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ABSTRACT 

This thesis work was aimed towards developing multiplexed DNA hybridization 

assays using barcoded metal nanowires.  These nanowires are typically several microns 

in length and ~300 nm in diameter, having segments of different metals along their 

lengths.  They are promising for multiplexed bioanalysis due to the large number of 

striping patterns that can be synthesized, and the ease of optical read-out using simple 

reflectance microscopy.  Oftentimes silver is used as one of the metals in the striped 

wires due to its high reflectivity at all visible wavelengths and large reflectance contrast 

to other metals.  Since Ag metal is susceptible to oxidation, the long-term stability of Ag- 

containing wires in aqueous buffers was investigated and is reported in Chapter 2.  It was 

found that wires stored in hybridization buffer for longer than two weeks began to show 

significant degradation of Ag segments.  When agitated with continuous vortexing, the 

Ag oxidation progressed more rapidly, rendering the barcoded metal nanowires stored in 

hybridization buffer unidentifiable in less than one week.  Addition of 40 mM citrate as a 

mild reducing agent increased Ag stability by 17 weeks over those stored in hybridization 

buffer.  Nanowires subjected to continuous vortexing in 40 mM citrate buffer retained Ag 

segment stability for longer than 2 weeks.  Derivatization of the wires with biomolecules 

such as are used in bioassays affords some additional protection against Ag degradation.  

Also, it has been discovered that wires coated with rhodamine-tagged DNA 

oligonucleotides attached via neutravidin-biotin chemistry are stable for 12 days in 

hybridization buffer and for at least 63 days when 40 mM citrate is added as a reducing 
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agent.  Ag deterioration in these experiments was coupled to loss of fluorescence from 

the labeled DNA, as well as wire breakage.  

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).  In Chapter 3, experiments are presented that explore 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 

allowed for direct comparison of 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 tetramethylrhodamine (TAMRA)-labeled 

oligonucleotides changed from brighter on Ag for 24-base probes to brighter on Au for 

48-base probes.  Fluorescence enhancement at the ends of nanowires and at surface 
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defects were also observed, where heightened electromagnetic fields affect the 

fluorescence. 

For the research presented in Chapter 4, molecular beacon probes have been 

combined with barcoded metal nanowires to enable no-wash, sealed-chamber, 

multiplexed detection of nucleic acids. Probe design and experimental parameters 

important in nanowire-based molecular beacon assays are discussed.  Loop regions of 24 

bases and five-base-pair stem regions in the molecular beacon probes gave optimal 

performance.  The results suggest that thermodynamic predictions for secondary structure 

stability of solution-phase MB can guide probe design for nanowire-based assays.  The 

predicted solution phase ΔG for probes in 500 mM buffered NaCl of approximately –4 

kcal/mol performed better than those with ΔG > –2 or < –6 kcal/mol.  Buffered 300 and 

500 mM NaCl solutions were selected after comparison of several buffers previously 

reported for similar types of assays, and concentrations in the range of 300 to 750 mM 

NaCl was found to be the optimal ionic strength for the hybridization temperature (25 oC) 

and probe designs used here.  The sensitivity of this assay was ~100 pM and was limited 

by incomplete quenching.  Single base mismatches could be discriminated from fully 

complementary targets.  Oligonucleotide target sequences specific for Human 

Immunodeficiency, Hepatitis C, and Severe Acute Respiratory Viruses were assayed 

simultaneously in a no-wash, sealed-chamber, multiplexed experiment in which each of 

three probe sequences was attached to a different pattern of encoded nanowires.  Finally, 

demonstrated in this chapter is that probe-coated nanowires retain their selectivity and 

sensitivity in a triplexed assay after storage for over three months. 
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With the increasing interest in simultaneous detection of specific DNA 

hybridization events, the development of methods to measure multiple DNA interactions 

at one time is of great importance.  Conventional microarrays allow thousands of DNA 

hybridization interactions to be measured at once; however, this method of detection is 

limited by high cost as well as the stability and characteristic properties of fluorescent 

dyes.  In Chapter 5, barcoded nanowires were investigated as replacements for 

fluorophores on glass surfaces such as those used in microarrays.  Potential advantages of 

nanowires include ease of reflectance-based optical read-out, the large number of tags 

available, and ability to distinguish multiple hybridizations occurring in a single DNA 

spot.   A method of attaching DNA to glass microscope slides was employed which 

includes the use of a carboxy-terminated silane to derivatize glass slides for DNA 

attachment.  Also determined here is the efficiency of using nanowires as tags in 

complementary DNA hybridization events.  An average of ~5 % nonspecific binding was 

reported for nanowire attachment for all samples.   

