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Abstract
When fluorescently tagged oligonucleotides are located near metal surfaces, their emission intensity
is impacted by both electromagnetic effects (i.e., quenching and/or enhancement of emission) and
the structure of the nucleic acids (e.g., random coil, hairpin, or duplex). We present experiments
exploring the effect of label position and secondary structure in oligonucleotide probes as a function
of hybridization buffer, which impacts the percentage of double-stranded probes on the surface after
exposure to complementary DNA. Nanowires containing identifiable patterns of Au and Ag segments
were used as the metal substrates in this work, which enabled us to directly compare different dye
positions in a single multiplexed experiment and differences in emission for probes attached to the
two metals. The observed metal–dye separation dependence for unstructured surface-bound
oligonucleotides is highly sensitive to hybridization efficiency, due to substantial changes in DNA
extension from the surface upon hybridization. In contrast, fluorophore labeled oligonucleotides
designed to form hairpin secondary structures analogous to solution-phase molecular beacon probes
are relatively insensitive to hybridization efficiency, since the folded form is quenched and therefore
does not appreciably impact the observed distance-dependence of the response. Differences in
fluorescence patterning on Au and Ag were noted as a function of not only chromophore identity but
also metal–dye separation. For example, emission intensity for TAMRA-labeled oligonucleotides
changed from brighter on Ag for 24-base probes to brighter on Au for 48-base probes. We also
observed fluorescence enhancement at the ends of nanowires and at surface defects where heightened
electromagnetic fields affect the fluorescence.

Introduction
When chromophores are placed close to a metal surface, their fluorescence emission intensity
can be altered due to quenching or electromagnetic enhancement.1–5 Quenching occurs at
distances very close to planar metal surfaces, usually ≤5–10 nm, while surface-enhanced
fluorescence (SEF) generally occurs at tens of nanometers from the surface, and is sensitive
to the nanoscale roughness of the metal.1–16 Although much smaller in magnitude than the
related phenomenon of surface-enhanced Raman scattering (SERS), SEF has been shown to
provide up to ~10-fold increases in emission, which could be analytically important in detection
strategies.1–5,17–20 Predicting the optimal separation for a given experiment with precision
can be difficult, as it varies with the identity and curvature of the metallic surface.1–20 The
behavior of fluorescent dyes on or near metal surfaces is becoming increasingly important for
biosensing applications, where fluorescence is used to indicate the occurrence of specific
binding events.3,5
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Bioassays can take advantage of fluorescence enhancement, quenching, or both. Incorporation
of a metal film can provide additional discrimination between surface-bound and free
chromophores by increasing emission under evanescent wave excitation.5,21 For example,
Hong and Kang recently reported detection of cardiac markers via metal particle-enhanced
fluorescence in a surface immunoassay on optical fibers.18 Fluorescence quenching was
employed by Perez-Luna et al. in a displacement immunoassay, where target binding led to
release of labeled receptors from a Au film and a concomitant ~10-fold increase in intensity.
22 In some cases, probe conformational changes alter the metal–chromophore separation upon
target binding. Maxwell et al. bound 3′ thiolated, 5′ dye-labeled oligonucleotides to 2.5 nm
diameter Au particles as probes for complementary target DNAs.23 In the absence of target,
the 5′ dye moiety was able to approach the metal surface and fluorescence was quenched;
hybridization removed the fluorophore from the particle whereupon emission increased
substantially. This approach is conceptually similar to that of solution-phase molecular beacon
probes, which are oligonucleotides having regions of partial complementarity at their 3′ and
5′ ends, such that they form hairpin loop structures. Traditionally, a fluorescent dye is appended
to one end of the DNA sequence, and a quencher molecule, to the opposite end. When in
solution, they exist in “dark” hairpin loop structures with the dye and quencher in close
proximity. Upon addition of a complementary target sequence, the hairpin unfolds to bind the
target, allowing fluorescence to occur.24–29 Libchaber and co-workers have demonstrated that
1.4 nm gold particles can be used in place of molecular quenchers, providing quenching
efficiencies >99%.30

An important advantage of molecular beacon-style assays is that no washing or target labeling
is required. A disadvantage is the limited degree to which solution-phase beacons can be
multiplexed, due to the requirement for spectrally distinguishable dyes and efficient quenching.
One solution would be to immobilize the beacon probes on a surface, where they could be used
in an array format. Toward this end, beacon probes have been immobilized on glass,31,32

polystyrene,33 agarose,34 and metal35–37 surfaces. On metals, the surface itself can serve as
the quencher. Krauss and co-workers introduced beacon-style probes on macroscopic, planar
Au surfaces for target DNA sequence detection and demonstrated excellent discrimination
between fully complementary and single nucleotide mismatched targets.35,36 We recently
reported a surface-bound beacon assay where Au/Ag striped nanowires (marketed as
Nanobarcodes or NBCs) were used for simultaneous detection of five human pathogenic target
sequences.37 These particles are cylindrical, several microns in length, and ~300 nm in diameter
and contain multiple segments of Au and Ag in patterns readily differentiated by reflectance
optical microscopy.38–40

Here we report the effect of dye–metal separation on fluorescence emission from cylindrical
nanowires composed of Ag and Au segments. Emission from dye-labeled oligonucleotides at
metal surfaces has been investigated previously. Lakowicz and co-workers have reported a
number of surface effects on fluorescence, including enhanced intrinsic fluorescence from
unlabeled DNA,41 improved photostability,42 and increased resonant energy transfer between
DNA-bound molecular donors and acceptors.43 This group has also reported increased
apparent quantum yields and decreased lifetimes for Cy3- and Cy5-labeled dsDNA adsorbed
nonspecifically onto Ag particles.44 The kinetics of labeled complementary strands to surface-
bound probe DNAs have been followed in real time by both surface plasmon field
enhanced21 and epi-illumination45,46 fluorescence spectroscopy. Despite this prior work,
guidance on optimum length or base position for fluorescently tagging surface-bound probe
strands is lacking. The effect of dye–Ag island film separation has been investigated by
preparation of protein multilayers to which cyanine dye labeled oligonucleotides were attached.
47 The maximum enhancement was about 12-fold, at ~9 nm from the metal surface (i.e., one
layer of streptavidin and biotinylated BSA between the metal and the DNA).47 For labeled
DNA bound to the surface without intervening protein layers, the conformation of the DNA
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can dramatically alter the dye–surface separation, and with it the emission intensity. Rant,
Tornow, and co-workers used this effect to probe conformational changes in 5′ thiolated, 3′
dye labeled 12- and 24-base single-stranded oligonucleotides.48 Fluorescence increased with
increasing DNA surface density, due to steric interactions forcing the strands to “stand up” to
a greater extent on the surface.

