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Abstract
We report the effect of surface coverage and sequence on the performance of 5′ thiolated, 3′
fluorophore-labeled DNA hairpin probes bound to Au/Ag striped (“barcoded”) metal nanowires.
Coverage was controlled by varying probe concentration, buffer ionic strength, and by addition of
short hydroxy-terminated alkanethiol diluent molecules during probe assembly onto the nanowire
surface. Surface dilution of the surface-bound probes with aω-hydroxyl alkanethiol, a commonly
accepted practice in the surface-bound DNA literature, did not appreciably improve sensor
performance as compared to similar probe coverages without hydroxyalkanethiol diluents; this
finding underscores the differences between the molecular beacon probes used here and more
traditional nonfluorescent, random coil probes. We found that intermediate probe coverage of
~1012 molecules/cm2 gave the best discrimination between presence and absence of a target
sequence. Because we are interested in multiplexed assays, we also compared several beacon probe
sequences having different stabilities for secondary structure formation in solution; we found that
both probe surface coverage and sensor performance varied for different probe sequences. When five
different molecular beacon probes, each bound to barcoded nanowires, were used in a multiplexed,
wash-free assay for target oligonucleotides corresponding to viral nucleic acid sequences, these
differences in probe performance did not prevent accurate target identification. We anticipate that
the findings described here will also be relevant to other applications involving molecular beacons
or other structured nucleic acid probes immobilized on metal surfaces.

Introduction
Surface films of oligonucleotides can provide selective capture of target sequences for nucleic
acid detection. Noble metal surfaces such as Au or Ag are often employed because they are
conductive, and can quench or enhance fluorescence, support surface plasmons, and/or provide
the heightened electromagnetic fields required for ultrasensitive surface enhanced Raman
detection.1–5 Consequently, DNA-coated Au and Ag have been used in a wide variety of
sensors based on fluorescence, electrochemistry, surface plasmon resonance, surface-enhanced
Raman scattering, and other transduction strategies.6–10 In all of these applications, control
of the DNA–surface interface is of critical importance. DNA oligonucleotide probe sequences
are commonly attached to noble metal surfaces via a 5′ or 3′ thiol moiety, often with an alkane
spacer (e.g., C6H12 or C12H24) and sometimes also additional bases (e.g., poly dT or other
sequences). This approach provides single-point attachment to facilitate hybridization to
complementary target sequences. Generally probe sequences are selected to avoid the
formation of stable secondary structures under experimental conditions (temperature, buffer

*To whom correspondence should be addressed. E-mail: E-mail: keating@chem.psu.edu.
Supporting Information Available; Evaluation of HIV probe coverage and hybridization behavior as a function of NaH2PO4
concentration during the assembly process, hairpin melting curves and Tm determinations, 5-plex additional normalized/background
subtracted data, raw data, and microscopy pictures. This material is available free of charge via the Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
Langmuir. Author manuscript; available in PMC 2009 May 4.

Published in final edited form as:
Langmuir. 2008 August 19; 24(16): 9162–9171. doi:10.1021/la703854x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


ionic strength), such that they will be fully available for hybridization with target strands from
solution. We will refer to such sequences, which exist as random coils, as “linear probes.”

The DNA–metal interface has been well characterized for thiolated linear probes on noble
metals.11–16 At high probe densities, hybridization is hindered by steric and electrostatic
repulsions.17–19 Electrostatic repulsions can be manipulated by controlling the ionic strength
of the buffers used during probe assembly and/or target hybridization.11,13,20,21 Low ionic
strength during probe assembly results in low surface density, which reduces steric hindrance
and can result in higher hybridization efficiencies for target binding.11–13,20 Target
hybridization is generally performed at relatively high ionic strengths (e.g., 0.3 M) to overcome
repulsions between probes and target strands and favor binding. Steric repulsions can also be
controlled by surface dilution with thiolated molecules shorter than the probes. Herne and
Tarlov pioneered the use of mixed monolayers of thiolated DNA probes and mercaptohexanol
on a gold surface.11 The backfilling with mercaptohexanol after initial probe adsorption
improved hybridization efficiency by reducing both probe surface density and nonspecific
binding events between the nitrogen-containing DNA bases of the probe and the Au surface.
This hydroxy-terminated alkanethiol procedure has since been widely accepted.14,21–33

Oligonucleotide probe molecules can also be designed to adopt stable secondary structures
under experimental conditions. Molecular beacons (MBs) are oligonucleotide probes designed
with self-complementarity at the 3′ and 5′ ends such that they adopt stem-loop or “hairpin”
structures.34–37 MBs typically incorporate a quencher and fluorophore at their opposing ends,
such that fluorescence is quenched in the hairpin form due to proximity of the quencher to the
fluorescent dye.38 Fluorescence can then be detected upon hybridization of a complementary
target sequence, which binds to the loop region and separates the fluorophore from the
quencher. MBs exhibit an enhanced specificity over linear probes for binding complementary
targets.39,40 Additionally, the signaling fluorophore at the beacon 5′ or 3′ end eliminates the
need to both label a target sequence and rinse after hybridization. This concept has proven
useful in the solution-phase detection of single nucleotide polymorphisms (SNPs) and PCR
products.41,42 Another important example of designed secondary structure is aptamers, which
are nucleic acids selected for specific binding to any of several classes of targets, including not
only nucleic acids, but also small molecules, ions, and proteins. Aptamer conformations, which
can include secondary structures such as hairpin loops, bulges, and pseudoknots, are critical
to their function.43–47 Aptamer beacons have also been prepared, where a target-induced
conformational change leads to the onset of fluorescence in analogy to MBs.46

Surface attachment of MB and aptamer probes is highly attractive as it would enable not only
a wide range of surface-based transduction strategies, but also spatial arraying, substantially
increasing the degree of multiplexing possible. Thus, interest in the surface attachment of
structured probes has been increasing.27,48–53 For example, aptamers have been arrayed on
surfaces for multiplexed protein detection.54 MBs have been immobilized on a number of
surfaces such as glass,55–60 polystyrene,61 polymethylmethacrylate (PMMA),60 agarose,
62 and gold.15,48–50,63–67 MBs attached to metal surfaces are particularly appealing,
because the surface itself can take the place of organic quenchers, and can provide lower
background fluorescence.48,50,64,65,67,68 While many reports of surface-bound aptamer and
beacon probes have appeared, characterization of the probe/surface interface is less common,
with probe surface coverages rarely reported, much less varied and correlated to sensor
performance. Notable exceptions include electrochemical sensors based on aptamer and
beacon probe conformational changes, where similar optimal coverages ~2 × 1012 probes/
cm2 were found.49,69