In all chapters, it has been demonstrated that barcoded metal nanowires have 

promising uses in multiplexed bioanalysis for the detection of multiple analytes 

simultaneously. The metal surfaces have provided useful information about interactions 

between fluorophores and metals and DNA hybridization events (as described in Chapter 

3).  The surfaces, however, are subject to oxidation of silver segments (Chapter 2), and 

occasional pits in the metal surfaces have led to fluorescence enhancements at those pits, 

causing non-uniform fluorescence (Chapter 3).  Also, non-uniformity in signal intensity 

results from different underlying metals acting differently on the fluorophores, as well as 

the distance the fluorophores are positioned from the surface (Chapter 3).  To avoid the 
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effects that the metal surfaces impose on fluorophores, nanowires were glass coated 

before use as substrates for fluorescently labeled bioassays. This work is presented in 

Chapter 6.  Two different glass thicknesses (13.5 nm and 100 nm) were prepared and 

studied and 100 nm thickness provided the best surface, as the glass coating that resulted 

was very uniform.  Also studied were the protective benefits that the silicon dioxide 

layers provide by shielding the silver segments from oxidative environments.  We note 

that a 100 nm thick glass coating on the wires provided excellent resistance to dissolution 

of Ag segments when sonicated in nitric acid for 30 min and retained the same overall 

length and optical properties.  Also shown in Chapter 6 is the feasibility of using glass 

coated nanowires as substrates in 2-plex assays where a single base mismatch in the 

target DNA sequence of a gene that affects the function of a tumor suppressor protein 

was detected. 
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Chapter 1 

Introduction 

1.1.  Barcoded Nanowires 

Metal nanowires have been prepared with segments of different materials along 

their lengths.  These particles can be synthesized in a large number of optically 

distinguishable striping patterns, and thus have been referred to as barcoded nanowires.  

These barcoded wires can be used for encoding information such as the type of biological 

assay being performed on the surface of the particle.  Thus, they have application in 

multiplexed bioanalysis.  Striped metal nanowires, synthesized by templated 

electrodeposition, are tens to hundreds of nanometers in diameter and several microns in 

length.  The length of each segment can be as small as tens of nanometers or as long as 

the entire wire.  

Optically encoded (barcoded) particles also have potential applications analogous 

to barcodes in the retail industry, where the products are tracked by the barcode pattern.  

Typically, the barcode labels used on retail products are readily identifiable to the human 

eye. In addition to these overt tags, there is also interest in microscopic barcodes invisible 

to the naked eye.  Striped nanowires can serve as such microscopic identifiers and have 

enormous potential for use in biological sensing applications where many different 

bioassays must be followed simultaneously.  In this last application, the barcoded 

nanowires perform a function analogous to the individual spots of a DNA microarray, 

encoding the identity of biomolecules attached to their surface.  
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1.2.  Synthesis of Striped Metal Nanowires 

Striped metal nanowires are typically prepared by electrochemically reducing 

metal ions into the pores of a template.  Porous aluminum oxide or track-etch membranes 

are commonly used.1-6  Alumina membranes are prepared by anodizing Al at constant 

potential to give a nanoporous membrane.4,6  Pore diameters can be varied (from tens to 

several hundred nanometers) by controlling the anodization potential.5  Track-etch 

membranes are prepared by using nuclear fission fragments to attack a nonporous sheet 

of desired material (e.g. polycarbonate, or polyester), to yield indentations in the material 