We present data which build on these results to elucidate the effect of chromophores
incorporated after the 8th, 12th, 24th, 36th, and 48th position along a 52-base 5′ thiolated probe
strand extended from the surface by hybridization to a nonfluorescent complementary
oligonucleotide. By performing the fluorescence measurements for each length simultaneously
in a multiplexed format, we were able to directly and quantitatively compare the effect of dye
incorporation at each position as a function of probe surface coverage and hybridization buffer.
We found that the observed metal–dye separation dependence was highly sensitive to
hybridization efficiency, due to increased DNA extension from the surface upon hybridization.
This effect was substantial, with 10-fold lower dye-labeled probe coverages leading to higher
emission intensities due to improved hybridization.

To explore the effect of probe secondary structure, we also tested molecular beacon-style probe
sequences having 5′ thiols and 3′ chromophores. The beacon probes were less sensitive to
hybridization efficiency than their unstructured counterparts: among 24-, 34-, and 48-base
beacon probes, the 34-mer gave the highest fluorescence intensities in the presence of DNA
target regardless of the hybridization buffer used. We interpret this as a result of differences
in conformational flexibility for unquenched states of unstructured single-stranded probes
(which are quite flexible at these lengths) and the beacon probes, which should unfold into
unquenched states only upon binding to complementary target strands. Thus, while
fluorescence from traditional single-stranded DNA probes lacking secondary structure occurs
from molecules sampling a range of metal–dye separations, any emission observed from
beacon probes should be from the double-stranded state (i.e., maximum metal–dye separation).

Because the striped nanowires contained segments of both Au and Ag, the effects of each metal
could be directly compared within each experiment. Differences in fluorescence patterning on
Au and Ag were observed as a function of chromophore identity and metal–dye separation.
For example, emission intensity for TAMRA-labeled oligonucleotides changed from brighter
on Ag for 24-base probes to brighter on Au for 48-base probes. We also observed regions of
brighter fluorescence at the ends of nanowires and at surface defects where heightened
electromagnetic fields affect the fluorescence. It is hoped that our results on fluorescence
emission for different metal–dye separations, probe conformations, dye identities, and metal
substrates will prove useful in the design of bioassays in which these effects are important.

Materials and Methods
Materials

Nanobarcodes (NBCs) patterned 000010, 001100, 010100, 011110, 100001, 001010, 010010,
and 011000, where 0 represents a 0.75 μm segment of Au and 1 represents a 0.75 μm segment
of Ag, were purchased from Nanoplex, Inc. (now Oxonica). Each batch of nanowires consisted
of ~1 × 109 wires per 1 mL of ethanol. Nanowires were rinsed 3 times in water (by
centrifugation) to remove the ethanol prior to use. Hybridization buffer (0.3 M PBS) was made
in-house and was prepared using 0.3 M NaCl and 10 mM sodium phosphate at pH 7.0, and
0.01 M PBS buffer (0.01 M phosphate buffered saline; 0.138 M NaCl; 0.0027 M KCl; pH 7.4)
was purchased from Sigma. Commercial hybridization buffer (HS114) was obtained from
Molecular Research Centers, Inc. CAC buffer was prepared according to Krauss and co-
workers, using 0.5 M NaCl, 20 mM cacodylic acid, and 0.5 mM EDTA, pH = 7.35 All water
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used in these experiments and in the preparation of the buffers was purified through a Barnstead
Nanopure System to an 18 MΩ resistivity.

Surface–Dye Separation Experiments with Unstructured DNA Probes
Probes for dye–surface separation experiments were designed by inserting a nonhybridizing,
internal rhodamine red-X NHS ester labeled thymine base after the 8th, 12th, 24th, 36th, or
48th base position of a 51-base oligonucleotide. We anticipate that this labeled thymine forms
a single base bulge loop,49 minimizing interference of the dye molecule with hybridization.
This insertion does not appreciably decrease the stability of duplex formation at any of the
positions used here (predicted melting temperatures for these sequences in 0.3 M salt are all
~82 °C). Because the bulge does not increase the overall length of the duplex formed, we refer
throughout this manuscript to the separation in terms of the base just prior to the labeled
thymine. All sequences are listed in Table 1 and were purchased from Integrated DNA
Technologies, Inc. DNA sequences were received as disulfides, which were cleaved before
use, resulting in a single thiol moiety terminating the sequence. To cleave the disulfide, the
DNA was first dissolved in a 100 mM solution of DTT (dithiothreitol) in 1 mL of 0.1 M
Na3PO4 buffer (pH 8.3) for a 0.5 h, and then the small thiol fragments were removed using
Centri-Spin separation columns (Princeton Separations). The resulting DNA sequences
(terminated with a single –SH group) were diluted in water to a concentration of 10 μM and
were stored in the freezer at −80 °C.

Preparation of Distance Dependence Assays
Aliquots of 25 μL of each type of NBC were rinsed 3 times in water and resuspended in 100
μL of 0.01 M PBS buffer. Each internally labeled DNA sequence was added at a final
concentration ranging between 1 and 2 μM to different patterned NBCs (concentrations were
held constant within a single experiment but varied slightly from experiment to experiment).
Nanowire patterns allowed for identification of the corresponding attached DNA sequence.
Thiolated DNA (8D, 12D, 24D, 36D, or 48D) was allowed to self-assemble to the wires for at
least 4 h while tumbling at room temperature, and then the wires were rinsed 3 times in 0.01
M PBS buffer. The samples were resuspended in 100 μL of either HS114 hybridization buffer
or 0.3 M PBS for hybridization. Complementary DNA (CD) was added at a final concentration
of 5 μM and was allowed to hybridize overnight at room temperature while tumbling. Samples
were then rinsed 3 times (by centrifugation) in 0.3 M PBS and resuspended in 250 μL of the
same buffer. The samples were then imaged using reflectance microscopy (see below).

Hybridization Efficiency
Two separate aliquots of NBCs patterned 000010, one containing 150 μL of wires, and the
other containing 300 μL, were rinsed in water and resuspended in 0.01 M PBS buffer to their
original volumes. To the 150 μL sample, 48D DNA was added, and to the 300 μL sample,
NFD DNA was added for surface attachment, at a final concentration of 5 μM. The DNA was
allowed to attach for 4 h at room temperature while tumbling. The samples were then rinsed 4
times in 0.01 M PBS buffer and were resuspended in 0.01 M PBS buffer to the original volumes.
The 150 μL sample was then divided into a total of three tubes each containing 50 μL of wires,
such that three samples were available to collect surface coverage data from (see below). The
300 μL sample was divided into 2 tubes (150 μL each). The buffer from one of the tubes was
removed and replaced with HS114 hybridization buffer. A total of 10 μM 5′ TAMRA-labeled
CD DNA was added to each tube and was allowed to hybridize overnight at room temperature.
Both samples were then rinsed in 0.3 M PBS buffer and were further divided into three separate
samples each containing 50 μL of nanowires. Mercaptoethanol was then added to these six
samples for determination of surface coverage (see below).
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Beacon Performance as a Function of Buffer and Beacon Length
Beacon probes were each attached to a different patterned NBC by first washing 50 L of each
type of NBC 2 times in 0.01 M PBS and resuspending them in 50 μL of 0.01 M PBS. Beacon
probes (either 24B, 34B, or 48B) were then added to the wires (500 μL of 5 μM probe in water)
and were allowed to attach overnight at room temperature while rotating. Next, 300 μL of 0.3
M PBS were added for 2 h at room temperature while rotating, and then the samples were
washed 3 times in 0.3 M PBS buffer. From these beacon coated wire samples, 3 μL aliquots
were each added to separate 42 μL volumes of 0.3 M PBS, 0.5 M NaCl CAC, or HS114 buffer,
and the DNA targets were hybridized at a final concentration of 5 μM while rotating at 37 °C
for 1 h. The samples were then rinsed two times in 0.3 M PBS buffer before imaging.

