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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 important in detection strategiés>17-20 Predicting the optimal

When chromophores are placed close to a metal surface, the"separation for a given experiment with precision can be difficult,

fluorescence emission intensity can be altered due to quenchmgas f't \Snz%sﬂ\:wtg ti?e |den;|;[cly and curtv(j\ture of the metalltlcl
or electromagnetic enhancemént.Quenching occurs at dis- surtac € behavior of luorescent dyes on or near meta

tances very close to planar metal surfaces, ususiy-10 nm, surfaces is becoming increasingly important for biosensing

while surface-enhanced fluorescence (SEF) generally occurs atappllcatlons where fluorescence is used to indicate the occur-
rence of specific binding events.

tens of nanometers from the surface, and is sensitive to the
nanoscale roughness of the métdf Although much smaller Bioassays can take advantage of fluorescence enhancement,
: dquenching, or both. Incorporation of a metal film can provide

in magnitude than the related phenomenon of surface-enhance
Raman scattering (SERS), SEF has been shown to provide up12) (a) Huang, X.; Lee, K. T.; George, T. & Phys. Cheml986 85, 567—
to ~10-fold increases in emission, which could be analytically 572 (2) Class, A. M, Liao, P. F.; Bergman, J. G.; Olson, DAL Lett

198Q 5, 368-370. (c) Wokaun, A.; Lutz, H. P.; King, A. P.; Wild, U. P.;
Ernst, R. RJ. Phys. Chenil983 79, 509-514. (d) Amos, R. M.; Barnes,
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additional discrimination between surface-bound and free chro- as the quencher. Krauss and co-workers introduced beacon-style
mophores by increasing emission under evanescent waveprobes on macroscopic, planar Au surfaces for target DNA
excitation>2! For example, Hong and Kang recently reported sequence detection and demonstrated excellent discrimination
detection of cardiac markers via metal particle-enhanced between fully complementary and single nucleotide mismatched
fluorescence in a surface immunoassay on optical fifers. targets®®36We recently reported a surface-bound beacon assay
Fluorescence quenching was employed by Perez-Luna et al. inwhere Au/Ag striped nanowires (marketed as Nanobarcodes or
a displacement immunoassay, where target binding led to releaseNBCs) were used for simultaneous detection of five human
of labeled receptors from a Au film and a concomitaritO- pathogenic target sequenéésihese particles are cylindrical,
fold increase in intensit§? In some cases, probe conformational several microns in length, ane300 nm in diameter and contain
changes alter the metathromophore separation upon target multiple segments of Au and Ag in patterns readily differentiated
binding. Maxwell et al. bound '3thiolated, 5 dye-labeled by reflectance optical microscog§.4°
oligonucleotides to 2.5 nm diameter Au particles as probes for Here we report the effect of dyenetal separation on
complementary target DNAZ.In the absence of target, thé 5  fluorescence emission from cylindrical nanowires composed of
dye moiety was able to approach the metal surface and Ag and Au segments. Emission from dye-labeled oligonucle-
fluorescence was quenched; hybridization removed the fluoro- otides at metal surfaces has been investigated previously.
phore from the particle whereupon emission increased substan{_akowicz and co-workers have reported a number of surface
tially. This approach is conceptually similar to that of solution- effects on fluorescence, including enhanced intrinsic fluores-
phase molecular beacon probes, which are oligonucleotidescence from unlabeled DNAL improved photostability2 and
having regions of partial complementarity at theind 3 ends, increased resonant energy transfer between DNA-bound mo-
such that they form hairpin loop structures. Traditionally, a lecular donors and acceptdfsThis group has also reported
fluorescent dye is appended to one end of the DNA sequence,increased apparent quantum yields and decreased lifetimes for
and a quencher molecule, to the opposite end. When in solution,Cy3- and Cy5-labeled dsDNA adsorbed nonspecifically onto
they exist in “dark” hairpin loop structures with the dye and Ag particles* The kinetics of labeled complementary strands
quencher in close proximity. Upon addition of a complementary to surface-bound probe DNAs have been followed in real time
target sequence, the hairpin unfolds to bind the target, allowing by both surface plasmon field enhan&ednd epi-illumina-
fluorescence to occé#f~2° Libchaber and co-workers have tion?546 fluorescence spectroscopy. Despite this prior work,
demonstrated that 1.4 nm gold particles can be used in place ofguidance on optimum length or base position for fluorescently
molecular quenchers, providing quenching efficienci€@9%:3° tagging surface-bound probe strands is lacking. The effect of
An important advantage of molecular beacon-style assays isdye—Ag island film separation has been investigated by
that no washing or target labeling is required. A disadvantage preparation of protein multilayers to which cyanine dye labeled
is the limited degree to which solution-phase beacons can beoligonucleotides were attachéThe maximum enhancement
multiplexed, due to the requirement for spectrally distinguishable was about 12-fold, a9 nm from the metal surface (i.e., one
dyes and efficient quenching. One solution would be to layer of streptavidin and biotinylated BSA between the metal
immobilize the beacon probes on a surface, where they couldand the DNAY! For labeled DNA bound to the surface without
be used in an array format. Toward this end, beacon probesintervening protein layers, the conformation of the DNA can
have been immobilized on gla%s32 polystyrene®® agaroseé? dramatically alter the dyesurface separation, and with it the
and metal 37 surfaces. On metals, the surface itself can serve emission intensity. Rant, Tornow, and co-workers used this
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169 337-350.

(22) Perez-Luna, V. H.; Yang, S.; Rabinovich, E. M.; Buranda, T.; Sklar, L.
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effect to probe conformational changes intliolated, 3 dye
labeled 12- and 24-base single-stranded oligonucleotfdes.
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-basé¢htolated probe strand
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extended from the surface by hybridization to a nonfluorescent  Surface-Dye Separation Experiments with Unstructured DNA
complementary oligonucleotide. By performing the fluorescence Probes Probes for dye surface separation experiments were designed
measurements for each length simultaneously in a multiplexed by inserting a nonhybridizing, internal rhodamine red-X NHS est_e_r
format, we were able to directly and quantitatively compare the labeled thymlne_base after_the 8th, 12tr_1,_24th, 36th, or 48th base pos!tlon
effect of dye incorporation at each position as a function of of a 51-base oligonucleotide. We anticipate that this labeled thymine

probe surface coverage and hybridization buffer. We found that forms a single base bulge Ioé?)mln|m|2|ng interference of the d_ye
molecule with hybridization. This insertion does not appreciably

the c_)k_)served m‘?t"’_"dy? sepa_lrgtlon dependel_wce was highly decrease the stability of duplex formation at any of the positions used
sensitive to hybridization efficiency, due to increased DNA pere (predicted melting temperatures for these sequences in 0.3 M salt
extension from the surface upon hybridization. This effect was are all~82 °C). Because the bulge does not increase the overall length
substantial, with 10-fold lower dye-labeled probe coverages of the duplex formed, we refer throughout this manuscript to the
leading to higher emission intensities due to improved hybrid- separation in terms of the base just prior to the labeled thymine. All
ization. sequences are listed in Table 1 and were purchased from Integrated