that are further chemically etched into pores.6  

To produce barcoded nanowires electrochemically, one side of a template 

membrane (e.g. Al2O3) is coated with a silver film to serve as a cathode for reducing 

metal ions from solution into the pores of the membrane template.  This can be 

accomplished by vapor deposition or sputtering.  The opposite side of the template is then 

immersed in a plating solution of a desired metal for electrochemical deposition.  The 

length of the metal stripe created is dictated by the amount of current passed and the 

amount of time the metal is allowed to deposit.  Once a stripe of a desired length has been 

created, the plating solution is simply changed such that the next metal segment can be 

added.  The thickness of each individual stripe can in principle be controlled with great 

accuracy during the electrodeposition process.7-8  Indeed, repeating Cu and Co segments 

only 8 nm thick have been prepared from a solution containing both metal ions.9  

Selective electrodeposition of each metal from this solution is accomplished by careful 

control over plating solution composition (i.e. relative concentrations of the two metal 
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ions) and the electrode potential, which is switched between values favoring Cu 

deposition to those favoring Co deposition during synthesis.10-12  

The aspect ratio (l/d, where l is the length and d is the diameter of the nanowires) 

of the wires is controlled by the membrane pore diameter (which dictates the wire’s 

width), and the amount of deposition time (which determines the length).  The maximum 

wire length is limited by the thickness of the template (which is roughly 50-60 μm for 

commercial alumina membranes) and to breakage for wires with high aspect ratios (~25:1 

aspect ratio).  Once the electrochemical deposition is complete, the silver backing and 

membrane are dissolved away, leaving behind a suspension of striped metal nanowires. 

To date, barcoded nanowires have been prepared with Au, Ag, Pt, Pd, Ni, Co, and 

Cu metal segments.13  Figure 1.1a shows a reflectance image of a 320 nm diameter 

AuAgPd striped nanowire imaged at a wavelength of 430 nm.  At this wavelength, Au 

has the lowest reflectivity, followed by Pd, then Ag.  Figure 1.1 shows that these metals 

can be optically distinguished based on reflectivity differences.  The number of possible 

distinctive patterns or permutations available to the barcoded metal wires is ms, where m 

is the number of metal types and s is the number of stripes in each wire.  For example, 

wires consisting of 4 metals (ie, Au, Pt, Co, and Ag) with 6 stripes leads to 4,096 possible 

striping patterns (46 = 4,096).  Ag/Au striped wires having 13 distinguishable stripes have 

been reported; 213 = 8,192 possible patterns.14  Addition of a third metal leads to over 1.5 

million possible patterns.  To account for patterns that repeat in the forward and reverse 

direction, the following equation should be used: possibilities=
ms +m

ceil( s
2

)

2
, where m is the 

number of metals in the nanowires, s is the number of stripes, and ceil stands for ceiling 
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function, which rounds the exponent of n to the next highest integer (i.e. 3/2 rounds up to 

2).  Using this equation, the actual number of different patterns that could be obtained 

from a 4-metal, 6-stripe wire is 2,080, and for a 3-metal, 13-segment particle is 7.98 x 

105. 

 

1.3.  Nanowire Characterization 

Once nanowires are fabricated, they are characterized via many methods to 

determine their actual compositions, sizes, shapes, optical, and magnetic properties. 

Transmission electron microscopy (TEM) is used to determine the size and shape of 

nanowires.  Scanning electron microscopy (SEM) is used to examine the stripes and the 

metal-metal interfaces between segments.   With SEM, striping patterns of 

heterostructured nanowires and surface defects can be identified that cannot be detected 

using TEM.  Figure 1.2 is an example of a field emission (FE) SEM image of a 5-μm-

long, 320-nm-diameter AuAuAgAu striped nanowire.  Energy dispersive X-ray 

spectroscopy is used to determine the average chemical composition of nanowires, 

including the microstructure of single metal and multilayered wires.15-17  

In identifying the striping pattern in barcoded nanowires, optical reflectance 

microscopy is used.  The striping pattern is deciphered based on reflectance differences 

of adjacent metal stripes.  For optical resolution using reflectance detection, the different 

metal segments have to be separated by a distance greater than λ/2NA, were NA is the 

numerical aperture of the objective lens (a typical oil immersion lens has NA = 1.4).  The 

optical properties of 320-nm-diameter nanowire segments resemble those of their bulk 

counterparts.5,18-22  Reflectance values for various bulk metals, plotted over a range of 
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wavelengths, are shown in Figure 1.3.23  The differences in reflectivity of the various 

metal types allows for the detection of multiple metal stripes in a single barcoded 

nanowire.  Figure 1.1b shows a line scan of the AuAgPd striped nanowire pictured in 

