 25¢). One of the key challenges of
nanowell technology is precise alignment and dispensing of
many “unique” printing solutions onto a batch of nanowell
slides in a suitable time frame. Special dispense hardware and
software were developed that utilized the 8 head non-contact
“on-the-fly” dispense technology resulting in a batch process-
ing time of a few hours to fill 7,000 wells each slide, on a batch
of up to 8 nanowell slides (details in methods section).

Vacuum Assisted SINW Filling of Nanowells

[0149] After printing, NAPPA SiNW slides were first sub-
jected to vacuum infiltration by de-ionized water for 5 to 10
minutes followed by vacuum infiltration by SuperBlock TBS
(Thermo Scientific) solution for 5 to 10 minutes and subse-
quently incubated at room temperature and atmospheric pres-
sure on a rocking shaker for 30 to 60 minutes. The slides were
then rinsed thoroughly with de-ionized water and dried under
a gentle stream of filtered compressed air. Any unbound or
loosely bound material (DNA, anti-GST, BSA, BS3
crosslinker or trace DMSO) should wash away during these
pre-hybridization blocking and washing steps; thereby mini-
mizing the chance for material to break loose during subse-
quent steps. After blocking, the SINW slides were incubated
with rabbit reticulocyte lysate-(RRL) based in vitro transcrip-
tion and translation (IVTT) system for protein expression and
capture in situ. When this viscous lysate was directly intro-
duced onto a slide with an array of nanowells, it exhibited a
tendency to flow over the nanowells entrapping air without
filling the wells (data not shown). This is an expected behav-
ior due to liquid surface-tension where cohesive-forces tend
to minimize the liquid surface area. To address this problem,
we developed a vacuum-assisted filling procedure (FIG. 25
d,e), which works independently of: the size and shape of
nanowells; the fluid properties of filling liquid; or the prop-
erties of nanowell substrate.

[0150] Inthis procedure an enclosed air-tight micro-cham-
ber is created over the nanowell slide by sandwiching the
SiNW slide between a gasket cutout and two planar surfaces
as shown in FIG. 25 d. An inflexible metal plate forms the
bottom planar surface, while the top surface is made by stick-
ing a thin film of flexible transparent silicone on thick inflex-
ible glass slab held on a metal frame. Two 1.5 mm wide 100
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micron thick adhesive-backed plastic strips (not shown in
schematic) are applied manually along the long edges of the
SiNW slide. The assembly is clamped on all sides and pressed
together to reduce the height (thickness) of air-tight micro-
chamber to approximately 100 microns, with the top surface
compressing the surrounding gasket cutout and resting on the
side strips on SINW slide.

[0151] Lysate was introduced into the syringe attached to
the port (a 1 mm diameter hole on top plate) as shown, and
was held in-place inside the syringe due to the airtight micro-
chamber (FIG. 25 d). Air inside the micro-chamber and air
dissolved in the lysate solution was removed by applying a
gradual vacuum (up to 28 inches Hg) for 2 minutes. Using a
three way solenoid valve (adapters and solenoid not shown)
the syringe was then instantly switched from vacuum to atmo-
spheric pressure. Once switched, the pressure difference, i.e.,
atmospheric pressure acting on the lysate solution against
vacuum in the wells, drove the liquid into filling all the
nanowells effectively in less than two seconds. This in-house
developed vacuum-assisted filling system ensured a good
pressure seal by virtue of the transparent flexible silicone film
supported on glass slab (inset image of sealed silicon nanow-
ells, FIG. 25 e). The silicone film, under applied pressure,
conforms around the narrow top edges of wells, to seal the
nanowells. The sealed assembly was then incubated for pro-
tein expression and binding.