Here, we investigate the effects of probe surface coverage as controlled by ionic strength, time,
and dilution with short alkanethiol spacers, and compare several different hairpin probe
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sequences for use in simultaneous assays on the encoded nanowires. We use barcoded metal
nanowires composed of Au and Ag segments as encoded supports and metallic quenchers for
bound hairpin probes. This work is significant in that (1) it describes the effects of surface
probe density on MB probe performance (intensity in presence and absence of target sequences)
for thiolated probes on metal surfaces, and (2) it directly compares surface attachment and
probe performance for multiple different probe sequences designed to detect different viral
signatures. We previously reported on nucleic acid bioassays employing MB probes
immobilized on the surface of barcoded nanowires,15,50,67 which can be performed in a
multiplexed, wash-free, closed chamber format.50,70 The studies reported here build on that
work to help pave the way for improved multiplexed assays–on barcoded metal nanowires or
other encoded supports–in which many different hairpin probe sequences are used to
simultaneously report on their targets.

Materials and Methods
Materials

Chemicals and biochemicals were used as received without further purification except where
noted. All water used was purified via a Barnstead Nanopure System to a resistivity of 18
MΩ. Barcoded metal nanowires71–75 (NWs, marketed as Nanobarcodes) were obtained from
Nanoplex Technologies (now Oxonica, Inc.). The nanowires are approximately 6 µm in length,
and 300 nm in cross-sectional diameter, and are patterned by 1-µm segments of Ag and Au
metals, which can be distinguished by their optical reflectance. Patterns used here include:
010010, 011000, 000111, 001101, 010101, 100011, and 100101, where 0 = 1 µm of Au, and
1 = 1 µm of Ag. The NWs were received as a suspension of 1 × 109 wires/mL stock
concentration in ethanol. Before use, the desired volume of stock NW suspension was rinsed
by centrifugation (1 min at 7700g)/resuspension in 2× volume twice in water and once in buffer
prior to resuspension in 3× volume buffer. Buffers used in this work were: (1) 0.01 M PBS
(0.138 M NaCl; 0.0027 M KCl; 10 mM sodium phosphate, pH 7.4), purchased from Sigma,
(2) 0.3 M PBS (0.3 M NaCl; 10 mM sodium phosphate, pH 7.2), and (3) 0.5 M CAC (0.5 M
NaCl; 20 mM cacodylic acid; 0.5 mM EDTA, pH 7.0).48

DNA sequences were designed using mfold folding software76 and were complementary to
viral sequences as detailed in Table 1. Solution-phase melting transition temperatures were
experimentally determined for most of these sequences, and are given in Table 1. We note that
mfold predictions of solution secondary structure stability differed from our experimental
measurements of solution stability, perhaps due in part to the presence of the dye and thiol
moieties in the actual sequences; only experimentally determined Tm’s and ΔG calculated from
the melt data are reported and discussed here. All sequences were purchased from Integrated
DNA Technologies, Inc. Thiolated DNA probes (received as disulfides) were cleaved before
use by reaction with 100 mM dithiothreitol (DTT) for 30 min in 0.1 M phosphate buffer (pH
8.3) and purified by CentriSpin 10 columns (Princeton Separations) according to manufacturer
protocols. Attachment of thiolated probe sequences to NWs was performed as described below.
Target sequences were synthetic DNA oligonucleotides complementary to the loop regions of
the probes.

SurfaceDilutionofThiolatedMBProbeswithMercaptoethanol
Ninety-six µL of NW stock (pattern 010010) were rinsed and resuspended in 0.01 MPBS as
described above, then split into separate 16 µL aliquots for reaction. β-mercaptoethanol (BME,
Sigma) and HIV thiolated probe DNA were combined in 0:1, 1:1, 5:1, 10:1, and 20:1 mol
ratios. In all samples, the total concentration of adsorbate (DNA + BME) was equal to 1.0 µM.
The samples were rotated overnight in the dark at room temperature, after which the volume
was doubled by addition of 0.3 M PBS. Rotation continued for another 2 h. Samples were then
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rinsed and stored in 0.3 M PBS. In the “backfilling” experiment, 1.0 µM BME was added to
an aliquot of conjugated 0:1 NWs from above and reacted for 30 min. These wires were then
rinsed and stored in 0.3 M PBS.

Effect of Salt Concentration upon Probe Coverage
For these experiments, ionic strength was controlled by KCl concentration in 5 mM phosphate
buffer, pH 7.0. Solutions with very low ionic strength (<0.01 M) were prepared by dilution of
5 mM phosphate buffer pH 7.0 with deionized water, the pH of which had been adjusted to 7.2
by addition of very low concentrations of KOH. For each salt concentration, experiments were
performed in triplicate to obtain a standard deviation in the measurement of surface coverage.
Twenty-five µL of NW stock (pattern 011000) were rinsed by centrifugation as described above
and resuspended in a solution of the desired ionic strength (to 83 µL). HIV probe DNA was
then added such that its final concentration was equal to 1.0 µM. Each sample was allowed to
react for 25 min. Samples were then rinsed by centrifugation (3× volume) and resuspended in
the same ionic strength buffer used for attachment (25 µL final volume). Hybridization was
performed in 0.5 M CAC buffer as detailed below.

For direct comparison to literature results,11 we also repeated these experiments varying ionic
strength by [KH2PO4] alone, without pH adjustment.