Figure 1.1a.  This scan illustrates the changes in reflectance intensity across the length of 

the wire.  Walton et al.24 have demonstrated a 100-particle library of barcoded nanowires 

in which more than 70 of the patterns could be identified with greater than 90% accuracy.  

These authors developed software (called NBSee) for rapid readout of barcode striping 

patterns. 

 

1.4.  Biological Multiplexing 

Performing many simultaneous experiments (i.e. multiplexing), has become an 

important theme in bioanalysis.  For example, functional genomics experiments often 

follow mRNA expression levels for many or even all genes in an organism’s genome 

simultaneously.  These experiments employ fluorescence on planar microarrays in which 

spots of DNA corresponding to the different genes of an organism’s genome are 

positioned on a planar glass slide.25,26  The x,y coordinates of each spot correlate to its 

identity.  Microarrays permit the detection of thousands to tens of thousands of species at 

once, saving both time and reagents.  However, there are some drawbacks of using 

microarrays, which include limitations in the dynamic range of analyte detection, long 

diffusion times for analyte binding, and variations in fluorescence signals between 

arrays.27  Encoded particles have been introduced to address issues of diffusion and 

increase flexibility in microarray design.28,29  Polystyrene microbeads incorporating red 

and infrared fluorescent dyes in different intensity ratios are one type of encoded particle 
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introduced for use in multiplexing applications.30-32  Although microbeads offer improved 

diffusion as compared to two-dimensional arrays, the use of fluorescence limits the 

number of species that can be simultaneously detected, as the spectral bandwidths of the 

fluorescent peaks are large and oftentimes overlap.  Semiconductor quantum dots, which 

have reduced spectral bandwidths compared to molecular dyes, have been used in place 

of organic fluorophores in encoded beads as well as other applications.33-38 These 

particles are very promising for multiplexing, and are resistant to photobleaching; 

however, the detection still relies on fluorescence, which ultimately limits the number of 

species that are possible to detect simultaneously (i.e. only one color of fluorophore can 

typically be used in detection, as other channels are occupied with encoding the particle 

identity).  

Barcoded nanowires are a promising alternative to fluorescent tags in some 

applications.  The barcode striping pattern will not photobleach, reflective read-out is 

simple and does not require expensive excitation sources or detectors, and many patterns 

can be synthesized and are optically detectable.  These particles can be employed as 

encoded substrates for biosensing, analogous to DNA chips, or as tags for simultaneous 

detection and identification, analogous to fluorescent molecules or nanocrystals.  Figure 

1.4 illustrates the second approach, where barcoded nanowires may potentially be used as 

tags to detect and to identify specific DNA hybridization events.  In this example, a glass 

slide is spotted with several different capture sequences of DNA selective to the 5’ (or 3’) 

region of the target sequence.  Target sequences, labeled double prime (") in the figure, 

bind to the surface via hybridization to these capture strands.  They are then detected by 

hybridization-driven assembly of barcoded nanowires that carry a third strand of DNA, 
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complementary to the 3’ (or 5’) region of the target sequence.  Optical reflectance 

microscopy can then be used to count and identify the wires bound to each spot on the 

surface, giving the amount and identity of target molecules present in the initial solution.  

This approach is conceptually simple and does not require fluorescence for detection. 

