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Abstract

We report a top-down approach to the fabrication of oligonucleotide and protein arrays on
surfaces coated with ultrathin, amine-reactive polymer multilayers fabricated by the covalent
‘layer-by-layer’ (LbL) assembly of polyethyleneimine (PEI) and the amine-reactive, azlactone-
functionalized polymer poly(2-vinyl-4,4-dimethylazlactone) (PVDMA). Manual spotting of
amine-terminated oligonucleotide probe sequences on planar glass slides coated with PEI/
PVDMA multilayers (~35 nm thick) yielded arrays of immobilized probes that hybridized
fluorescently labeled complementary sequences with high signal intensities, high signal-to-noise
ratios, and high sequence specificity. Treatment of residual azlactone functionality with the
nonfouling small-molecule amine o-glucamine resulted in regions between the features of these
arrays that resisted adsorption of protein and permitted hybridization in complex media containing
up to 10 mg/mL protein. The residual azlactone groups in these films were also exploited to
immobilize proteins on film-coated surfaces and fabricate functional arrays of proteins and
enzymes. The ability to deposit PEI/PVDMA multilayers on substrates of arbitrary size, shape,
and composition permitted the fabrication of arrays of oligonucleotides on the surfaces of
multilayer-coated sheets of poly(ethylene terephthalate) and heat-shrinkable polymer film. Arrays
fabricated on these flexible plastic substrates can be bent, cut, resized, and manipulated physically
in ways that are difficult using more conventional rigid substrates. This approach could thus
contribute to the development of new assay formats and new applications of biomolecule arrays.
The methods described here are straightforward to implement and do not require access to
specialized equipment, and should also be compatible with automated liquidhandling methods
used to fabricate higher-density arrays of oligonucleotides and proteins on more traditional
surfaces.
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Introduction

Spatially addressable arrays of surface-bound biomolecules are powerful tools for basic
research and are useful in a broad range of biological and biomedical contexts. DNA
microarrays, for example, are now widely used to profile gene expression patterns and
identify genetic mutations in massively parallel assays that can dramatically accelerate
discovery and the analysis of genetic data.1~3 Many commercially available DNA
microarrays are fabricated by the direct and simultaneous solid-phase synthesis of tens of
thousands of different oligonucleotides on a surface — a *bottom-up’ approach that exploits
advances in photolithography and other techniques to fabricate arrays containing very high
densities of features (e.g., greater than 100,000 elements/cm?) that facilitate large-scale,
whole-genome analyses.4~8 Other approaches to microarray fabrication are based on
methods for the immobilization or ‘spotting’ of presynthesized oligonucleotides on suitably
functionalized surfaces.®10 These ‘top-down’ approaches generally lead to lower-density
arrays, but they do not require access to specialized or expensive equipment and they can be
used by individual groups to prepare ‘in house’ arrays of smaller collections of
oligonucleotides customized to specific research needs. In contrast to ‘bottom-up’
approaches, these spotting-based methods are also well suited for the preparation of arrays
of other types of biomolecules (e.g., proteins and antibodies, etc.)1112 that are either
difficult or impossible to synthesize in parallel using solid-phase methods.

The usefulness of spotting-based approaches to array fabrication depends upon the
properties of the underlying substrate on which a biomolecular probe is deposited. Ideally,
these substrates should contain chemical functionality that is suitable for both the
immobilization of the biomolecule (in a way that does not significantly alter its structure or
activity) and the attachment of other functionality (e.g., a non-fouling motif) that minimizes
or prevents non-specific adsorption of other species between spotted features in downstream
assays. Array substrates must also be physically and chemically robust enough to withstand
mechanical challenges and exposure to reagents used during washing, hybridization, and
characterization. A wide variety of attachment schemes have been developed, including
approaches that exploit non-covalent interactions (e.g., electrostatic interactions13 or
biotin/streptavidin binding!#1°) and the formation of covalent bonds (e.g., by reactions
between amine-functionalized molecules and surfaces presenting carboxylic acids,16:17
aldehydes,18-21 epoxides,22-24 isothiocyanates,?>26 and activated esters,20:26:27 as well as
reactions between thiols and maleimide groups?8-31 or disulfides32:33). These attachment
chemistries have been used to fabricate arrays of oligonucleotides, proteins, antibodies, and
other species, most frequently on the surfaces of rigid and planar glass,20 silicon,30:34
gold,29:33.35 or carbon-based36:37 substrates. Each of these approaches brings with it a
balance of practical advantages and potential disadvantages in terms of (i) the types of
substrates that can be used, and the ease with which they can be prepared, (ii) the short- and
long-term stability of the reactive surfaces, and the robustness of the chemical bonds that are
formed during fabrication, and (iii) the potential for unwanted cross-reactivity during
spotting or subsequent changes in structure of the biomolecular probes (e.g., denaturation,
etc.) that can impact the performance of the arrayed species.