Sensitivity of Nanowire Beacon Assay
Beacon probe (48B) was attached to NBCs patterned 00001, in the same manner as that
described in the previous section. A range of target DNA concentrations was prepared such
that the final concentrations of target when added to 50 μL 0.3 M PBS buffer ranged from 0
M to 1 × 10−6 M. To the separate 50 μL aliquots of target in buffer, 3 μL of beacon-coated
wires were added. Beacon targets were allowed to hybridize at 50 °C for 3 h while tumbling.
Samples were rinsed 3 times in 0.3 M PBS before being imaged.

Fluorescence Patterning
For each set of experiments, 50 μL of NBCs patterned 000111 were rinsed 3 times in water by
centrifugation and were resuspended in 5 μM DNA beacon in 0.3 M PBS buffer at a final
volume of 150 μL. Beacons used for the different dye study were sequenced the same as
34B except terminated with different fluorophores (Cy3, Cy5, or 6-FAM). For the study using
different length DNA, 24B, 34B, or 48B DNA was used. Beacons were added to each tube at
a final concentration of 5 μM in 150 μL of 0.3 M PBS buffer and were allowed to hybridize
with gentle agitation at room temperature for 4 h. The samples were then rinsed 3 times in 0.3
M PBS and were resuspended in 50 μL of 0.3 M PBS buffer for imaging.

Imaging and Emission Intensity Quantification
Brightfield reflectance images were acquired using a Nikon TE-300 inverted microscope
equipped with a 12 bit high-resolution Coolsnap HQ camera (Photometrics). A CFI plan fluor
60× oil immersion lens (N.A. = 1.4) was used in conjunction with Image-Pro Plus software
(version 4.5) to image the samples. The light source was a 175 W ozone-free Xe lamp, and a
Sutter Instruments filter wheel (Lambda 10–2) allowed for wavelength selection. Sample
preparation for analysis by optical microscopy involved dropping a 10 μL aliquot of sample
onto a glass coverslip (Fisher 12–542-C), allowing the wires to settle to the surface of the cover
slip, then sandwiching the sample between the coverslip and a glass slide. All reflectance
images were taken at 430 nm, due to high reflectance contrast between Au and Ag at this
wavelength.38,39

Fluorescence intensity values for samples were obtained quantitatively using NBSee Software
designed by Nanoplex Technologies, Inc., for identification of patterned wires and
quantification of corresponding fluorescence.50 Over 30 (and typically several hundred) of
each nanowire striping pattern were analyzed and averaged to generate the log normal mean
fluorescence intensities (Cox’s Method of normalization).51 The error bars reported are the
95% confidence interval.

DNA Surface Coverage
Surface coverage determination methods used were similar to those described by Demers et
al.52 To obtain coverages of fluorescent DNA bound to nanowires, 5 μL of mercaptoethanol
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were added to the nanowire solutions that remained after imaging, and the samples were
allowed to tumble on a rotator at room temperature overnight. The DNA was displaced into
solution, which was collected above the wires, and the fluorescence intensity was determined
using a fluorolog-3 fluorimeter. This fluorimeter was equipped with a 450 W Xe lamp, a double
grating excitation spectrometer, and a single grating emission spectrometer. Calibration
standards were used to determine the concentration of DNA in each sample.

Results and Discussion
Characterization of fluorescence behavior on nanowires of different metals can provide insight
for future design and optimization of fluorophore-based bioassays on metal substrates and
guidance for other metal–fluorophore investigations. Using barcoded metal nanowires for this
work enabled us to directly compare results from the two adjacent metals on each wire (Au
and Ag in this case), as well as from multiple experiments performed simultaneously on
particles having different patterns. This avoids irregularities from variability in lamp intensity,
focus, etc. and makes direct, quantitative comparison of fluorescence on different wires and/
or adjacent metals possible.

Dye–Surface Separation Dependence for Unstructured Probe DNAs: Effect of Hybridization
Efficiency

True distance dependence data for quenching and SEF on metal nanowires could be acquired
by coating the wires with inorganic or organic films of known thickness and attaching the
chromophore to the film.8,11,14–16 However, the relevant variable for optimization of surface-
based nucleic acid assays is not the absolute distance dependence of the response but rather
the optimal number of nucleobases between the metal and the fluorophore. Thus, variables
such as surface coverage and whether the DNA is single- or double-stranded may be as
important as oligonucleotide length. To avoid potentially substantial differences in surface
coverage or hybridization efficiency between different DNA probe lengths, we used a single
length of DNA for all distance dependence experiments and varied the position of dye-labeled
thymine bases along this length. Scheme 1 illustrates the experimental design. Dye-labeled
DNAs were attached to the barcoded nanowires via 5′ thiol moieties and hybridized to
unlabeled complementary strands, to increase the rigidity and extension of the DNA and to
approximate DNA hybridization assay conditions. We chose to incorporate the labeled thymine
bases in the thiolated strand that would be attached to the surface rather than the complementary
strand, as this more closely mimics surface-bound molecular beacon probes. Rhodamine red
dye was chosen based on availability for internally labeling DNA sequences and for spectral
similarity to TAMRA, which we have used in molecular beacon assays.