Improvements in the selectivity of nanoparticle attachment will be important for the 

ultimate use of this approach in multiplexed analyses.39 

  Barcoded nanowires not only serve as identifying markers, but also can serve as 

easily detectable substrates on which binding events take place.40  Figure 1.5 illustrates 

how barcoded nanowires can serve as encoded substrates for antigen and DNA 

detection.41  Figure 1.5 (left) illustrates a standard sandwich immunoassay performed on 

the nanowire surface.  The striped particles are first derivatized with a capture antibody 

(a) that is specific for an analyte, which in this case is also an antibody.  Following 

incubation of the capture antibody with the analyte (b), a fluorescently labeled detection 

antibody (c) is added.  Figure 1.5 (right) shows the analogous experiment for DNA 

detection. Here the barcoded nanowire serves as the substrate on which a DNA probe 

sequence (a) is attached.  Probe sequences are designed to be complementary to one half 

of the target sequence, as in the previous example (Figure 1.4).  The target DNA 

sequence (b) binds to the probe from solution via hybridization, and is subsequently 

detected by hybridization to a fluorescently tagged third DNA strand (c).  In either of 

these two types of bioassay, target detection and quantification is made possible by the 

fluorescence intensity of the labeled probe molecules, while target identification (i.e. 

DNA sequence) is determined by the nanowire barcode pattern as observed in reflectivity 

optical microscopy.40,41   
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  Both immunoassays and DNA hybridization assays have been performed on 

barcoded nanowires.40,41  Nicewarner-Pena et al. demonstrated two simultaneous 

immunoassays in which two different fluorescent dyes were employed.40  Keating and 

coworkers have reported three simultaneous DNA assays using a single fluorescent probe 

for all three assays.41  Under some conditions, it proved possible to observe the barcode 

striping pattern in the fluorescence image,41 such that acquisition of a single image 

enabled both identification and detection.  Barcoded nanowire libraries of 100 particles 

have already been reported24 and could be combined with these types of biological assays 

for increased multiplexing.  Ultimately, it should be possible to perform thousands or tens 

of thousands of different DNA hybridizations simultaneously on different particles in the 

same suspension, similar to the level of multiplexing now possible only with planar DNA 

microarrays. 

 

1.5. Objectives 

  The main objective of this thesis work is to develop multiplexed DNA 

hybridization assays using barcoded metal nanowires.  Many factors important to 

bioassay design have been explored and are presented in this work.  Chapter 2 illustrates 

a method for preventing the oxidation of silver segments in striped metal wires once 

biomolecules are attached.  This research is important for the storage of biomolecule 

derivatized nanowires, particularly when there is interest in reanalysis of a pre-reacted 

sample.  Also, for assays aimed at detecting DNA targets, it is ideal to provide nanowire 

surfaces pre-derivatized with DNA probe sequences for convenience of assay 

performance.  Once biomolecules are attached to Au and Ag nanowires, it is ideal to store 
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them in a buffer solution to preserve the integrity of the biomolecule.  Buffer solutions, 

however, prove to oxidize silver segments of the wires.  This chapter offers a solution to 

this problem by using sodium citrate reducing agent in the buffer to prevent deterioration 

of silver segments. 

Chapter 3 details the investigation of optimal fluorophore proximities from the 

metal nanowire surfaces for achieving both quenching and unquenching of fluorescence.  

This work was performed primarily to develop guidelines for designing DNA molecular 

beacon assays that rely on the metal surfaces for fluorescence quenching.  Molecular 

beacons are hairpin-structured, single-stranded DNA probes that typically have a 

fluorophore molecule appended to one end and a quencher molecule at the other.  In the 

assay presented here, the metal surface serves in place of the quencher and acts as an 

identifying tag for increased multiplexing abilities.  In the presence of complementary 

DNA, the beacon changes conformation and moves the fluorophore further from the 

metal surface, allowing it to fluoresce.   If no complementary DNA is present, the beacon 

fluorophore remains close to the metal surface of the wire and will be quenched.  This 

chapter also illustrates the importance of hybridization efficiency when performing DNA 

assays on metal surfaces, as the fluorescence trends as a function of distance change 

depending upon the hybridization efficiency of the assay.  Because nanowires that 

contained both silver and gold segments were used, we were able to directly compare 

differences in intensity for fluorescent probes attached to two different metals. 