To explore the effect of probe secondary structure, we also DNA Technologies, Inc. DNA sequences were received as disulfides,
tested molecular beacon-style probe sequences ha\/tf,l'g)t's which were cleaved before use, resulting in a single thiol moiety
and 3 chromophores. The beacon probes were less sensitive toterminating the sequence. To cleave the disulfide, the DNA was first

hvbridizati ffici h hei d _dissolved in a 100 mM solution of DTT (dithiothreitol) in 1 mL of 0.1
ybridization efficiency than their unstructured counterparts: NasPO, buffer (pH 8.3) for a 0.5 h, and then the small thiol fragments

among 24-, 34-, and 48-base beacon probes, the 34-mer gavgere removed using Centri-Spin separation columns (Princeton Separa-
the highest fluorescence intensities in the presence of DNA tjons). The resulting DNA sequences (terminated with a sirgBH
target regardless of the hybridization buffer used. We interpret group) were diluted in water to a concentration of A4 and were

this as a result of differences in conformational flexibility for stored in the freezer at80 °C.

unquenched states of unstructured single-stranded probes (which Preparation of Distance Dependence Assayaliquots of 25 L

are quite flexible at these lengths) and the beacon probes, whichof each type of NBC were rinsed 3 times in water and resuspended in
should unfold into unguenched states only upon binding to 100xL of 0.01 M PBS buffer. Each internally labeled DNA sequence
complementary target strands. Thus, while fluorescence fromwas added at a final concentration ranging between 1 antfl 2o
traditional single-stranded DNA probes lacking secondary d_ifferent patt_erned NBCs _(com_:entrations were held constant yvithin a
structure occurs from molecules sampling a range of metal single gxperlment but varied sllghtly frgm e_xperlment to experlmept).
dye separations, any emission observed from beacon probeé\lanowwe patterns allowed for identification of the corresponding

. . attached DNA sequence. Thiolated DN@OY, 12D, 24D, 36D, or 48D)
should be frqm the double-stranded state (i.e., maximum metal was allowed to self-assemble to the wires for attidaswhile tumbling
dye separation).

] ) ) at room temperature, and then the wires were rinsed 3 times in 0.01 M
Because the striped nanowires contained segments of bothpBS buffer. The samples were resuspended ind06f either HS114

Au and Ag, the effects of each metal could be directly compared hybridization buffer or 0.3 M PBS for hybridization. Complementary

within each experiment. Differences in fluorescence patterning DNA (CD) was added at a final concentration gl and was allowed

on Au and Ag were observed as a function of chromophore to hybridize overnight at room temperature while tumbling. Samples

identity and metatdye separation. For example, emission Were then rin.sed 3 times (by centrifugation) in 0.3 M PBS and

intensity for TAMRA-labeled oligonucleotides changed from _resusF’de”d?d in ﬂ259'- of the same buffer. ghle samples were then

brighter on Ag for 24-base probes to brighter on Au for 48- image _u_sm_g re e_Ct_ance microscopy (See_ elow).

base probes. We also observed regions of brighter fluorescence Hybridization Efficiency . Two separate aliquots of NBCs patterned

at the ends of nanowires and at surface defects where heightenef*0010; 0ne containing 150 of wires, and the other containing 300

. . uL, were rinsed in water and resuspended in 0.01 M PBS buffer to
electromagnetic fields affect the fluorescence. It is hoped that

L . their original volumes. To the 150L sample, 48D DNA was added,
our results on fluorescence emission for different metiye and to the 30@L sample NFD DNA was added for surface attachment,

separations, . probe conformations, dye identities, ar?d m.e'[alat a final concentration of GM. The DNA was allowed to attach for
substrates will prove useful in the design of bioassays in which 4 h at room temperature while tumbling. The samples were then rinsed

these effects are important. 4 times in 0.01 M PBS buffer and were resuspended in 0.01 M PBS
buffer to the original volumes. The 150 sample was then divided
Materials and Methods into a total of three tubes each containing A0 of wires, such that

three samples were available to collect surface coverage data from (see

Materials. Nanobarcodes (NBCs) patterned 000010, 001100, 010100, below). The 30QuL sample was divided into 2 tubes (12Q each).
011110, 100001, 001010, 010010, and 011000, where 0 represents & he buffer from one of the tubes was removed and replaced with HS114
0.75um segment of Au and 1 represents a Qufs segment of Ag, hybridization buffer. A total of 1«tM 5" TAMRA-labeledCD DNA
were purchased from Nanoplex, Inc. (now Oxonica). Each batch of was added to each tube and was allowed to hybridize overnight at room
nanowires consisted of1 x 10° wires per 1 mL of ethanol. Nanowires ~ temperature. Both samples were then rinsed in 0.3 M PBS buffer and
were rinsed 3 times in water (by centrifugation) to remove the ethanol were further divided into three separate samples each containing 50
prior to use. Hybridization buffer (0.3 M PBS) was made in-house and uL of nanowires. Mercaptoethanol was then added to these six samples
was prepared using 0.3 M NaCl and 10 mM sodium phosphate at pH for determination of surface coverage (see below).
7.0, and 0.01 M PBS buffer (0.01 M phosphate buffered saline; 0.138  Beacon Performance as a Function of Buffer and Beacon Length
M NaCl; 0.0027 M KCI; pH 7.4) was purchased from Sigma. Beacon probes were each attached to a different patterned NBC by
Commercial hybridization buffer (HS114) was obtained from Molecular  first washing 50 L of each type of NBC 2 times in 0.01 M PBS and
Research Centers, Inc. CAC buffer was prepared according to Kraussresuspending them in 50L of 0.01 M PBS. Beacon probes (either
and co-workers, using 0.5 M NaCl, 20 mM cacodylic acid, and 0.5 24B, 34B, or 48B) were then added to the wires (5@Q of 5 uM
mM EDTA, pH = 7.35 All water used in these experiments and in the

preparation of the buffers was purified through a Barnstead Nanopure (49) gjoomfield, V. A.; Crothers, D. M.; Tinoco, I., Xucleic Acids: Structures,
System to an 18 I® resistivity. Properties, and FunctiongJniversity Science Books: Sausalito, CA, 2000.
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Table 1. Dna Sequences Used in This Work?

sequence
name sequence (5'-3') description
8D thiol C¢-TTT CAT GG'T TAG CGT ATG CTA GAT CGC GTA 5' thiol, internal dye after the 8th of 52 bases

AAT GAATGC CTA
GAT CAG CGAT

12D  thiol Ce-TTT CAT GGT AGC*TGT ATG CTA GAT CGC GTA 5' thiol, internal dye after the 12th of 52 bases
AAT GAATGC CTA GAT CAG CGAT

