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Surface plasmon resonance (SPR) measurements provide a highly
sensitive means for detecting biomolecular interactions in a label-
free manner. Numerous studies of biomolecular interactions have
been performed with fixed-angle SPR imaging (SPRi) on surfaces
patterned with a variety of biomolecules such as DNA, RNA,
proteins, and peptides.' Arrays increase the information obtainable
in a single experiment as multiple reactions can be monitored in
parallel.

A current and significant limitation of SPR is that the substrate
must be a metal thin film. A number of metal thin films are capable
of supporting surface plasmons in the near-infrared and visible
regions of the electromagnetic spectrum.”> Gold surfaces have been
the substrate of choice for SPR measurements for two reasons: gold
is relatively stable in the aqueous environments needed for
monitoring biomolecular interactions and a versatile chemistry based
on the attachment of sulfur-containing ligands to the gold surface
has been developed and well-characterized. The readily formed
gold—sulfur bond enables the direct attachment of ligands to the
gold surface® as well as attachment via an intermediate self-
assembled monolayer (SAM).>~” This gold—thiol chemistry has
made possible the routine analysis of aqueous binding processes
to immobilized molecules at near-neutral pH values and moderate
temperatures. The susceptibility of the gold—sulfur bond to
oxidation and photodecomposition has prevented SPR sensing from
finding utility in areas such as on-surface combinatorial chemistry
(due to the harsh chemical conditions employed) and photolithog-
raphy (due to the adverse effects of ultraviolet radiation on the
gold—sulfur bond).®

Here we describe the development of a lamellar structure in
which a thin layer of amorphous carbon is deposited onto a
surface plasmon-active gold thin film (Figure 1a). Carbon-based
surfaces are readily modified with biomolecules of interest using
a well-developed and robust chemistry, based upon the attach-
ment of alkene-containing molecules to the substrate through
the UV light-mediated formation of carbon—carbon bonds.®
Recently, a similar lamellar structure utilizing a thin silicate
overlayer was used to fabricate and monitor supported bilayer
membranes with SPR.'°

Arrays prepared on functionalized carbon-based substrates
such as diamond thin films,"'"-'? glassy carbon,'? and amorphous
carbon thin films'? have superior stability to analogous arrays
prepared on functionalized glass, silicon, and gold substrates.
Amorphous carbon is of particular interest as it can be deposited
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Figure 1. The carbon-on-gold substrates used in this work consist of a
lamellar structure (a) in which an SPR conducting gold thin film was
evaporated onto a high-index glass substrate and then an amorphous carbon
overlayer was sputtered onto the gold. The amorphous carbon was then
hydrogen terminated in a 13.65 MHz inductively coupled hydrogen plasma
and UV photofunctionalized with 9-decene-1-ol to yield (b) a hydroxyl-
terminated surface. An (c) oligonucleotide array was then synthesized on
the substrate in a base-by-base fashion using photolithographic chemical
methods.

at room temperature, allowing it to be integrated with other
materials'* such as quartz crystal microbalances,'? electrodes, '
and metal thin films without perturbing their structure. The utility
of a multilayered substrate containing a metal thin film and an
amorphous carbon overlayer is shown here by their use for in
situ synthesis of oligonucleotide arrays, which are then employed
in the analysis of biomolecule binding processes with SPRi
(Figure 1). The in situ fabrication of oligonucleotide arrays
utilizing photochemically protected oligonucleotide building
blocks'® is not possible with traditional gold SPR substrates
because of the extended exposure to ultraviolet light and
oxidizing chemical conditions. To illustrate the possibilities
offered by this approach, we use these DNA arrays to analyze
biomolecular interactions with DNA and proteins.

To determine the effect of the carbon overlayer on the ability of
the gold film to support surface plasmons, a series of scanning angle

J. AM. CHEM. SOC. 2008, 730, 8611-8613 m 8611



http://pubs.acs.org/action/showImage?doi=10.1021/ja802454c&iName=master.img-000.jpg&w=119&h=254

COMMUNICATIONS

G |

(a)

