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METHODS AND DEVICES BASED UPON A NOVEL
FORM OF NUCLEIC ACID DUPLEX ON A SURFACE

Cross-Reference to Related Applications
This international application claims benefit of priority under 35 U.S.C. §120 of

pending continuation-in-part application U.S. Serial No. 12/080,720, filed April 4, 2008, the contents

of which hereby are incorporated by reference.

BACKGROUND OF THE INVENTION
Field of the Invention
The present invention relates to the fields of microarray devices and hybridization
technologies. Specifically, the present invention provides hybridization devices having a surface and
a saturated film of adsorbed oligonucleotides effective to hybridize to a complementary nucleic acid

as a non-helical asymmetrical duplex.

Description of the Related Art

The double helix is known to form as a result of the hybridization of complementary
nucleic acid strands in aqueous solution. In the helix, the negatively charged phosphate groups of
each nucleic acid strand are distributed helically on the outside of the duplex and there, are available
for interaction with cationic groups. Cation-coated solid supports are now widely used in
biotechnology, especially for covalent attachment of cDNAs and oligonucleotides as surface-bound
probes on microarrays. These cation surfaces can bind the nucleic acid backbone electrostatically
through the phosphate moiety. Oligonucleotides of less than 100 nucleotides are better suited for
hybridization on such supports than full length genes.

Microarray technology has revolutionized applied genomics (Cheung VG et al., 1999,
Nature Genetics 21:15-19; Duggan DJ et al., 1999, Nature Genetics 21:10-14). It is based upon
hybridization of a surface-bound nucleic acid to a nucleic acid in solution to form a Watson-Crick
double helix by a mixed phase reaction between complementary nucleic acid strands. The secondary
structure of the resulting double helix is determined, in part, by base pairing and base stacking, in
conjunction with the constraints imposed on phosphodiester backbone conformation and sugar
pucker. Those interactions serve to define local base pairing and also the overall pitch of the helix.
Although, in solution, the average pitch of the helix is near to 10 base pairs, structural studies have

revealed a high degree of variability and flexibility of pitch angle, including the modeling-based
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prediction that a flat, non-helical ribbon-like structure might form under conditions of extreme
mechanical distension (Leger JF et al., 1999, Phys. Rev. Lett. 83:1066-1069; Bensimon D et al., 1995,
Phys. Rev. Lett. 74:4754-4757; Smith SB et al., 1996, Science 271:795-799; Lebrun A et al., 1996,
Nucl. Acids Res. 24:2260-2267; and Marko JF, Feig M, and Pettitt BM J. Phys. Chem., submitted
(personal communication)) or upon the disruptive binding of an intercalator (Gao O et al., 1991, Proc.
Natl. Acad. Sci. USA 88:2422-2426).

Nucleic acids may be covalently or noncovalently immobilized on a surface. Several
means of covalent attachment of nucleic acids are known in the art. For example, oligonucleotides
may be covalent coupling to a surface by chemical or photochemical crosslinking as commonly
practiced following Northern and Southern blotting of nucleic acids onto nylon or nitrocellulose
membranes. Covalent attachment also may be achieved using pre-synthesized oligonucleotides that
are fabricated with a chemical linker at one or both ends of the oligonucleotide. U.S. Pat. No.
6,048,695 to Bradley and Cai discloses a method wherein a linker is added to an oligonucleotide for
the purpose of making a covalent bond with reactive moieties on the surface. See e.g. U.S. Pat. Ser.
No. 6,048,695 and references therein. Thus, oligonucleotide probe attachment occurs with the surface
through the linker, rather than by direct adsorptive interaction of the probe with the surface.

Still another means of covalently attaching nucleic acids to a surface is by
photolithography. U.S. Pat. Ser. No. 5,959,098 to Goldberg et al. discloses a method of derivatizing a
surface to provide photoprotected functional groups. Nucleic acids are synthesized directly on the
surface by selectively illuminating surface regions to remove the protecting groups. The deprotected
regions are then available for covalent attachment of nucleotide monomers having photoprotected
functional groups. Repetition of these steps results in oligonucleotides covalently linked to the
surface. Further examples of array fabrication include U.S. Pat. No. 6,221,653 to Caren and Luebke
(inkjet printing of the nucleic acid building blocks) and U.S. Pat. No. 6,024,925 (microfluidics robot
to prepare sample arrays for analysis in a mass spectrometer).

Methods for noncovalently immobilizing nucleic acids typically require a bridging
agent. In some cases that bridging agent is a salt or detergent. For example, U.S. Pat. No. 5,610,287
to Nikiforov and Knapp discloses a noncovalent immobilization method comprising contacting a
glass or hydrophilic polystyrene solid support with a combination of a nucleic acid and a cationic
bridging agent (sodium chloride or a detergent). See e.g. 287, abstract. The method of attachment is
based upon interaction of the detergent flocculent with the surface, rather than direct adsorptive
interaction between the oligonucleotide and the surface.

Alternatively, the bridging agent may be a high-affinity interaction pair such as
avidin and biotin or digoxigenin and an anti-digoxigenin antibody. For example, a biotinylated
nucleic acid may be immobilized on a streptavidin-coated surface. See e.g. Belosludtsev Y et al.,

2001, Biochem Biophys Res Commun. 282:1263-1267; Holmstrom et al., 1993, Anal. Biochem.
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209(2):278-283. In this method, a biotin-modified linker is added to an oligonucleotide for the
purpose of making a bond with avidin or avidin-like groups coated into the surface. Attachment
occurs with the surface through the biotin-modified linker, rather than by direct adsorptive interaction
of the probe with the surface.

Methods of adsorptive, non-covalent immobilization of long, single or double
stranded DNA molecules onto membrane surfaces are the basis for a device referred to as a
“Southern” or “Northern” blot. Standard practice of the blotting technology art has shown that, where
probe length is less than about 100 bases, the known adsorptive methods of attachment are too weak
to support probe attachment that is sufficiently stable to form a hybridization device. Thus, the
standard for attachment of short nucleic acid probes in blotting applications has involved covalently
crosslinking the nucleic acid to the solid support (as by photochemical cross linking) or other means
of non-adsorptive linkage (such as chemical crosslinking). Known methods to increase the strength
of adsorptive, non-covalent immobilization of short nucleic acids to membrane supports have been
shown to render the DNA unsuitable for a hybridization device and hence the conventional blotting
methods involving short nucleic acid probes all employ a covalent means of immobilization. Other
types of porous material, including porous beads and related small particle porous substrates, are
known to behave as do membranes, that is, long DNA probes may be attached by adsorptive
interaction, but short probes must be attached by non-adsorptive means.

Adsorptive, non-covalent immobilization of long, single or double stranded DNA
molecules onto non-membranous surfaces, most particularly the planar substrates (often referred to as
slides), may be achieved by known methods and used for the fabrication of DNA microarrays. The
adsorptive probe interaction is the basis for fabrication and use of DNA microarrays in which long
(greater than 100 bases) nucleic acid probes are spotted into planar surfaces to form the microarray.
Standard practice of the microarray fabrication art has shown that long nucleic acid probes may be
attached to surfaces by means of adsorptive association with polycation-coated surfaces (usually poly-
lysine).

However when short nucleic acids (less than 100 bases) are to be attached to
microarray surface, the known adsorptive methods of microarray attachment are found to be too weak
to provide for stable probe attachment to form a microarray-based hybridization device. Thus the
standard of the art for attachment of oligonucleotide probes (less than 100 bases) in microarray
applications has involved covalent attachment of the nucleic acid to the microarray support, generally
by covalent linkage of the oligoncucleotide terminus (3° or 5°) to the solid support or other means of
non-adsorptive interaction. Known methods to increase the strength of adsorptive, non-covalent
immobilization of short nucleic acids to microarray supports have been shown to render the DNA
unsuitable for these applications. This may be due to a loss of the ability of the oligonucleotide to

form a duplex or unsuitably high levels of non-specific target binding to the microarray.
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Oligonucleotides (short single stranded pieces of nucleic acid (DNA, RNA) of less
than 100 bases in length) are well suited as probes to be attached to a solid support as the basis for a
hybridization device. However, no method is presently known to directly adsorb the oligonucleotide
onto a solid support by adsorption, in a way that yields a probe that can be used for hybridization. In
fact, the literature indicates that direct absorption of oligonucleotides is not expected to work. For
example, Lindsay asserts that methods of attaching DNA over about 100 bases in length to mica using
aminopropyltriethoxysilane for structural analysis by atomic force microscopy result in DNA that is
bound too strongly for studies of processes in situ. See Lindsay SM, The Scanning Probe Microscope
in Biology, draft available at http://green.la.asu.edu/review/chap_7(3-5).htm.

A recent study of adsorbed oligonucleotides at a hydrocarbon coated silica surface
concluded that oligonucleotide (<100 bases) adsorption would necessarily prohibit base pair specific
hybridization, and thus make the product useless as a hybridization device. See Wirth MJ,
http://www.udel.edu/chem/wirth/oligos.html (“Any specific adsorption to sites on the surface
interferes with the hybridization process. In practice, surfaces tend to have groups that hydrogen bond
to the bases on oligonucleotides. Such hydrogen bonding to the substrate gives background noise that
reduces the sensitivity of detecting oligonucleotides.”)

Furthermore, Bradley and Cai argue that adsorptive methods to create DNA
hybridi'zation devices adversely affect the quality of performance of the device due to the electrostatic
charge on the glass surface. See U.S. Pat. No. 6,048,695, col. 1, line 46 to col. 2, line 8.

Thus, several lines of argument in the literature assert a hybridization device based on
direct adsorption of oligonucleotide probes to a solid support is not feasible. To the best of the
inventors' knowledge, there is no evidence for or discussion of such an oligonucleotide adsorption
based hybridization device described in the literature or available commercially. All known
oligonucleotide based hybridization devices (including microarrays, membranes, bead supports and
all other configurations involving probe attachment to a support) are based on one of the above-
described attachment methods.

Thus, there is a recognized need in the art to provide improved, low cost,
hybridization devices utilizing direct adsorption of oligonucleotides. More specifically, the prior art
is deficient in biomolecular hybridization devices comprising oligonucleotide probes effective to
hybridize to a cognate target as a nonhelical, asymmetrical duplex. The present invention fulfills this

long-standing need and desire in the art.
SUMMARY OF THE INVENTION

The present invention relates to simple method to fabricate DNA hybridization

devices based upon adsorptive rather than covalent attachment of oligonucleotides to a surface. Such

4
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adsorbed oligonucleotide probes form a densely packed monolayer, which retains capacity for base-
pair specific hybridization with a solution state nucleic acid target strand to form the duplex.
However, both strand dissociation Kinetics and the rate of DNase digestion demonstrate on symmetry
grounds that the target nucleic acid binds to such adsorbed oligonucleotides to form a highly
asymmetric and unwound duplex. A non-helical nucleic acid duplex may be the preferred structural
isomer on a charged surface.

Thus, the present invention is directed to a biomolecular hybridization device. The
hybridization device comprises a substrate having a surface of functional groups permanently and
covalently attached thereto and an adsorbed monolayer of unmodified, single-stranded
oligonucleotides all of which are 10 to about 24 bases in length as a saturated film of constrained
oligonucleotides on the surface via direct non-covalent phosphate-surface adsorptive contact of
substantially all phosphate groups of each oligonucleotide. In the monolayer each constrained
oligonucleotide base pla-ne is presented from the surface in a manner effective to dissociably
hybridize to a complementary single-stranded nucleic acid with asymmetric, non-helical base pairing
without alteration of the oligonucleotide base plane presentation and without oligonucleotide
phosphate group dissociation from the surface. The present invention is directed to a related
biomolecular hybridization device that further comprises a non-hybridizing poly-T sequence at one or
both of the 5’ or 3’ end of the oligonucleotides such that the adsorbed oligonucleotides are each about
30 bases in length. The present invention is directed to another related biomolecular hybridization
device that further comprises a capping material disposed on the surface. The present invention is
directed to yet another biomolecular hybridization device that further comprises a single-stranded
nucleic acid reversibly hybridized to the oligonucleotide as a non-helical duplex of 10 to about 24
base pairs long adsorbed to the surface.

The present invention also is directed to a related biomolecular hybridization device.
The hybridization device comprises a substrate having a surface of functional groups permanently and
covalently attached thereto and an adsorbed monolayer of unmodified, single-stranded
oligonucleotides all of which are about 30 bases in length as a saturated film of constrained
oligonucleotides on the surface via direct non-covalent phosphate-surface adsorptive contact of
substantially all phosphate groups of each oligonucleotide. The constrained oligonucleotides each
have a targeted, hybridizing domain of 10 to about 24 bases and a non-targeted, non-hybridizing
domain of bases flanking one or both of the 5’ or 3’ ends thereof. Each constrained oligonucleotide
base plane within the targeted domain is presented from the surface in a manner effective to
dissociably hybridize to a complementary single-stranded nucleic acid target with asymmetric, non-
helical base pairing without alteration of the oligonucleotide base plane presentation and without

oligonucleotide phosphate group dissociation from the surface. The present invention is directed to
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related biomolecular hybridization devices that further comprise the capping material and the single-
stranded nucleic acid reversibly hybridized to the oligonucleotide as discussed supra.