24D thiol Ce-TTT CAT GGT AGC GTA TGC TAG ATC*T GC GTA AAT 5' thiol, internal dye after the 24th of 52 bases
GAATGC CTAGAT CAG CGAT

36D  thiol Ce-TTT CAT GGT AGC GTA TGC TAG ATC GCG TAA ATG AAT 5' thiol, internal dye after the 36th of 52 bases
*TGC CTAGAT CAGCGAT

48D  thiol Ce-TTT CAT GGT AGC GTA TGC TAG ATC GCG TAA ATG AAT 5' thiol, internal dye after the 48th of 52 bases
GCC TAGATCAGCGTAT

NFD  thiol Ce-TTT CAT GGT AGC GTA TGC TAG ATC GCG TAA ATG AAT 5' thiol, 51 bases (no dye)

GCC TAG ATC AGC GAT
CD ATC GCT GAT CTA GGC ATT CAT TTA CGC GAT CTAGCATAC GCT 48 base complement 8D, 12D, 24D, 36D, 48D, andNFD

ACC ATG
48B  thiol Ce-GCG AGT AA AGA GAC CAT CAATGA GGA AGC TGC AGA 5' thiol, 3 TAMRA 48-base beacon probe with 6-base “stem”
ATG GGA
TAC TCGTAMRA
34B  thiol Ce-GCG AGG AGA CCA TCA ATG AGG AAG CTG CAC TCG GTAMRA 5' thiol, 3 TAMRA 34-base beacon probe with 5-base “stem”
24B  thiol Ce-GCG AGA TCA ATG AGG AAG CCT CGGTAMRA 5' thiol, 3 TAMRA 24-base beacon probe with 5-base “stem”
24S  thiol Cs-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 complement24B
C34B TGCAGC TTC CTC ATT GAT GGT CTC 24-base complemenBu#B and25S
C48B GTATCCCATTCT GCAGCTTCCTCATTGATGGTCTCTTTTA 40-base complemend8B

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

probe in water) and were allowed to attach overnight at room of the cover slip, then sandwiching the sample between the coverslip
temperature while rotating. Next, 3@ of 0.3 M PBS were added and a glass slide. All reflectance images were taken at 430 nm, due to
for 2 h atroom temperature while rotating, and then the samples were high reflectance contrast between Au and Ag at this waveleigth.

washed 3 times in 0.3 M PBS buffer. From these beacon coated wire  Fluorescence intensity values for samples were obtained quantita-

samples, 3L aliquots were each added to separatedd2olumes of tively using NBSee Software designed by Nanoplex Technologies, Inc.,
0.3 M PBS, 0.5 M NaCl CAC, or HS114 buffer, and the DNA targets for identification of patterned wires and quantification of corresponding
were hybridized at a final concentration of while rotating at 37 fluorescencé&® Over 30 (and typically several hundred) of each
°C for 1 h. The samples were then rinsed two times in 0.3 M PBS nanowire striping pattern were analyzed and averaged to generate the
buffer before imaging. log normal mean fluorescence intensities (Cox’s Method of normaliza-
Sensitivity of Nanowire Beacon AssayBeacon probe48B) was tion).5* The error bars reported are the 95% confidence interval.

attached to NBCs patterned 00001, in the same manner as that described pNA Surface Coverage Surface coverage determination methods
in the previous section. A range of target DNA concentrations was ysed were similar to those described by Demers &t &b obtain
prepared such that the final concentrations of target when added to 50coverages of fluorescent DNA bound to nanowiregL50f mercap-

1L 0.3 M PBS buffer ranged fim 0 M to 1 x 107° M. To the separate  tpethanol were added to the nanowire solutions that remained after
50 uL aliquots of target in buffer, AL of beacon-coated wires were  jmaging, and the samples were allowed to tumble on a rotator at room

added. Beacon targets were allowed to hybridize &Gfor 3 h while temperature overnight. The DNA was displaced into solution, which

tumbling. Samples were rinsed 3 times in 0.3 M PBS before being was collected above the wires, and the fluorescence intensity was

imaged. determined using a fluorolog-3 fluorimeter. This fluorimeter was
Fluorescence Patterning For each set of experiments, a0 of equipped with a 450 W Xe lamp, a double grating excitation

NBCs patterned 000111 were rinsed 3 times in water by centrifugation spectrometer, and a single grating emission spectrometer. Calibration

and were resuspended ind DNA beacon in 0.3 M PBS bufferata  standards were used to determine the concentration of DNA in each
final volume of 15QuL. Beacons used for the different dye study were  sample.

sequenced the same 34B except terminated with different fluoro-

phores (Cy3, Cy5, or 6-FAM). For the study using different length Results and Discussion

DNA, 24B, 34B, or 48B DNA was used. Beacons were added to each o . .

tube at a final concentration of @ in 150 uL of 0.3 M PBS buffer Characterization of fluorescence behavior on nanowires of

and were allowed to hybridize with gentle agitation at room temperature different metals can provide insight for future design and

for 4 h. The samples were then rinsed 3 times in 0.3 M PBS and were optimization of fluorophore-based bioassays on metal substrates

resuspended in 50L of 0.3 M PBS buffer for imaging. and guidance for other metafluorophore investigations. Using
Imaging and Emission Intensity Quantification. Brightfield barcoded metal nanowires for this work enabled us to directly

reflectance images were acquired using a Nikon TE-300 inverted compare results from the two adjacent metals on each wire (Au

microscope equipped with a 12 bit high-resolution Coolsnap HQ camera g Ag in this case), as well as from multiple experiments

(Photometrics). A CFI plan fluor 60 oil immersion lens (N.A= 1.4) performed simultaneously on particles having different patterns.
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 Iamp,(so) Walton, I. D.; Norton, S. M.: Balasingham, A.: He, L.: Oviso, D. F., Jr.
and a Sutter Instruments filter wheel (Lambda—2) allowed for Gupta, D.; Raju, P. A.; Natan, M. J.; Freeman, R.ABal. Chem2002

wavelength selection. Sample preparation for analysis by optical (1) 724;] 224)2*5'24(7;- SStat. Med 1997 16 783-790
. . . . ou, X.-H.; Gao, at. Med. 7 16, .
microscopy involved dropping a 34 aliquot of sample onto a glass (52) Demers, L. M.; Mirkin, C. A.; Mucic, R. C.; Reynolds, R. A., Ill; Letsinger,

coverslip (Fisher 12542-C), allowing the wires to settle to the surface R. L.; Elghanian, R.; Viswanadham, @nal. Chem200Q 72, 5535-5541.
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Scheme 1. lllustration of Distance Dependent Fluorescence Study
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001100; dye 010100" dye 100001& dye 010010& dye 000110& dye
after 8" base after 12" base after 24" base after 36" base after 48" base

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 chro-
mophore to the filn$: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'via5 _. . . .