Kinetics of Beacon Attachment
Thiolated HIV, HCV, SARS, or INF B MB probes were conjugated to NWs at either 1.0 or
0.25 µM, as noted in the text. For 1.0 µM probe attachment, 60 µL of NW stock solutions for
NWs patterned 010010 were rinsed twice with 2×volumes of water and once in 0.3 M PBS
before resuspension in 0.3 M PBS to 200 µL. For a DNA concentration of 0.25 µM, 120 µL
of 010010 NWs and a final volume of 400 µL were used to facilitate fluorescence
quantification, and the remaining procedure was the same for both DNA concentrations. After
addition of thiolated MBs to a final concentration of either 1.0 µM or 0.25 µM, samples were
rotated at room temperature. At specific time intervals, aliquots containing 5 × 106 NWs for
[DNA] = 1 µM and 10 × 106 NWs for [DNA] = 0.25 µM were extracted from the reaction tube
and rinsed twice by centrifugation in 3× volume 0.3 M PBS. NWs were then resuspended to
their original volumes in 0.3 M PBS and stored at 4 °C.

Determination of Surface Coverage
A modification50 of a procedure first reported by Mirkin and co-workers78 was used to
determine the surface coverage of fluorophore-labeled DNA on nanowires. Fluorescent,
thiolated probes were removed from the NW surface by exchange with an excess of a β-
mercaptoethanol after which NWs were removed and solution fluorescence used to determine
probe concentration; surface density was then calculated based on initial NW concentration
and dimensions. The detailed procedure was as follows. The solution of NWs bearing the
beacons was brought up in volume to 195 µL by the same buffer in which the NWs were
previously suspended. Then, 5 µL of β-mercaptoethanol were added to each tube. Samples
were vortexed overnight. NWs were then pelleted by centrifugation for 2 min. The fluorescence
of the supernatant containing the previously adsorbed DNA was then quantified using a
Fluorolog-3 fluorimeter (λex = 558 nm, λem = 580 nm). Coverage was determined by
fluorescence calibration of stock fluorescent DNA and based on a concentration of 1 × 109

wires/mL in stock solution.50

Five-Plex Assay
MB probe sequences DENV-2, SARS, INF B, HCV, and HIV (Table 1) were conjugated at
a final reaction concentration of 1.0 µM to NWs patterned 000111, 001101, 010101, 100011,
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and 100101, respectively, through reaction in 0.3 M PBS for 25 min. The conjugates were
rinsed twice by centrifugation and resuspension into 0.3 M PBS. Hybridization was performed
as described above, with 1 µL of each type of MB probe-coated NWs added to each tube
containing target DNA. Different permutations of target sequences (all targets, two targets, or
no target) were introduced to the tubes for hybridization.

Hybridization of NW-Bound MB Probes
Aliquots of 3 µL probe-coated NWs, prepared by any of the methods described above, were
removed for hybridization to either complementary target (Target sample) or no target (No
Target sample). To both Target and No Target tubes were added 37 µL of 0.5 M CAC buffer,
and to Target tubes was added 1 µL of target sequence, making these samples 5 µM in final
concentration of target sequence. Hybridization was performed while rotating in the dark at
room temperature for 1 h. These hybridization conditions apply to all experiments in this work.

Optical Microscopy
Directly after hybridization, and without rinsing,50 a 10 µL aliquot of NW suspension from
any of the above experiments was placed onto a glass coverslip. Images were acquired using
a Nikon TE-300 inverted microscope with a CFI plan fluor 60x oil immersion lens (N.A. =
1.4) and ImagePro Plus version 4.5 software. Images were captured using a Coolsnap HQ
camera (Photometrics). The light source was a 300W ozone-free Xe lamp. A Nikon filter cube
specific for TAMRA excitation and emission (excitation: 550/50, emission: 590 long-pass,
dichroic: 565 long-pass) was employed to obtain fluorescence images, and reflectance images
were obtained at a wavelength of 430 nm (Sutter Instruments filter wheel, Lambda 10-2), as
this wavelength provided good contrast between Au and Ag.73,79 NBSee Software (Nanoplex
Technologies) was employed to quantify fluorescence intensity.80 Briefly, the reflectance and
corresponding fluorescence images were analyzed for several hundred NWs, and a log mean
fluorescence intensity was obtained for each NW pattern.50

Results and Discussion
Sensing strategies based on surface-based molecular beacon and aptamer probes are growing
in popularity and should offer advantages in selectivity and in the types of targets that can be
detected; however, design of these sensors is inhibited by incomplete understanding of how
nucleic acid secondary structure affects probe assembly and hybridization on the surface. Here,
we used molecular beacon probes as a simple motif to study the effects of structure upon surface
coverage and sensor performance, and barcoded metallic nanowires as our solid support.

Probe sequences (Table 1) were designed to adopt stable secondary structures based on
inclusion of a 5 or 6 nucleobase “stem” (i.e., the five bases on the 3′and 5′ end of the sequence
are complementary). Probe sequences also have a 3′ fluorescent dye and are attached to the
nanowires via a 5′ thiol. We demonstrated previously that there is no measurable difference in
probe coverage for Au as compared with Ag nanowire segments;15 the effect of these metals
on emission intensity is both wavelength and distance-dependent.15,79 Here, we did not vary
the nanowire striping (barcode) pattern within any experiment where data were directly
compared (see Materials and Methods). Only in the multiplexing experiment are different wire
patterns employed simultaneously.

Steric and electrostatic interactions at the surface are expected to play an important role in
probe performance, analogous to what is seen for linear probes; surface-bound hairpin probes
have additional potential interactions, including changes in the stability and dynamics of
secondary structures and the possibility of intermolecular probe-probe binding interactions at
the surface due to the complementary regions of adjacent probe molecules. Although MB probe
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coverage is generally considered important to the performance of surface-based MB sensors,
few studies have directly measured coverage or reported performance as a function of coverage.

In contrast, the effect of coverage on surface-bound linear probes has been very well
characterized.11–16,18,21,23–26 Several approaches have been used to control surface density
of thiolated linear oligonucleotide probes on Au surfaces; these approaches can serve as guides
for our studies of the MB-metal interface. They include: (1) surface dilution with another
molecule, such as a shorter oligonucleotide or hydroxyalkanethiol, (2) controlling ionic
strength during assembly to take advantage of electrostatic repulsions, and (3) including a
spacer in the probe molecule itself to increase the separation between the surface and the portion
of the probe that will be involved in hybridization reactions. Of these approaches, the latter is
incompatible with our surface-quenched beacon probe design, and has shown limited success
in alternative MB probe designs based on molecular quenchers. 55,57,62 We discuss our results
for approaches (1) and (2) below. In these experiments, a single beacon probe sequence
(HIV, see Table 1 for sequences) was used to facilitate comparison. We then go on to compare
the HIV probe with other MB probe sequences both alone and combined in a multiplexed assay
format.