The continued development of new materials and reactive interfaces that address these and
other important issues could lead to improvements in array performance and facilitate the
design of new array and assay formats. Here, we report new approaches to the fabrication of
arrays of oligonucleotides and proteins that exploit rapid reactions between amine-
functionalized biomolecules and surfaces coated with ultrathin (nanometer-scale) polymer
multilayers that present amine-reactive azlactone functionality.
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Azlactone groups react rapidly and selectively with primary amines through ring-opening
reactions that are water-tolerant and that typically proceed under mild conditions (e.g., at
ambient temperatures and without the need for a catalyst; e.g., Equation 1).38:39 Several
groups have demonstrated that polymers bearing azlactone functionality can be used to
design thin films and other surfaces that can be further functionalized, post-fabrication, by
treatment with primary amine-based nucleophiles to modify interfacial properties (e.g., to
change wetting behavior) or introduce chemical or biological functionality (including the
immobilization of proteins and active enzymes by reactions between azlactone groups and
the primary amine functionality of surface-exposed lysine residues).3%-54 These and other
examples illustrating the general utility of azlactone-functionalized materials in the contexts
of biocatalysis and biotechnology have been reviewed recently.>* Of particular relevance to
the work reported here, we note that a patent also describes the use of polyethylene surfaces
modified with azlactone-containing polymers to immobilize amine-terminated
oligonucleotides.>®
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Eq. 1

The work reported here exploits methods developed in our laboratory for the reactive
assembly of ultrathin azlactone-containing polymer multilayers (with thicknesses ranging
from 10 nm to several hundred nanometers) on surfaces.>1:4 This approach involves the
iterative and covalent ‘layer-by-layer’ deposition®6:57 of alternating layers of an azlactone-
functionalized polymer [poly(2-vinyl-4,4-dimethylazlactone) (PVDMA,; Equation 1)] and a
primary aminecontaining polymer [branched polyethyleneimine (PEI)].51:54 Fast interfacial
reactions during film assembly lead to covalently crosslinked PEI/PVDMA multilayers that
are stable in a range of aqueous and organic environments and contain residual azlactone
functionality that can be used as a reactive handle for the immobilization of small
molecules,>1-53:58 polymers, 5960 peptides,®! and proteins.52 Our past studies demonstrate
that this approach can be used to deposit conformal films on a broad range of surfaces,
including “hard’ materials typically used to fabricate DNA microarrays (e.g., glass and
silicon)®1-53.62 a5 well as soft/flexible materials®9-62 and the surfaces of other
topographically and topologically complex objects.58.63

We recently reported that PEI/PVDMA films functionalized to present hydroxyl
functionality can be used as platforms for the ‘bottom-up’ fabrication of DNA microarrays
using automated methods for /77 sifu maskless array synthesis (MAS).62 This current study
sought to investigate surfaces coated with reactive PEI/PVDMA multilayers as platforms for
the “topdown’ fabrication of DNA arrays by the direct, spotting-based immobilization of
pre-synthesized amine-terminated oligonucleotides. Our results demonstrate that this
approach can be used to prepare arrays of oligonucleotide probes that hybridize
fluorescently labeled complementary oligonucleotide sequences with high signal intensity,
high signal-to-noise ratios, and high sequence specificity, even in complex hybridization
media containing high concentrations of bovine serum albumin (BSA). In addition, surfaces
coated with these reactive, azlactone-functionalized multilayers were also found to be useful
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for the fabrication of arrays of immobilized proteins and enzymes. The layer-by-layer
approach used here is technically straightforward and inexpensive to implement, and it can
be used to fabricate arrays on the surfaces of both conventional substrates (e.g., on film-
coated glass slides) and other unconventional substrates, such as flexible plastic substrates
and on heat-shrinkable polymer film that can subsequently be bent, cut, and manipulated in
ways that that are difficult using rigid and planar surfaces. These methods could thus
facilitate the design of new array formats and new applications of biomolecule arrays.

Materials and Methods

Materials

2-Vinyl-4,4-dimethylazlactone (VDMA) was a kind gift from Dr. Steven M. Heilmann (3M
Corporation, Minneapolis, MN). PVDMA was synthesized by conventional free-radical
polymerization of VDMA in the presence of 7% (by weight) of intentionally added cyclic
azlactone-functionalized oligomers, as previously described.>3 o-Glucamine was purchased
from TCI America (Portland, OR). Amine-terminated oligonucleotide probes and
fluorescently labeled target complements were purchased from Integrated DNA
Technologies (Coralville, 1A). Fluorescein isothiocyanate-labeled bovine serum albumin
(FITC-BSA) was purchased from Invitrogen (Carlsbad, CA). Streptavidin was purchased
from Promega (Madison, WI). B-Galactosidase (f-Gal) was purchased from Prozyme
(Hayward, CA). 2-Nitrophenyl p-D-galactopyranoside (ONPG) was obtained from Sigma
Aldrich (Milwaukee, WI). Anti-HABiotin, High Affinity (3F10) from rat immunoglobulin G
(1gG) was purchased from Roche Applied Science (Indianapolis, IN). Anti-rat IgG Alexa
Fluor® 488 Conjugate was purchased from Cell Signaling Technology (Danvers, MA).
FITC-streptavidin and glass microscope slides were purchased from Fisher Scientific
(Pittsburgh, PA). Thin sheets of poly(ethylene terephthalate) (PET; 0.004 inch thick) were
purchased from McMaster Carr (EImhurst, IL). Heat shrinkable film (RCR International,
Elgin IL) was purchased from Menards, Inc. (Madison, WI). Branched poly(ethylene iminge)
(PEI; MW ~25,000), reagent grade solvents, and all other chemicals used were purchased
from Sigma Aldrich (Milwaukee, WI) or Fisher Scientific (Pittsburgh, PA) and used without
further purification unless otherwise noted.