. .. . Figure 1. Reflectance and corresponding fluorescence images of internal
thiol moieties and hybridized to unlabeled complementary rhogamine labels at five different positions within thiolated 51-base
strands, to increase the rigidity and extension of the DNA and oligonucleotides attached to Au/Ag encoded metal nanowires. Unlabeled
to approximate DNA hybridization assay conditions. We chose FO{L‘P'?memafyj”at”ds %’Yei:eDf;\Blfgdeizeq "I‘ %3" '\g ':BS buhffer- The ”Umgefs
to incorporate the labeled thymine bases in the thiolated strand'(';.gf\'mfegsejv;ph 'gggeh;"’Ag s ao e e i T el o
that would be attached to the surface rather than the comple-image are coated with DNA labeled at the 24th base). Five separate samples
mentary strand, as this more closely mimics surface-bound were mixed after DNA attachment to obtain this image.
molecular beacon probes. Rhodamine red dye was chosen based
on availability for internally labeling DNA sequences and for Plus the G spacery® for the fully extended nanowire bound
spectral similarity to TAMRA, which we have used in molecular DNA sequences are as follows: 8th bas&.6 nm, 12th base
beacon assays. ~4.8 nm, 24th base-8.6 nm, 36th base-12.3 nm, and 48th

In this experiment, five different sequences with fluorophores base~16.0 nm. The five DNA/nanowire conjugates were mixed
positioned after the 8th, 12th, 24th, 36th, and 48th base of together prior to imaging, enabling simultaneous data collection
separate 52-base long sequences were investigated. Each of the$er all five labeled positions, and eliminating factors such as
five sequences was bound to nanowires having different barcodevariations in lamp intensity between samples with time and the
patterns, as illustrated in Scheme 1. Nanowire patterns wereneed for internal reference standatés.
composed in each case of si50 nm long segments, where Figure 1 shows a representative reflectance and corresponding
two of the segments were Ag (denoted in the scheme as 1) andluorescence image from this experiment. The reflectance image
the other four were Au (denoted in the scheme as 0). The enables identification of the nanowire patterns (Ag segments
position of the Ag segments was changed to alter the nanowireare brighter than Au with blue illumination), while the corre-
barcode pattern; for example, pattern 100001 had a Ag segmensponding fluorescence images provide emission intefity.
at either end, while 001100 had a two-segment Ag stripe in the These data, hybridized in 0.3 M PBS buffer, suggest that base
center. The relative number of Au and Ag segments was held positions 8 and 12 are very efficiently quenched, while positions
constant in these experiments in order to minimize any 24, 36, and 48 give much higher fluorescence intensities. Some
differences in fluorescence intensity due to possible differencespatterning in the fluorescence image is also visible. We note
in DNA surface coverage or fluorescence emission intensity that the degree of patterning is not constant for the different
between Au and Ag segments. DNA 52 bases long was used todye—metal separations (i.e., it is more noticeable when the dye
ensure extension of a few bases beyond the furthest positioneds 5 to the 24th than 48th base) and will return to this point in
internal fluorophore (49th base) such that similar DNA  a later section of the manuscript.
fluorophore interactions were experienced by all of the fluoro-
phores. Estimated fluorophorenetal separations (for the base (53) Wehry, E. L. Molecular Fluorescence and Phosphorescence Spectrometry.

! _ . In Instrumental Techniques for analytical chemist8ettle, F. A., Ed;
immediately 5to the labeled thymine, calculated as 3.4 A/base Prentice Hall: Upper Saddle River, NJ, 1997; pp 5639.

Reflectance Fluorescence
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800 repulsion due to the high density of oligonucleotides on
surface®* and therefore can be expected to be more similar to
sampleB, while the commercial HS114 buffer was presumably
designed for use in solution-phase hybridization reactions and
consequently can be expected to more closely approximate

600 7x10""/cm?’

.

400 ,_—"11' ) sampleA. We interpret the data in the upper two curves of
',/i 8x10" /om Figure 2 as follows: as the dye position is moved from the 8th
: v 2 base to the 24th base in PBS, or the 8th to the 48th base in
200 8x10 “/cm

HS114, emission intensity increases due to decreased quenching
as the metatdye separation increases. When the experiment
was performed in PBS buffer, the fluorescence intensity levels
10 20 30 40 off and may decrease slightly (our experimental error makes it
Fluorescent Base Position unclear whether the very slight decrease we see is real). Leveling
Figure 2. Quantification of the effect of dye label position on fluorescence  Off iS expected for dyemetal separations too large to allow
intensity as a function of surface coverage of DNA. Hybridization was done guenching. The HS114 data do not level off because, at lower
in two different buffers; 0.3 M PBS (solid lines) and HS114 (dotted lines). hybridization efficiencies, the average position of the dyes is
The surface coverages of fluorescent DNA attached to the nanowires are far f h | " it is in the PBS buff
reported in the figure for each experiment. Error reported is the 95% not as far from the meta _Sur ace as It is in the u_ er.
confidence interval. (Scheme 2). Although the distance dependence of quenching is

o ) the same for both samples, the relationship between dye position
Quantification of fluorescence response was obtained from o4 actual metaldye separation depends on hybridization

multiple reflectance and fluorescence images using NBSee dataggficiency. A decrease in intensity at larger separations would
analysis softwaré® This software first identified individual indicate some degree of surface enhancement of emission.

nanowires (i.e., clumped wires are omitted from analysis) and The above explanation hinges on the assumbtion that more
identified their barcode patterns based on linescans through each b g P

o . of the DNA on the wires in the PBS experiment is double-
wire in the reflectance images. It then referred to the corre- . . . .

. . . stranded than in the HS114 experiment. To verify this, we
sponding fluorescence images to determine the fluorescence S A
; . . compared the hybridization efficiencies of the two buffers under
intensity for each wire. The fluorescence values were averaged L . " -

- . . otherwise identical conditions. Separate samples, one with

across each wire and then compiled to give an overall mean .

- . . . fluorescently labeled DNAABD) attached to nanowires and the
fluorescence intensity for each wire pattern (i.e., each labeled .

- . other with nonfluorescent DNA of the same sequerndEL),
base position). Because the relative total lengths of Au (four .
were prepared to determine the surface coverage of probe and

~750 nm segments) and Ag (twe750 nm segments) were e .