In this experiment, five different sequences with fluorophores positioned after the 8th, 12th,
24th, 36th, and 48th base of separate 52-base long sequences were investigated. Each of these
five sequences was bound to nanowires having different barcode patterns, as illustrated in
Scheme 1. Nanowire patterns were composed in each case of six ~750 nm long segments,
where two of the segments were Ag (denoted in the scheme as 1) and the other four were Au
(denoted in the scheme as 0). The position of the Ag segments was changed to alter the nanowire
barcode pattern; for example, pattern 100001 had a Ag segment at either end, while 001100
had a two-segment Ag stripe in the center. The relative number of Au and Ag segments was
held constant in these experiments in order to minimize any differences in fluorescence
intensity due to possible differences in DNA surface coverage or fluorescence emission
intensity between Au and Ag segments. DNA 52 bases long was used to ensure extension of
a few bases beyond the furthest positioned internal fluorophore (49th base) such that similar
DNA–fluorophore interactions were experienced by all of the fluorophores. Estimated
fluorophore–metal separations (for the base immediately 5′ to the labeled thymine, calculated
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as 3.4 Å/base plus the C6 spacer)29 for the fully extended nanowire bound DNA sequences are
as follows: 8th base ~3.6 nm, 12th base ~4.8 nm, 24th base ~8.6 nm, 36th base ~12.3 nm, and
48th base ~16.0 nm. The five DNA/nanowire conjugates were mixed together prior to imaging,
enabling simultaneous data collection for all five labeled positions, and eliminating factors
such as variations in lamp intensity between samples with time and the need for internal
reference standards.53

Figure 1 shows a representative reflectance and corresponding fluorescence image from this
experiment. The reflectance image enables identification of the nanowire patterns (Ag
segments are brighter than Au with blue illumination), while the corresponding fluorescence
images provide emission intensity.39 These data, hybridized in 0.3 M PBS buffer, suggest that
base positions 8 and 12 are very efficiently quenched, while positions 24, 36, and 48 give much
higher fluorescence intensities. Some patterning in the fluorescence image is also visible. We
note that the degree of patterning is not constant for the different dye–metal separations (i.e.,
it is more noticeable when the dye is 5′ to the 24th than 48th base) and will return to this point
in a later section of the manuscript.

Quantification of fluorescence response was obtained from multiple reflectance and
fluorescence images using NBSee data analysis software.50 This software first identified
individual nanowires (i.e., clumped wires are omitted from analysis) and identified their
barcode patterns based on linescans through each wire in the reflectance images. It then referred
to the corresponding fluorescence images to determine the fluorescence intensity for each wire.
The fluorescence values were averaged across each wire and then compiled to give an overall
mean fluorescence intensity for each wire pattern (i.e., each labeled base position). Because
the relative total lengths of Au (four ~750 nm segments) and Ag (two ~750 nm segments) were
held constant in these experiments, averaging across each wire should provide directly
comparable results uninfluenced by the nanowire striping pattern. Figure 2 gives the relative
averaged fluorescence intensities of samples hybridized in two different buffers (0.3 M PBS
and commercially available HS114) and with two different surface densities of thiolated DNA.
We draw the reader’s attention first to the upper two curves, for which surface coverage was
(7–8) × 1011 DNA/cm2. Two distinct trends were observed, depending on the hybridization
buffer used. In the HS114 samples, as the position of the fluorophore was moved further from
the surface of the wire, the fluorescence intensity increased (Figure 2, dashed lines). The HS114
hybridization buffer, although its composition is not revealed by the manufacturer, presumably
contains surfactant (noted by the foamy nature of the buffer) and other reagents to reduce
nonspecific binding. The same experiment hybridized in 0.3 M PBS buffer resulted in a
different fluorescence trend (Figure 2, solid lines). The fluorescence intensities in these samples
were highest with a metal–fluorophore separation of 24 bases (~8.6 nm if fully extended) from
the metal surface, then remained relatively constant, and/or decreased slightly beyond that
distance.

We suspected that the difference in the two buffers was due to a higher stringency for the
HS114 buffer, leading to lower hybridization efficiency and consequently smaller dye–surface
separations than those for the PBS buffer. Scheme 2 illustrates this concept. Sample A, which
has a lower percentage of double-stranded DNA, has a smaller average dye–surface separation
than that in sample B, which has higher hybridization efficiency. The 0.3 M NaCl buffer is
used to overcome electrostatic repulsion due to the high density of oligonucleotides on
surfaces54 and therefore can be expected to be more similar to sample B, while the commercial
HS114 buffer was presumably designed for use in solution-phase hybridization reactions and
consequently can be expected to more closely approximate sample A. We interpret the data in
the upper two curves of Figure 2 as follows: as the dye position is moved from the 8th base to
the 24th base in PBS, or the 8th to the 48th base in HS114, emission intensity increases due to
decreased quenching as the metal–dye separation increases. When the experiment was
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performed in PBS buffer, the fluorescence intensity levels off and may decrease slightly (our
experimental error makes it unclear whether the very slight decrease we see is real). Leveling
off is expected for dye–metal separations too large to allow quenching. The HS114 data do not
level off because, at lower hybridization efficiencies, the average position of the dyes is not as
far from the metal surface as it is in the PBS buffer (Scheme 2). Although the distance
dependence of quenching is the same for both samples, the relationship between dye position
and actual metal–dye separation depends on hybridization efficiency. A decrease in intensity
at larger separations would indicate some degree of surface enhancement of emission.

The above explanation hinges on the assumption that more of the DNA on the wires in the PBS
experiment is double-stranded than in the HS114 experiment. To verify this, we compared the
hybridization efficiencies of the two buffers under otherwise identical conditions. Separate
samples, one with fluorescently labeled DNA (48D) attached to nanowires and the other with
nonfluorescent DNA of the same sequence (NFD), were prepared to determine the surface
coverage of probe and amounts of hybridization, respectively. From the surface-bound
fluorescent DNA sample, the surface coverage of probe was determined to be 7 × 1012 oligos/
cm2. The hybridization efficiency in 0.3 M PBS was 43%, while that in HS114 buffer was just
19% (note that hybridization efficiencies near 100% for surface-bound oligonucleotides,
particularly for the lengths used here, generally require special attention to steric factors55–
57). These hybridization results explain the existence of the two trends identified in the distance
dependence data: in PBS buffer, more than twice as much of the labeled DNA was double-
stranded as compared to when HS114 buffer was used, causing more DNA to be rigid and
extended further from the surface. Single-stranded DNA is flexible, allowing the fluorophore
to reside closer to the surface. Thus, the average metal–dye separation is much greater for the
0.3 M PBS samples (which correspond to Scheme 2B) than for the HS114 samples (Scheme
2A). We expect that neither set of samples provides metal–dye separations as high as are
calculated based on label position and assuming fully extended DNA (i.e., 16 nm for the 48th
base). Bearing this in mind, our observations for optimal base position are not inconsistent
with decreased quenching after approximately 5 nm from the surface. A small SEF effect
cannot be ruled out; however, if SEF was substantial in this case, we would expect to see a
maximum in the emission intensity at intermediate separations, followed by a decrease prior
to leveling off.1–5 The fact that we see only a very slight decrease after 24 bases in the PBS
buffer indicates that either the optimum separation has not yet been exceeded for this sample
or SEF is not significant.