Minimal Protein Diffusion Between Nanowells Using SINW

[0152] To test protein expression and capture in silicon
nanowells and to assess the level of cross-talk between the
nanowells, sixteen different genes were printed into every
other nanowell, (schematic of print pattern in FIG. 26a).
Intervening wells were left empty, and signals observed in
these intervening wells would indicate the level of cross-
contamination due to diffusion. Pico-green staining of printed
DNA showed the expected alternate fluorescent signals (FIG.
26b), confirming precise “on-the-fly” dispensing by the piezo
printer into the wells. When the nanowells were left un-sealed
(without clamping) during protein expression, spillover sig-
nal was observed in intervening wells (FIG. 26¢). Whereas,
display of expressed and captured proteins in sealed nanow-
ells is shown in FIG. 26d. As seen from the image and its 3D
signal profile, there was no discernible diffusion of proteins
from expression wells to neighboring empty wells.

High Density NAPPA Protein Array

[0153] After successfully demonstrating precise dispens-
ing and confined expression with a small number of genes, we
produced SiNW slides with an array of 8,000 nanowells
(SiNW-8K chip, 375 um feature distances). These were used
to confirm diffusion-free expression across the footprint of a
full size microscopic slide for a large number of genes in
sealed nanowells (not shown). Two-hundred eighty-seven
(287) randomly selected genes, 192 from Vibrio cholerae and
96 from human, were printed in blocks of 6 rowsx48 col-
umns, which was repeat printed 24 times. TP53, FOS and
JUN proteins were interspersed in the block pattern, with p53
protein repeat printed twice in each block. The DNASU logo
was printed by pooling 8 different genes into a single com-
position (no p53). The print pattern also included empty
nanowells around the above array, and surrounding the logo at
the bottom, as negative controls. Consistent and precise dis-
pensing across the whole array was shown by the picogreen
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staining of printed DNA (not shown). Overall, the array
showed consistently high protein expression as detected by
anti-GST staining.

Diffusion-Free High Density Protein Arrays

[0154] The principle aim of this work—to solve the issue of
diffusion in very high density arrays—has been successfully
addressed. Almost all empty spots around the print block and
empties surrounding the DNASU logo showed no significant
signal above background.

[0155] To further confirm diffusion-free protein display, we
used a more sensitive test to assess diffusion by probing the
high density NAPPA in SINW with antigen specific antibod-
ies against TP53 protein to determine if its signal was
observed in neighboring wells (not shown). The ratio of aver-
age signal from neighbor spots to average signal from cognate
P53 spots was calculated to be just 1.34%. This confirms that
very high density in-situ protein arrays can be successfully
produced using nanowells to arrest protein diffusion and
cross-binding. Analyzing the p53 signals, the coefficient of
variation (CV) between the 48 repeat spots is calculated to be
12.84%.

[0156] Discounting the one outlier low-signal p53 spot on
bottom right side, the CV was calculated to be 8.5%.

Functional Studies on Nanowell Protein Arrays

[0157] To investigate the functionality of the proteins pro-
duced in nanowells, we examined protein-protein interac-
tions using the well-established FOS-JUN interaction (16) as
a surrogate assay for proper folding and functionality of pro-
teins expressed on SiNW slides with the same printing pattern
as above (not shown). Query DNA that encoded HA-tagged
FOS was mixed in the IVTT lysate mixture and co-expressed
with the array proteins. Antibodies to FOS or HA-tag were
then used to reveal specific interactions of FOS with JUN
displayed on the array. The query protein HA-FOS did not
have the GST tag and could not be captured by anti-GST
antibody co-spotted in each well. HA-FOS would be detected
only if they could bind to the captured array target proteins
tethered to the well.

[0158] Highly specific antibodies were selected for the
interaction study. If no query DNAs were added to the expres-
sion system, anti-HA did not detect any reactivity and anti-
Fos only detected FOS spots on expressed arrays (not shown).
The studies also further confirmed confined expression of
FOS in individual wells on silicon nanowell arrays using
above described vacuum assisted filling and sealing method,
and showed specific Fos-Jun interaction with HA-FOS pro-
tein as a query and detected by an anti-Fos antibody. As
antibodies against proteins of interest are not always avail-
able, we also demonstrated detection of protein interactions
by using antibodies against the HA tag on the query protein
(not shown).