. ; . ._amounts of hybridization, respectively. From the surface-bound
held constant in these experiments, averaging across each wir

should provide directly comparable results uninfluenced by the luorescent DNA sample, the surface coverage of probe was

nanowire striping pattern. Figure 2 gives the relative averaged determined to be 7x 10%* oligos/cnf. The hybridization
ping pattern. Fig gives the re /erag€d oficiency in 0.3 M PBS was 43%, while that in HS114 buffer
fluorescence intensities of samples hybridized in two different

. 0 S o 0
buffers (0.3 M PBS and commercially available HS114) and was just 19% (note that hybridization efficiencies near 100%

with two different surface densities of thiolated DNA. We draw Losrezur:l;e:ze-be?]uerrlg"oI:golrjlitrlgIgo:gzs{;trt)earr;:g::I?Orlztg?irct%eﬁ I@eﬂrégths
the reader’s attention first to the upper two curves, for which 9 yred P

surface coverage was {B) x 10 DNA/cm2. Two distinct These_hybr_m_zllza_tlon re_sults explain the eX|sten'c<_e of the two
. e trends identified in the distance dependence data: in PBS buffer,
trends were observed, depending on the hybridization buffer

. more than twice as much of the labeled DNA was double-
used. In the HS114 samples, as the position of the fluorophore .
. stranded as compared to when HS114 buffer was used, causing
was moved further from the surface of the wire, the fluorescence

intensity increased (Figure 2, dashed lines). The HS114 more DNA to be rigid and extended further from the surface.

hybridization buffer, although its composition is not revealed Single-stranded DNA is flexible, allowing the fluorophore to

- reside closer to the surface. Thus, the average meyed
by the manufacturer, presumably contains surfactant (noted by S .
separation is much greater for the 0.3 M PBS samples (which
the foamy nature of the buffer) and other reagents to reduce

nonspecific binding. The same experiment hybridized in 0.3 M correspond to Schem@gthan for the HS114 samples (Scheme

PBS buffer resulted in a different fluorescence trend (Figure 2, 2A). We expect that. neither set of samples provides ta! .
o . o dye separations as high as are calculated based on label position
solid lines). The fluorescence intensities in these samples were

highest with a metatfluorophore separation of 24 bases3(6 and assuming fuI_Iy_exte_nded DNA (i.e., .16 nm for _the 48th
. . base). Bearing this in mind, our observations for optimal base
nm if fully extended) from the metal surface, then remained

relatively constant, andfor decreased slightly beyond that position are not inconsistent with decreased quenching after
’ approximately 5 nm from the surface. A small SEF effect cannot

Mean Fluorescence Intensity

distance.

We suspected that the difference in the two buffers was due — ! ! .

. . . (54) (a) Mirkin, C. A,; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. Science
to a higher stringency for the HS114 buffer, leading to lower 1996 382, 607—609. (b) Jin, R.; WU, G.; Li, Z.: Mirkin, C. A.; Schatz, G.
idizati ici C.J. Am. Chem. So@003 125, 1653-1654.

hybrldlz,atlon efficiency and consequently smaller dwr,face (55) (a) Herne, T. M,; Tarlov, M. J. Am. Chem. S0d.997, 119, 8916-8920.
separations than those for the PBS buffer. Scheme 2 illustrates  (b) Steel, A. B.; Levicky, T. M.; Herne, T. M.; Tarlov, M. Biophys. J.

; ; _ 200Q 79, 975-981.
this concept. Sample, which has a lower percentage of dOl,'Ible (56) (a) Shchepinov, M. S.; Case-Green, S. C.; Southern, ENiMleic Acids
stranded DNA, has a smaller average dgarface separation Res.1997, 25, 1155-1161. (b) Southern, E.; Mir, K.; Shchepinov, Mat.

; H H I H ; i i Genet.1999 21, 5-9.

than that in samplB, which _has higher hybridization efﬂmency._ (57) Nicewamer-Pan S. R.: Raina, S.. Goodrich, G. P. Fedoroff, N. V.
The 0.3 M NaCl buffer is used to overcome electrostatic Keating, C.D.J. Am. Chem. So@002 124, 7314-7323.
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Scheme 2. Hybridization Efficiency Impacts Average Dye—Metal Separation

g(%m«? » §96 5 )

(A) Lower salt or higher (B) Higher salt or lower stringency
stringency buffer (e.g., HS114) buffer (e.g., 0.3 M PBS)

be ruled out; however, if SEF was substantial in this case, we 120

would expect to see a maximum in the emission intensity at %‘

intermediate separations, followed by a decrease prior to leveling § 100

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 g 80-

not significant. 4

Because of the large difference in persistence length for S 6ol

single-stranded versus double-stranded DNA and the distance- "'='

dependence of quenching by metals, differences in fluorescence P

intensity due to the extent of hybridization can be quite large. E i

Indeed, Nie and co-workers have used this to their advantage 8

to develop a molecular beacon-style DNA detection assay in E 20+

which fluorescent DNA probe strands that lacked secondary s

structure (i.e., no hairpin was designed into the sequence) were . 0

attached via thiols to Au nanoparticl&sWhen no target was 24 34 48

present, the DNA looped around the particles where the Beacon Length (# Bases)

fluorophore was quenched, but in the presence of target, therjgyre 3. Effect of molecular beacon probe length and hybridization buffer
double-stranded DNA was extended from the particle surface, on fluorescence intensity after exposure to complementary DNA in various

greatly increasing the emissi8hTo investigate the importance ~ buffers: 0.3 M PBS (black bars), 0.5 M NaCl CAC (white bars), or HS114
of having the DNA double-stranded in our experiments, we (gray bars). Error reported is the 95% confidence interval.
attached 5 thiolated, 3 TAMRA-labeled, 24-base single- Dye—Surface Separation Dependence for Molecular Bea-
stranded DNA 249 to nanowires, and either the complementary con-Style Probe DNAs: Effect of Secondary StructureThe
strand was added or no target was added. The samples withprincipal difference between the DNA sequences used in the
complementary DNA were 2.5 times more fluorescent than those experiments described above and those used in molecular
that were single-stranded, despite the facts that (i) the samebeacon-style experiments is the presence of secondary structure
number of dye molecules were present on the wires in eachin the beacon probe sequences. To determine how well our
case and (ii) this probe sequence was designed to avoidpredictions from the fluorophore-distance study translated to
secondary structure. the design of DNA beacon assays, we studied three different
In our distance dependence experiments, hybridization ef- length hairpin probe sequences (24, 34, and 48 bases in length,
ficiency of surface bound DNA was critically important in  each with an identical 5 base pair “stem” region, and different
determining the overall emission intensity. Figure 2 shows data “loop” lengths) attached to barcoded nanowires. To determine
for each buffer not only for (78) x 10'%cn? dye-labeled DNA the separation dependence of fluorescence intensity, each
(discussed above) but also for{8) x 10*3/cn? DNA coverage. sequence was hybridized to a complementary target segtence
Both sets of samples hybridized in HS114 buffer show an C24B, C34B, or C48B—so that the fluorescence emission would
increase in mean fluorescence, while those in 0.3 M PBS buffer not be quenched by the metal surface (as it should be for the
reached a maximum then leveled off as a function of labeled beacon probes in the absence of target). Hybridization was
base position. The two experiments with lower dye-labeled DNA performed in both the 0.3 M PBS and HS114 buffers used for
coverage had more than 5-fdiijheraverage fluorescence than distance dependence experiments and also in a third, higher salt
samples with an order of magnitude greater number of dye buffer (0.5 M NaCl CAC) introduced by Krauss and co-workers
molecules on the surface. These data underscore the criticalfor beacon probes on planar Au surfaéeBigure 3 shows the
importance of steric hindrance in determining hybridization relative fluorescence intensities after hybridization for each
efficiency in surface-based nucleic acid experiments. Decreasedoeacon probe length in each of the three buffers; fluorescence
hybridization efficiencies for the higher surface coverage intensities have been normalized to a scale of O to 100 for each
samples result in more flexible, less fully extended strands and of the three different buffers, in order to highlight length-
consequently greater quenching, as described above. Addition-dependent differences between the probes. The 34-base beacon
ally, at higher coverages, the fluorophores may be experiencingprobe gave the highest fluorescence intensity, with both longer
collisional quenching with neighboring fluorophores, thus further and shorter probes giving lower intensities. This trend was
decreasing the intensities. observed for all three buffers, including the lowest hybridization
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Scheme 3. Hybridization of Surface-Bound Molecular Beacon Probes