11y e

k) !u‘t'umly
g 2 &

Figure 2. Varying thicknesses of amorphous carbon were applied to 42.5
nm gold thin films and monitored with both scanning angle SPR and SPRi.
(a) Scanning angle reflectivity curves (8994 cm™') of gold substrates
containing 5, 7.5, 10, and 12.5 nm of amorphous carbon were compared to
a bare gold substrate. Experimentally obtained values (circles) were
compared to theoretically calculated reflectivity curves for each substrate
(lines). The theoretical values were determined with a n-phase Fresnel
equation. (b) A series of fixed angle SPRi measurements were made to
determine the effect of the amorphous carbon overlayer on binding
sensitivity. Each substrate was exposed to two solutions with a 3.4 x 107*
index of refraction difference and the change in reflectivity measured. The
total change in reflectivity obtained for the bare gold substrate was used to
define a range from O to 1 (0 = minimum reflectivity; 1 = maximum
reflectivity); the total change in reflectivity obtained for the carbon—gold
substrates is shown as a fraction of that value.

SPR and SPRi measurements were made for substrates with varying
thicknesses of amorphous carbon (0 — 20 nm). The experimentally
measured scanning angle SPR curves were fit to n-phase Fresnel
models (Figure 2a). The agreement with theory indicates that the
amorphous carbon overlayer does not alter the gold thin film and
can also be used to confirm the thickness of the amorphous carbon
on the gold surface.'” Decreases in the photon-plasmon coupling
efficiency as well as a broadening of the angle scanning SPR curves
are ascribed to the complex dielectric function of amorphous
carbon.'*'® The broadening of the SPR curves leads to a loss in
surface sensitivity. A series of fixed-angle SPR imaging (SPRi)
experiments were performed to quantify this decrease in sensitivity.
In these experiments, changes in reflectivity resulting from a 3.0
x 107* change in the bulk solution index of refraction (caused by
replacing pure water, n = 1.3333, with a 1% ethanol solution, n =
1.3336) were monitored for the surfaces described above. The
changes in reflectivity for each substrate were compared to that
for bare gold substrate and normalized accordingly (Figure 2b
legend). Next, these surfaces were used to determine the minimum
thickness of functionalized amorphous carbon needed to support
the chemical requirements of in sifu oligonucleotide array synthesis.
Each surface was functionalized with 9-decene-1-ol and then
exposed to the reaction conditions needed to synthesize an
18-nucleotide sequence array by light-directed synthesis.'® The
minimum thickness of the amorphous carbon needed to consistently
support the array fabrication process is 7.5 nm. This results in a
42% loss of sensitivity relative to a bare gold film (Figure 2b),
where sensitivity is defined as the maximum change in reflectivity
as a function of refractive index change. Amorphous carbon films
less than 7.5 nm sometimes delaminated during array synthesis,
rendering the substrates unusable.

The loss in sensitivity caused by the amorphous carbon can be
reduced by altering the thickness of the surface plasmon conducting
gold underlayer. Theoretical calculations of the SPR scanning angle
response indicate that a decrease in gold thickness will result in
sensitivity gain.

Oligonucleotide arrays employed in this work were synthesized
on substrates containing a 42.5 nm gold thin film and a 7.5 nm
amorphous carbon overlayer (Figure 1). Prior to use, the amorphous
carbon substrate was hydrogen-terminated in a 13.65 MHz induc-
tively coupled hydrogen plasma and then photofunctionalized with
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Figure 3. DNA—DNA binding experiment. An array containing 420
individual oligonucleotide features (128 um x 128 um per feature, with a
96 um spacing between each feature) was fabricated on a substrate
containing 7.5 nm of amorphous carbon thin film applied to 42.5 nm of
gold. Each oligonucleotide feature was synthesized using light-directed
synthetic methods previously described. (a) Diagram of the array used in
the SPRi experiments. The array contained 34 copies of 18 nt oligonucleotide
probe sequences placed throughout the array, probe 1 (blue) and probe 2
(green). (b) Image of the array before binding. A portion of the array is
enlarged to show the relative sizes of the oligonucleotide features and
interfeature spacing. (c,d) Difference images of the oligonucleotide array
after exposure to a 100 nM solution of the complementary oligonucleotide
sequence of probe 1 (c) or probe 2 (d).

9-decene-1-0l to yield an alcohol-terminated substrate. The oligo-
nucleotide arrays were fabricated using a previously described light-
directed photolithographic synthesis method,'® allowing the oligo-
nucleotide sequences to be synthesized in a base-by-base manner.