Effect of Surface Dilution with Mercaptoethanol on MB–Nanowire Assay
The addition of diluent short-chain hydroxy-terminated alkanethiols on arrays of linear DNA
probes has been shown to increase hybridization efficiency by reducing probe coverage and
removing nonspecific adsorption via the DNA bases, such that remaining oligonucleotides are
attached at a single point (the terminal thiol).11,14,22–28,30–33,53,81 It is not obvious that
surface dilution will have the same benefits for MB probes, which may have less propensity
to bind the metal surface through their nucleobases as compared with similar length linear (i.e.,
random coil) probes. Additionally, nonspecific adsorption of target strands to the metal surface
during hybridization should not impact MB probe performance to the same extent as for linear
probes, since for MBs no signal will arise from binding unless it results in unfolding of the
MB secondary structure. To test the effects of short alkanethiol spacers on a system with a
probe containing secondary structure, we employed β-mercaptoethanol (BME) as both a
coadsorbent and as a postassembly “backfilling” diluent, following literature protocols.11,48 
Figure 1 shows fluorescence intensity in the presence and in the absence of target strands, as
a function of BME to HIV beacon probe mole ratio during probe assembly onto the nanowires.
By increasing the BME:beacon ratio, probe surface coverage was decreased more than 10-fold,
from 6.4 × 1012 (0:1 ratio) to 4.8 × 1011 probes/cm2 (20:1 ratio) (Table 2), coverages that
largely encapsulate the range of 1.2 × 1011−4 × 1012 probes/cm2 we have reported in previous
works.15,50,67 Fluorescence signal decreased with decreasing probe coverage, consistent with
less dye moieties; this was true both when complementary target was added and when it was
not (Figure 1). In addition to fluorescence intensity, a common figure of merit for beacon
performance is the quenching efficiency, defined as [1-(no target signal/target signal)] × 100%.
For these data, intensity in the absence of target initially decreased more than that in the
presence of target, yielding an increase in quenching efficiency from 82% when no BME
coadsorbate was present to 88–90% at all BME:probe ratios tested (Table 2).

Krauss and co-workers have reported coadsorption data for ratios of mercaptopropanol (MP)
to beacon probes on a planar gold surface and found fluorescence in the presence of target
initially increased with increasing MP:probe ratio, before decreasing at the highest MP:probe
ratios. A 4-fold increase in fluorescence was obtained at 10:1 vs 0:1 MP:probe ratio.48 This
differs from our finding that hybridization signal decreased steadily with an increasing
BME:DNA ratio (Figure 1). Krauss and co-workers did not directly measure surface probe
densities, but estimated based on hybridization ~1012 probes/cm2 for their 10:1
mercaptopropanol:probe ratio; no coverage data was given for other ratios. We hypothesize
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that the initial probe coverage at 0:1 may have been considerably higher in the work by Krauss
and co-workers, such that improvements in hybridization efficiency upon dilution outweighed
the concomitant reduction in total available fluorophores. Our coverage at 0:1 ratio was 6.4
×1012 probes/cm2; any improvements in hybridization efficiency upon dilution from this initial
coverage were less important than losses in the number of fluorophores available (Figure 1).
Alternatively, the curvature of the nanowires used here may decrease the impact of steric
hindrance somewhat, such that hybridization efficiencies for identical coverages may differ on
wires vs planar surfaces. However, we do not expect this to be a large factor, due to the large
size of the nanowires (~300 nm in cross-sectional diameter).

Exposure to hydroxyalkanethiol after initial probe assembly (backfilling) is also a commonly
used technique for improving hybridization efficiency of linear probes on Au. Upon the
exposure of BME to the 0:1 ratio wires for 30 min (BF sample), surface coverage was reduced
by more than half due to thiol-thiol exchange resulting in desorption of beacon probes from
the surface. Quenching efficiency was not significantly improved as compared to the 0:1
sample, despite a surface coverage more comparable to the 1:1 and 5:1 coadsorbed samples
(Table 2). These data could indicate differences in probe distribution on the surface for
coadsorbed vs backfilled routes to this probe surface density. If coadsorption vs backfilling
resulted in different initial probe distributions, these could be expected to persist over the time
scale of our experiments, given reports of slow surface diffusion of alkanethiols on Au.82,83

In general, surface dilution of MB probes with BME reduced fluorescence signal intensity but
provided some improvement in quenching efficiency. For linear probes, performance is often
reported as hybridization efficiency, but can also be evaluated in terms of the number of targets
bound per unit area. For linear probes on Au, Levicky et al. demonstrated a target
oligonucleotide coverage of 3 × 1012/cm2 (100% hybridization efficiency) after exposure of
the probe-coated gold surface to mercaptohexanol, a 5-fold improvement compared to a target
coverage of 6 × 1011/cm2 (10% hybridization efficiency) beforeMCHexposure.23 Gong et al.
observed a near doubling in target coverage, from 4.7×1012 to 8.9×1012/cm2 after exposure to
mercaptoundecanol for 1 h.14 While we were not able to directly monitor bound target density,
it should be proportional to fluorescence intensity in presence of target. Figure 1 shows no
improvement–rather, a decrease–in fluorescence intensity with surface dilution, suggesting
that the effect of reduced binding sites (i.e., probe coverage) was greater than any increase in
hybridization efficiency resulting from improved MB probe accessibility.