The present invention is directed further to another related biomolecular
hybridization device. The hybridization device comprises a substrate having an aminosilanized
surface permanently and covalently attached thereto and an adsorbed monolayer formed of
unmodified single-stranded oligonucleotides all of which are 10 to 24 bases in length adsorbed to the
aminosilanized surface as a saturated film of constrained oligonucleotides on the surface via direct
non-covalent phosphate-surface adsorptive contact of substantially all phosphate groups of each
oligonucleotide at a density of one phosphate group per about 0.5 square nanometers to less than
about 1 square nanometer of surface. Each constrained oligonucleotide base plane is presented from
the surface in a manner effective to dissociably hybridize to a complementary single-stranded nucleic
acid with asymmetric, non-helical base pairing without alteration of the oligonucleotide base plane
presentation and without oligonucleotide phosphate group dissociation from the surface. The present
invention is directed to related biomolecular hybridization devices that further comprise the 5’ and/or
3’ non-hybridizing poly-T sequences, the capping material and the single-stranded nucleic acid
reversibly hybridized to the oligonucleotide as discussed supra.

The present invention is directed further still to a method for hybridizing solution-
state target nucleic acids to probe nucleic acids. The method comprises contacting the biomolecular
hybridization devices described supra with at least one solution-state nucleic acid target under
conditions that permit hybridization thereto such that non-heiical, asymmetrical probe-target duplexes
are formed.

The present invention is directed further still to a method for identifying a nucleotide
sequence to which a nucleotide-binding protein binds. The method comprisies contacting the
biomolecular hybridization device comprising the non-helical duplex described supra with a
nucleotide-binding protein under conditions that permit binding. The formed duplex-protein
complex(es) are eluted from the surface with a salt solution with an ionic strength of an aqueous
solution of from about 1 M to about 5 M NaCl. At least one strand of the eluted nucleic acid duplex
is sequenced.

Other and further aspects, features, and advantages of the present invention will be
apparent from the following description of the presently preferred embodiments of the invention given

for the purpose of disclosure.
BRIEF DESCRIPTION OF THE DRAWINGS

So that the matter in which the above-recited features, advantages and objects of the

invention, as well as others which will become clear are attained and can be understood in detail,
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rhore particular descriptions and certain embodiments of the invention briefly summarized above are
illustrated in the appended drawings. These drawings form a part of the specification. It is to be
noted, however, that the appended drawings illustrate preferred embodiments of the invention and
therefore are not to be considered limiting in their scope.

Figures 1A-1B illustrate the noncovalent adsorption of DNA 6Iigonuéleotides on a
positively charged surface. Figure 1A shows standard curves for a 12-mer (filled squares) and a 24-
mer (open squares). CyS5-labeled probes were printed at 10 nl, then imaged without washing on an
ArrayWorx imager (Applied Precision, Inc.). The number of probe molecules per array element, x-
axis, was calculated from the product of printed volume, probe concentration, and Avogadro’s
number. The y-axis represents log of the mean integrated value of Cy5 dye fluorescent signal from
the array elements. Each data point represents the mean and a single standard deviation from the
mean calculated from 56 array elements. Figure 1B shows the surface area per oligonucleotide,
occupied by a 12-mer (filled circles) or a 24-mer (open circles). Cy5-labeled oligonucleotide probe
was printed in 70% DMSO/30% H,O at 10 nl per array element, as a function of concentration on the
aminosilanized glass surface, followed by washing to remove unbound probe. The y axis was
calculated by dividing the measured array element surface area by the number of adsorbed probe
molecules per array element (calculated from standard curves in Figure 1A). Each data point
represents the mean and a single standard deviation from the mean calculated from 56 array elements.

Figures 2A-2C illustrate the fabrication of the arrays and specific hybridization.
Figure 2A is a prototype of the layout of a microarray of the invention. Figure 2B shows the
hybridization of al2-mer Cy3-labeled target to the array shown in Figure 2A. A 10 minute
hybridization at 5 mM and at room temperature was followed by a 1 min wash at room temperature in
60 mM Na+ carbonate, 20% formamide, 0.6% polyvinyl alcohol, 5X Denhardts, pH=9.5. Figure 2C
shows the hybridization of a 24-mer Cy3-labeled target to the array shown in Figure 2A. A 10 minute
hybridization at 3 mM and at room temperature was followed by a 1 min wash at room temperature in
60 mM Na+ carbonate, 35% formamide, 0.6% polyvinyl alcohol, 5X Denhardts, pH=9.5.
Hybridization conditions are described in materials and methods. Probe and target sequences are
described in Table 1. Cy3 signal is green and CyS5 signal is red.

Figures 3A-3D illustrate models of duplex formation on a cationic surface of the
invention. Figure 3A shows a single-stranded, 24-mer oligonucleotide probe electrostatically
attached to an aminosilanized surface. Figure 3B shows a linear, non-helical DNA ribbon duplex on
a cationic surface of the invention, formed along its full length between an extended 24-mer probe
and its 24-mer complementary target. Figure 3C shows a 24 base pair long B-form DNA double
helix on a cationic surface of the invention. Figure 3D shows the chemical structure of a 3-
aminopropyltrimethoxysilanized glass surface of the invention. The models in Figures 3A-3C were

generated in the Molecular Builder module of Insightll and energy minimizations for ribbon duplex
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structure were done with the Amber force field of Discover 3 package (MSI). Although it is quite
possible that most common isomers of single-stranded (Figure 3A) and double-stranded (Figure 3B)
DNA may have some curvature on a positively charged surface, only the linear isomers are shown for
simplicity.

Figures 4A-4B illustrate dissociation kinetics to analyze strand asymmetry within the
surface-bound duplex. Figure 4A shows wild type sense 12-mer targets labeled with Cy3 dye
hybridized to the arrays described in Figures 2A-2C. Figure 4B shows wild type sense 24-mer
targets labeled with Cy3 dye hybridized to the arrays described in Figures 2A-2C. The Kinetics of
target dissociation during washing: (1) no hybridization, (2) after hybridization and no dissociation,
(3) after hybridization and dissociation for 1 min, (4) after hybridization and dissociation for 4 min,
(5) after hybridization and dissociation for 16 min, (6) after hybridization and dissociation for 16 min,
followed by a second hybridization step. The bar graphs represent the normalized means and the
standard deviations of the mean from eight array elements.

Figures S5A-5B are an analysis of the washing eluate. In Figure SA patches of
aminosilanized surface (3 mm? each) were saturated with Cy5-labeled probes (red), followed by
rinsing to remove the excess probes as described in materials and methods. Cy3-labeled targets
(green) were hybridized to these patches, rinsed to remove the unbound targets, and washed in 2 ml of
the washing buffer for 15 min (see materials and methods). A 0.2 ml aliquot was aspirated from the
resulting washing buffer and spotted on a clean slide, which was subsequently imaged with Cy3 and
CysS filter sets on the ArrayWorx Imager (Applied Precision). In Figure 5B the reverse experiments
are also shown where the targets and the probes have been reversed. The bar graphs represent the
normalized means and the standard deviations of the mean from four such 0.2 ml eluates.

Figures 6A-6B are DNase protection assays according to Example 6. In Figure 6A
wild-type, sense, Cy3 dye labeled 12-mer targets hybridized to the arrays described in Figures 2A-2C.
In Figure 6B wild-type, sense, Cy3 dye labeled 24-mer targets hybridized to the arrays described in
Figure 2. (1) No hybridization, (2) after hybridization and incubation with 0 u/ml of DNase I in
DNase buffer, (3) after hybridization and incubation with 0.1 w/ml of DNase I, (4) after hybridization
and incubation with 1.0 u/ml of DNase I, (5) after hybridization and incubation with 10.0 u/ml of
DNase I, (6) after hybridization, incubation with 10.0 u/ml of DNase I, prehybridization and second
hybridization. The bar graphs represent the normalized means and the standard deviations of the
mean from 8 array elements. Cy3 signal is green and CyS signal is red.

Figure 7 illustrates the length dependence of target hybridization stability upon a 24
base surface-bound probe. The following protocol was employed at room temperature throughout:
(1) pre-hybridization in 60 mM sodium carbonate, 20% formamide, 5X Denhardts, 1.5% polyvinyl
alcohol (PVA), pH 9.5 for 1 min, (2) 10 min hybridization at 3 mM of Cy3-labeled targets (10-28
bases) in 60 mM sodium carbonate, 20% formamide, 5X Denhardts, 0.6% PV A, pH=9.5, (3) two
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rinses in pre-hybridization buffer, (4) 10 min wash in 60 mM sodium carbonate, 25% formamide, 5X
Denhardts, 0.6% PVA, pH=9.5, (5) brief wash in de-ionized H,O, (6) drying. Sequences of
oligonucleotides in x axis are provided in Table 1. The arrays used in these experiments are identical
to the array shown in Figure 2A. The bar graphs represent the normalized means and the standard
deviations of the mean from 12 array elements.

Figures 8A-8D illustrate the stability of adsorbed DNA. Cy3-labeled DNA 50-mer
directly adsorbed onto a cationic surface using vapor deposition (Example 1) was washed for 5
minutes (Figure 8A) or 24 hours (Figure 8B). Numerical intensities are shown in Table 2. Cy3-
labeled DNA 50-mer directly adsorbed onto a cationic surface according to the solution-dipped
method of Cel Associates (CSA-25; http://www.cel-1.com/) was washed for 5 minutes (Figure 8C) or
24 hours (Figure 8D).

Figures 9A-9B illustrate the effect of capping and hybridization conditions on
detection of probe-target duplex formation. Absolute signal, absolute signal minus background
fluorescence, and the ratio of signal to background is shown for capped (Figure 9A) and uncapped
(Figure 9B) DNA microarrays printed with 40-mer probes.

Figure 10 depicts an adsorptive microarray hybridized with cDNA targets derived
from untreated (green) or y-irradiated (red) mouse thymus tissue.

Figures 11A-11E depict sequencing profiles and microarray hybridization data using
probes that are sequence variants 1-8 (SEQ ID NOS: 25-32) of nucleotides 265-278 of human HLA-
B. The 30-mer variants 1-8 were printed to form microarrays, hybridized to a Cy-3 labelled PCR
product derived from a number of known sequence variants of HLA-B and hybridization. data was
obtained, as in Figures 2A-2C. Figures 11A-11B are standard sequencing profiles for variants 2-3
and variants 3 and 7, respectively. Figures 11C-11D are the corresponding microarray hybridization
data for these variants. In Figure 11E a number of DNA samples corresponding to known DNA
sequence variants were subjected to HLA-B specific PCR and microarray data. The two-domain
30mer hybridization probes generate sequence selective microarray hybridization data which can be
used to confirm nucleotide sequence changes in the corresponding HLA-B region of the human
genome.

Figures 12A-12E illustrate the results of microarray hybridization with Cy3 - labeled
amplicon target from exon 2 of HLA-B to probes printed on various metal oxide surfaces. The
surfaces are: an agarose-ferrite particle composite where the surfaces of the ferrite particles are the
substrate for probe binding (Figure 12A), an agarose-ferrite particle composite where the surfaces of
the ferrite particles are coated with aluminium oxide is the substrate for probe binding (Figure 12B),
an agarose-ferrite particle composite where the surfaces of the ferrite particles are coated with
magnesium oxide is the substrate for probe binding (Figure 12C), an agarose-ferrite particle

composite where the surfaces of the ferrite particles are coated with zinc oxide is the substrate for
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probe binding (Figure 12D), and an agarose-ferrite particle composite where the surfaces of the
ferrite particles are coated with zirconium oxide is the substrate for probe binding (Figure 12E). Row
1 probes are SEQ ID NO: 33, row 2 probes are SEQ ID NO: 34, row 3 probes are negative control
without any human sequences, i.e., differs from the human sequences by more than 20% over the

region tested, and row 4 probes are two sequences, SEQ ID NOS: 35-36.

DETAILED DESCRIPTION OF THE INVENTION
As used herein, the term “a” or “an”, when used in conjunction with the term
“comprising” in the claims and/or the specification, may refer to “one,” but it is also consistent with

R NTY

the meaning of “one or more,” “at least one,” and “one or more than one.” Some embodiments of the
invention may consist of or consist essentially of one or more elements, method steps, and/or
methods of the invention. It is contemplated that any method or composition described herein can be
implemented with respect to any other method or composition described herein.