S S S S S
— I

efficiency HS114 buffer, for which unstructured probes gave ing electrostatic repulsions. Thus, a more stringent buffer such
higher intensities at the 48th than 36th position (Figure 2). We as HS114 favors both less target binding (i.e., less fluorescence)
interpret this difference between the data in Figures 2 and 3 asand also less hairpin folding (i.e., more fluorescence). The
resulting from probe secondary structure. For molecular beaconfraction of fluorescence arising from unfolded probes should
probes, unlike traditional single-stranded DNA probes (i.e., be lowest for the higher ionic strength buffers (0.3 M PBS and
without secondary structure), fluorescence emission is quenchedCAC); thus we can expect these buffers to best approximate a
in the absence of target DNA, because the hairpin structure holdsfully double-stranded response. Clearly, differences in intensity
the fluorophore very close to the metal surface (Scheme 3).due to the effects of the hybridization buffer are more
Thus, decreased hybridization efficiencies should not substan-complicated for beacons than for nonhairpin sequences. Strin-
tially change the average dyenetal separation for the subset gency conditions for optimizing hybridization of unstructured
of dyes that are fluorescent. The magnitude of emission intensity probes are not directly applicable to beacon probe assays, as
should increase with increasing hybridization efficiency, but the the stem interactions must also be considered.

separation dependence of emission should not. The fact that the 34-base beacon probe gave the highest
The decrease in intensity between the 34- and 48-base beacointensity response regardless of the stringency of the hybridiza-
probes in all three buffers (Figure 3) was greater than that tion buffer suggests that the fluorescence response of molecular
between the 36th and 48th base positions of the unstructuredbeacon probes will be more straightforward than that for
probes in the higher hybridization efficiency 0.3 M PBS buffer unstructured probes such as those in Figure 2. This is because,
(Figure 2). This may indicate some surface enhancement ofwhile the conformational flexibility of unstructured single-
fluorescence, in that the average met@dye separation for the  stranded DNA complicates the observed separation-dependence
48-base beacon probes is greater than that for the 48th labeleaf emission (Scheme 2), beacon probes have limited confor-
base of the unstructured probes. Thus, it is possible that the 0.3mational possibilities (quenched hairpins or fully extended
M PBS buffer data in Figure 2 do not sample large enough duplexes; Scheme 3J.This is critically important for bioassay
metal-dye separations to see the decrease in emission intensityapplications, since the major factor responsible for the degree
at long distances expected for SEF but that the 48-base beacomwf hybridization on the surface in a bioassay will be solution
in Figure 3 does. Unfortunately, interpretation is complicated target concentration, i.e., the quantity to be measured, rather
by potential differences in hybridization efficiency between the than choice of buffer, which would be held constant under assay
different beacon probes, which could not be accounted for conditions.
experimentally in the same way as for unstructured probes (i.e., We investigated the effect of target concentration (i.e.,
it was not possible to keep probe length constant and thus holdhybridization efficiency) for a 48-base beacon probe on the
surface coverage and hybridization efficiency constant for the nanowire surface. Figure 4 shows the fluorescence intensity of
beacon probes, since they must have the dye on a terminal basekach assay containing different concentrations of DNA target.
For the data shown in Figure 3, probe surface coverage wasAs the concentration of target DNA was decreased, the
held approximately constant ((1-2.5) x 10! probes/crf) for fluorescence intensity also decreased, over several orders of
all probe lengths to minimize differences in steric effects magnitude in dynamic range. This suggests that the distance
between the samples. Nonetheless, we cannot entirely rule oudependence effects did not unduly complicate the fluorescence
the possibility that the decreased intensity for the 48-base beaCOI']'esponse although the percent hybridization was changed. A
arises from a smaller number of target binding events (i.e., common figure of merit for molecular beacon assays is the
unquenched probes) on the surface as compared to the 24- anguenching efficiency, QE, defined as the ratio of fluorescence
34-base probes, rather than a decrease in SEF as the separatigstesent when quenched versus unquenched, which is calculated
increases. Regardless, the fact that the same trend was observegs [1 — (signal in absence of target/signal with target)]%. In
for all three buffers tested indicates that the optimal fluorophore this assay, the quenching efficiency calculated aM target
label position in beacon probes is insensitive to hybridization was 88% (see Figure 4 inset). The binding curve suggests that
efficiency, unlike the unstructured probes in Figure 2. saturation may not have been achieved atV target DNA,
Some comments can be made on the differences between théhe highest concentration tested. Thus, the 88% QE reported
results for the three buffers in Figure 3. Changes in intensity as here might be improved at higher target concentrations. Since
a function of probe length are smallest in HS114 buffer, which our focus here was on the separation dependence, we did not
gave lower hybridization efficiencies for traditional DNA optimize assay conditions before acquiring the data in Figure
binding experiments as described above. Formation of secondary4. Nonetheless, there was a substantial change in the fluores-
structure, like hybridization to target strands, requires overcom- cence between the target and no target samples, such that the
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could be expected to give higher coverages on clean Ag as
compared to ABP60 or lower coverage on partially oxidized