General Considerations

Compressed air used in all drying steps was filtered through a 0.2 pm membrane syringe
filter. Fluorescence images of hybridized arrays were acquired using a GeneTAC UC 4x4
scanner (Genomic Solutions) and analyzed using ImageJ (NIH, Bethesda, MD). UV/visible
absorbance spectra used to determine the concentration of ortho-nitrophenol (ONP)
produced by surface-immobilized p-Gal were recorded using a NanoDrop 2000 Micro-
Volume UV/vis spectrophotometer (Thermo Scientific, Fullerton, CA). Absorbance values
were recorded at a wavelength of 420 nm. Saline-sodium phosphate-EDTA (SSPE) buffer
(pH = 7.4) used in experiments involving oligonucleotides contained 150 mM NaCl, 10 mM
Nay,HPO,4, and 1 mM EDTA. A hand-held laboratory grade heat gun (Master Appliance,
Racine, WI) was used to shrink arrays fabricated on heat shrinkable film. Digital pictures
were acquired using a Canon PowerShot SX130 IS digital camera. Contact angle
measurements were made using a Dataphysics OCA 15 Plus contact angle goniometer at
ambient temperature with 3.5 pL of 18.2 MQ Millipore water.

Substrate Preparation and Film Fabrication

Prior to the fabrication of reactive PEI/PVDMA multilayers, glass and PET substrates were
prepared as follows. Glass slides were first silanized in a 1% (v/v) solution of (3-amino-
propyl)triethoxysilane (APTES) in anhydrous toluene for 1 h. The slides were then rinsed
extensively with ethanol and methanol and dried in an oven overnight. PET films were
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rinsed with methanol, dried under a stream of compressed air, and placed in a solution of
PEI (1 mg/mL in methanol) overnight at 37 °C prior to use. Both glass and PET substrates
were cut into strips ~1 cm x 4 cm prior to use in film fabrication experiments. Heat
shrinkable film was cut into pieces ~3 cm x 3 cm in size and was used without any further
treatment. PEI/PVDMA multilayers were fabricated on glass slides and PET strips using the
following general procedure: (i) Substrates were submerged in a solution of PVDMA (20
mM in acetone with respect to the polymer repeat unit) for 20 s; (ii) substrates were
removed and immersed in an initial acetone bath for 20 s followed by a second acetone bath
for 20 s; (iii) substrates were submerged in a solution of PEI (20 mM in acetone with respect
to the polymer repeat unit) for 20 s; and (iv) substrates were removed and rinsed again using
the procedure outlined under step (ii). This cycle was repeated four times to fabricate
multilayers consisting of 4 PEI/PVDMA layer pairs (referred to hereafter as “bilayers”). A
final layer of PVDMA was then deposited (by repeating steps (i) and (ii) of the above
procedure) to provide additional reactive azlactone groups on the top surface of the films.
Films having this general structure are referred to hereafter as being 4.5 bilayers thick. The
resulting multilayers were washed with ~25 mL of acetone and then dried under a stream of
compressed air. PEI/PVDMA multilayers were fabricated on heat shrinkable film in an
analogous manner, with the exception that PEI was the first polymer deposited, resulting in
a film 4 bilayers thick, and the rinse steps (i.e. steps ii and iv) consisted of washing the
substrates liberally with a gentle stream of acetone (~10 mL).

Fabrication of Oligonucleotide Arrays

Oligonucleotide arrays were fabricated on azlactone-containing multilayers using a 1-pL
syringe mounted above a stage with manual x-, y-, and z-axis control. This approach was
used to deposit patterns of small droplets (0.1 pL) of carbonate buffer (0.1 M, pH 10.0)
containing one of two different amine-terminated oligonucleotide sequences (1 mM
oligonucleotide concentration) on film-coated surfaces. The two sequences used were 5’-
CCACTG TTG CAA AGT TAT-NH,-3" (Probe 1) and 5'-CGC TTC TGT ATC TAT ATT
CAT CA-NH»-3" (Probe 2). After spotting, substrates were left at room temperature in a
humid environment for 30 minutes, washed extensively with SSPE buffer followed by
reverse osmosis (RO) water, and then dried under a stream of nitrogen. Arrays on glass
slides and PET strips were then treated with a solution of o-glucamine (20 mg/mL in PBS
buffer, pH 9.75) for 1 h, rinsed extensively with RO water, and dried (see text). Arrays on
heat shrinkable film were not functionalized with glucamine prior to use.