As used herein, the term “or” in the claims refers to “and/or” unless explicitly
indicated to refer to alternatives only or the alternatives are mutually exclusive, although the
disclosure supports a definition that refers to only alternatives and “and/or.”

As used herein, the term "adsorb", "adsorption”, and grammatical equivalents thereof
refer to a noncovalent interaction between a surface and a biomolecule. In preferred embodiments of
the invention, the biomolecule is a nucleic acid. In other embodiments of the invention, the
biomolecule may be or may comprise one or more amino acids, lipids, and/or carbohydrates. The
interaction may be based on electrostatic attraction, hydrogen bonding, Van der Waals interactions,
and/or hydrophobic interactions. In presently preferred embodiments, the interaction is based, at least
in part, on the electrostatic attraction between the phosphate background and a surface having cationic
functional groups.

As used herein, the phrase "functional group" refers to the atom(s) responsible for the
characteristic reactions of a compound. For example, the functional group of alcohols is ~OH, the
functional group of aldehydes is ~CHO, the functional group of carboxylic acids is -COOH. A given
functional group behaves in approximately the same way in all molecules of which it is a part. A
single molecule may have a plurality of functional groups. Functional groups of the invention
mediate mediate a noncovalent interaction between a surface and nucleic acid

As used herein, the term "probe" refers to a nucleic acid, typically single stranded,
that is adsorbed to a surface. Probes of the invention may have a length of from about 1 nucleotide to
about 100 nucleotides, preferably from about 12 nucleotides to about 60 nucleotides. A nonlimiting

model of adsorbed probe structure is that of a nonhelical structure having substantially all backbone

phosphate groups contacting the surface.
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As used herein, the term "target" refers to a nucleic acid that is either in solution state
or hybridized to a probe molecule. Targets of the invention may be single or double stranded and
may comprise DNA, RNA or both. In some embodiments of the invention targets may have a length
of from about 1 nucleotide to about 100 nucleotides, preferably from about 12 nucleotides to about 60
nucleotides. In some embodiments of the invention, target may have a length of from about 100
nucleotides to full-length cDNAs or mRNAs, preferably mouse or human. A nonlimiting model of a
hybridized probe-target structure is that of a nonhelical duplex with a helical pitch angle near zero
with at least about 9 of every 10 nucleotides base-paired.

As used herein, the term "substrate" refers to any material intrinsically having a
surface of the invention. It also refers to any material that may be modified to create a surface of the
invention. Substrates may be glass, ceramic, metallic, organic, inorganic or combinations thereof.
Substrates may have the form of a slide, a bead or any other form known in the art.

As used herein, the term "surface" refers to a covalently-contiguous geometrical
domain or a region of a geometrical domain directly contactable by surrounding media and having
functional groups that support adsorption of nucleic acids through electrostatic interactions,
hydrogen bonding, Van der Waals interactions, London interactions, hydrophobic interactions or
combinations thereof. In some embodiments of the invention, a zwitter ionic surface may be used to
support biomolecular adsorption. A surface of the invention may be fabricated on a substrate or may
be an intrinsic property of the substrate. A nonlimiting example of surface fabrication is
aminosilanization of a glass substrate wherein cationic functional groups are covalently linked to the
substrate. In some embodiments, a device of the invention is a microarray wherein each spot is a
surface as described here.

In one embodiment of the present invention there is provided biomolecular
hybridization device comprising a substrate having a surface of functional groups permanently and
covalently attached thereto; and an adsorbed monolayer of unmodified, single-stranded
oligonucleotides all of which are 10 to about 24 bases in length as a saturated film of constrained
oligonucleotides on the surface via direct non-covalent phosphate-surface adsorptive contact of
substantially all phosphate groups of each oligonucleotide; wherein each constrained oligonucleotide
base plane is presented from the surface in a manner effective to dissociably hybridize to a
complementary single-stranded nucleic acid with asymmetric, non-helical base pairing without
alteration of the oligonucleotide base plane presentation and without oligonucleotide phosphate group
dissociation from the surface.

Further to this embodiment the biomoleculary hybridization device may comprise a
non-hybridizing poly-T sequence at one or both of the 5’ or 3’ end of the oligonucleotides such that
the adsorbed oligonucleotides are each about 30 bases in length. In another further embodiment the

biomolecular hybridization device may comprise a capping material disposed on the surface.
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Examples of a capping material are a surfactant or an acid anhydride. In yet another further
embodiment the biomolecular hybridization device may comprise a single-stranded nucleic acid
reversibly hybridized to the oligonucleotide as a non-helical duplex of 10 to about 24 base pairs long
adsorbed to the surface. Examples of a nucleic acid are DNA or RNA.

In all embodiments the phosphate groups may adsorb to the surface at a density of
one phosphate group per about 0.5 square nanometers to less than about 1 square nanometer of
surface. In addition, the form of the substrate may be a slide or a bead.

Also, in all embodiments the functional groups may form wherein the functional
groups form a positively charged, polar or negatively charged hydrophilic surface or form a
hydrophobic surface. An example of a positively charged surface is an aminosilane. In addition, the
surface may comprise an organic material or an inorganic material. Examples of an organic material
are amino acids, lipids, nucleotides, carbohydrates, hydrocarbons, or isoprenoids. An example of an
inorganic material is a hydrogen bond donor metal oxide. Particularly, the metal oxide is ferrite,
aluminum dioxide or titanium dioxide or ferrite coated with an oxide of aluminum, titanium,
zirconium, barium, calcium, cadmium, cobalt, iron, magnesium, nickel, or zinc.

In a related embodiment of the present invention there is provided a biomolecular
hybridization device comprising a substrate having a surface of functional groups permanently and
covalently attached thereto; and an adsorbed monolayer of unmodified, single-stranded
oligonucleotides all of which are about 30 bases in length as a saturated film of constrained
oligonucleotides on the surface via direct non-covalent phosphate-surface adsorptive contact of
substantially all phosphate groups of each oligonucleotide; where the constrained oligonucleotides
each have a targeted, hybridizing domain of 10 to about 24 bases and a non-targeted, non-hybridizing
domain of bases flanking one or both of the 5’ or 3’ ends thereof such that each constrained
oligonucleotide base plane within the targeted domain is presented from the surface in a manner
effective to dissociably hybridize to a complementary single-stranded nucleic acid target with
asymmetric, non-helical base pairing without alteration of the oligonucleotide base plane presentation
and without oligonucleotide phosphate group dissociation from the surface. In further embodiments
the biomolecular hybridization device may comprise the capping material and the single-stranded
nucleic acid reversibly hybridized to the oligonucleotide as a non-helical duplex as described supra.

In all embodiments the the non-targeted, non-hybridizing domain bases may be a
poly-T sequence or other inert sequence of bases. Also, the saturating amount that forms the
adsorbed monolayer, the density of the adsorbed oligonucleotides, the functional groups comprising
the surface, and the form of the substrate are as described supra.

In another related embodiment of the present invention there is provided a
biomolecular hybridization device comprising a substrate having an aminosilanized surface

permanently and covalently attached thereto; and an adsorbed monolayer of unmodified single-
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stranded oligonucleotides all of which are 10 to 24 bases in length adsorbed to the aminosilanized
surface as a saturated film of constrained oligonucieotides on the surface via direct non-covalent
phosphate-surface adsorptive contact of substantially all phosphate groups of each oligonucleotide at
a density of one phosphate group per about 0.5 square nanometers to less than about 1 square
nanometer of surface, wherein each constrained oligonucleotide base plane is presented from the
surface in a manner effective to dissociably hybridize to a complementary single-stranded nucleic
acid with asymmetric, non-helical base pairing without alteration of the oligonucleotide base plane
presentation and without oligonucleotide phosphate group dissociation from the surface.

In further embodiments the biomolecular hybridization device may comprise the 5’
and/or 3’ non-hybridizing poly-T sequences, the capping material and the single-stranded nucleic acid
reversibly hybridized to the oligonucleotide as a non-helical duplex as described supra. Also, in all
embodiments the form of the substrate is as described supra.

In another embodiment of the present invention there is provided a method for
hybridizing solution-state target nucleic acids to probe nucleic acids comprising contacting the
biomolecular hybridization devices described supra with at least one solution-state nucleic acid target
under conditions that permit hybridization thereto such that non-helical, asymmetrical probe-target
duplexes are formed.

In yet another embodiment of the present invention there is provided a method for
identifying a nucleotide sequence to which a nucleotide-binding protein binds comprising contacting
the biomolecular hybridization device comprising the non-helical duplex described supra with a
nucleotide-binding protein under conditions that permit binding; eluting formed duplex-protein
complex(es) from the surface with a salt solution with an ionic strength of an aqueous solution of
from about 1 M to about 5 M NaCl; and sequencing at least one strand of the eluted nucleic acid
duplex.

The present invention provides devices and methods for detecting solution-state
target nucleic acids or solution-state small molecule analytes. Devices of the invention are
biomolecular hybridization devices and comprise a substrate with a surface and an oligonucleotide or
nucleic acid adsorbed to the surface. The substrate itself may be an adsorptive surface, e.g., glass,
plastic, metal, ceramic, or a woven textile or paper. The substrate may be planar or nonplanar. Pores
may be introduced into the substrate as a polymer network, a network of ceramic pores, or by etching
of an otherwise-smooth glass, plastic, metal or ceramic surface. The form of device may be a slide, a
microbead, a microarray, an electrode or an integrated circuit.

In those instances where the substrate surface cannot engage in direct bonding with
the phosphate backbone, the substrate is coated with an appropriate surface film, allowing for the
desired adsorptive association. The substrate may have an adsorptive surface comprising functional

groups permanently and covalently attached thereto may be uniform and dense with respect to the
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functional groups that mediate nucleic acid binding, e.g., polar, uncharged groups, charged groups,
hydrophobic groups, and combinations thereof. The functional group uniformity and density is a
critical feature. The functional group may be cationic with a density of about 1 group per 5 A on
center. Particularly, desired functional groups are covalently attached to a substrate to form a surface.
Also, functional groups may be attached to the substrate by vapor deposition. A nonlimiting
illustrative comparison between the preferred method of vapor deposition of functional groups
relative to a prior art solution-dipped method appears in Example 13 and Figure 8.

The adsorptive surface may be saturated with the oligonucleotide forming a
monolayer to maximize probe retention. This may be accomplished by applying about two fold more
probe to the surface than required. In a nonlimiting example, a probe concentration of 10 uM is used
where a titration curve (such as displayed in Figure 1) indicates that the amount that probe required
for saturation is 5 uM. Capping residual surface charges following probe adsorption is essential. The
invention contemplates the use of any means of capping known in the art. In some embodiments
chemical capping may be used. For example capping may be achieved with a surfactant, e.g. SDS, or
with an acid anhydride, e.g., succinic anhydride.

The present invention provides a method for adsorbing a nucleic acid onto a surface.
The surface is contacted with a saturating amount of oligonucleotide or nucleic acid under conditions
that permit adsorption and capping residual nucleic acid binding sites. The surface has uniformly
distributed functional groups that support adsorption. In addition, the method further comprises
covalently modifying the surface with the desired functional groups described herein.

The adsorptive surfaces are effective to adsorb nucleic acids thereto via phosphate
bonding to the functional groups comprising the surface. The adsorptive force by which the
oligonucleotide probe is bound to the surface may be hydrogen bonding, electrostatic interactions,
Van der Waals interactions, hydrophobic interactions, or combinations thereof. Devices of the
invention do not require any intervening or bridging biomolecule between the surface and the
oligonucleotide.

Device surfaces may be hydrophobic or hydrophilic. Hydrophilic device surfaces
may be uncharged (polar), negatively charged, or positively charged. For example, surfaces may
comprise a primary amine, a secondary alkyl amine, a tertiary alkyl amine, a guanidinium group, an
amidinium group, an imidazolium group, an uncharged organic H-bond donor such as an aldehyde,
alcohol or fomamide, an uncharged inorganic H- bond donor such as metal or metalloid oxides or
others, or combinations thereof.

The adsorbed oligonucleotides may comprise about 10 to about 100 bases, preferably,
about 10 to about 60 bases and more preferably, about 10 to about 24 bases. The adsorbed
oligonucleotides are targeted by and are hybridized to a single-stranded complementary nucleic acid

or cognate ligand, such as DNA or RNA. Also, the oligonucleotide may comprise a non-targeted,
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non-hybridizing base sequence flanking one or both of the 5 or 3’ ends thereof such that the number
of bases in the adsorbed oligonucleotide is about 30. In this instance the adsorbed oligonucleotide
comprises a targeted domain of 10 to about 24 bases and one or two flanking domains that cannot
hybridize to a target nucleic acid, but provide adsorptive stability to the adsorbed oligonucleotide.
The flanking domains may comprise a poly-Thymine (poly-T) sequence or other inert sequence of
bases.