Because of the large difference in persistence length for single-stranded versus double-stranded
DNA and the distance-dependence of quenching by metals, differences in fluorescence
intensity due to the extent of hybridization can be quite large. Indeed, Nie and co-workers have
used this to their advantage to develop a molecular beacon-style DNA detection assay in which
fluorescent DNA probe strands that lacked secondary structure (i.e., no hairpin was designed
into the sequence) were attached via thiols to Au nanoparticles.23 When no target was present,
the DNA looped around the particles where the fluorophore was quenched, but in the presence
of target, the double-stranded DNA was extended from the particle surface, greatly increasing
the emission.23 To investigate the importance of having the DNA double-stranded in our
experiments, we attached 5′ thiolated, 3′ TAMRA-labeled, 24-base single-stranded DNA
(24S) to nanowires, and either the complementary strand was added or no target was added.
The samples with complementary DNA were 2.5 times more fluorescent than those that were
single-stranded, despite the facts that (i) the same number of dye molecules were present on
the wires in each case and (ii) this probe sequence was designed to avoid secondary structure.

In our distance dependence experiments, hybridization efficiency of surface bound DNA was
critically important in determining the overall emission intensity. Figure 2 shows data for each
buffer not only for (7–8) × 1011/cm2 dye-labeled DNA (discussed above) but also for (6–8) ×
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1012/cm2 DNA coverage. Both sets of samples hybridized in HS114 buffer show an increase
in mean fluorescence, while those in 0.3 M PBS buffer reached a maximum then leveled off
as a function of labeled base position. The two experiments with lower dye-labeled DNA
coverage had more than 5-fold higher average fluorescence than samples with an order of
magnitude greater number of dye molecules on the surface. These data underscore the critical
importance of steric hindrance in determining hybridization efficiency in surface-based nucleic
acid experiments. Decreased hybridization efficiencies for the higher surface coverage samples
result in more flexible, less fully extended strands and consequently greater quenching, as
described above. Additionally, at higher coverages, the fluorophores may be experiencing
collisional quenching with neighboring fluorophores, thus further decreasing the intensities.

Dye–Surface Separation Dependence for Molecular Beacon-Style Probe DNAs: Effect of
Secondary Structure

The principal difference between the DNA sequences used in the experiments described above
and those used in molecular beacon-style experiments is the presence of secondary structure
in the beacon probe sequences. To determine how well our predictions from the fluorophore-
distance study translated to the design of DNA beacon assays, we studied three different length
hairpin probe sequences (24, 34, and 48 bases in length, each with an identical 5 base pair
“stem” region, and different “loop” lengths) attached to barcoded nanowires. To determine the
separation dependence of fluorescence intensity, each sequence was hybridized to a
complementary target sequence— C24B, C34B, or C48B— so that the fluorescence emission
would not be quenched by the metal surface (as it should be for the beacon probes in the absence
of target). Hybridization was performed in both the 0.3 M PBS and HS114 buffers used for
distance dependence experiments and also in a third, higher salt buffer (0.5 M NaCl CAC)
introduced by Krauss and co-workers for beacon probes on planar Au surfaces.35 Figure 3
shows the relative fluorescence intensities after hybridization for each beacon probe length in
each of the three buffers; fluorescence intensities have been normalized to a scale of 0 to 100
for each of the three different buffers, in order to highlight length-dependent differences
between the probes. The 34-base beacon probe gave the highest fluorescence intensity, with
both longer and shorter probes giving lower intensities. This trend was observed for all three
buffers, including the lowest hybridization efficiency HS114 buffer, for which unstructured
probes gave higher intensities at the 48th than 36th position (Figure 2). We interpret this
difference between the data in Figures 2 and 3 as resulting from probe secondary structure. For
molecular beacon probes, unlike traditional single-stranded DNA probes (i.e., without
secondary structure), fluorescence emission is quenched in the absence of target DNA, because
the hairpin structure holds the fluorophore very close to the metal surface (Scheme 3). Thus,
decreased hybridization efficiencies should not substantially change the average dye–metal
separation for the subset of dyes that are fluorescent. The magnitude of emission intensity
should increase with increasing hybridization efficiency, but the separation dependence of
emission should not.

The decrease in intensity between the 34- and 48-base beacon probes in all three buffers (Figure
3) was greater than that between the 36th and 48th base positions of the unstructured probes
in the higher hybridization efficiency 0.3 M PBS buffer (Figure 2). This may indicate some
surface enhancement of fluorescence, in that the average metal–dye separation for the 48-base
beacon probes is greater than that for the 48th labeled base of the unstructured probes. Thus,
it is possible that the 0.3 M PBS buffer data in Figure 2 do not sample large enough metal–dye
separations to see the decrease in emission intensity at long distances expected for SEF but
that the 48-base beacon in Figure 3 does. Unfortunately, interpretation is complicated by
potential differences in hybridization efficiency between the different beacon probes, which
could not be accounted for experimentally in the same way as for unstructured probes (i.e., it
was not possible to keep probe length constant and thus hold surface coverage and hybridization
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efficiency constant for the beacon probes, since they must have the dye on a terminal base).
For the data shown in Figure 3, probe surface coverage was held approximately constant ((1.2–
2.5) × 1011 probes/cm2) for all probe lengths to minimize differences in steric effects between
the samples. Nonetheless, we cannot entirely rule out the possibility that the decreased intensity
for the 48-base beacon arises from a smaller number of target binding events (i.e., unquenched
probes) on the surface as compared to the 24- and 34-base probes, rather than a decrease in
SEF as the separation increases. Regardless, the fact that the same trend was observed for all
three buffers tested indicates that the optimal fluorophore label position in beacon probes is
insensitive to hybridization efficiency, unlike the unstructured probes in Figure 2.

Some comments can be made on the differences between the results for the three buffers in
Figure 3. Changes in intensity as a function of probe length are smallest in HS114 buffer, which
gave lower hybridization efficiencies for traditional DNA binding experiments as described
above. Formation of secondary structure, like hybridization to target strands, requires
overcoming electrostatic repulsions. Thus, a more stringent buffer such as HS114 favors both
less target binding (i.e., less fluorescence) and also less hairpin folding (i.e., more
fluorescence). The fraction of fluorescence arising from unfolded probes should be lowest for
the higher ionic strength buffers (0.3 M PBS and CAC); thus we can expect these buffers to
best approximate a fully double-stranded response. Clearly, differences in intensity due to the
effects of the hybridization buffer are more complicated for beacons than for nonhairpin
sequences. Stringency conditions for optimizing hybridization of unstructured probes are not
directly applicable to beacon probe assays, as the stem interactions must also be considered.

The fact that the 34-base beacon probe gave the highest intensity response regardless of the
stringency of the hybridization buffer suggests that the fluorescence response of molecular
beacon probes will be more straightforward than that for unstructured probes such as those in
Figure 2. This is because, while the conformational flexibility of unstructured single-stranded
DNA complicates the observed separation-dependence of emission (Scheme 2), beacon probes
have limited conformational possibilities (quenched hairpins or fully extended duplexes;
Scheme 3).29 This is critically important for bioassay applications, since the major factor
responsible for the degree of hybridization on the surface in a bioassay will be solution target
concentration, i.e., the quantity to be measured, rather than choice of buffer, which would be
held constant under assay conditions.