Characterization and Analysis of Oligonucleotide Arrays

Fluorescently labeled complementary oligonucleotide sequences with an exact match to
either Probe 1 or Probe 2 (defined above) bearing a 3"-fluorescein (36-FAM) or a 3'-Cy3
(3Cy3Sp) moiety (Complements 1 and 2, respectively) were used in hybridization
experiments. Oligonucleotide arrays fabricated on PEI/PVDMA multilayers were hybridized
by placing 30 uL of SSPE buffer containing the complementary oligonucleotide(s) (1 uM
total oligonucleotide concentration) on the surface, covering the surface with a glass
coverslip to ensure that liquid was spread uniformly across the surface, and then incubating
the array for 30 min at room temperature in a humid chamber. For experiments designed to
evaluate hybridization from complex mixtures containing oligonucleotides and protein,
FITC-BSA was added to the hybridization solution to a final concentration of 10 mg/mL.
Non-specifically bound complementary oligonucleotides were removed from the surface by
rinsing with SSPE buffer. Hybridized arrays were kept wet while fluorescence images were
acquired by placing 20 uL of 0.5x SSPE buffer on the surface of the arrays; glass cover slips
were applied to provide a uniform layer of buffer over the surface. Excess liquid was
removed before imaging. Signal-to-noise (S/N) ratios were calculated by dividing the
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background-corrected fluorescence signal by the standard deviation of the background
signal.

Heat-Induced Biaxial Shrinking of Film-Coated Heat Shrinkable Film

Oligonucleotide arrays fabricated on multilayer-coated commercial heat shrinkable film
were shrunk, either before or after hybridization steps, in the following general manner.
Multilayer-coated heat shrinkable film arrays were secured over the open end of a 12 mm
diameter straight-edge vial using a rubber band and a curved surface to produce a controlled
amount of slack in the shrink wrap over the opening. The array was then exposed to a stream
of hot air (measured to be ~180 °C using a thermometer) from a heat gun for ~2 s. Arrays
hybridized before shrinking were imaged both prior to and after shrinking; arrays hybridized
after shrinking were imaged after heat shrinking.

Fabrication and Characterization of Protein Arrays

Protein arrays containing immobilized streptavidin or FITC-streptavidin were fabricated in a
manner analogous to oligonucleotide arrays. Small droplets (0.1 uL) of a 50:50 (v/v) mixture
of phosphate buffer (0.1 M, pH 7.4) and glycerol containing protein (1 mg/mL protein
concentration) were spotted on film-coated glass slides using a manually controlled spotting
device. Protein arrays containing p-Gal and BSA were prepared with larger spots than the
other protein arrays (see text) to allow characterization of B-Gal using a colorimetric assay,
and, as such, were prepared by manually pipetting 10 uL of the respective protein solution (1
mg/mL, 50:50 (v/v) glycerol/phosphate buffer) onto a film-coated glass substrate. After
spotting, all protein arrays were allowed to stand at room temperature in a humid
environment for 2 hrs, after which the surfaces were rinsed extensively with RO water.
FITC-streptavidin arrays were imaged without further modification as described above. To
characterize the ability of arrayed streptavidin to bind biotinylated substrates, arrays were
incubated in a solution of a biotinylated protein [monoclonal Anti-HA High Affinity
antibody (clone 3F10), 5 ug/mL in 0.1 M Tris buffer supplemented with 0.1% BSA (Tris-
BSA buffer)], rinsed extensively with Tris-BSA buffer, and then incubated with a secondary
antibody (Alexa-488 Anti-rat, 4 ng/mL in the same buffer). After the second labeling step,
the arrays were rinsed extensively with Tris-BSA buffer and imaged as described above. To
characterize the activity of immobilized B-Gal, 20 pL of an ONPG solution (1 mg/mL in 0.1
M sodium phosphate, 1 mM MgCl,, 124 mM mercaptoethanol) was placed on regions
reacted with spots of B-Gal and spots of BSA, with the spots of BSA serving as a negative
control. Changes in the concentration of ONP over time were monitored by measuring the
absorbance of these solutions at 420 nm; absorbance values were converted to
concentrations using an extinction coefficient of 4500 M~1ecm™1.

Results and Discussion

Fabrication of Oligonucleotide Arrays on Film-Coated Glass Substrates

Initial experiments investigating the suitability of PEI/PVDMA films as substrates for the
covalent immobilization of single-stranded oligonucleotides were conducted using short
(e.g., 18-23 base pair) amine end-modified probe sequences spotted onto film-coated glass
slides. We used glass slides for these experiments because glass substrates are used
conventionally for the fabrication of DNA arrays using other methods, and because our past
studies demonstrate that thin PEI/PVDMA films anchored on APTES-treated glass are
stable and compatible with standard DNA hybridization protocols.52 All experiments
described below were performed using multilayers composed of either 4.0 or 4.5 “bilayers’
(or layer pairs) of PEl and PVDMA, with PVDMA deposited as the topmost layer to provide
azlactone-functionalized, amine-reactive surfaces suitable for reaction with the end-terminal
amines of the DNA probes (see Materials and Methods for additional details). Past reports
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demonstrated that otherwise identical films fabricated with 4.5 bilayers on reflective silicon
substrates were ~35 nm thick, as determined by ellipsometry.52 These PEI/PVDMA films
exhibited relatively high advancing water contact angles (~74°) that prevented the rapid
spreading or wicking of small drops of water. Small drops of aqueous solutions (0.1 pL)
containing either oligonucleotide Probe 1 or Probe 2 were deposited on these reactive
surfaces using a syringe mounted above a stage with manual x-, y-, and z-axis control. After
spotting and rinsing, the surfaces of these arrays were treated with solutions containing the
amine-functionalized carbohydrate o-glucamine to react with residual unreacted azlactone
functionality and immaobilize this molecule in the areas between the oligonucleotide spots.
Glucamine has been demonstrated in several past studies to serve as an anti-fouling
motif®4.65 that can prevent the non-specific adsorption of proteins®2 and fluorescently
labeled oligonucleotides®2 when presented on the surfaces of PEI/PVDMA multilayers.