Ultra-High Density Protein Arrays

[0159] To determine if the silicon nanowell platform is also
compatible with a human proteome-on-chip scale, we pro-
duced two versions of ultra-high density arrays with 24,000
features. Displaying 24,000 proteins on a single array
requires nanowells with array spacing of 225 microns or
below. 225 micron period silicon nanowells were produced in
both round-well and square-well geometries (FIG. 27). While
the round nanowells were produced using HNA etch chem-
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istry, square nanowells were produced using KOH anisotro-
pic etch chemistry on Si (100) wafers with well-depth of
approximately 100 microns. Etch anisotropy of square wells
which produces deep wells with no significant lateral etching
is of interest for further higher density protein arrays. Protein
expression and capture were tested in these chips using the
standard protocol. Comparable signals were achieved on
these 24,000 feature arrays relative to those on the 8,000
feature arrays indicating robust protein expression on these
ultra-high density arrays and relieving concerns of potential
expression lysate exhaustion in smaller volume wells. Bright
signals along the edges ofthe square nanowells in FIG. 27fare
speculated to be due to preferential aggregation of proteins
and dye at the sharp edges. Sequential KOH anisotropic etch-
ing followed by short-duration HNA isotropic etching to
round-off all the sharp edges is expected to solve this issue. It
is notable that even at this density, there was no significant
cross-talk signal in neighboring wells in both round and
square nanowell geometries, confirming effective limiting of
diffusion in sealed silicon nanowells compatible with pro-
teome-on-chip technology.

Discussion

[0160] Establishing a platform to study protein biochemi-
cal properties in a multiplexed and high-throughput fashion is
important for many different biomedical research areas. Pro-
tein microarrays represent one such platform. NAPPA is an
innovative alternative to conventional protein arrays and
bypasses the challenges associated with protein expression,
purification and storage. NAPPA is a particularly flexible
protein microarray format because a customized array can be
created simply by re-arraying a series of plasmids encoding
proteins of interest. However, transcription and translation on
a planar surface entails the presence of intermediates that can
diffuse before capture by co-spotted capture reagent. Further-
more, planar surfaces are limited to assays that do not have
diffusible products or reactants that need to remain local.

[0161] In this study, we have developed a silicon nanowell
based protein microarray platform that not only addresses the
cross-talk problem in high density NAPPA but also has the
potential of performing other biochemical reactions in these
nano-reaction vessels that are not possible on traditional pla-
nar protein array format. For example, the kinetics of enzy-
matic assays that release fluorescent products might be moni-
tored directly in each well or various post-translational
modifications could be performed on displayed proteins. Our
NAPPA SiNW platform builds upon the mature semi-con-
ductor industry for substrate micro fabrication. Although
most of our experiments used a density of 8,000 features per
standard glass slide with center-to-center distance of 375 um,
we do not foresee any obstacles of increasing densities many
times higher and we have run proof-of-concept expression on
arrays with 24,000 features.

[0162] We have observed minor regional variations in sig-
nal intensities within the curved nanowells. These variations
are also observed on flat surfaces and probably represent
non-uniform settling of precipitates during drying of microar-
ray spots. Other contributors may include incomplete filling
of the nanowells during printing causing some signal attenu-
ation towards the edges, and/or non-uniform surface irregu-
larities due to wet-etching of the nanowells.
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Materials and Methods

Micro Fabrication of Silicon Nanowells

[0163] Six inch diameter Silicon <100> wafers were used
as starting material for producing silicon nanowell (SINW)
slides. Each 6-inch wafer yielded 6 slides per wafer after
dicing. In future, larger diameter wafers are expected to yield
higher number of slides per wafer, making SINW slides very
inexpensive. Standard semiconductor processing techniques
were used to fabricate the SINW slides, as depicted in the
schematic in FIG. 25. Silicon nanowell slides were fabricated
at Arizona State University Center for Solid State Electronics
Research. The wafers were first coated with 300 nm of
LPCVD low stress nitride at 835 C, which acts as amask layer
for wet etching of nanowells. Wafers were then spin-coated
with 1 micron thick AZ 3312 positive photo resist (AZ Elec-
tronic Materials Inc), followed by soft bake on a hotplate at
100 C for 2 minutes. Photo lithography masks with circular
features were used to expose the resist on an OAI photo mask
aligner, for producing round nanowells of desired diameter
and spacing. The photo resist was then developed in AZ300
MIF developer for 45 seconds, and hard-baked on hotplate at
100° C. for 2 minutes. Reactive ion etching using CHF ;—O,
plasma was used to etch away the nitride film, and open
circular array pattern on the nitride layer. Photo resist layer
was washed away using acetone.