Our findings on surface dilution with BME indicate much less benefit for MB probes as
compared with more traditional linear probes. This can be explained by several important
differences between hairpin and linear oligonucleotide probes that may impact their response
to hydroxyalkanethiol diluents. First, since they are partially double-stranded, hairpins may be
less likely than linear probes to nonspecifically adsorb to the metal through the nitrogen atoms
of the nucleobases. Diluent thiols are therefore less likely to exhibit an effect on MB orientation.
Second, MBs bind target strands differently than do linear probes. MB probes interact with
targets primarily through their loops,40 which, if a beacon is oriented normal to the gold
surface, are more exposed to the solution-phase target strands. To bind linear probes, assuming
full complementarity, targets must penetrate deeper into the probe layer, potentially
encountering greater steric hindrance.11,23,84 Third, the signal in molecular beacon assays
originates from the probe molecule itself. This is in contrast to signal originating from the target
molecule during a binding event, as is generally the case with hybridization efficiency
determinations for surface-bound linear probes.11,14,15,22,27,78,84,85 As such, we note that
signal in molecular beacon assays will only be observed upon binding of the loop region to a
complementary target; nonspecific binding of a target strand directly to a gold surface will not
directly impact signal. Thus, any surface protection role played by the hydroxyalkanethiol in
linear probe systems will be less noticeable for beacon probes.
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Effect of Ionic Strength on Surface Coverage
Surface probe density can also be controlled by the ionic strength of the attachment buffer,
which determines the length scale of electrostatic repulsions between negatively charged DNA
probes; lower coverages are achieved at lower salt concentrations. Because ionic strength also
impacts probe secondary structure, which might be expected to influence probe adsorption
behavior, we were interested in determining the effect of ionic strength during adsorption on
MB probe coverage and performance. Figure 2 shows the dependence of HIV probe surface
density on solution ionic strength, which varies over 2 orders of magnitude from 1011 to
1013 probes/cm2 for the range of ionic strengths evaluated.

Herne and Tarlov11 performed an analogous experiment using linear probes, in which they
varied KH2PO4 concentration during assembly of thiolated 25-base oligonucleotides onto
planar gold surfaces. They observed a strong dependence of coverage on ionic strength at low
salt concentrations, with a maximum coverage reached by ~0.4 M KH2PO4.11 Coverage was
already ~75% of the maximum by 0.1 M KH2PO4. In contrast, in our data, HIV MB probe
coverage has not leveled off by 1.0 M ionic strength. At an ionic strength of 0.1 M, HIV
coverage was <50% of that obtained at 1.0 M. The fact that beacon probes required a higher
ionic strength for surface adsorption supports the hypothesis that electrostatic repulsions would
impact MBs differently than linear probes. In low salt, beacon probes experience strong
electrostatic repulsions, limiting surface densities and destabilizing the hairpin conformation.
We note that varying [KH2PO4] alone results in some difference of pH over the concentration
range used here (pH at 1.0 M = 4.0; pH of DI water = 5.3). DNA assembly is generally governed
more by ionic strength than pH;12,86,87 nonetheless, to eliminate the possibility that
differences between the results for linear probes in reference 16 and those for hairpin probes
reported here arose from differences in pH, we repeated the experiment in Figure 2 varying
[KH2PO4] alone. The results were comparable to that in Figure 2 (Supporting Information
Figures 1–3).

To test the effects of surface coverage on hybridization, we exposed the probe-coated NW
samples prepared at different ionic strengths (HIV probe surface densities 1011 to 1013/cm2),
to an oligonucleotide target strand complementary to the loop region. All hybridizations were
performed in 0.5 M NaCl CAC buffer. Target binding led to increased fluorescence due to
unquenching of the MB 3′ fluorophore. Figure 3 shows posthybridization fluorescence
intensity minus no target signal as a function of probe coverage. Prehybridization background
signal, which was not constant for the different probe densities, was subtracted in order to focus
on signal obtained from hybridization events. At the lowest coverages, fluorescence intensity
after hybridization increased with coverage. As probe density increased, however, past 6 ×
1011 probes/cm2, hybridization fluorescence intensity began to level off before increasing with
a higher slope above 4 × 1012 probes/cm2. This response was less straightforward than that
observed for linear probes,19,78 and presumably reflects the role of beacon probe secondary
structure. We postulate that the initial increase in fluorescence (from ~70 to ~140 counts) was
due to the increase in probe density, with minimal interaction between individual beacon probes
(Scheme 1, top). At these low coverages, hybridization efficiency would be high, with
maximum fluorescence intensity limited by the number of probes on the NW surface. At
intermediate coverages, despite the greater number of fluorophores present, steric and
electrostatic repulsions would begin to interfere with target binding, resulting in lower
hybridization efficiency than at lower coverages (Scheme 1, middle). We interpret the
increased fluorescence seen in the highest coverage regime as resulting from greater probe
accessibility due to steric inhibition of hairpin formation (Scheme 1, bottom), in addition to
the still increasing number of fluorophores present. When a significant fraction of the probes
fail to adopt the stem-loop conformation, more target binding events may occur due to increased
accessibility of the bases that in the hairpin conformation make up the loop. It should be noted
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that at this coverage, any unfolded probes could be seen as linear probes, which have been
shown to have a lower number of binding events at high probe densities.12 These MB probe
sequences, however, contain a stem sequence of 5–6 bases at the 5′ and 3′ ends; the extra 5′
bases separate the hybridization region from the nanowire surface, improving steric
accessibility as compared to traditional linear probes lacking a nonhybridizing spacer sequence.
Addition of nonhybridizing nucleobases between the sequence of interest and the surface is
known to increase hybridization efficiency.16,20

Unfolded or improperly folded beacon probes (e.g., suboptimal intramolecular folds and/or
intermolecular folds between adjacent probes) exhibit reduced quenching due to the increased
separation between the fluorophore and the metal surface.15 Incomplete quenching at higher
probe surface densities is apparent in Figure 4, which plots fluorescence intensity in the
presence/absence of complementary target as a function of attachment buffer ionic strength
(coverages for the data exhibited in Figure 4 can be read from Figure 2). Thus, higher
fluorescence intensities in the presence of target for higher coverages result from a combination
of a greater number of target binding events and reduced quenching.