The present invention also provides a device and method to detect solution state
nucleic acid analytes, namely a device comprising the oligonucleotide or nucleic acid probes
described herein that are bound by adsorptive association to the device surface. After adéorptive
association to the surface, the bound probe (now on the device surface) is capable of hybridizing to a
solution-state nucleic acid target, e.g., DNA or RNA, thereby forming a probe-target duplex. Such
hybridizing may be detected by standard methods including fluorescence, optical, radiometric or
potentiometric analysis.

In addition, the method for forming the novel duplex is shown to be of immediate
practical utility, in that it can be implemented at approximately 1/10 the cost of fabrication relative to
current alternatives. Hybridization signals are found to be high, due to the dense packing of surface
bound probe and selectivity is measured to be at or near the limit already known for hybridization
based upon Watson-Crick double helix formation.

Thus, the present invention also provides a novel composition of matter, namely a
new stable form of a nucleic acid duplex. The data presented here demonstrate that single-stranded
DNA can bind tightly to a positively charged, aminosilanized glass surface to form a densely packed
nucleic acid monolayer. Upon sequence-selective hybridization of such adsorbed probes to their
antiparallel Watson-Crick complement, a duplex is formed with distinctly asymmetric properties that
appear hard to reconcile with the known helical DNA structures, such as A, B, or Z double helix.
Throughout the instant application, the term "duplex", unless otherwise indicated, refers to this
nucleic acid form which is characterized by a reduction of helical pitch angle to a value near to zero.
This new form is created by adsorptive binding to a surface of the phosphate backbone of a DNA or
RNA single strand “probe”, greater than 10 bases in length, followed by Watson-Crick base pairing
(A-T, C-G) of a cognate RNA or DNA strand “target” to form the unwound, surface-bound probe-
target duplex.

Although unexpected in a simple, mixed phase hybridization experiment as presented
here, it is interesting to note that unwound ribbon-like duplexes have been proposed to exist
transiently in other somewhat more extreme contexts. For instance, the DNA complex formed upon
binding of intercalators such as ditercalinium, as revealed by X-ray crystallography (Gao O et al.,
1991, Proc. Natl. Acad. Sci. USA 88:2422-2426), involves a nearly complete loss of helical winding.

Similarly, an unwound and significantly extended double helix has been proposed to form in solution
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as a response to thé mechanical stress induced by stretching (Leger JF et al., 1999, Phys. Rev. Lett.
83:1066-1069; Bensimon D et al., 1995, Phys. Rev. Lett. 74:4754-4757; Smith SB et al., 1996,
Science 271:795-799; Lebrun A et al., 1996, Nucl. Acids Res. 24:2260-2267). Within the context of
an antiparallel double helix, it is well known that base stacking and helix twist are coupled
mechanically. In the studies described previously, either a chemical force (insertion of a heterocycle
between base planes) or mechanical strain upon the duplex (stretching) is coupled to an increase of
base pair separation and a resultant loss of helical twist.

The experimental data described herein do not measure base pair separation directly.
However, as previously predicted from modeling studies, these inventors have found it difficult to
generate adsorbed linear, ribbon-like duplexes that do not involve at least a 50% increase in duplex
length relative to the B-helix (Fig. 3B). Thus, it is interesting to consider that the ribbon-like duplex,
which has been inferred from studies described here, may have necessarily incurred a significant loss
of base stacking due to stretching. It is well known that the energetics of duplex formation is mainly
determined by base stacking interactions and electrostatic repulsion among phosphates (Dickerson
RE, 1992, Methods Enzymol. 211:67-111; McConnell KJ et al., 2000, J. Mol. Biol. 304:803-820).

The findings illustrated in the Examples suggest that due to the direct and indirect
consequences of duplex adsorption upon a plane, both the structure and the energetics of ribbon-like
duplex formation differ from that known in dilute aqueous solution. The practical applications of
such structural and energetic differences are significant.

For example, the novel duplex form mimics a transition state. The binding of drugs
and proteins to the double helix often is associated with transient formation of an extended, unwound
form of the double helix. The data presented here show that in most respects, the novel helix form
described here mimics such a transition state. Potent drugs have been developed based upon their
ability to bind to the transition state of the substrate-enzyme complex (so-called transition state
analogues). By analogy, the use of the novel duplex form described here (in the context of
appropriate devices and methods) allows such DNA transition state analogues to be discovered as
pharmaceutical lead compounds.

Also, the novel duplex form has enhanced H-bonding selectivity. The data presented
show that base pairing selectivity in the novel duplex form meets or exceeds that seen in the standard
Watson-Crick duplex. Molecular modeling of the novel duplex form suggests that base stacking
(which is not very sequence dependent) is greatly reduced in magnitude relative to the energy of H-
bonding (which is the basis for nucleic acid sequence selectivity). Thus, both modeling and
experiment suggest that methods and devices based upon the novel, untwisted duplex will display
more precise base sequence recognition than can be attained with the double helix.

In addition, close proximity to the surface allows for modulation of hybridization.

The formation of the novel untwisted duplex form is driven by the symmetry constraints associated
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with surface adsorption. Thus, at its core, the novel duplex form is a molecular entity with structure
and energetics that are intimately coupled to the physical chemistry of the surface. As illustrated in
the Examples, when the surface is cationic, the electrostatic component of the duplex-surface
interaction can eliminate the ordinary requirement for cations in the hybridization solution. This
observation reduces to practice the concept that the ionic dependence, temperature dependence and
selectivity of hybridization to form the novel duplex can be modified greatly by judicious surface
modification.

Furthermore, both cationic and non-cationic surfaces will support the novel duplex
form. In the data presented, substrate surfaces were primary amine coated glass, e.g., an aminosilane,
or metal oxide coated surfaces. Thus, nucleic acid probe adsorption to the substrate is based upon a
combination of electrostatic and H-bonding interaction between the amino groups and the phosphate
backbone. Experimental data and modeling suggest that the novel helix form requires stable
adsorption mediated through the phosphate. Electrostatic interaction between the negatively charged
phosphate and the underlying surface should be sufficient to achieve stable adsorption of that kind.
Thus, charged surface coatings of all kinds, for example, but not limited to, primary, secondary,
tertiary amines, aminosilanes, amidinium and guanidinium groups, and metal ions, may support the
novel surface form.

Alternatively, since phosphate is also an excellent H-bond acceptor, neutral H-bond
donating surfaces also are capable of supporting formation of the novel helix form. This includes,
inter alia, hydroxyl, amide, urea and other good metallic H-bond donors such as metal or metalloid
oxides, e.g., aluminum dioxide (AlQ,), titanium dioxide (TiO,) and silicon dioxide (SiO,), or ferrites
or compounds, such as clays or ferrites, surface-coated with metal oxides, e.g., aluminum dioxide
(AlQ,), titanium dioxide (Ti0,), zirconium dioxide (Zr(0,), barium oxide (BaO), calcium oxide (CaO),
cadmium oxide (CdO), cobalt oxide (CoO), ferrous oxide (FeO), magnesium oxide (MgO), nickel
oxide (NiQ), and zinc oxide (ZnO).

A nucleic acid duplex of the invention has structural characteristics, which differ
greatly from a standard nucleic acid helix: namely it is greatly untwisted, with an increase of the
separation between adjacent base pairs. Thus, compounds capable of binding double helical forms of
nucleic acids may display a different affinity for binding or hybridizing nucleic acid duplexes of the
invention. In particular, dyes and haptins which are capable of intercalating into standard double
helical nucleic acid forms may bind to an extended, unwound duplex of the invention with higher
affinity than to the double helix. Such compounds could be used to distinguish surface-bound duplex,
from a standard double helix which might form in solution as a side reaction during hybridization
analysis.

Thus, the present invention provides methods for detecting and for screening small

molecule analytes, based upon their affinity for associating with a probe-target duplex. This may be
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accomplished by (i) preparing a device comprising an oligonucleotide or nucleic acid probe that is
bound by adsorptive association to the device surface as described herein, (ii) contacting the device
with a target nucleic acid under conditions which permit formation of the duplex, (iii) exposing the
device to a solution of small molecule analytes, and (iv) detecting and/or collecting one or more
analytes based on the affinity with which they bind the duplex.

The invention also relates to the small molecule analytes discovered in such a screen
and their uses. For example, small molecules that bind to the duplex may be used (i) for optical
detection of duplex formation as in devices of the invention, (2) as leads for subsequent
pharmaceutical development or (3) as pharmaceuticals.

Thus, the invention provides a method for identifying the nucleotide sequence to
which a nucleotide binding protein, e.g. a transcription factor, binds comprising contacting a
microarray having surface-bound probe-target duplexes with a nucleotide binding protein under
conditions that permit binding of at least one duplex to said protein, eluting duplex-protein complexes
from the surface, e.g., with a concentrated salt solution), and sequencing at least one strand of the
duplex.

It can be seen that the methods and devices of the invention provide several
advantages over prior art methods and device. For example, the methods and devices of the invention
do not require nucleic acid derivitization with a linker thereby eliminating the inefficiencies and costs
associated with such a step. Possible inefficiencies of existing methods include incomplete
derivitization of the nucleic acid with the linker, biased derivitization of some nucleotide sequences
over others, incomplete association of the linker to the surface, and necessary additional
manufacturing step(s). A further advantage over the covalent methods of attachment is the
reversibility of the probe-surface bond.

The following examples are given for the purpose of illustrating various

embodiments of the invention and are not meant to limit the present invention in any fashion.

EXAMPLE 1
Aminosilanization of a glass surface
Glass, pre-cleaned, micro slides (Gold Seal, Gold Seal Products) were cleaned in
deionized water, followed by rinsing in HPLC-grade methanol and dried in dust-free oven at 45 C.
The slides were transferred to a vacuum oven at 82 C, equilibrated against 3-
aminopropyltrimethoxysilane (Aldrich) in 1:2 proportion to p-xylene (Aldrich). The slides were then
incubated overnight at 27 mm Hg, followed by storage at room temperature under dust free

conditions.
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EXAMPLE 2

Eabrication of arrays

All oligodeoxyribonucleotides were synthesized, labeled with Cy3 or Cy5 fluorescent
dyes at the 5’-ends, and HPLC purified by BioSource International (Camarillo, CA). A Microlab
4200 robot (Hamilton) with 10 ml syringes was used to print 6X8 arrays on aminosilanized glass
slides: 10 nl volume per array element, 500 mm diameter, 900 mm center to center.
Oligodeoxyribonucleotides were printed from 384 well plates (NUNC) at the desired concentration in
70% DMSO (Aldrich)/30% H,O0. DMSO inclusion in the printing solution stowed the process of
drying and therefore resulted in more uniform probe density within the array elements as compared to
printing the probes in water. After printing, arrays were washed in 10 mM NaOH, 100 mM Na+
carbonate, 2% polyvinyl alcohol, 5X Denhardts for I min, then rinsed multiple times in deionized

H,0, and dried for storage. All procedures were performed at room temperature.

EXAMPLE 3
Hybridization and imaging

Hybridization was carried out in the following hybridization buffers: 90 mM Na+
carbonate, 5X Denhardts, pH=9.5 for 12-mer targets and 60 mM Na+ carbonate, 5X Denhardts, 20%
formamide, 0.6% polyvinyl alcohol, pH=9.5 for 24-mer targets. The pH has been held at 9.5
throughout in order to reduce surface charge due to free amino groups. Before hybridization, the
arrays were pretreated in corresponding hybridization buffers without the targets, containing 1.5%
(w/v) polyvinyl alcohol (Aldrich), used as a blocking agent. All steps were done at room temperature.
After 10 minutes of hybridization, the slides were washed in corresponding hybridization buffers,
rinsed several times in deionized water, dried, and imaged.

The arrays were imaged on a CCD based Arrayworx Imager (Applied Precision, Inc.)
with 10 mm resolution. Cy3 and CyS5 optical filters were used during the imaging of the arrays.
Exposure times were held at 0.2 sec for Cy3 channel and | sec for Cy5 channel, in order to normalize
sensitivity. The analysis of intensities from Cy3 and Cy5 channels was done in ArrayWoRx Version
1.50 software (Applied Precision, Inc.) from the original stitched images and the bar graphs were
generated in Microsoft Excel. The pictures of the representative arrays were modified by adjusting
the levels in Adobe Photoshop 5.5 for presentation purposes only, and the level adjustments did not

have any effect on conclusions, since the quantification was done based on the original images.
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EXAMPLE 4
Calculation of target to probe ratio

For these experiments, it was important to have a high target to probe ratio, therefore
12-mer targets were hybridized at 5 mM concentration, and 24-mer targets were hybridized at 3 mM
concentration, unless stated otherwise. Time course and concentration dependence experiments have
revealed that at such concentrations of the targets their signal was saturated on specific probes after 5
minutes of hybridization. The target to probe ratio has been measured based on calculation of the
number of molecules from the analysis of Cy5 signals before hybridization for probes, Cy3 Signals
after hybridization for targets, and standard curves for Cy3- and CyS5-labeled
oligodeoxyribonucleotides (Fig. 1A).