Isotropic and Anisotropic Etching of Nanowells

[0164] Isotropic etching of wells was selected as preferred
method compared to anisotropic etching. While anisotropic
etching has the advantage of producing wells of high aspect
ratio, it results in sharp facets and edges inside the nanowell.
It was observed that piezo-dispensed DNA/plasmid mixture
and the expressed proteins both tend to aggregate and bind
preferentially at these sharp edges. To attain a relatively uni-
form protein binding inside the wells a semi-spherical curved
surface was produced using isotropic etching. Furthermore,
etch mask and etch time were designed so as to produce a
circular flat surface at the bottom of the semi-sphere, which
acts as a substrate for dispensed DNA/plasmid mixture. Flat
circular surface at the bottom of the semispherical wells has
the advantage of distributing the dispensed DNA and the
resulting protein binding, uniformly over the flat area, com-
pared to a fully-spherical curved bottom which tends to
aggregate these into a spot at the center.

[0165] HNA silicon etchant was prepared by mixing
hydrofluoric acid (49%), nitric acid (70%) and glacial acetic
acid (98%) in the ratio of 2.75:1.75:1. All chemicals were
procured from Sigma Aldrich. HNA etchant is an extremely
aggressive and corrosive mixture. It has to be prepared in
special acid baths, and requires very careful handling with
special disposal methods, by well trained personnel. HNA
mixture etches silicon at an approximate rate of 3 microns per
minute. 30 minute etch of silicon produced wells with depths
ranging from 60 microns to 80 microns, depending on diam-
eter of the circular openings in the nitride-mask. Anisotropic
pyramidal wells (FIG. 27f; proof of concept 225 micron
period array) were produced by patterning square openings in
nitride mask layer on Si (1000) wafers, and etching in 30%
KOH solution at 80° C. Hot KOH is an aggressive chemical,
strong corrosive, and needs to be handled by well-trained
users. The sharp edges produced by anisotropic etching can



US 2014/0371091 Al

be smoothed using a two-step process, with an HNA isotropic
etch step following an anisotropic etch process.

[0166] Silicon surface at the bottom of the etched wells
quenches fluorescent signal during assay, query detection in
later steps. Hence a thin film of silicon dioxide was thermally
grown that acts as a suitable dielectric and also mimics the
glass surface of regular NAPPA arrays. For this purpose,
wafers with etched wells were cleaned in Piranha mixture
(1:1 mix of sulfuric acid and hydrogen peroxide) followed by
a ten second clean in buffered oxide etch (1:6 mixture of HF
and NH,F). Piranha mixture and buffered oxide etch are both
very aggressive chemicals, to be prepared in special contain-
ers, and needs to be handled by well-trained users. A dry
oxide of thickness 100 nm was thermally grown at 1,000° C.
in Tystar 4600 oxygen furnace. After oxide growth the mask
nitride film is etched away in hot phosphoric acid (185° C.).
The resultant wafers have round wells coated with uniform
100 nm oxide thin film, with spacing in-between wells com-
prising of semi-metallic silicon surface. This structure has the
additional advantage that fluorescent signal is emitted from
glass-like the oxide coated wells, while the metal-like silicon
surface in un-etched areas in-between the wells quenches any
fluorescent emission (apparent in FIG. 26d—no seal case),
providing a good contrast in fluorescent imaging. Finally the
wafers were diced into microscope-slide sizes yielding sili-
con nanowell (SINW) substrates for high density NAPPA
protein arrays.