We investigated the effect of target concentration (i.e., hybridization efficiency) for a 48-base
beacon probe on the nanowire surface. Figure 4 shows the fluorescence intensity of each assay
containing different concentrations of DNA target. As the concentration of target DNA was
decreased, the fluorescence intensity also decreased, over several orders of magnitude in
dynamic range. This suggests that the distance dependence effects did not unduly complicate
the fluorescence response although the percent hybridization was changed. A common figure
of merit for molecular beacon assays is the quenching efficiency, QE, defined as the ratio of
fluorescence present when quenched versus unquenched, which is calculated as [1 − (signal
in absence of target/signal with target)]%. In this assay, the quenching efficiency calculated at
1 μM target was 88% (see Figure 4 inset). The binding curve suggests that saturation may not
have been achieved at 1 μM target DNA, the highest concentration tested. Thus, the 88% QE
reported here might be improved at higher target concentrations. Since our focus here was on
the separation dependence, we did not optimize assay conditions before acquiring the data in
Figure 4. Nonetheless, there was a substantial change in the fluorescence between the target
and no target samples, such that the presence or absence of target was apparent. The sensitivity
of this assay is in the 100 pM to 10 nM range in its current form (<1 nM limit of detection
based on average intensity for the no target control plus twice the standard deviation)58 and is
limited by inefficient quenching. This is comparable to sensitivities reported by other groups
for surface-bound molecular beacon assays.32,33,35 Typical quenching efficiencies for surface-
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bound beacons are in the 80 to 95% range,32,42,53,54 with the highest reported values >99%
from Krauss and co-workers for beacons bound to planar Au.35 Libchaber and co-workers
reported quenching efficiencies of 99.97% for solution-based beacon structures where organic
quenchers were replaced by 1.4 nm Au clusters.30

Fluorescence Patterning Phenomena
Some patterning of fluorescence intensity on the Au/Ag striped nanowires is observable in
Figure 1. Indeed, we often observe patterned fluorescence intensities on the nanowires. We
have previously reported fluorescence patterning in sandwich immunoassays, where the dye
molecules were bound to the secondary antibodies (i.e., relatively far from the metal surface).
In those earlier experiments, the fluorescence patterning we observed correlated with the
reflectivities of the underlying metals.38 Thus, although the dyes were located in the near field
of the metal nanowires, useful predictions of patterning could be made simply by treating the
wire as a variably reflective mirror (i.e., shorter wavelengths of excitation and emission were
more efficiently reflected from Ag as compared with Au, in accordance with the wavelength-
dependent bulk reflectivities of these metals). A key difference between those experiments and
the experiments described here is the magnitude and variability of the dye–surface separation.
Here, rather than holding the separation constant at ~15 nm, we are varying it between ~3.6
nm and ~16 nm, depending on the labeled probe position (0.34 nm per base plus the 6 carbon
spacer). Additionally, while the surface attachment chemistry was insensitive to metal identity
in the immunoassay data, thiols could be expected to give higher coverages on clean Ag as
compared to Au59,60 or lower coverage on partially oxidized Ag. We expect that the surface
density of DNA is dominated by steric and electrostatic repulsions between the surface-bound
oligonucleotides to a greater extent than the identity of the underlying metal. However,
differences in DNA coverage, if present, could influence patterning (either directly due to a
greater number of dye molecules or indirectly due to a difference in hybridization efficiency
and therefore less extension from the surface). Our prior work has demonstrated that storage
in ethanol or citrate-containing PBS prevents Ag oxidation.61 All of the experiments reported
here were performed under conditions designed to avoid Ag oxidation (i.e., wires were used
immediately after coating in DNA or stored in citrate PBS buffer until use); thus, extensive Ag
oxidation can be ruled out. Surface coverage experiments for thiolated oligonucleotides on
nanowires having different lengths of Ag gave coverages of (4 ± 1.5) × 1012 and (4 ± 1.7) ×
1012 beacon probes per cm2, respectively, indicating that any differences in coverage on the
two metals are smaller than our experimental error.

While studying different length DNA beacon probes on striped metal nanowires, we noticed
that fluorescence patterning varied with dye–metal separation (Figure 1). Figure 5 explores
this effect further: reflectance and corresponding fluorescence images are shown for Ag/Au
striped nanowires coated with internally rhodamine labeled, thiolated sequences 8D through
48D and hybridized to complementary DNA in 0.3 M PBS buffer. Reflectance and fluorescence
linescans for a representative wire from those samples with appreciable fluorescence intensity
are shown. Strong fluorescence patterning is observed for rhodamine after the 12th and 24th
base positions, with intensities on average ~3-fold brighter on the silver segments than the
gold. At a distance of 36 bases, the rhodamine dye shows less distinct patterning, barely
discernible on some wires in this sample. Rhodamine positioned 48 bases from the surface also
shows very little patterning. Although small (i.e., less than the standard deviation of our
coverage measurements) differences in DNA surface density on Au vs Ag segments cannot be
entirely ruled out, and if present could give rise to a slight patterning, the changes in
fluorescence patterning observed here cannot be explained by differences in coverage. The
overall coverage is the same for sequences 8D through 48D, as are any slight differences in
coverage on the different metals. Thus, we ascribe these changes in fluorescence patterning to
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separation-dependent electromagnetic interactions between the dye molecules and the metal
surface.

More striking changes in fluorescence patterning were observed for greater changes in dye–
metal separation. Figure 6 shows reflectance and corresponding fluorescence images and
linescans for half gold–half silver nanowires coated with TAMRA-labeled DNA sequences of
various lengths after hybridization to complementary strands. The Ag portion, identified based
on its greater intensity in the 430 nm reflectance image, has been positioned to the left in each
image for ease of comparison. All experiments in this figure were conducted under identical
conditions (0.3 M PBS buffer). The shortest length DNA (24 bases) shows fluorescence
patterning that matches the reflectance patterning of the nanowires, where silver is brighter
and gold is darker. This result is qualitatively similar to what was seen in Figure 5 for the
internal rhodamine labels after the 24th base position, despite the change to the TAMRA dye.
To achieve greater metal–dye separations, we compared this result with intensities for 34- and
48-base molecular beacon probes with 5′ thiols and 3′ TAMRA. Probes with secondary
structure were used in order to maximize the extension from the surface upon hybridization.
For beacon probes 34 bases in length, approximately uniform fluorescence is observed on Au
and Ag segments. Beacon probes 48 bases long exhibited a reversal in fluorescence patterning,
such that fluorescence intensities from TAMRA on the Au segments were brighter than those
on Ag segments of the wires. The observed changes in surface patterning arose primarily from
changes in the emission intensity for TAMRA on the Ag segments, while emission on the Au
segments was relatively insensitive to metal–dye separation.