Table 3 summarizes the quenching efficiency for the samples described in Figure 2–Figure 4.
Quenching efficiency was lowest for the lowest probe density, 1.4 × 1011/cm2. The highest
quenching efficiencies observed were for the 10 and 100 mM ionic strength adsorptions (82
and 78%, at probe densities of 1 and 4 × 1012/cm2), with intermediate, higher and lower
densities giving slightly lower quenching efficiency. We attribute this behavior to the interplay
between maximizing hybridization signal, which is best at higher probe densities, and
minimizing signal in the absence of target, which is best at the lowest probe densities (Figure
3 and Figure 4). The low quenching efficiency at 50 mM adsorption (72%, 2.4 × 1012 probes/
cm2) is anomalous, and may be a spurious data point (small changes in “no target” signal can
disproportionally impact quenching efficiency) or may point to a difference in the probe
densities required to optimize hybridization vs quenching. We note that this anomaly at ~2 ×
1012 probes/cm2 was also observed in supporting Table 1. The effects of coverage on overall
signal intensity and quenching have recently been evaluated by Plaxco and co-workers for a
gold surface-immobilized molecular beacon incorporating a redox-active tag in place of the
fluorophore.49 These authors found that electrochemical signal suppression (conceptually
similar to fluorescence quenching efficiency here) was best (71%) at 2.1 × 1012 probes/cm2,
the highest coverage tested, and dropped by about a factor of 2 below 1 × 1012 probes/cm2

(<40%). In our experiments, quenching efficiency was less sensitive to probe density,
presumably due to differences in probe design or signal transduction mechanism
(electrochemical vs optical).

Effect of Probe Solution Structure
Hairpin probes do not all have identical secondary structures. We previously investigated the
effect of varying stem and loop length on surface-immobilized beacon probe performance for
a given target sequence.50 Even for probes of more similar overall lengths, however,
differences in secondary structures might be expected to impact surface adsorption and sensor
performance; such differences could be relevant to multiplexed experiments in which several
different probes (on different patterned NWs, or arrayed on a surface) would be used
simultaneously. To test this, we compared four MB probe sequences specific for detection of
partial regions of the viruses HIV, SARS, Influenza B, and HCV. We began by monitoring the
attachment of these thiolated probes to NWs as a function of assembly time.

Figure 5 shows surface coverage for the four different thiolated MB probes as a function of
adsorption time at two probe concentrations. In all cases, the assembly was complete by 25
min, which is consistent with rapid mixing due to sample agitation during the assembly process
and electrostatic and steric repulsions by already-immobilized probes.11,24,86,88,89
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Coverages ranged from 3 × 1012 to 9 × 1012 probes/cm2, corresponding to 11–33 nm2/probe.
At the lower probe assembly concentration (0.25 µM), similar final coverages of 4–5 × 1012/
cm2 were achieved for HIV, HCV, and SARS probes, with lower coverage ~3 × 1012/cm2 for
INF B. When probe concentration during assembly was increased to 1 µM, surface coverage
for the HIV and HCV probes increased approximately 2-fold to ~8 × 1012/cm2. Final densities
of SARS and INF B probes were much lower, 3–4 × 1012/cm2.

HIV and HCV probes were able to pack more densely when larger probe concentrations were
available. In contrast, INF B, which has the most stable secondary structure in solution
(followed by SARS, Table 1), and SARS had final surface coverages that appear to be dictated
to a greater extent by their secondary structure than by the solution probe concentration. Probe
length,13,24 and to a lesser extent sequence,20,87 have been shown to greatly impact surface
coverage on gold for linear probes; however, our beacon probes exhibit very different
coverages even though they are approximately the same length (33–35 bases), and have similar
stem sequences (i.e., the region closest to the metal). These results underscore the importance
of probe sequence and conformation in the surface assembly of structured probes, and suggest
a connection between solution phase thermodynamics and surface coverage.

Increased solution concentration can lead to probe homodimer formation, which could
influence surface assembly, as homodimers may assemble at a different coverage than hairpins.
To account for this possibility, we have modeled homodimer formation using the DINAMelt
server (Supporting Information Figures 4–5).90 The results indicate a negligible population of
dimers at room temperature. To supplement these findings, we have performed melting
experiments of each beacon probe at concentrations of 3, 1, and 0.5 µM in 0.3 M PBS buffer
(Supporting Information Figure 6); a substantial change in the population of hairpins would
impact Tm. Fitting of the melt curves yielded Tm values that were not statistically significant
from each other and gave no discernible trend (Supporting Information Table 2). Therefore,
while some dimer structures may exist in solution at probe concentrations of 0.25 and 1 µM,
we do not expect a significant contribution from dimers between these two concentrations with
respect to surface coverage.

Hybridization data were obtained for probe-coated wires attached in the same fashion as in
Figure 5 for both concentrations of DNA. Signals obtained upon hybridization with
complementary target (Figure 6, black and hatched bars) for both DNA reaction concentrations
were in very good agreement with coverages in Figure 5. For the 0.25 µM assembly condition,
the fluorescence intensity in the presence of target was higher for HIV, HCV, and SARS,
which had reached higher surface densities than INF B (Figure 5), however we note that the
fluorescence intensities differed by nearly 2x, which is larger than the difference in probe
coverage. For 1.0 µM probe assembly, similar results are seen, with greater fluorescence
response upon hybridization for the HIV and HCV, which assembled at higher surface
densities than SARS and INFB. Both absolute quenching (signal in absence of target) and
quenching efficiency were better for SARS and INFB, consistent with their more stable
solution-phase secondary structures (Table 4). For HIV and SARS probes, the 0.25 µM (lower
coverage) samples gave improved quenching efficiencies over the 1.0 µM samples, while for
the other two probes little change in quenching efficiency was observed (Table 4). Background
signal decreased at lower HIV and SARS probe densities more than anticipated based on the
reduction in number of fluorescent molecules, presumably due to reduced steric and
electrostatic repulsions between adjacent probes hindering hairpin formation and therefore
quenching.

Probe Comparisons and Effect of Postassembly Salt Treatment
In addition to the factors discussed above, treatment of the system during the probe assembly
process may play a role in probe arrangement and assay performance. We previously reported
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a two-step assembly process in which DNA is first incubated with nanowires overnight in 0.01
M PBS and then aged in 0.3 M PBS for two hours as a post-treatment step.15,50,67 For the
experiments described above, kinetics and salt studies warranted attachment of probe
molecules in one buffer and for a set amount of time. Table 5 displays the maximum quenching
efficiencies obtained for several MB probes assembled either with 0.3 M PBS post-treatment
(after initial reaction overnight in 0.01 M PBS) or with 0.3 M PBS for 25 min without previous
treatment in 0.01 M PBS. These results show no strong correlation between probe surface
coverage and quenching efficiency, and no uniformly positive effect of post-treatment (Table
5). Though the DENV-2 probe was insensitive to the two assembly techniques employed and
packed with the same density in both cases, the HIV probe exhibited a higher quenching
efficiency when assembled onto the surface of the nanowire in 0.3 M PBS and for 25 min, even
though the surface coverages in these instances were similar. Our data suggest that behavior
on the NW surface is probe-specific and that each probe may need to be optimized individually
via assembly salt/DNA concentration or time. Because our ultimate goal is to mix beacon-
coated nanowires for bioassays and employ the metal barcodes for multiplexed detection of
pathogens, we realize it may not be possible to use fully optimized conditions for each MB
simultaneously. Therefore, beacon performance should be optimized for the set of nanowire
probes to be used together in a multiplexed experiment (through salt concentration,
temperature, etc.).