Amine Functionalization of Silicon Dioxide Surface

[0167] Prior to piezo-dispensing of DNA/plasmid mixture
into the nanowells the surface of the wells was coated with
amino-propyl-triethoxy-silane (APTES) monolayer. It has
been demonstrated that for producing NAPPA protein arrays,
an amine terminated surface that acts as suitable substrate to
adhere to dispensed DNA/plasmid mixture is required. For
this purpose SiNW substrates were first cleaned in Piranha
mixture (1:1 H,SO, and H,0,) for a period of 15 minutes.
Piranha mix is a strong oxidant that cleans any residual
organic materials on the SINW substrates and oxidizes sur-
face of silicon oxide to produce silanol (—SiOH) surface
terminations. SINW slides are then immersed in 2% solution
of APTES in acetone, for a period of 15 minutes, followed by
thorough rinse in acetone and DI water, to produce uniform
monolayer of APTES molecules.

High Speed Piezo Printing in Nanowells

[0168] Piezo printing was accomplished using an au302
piezo dispense system (see web site engineeringarts.com)
with a newly developed integrated alignment system for
nanowell slides. The alignment system consists of a
micrometer angular alignment fixture, look-down camera,
transfer arm and vacuum tray. Nanowell slides are aligned
one at a time on the alignment fixture using the look down
camera and then transferred with the transfer arm to the
vacuum tray. A row of aligned nanowell slides placed on the
vacuum tray can then be dispensed “on-the-fly”” with the head
moving at 175 mm/sec resulting in a peak speed of 50 wells
per second using 8 dispense head. Each nanowell is filled with
800 picoliters of printing solution (cDNA+printing-mix).
Following piezo printing of cDNA in nanowell array, NAPPA
SiNW slides were stored in dry, sealed container until the
time of use.
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[0169] DNA preparation Sequence-verified, full-length
c¢DNA expression plasmids in the T7-based mammalian
expression vector pANT7_cGST or pANT7-nHA were
obtained from Arizona State University, Biodesign Institute,
Center Personal Diagnostics, DNASU and are publicly avail-
able (see web site dnasu.asu.edu/DNASU/). The high-
throughput preparation of high-quality supercoiled DNA for
cell-free protein expression was performed as described (30).
For protein interaction assay, larger quantities of query DNA
were prepared using standard Nucleobond preparation meth-
ods (Macherey-Nagel Inc., Bethlehem, Pa.).

Protein Expression

[0170] Proteindisplay was performed as described (9). Dis-
played proteins were detected using Tyramide signal ampli-
fication (TSA, Life technologies, Carlsbad, Calif.) with a
monoclonal anti-GST antibody (Cell signaling Inc., Danvers,
Mass.) and HRP-labeled anti-mouse antibody (Jackson
ImmunoResearch, West Grove, Pa.). Anti-p53 monoclonal
antibody (Santa Cruz Biotechnology Santa Cruz, Calif.) was
used for p53 specific signal detection to assess diffusion.

Protein Interaction

[0171] Protein interaction was performed as described (9).
FOS gene in pANT7-nHA was added to the RRL expression
mixture at a concentration of 1 ng/ml. HA-tagged FOS bound
to interaction partners on array was detected either by gene
specific anti-FOS (Santa Cruz Biotechnology, Santa Cruz,
Calif.) antibody or tag specific antibody (anti-HA, Convance)
followed by Alexa fluor labeled secondary antibodies (Life
technologies, Carlsbad, Calif.).
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[0202] The present invention is illustrated by way of the

foregoing description and examples. The foregoing descrip-

tion is intended as a non-limiting illustration, since many
variations will become apparent to those skilled in the art in
view thereof. It is intended that all such variations within the
scope and spirit of the appended claims be embraced thereby.
Each referenced document herein is incorporated by refer-
ence in its entirety for all purposes. Changes can be made in
the composition, operation and arrangement of the method of
the present invention described herein without departing from
the concept and scope of the invention as defined herein.
1. A biomolecule array, comprising
(a) a first substrate; and
(b) biomolecules comprising at least 10 isolated coding
nucleic acids and/or at least 10 isolated polypeptides,
wherein each nucleic acid and/or polypeptide is physi-
cally confined at a discrete location on the first substrate,
and wherein each nucleic acid is capable of expressing
its encoded product in situ at its discrete location on the
substrate, and/or wherein each polypeptide is capable of
a characteristic activity in situ at its discrete location on
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the substrate; wherein the discrete locations are sepa-
rated from each other on the first substrate by a center to
center spacing of between about 20 nm and about 1 mm.