Figure 1A shows a merged fluorescence image of a PEI/PVDMA film patterned with an
array of spots containing either Probe 1 or Probe 2, hybridized using a mixture of FAM-
modified Complement 1 and Cy3-modified Complement 2 (shown in green and red,
respectively) prior to imaging. The presence of bright fluorescent spots reveals that the
probes were immobilized successfully and that they are available for the subsequent capture
of fluorescent target sequences, suggesting that anchoring occurred substantially through the
reaction of azlactone functionality with the terminal primary amines of the probes rather
than with other functionality present in the nucleotide bases of these single stranded
oligonucleotides (which would prevent efficient hybridization). These images also reveal
that these ultrathin oligonucleotide-functionalized films are able to withstand physical
manipulation and all other treatments associated with the fabrication, hybridization, and
imaging of the arrays without significant cracking, peeling, or delamination from the
underlying glass substrate.

The apparent lack of signal overlap in the Probe 1 and Probe 2 spots and the low background
signal evident by visual inspection of Figure 1A suggested limited non-specific interactions
between the complement strands with the immobilized probes and the glucamine-
functionalized areas of the PEI/PVDMA film. These visual observations were confirmed by
quantitative analysis of line intensity profiles for one row of features of this array (using the
individual, unmerged red and green scanned images; Figure 1B) and calculation of signal
intensity and signal-to-noise (S/N) ratios (Table 1). For these calculations, glucamine-treated
areas located between array elements and areas in spots containing non-complementary
sequences were used to quantify background signal and S/N ratios.56 The S/N ratios
reported here are similar to those we have reported previously on /7 situ synthesized arrays
on standard silanized and multilayer-coated glass surfaces.52

The results of additional experiments demonstrated that the glucamine-functionalized areas
of these arrays could resist the adsorption of protein and permit the capture and analysis of
complementary oligonucleotide sequences in complex mixtures containing high
concentrations of soluble protein (10 mg/mL BSA). To characterize the ability of
glucamine-treated regions to prevent adsorption of BSA, we prepared an array of Probes 1
and 2 that was selectively treated with glucamine on only the right half of the array; the left
half of this array was not treated with glucamine and, thus, contained residual reactive
azlactone functionality (see Materials and Methods for additional details related to
glucamine treatment and array fabrication). Figure 2A shows a merged fluorescence image
of this array after hybridization using a solution containing a mixture of FAM-modified
Complement 1, Cy3-modified Complement 2, and 10 mg/mL of fluorescein-labeled BSA.
The untreated portion of the array (left) exhibited widespread and uniform green
fluorescence that rendered signal from the Probe 1 spots more difficult to distinguish against
background (see also the line intensity profile of green fluorescence shown on the left side
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of Figure 2B). This observation is not unexpected, as past results from our group and others
have shown that azlactone groups can be used to immobilize proteins on surfaces39:52:67.68
(e.g., by reaction with surface-exposed lysine groups; we return to a discussion of the utility
of this feature for the fabrication of arrays of proteins in the discussion below). In contrast,
in the portion of this array that was treated with glucamine (right), red and green spots from
Probes 1 and 2 were clearly visible against a dark background, indicating that glucamine
treatment substantially prevented protein adsorption in areas between the arrayed spots (see
also the line intensity profile shown on the right side of Figure 2B). Further testing will be
necessary to explore the range of solution components and more complex environmental
conditions under which these surfaces can ultimately be used. However, the results of these
current studies demonstrate that glucamine treatment can be used to substantially prevent
protein adsorption (i.e., “fouling™) that could interfere with oligonucleotide binding and
detection at high protein concentrations. With further development, this approach could thus
prove useful for analyses where resistance to protein adsorption is important, such as for the
capture of RNA from cellular lysates or the characterization of DNA-protein interactions
(i.e., transcription factor binding), etc.

Fabrication of Oligonucleotide Arrays on Flexible Plastic Substrates

We next performed a series of experiments to fabricate and characterize oligonucleotide
arrays fabricated on PEI/PVDMA multilayers deposited on thin sheets of flexible
poly(ethylene terephthalate) (PET). Figure 3A shows a merged fluorescence image of an
array of Probes 1 and 2 spotted on a sheet of PET coated with a PEI/PVDMA film 4.5
bilayers thick (the image was acquired after hybridization using a mixture of the
fluorescently labeled target complements, as described above). The image of this plastic-
backed array is qualitatively similar to that shown for the glass-backed array shown in
Figure 1A, and a plot of line intensity profiles for the two fluorescence channels in the
bottom row of features (Figure 3B) confirms sequence-specific binding with minimal non-
specific interaction between probes and non-complement sequences. Quantitative
comparison of measured fluorescence intensities and calculated S/N ratios (calculated as
before for arrays on glass substrates; Table 1) reveals that while the signal intensity is
similar for both the coated glass and PET substrates, the S/N ratios are approximately four
times lower for the PET-based array. This difference appears to be largely a result of
increased background signal intensity.