> 10r Ag. We expect that the surface density of DNA is dominated
[ by steric and electrostatic repulsions between the surface-bound
-g 0.8L oligonucleotides to a greater extent than the identity of the
° __" underlying metal. However, differences in DNA coverage, if
;:: 06l 00 05 1.0 present, could influence patterning (either directly due to a
§ . Concentration (um) ; greater number of dye molecules or indirectly due to a difference
5 ; in hybridization efficiency and therefore less extension from
2 04 the surface). Our prior work has demonstrated that storage in
e i ethanol or citrate-containing PBS prevents Ag oxidafibAll
s o02- { __.-"' of the experiments reported here were performed under condi-
& L tions designed to avoid Ag oxidation (i.e., wires were used
0.0 s [ I - immediately after coating in DNA or stored in citrate PBS buffer
' i L until use); thus, extensive Ag oxidation can be ruled out. Surface
0™ 10 10 10° 10° coverage experiments for thiolated oligonucleotides on nanow-

ires having different lengths of Ag gave coverages of-(4.5)

Fioure 4. Mean f . e based molecl 102 and (4 £ 1.7) x 102 beacon probes per ém

gure 4. ean tluorescence response Or a nanowire-pased molecular . : . . . .

beacon assay as a function of DNA target concentration, plotted on a log respectively, indicating that any dlﬁerences in coverage on the

scale. Inset shows the same data plotted on a linear scale. Dotted lines ardWO metals are smaller than our experimental error.

fSiIOS isotherm fits, with IKh= 2-b7 x 107t<’;1nd a=d ?-6- BaCki?fgund SignalE While studying different length DNA beacon probes on

rom a no target control has been subtracted from eac ata point. Error . . . .

bars represent the 95% confidence interval. stnped metal nanowires, we n.0t|ced.that fluore§cence patterning
varied with dye-metal separation (Figure 1). Figure 5 explores

presence or absence of target was apparent. The sensitivity Oihis effect further: reflectance anq corresponc_iing fluorescence
this assay is in the 100 pM to 10 nM range in its current form Images are shown for Ag/Au striped nanowires coated with
(<1 nM limit of detection based on average intensity for the Internally rhodamine labeled, thiolated sequergbsthrough

no target control plus twice the standard deviafd@nd is 48D and hybridized to complementary DNA in 0.3 M PBS
limited by inefficient quenching. This is comparable to sensitivi- Puffer. Reflectance and fluorescence linescans for a representa-
ties reported by other groups for surface-bound molecular yve wire from those samples with appremable_ fluprescence
beacon assay&:3335Typical quenching efficiencies for surface- intensity are shown. Strong fluorescence patternlng_l_s obseryed
bound beacons are in the 80 to 95% raffé,>354with the for rhodamine after the 12th and 24th base positions, with
highest reported values99% from Krauss and co-workers for intensities on averag§3-fold brighter on the silver segrrients
beacons bound to planar A®.Libchaber and co-workers than the gold. At a distance of 36 bases, the rhodamine dye
reported quenching efficiencies of 99.97% for solution-based _shows less distinct patterning, barely discernible on some wires

beacon structures where organic quenchers were replaced byl this sample. Rhodamine positioned 48 bases from the surface
1.4 nm Au clusterg® also shows very little patterning. Although small (i.e., less than

Fluorescence Patterning PhenomenaSome patterning of the standard deviation of our coverage measurements) differ-
fluorescence intensity on the Au/Ag striped nanowires is €nces in DNA surface density on Au vs Ag segments cannot
observable in Figure 1. Indeed, we often observe patternedbe entl_rely ruled out, .and if present could give rise to a slight
fluorescence intensities on the nanowires. We have previously Patterning, thehangesn fluorescence patterning observed here
reported fluorescence patterning in sandwich immunoassays,cannot be explained by differences in coverage. The overall
where the dye molecules were bound to the secondary antibodie$Overage is the same for sequenégs through48D, as are
(i.e., relatively far from the metal surface). In those earlier @ny slight differences in coverage on the different metals. Thus,
experiments, the fluorescence patterning we observed correlated/® ascribe these changes in fluorescence patterning to separa-
with the reflectivities of the underlying met&®&Thus, although tion-dependent electromagnetic interactions between the dye
the dyes were located in the near field of the metal nanowires, Molecules and the metal surface. _
useful predictions of patterning could be made simply by treating More striking changes in fluorescence patterning were
the wire as a variably reflective mirror (i.e., shorter wavelengths Observed for greater changes in dyeetal separation. Figure
of excitation and emission were more efficiently reflected from 6 shows reflectance and corresponding fluorescence images and
Ag as Compared with Au, in accordance with the Waveiength_ linescans for half goldhalf silver nanowires coated with
dependent bulk reflectivities of these metals). A key difference TAMRA-labeled DNA sequences of various lengths after
between those experiments and the experiments described herBYbridization to complementary strands. The Ag portion,
is the magnitude and Variabiiity of the d-ysurface separation. identified based on its greater intenSity in the 430 nm reflectance
Here, rather than holding the separation constantE nm, image, has been positioned to the left in each image for ease of
we are Varying it between-3.6 nm and~16 nm, depending Comparison. All eXperimentS in this ﬁgure were conducted under
on the labeled probe position (0.34 nm per base plus the 6 carboridentical conditions (0.3 M PBS buffer). The shortest length
spacer). Additionally, while the surface attachment chemistry

; i ; (PR i ; 59) Herrwerth, S.; Eck, W.; Reinhardt, S.; Grunze, MAm. Chem. So2003
was insensitive to metal identity in the immunoassay data, thiols (9 125, 93509366,
(60) Ulman, A.Chem. Re. 1996 96, 1533-1554.

(58) Harris, D. CQuantitatve Chemical Analysjsith ed.; W. H. Freeman and (61) Stoermer, R. L.; Sioss, J. A.; Keating, C.Chem. Mater2005 17, 4356~
Company: New York, 1995. 4361.

Target Concentration (M)
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Reflectance Fluorescence
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Figure 5. Reflectance and corresponding fluorescence images of nanowires coated tiibieiied 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)(rafidctan
the red trace corresponds to the right axis (fluorescence).

DNA (24 bases) shows fluorescence patterning that matchesintensities from TAMRA on the Au segments were brighter than
the reflectance patterning of the nanowires, where silver is those on Ag segments of the wires. The observed changes in
brighter and gold is darker. This result is qualitatively similar surface patterning arose primarily from changes in the emission
to what was seen in Figure 5 for the internal rhodamine labels intensity for TAMRA on the Ag segments, while emission on
after the 24th base position, despite the change to the TAMRA the Au segments was relatively insensitive to methle

dye. To achieve greater metalye separations, we compared separation.