2. The biomolecule array of claim 1, wherein the discrete
locations are separated from each other on the first substrate
by a center to center spacing of between about 20 nm and
about 100 um.

3. The biomolecule array of claim 1, wherein each physi-
cally confined discrete location comprises a well.

4. The biomolecule array of claim 3, wherein each well has
a diameter of between about 14 nm and about 0.75 mm.

5. The biomolecule array of claim 3, wherein the wells are
present on the first substrate at a density of between about 250
billion wells per square centimeter and about 100 wells per
square centimeter.

6. (canceled)

7. The biomolecule array of claim 1, wherein each discrete
location further comprises reagents for expressing the
encoded nucleic acid product and/or for testing polypeptide
activity.

8. The biomolecule array of claim 1, wherein each discrete
location further comprises reagents for expressing the
encoded nucleic acid product and/or for testing polypeptide
activity and where those reagents are added to the array
separately from the nucleic acids or polypeptides.

9. The biomolecule array of claim 8, wherein the reagent
comprises a reticulocyte lysate.

10. The biomolecule array of claim 9, wherein the biomol-
ecules comprise at least 100 isolated coding nucleic acids.

11. (canceled)

12. The biomolecule array of claim 1, wherein the biomol-
ecules comprise at least 100 isolated polypeptides.

13. The biomolecule array of claim 1, wherein the nucleic
acids and/or polypeptides are bound to the substrate.

14. The biomolecule array of claim 1, wherein either (i) the
array further comprises a capture substrate adapted to mate
with the first substrate wherein the capture substrate is func-
tionalized to capture and isolate the expression product; or (ii)
the discrete locations are further functionalized to capture and
isolate the expression product.

15. An array comprising

(a) a silicon-containing substrate, having a surface com-

prising a plurality of nanowells at discrete locations
wherein the discrete locations are separated from each
other on the silicon-containing substrate by a center to
center spacing of between about 20 nm and about 1 mm;
and

(b) biomolecules capable of capturing another molecule

located at each discrete location.

16. The array of claim 15, wherein the discrete locations
are separated from each other on the first substrate by a center
to center spacing of between about 20 nm and about 100 pm.
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17. The array of claim 15, wherein the biomolecules com-
prise antigen or antibodies, and the like.

18. (canceled)

19. (canceled)

20. (canceled)

21. (canceled)

22. The array of claim 15 wherein the wells are sealed by a
mating substrate.

23. A method for in situ nucleic acid expression, compris-
ing

(a) contacting each discrete location of the array of claim 1

with reagents for nucleic acid expression to form a mix-
ture; and

(b) incubating the mixture under conditions suitable for

nucleic acid expression.

24. A method for expressing and capturing a product, com-
prising

(a) contacting a nucleic acid array with reagents for nucleic

acid expression to form a mixture, wherein the nucleic
acid array comprises a first substrate and at least 10
isolated coding nucleic acids physically confined at a
discrete location on a first substrate, and wherein each
nucleic acid is capable of expressing its encoded product
in situ at its discrete location on the first substrate;

(b) optionally, bringing the first substrate into the proxim-

ity of a capture substrate;

(¢) incubating the mixture under conditions suitable for

production of nucleic acid expression products; and

(d) capturing and isolating the expression products on the

first substrate or, when present, the capture substrate.

25. The method of claim 24, wherein the capture substrate
comprises a second substrate that comprises a plurality of
physically confined discrete locations that match the physi-
cally confined discrete locations on the first substrate.

26. The method of claim 24, wherein the method comprises
precoating the first substrate or the capture substrate, when
present, with a first member of a binding pair, wherein the
expression products comprise a second member of the bind-
ing pair, and wherein the incubating is done under conditions
suitable for binding of the first member and the second mem-
ber of the binding pair, resulting in capture of the expression
product on the precoated substrate.

27. (canceled)

28. (canceled)

29. (canceled)

30. (canceled)

31. (canceled)

32. (canceled)

33. (canceled)

34. (canceled)

35. (canceled)

36. (canceled)