The reason for the higher background intensity on these plastic-backed arrays, compared to
arrays fabricated on film-coated glass, is not clear. It is likely that additional optimization
could lead to decreased background signal and improved S/N ratios, however we note that
both the qualitative and quantitative results shown in Figure 3 and Table 1 reveal these
arrays to permit clear and unambiguous optical differentiation of hybridized spots. In a
practical context, any decrease in S/N ratios stemming from the relatively small increases in
background intensity observed here could be additionally offset by the potential utility of
having flexible, plastic-backed arrays of oligonucleotides that can be manipulated, either
during or after fabrication, in ways that are difficult using arrays fabricated on glass.%9 For
example, these arrays could be bent, cut with scissors, and readily separated into smaller
pieces without observable cracking or peeling of the polymer multilayers (see Figure S1 of
the Supporting Information).

A past patent describes the immobilization of oligonucleotides on chemically modified heat-
shrinkable polyethylene film treated with azlactone-containing copolymers to fabricate
arrays that can be reduced in size physically (shrunken) by exposure to heat to increase the
density of arrayed features.>> We performed a series of experiments to characterize the
layer-by-layer assembly of our PEI/PVDMA multilayers on sheets of unmodified,
commercially available polyolefin heat-shrink film and determine the extent to which these
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covalently crosslinked films (and arrays of oligonucleotides immobilized on them) could
withstand exposure to heat and physical forces encountered during subsequent shrinking of
the underlying substrate. To our knowledge, the behavior of ultrathin polymer-based
multilayers (e.g., films fabricated by layer-by-layer assembly) on heat shrinkable film has
not been previously reported, and the thermal properties of covalently crosslinked PEI/
PVDMA-based multilayers have not been investigated. It was therefore not clear at the
outset of these studies whether these ultrathin PEI/PVDMA films would be physically
robust enough to withstand shrinking without cracking and delaminating or whether they
would be able to withstand temperatures required to affect shrinking.

Figure 3C shows a fluorescence image of a hybridized array of spots of Probe 1 on PEI/
PVDMA-coated heat shrinkable film prior to shrinking. The image of the array shows
uniform, well-formed spots with signal intensities and S/N ratios similar to those observed
for arrays fabricated on multilayer-coated PET (Table 1). Similar arrays fabricated on these
thin polyolefin substrates could also be cut and manually separated into smaller pieces
without observable cracking or delamination of the multilayers or the features of the arrays
after hybridization (see Figure S1 of the Supporting Information). Treatment of the
hybridized array shown in Figure 3C briefly with hot air using a hand-held laboratory heat
gun resulted in uniform, biaxial shrinkage of the film to produce, under the conditions used
here, an array approximately two-thirds the size of the original (Figure 3D; see Materials
and Methods for additional details of procedures used to heat-treat and shrink these films).
Inspection of this image reveals that the shrinking process did not significantly distort the
shape or arrangement of the array elements. The amount of shrinking in the vertical and
horizontal directions was similar (~64% vs. ~60%, respectively), and the arrayed
oligonucleotide spots remained circular in most cases. A comparison of the signal intensity
of the array before and after shrinking (Table 1) reveals that despite the higher background
signal in the array after shrinking (~11,000 RFU, compared to ~5,000 RFU prior to
shrinking), the S/N ratio increases slightly due to a corresponding increase in the average
signal intensity of the spots.

Comparison of the fluorescence images of these arrays shown in Figure 3C and 3D before
and after shrinking reveals that while several small defects were observed before shrinking,
no additional macroscale degradation or delamination of the multilayer film was observed
after shrinking. The images in Figure 3F-G show high and low magnification scanning
electron microscopy (SEM) images of multilayer-coated heat shrinkable film before (F) and
after (G) heat treatment. Before shrinking, the multilayer film coating was smooth and
uniform with few distinguishable topographic features. After shrinking of the underlying
heat-shrinkable film, however, the cross-linked multilayer coating appeared intact but
exhibited a wrinkled morphology. This morphology is similar to that seen in many other
examples of wrinkling of thin polymer or metal films induced by the shrinking of an
underlying substrate,’%71 and is thus likely a consequence of compressive forces
experienced by the adherent multilayer film as the temperature of the underlying polyolefin
film is heated above its glass transition temperature. Characterization by SEM did not reveal
significant microscale cracking or peeling or other substantial changes in morphology in
these heat-treated multilayers.

We conducted a final experiment to investigate the effect of the induced surface topography,
as well as heat treatment, on the integrity and accessibility of the surface-immobilized
oligonucleotides after shrinking of the array. Figure 3E shows an array that was fabricated
on heat-shrink film (as described above) and shrunken via heat treatment, followed by
hybridization using Complement 1. Signal intensities and S/N ratios for this array were 30%
and 45% lower, respectively, than those of the array shrunken after hybridization (Figure
3D), suggesting that some probes could have been degraded during heating or rendered less
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accessible for hybridization during rearrangements that occur in these multilayers upon
shrinking. Further optimization of array fabrication and treatment steps (e.g. different heat
treatment methods, changes in thickness or post-treatment of the PEI/PVDMA multilayer
film coating, or hybridization conditions) could potentially lead to increased signal intensity
and/or decreased background signal. However, the results reported here demonstrate that
thin multilayered films can be assembled on heat-shrink film and that the films remain stable
during functionalization, heat-induced shrinkage, and hybridization steps without substantial
film delamination or loss of the ability to hybridize complementary oligonucleotide
sequences.