Five-Plex Assay
To evaluate the performance of the immobilized MB probes studied in this work in a
simultaneous assay, we employed five different barcoded nanowire patterns, each conjugated
to a different MB probe sequence. Probes were assembled similarly as for the data shown in
Figure 5 (bottom). The MB-conjugated NWs were then mixed together and exposed to different
combinations of targets. We used a high target concentration (5 µM) here for ease of
comparison with the other experiments presented in this manuscript, in which high
concentrations were used to drive hybridization in order to evaluate the behavior of surface-
immobilized hairpins. Sensitivity measurements are reported elsewhere.50 The background-
subtracted, normalized quantification of the resulting fluorescence signal for experiments
where all five targets or different combinations of just two targets were added is presented in
Figure 7. Additional target combinations, raw data, and sample microscope images are reported
as Supporting Information (supporting Figures 7–9). Quenching efficiencies for each probe
(Table 6) were calculated by taking ratios of fluorescence signal when no targets were present
(supporting Figure 8) to signal when all targets were present.

Quenching efficiencies for each probe (Table 6) were consistent with those reported above
under nonmultiplex conditions (Table 4 and Table 5). Remaining fluorescence signal after
background subtraction and in the absence of the correct target sequence (Figure 7) can be
attributed to either nonspecific binding of targets to the incorrect probe or nanowire pattern
misidentification by the analysis software.80 As anticipated from the discussion above, the
five probes exhibited different behavior, presumably due to their different sequences and
conformations on the nanowire surface. For example, the HCV probe was consistently brighter
and exhibited a worse quenching efficiency; this can be understood as less stable formation of
the desired hairpin secondary structure at the surface, which facilitates hybridization while
limiting quenching. This is despite its predicted solution folding thermodynamics (Table 1),
which is intermediate among the probes used here. Surface attachment clearly impacts the
thermodynamics of the probe secondary structure. We postulate that the high surface density
of probes leads to not only steric and electrostatic repulsions to forming secondary structure
(which should be similar for HCV and HIV based on Figure 5 coverage data), but also
facilitates interstrand hybridization, leading to misfolded probes for which the TAMRA dye
is not close enough to the surface to be well quenched. SARS performed well in the multiplexed
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experiment, but in general gives more variable (and coverage-dependent) quenching efficiency
than other probes. INF B, was darker in the presence of, but also quenched better in the absence,
of complementary targets. This is consistent with the solution stability of the hairpin (Table
1). We note that mfold predictions of solution secondary structure stability differed from our
experimental measurements of solution stability, perhaps due in part to the presence of the dye
moieties in the actual sequences. These results underscore the importance of the surface-probe
interface and the difficulties that remain in predicting the performance of any particular probe
sequence. Nonetheless, despite the complication of probe-specific responses, MB probes
immobilized on metal nanowires were able to readily discriminate between complementary
and noncomplementary target nucleic acid sequences in the five-plex experiment shown here
and show promise for future multiplexed biosensing applications.

Conclusions
In this work, we have investigated the factors that influence molecular beacon surface coverage
on metal nanowires and the impact of coverage on beacon performance in hybridization assays.
Short hydroxy-terminated alkanethiol spacers were found to have only minimal positive effect
on probe performance. While quenching efficiency was increased by coadsorbing at
mercaptoethanol: probe ratios between 1:1 and 20:1, fluorescence intensities in the presence
of target strands were substantially decreased. Backfilling with the thiol, a technique commonly
employed for linear DNA on gold surface to increase hybridization efficiency, did not
significantly improve quenching efficiency. We found that the ionic strength of the buffer
during probe assembly greatly impacted both probe density and beacon performance. At low
coverages, binding events could not be detected, whereas at high coverages, the beacons were
unable to quench efficiently. As is the case with linear DNA probes bound on a metal surface,
there is a density between the two extremes that produces optimal performance. However,
unlike linear probes, the behavior of beacons is more complicated due to their secondary
structure, and this optimal density may vary as a function of probe sequence and secondary
structure shape and stability. Assembly of thiolated MB probes onto the nanowires was also
dictated by probe reaction concentration and sequence. Probe sequences with higher solution
hairpin stabilities assembled at lower surface coverages.

These findings were applied to a multiplexed bioassay, in which MB probes immobilized on
metal nanowires exhibited excellent selectivity for their complementary nucleic acid targets.
Because of their hairpin structure, molecular beacons introduce complexity into the more
traditional system of single-stranded DNA monolayers immobilized onto metal surfaces. Thus,
while general statements can be made concerning the performance of beacon probes (lower
coverage should improve quenching efficiency, increased thermodynamic stability for the
folded structure improves quenching, etc.), our incomplete understanding of the role of surface-
probe and probe-probe interactions limits our ability to rationally design probes for optimal
performance in surface-based assays. The results reported here, in particular comparisons of
different methods of achieving desired probe coverages, and of the effect of changing hairpin
probe sequence, help to shed light on the MB–metal surface interaction and its role in
biodetection.
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Figure 1.
Effect of β-mercaptoethanol (BME) spacers on the fluorescence hybridization signal of HIV
probes bound to Au/Ag nanowires. Ratios are mole ratios of BME to beacon. BF sample
represents beacon-coated nanowires that were backfilled with BME. Error bars represent the
95% confidence interval.