The observation of fluorescence reversal in the TAMRA-labeled beacon probe experiments,
as compared with just a reduction in the degree to which fluorescence was brighter on Ag vs
Au in the rhodamine-labeled unstructured probe experiments, could be due to differences in
the dye and/or to the greater metal–dye separations probed in the beacon experiment.
Unfortunately, we were unable to purchase rhodamine-labeled beacon probes to directly test
which of these effects was dominant. However, the excitation and emission wavelengths for
rhodamine (588 and 608 nm, respectively) are at longer wavelengths than those for TAMRA
(559 and 583 nm). Our previous studies of patterned fluorescence using sandwich
immunoassays on Au/Ag striped nanowires showed that chromophores having excitation and
emission wavelengths at which the underlying metal was more reflective appeared brighter in
the fluorescence microscope image.38 Ag metal is somewhat more reflective than Au in the
yellow and equally reflective in the red. Therefore, based on reflectivity arguments,38 TAMRA
is expected to give either the same or lower relative intensities on Au segments as compared
to rhodamine, rather than the higher intensity on Au which is observed here. Thus, while dye-
specific properties cannot be ruled out as the cause of these differences, we interpret the
stronger apparent distance-dependence of the TAMRA-labeled beacon probes (Figure 6) as
arising from the greater average surface separation for the dye molecules responsible for
emission in this experiment as compared to those lacking secondary structure (Figure 5).

The nature of the metal–fluorophore interaction depends not only on the separation between
them, and the identity of the metal, but also on the identity of the dye. For example, low quantum
yield dyes have been reported to exhibit particularly impressive surface enhanced fluorescence
on colloidal silver surfaces.6,62 In the case of molecular beacon probes, additional properties
may become important. For example, efficient quenching of the dye may benefit from weak
adhesion between the dye and the metal surface. The size of the dye and electrostatic
considerations may also come into play, potentially impacting the ability of the hairpin
structures to fold and/or unfold. We compared four different fluorescent dyes with a range of
excitation/emission frequencies, extinction coefficients, and quantum yields (Table 2). In these
experiments, 5′ thiolated beacon probes with the dyes at their 3′ end were attached to nanowires
composed of half Ag and half Au. The chemical structures of these dyes are also different, with
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greater positive charge and less condensed structures for the two cyanine dyes as compared
with the FAM and TAMRA.

We compared 34-base molecular beacon-style probes with TAMRA, Cy3, Cy5, and 6-FAM
fluorophores, after exposure to unlabeled complementary DNA to extend the probe stands.
Figures 6 (middle panel) and 7 show results for each of these dyes, on half Au/half Ag
nanowires. Several differences between the dyes can be observed. Cy3 gave the highest peak
intensity, with a sharp spike of fluorescence near the Au/Ag interface at the center of the wire
and smaller spikes at both ends. Cy5 also showed sharp spikes of intense emission
corresponding to the Au/Ag interface, the edges of the wire, and a defect in the Ag segment
that appears dark in the reflectance image. In contrast, TAMRA and 6-FAM appear to be less
sensitive to edges and surface defects in the wires. These regions of intense fluorescence
response most likely arise from SEF at regions of heightened electromagnetic fields.1–5 This
interpretation is consistent with the positions of these regions (edges and pits, which have
greater roughness). SEF is expected to be greater for dyes having low quantum yields,6,62

which could explain the higher sensitivity for surface roughness exhibited by the two cyanine
dyes as compared with 6-FAM and TAMRA.63

In addition to fluorescence patterns caused by SEF, emission intensities for dyes on Ag and
Au portions of the wires can be compared. TAMRA and Cy3 exhibited roughly equal intensities
on Au and Ag segments of the nanowires, such that one segment could not be readily
distinguished from the other in the fluorescence images. On the other hand, 6-FAM dye was
much brighter on Ag than Au, and Cy5 was somewhat brighter on Au than Ag. These
differences correlate with differences in excitation and emission wavelengths of the dyes. 6-
FAM is the shortest wavelength dye, while TAMRA and Cy3 are similar in color, and Cy5
was the longest wavelength dye investigated here. However, since the data in Figures 5 and 6
show metal–dye separation can alter the relative intensities on Au and Ag segments, it is clear
that more than excitation and emission wavelengths for the dyes are involved in the patterning.
Other factors may include differences in the distance dependence of electromagnetic field
distribution above the two metals.

Finally, we note that, in related experiments reported by Sha et al., the effect of dye selection
on quenching efficiency for nanowire beacon bioassays was investigated. Of the dyes tested
(Cy5, FITC, Rhodamine 6G, Texas Red, and TAMRA), Texas Red gave the best performance,
with 94% QE. TAMRA gave 89% QE and was chosen over Texas Red for further studies due
to its commercial availability.37 Dye performance in our experiments gave comparable results,
with Cy3 giving the highest overall intensity, 6-FAM giving the lowest overall intensity, and
TAMRA giving the best QE.

Conclusions
The promise of metallic surfaces and nanostructures, including barcoded metal nanowires, for
fluorescence-based bioanalysis led us to investigate factors that influence emission from
surface-bound dyes. Emission from internal rhodamine dye in 52-base DNA on striped metal
nanowires revealed that quenching was significant up to the 12th base position. When dyes
were incorporated after the 24th to 48th base position, much brighter fluorescence was
observed. The shape of the intensity–separation response was sensitive to the hybridization
efficiency of the surface-bound probes for complementary DNA (i.e., percent double-
stranded), dictated by the hybridization buffer used. Samples with ~20% hybridization
efficiency showed increased emission with increased separation from the metal surface, with
samples with ~40% hybridization efficiency showing an increase up to 24 bases, and a leveling
off or slight decrease in intensity at greater separations. These differences result from the
greater metal–dye separation for double-stranded as compared to single-stranded DNA (i.e.,
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the average separation was greater for the samples with twice as much double-stranded DNA).
Increasing the surface coverage of fluorescently tagged DNA decreased the fluorescence
intensity, due to steric inhibition of hybridization, which led to increased quenching because
less of the DNA was in its fully extended double-stranded form.

In contrast, the separation-dependent response of dye-labeled oligonucleotides designed to
form haripin secondary structures analogous to solution-phase molecular beacons were
relatively insensitive to the hybridization buffer. The formation of secondary structure in the
absence of complementary DNA leads to efficient quenching of emission. This means that any
fluorescence observed should arise from probes which have bound complementary strands and
results in less complicated target response curves for probes having secondary structure than
might be expected for metal-bound, chromophore-labeled probes otherwise.

Selection of striped metal nanowires, composed of identifiable patterns of Ag and Au segments,
enabled us to perform many of these experiments in a multiplexed fashion for direct,
quantitative comparisons, i.e., between different dye labeling positions. In addition, differences
in emission intensity from chromophores on the Ag vs Au segments of the nanowires could
be readily compared. We observed differences in fluorescence patterning as a function of
metal–chromophore separation, with emission from TAMRA-labeled DNA changing from
brighter on Ag for 24-base probes to brighter on Au for 48-base probes. While our results do
not suggest substantial surface enhancement of fluorescence under the conditions of our
experiments, anomalously bright emission noted from the ends, metal–metal interfaces, and
surface defects does suggest some SEF at these sites of greater nanoscale roughness.