The standard curve for Cy5-wt-24-as (n=56) was fit by a linear regression (log(Cy5
signal)=yo+a*log(number of molecules)) in Sigma Plot 2000. The number of molecules was found
from the known volume (10 nl per array element) and concentration of oligodeoxyribonucleotide in
printed solution per array element. The standard curves for Cy3-wt-24-s (n=56) and Cy3-wt-12-s
(n=56) were fit by a linear regression (log(Cy3 signal)=yo+a*log(number of molecules)) in Sigma
Plot 2000. The regression curve for Cy5-wt-24-as probe had values yo=-13.1, a=1.58, R=0.999,
where R is the regression coefficient of the mean. The regression curves for the targets Cy3-wt-24-s
and Cy3-wt-12-s had values yo=-9.69, a=1.29, R=0.997 and yo=-13.7, a=1.64, R=0.999, respectively.
The average background subtracted CyS5 signal of Cy5-wt-24-as probe before hybridization was 332.

Thus the number of Cy5-wt-24-as probe molecules per array element could be
calculated from its regression equation: (probe number of molecules)=10*[(log(Cy5 signal)-
yo)/a]=107[(log(332)+13.1)/1.58}=7.7*1079. In the same way, the number of target molecules after
hybridization was found to be 3.8%109 for Cy3-wt-24-s and 7.8*10A9 for Cy3-wt-12-s. Thus the
target to probe ratio was 0.5 and 1 for 24 and 12 bases long targets hybridization to 24 bases long
probes, respectively. The concentration of 24 bases long targets was not increased above 3 mM,
because that would lead to dramatic increase in background. The fact that 5 mM concentration could
be used for 12 bases long targets could be explained by the fact that longer nucleic acids have more
negative charge and therefore are attracted stronger to a positively charged surface. The ability of the
adsorbed onto the positively charge surface oligodeoxyribonucleotide probes to specifically hybridize
to nucleic acid targets with target to probe ratio approaching 1 has been shown previously by
radioactive labeling of the targets (Belosludtsev YY et al., 2001, Anal. Biochem. 292:250-256).
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EXAMPLE 5
Dissociation experiments
After hybridization, the slides were washed 5 times in the corresponding
hybridization buffer containing 1.5% (w/v) polyvinyl alcohol. They were then incubated for various
times at room temperature in the wash buffer containing 60 mM Na+ carbonate, 20% formamide for

12-mers and 35% formamide for 24-mers, 5X Denhardts, 0.6% polyvinyl alcohol, pH=9.5.

EXAMPLE 6
DNase protection assays
After hybridization, the slides were washed two times in corresponding hybridization
buffer containing 1.5% (w/v) polyvinyl alcohol, followed by brief application of the DNase I
digestion buffer éontaining 50 mM KCl, 10 mM MgCl,, 20 mM Tris-HCI, pH=8.0. The slides were
then incubated for 20 min at room temperature in 0, 0.1, 1.0, or 10 u/m] of DNase I (Roche) in the
buffer above, rinsed 8 times in corresponding hybridization buffer containing 1.5% polyvinyl alcohol,

then washed in deionized water, dried and imaged.

EXAMPLE 7
Adsorption of oligodeoxyribonucleotides to aminosilanized glass surface

Cy5 (indodicarbocyanine, 1(ex),,,=651 nm, l(em),,,=651 nm, red) dye-labeled 12
bases long (12-mer) and 24-mer oligodeoxyribonucleotide (oligonucleotide) probes were printed on
an aminosilanized glass surface (3-aminopropyltrimethoxysilane) in the array format. Unadsorbed
material was removed by extensive washing at room temperature. The bound Cy5 oligonucleotide
signal was saturated beginning at 1 mM of the printed oligonucleotide. By reference to standard
curves (Fig. 1A) the surface area per bound oligonucleotide could be calculated as a function of total
applied probe concentration.

A well-defined density limit was detected (Fig. 1B) for both 12-mer and 24-mer
probes. At surface saturation, to form the monolayer, it was found that 12-mer oligonucleotides with
a dye label at the end occupy 10.6+0.3 nm? and 24-mer oligonucleotides with a dye label at the end
occupy 16.6+0.5 nm®. Thus, the data in Figs. 1A-1B suggest that, assuming a 1 nm width for an
oligonucleotide strand and full extension of the phosphate backbone, since the dye occupies about
1nm?, 12-mer oligonucleotides without a dye label at the end occupy 9.6nm?+/-0.3nm? and 24-mer
oligonucleotides without a dye label at the end occupy 15.6nm*+/-0.5nm?, Thus, since there are n-1
phosphates in an oligo of length n, the area occupied per phosphate, as measured experimentally in
Figs. 1A-1B, for 12-mer oligonucleotides = 9.6nm?*11 = 0.88+/-0.03nm? per phosphate equivalent
and for 24-mer oligonucleotides = 15.6nm*23 = 0.68+/-0.02nm’ per phosphate equivalent,
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Simple nucleic acid structure predicts that a fully extended nucleic acid strand will
occupy approximately 0.7 nm® per phosphate equivalent, assuming close packing of oligonucleotides
in the monolayer. Thus, the experimental data of Figs. 1A-1B argue that in the range from 12-mers to
24-mers, the amount of surface area occupied per phosphate remains near to the 0.7 nm? value
predicted from crude approximation. Given the experimental uncertainties involved, the data of Figs.
1A-1B argue that the present invention is defined by an adsorbed surface density from about 0.5nm?
to about Inm? per phosphate. Thus, the data suggest that at adsorptive binding saturation, surface
structure for both 12-mer and 24-mer probe approximates a densely packed monolayer of extended
probe oligonucleotide strands.

Adsorptive attachment of such labeled oligonucleotides was found to be slowly
reversible, probes remaining bound to the surface even after repeated washing with boiling deionized
water. The adsorbed oligonucleotides could be removed by washing with boiling 5 M NaCl,
indicating reversible non-covalent electrostatic interaction. Thus, the attachment of oligonucleotides
to the surface can be attributed to extremely tight electrostatic interaction of the negatively charged
phosphate backbone of nucleic acids to the positively charged amine groups of the surface.

Also, Figures 1A-1B demonstrate the adsorption of 12mer and 24mer probes to the
hybridization surface and that the mechanism of adsorption of both appears to be identical in terms of
monolayer formation and the amount of surface area occupied by base. Thus, 12-mer and 24-mer
probes adsorb by an identical mechanism. Therefore, since 12mer and 24mer adsorb identically, a
probe that is of an intermediate length, such as 18 bases, or incrementally longer, such as 25 or 26 or

even 30 bases would adsorb with the same mechanism as for 12-mer and 24-mer probes.

EXAMPLE 8

Specific hybridization of dna to adsorbed oligonucleotides

To determine whether DNA could specifically hybridize to such a densely adsorbed
oligonucleotide monolayer, microarrays were fabricated with six Cy5-labeled DNA oligonucleotide
probes (red), printed in quadruplicate on the aminopropylsilane surface, slightly below saturation of
probe adsorption (0.3 mM of added probe) and also at a saturating probe concentration of 3.0 mM,
Figure 2A depicts such a prototype. For 12-mer probes (Figs. 2A-2C, left side of arrays) and 24-mer
probes (Figs. 2A-2C, right side of arrays) three probe sequence Homologues were employed: a wild-
type reference sequence (wt), a single nucleotide change per 12 bases (mt), and the randomly
scrambled isomer (scr). Cy3- and Cy5-labeled oligodeoxyribonucleotides sequences (Biosource
International) used in the experiments are provided in Table 1.

Microarrays were hybridized to a Cy3 (indocarboxycyanine, 1(€X)..,=552 nm,
I(em),,,,=565 nm, green) labeled 12-mer target (Fig. 2B) or 24-mer oligonucleotide target (Fig. 2C),

chosen to be complementary to the wild-type reference probe sequence. Hybridization was
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performed at a relatively high solution state target concentration (3 mM for 24-mer targets and 5 mM
for 12-mer targets) to achieve saturation of the perfectly matched duplex binding equilibrium
(yellow). At the saturation point, the bound target to probe ratio in these hybridization experiments
has been measured to be 0.5 for 24-mer targets and 1 for 12-mer targets (see materials and methods).
Thus, specificity data obtained comprise a representative average over the entire adsorbed probe
monolayer.

Note that the 12-mer target (Fig. 2B) was designed to be complementary to both the
wild type 12-mer and a segment of the 24-mer probe strands. Similarly, the 24-mer target (Fig. 2C)
was designed to be complementary to both the wild type 24-mer probe and (with target strand
overhang) to the 12-mer wild type probe strands. However, for the 24-mer target hybridization,
experimental stringency has been increased so that binding to the 12-mer probe is too weak to be
detectable (Fig. 2C, left side).

Visual inspection of the data reveals that, even at binding saturation, hybridization is
highly specific. A single base mismatch in a 12-mer pairing, or two mismatches in a 24-mer pairing
are seen to produce more than a 5-fold reduction of target binding (compare rows 2 and 4 in Fig. 2B
and 2C), while binding to the scrambled isomer cannot be detected. Thus, the data above have
confirmed that oligonucleotides bound by adsorption to an aminosilanized surface retain the capacity

to bind their antiparallel Watson-Crick sequence complement with measurable single mismatch

~ discrimination within a 12-mer duplex and double-mismatch discrimination within a 24-mer pairing.

Hybridization of the targets complementary to mt probes, as well as reversal of the targets and the
probes additionally support this conclusion. In addition, the data confirm that both the 12mer and
24mer probes interact with target, in a standard microarray hybridization assay, as in Figs. 1A-1B, via
the same hybdidization mechanism. Therefore, since 12mer and 24mer hybridize to target identically,
a probe that is of an intermediate length, such as 18 bases, or incrementally longer, such as 25 or 26 or

even 30 bases also would hybridize to target as for 12-mer and 24-mer probes.

TABLE |

oligDNA oligoDNA 5 Color Probe (P) or

name sequence label Target (T)

wt-12-as ctgtagtgggcg Cy5 red P
SEQID NO: 1

mt-12-as ctgtagagggcg Cy5 red P
SEQID NO: 2

scr-12-as gtegtggagegt Cy5 red P
SEQID NO: 3

wt-24-as ctgtagtgggcgte CyS red P
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mt-24-as

scr-24-as

wt-12-s

mt-12-s

scr-12-s

wt-24-s

mt-24-s

scr-24-s

wt-10-s-(-3°)

wt-10-s-(-5")

wt-11-s-(-3’)

wt-11-s-(-5)

wt-14-s

wt-16-s

wt-18-s

wt-20-s-(-3")

wt-20-s-(-5°)

wt-22-5-(-3)

ctgetgttce
SEQ ID NO: 4

ctgtagagggcgtc
cagctgttcc
SEQID NO: 5

tggtgcggtgacaa
getectectg
SEQID NO: 6

cgcccactacag
SEQID NO: 7

cgccctctacag
SEQ ID NO: 8

acgctccacgac
SEQIDNO: 9

ggaacagcaggac
geccactacag
SEQ ID NO: 10

ggaacagetggacg
ccctctacag
SEQID NO: 11

caggaggagcttgtc
accgcacca
SEQID NO: 12

cgcecactac
SEQID NO: 13

cccactacag
SEQ ID NO: 14

cgcecactaca
SEQ ID NO: 15

geccactacag
SEQID NO: 16

gacgcccacta cag
SEQID NO: 17

aggacgccca ctacag

SEQ ID NO: 18

gcaggacgcccactacag

SEQID NO: 19

aacagcaggacgcccactac

SEQID NO: 20

cagcaggacgcccactacag

SEQID NO: 21

ggaacagcaggacg

cccactac
SEQ ID NO: 22

24

Cy5

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

red

red

green

green

green

green

green

green

green

green

green

green

green

green

green

green

green

green
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wt-22-s-(-5°) aacagcaggacgcc Cy3 green T
cactacag
SEQ ID NO: 23
wt-28-s caggaacagcaggacg Cy3 green T
cccactacagtt
SEQ ID NO: 24
EXAMPLE 9

Formulation of the symmetry argument for a helical duplex
Strong, nearly irreversible adsorption of a single-stranded DNA oligonucleotide to a

positively charged, aminosilanized surface suggests multiple electrostatic interactions between
backbone phosphate groups and the surface, as depicted in Fig. 3A. The aminosilane monolayer
presents to solution a plane of closely packed amine groups (Fig. 3D). During formation of a
rotationally symmetric double helix with an ordinary 10 base pair pitch (Fig. 3C), the ribbon-like
phosphate backbone of the probe (Fig. 3A) must detach from that densely charged surface,
transiently, in order to wrap about the incoming target strand. In contrast, probe desorption from the
surface is not required to explain formation of a non-helical duplex, such as that depicted in Fig. 3B.