Cederquist et al. Page 16

Langmuir. Author manuscript; available in PMC 2009 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effect of attachment buffer ionic strength on surface coverage for HIV probes attached to Au/
Ag nanowires. Ionic strength was adjusted at pH 7.2 using KCl and phosphate buffer. Error
bars represent the standard deviation of the surface coverage measurement.
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Figure 3.
Hybridization signal (background subtracted) as a function of surface coverage for HIV probes
attached to nanowires in solutions of differing ionic strengths and hybridized to their
complementary target. All hybridizations were performed at 0.5 M ionic strength. Inset:
Expanded version of signal versus coverage, which encompasses the entire range of surface
coverages examined. X-axis error bars represent the standard deviation in surface coverage
measurement, and y-axis error bars represent the 95% confidence interval in hybridization
fluorescence.
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Figure 4.
Effect of attachment buffer ionic strength on hybridization of complementary oligonucleotides
to nanowire-bound HIV probes. Filled and open bars represent hybridization in the presence
or absence of complementary target, respectively. Error bars represent the 95% confidence
level.
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Figure 5.
Beacon probe attachment to Au/Ag nanowires as a function of time in 0.3 M NaCl at initial
probe concentrations of 0.25 µM (top) and 1.0 µM (bottom). Symbols represent different
probes sequences: HIV (filled circles), SARS (filled squares), INF B (open circles), and
HCV (open squares) probes.
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Figure 6.
Effect of beacon secondary structure and DNA attachment concentration on hybridization of
in the presence or absence of complementary oligonucleotides to nanowire-bound HIV, SARS,
INF B, and HCV probes. Error bars represent the 95% confidence level.
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Figure 7.
Hybridization fluorescence signal for a 5-plex MB assay on barcoded nanowires. The
background fluorescence (no targets added) has been subtracted, and the resulting signal has
been normalized to the signal obtained from the sample containing all five target sequences,
which are identified as DENV-2 (black bars), SARS (open bars), INF B (gray bars), HCV
(hatched bars), and HIV (cross-hatched bars).
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Scheme 1.
Illustration of Hybridization of Surface-Immobilized MB Probes at Low (Top), Intermediate
(Middle), and High (Bottom) Coverages
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Table 1
Sequences Used in This Worka

name sequence (5′to 3′)b Hairpin Tm (°C)c hairpin ΔG (kcal/mol)d comments

DENV-2 thiol(CH2)6-GCG AGG TGT
CTG TTA CCA AGG ATC TGC
TCG C-TAMRA

probe specific for a
21-base region of
Dengue
Virus subtype 2

HCV thiol(CH2)6-GCG AGC ATA
GTG GTC TGC GGA ACC GGT
GAC TCG C-TAMRA

62.72 ± 0.06 −4.8 ± 0.3 probe specific for a
24-base region of
HCV

HIV thiol(CH2)6-GCG AGT GTT
AAA AGA GAC CAT CAA
TGA GCT CGC-TAMRA

52.6 ± 0.1 −2.5 ± 0.5 probe specific for a
23-base region of
HIV

INF Be thiol(CH2)6-GCT GCC AAC
GAA GTA GGT GGA GAC
GGA GGG GCA GC-TAMRA

70.40 ± 0.08 −7.3 ± 0.4 probe specific for a
23-base region of
Influenza B

SARS thiol(CH2)6-GCG AGA GAT
GCT GTG GGT ACT AAC CTA
CCT CTC GC-TAMRA

63.83 ± 0.05 −5.5 ± 0.3 probe specific for a
25-base region of
SARS

a
Targets were fully complementary to and the same length as the loop for each probe.

b
The underlined portions of probe sequences indicate regions of self-complementarity.

c
Experimentally determined at 1.0 μM in 0.3 M PBS. Please note that these are solution values, and do not represent Tm’s for surface-bound probes.

d
Calculated from experimental (solution-phase) Tm data.

e
Sequence for the INF B beacon was taken from ref 77.
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Table 2
Quenching Efficiencies and Coverages of Different BME/Beacon Ratios

BME:beacon ratio surface coverage (probes/cm2) Quenching efficiency (%)

0:1 6.4 × 1012 82 ± 2

1:1 2.4 × 1012 88 ± 1

5:1 1.6 × 1012 90 ± 1

10:1 9.9 × 1011 88 ± 1

20:1 4.8 × 1011 90 ± 1

BF (backfilled) 2.0 × 1012 83 ± 2
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Table 3
Quenching Efficiencies for HIV Beacons Attached in Different Salt Concentrations

Ionic strength (mM) Surface coverage (/cm2) Quenching efficiency (%)

0.02 1.4 (±0.5) × 1011 63 ± 5

5 6.5 (±0.7) × 1011 76 ± 3

10 1.10 (±0.05) × 1012 82 ± 2

50 2.4 (±0.2) × 1012 72 ± 3

100 4.0 (±0.3) × 1012 78 ± 2

300 7.11 (±0.04) × 1012 76 ± 2

1000 1.05 (±0.05) × 1013 73 ± 2
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Table 4
Quenching Efficiencies for Beacons Attached at Concentrations of 1.0 or 0.25 µM

beacon 1.0 µM quenching efficiency (%) 0.25 µM quenching efficiency (%)

HIV 82 ± 3 88 ± 2

SARS 86 ± 2 96 ± 1

INF B 93 ± 2 91 ± 2

HCV 77 ± 4 78 ± 6
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Table 5
Quenching Efficiencies and Coverages for Beacons Undergoing Post-Assembly Treatmenta or No Post-Assembly
Treatment b

post-treatment no post-treatment

beacons Quenching efficiency (%) coverage (/cm2) quenching Efficiency (%) coverage (/cm2)

DENV-2 95 ± 1 6.3 × 1012 95 ± 1 6.9 × 1012

HIV 82 ± 2 6.4 × 1012 87 ± 2 5.8 × 1012

INF B 91 ± 1 4.8 × 1012 93 ± 2 5.8 × 1012

HCV − − 77 ± 6 1.2 × 1013

SARS − − 86 ± 2 4.2 × 1012

a
Postassembly treatment procedure entails nanowire-DNA reaction overnight in 0.01 M PBS with a 2 h aging step in 0.3 M PBS.

b
No post-treatment assembly entails reaction in only 0.3 M PBS for 25 min.
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Table 6
Quenching Efficiencies of Beacons Employed in a Five-Plex Assay

beacon quenching efficiency (%)

DENV-2 90 ± 2

SARS 92 ± 2

INF B 91 ± 2

HCV 73 ± 4

HIV 85 ± 2
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