This research provides insight into the importance of DNA conformation and hybridization
efficiency on performance in fluorescence-based experiments on metal surfaces and points to
the benefits of encoded nanowires for multiplexed surface characterization. Our findings are
relevant to the design of bioassays at metal surfaces, particularly those based on hybridization
to surface-bound probe DNA strands. Differences between the fluorescence responses of probe
sequences designed to avoid versus encourage the formation of secondary structure should be
taken into account in assay design and interpretation.
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Figure 1.
Reflectance and corresponding fluorescence images of internal rhodamine labels at five
different positions within thiolated 51-base oligonucleotides attached to Au/Ag encoded metal
nanowires. Unlabeled complementary strands were hybridized in 0.3 M PBS buffer. The
numbers in the images indicate which DNA base is labeled for each nanowire pattern (e.g.,
wires with bright Ag ends and a dark Au middle in the reflectance image are coated with DNA
labeled at the 24th base). Five separate samples were mixed after DNA attachment to obtain
this image.
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Figure 2.
Quantification of the effect of dye label position on fluorescence intensity as a function of
surface coverage of DNA. Hybridization was done in two different buffers; 0.3 M PBS (solid
lines) and HS114 (dotted lines). The surface coverages of fluorescent DNA attached to the
nanowires are reported in the figure for each experiment. Error reported is the 95% confidence
interval.
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Figure 3.
Effect of molecular beacon probe length and hybridization buffer on fluorescence intensity
after exposure to complementary DNA in various buffers: 0.3 M PBS (black bars), 0.5 M NaCl
CAC (white bars), or HS114 (gray bars). Error reported is the 95% confidence interval.
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Figure 4.
Mean fluorescence response of a nanowire-based molecular beacon assay as a function of DNA
target concentration, plotted on a log scale. Inset shows the same data plotted on a linear scale.
Dotted lines are Sips isotherm fits, with Ka = 2.7 × 107 and a = 0.6. Background signal from
a no target control has been subtracted from each data point. Error bars represent the 95%
confidence interval.
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Figure 5.
Reflectance and corresponding fluorescence images of nanowires coated with 5′ thiolated
oligonucleotides internally labeled with rhodamine red-X dye at different base positions.
Linescans correspond to the wires indicated by arrows. The left axis corresponds to the black
trace (reflectance), and the red trace corresponds to the right axis (fluorescence).
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Figure 6.
Linescans and corresponding reflectance (top) and fluorescence (bottom) images of half Ag/
half Au nanowires coated with 5′ thiol, 3′ TAMRA probe oligonucleotides of different lengths.
The 24-base probe did not have secondary structure; however the 34- and 48-base probes were
molecular beacons with self-complementarity at the 5′ and 3′ ends. Unlabeled complementary
DNA was present in all cases to extend the probes from the surface. The black trace
(reflectance) corresponds to the axis on the left, and the red trace (fluorescence), to the axis on
the right.
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Figure 7.
Linescans with corresponding reflectance (top) and fluorescence (bottom) images of nanowires
coated with 5′ thiol, 3′ fluorophore, 34-base molecular beacon probes, for three fluorophores.
The black traces (reflectance) correspond to the left axis, and the colored traces (fluorescence)
correspond to the right axis.
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Scheme 1.
Illustration of Distance Dependent Fluorescence Study
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Scheme 2.
Hybridization Efficiency Impacts Average Dye–Metal Separation
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Scheme 3.
Hybridization of Surface-Bound Molecular Beacon Probes
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Table 1

Dna Sequences Used in This Worka

sequence name sequence (5′–3′) description

8D thiol C6-TTT CAT GG*T TAG CGT ATG CTA GAT CGC GTA
AAT GAA TGC CTA
GAT CAG CGA T

5′ thiol, internal dye after
the 8th of 52 bases

12D thiol C6-TTT CAT GGT AGC *TGT ATG CTA GAT CGC GTA
AAT GAA TGC CTA GAT CAG CGA T

5′ thiol, internal dye after
the 12th of 52 bases

24D thiol C6-TTT CAT GGT AGC GTA TGC TAG ATC *TGC GTA
AAT
GAA TGC CTA GAT CAG CGA T

5′ thiol, internal dye after
the 24th of 52 bases

36D thiol C6-TTT CAT GGT AGC GTA TGC TAG ATC GCG TAA
ATG AAT
*TGC CTA GAT CAG CGA T

5′ thiol, internal dye after
the 36th of 52 bases

48D thiol C6-TTT CAT GGT AGC GTA TGC TAG ATC GCG TAA
ATG AAT
GCC TAG ATC AGC G*TA T

5′ thiol, internal dye after
the 48th of 52 bases

NFD thiol C6-TTT CAT GGT AGC GTA TGC TAG ATC GCG TAA
ATG AAT
GCC TAG ATC AGC GAT

5′ thiol, 51 bases (no
dye)

CD ATC GCT GAT CTA GGC ATT CAT TTA CGC GAT CTA GCA
TAC GCT
ACC ATG

48 base complement to
8D, 12D, 24D, 36D,
48D, and NFD

48B thiol C6-GCG AGT AAA AGA GAC CAT CAA TGA GGA AGC
TGC AGA
ATG GGA
TAC TCG-TAMRA

5′ thiol, 3′ TAMRA 48-
base beacon probe with
6-base “stem”

34B thiol C6-GCG AGG AGA CCA TCA ATG AGG AAG CTG CAC
TCG C-TAMRA

5′ thiol, 3′ TAMRA 34-
base beacon probe with
5-base “stem”

24B thiol C6-GCG AGA TCA ATG AGG AAG CCT CGC-TAMRA 5′ thiol, 3′ TAMRA 24-
base beacon probe with
5-base “stem”

24S thiol C6-GAG ACC ATC AAT GAG GAA GCT GCA -TAMRA 5′ thiol, 3′ TAMRA 34-
base unstructured probe
(no “stem”)

C24B GGC TTC CTC ATT GAT 15-base complement to
24B

C34B TGC AGC TTC CTC ATT GAT GGT CTC 24-base complement to
34B and 25S

C48B GTA TCC CAT TCT GCA GCT TCC TCA TTG ATG GTC TCT
TTT A

40-base complement to
48B

a
The * marks the location of an internal rhodamine red-X NHS ester fluorophore. Italicized portions of sequences show stem regions of beacon

sequences.

J Am Chem Soc. Author manuscript; available in PMC 2010 March 14.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stoermer and Keating Page 28

Table 2

Properties of Fluorescent Dyes Studied

dye λex (nm) λem (nm) ελmax (M−1 cm−1) quantum yield

6-FAM 495 520 75 000 0.9

Cy 3 550 564 150 000 0.1

TAMRA 559 583 89 000 0.7

Cy 5 648 668 250 000 0.2
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