If the duplex formed on the surface were a helix, with a relatively ordinary pitch,
helical symmetry requires that both strands (target and probe) bind equally to the surface through their
rotationally equivalent phosphate backbones (Fig. 3C); and thus, during the process of duplex
dissociation, it would be impossible to remove the target without concomitant dissociation of the
symmetrically equivalent probe strand. In view of the simplicity of the modeling technique and the
substantial uncertainty of surface forces, the models of Figs. 3A-3D should be treated as an
approximation.

Figures 3A-3D show the result of a molecular modeling calculation for a 24mer
probe, that has adsorbed to a microarray substrate via a non-helical mechanism consistent with the
data of Figs. 1A-1B & 2A-2C. Because of the linear nature of the model, the model would not
change materially for probes incrementally longer or shorter than about 24 bases. Thus, calculations
for probes incrementally longer or shorter than about 24 bases would generate a structure that is

similar to those of Figs. 3A-3D.

EXAMPLE 10
Asymmetric dissociation of the strands from the dna duplex formed on aminosilanized glass surface

Such experimental dissociation analysis is shown in Figs. 4A-4B, which depicts a
dissociation kinetics experiment similar in form to the equilibrium binding experiment of Figs. 2A-
2C. Briefly, a Cy3-labeled 12-mer target (left) or a Cy3-labeled 24-mer target (right) was hybridized

to microarrays of CyS-labeled oligonucleotide probes as described in Figs. 2A-2C. Target was then
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dissociated from the probes by stringent washing as a function of time. At each time point, binding
signals were quantified fluorimetrically by deconvoluting the signal from the bound duplex (yellow)
into its two components: Cy3 target (green) and Cy5 probe (red).

Comparison of the initial and final dissociation time points (Figs. 4A-4B, array 2 vs
array 5 and subsequent bar graphs), reveals that during 16 minutes of washing, the target strand of
both the 12-mer and 24-mer duplex pairings is greater than 90% dissociated from the microarray,
under conditions which have left the density of adsorbed probes intact (compare array 1 vs array 5
and subsequent bar graphs). Moreover, a repeat of hybridization upon an array, which had been
previously hybridized and then washed for 16 minutes (array 6) reveals that the process of
hybridization and dissociation is fully reversible, thereby confirming that probe has not been lost or
otherwise altered structurally during the course of duplex formation and dissociation. Also, the
experimental dissociation data for both 12mer probes and 24mer probes are consistent with the non-
helical model of Figures 3A-3D. Since targets bound to 12mers and 24mer dissociate selectively by
an identical non-helical mechanism, a probe on a microarray device that is of an intermediate length,
such as 18bases, or a probe that is incrementally longer, such as 25 or 26 or even 30 bases, would
behave similarly.

Again, since the initial ratio of bound target to probe has been measured to be close to
1 in these experiments, one may conclude that the observed kinetic asymmetry during dissociation is
a general property of all duplex pairings formed on the microarray surface. This highly asymmetric
kinetic behavior is not easily rationalized in the context of a helical structure for the surface bound
duplex, since in that case the targets would be bound to the surface in a manner equivalent to probe
strands (Fig. 3C).

To confirm that important experimental observation, a 3 mm? area of the
aminosilanized glass surface was saturated with the same set of three Cy5-labeled 12-mer and 24-mer
probes (wt, mt, scr) described for microarray analysis. Cy3-labeled complementary targets (green)
were hybridized to this patch of adsorbed probe under conditions identical to those described for
microarray analysis in Figs. 4A-4B and imaged.

The surface was then rinsed briefly in hybridization buffer (to remove unbound
target), followed by application of the wash buffer to initiate dissociation of the duplex, as described
previously for microarray analysis. Figure SA presents those image data. The first row presents raw
image data for 1 mm? of the probe-modified surface monolayer prior to hybridization; the second row
presents 1 mm? of the same surface after hybridization to target binding saturation; and the third row
presents 1 mm? of the surface after hybridization and then a 15-minute wash. Overall, bulk analysis
of surface hybridization in Fig. SA (rows one-three) directly confirms the specificity and kinetics of

dissociation that had previously been monitored in the microarray format.
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After 15 minutes of dissociation, the wash buffer was collected and pipetted onto a
clean aminosilanized glass slide and imaged. Those raw image data are presented in row four. Strong
Cy3 and weak CyS signals are obtained (Fig. 5A). When the experimental protocol was reversed and
probes were used as solution state targets and targets were used as surface bound probes, the result
was reversed, i.e. the wash buffer contained strong Cy5 and weak Cy3 signals (Fig 5B) in relative
proportion, which is generally the inverse the distribution obtained in the initial analysis. Overall, the
data of Figs. SA-5B confirm a 5-20 fold kinetic asymmetry for dissociation of the two surface bound

duplex strands.

EXAMPLE 11

Asymmetric DNase I digestion of the strands from the DNA duplex formed on aminosilanized glass

surface

In order to confirm the observed strand asymmetry by a third method, the surface
bound duplex was analyzed by quantitative DNase I digestion (Figs. 6A-6B). Briefly, the experiment
was designed exactly as in Figs. 4A-4B, but rather than being monitored for dissociation kinetics,
bound duplexes were digested at room temperature for 20 min as a function of increasing DNase 1
concentration (arrays 2-5 comprising 0, 0.1, 1.0 & 10 units of DNasel, respectively). As seen by
direct comparison (array 1 vs array 5) fluorescence signals from the adsorbed probe strands are
completely protected from DNase I cleavage (presumably due to the direct phosphate backbone
intéraction with surface amines), under conditions in which greater than 90% of the bound 12-mer
(Fig. 6A) or 24-mer (Fig. 6B) target strands were digested away with DNase 1. However, re-
hybridization of arrays which had been previously digested at the highest DNasel concentration
(compare array 2 vs array 6) suggests a small but finite loss of probe capacity to bind target, which
may reflect a slow but finite rate of probe cleavage by DNase I, which does not appear to alter probe
association with the surface, as detected by fluorescence.

When a standard B-form double helix is formed in solution first and then deposited
on the surface, it is well known that DNase I digests both strands symmetrically (Rhodes D et al.,
1980, Nature 286:573-578). Thus, the pattern of highly asymmetric DNase I protection detected in
this study has confirmed the idea that the phosphate backbone of adsorbed probe strands is not
available for interaction with solution state DNase I, but instead faces the aminosilanized surface. On
the other hand the data confirm that the phosphate backbone of the bound target strand faces the
solution phase and remains readily accessible to DNase digestion.

The experimental dissociation data for both 12mer probes and 24mer probes are
consistent with the non-helical model of Figures 3A-3D. Since targets bound tol2mers and 24mers

are digested selectively by an identical non-helical mechanism, a probe on a microarray device that is

27



10

15

20

25

30

35

WO 2009/145836 PCT/US2009/002088

of an intermediate length, such as 18bases, or a probe that is incrementally longer, such as 25 or 26 or

even 30 bases, would behave similarly.

EXAMPLE 12
Duplex forms along the length of more than two helical turns of B-helix

Although both dissociation kinetics and DNase protection assays have suggested a
highly asymmetric duplex structure and are generally inconsistent with a symmetric double helix,
such a simple interpretation of the data can only be made if the duplex under study is fully-formed
over the span of the surface bound probe. To answer this question, a set of ten Cy3-labeled (green)
target oligonucleotides of varied length were synthesized and hybridized to the arrays described in
Figure 2A. Under stringent hybridization and washing conditions, it was found that binding stability
to complementary 24-mer probes, printed at 0.3 mM on aminosilanized surface, increased as a
function of target length up to the full probe length of 24 bases (Fig. 7) and then leveled thereafter.
Throughout, base-pairing specificity was maintained at the level of two base changes per 24-mer
probe. This relatively simple outcome suggests that a sequence specific duplex is forming, on
average, along the entirety of the available 24 base probe strand, which if the resulting product were a
standard B-form helix, would correspond to slightly more than two helical turns.

The experimental hybridization data demonstrates that targets from 12 bases to 24
bases bind to the underlying 24 base long probe by the same overall non-helical mechanism as
demonstrated in Examples 9-10. Since 12-mers up to 24-mers targets bind to 24mer probes by the
same basic mechanism, a probe on a microarray device that is of an intermediate length or
incrementally longer, such as 18-30 bases, would behave similarly. Also, the data clearly show that in
the present hybridization device, the probe can bind to target by the same basic mechanism, even if
the probe contains nucleic acid that is not used for hybridization, i.e., if the probe is longer than the

target nucleic acid to which it will bind to form the duplex.

EXAMPLE 13

Protocol for repeatable, reliable adsorptive microarray formation and hybridization:

Preparation of the adsorptive surface
Microscope slides were cleaned in deionizing water, and dried in dust free oven. The

adsorptive surface was applied on the surface of the glass by equilibrating adsorptive surface material

in a vacuum oven at 82° C, overnight at 27 mm Hg.

Preparation of the oligonucleotide
Presynthesized, linker-free oligonucleotides were dissolved in de-ionized water.

Dimethyl sulfoxide (DMSO) was used to uniformly dry the oligonucleotide to create a uniform
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monolayer on the adsorptive surface. Saturation limits of the surface for the oligonucieotide were
calculated by using labeled oligonucleotides and the concentration of the oligonucleotides was

maintained over the saturation limits.

Direct adsorption of the oligonucleotides to the surface
Oligonucleotides were adsorbed to the surface by using a robotic machine to dispense

controlled, known volumes, such that each drop of the oligonucleotide solution is similar (<1%

variation) to the other one on the hybridization device.

Prehybridization
The adsorbed oligonucleotide is incubated with a prehybridization solution

containing phosphate buffer (potassium phosphate monobasic, sodium phosphate dibasic, pH 8.0)

with 5X Denhardt’s solution and 1% sodium dodecyl sulfate (SDS) for 15 minutes.

Hybridization and wash
Hybridization is carried out by applying 20 uL of fluorescently labeled target (full

length mRNA, or cDNA) from the sample of interest, and incubated overnight at room temperature
under humidifying conditions. After a 12 hour hybridization, washing is done in a phosphate buffer
with at least up to of half the strength (150 mM) in molarity compared to the binding buffer, without

any Denhardt’s solution.

Scan

Slides after the wash are dried by centrifugation or heat, are scanned using either a
laser or CCD based scanner, to generate a fluorescent image.  Fluorescent image intensities are
obtained by the quantitation of the spots on the microarray by either applying a grid or by automatic

spot finding algorithms.

EXAMPLE 14
Comparative example
A first set of Cy3-labeled DNA 50-mers were directly adsorbed on to a uniform
cationic surface using vapor deposition according to Example 1. A second set of Cy3-labeled DNA
50-mers were adsorbed on to a uniform cationic surface according to the solution dip method of Cel
Associates (CSA-25; http://www.cel-1.com/). The surfaces were then washed with the wash buffer of
Example 16 for S minutes or 24 hours. The fluorescent intensity of the DNA remaining, i.e.,

remaining Cy3-labeed oligodeoxyribonucleotides directly adhered to a surface, after washing is
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shown in Figures 8A-8D and Table 2. Fluorescent intensity after five minutes of washing is

substantially the same as at time zero. However, background at time zero was undetectable.

TABLE 2

Example 1 Cel Associates
Figure 8 A B C D
Wash Smin 24h 5 min 24 h
Spot intensity 1208 1139 1023 192
Background 26 21 369 79
Signal/Background 46.5 54 2.8 24

EXAMPLE 15

Effect of Capping on Hybridization
A 40-mer DNA probe printed at 1.0 uM was hybridized with a perfectly matched

target 40-mer. The target 40-mer was hybridized at total concentration of 1.0 uM comprising 9.1 uM
Cy3-labeled target. Two methods of capping were used. Chemical capping was achieved by a vapor
phase method wherein 0.5 M acetic anhydride in DMF at 50 °C amd 25 inches of mercury for 16
hours followed by a liquid phase of 9.5 M succinic anhydride in DMF at room temperature for 1 h.
Alternatively, surfactant capping was achieved by using SDS in the prenybridization buffer.