Fabrication of Functional Protein Arrays

As described above, several past studies have demonstrated the utility of azlactone-
functionalized polymers and surfaces for the covalent immobilization of proteins,39:52:67.68
The results shown above in Figure 2 suggest that FITC-labeled BSA can be captured on
surfaces coated with reactive PEI/PVDMA multilayers 4.5 bilayers thick. The results of
additional experiments demonstrated that spotting-based methods similar to those described
above could be used to fabricate arrays containing individual spots of fluorescently labeled
BSA (see Figure S2 of the Supporting Information). On the basis of these results, we
performed additional experiments to explore the feasibility of using spotting-based
approaches to fabricate immobilized arrays of functional proteins and enzymes on these
reactive films. Initial proof of concept experiments were performed using fluorescently
labeled streptavidin (FITC-streptavidin). Streptavidin binds strongly to the small molecule
biotin,”2 and the immobilization of this protein on surfaces is thus a common first step of
strategies used to immobilize other proteins and other agents (e.g., by using streptavidin-
functionalized surfaces to capture and present biotinylated target molecules).”® These
experiments were performed by depositing small drops (0.1 pL) of streptavidin in a glycerol/
phosphate buffer mixture onto the surfaces of glass slides coated with PEI/PVDMA films,
incubating at room temperature for two hours, and then rinsing extensively with deionized
water prior to imaging.

Figure 4A shows a fluorescence image of an array of immobilized FITC-streptavidin.
Inspection of this image reveals the presence of well-formed, circular green fluorescent
spots with no visible streaking, non-uniform intensities (e.g., no substantial ‘coffee ring’
effect), or other imperfections. These results are generally similar to those observed for
arrays of immobilized FITC-BSA (see Figure S2). These results do not establish directly
that these proteins are covalently bound to these surfaces by reaction with surface-exposed
lysine residues, however we note that these spots remained intact and did not diminish
substantially in fluorescence intensity after extensive washing and incubation with surfactant
solutions (e.g., see Figure S2), demonstrating that protein is strongly bound to these
surfaces.

The results of additional experiments demonstrated that streptavidin was immobilized to
film-coated substrates in a form that was intact and able to interact with, capture, and present
biotinylated substrates. Arrays used for these experiments were fabricated by depositing
small drops containing unlabeled streptavidin (using procedures identical to those described
above for the immobilization of FITC-streptavidin) and then treating the surface of the array
with glucamine to consume remaining azlactone functionality and immobilize this non-
fouling motif in areas between the spots of the array. Figure 4B shows an image of an array
fabricated in this manner after treatment with a biotinylated protein (Anti-HA-Biotin)
followed by treatment with a fluorescently labeled secondary antibody (false-colored green)
to aid in visualization. Inspection of this image reveals bright green spots clearly visible
against the dark background of the array. These results indicate that a substantial fraction of
streptavidin deposited during the fabrication of the array was immobilized without
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denaturation and retained its ability to bind biotinylated substrates. These results also
underscore the performance and highlight the general utility of the non-fouling glucamine-
functionalized regions of these arrays — features that are particularly important in this
specific context because both the biotinylated antibody analyte and the fluorescently labeled
secondary antibody used here are protein-based agents that can adsorb non-specifically to a
range of other surfaces and thereby complicate analysis.

Finally, to investigate the feasibility of using this multilayer-based approach to design
surfaces containing small spots of active enzymes, we also fabricated surfaces containing
spots of B-Gal, an enzyme that catalytically cleaves a colorless substrate (in these
experiments, ortho-nitrophenyl-p-galactoside, ONPG) to form a highly colored yellow
compound (ortho-nitrophenol, ONP) that can be quantified readily in solution using UV-
visible spectrophotometry.”® This provided a convenient readout reflecting the enzymatic
activity of p-Gal immobilized on the surfaces of PEI/PVDMA multilayers. Figure 4C shows
a digital photograph of two spots of immobilized protein, one containing immobilized B-Gal
(right) and one containing immobilized BSA (left, used as a control) incubated under
droplets of aqueous ONPG for 10 minutes. The spots shown here are larger (e.g., ~5 mm)
than those used for the fabrication of arrays in experiments described above to facilitate
visualization and quantification of ONP production in these proof of concept experiments.
The visual identification (Figure 4C) of a yellow product and characterization of time-
dependent increases in the amount of ONP (Figure 4D) in the solutions above the spot
containing immobilized B-Gal revealed this protein to be immobilized in a form that remains
enzymatically active.

Summary and Conclusions

We have reported a top-down approach to fabricate oligonucleotide and protein arrays on
surfaces coated with ultrathin amine-reactive polymer multilayers. The reaction of amine-
terminated oligonucleotide sequences with azlactone functionality present in PEI/PVDMA
multilayers fabricated on planar glass slides yielded arrays of immobilized probes capable of
hybridizing fluorescently labeled complementary sequences with high signal intensity, high
signal-to-noise ratio, and high sequence specificity. Treatment of residual azlactone
functionality in the areas between the probe spots on these arrays with the non-fouling
molecule o-glucamine yields regions that resist non-specific adsorption of protein and
permitted hybridization of the arrays in complex media containing high concentrations of
protein. Our results also demonstrate that the residual azlactone groups in these thin films
can be exploited to immobilize proteins on these surfaces and fabricate functional arrays of
proteins and enzymes.