An array consisting of 420 individual oligonucleotide features
was fabricated (Figure 3). The array contained 34 copies of two
oligonucleotide probes (probe 1 and probe 2, 18 nt each) placed
throughout the array.?® The remaining oligonucleotide features
were randomly generated 18 nt sequences. Probes 1 and 2 were
then hybridized with their complements (100 nM) and monitored
with SPRi. A difference image was calculated for each hybrid-
ization event (image after binding minus image before binding)
and the intensities of each feature determined (Figure 2¢,d). The
relative standard deviation of each set of hybridized features
was 2.5%, indicative of substrate uniformity.

The ability to fabricate a large number of unique oligonucle-
otide features on a single, SPR-compatible array provides a
means for probing biomolecular interactions such as DNA—RNA,
DNA—protein, and DNA—small molecule interactions. Two
protein:DNA SPRi binding experiments were explored as models.
First is the binding of thrombin, a protein involved in the
coagulation cascade, to a single-stranded DNA aptamer, 5'-
GGTTGGTGTGGTTGG-3" which has been shown to have
nanomolar binding affinity.?' Second, the binding of the VFR
(virulence factor regulator) transcription regulatory protein to a
known double-stranded DNA recognition sequence was moni-
tored. The VFR protein modulates quorum sensing in Pseudomo-
nas aeruginosa.*>

An oligonucleotide array containing the thrombin-specific 15-
nucleotide single-stranded aptamer and a 52-nucleotide oligomer
encoding the VFR-binding site was photolithographically fabricated
on an amorphous carbon—gold substrate.”* The VFR-binding
oligomer employed is self-complementary, such that it forms a
hairpin structure upon self-annealing. A four-nucleotide sequence
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Figure 4. Protein-DNA binding experiment. (a) SPRi image of an
oligonucleotide array consisting of two oligonucleotide sequences photo-
lithographically synthesized on an amorphous carbon substrate. The double-
stranded oligonucleotide sequences are hairpin structures (green) formed
by synthesizing a self-complementary oligonucleotide sequence containing
a TCCT hairpin loop sequence. The second oligonucleotide sequence (red)
had no self- and/or interstrand complementary sequences, such that it
remained single-stranded throughout the experiment. Hairpin structures were
formed by incubating the surface at 90 °C followed by a slow cooling
process. (b) First, the surface was exposed to a 10.0 4g/mL thrombin solution
and binding to the single-stranded target oligonucleotide sequence was
monitored with SPRi. The difference image shown was obtained by
subtracting the image after thrombin binding from the reference image taken
prior to binding. (c¢) Next a 1.0 ug/mL solution of the VFR protein was
exposed to the oligonucleotide array and binding was monitored. The
difference image was obtained by subtracting the image after VFR binding
from the image after thrombin binding.

(TCCT) was inserted to form the hairpin loop-structure. Hairpin
formation was achieved by heating the array to 90 °C and slowly
cooling to allow for proper annealing. Figure 3a contains a
schematic of the array once the hairpins have formed along with
the SPRi image of the array. The surface was first exposed to a
10.0 ug/mL thrombin solution and a difference image was obtained
after 2 min of binding (Figure 3b). The thrombin only binds to the
aptamer sequence and not to the VFR binding site. Next, a 1.0
ug/mL solution of VFR was added, and after 2 min a difference
image was obtained showing specific binding to the double-stranded
oligonucleotide sequence (Figure 3c). In both protein-binding
experiments, nonspecific adsorption across the substrate was
observed. The sequence-specific binding resulted in a signal increase
of approximately 10:1 while the adsorption to non-target oligo-
nucleotide sequences was equal to that of the background,
demonstrating the ability to analyze specific DNA—protein interac-
tions by SPRi on photolithographically fabricated DNA arrays.
In summary, we describe here a novel carbon-on-metal thin film
substrate architecture, which enables surface plasmon resonance
detection with photolithographically fabricated DNA arrays for the
analysis of biomolecular interactions. The utility of the technology
is shown in the analysis of specific DNA—DNA and DNA—protein
binding interactions. Presently, our group is utilizing these new
substrates to determine the secondary structure of RNA molecules,

to probe the sequence-specific binding kinetics and affinity of
proteins and small molecules, and exploring the use of these
substrates as possible small-molecule combinatorial chemistry
platforms for drug discovery applications. This new material opens
many such possibilities for the fabrication of molecular arrays and
large-scale analysis of their binding interactions utilizing SPR
spectroscopic methods.
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