Approximately, 40 prehybridization/hybridization buffer combinations were tested
for blocking efficiency. All displayed satisfactory performance. Eight of the preferred combinations
appear in Table 3 and Figs. 9A-9B.
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TABLE 3
Prehybridization buffer Hybridization buffer
Method 1 1% SDS 1% SDS

Method 2

Method 3

Method 4

Method 5

Method 6

Method 7

Method 8

5x Denhardt’s
300 mM pH 8.0 buffer

1% SDS

300 mM pH 8.0 buffer

1% SDS
5x Denhardt’s
300 mM pH 9.5 buffer

1% SDS
5x Denhardt’s
300 mM pH 9.5 buffer

1% SDS
5x Denhardt’s
300 mM pH 9.5 buffer

1% SDS
5x Denhardt’s
300 mM pH 9.5 buffer

1% SDS
5x Denhardt’s
300 mM pH 8.0 buffer

1% SDS
5x Denhardt’s
300 mM pH 8.0 buffer

31

5x Denhardt’s
300 mM pH 8.0 buffer

0.2 ug/ul cotl DNA
1% BSA
300 mM pH 8.0 buffer

1% SDS
5x Denhardt’s
300 mM pH 9.5 buffer

0.2 ug/ul cotl DNA
5x Denhardt’s
300 mM pH 9.5 buffer

5x Denhardt’s
300 mM pH 9.5 buffer

300 mM pH 9.5 buffer

1% SDS

0.2 pg/ul cotl DNA
5x Denhardt’s
300 mM pH 8.0 buffer

0.2 png/ul cotl DNA
5x Denbhardt’s
300 mM pH 8.0 buffer
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EXAMPLE 16
Detecting solution-state cDNA with adsorptive microarrays

Probes were 60-mers of predetermined sequence (derived from mouse p53-related
genes) and were adsorbed onto a glass surface according to Example 13. Targets for hybridization to
the microarray were prepared as follows - Total cellular RNA was extracted from untreated and g-
irradiated mouse thymus tissues, by a modified guanidine-isothiocyanate technique (Qiagen,
Valencia, CA, USA). The quality and the concentration of the RNA were checked using both
spectrometric and dye tests (Invitrogen, Carlsbad, CA, USA). 10 mg of total cellular RNA from
untreated mouse thymus tissue was reverse transcribed using MMLV-RT (Clonte(;h, Palo Alto, CA,
USA) in presence of Cy3 dye (Amersham Biosciences, Piscataway, NJ) which resulted in Cy3 labeled
mRNA from untreated mouse thymus. 10 mg of total cellular RNA from y-irradiated mouse thymus
tissue was reverse transcribed using MMLV-RT (Clontech, Palo Alto, CA, USA) in presence of Cy5
dye (Amersham Biosciences, Piscataway, NJ) which resulted in Cy5 labeled mRNA from untreated
mouse thymus, using reverse transcription protocols supplied by Clontech in the MMLV-RT kit.

The resulting labeled cDNA was precipitated by incubation in 95% ethanol for 1 hour
at -70 °C, and the precipitate was pelleted using a microcentrifuge at 12,000 rpm for 10 minutes. The
pellet was washed in 70% ethanol and air dried. The dried pellet was dissolved in the hybridization
buffer.

Equal amounts of Cy3 and CyS5 labeled cDNA targets were added to the microarray
and incubated at room temperature in a humidifying chamber for 12 hours. After 12 hours, the
unbound target was removed by washing the microarray with washing buffer on an orbital shaker for
30 minutes with buffer changes every 10 minutes. At the end of 30 minutes, the microarray was air
dried and scanned in a CCD imager (Array Worx, Applied Precision, Inc. Issaquah, WA, USA). The
resulting image is read as follows, for each spot on the array, the amount of green intensity signifies
the level of untreated gene and the amount of red intensity signifies the level of g-irradiated gene.
Yellow color signifies equal levels of gene expression from both the samples (Fig. 10).

Pre-hybridization buffer and hybridization buffer comprised 300 mM phosphate
buffer (0.017 M monobasic sodium phosphate, (monohydrate)), 0.305 M dibasic sodium phosphate,
pH 8.0; 5X Denhardt's solution (0.1% Ficoll (type 400), 0.1% polyvinylpyrrolidone, and 0.1% bovine
serum albumin); and 1% sodium dodecyl sulfate. Washing buffer was 150 mM phosphate buffer
(0.0085 M monobasic sodium phosphate, (monohydrate), 0.15 M dibasic sodium phosphate, pH 8.0);

1% sodium dodecy! sulfate.
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EXAMPLE 17

HLA-B variant adsorptive probes flanked by poly-T sequences

As shown in Table 4, a series of probes are described which have at their center a 14
base region of the human HLA-B gene from exon 2 centered around codon 67, i.e., codon 65 through
the first two bases of codon 69. The sequences are nucleotide coding sequences (CDS) referenced
from the EMBL-EPI HLA database sequence alignment tool (no introns). These 14 base long
sequences, which are variants of the nucleotide sequence at bases 265-278 of human HLA-B are
flanked to either side by a string of eight thymine bases, or poly-T sequences, which are used as an
inert flanking domain to enhance surface adsorption of the probe, without altering the ability of the
central 14-mer region to bind to a cognate nucleic acid target, thus generating probes with an overall
length of 30 bases. Each of these 30mers posess base changes, shown in bold, at their center which
render them specific for a known sequence variant of the HLA-B gene. Figures 11A-11E depict the

sequencing profiles and hybridization of these probes as done in Example 8.

TABLE 4

HILA-B Probe Sequence SEQID NO

Variant 1 TTTTTTTTCAGATCTCCAAGACTTTTTTTT 25
Variant 2 TTTTTTTTCAGATCTTCAAGACTTTTTTTT 26
Variant 3 TTTTTTTTCAGATCTACAAGGCTTTTTTTT 27
Variant 4 TTTTTTTTCAGATCTGCAAGACTTTTTTTT 28
Variant 5 TTTTTTTTCAGATCTGCAAGGCTTTTTTTT 29
Variant 6 TTTTTTTTCGGAACATGAAGGCTTTTTTTT 30
Variant 7 TTTTTTTTCAGAAGTACAAGCGTTTTTTTT 31
Variant 8 TTTTTTTTCAGATCTACAAGACTTTTTTTT 32

Figures 11A-11E demonstrate that these probes, which may be up to about 30 bases
in length, usefully possess two domains within each probe. A first domain, which may be about 10-
24 bases long, binds target DNA to form a duplex and a second domain, flanking the first probe
domain to one or both sides, comprises a material which is inert to ordinary nucleic acid
hybridization, such as poly-T, or some other polymer or inert sequence that is non-complementary to
the target, such as, but not limited to, inosine. This additional flanking sequence can additionally
stabilize probe adsorption to the surface by the mechanism demonstrated in Figs. 1A-1B, 2A-2C and
3A-3D, while keeping the target binding domain of the probe limited to a length that is shorter than
the full span of the surface-adsorbed probe.

That combination of a short target binding region flanked by an inert region to one or

both sides of the probe allows an optimal combination of surface adsorption (because the probe is
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long) coupled to enhanced target binding discrimination (because a shorter, hybridization domain can

be implemented).

EXAMPLE 18
Metal oxide surface-coated slides: General methods

Metal oxide surface coated slides were made using clay and metal oxide particles
suspended in an agarose matrix. Generally, metal oxide particles were suspended in a solution of
10mM Na,B,0,-50mM Boric acid-10mM NaF at a particle concentration of 20mg per mL. Ina -
separate vessel agarose is dissolved in a solution of 10mM Na,B,0,-50mM Boric acid-10mM NaF at
a concentration of 2% wt to volume, and heated to boiling. The agarose solution is placed in a water
bath at 80 to 90C, and to this solution is added 1 volume of the 20mg per mL metal oxide suspension,
and mixed to an even suspension. The slides are made by spreading 1 mL of the agarose-metal oxide
suspension onto a 1 X 2’ area of a 1’x 3’ slide, and this agarose suspension is allowed to cool and gel.
The slide is then dried under ambient conditions of temperature and humidity until the gel is
completely collapsed and dry on the slide.

Prior to printing the oligonucleotide probes as an array on these slides, the slide is
treated for 5 min with glacial acetic acid, then rinsed with water, followed by a 1 minute wash with
acetone or with 50% ethanol-water solution. The slide is then allowed to dry under ambient
conditions. The printing of DNA probes at an oligonucleotide concentration of 75 umolar in a
solution of 150mM sodium phosphate buffer (pH = 8.5), 0.005% sodium lauroyl sarcosine. The
slides were printed incubated at 50% humidity for ~16hrs, irradiated with 3000 millijoules of
ultraviolet light to cross link the probes. The slides were then stored at ambient temperatures and
humidity until hybridization.

The target hybridization process was to dilute a 30 cycle PCR amplified target with
one volume of water, and incubate this solution for 10 min in a heat block at 110 C, then immediately
cool this solution in 4 °C water bath. The probe is then mixed with the following solution, 50mM
Boric acid, 10mM sodium tetraborate, 10 mM NaF, ImM NaH,PQ,, 0.1% Tween-20, 100ug/mL of
Herring Sperm DNA, and 5 X Denhardts Solution. Forty microliters of this probe mix was applied to
each slide and put under a glass coverslip, and incubated in a humidity chamber at room temperature
for 16 hours. Post hybridization processing of the microarrays is a 20 min soak in 2X SSC followed
by a 5 min soak in 1X SSC, and 2 min treatment in 0.2X SSC. The slides were air dried and imaged

by an imager.

Kaolin particles coated with aluminum oxide
Aluminum oxide surface-coated kaolin particles were synthesized by suspending acid

washed kaolin at a concentration of 20mg per mL in a solution of 50mM HCI - 2mM AICl;, To this
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metal chloride/kaolin suspension mix is added an equal volume of 2M NH,OH and mixed rapidly,
and this mixed solution is incubated for 1 hour at room temperature. The kaolin particles were
concentrated by centrifugation (1500 x g for 3 min). The supernatant is discarded and the particle are
resuspended in water at a particle concentration of 20mg per mL followed by a pelleting of the
particles by centrifugation (1500 x g for 3min). This process was repeated until the pH of the
supernatant is the same as the incoming water wash (between 5 to 8). These particle pellet is then
resuspended in a solution of 100mM NaCO, and incubated for overnight. Prior to mixing the
particles with agarose, the particles are pelleted from the carbonate buffer, washed twice

(resuspension-pelleting) in water at a concentration of 20mg/mL.

Ferrite particles coated with metal oxides
Aluminum oxide (Al,O;) surface-coated ferrite (Fe;0,), i.e., magnetite, particles were

made by suspending the magnetite at concentration of 20mg/mL in a solution of 50mM HCI - 2mM
AICl;. To this solution is added an equal volume of 2M NH,OH and mixed rapidly, and this mixed
solution is incubated for 1 hour at room temperature. The particles were concentrated by magnetic
field, the supernatant is discarded, and the magnetic particles were resuspended in water at a
concentration of 20mg per mL. The wash process was repeated a second time. The particle pellet
was then resuspended in 100mM Na,CO; and incubated at least overnight and stored in this buffer
until slides are made as described in this example. Prior to mixing the particles with agarose, the
particles are magnetically pelleted from the carbonate buffer, washed twice (resuspension-pelleting)
in water at a concentration of 20mg/mL.

| Other metal oxide coatings may be formed by using an appropriate metal salt, instead
of the aluminum chloride, in this method. For example, zirconium chloride (ZrCl,) forms zirconium
oxide (Zr0,), barium chloride (BaCl,) forms barium oxide , calcium chloride (CaCl,) forms calcium
oxide (Ca0), cadmium chloride (CdCl,) forms cadmium oxide (CdO), cobalt chloride (CoCl,) forms
cobalt oxide (CoO), ferrous chloride (FeCl,) forms ferrous oxide (FeO), magnesium chloride (MgCl,)
forms magnesium oxide (MgQ), nickel chloride (NiCl,) forms nickel oxide (NiO), and zinc sulfate

(ZnSO,) forms zinc oxide (ZnO).

EXAMPLE 19
Hybridization of Cy3 labeled amplicon derived from exon 2 of HLA-B
The slides were prepared for hybridization by wetting the slide in 2 X SSC for one
hour, air dried. Applied to the slide was 40uL. of following “prehybridization solution” consisting of
50mM Boric acid, 10mM sodium tetraborate, 10 mM NaF, 1mM NaH,PO,, 0.1% Tween-20,
100ug/mL of Herring Sperm DNA, and 5 X Denhardts Solution, 3X SSC for 2 hrs at room

temperature. The probe is then mixed with the following solution, 50mM Boric acid, 10mM sodium
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tetraborate, 10 mM NaF, ImM NaH,PO,, 0.1% Tween-20, 100ug/mL of Herring Sperm DNA, and 5
X Denhardts Solution. Forty microliters of this probe mix was applied to each slide and put under a
glass coverslip, and incubated in a humidity chamber at room temperature for 16 hours. The slide
was rinsed in water, air dried, then the slide was hybridized with 40uL. (under glass coverslip). The
hybridization solution was 15uL of PCR solution (target source) added to hybridization solution with
final concentrations of 2X SSC, 10% Denhardts reagent, 100ug of herring sperm DNA, 0.01%
sodium lauroyl sarcosine. Post hybridization processing of the microarrays is a 20 min soak in 2X
SSC followed by a 5 min soak in 1X SSC, and 2 min treatment in 0.2X SSC.