Finally, the ability to fabricate these reactive coatings layer-by-layer on substrates of
arbitrary size, shape, and composition permitted the design of spotted arrays of
oligonucleotide probes on the surfaces of multilayer-coated sheets of poly(ethylene
terephthalate) and commercial heat-shrinkable polymer film. Because arrays fabricated on
flexible polymer substrates can be bent, cut, resized, and manipulated physically in ways
that are difficult using conventional array substrates (e.g., glass), this approach could
contribute to the development of new assay formats and non-traditional applications of
biomolecule arrays. The surface preparation and spotting methods described here are
technically straightforward, easy to implement on a laboratory scale, and do not require
access to specialized equipment. Although manual spotting and arrays with relatively large
feature sizes were used to demonstrate proof of concept in this study, this multilayer-based
approach should also be compatible with automated liquid-handling methods (e.g., pin-
transfer robots, etc.) used routinely to fabricate higher-density arrays of oligonucleotides and
proteins on conventional substrates.
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Figure 1.

(A) Merged fluorescence micrograph of an oligonucleotide array of Probes 1 and 2 spotted
onto a glass slide coated with a PEI/PVDMA film 4.5 bilayers thick. Arrays were hybridized
using fluorescein-labeled Complement 1 (green) and Cy3-labeled Complement 2 (red) prior
to imaging. Scale bar is 1 mm. (B) Line intensity profiles taken from the bottom row of
features of the array in (A) (in a location near the dotted white line) for individual red and
green channel images.
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(A) Merged fluorescence micrograph of an oligonucleotide array of Probes 1 and 2 spotted
onto a glass slide coated with a PEI/PVDMA film 4.5 bilayers thick. Prior to hybridization,
the right half of the array was selectively treated with glucamine to produce a non-fouling
surface, while the left half of the array was left untreated (i.e. azlactonefunctionalized). The
array was hybridized using an aqueous solution containing a mixture of fluorescein-labeled
Complement 1 (green), fluorescein-labeled BSA (green), and Cy3-labeled Complement 2
(red) prior to imaging (see text). Scale bar is 1 mm. (B) Line intensity profile taken from the
bottom row of features of the array in (A) (in a location near the dotted white line) for the
green channel only; the approximate location of the boundary between the glucamine-treated
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region of the array (right) and untreated region (left) is indicated in this plot by the black
arrow.
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Figure 3.

(A) Merged fluorescence micrograph of an oligonucleotide array of Probes 1 and 2 spotted
onto a thin flexible PET sheet coated with a PEI/PVDMA film 4.5 bilayers thick. The array
was hybridized using fluorescein-labeled Complement 1 (green) and Cy3-labeled
Complement 2 (red) prior to imaging. (B) Line intensity profiles taken from the bottom row
of features of the array shown in (A) (in a location near the dotted white line) for the
individual red and green channels. (C-E) Fluorescence micrographs of arrays containing
Probe 1 spotted onto multilayer-coated heat shrinkable film and hybridized prior to imaging.
The images in (C) and (D) are of the same substrate (C) before and (D) after heat treatment
to shrink the array; the array in (E) was hybridized and imaged after shrinking of an
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otherwise similar unhybridized array. (F-G) Scanning electron microscopy images of heat

shrinkable film coated with PEI/PVDMA films (F) before and (G) after shrinking. Scale
bars are (A, C-E) 1 mm, (F-G) 50 pm, and (F-G, inset) 2 pm.
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Figure4.

(A-B) Representative fluorescence micrographs of glass substrates coated with PEI/
PVDMA films spotted with (A) FITC-labeled streptavidin or (B) unlabeled streptavidin (the
image in (B) was treated with anti-HA-biotin and anti-rat IgG Alexa Fluor 488 prior to
imaging; see text). (C) Digital photograph of film-coated glass containing spots of
immobilized B-galactosidase (right spot) or BSA (left spot) incubated under droplets of
ONPG for 10 minutes. (D) Plot of ONP concentration vs. time measured from a droplet
incubated on a spot containing immobilized B-galactosidase (black squares) or BSA (grey
diamonds). Scale bars are (A-B) 1 mm and (C) 2 mm.
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Characterization of Oligonucleotide Arrays Fabricated on Film-Coated Substrates?

Table 1

Fluor escence I ntensity Signal-to-Noise
FAM Cy3 FAM  Cy3
Glass 45%x10%+5.7x103  4.4x10* + 6.4x103 96 63
PET 2.6x104+2.3x10%  4.7x10* + 5.4x103 28 17
Heat-shrink (Prior to Shrinking) ~ 3.4x10% + 5.1x103 - 13 -
Heat-shrink (After Shrinking) 4.7x10% + 8.8x103 - 15 -

Page 21
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Oligonucleotide arrays spots containing Probes 1 or 2 were fabricated on glass, PET, or heat-shrinkable polyolefin substrates coated with PEI/

PVDMA multilayer films (see text). Average fluorescence signal and average signal-to-noise values were determined after hybridization using

fluorescently labeled Complements 1 and 2. See Materials and Methods for additional information regarding determination of background signal

and calculation of S/N ratios.
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