this result with intensities for 34- and 48-base molecular beacon The observation of fluorescence reversal in the TAMRA-
probes with 5thiols and 3 TAMRA. Probes with secondary labeled beacon probe experiments, as compared with just a
structure were used in order to maximize the extension from reduction in the degree to which fluorescence was brighter on
the surface upon hybridization. For beacon probes 34 bases inAg vs Au in the rhodamine-labeled unstructured probe experi-
length, approximately uniform fluorescence is observed on Au ments, could be due to differences in the dye and/or to the
and Ag segments. Beacon probes 48 bases long exhibited ayreater metatdye separations probed in the beacon experiment.
reversal in fluorescence patterning, such that fluorescence Unfortunately, we were unable to purchase rhodamine-labeled
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S00F Table 2. Properties of Fluorescent Dyes Studied
quantum
400} -|800 dye Je(NM) Jem (M) Ema(Mem™) yield
6-FAM 495 520 75 000 0.9
300l -eo0 Cy3 550 564 150 000 0.1
TAMRA 559 583 89 000 0.7
-400 Cy5 648 668 250 000 0.2
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properties may become important. For example, efficient
guenching 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 experimeritfhidlated
beacon probes with the dyes at theiretid were attached to
nanowires composed of half Ag and half Au. The chemical
structures of these dyes are also different, with 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,

Figure 6. Linescans and corresponding reflectance (top) and fluorescence with a sharp Splke_Of fluorescence n_ear the Au/Ag interface at
(bottom) images of half Ag/half Au nanowires coated withtbiol, 3 the center of the wire and smaller spikes at both ends. Cy5 also
TAMRA probe oligonucleotides of different lengths. The 24-base probe showed sharp spikes of intense emission corresponding to the
did not have secondary_ structure; howeverthe_ 34- and 48-base probes Wer%u/Ag interface, the edges of the wire, and a defect in the Ag
molecular beacons with self-complementarity at tHea®d 3 ends. . .
Unlabeled complementary DNA was present in all cases to extend the probessegment that appears dark in the reflectance image. In contrast,
from the surface. The black trace (reflectance) corresponds to the axis on TAMRA and 6-FAM appear to be less sensitive to edges and
the left, and the red trace (fluorescence), to the axis on the right. surface defects in the wires. These regions of intense fluores-
cence response most likely arise from SEF at regions of
beacon probes to directly test which of these effects was hejghtened electromagnetic fielti$. This interpretation is
dominant. However, the excitation and emission wavelengths ¢onsistent with the positions of these regions (edges and pits,
for rhodamine (588 and 608 nm, respectively) are at longer \hich have greater roughness). SEF is expected to be greater
wavelengths than those for TAMRA (559 and 583 nm). Our for dyes having low quantum yield$2 which could explain
previous studies of patterned fluorescence using sandwichthe higher sensitivity for surface roughness exhibited by the
immunoassays on Au/Ag striped nanowires showed that chro-tyo cyanine dyes as compared with 6-FAM and TAMEA.
mophores having excitation and emission wavelengths at which |4 addition to fluorescence patterns caused by SEF, emission
the underlying metal was more reflective appeared brighter in jntensities for dyes on Ag and Au portions of the wires can be
the fluorescence microscope imajeAg metal is somewhat  compared. TAMRA and Cy3 exhibited roughly equal intensities
more reflective than Au in the yellow and equally reflective in  gn Au and Ag segments of the nanowires, such that one segment
the red. Therefore, based on reflectivity arguméABAMRA could not be readily distinguished from the other in the
is expected to give either the samel@wer relative intensities fluorescence images. On the other hand, 6-FAM dye was much
on Au Segments as Compared to I’hOdamine, rather than theo”ghter on Ag than Au, and Cy5 was somewhat brighter on
higher intensity on Au which is observed here. Thus, while dye- Ay than Ag. These differences correlate with differences in
specific properties cannot be ruled out as the cause of thesegxcitation and emission wavelengths of the dyes. 6-FAM is the
differences, we interpret the stronger apparent distance-shortest wavelength dye, while TAMRA and Cy3 are similar
dependence of the TAMRA-labeled beacon probes (Figure 6) jn color, and Cy5 was the longest wavelength dye investigated
as arising from the greater average surface separation for thenere. However, since the data in Figures 5 and 6 show metal
dye molecules responsible for emission in this experiment as gye separation can alter the relative intensities on Au and Ag
compared to those lacking secondary structure (Figure 5).  segments, it is clear that more than excitation and emission
The nature of the metaffluorophore interaction depends not wavelengths for the dyes are involved in the patterning. Other
only on the separation between them, and the identity of the factors may include differences in the distance dependence of
metal, but also on the identity of the dye. For example, low electromagnetic field distribution above the two metals.
guantum yield dyes have been reported to exhibit particularly
impressive surface enhanced fluorescence on colloidal silver 62 RMag}’ggglsmgé“{';2‘;';%&%&%&5%83";8-?Sgg%g’js‘“' Z.; Lakowicz, J.
surface$:52In the case of molecular beacon probes, additional (63) www.idtdna.com, accessed May 27, 2006. ’
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1500 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 metatlye separation for double-stranded

as compared to single-stranded DNA (i.e., the average separation
was greater for the samples with twice as much double-stranded
DNA). Increasing the surface coverage of fluorescently tagged
DNA decreasedhe fluorescence intensity, due to steric inhibi-
tion 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
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100

fluorescence observed should arise from probes which have
500 -|200 bound complementary strands and results in less complicated
target response curves for probes having secondary structure

400+ than might be expected for metal-bound, chromophore-labeled

J1s0 probes otherwise.

300 Selection of striped metal nanowires, composed of identifiable
patterns of Ag and Au segments, enabled us to perform many

200 6-FAM of these experiments in a multiplexed fashion for direct,
! L 100 guantitative comparisons, i.e., between different dye labeling

0 20 40 60 80 positions. In addition, differences in emission intensity from
Position chromophores on the Ag vs Au segments of the nanowires could

Figure 7. Linescans with corresponding reflectance (top) and fluorescence be readily compared. We observed differences in fluorescence
(bottom) images of nanowires coated withttsiol, 3' fluorophore, 34-base . N h h . ith
molecular beacon probes, for three fluorophores. The black traces (reflec- Patterning as a function of metathromophore separation, wit
tance) correspond to the left axis, and the colored traces (fluorescence)emission from TAMRA-labeled DNA changing from brighter
correspond to the right axis. on Ag for 24-base probes to brighter on Au for 48-base probes.
_ _ i While our results do not suggest substantial surface enhancement

Finally, we note that, in related experiments reported by Sha of fluorescence under the conditions of our experiments,

et al., the effect of dye selection on quenching efficiency for anomalously bright emission noted from the ends, metadtal

nanowire beacon bioassays was investigated. Of the dyes teSte%terfaces, and surface defects does suggest some SEF at these
(Cy5, FITC, Rhodamine 6G, Texas Red, and TAMRA), Texas gjtes of greater nanoscale roughness.

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’. 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.

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 hybrid-
Conclusions ization to surface-bound probe DNA strands. Differences

The promise of metallic surfaces and nanostructures, including Ptween the fluorescence responses of probe sequences designed

barcoded metal nanowires, for fluorescence-based bioanalysid© @v0id versus encourage the formation of secondary structure
led us to investigate factors that influence emission from surface- Should be taken into account in assay design and interpretation.

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 JA0637200
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