Probes are sequence variants 9-12 (SEQ ID NOS: 33-36) of the ninth codon of exon 2
from human HLA-B as shown in Table 5. Probe variants 9 and 10 also are from codon 9 of HLA-B,
however, the sequences are from the antisense strand and are numbered nucleotides 102 thru 90 and
101 through 90, respectively. They span codons 6-10 or directionally codons 10-6. Probe variants 11
and 12 are mixed to get a positive control. They are sense strand sequences for also from -HLA-B
exon 2 and span odons 72-75" Targets are Cy3-labeled amplicons from a 30 cycle PCR derived from
exon 2 of HLA-B.

TABLE 5
Probe Sequence SEQ ID NO
Variant 9 GGTGTAGAAATAC 33
Variant 10 GTGTGGAAATAC 34
Variant 11 CAGACTGACCGA 35
Variant 12 CAGACTTACCGA 36

Figures 12A-12E are hybridization arrays showing hybridization of the various
amplicons to the probes adsorbed to various surfaces, such as, aminopropylsilane, ferrite particles and
ferrite particles coated with a metal oxide of aluminum, magnesium, zinc or zirconium. Relative
intensity scoring of the hybridization onto the microarrays is shown in Table 6. All intensity

numbers are the average of six arrays.
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TABLE 6
Slide surface Cy3 Probel | Probel |Probel/ Probe4&5 [Probe4&5 [ CyS
chemistry Hyb.signal |/Probe2 | /Probe3 [Probe4&5 | /Probe2 /Probe3 Print
signal
Aminopropylsilane | --------- 33.3 2458.3 3.5 9.6 7124 |-------—---
Probe 1: ¢cd9 V9 4425.0 -- -- -- - -- 42884.2
Probe 2: ¢d9 V10 132.7 -- -- -- -- -- 61795.2
Probe 3: nonsense 1.8 -- -- - -- -- 59768.0
Probe 4&5: V11-12 1282.3 -- - -- -- -- 65535.0
Ferrite surface | ----—------ 9.0 8.0 1.7 5.1 6.1  |-----e-
(Fig. 12A)
Probe 1: ¢cd9 V9 535.3 -- -- -- -- -- 57289.3
Probe 2: ¢cd9 V10 59.5 -- -- -- -- -- 65535.0
Probe 3: nonsense 50.5 -- -- -- -- -- 52367.8
Probe 4&5: V11-12 306.3 -- -- -- -- -- 65535.0
Metal oxide coating
Aluminum | ---------- 17.9 21.5 2.5 7.1 85  |---emee-
(Fig. 12B)
Probe 1: ¢cd9 V9 1214.8 -- -- -- -- -- 62813.0
Probe 2: ¢cd9 V10 67.7 -- -- -- -- -- 64612.2
Probe 3: nonsense 56.5 -- -- -- - -- 62754.5
Probe 4&5: V11-12 478.3 -- -- -- -- -- 65535.0
Magnesium | ------—--- 83 7.6 1.5 5.6 5.1 f---eeee-
(Fig. 12C)
Probe 1: ¢cd9 V9 510.5 -- -- -- -- -- 37601.5
Probe 2: ¢cd9 V10 61.8 -- -~ -- -- -- 53514.5
Probe 3: nonsense 67.3 -- -- -- -- -- 35571.8
Probe 4&5: V11-12 346.0 -- -- -- -- -- 65535.0
Zinc | --ememeee- 7.1 154 2.3 3.1 6.7  |--m-eme--
(Fig. 12D)
Probe 1: ¢cd9 V9 1122.3 -- -- -- -- -- 65535.0
Probe 2: ¢cd9 V10 159.3 -- -- -- -- -- 65535.0
Probe 3: nonsense 72.8 -- -- -- - -- 63180.7
Probe 4&5: V11-12 487.8 -- -- -- -- -- 65535.0
Zirconium | --eeeeeee- - -- 1.4 - — |-
(Fig. 12E)
Probe 1: ¢cd9 V9 528.8 -- -- -- -- -- 58579.2
Probe 2: ¢d9 Vi0 0.0 -- -- -- -- -- 64048.3
Probe 3: nonsense 0.2 -- -- -- -- -- 58300.2
Probe 4&5: V11-12 382.3 -- -- -- -- -- 65535.0

Any patents or publications mentioned in this specification are indicative of the level

of those skilled in the art to which the invention pertains. Further, these patents and publications are
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incorporated by reference herein to the same extent as if each individual publication was specifically
and individually incorporated by reference.

One skilled in the art would appreciate readily that the present invention is well
adapted to carry out the objects and obtain the ends and advantages mentioned, as well as those
objects, ends and advantages inherent herein. Changes therein and other uses which are encompassed
within the spirit of the invention as defined by the scope of the claims will occur to those skilled in

the art.
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WHAT IS CLAIMED IS:

1. A biomolecular hybridization device comprising:

a substrate having a surface of functional groups permanently and covalently attached
thereto; and

an adsorbed monolayer of unmodified, single-stranded oligonucleotides all of which
are 10 to about 24 bases in length as a saturated film of constrained oligonucleotides on the surface
via direct non-covalent phosphate-surface adsorptive contact of substantially all phosphate groups of
each oligonucleotide; wherein each constrained oligonucleotide base plane is presented from the
surface in a manner effective to dissociably hybridize to a complementary single-stranded nucleic
acid with asymmetric, non-helical base pairing without alteration of the oligonucleotide base plane

presentation and without oligonucleotide phosphate group dissociation from the surface.

2. The biomolecular hybridization device of claim 1, further comprising a non-
hybridizing poly-T sequence at one or both of the 5’ or 3’ end of the oligonucleotides such that the

adsorbed oligonucleotides are each about 30 bases in length.

3. The biomolecular hybridization device of claim 1, further comprising a

capping material disposed on the surface.

4. The biomolecular hybridization device of claim 3, wherein the capping

material is a surfactant or an acid anhydride.

5. The biomolecular hybridization device of claim 1, further comprising a
single-stranded nucleic acid reversibly hybridized to the oligonucleotide as a non-helical duplex of 10

to about 24 base pairs long adsorbed to the surface.

6. The biomolecular hybridization device of claim 5, wherein the nucleic acid is

DNA or RNA.
7. The biomolecular hybridization device of claim 1, wherein the phosphate

groups adsorb to the surface at a density of one phosphate group per about 0.5 square nanometers to

less than about 1 square nanometer of surface.
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8. The biomolecular hybridization device of claim 1, wherein the functional
groups form a positively charged, polar or negatively charged hydrophilic surface or form a

hydrophobic surface.

9. The biomolecular hybridization device of claim 8, wherein the positively

charged surface is an aminosilane.

10. The biomolecular hybridization device of claim 8, wherein the surface

comprises an organic material or an inorganic material.

11. The biomolecular hybridization device of claim 10, wherein the organic

material is amino acids, lipids, nucleotides, carbohydrates, hydrocarbons, or isoprenoids.

12. The biomolecular hybridization device of claim 10, wherein the inorganic

material is a hydrogen bond donor metal oxide.

13. The biomolecular hybridization device of claim 12, wherein the metal oxide
is ferrite, aluminum dioxide or titanium dioxide or ferrite coated with an oxide of aluminum, titanium,

zirconium, barium, calcium, cadmium, cobalt, iron, magnesium, nickel, or zinc.

14. The biomolecular hybridization device of claim 1, wherein the form of the

substrate is a slide or a bead.

15. A method for hybridizing solution-state target nucleic acids to probe nucleic
acids comprising:

contacting the biomolecular hybridization device of claim 1 with at least one
solution-state nucleic acid target under conditions that permit hybridization thereto such that non-

helical, asymmetrical probe-target duplexes are formed.

16. A method for identifying a nucleotide sequence to which a nucleotide-
binding protein binds comprising:

contacting the biomolecular hybridization device of claim 5 with a nucleotide-
binding protein under conditions that permit binding;

eluting formed duplex-protein complex(es) from the surface with a salt solution with
an ionic strength of an aqueous solution of from about 1 M to about 5 M NaCl; and

sequencing at least one strand of the eluted nucleic acid duplex.

40



10

15

20

25

30

35

WO 2009/145836 PCT/US2009/002088

17. A biomolecular hybridization device comprising:
a substrate having a surface of functional groups permanently and covalently attached
thereto; and

an adsorbed monolayer of unmodified, single-stranded oligonucleotides all of which

-are about 30 bases in length as a saturated film of constrained oligonucleotides on the surface via

direct non-covalent phosphate-surface adsorptive contact of substantially all phosphate groups of each
oligonucleotide;

wherein the constrained oligonucleotides each have a targeted, hybridizing domain of
10 to about 24 bases and a non-targeted, non-hybridizing domain of bases flanking one or both of the
5’ or 3’ ends thereof such that each constrained oligonucleotide base plane within the targeted domain
is presented from the surface in a manner effective to dissociably hybridize to a complementary
single-stranded nucleic acid target with asymmetric, non-helical base pairing without alteration of the
oligonucleotide base plane presentation and without oligonucleotide phosphate group dissociation

from the surface.

18. The biomolecular hybridization device of claim 17, further comprising a

capping material disposed on the surface.

19. The biomolecular hybridization device of claim 18, wherein the capping

material is a surfactant or an acid anhydride.

20. The biomolecular hybridization device of claim 17, further comprising a
single-stranded nucleic acid reversibly hybridized to the oligonucleotide as a non-helical duplex of 10

to about 24 base pairs long adsorbed to the surface.

21. The biomolecular hybridization device of claim 20, wherein the nucleic acid

is DNA or RNA.

22. The biomolecular hybridization device of claim 17, wherein the non-targeted,

non-hybridizing domain bases are a poly-T sequence or other inert sequence of bases.

23. The biomolecular hybridization device of claim 17, wherein the adsorbed
monolayer is formed from an about twice saturating amount of unmodified single-stranded

oligonucleotides.
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24. The biomolecular hybridization device of claim 17, wherein the phosphate
groups adsorb to the surface at a density of one phosphate group per about 0.5 square nanometers to

less than about 1 square nanometer of surface.

25. The biomolecular hybridization device of claim 17, wherein the functional
groups form a positively charged, polar or negatively charged hydrophilic surface or form a

hydrophobic surface.

26. The biomolecular hybridization device of claim 25, wherein the positively

charged surface is an aminosilane.

27. The biomolecular hybridization device of claim 25, wherein the surface

comprises an organic material or an inorganic material.

28. The biomolecular hybridization device of claim 27, wherein the organic

material is amino acids, lipids, nucleotides, carbohydrates, hydrocarbons, or isoprenoids.

29. The biomolecular hybridization device of claim 27, wherein the inorganic

material is a hydrogen bond donor metal oxide.

30. The biomolecular hybridization device of claim 29, wherein the metal oxide
is ferrite, aluminum dioxide or titanium dioxide or ferrite coated with an oxide of aluminum, titanium,

zirconium, barium, calcium, cadmium, cobalt, iron, magnesium, nickel, or zinc.

31 The biomolecular hybridization device of claim 17, wherein the form of the

substrate is a slide or a bead.

32. A biomolecular hybridization device comprising:

a substrate having an aminosilanized surface permanently and covalently attached
thereto; and

an adsorbed monolayer of unmodified single-stranded oligonucleotides all of which
are 10 to 24 bases in length adsorbed to the aminosilanized surface as a saturated film of constrained
oligonucleotides on the surface via direct non-covalent phosphate-surface adsorptive contact of
substantially all phosphate groups of each oligonucleotide at a density of one phosphate group per

about 0.5 square nanometers to less than about 1 square nanometer of surface, wherein each

42



10

15

20

WO 2009/145836 PCT/US2009/002088

constrained oligonucleotide base plane is presented from the surface in a manner effective to
dissociably hybridize to a complementary single-stranded nucleic acid with asymmetric, non-helical
base pairing without alteration of the oligonucleotide base plane presentation and without

oligonucleotide phosphate group dissociation from the surface.

33. The biomolecular hybridization device of claim 32, further comprising a non-
hybridizable poly-T sequence at one or both of the 5’ or 3° end of the oligonucleotides such that the

adsorbed oligonucleotides are each about 30 bases in length.

34. The biomolecular hybridization device of claim 32, further comprising a

capping material disposed on the surface.

35. The biomolecular hybridization device of claim 34, wherein the capping

material is a surfactant or an acid anhydride.
37. The biomolecular hybridization device of claim 33, further comprising a
single-stranded DNA or RNA reversibly hybridized to the oligonucleotide as a non-helical duplex of

10 to 24 base pairs long adsorbed to the surface.

38. The biomolecular hybridization device of claim 33, wherein the form of the

substrate is a slide or a bead.
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