Chapter 4 utilizes the discovered phenomena described in Chapter 3 to develop 

nanowire bound molecular beacon assays further.  The main advantage of creating such 

assays stems from the numerous identifying tags that can be produced as barcoded metal 
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nanowires, such that multiplexing capabilities become impressive.  Further studies 

presented here include; effects of beacon design, different methods of adsorbing the 

beacons to the nanowires, analysis of beacon assays after long term storage in a citrate 

buffer, and performance of closed tube assays.  Also described here were effects of 

different salt concentrations on beacon quenching efficiency.   

The focus of Chapter 5 was to develop an array-based sensor, similar in design to 

a DNA microarray, which relies on barcoded metal nanowires as tags for DNA binding 

events.  This array sensor has the capabilities of being highly multiplexed and does not 

rely on fluorescence for the detection of binding interactions.  In this chapter, data are 

presented where discrimination between two different patterned wires, one with and one 

without complementary DNA, allowed only ~5 % nonspecific binding of the wires with 

noncomplementary DNA.  These data suggest the possibility of creating a multiplexed 

array using barcoded metal nanowires as tags for DNA binding interactions. 

Because metal surfaces greatly affect fluorescence signal in terms of quenching 

and enhancement, and different metals exhibit different properties on fluorophores, there 

was interest in exploring the use of glass-coated metal nanowires in multiplexed 

bioapplications.  The glass coating was expected to provide a barrier for the fluorophores 

and reduce the effects of the metal on fluorescence signal.  Chapter 6 describes methods 

to glass coat wires to achieve different glass thicknesses and tests the stability of these 

wires by continual sonication in nitric acid, which is known to dissolve silver segments.  

Here, it is shown that the glass coating allowed for uniform fluorescence along wires and 

prevented longer wires from breaking when derivatized with biomolecules.  Also 
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presented are 2-plex assays conducted on both glass- and non-glass-coated wires towards 

the detection of DNA sequences differing by only a one base mismatch. 
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Figure 1.1.  (A) Reflectance image of a AuAgPd nanowire taken at 430 nm wavelength.  
(B) Line scan profile of intensity versus distance along the nanowire length. 
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Figure 1.2.  Field emission SEM image of a AuAuAgAu nanowire, acquired with 
backscattered electron detection.  The Ag segment appears darker as compared to the Au. 
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Figure 1.3.  Reflectance values for various bulk metals.41 

1.0

0.8

0.6

0.4

0.2

R
ef

le
ct

an
ce

1000800600400
Wavelength (nm)

Ag

Au

Pd
Cu Pt

Ni

A



 

 

18

 

 

 

 

 

 

 

 

 

 
 
Figure 1.4.  Overview of non-fluorescent bioassay using barcoded nanowires.  DNA 
strands labeled A-C are not complementary to their primed counterparts (A′-C′), 
however, the strands labeled as double prime (′′) link the respective sequences to their 
primed counterparts via complementary DNA hybridization. (Not drawn to scale). 
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Figure 1.5.  Schematic of assays using barcoded nanowires as substrates.  (Left) For 
immunoassays, the striped particles are first derivatized with a capture antibody (a) that is 
specific for the analyte (b), which is also an antibody.  Following incubation of the 
capture antibody with the analyte, the fluorescently labeled detection antibody (c) is 
added.  (Right) For DNA hybridization assays, particles are derivatized with 
NeutrAvidin (NA) followed by reaction with a biotinylated capture sequence (a) that is 
specific for a solution phase analyte (b).  Fluorescently labeled oligonucleotides (c) were 
then added for detection.40 
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Chapter 2 
 

Preservation of Bioconjugated Barcoded Metal Nanowires Using Citrate Buffer 

 

2.1. Introduction 

Nanobarcodes™ (NBC) are striped metal nanowires generally several microns in 

length and ~300 nm in diameter, prepared by sequential electrodeposition of metals such 

as Au, Ag, Pd, Ni, or Pt in alumina template membranes.1  These particles are attractive 

as identification tags for applications ranging from brand protection in the retail market to 

multiplexed bioanalysis.2  They can be fabricated in a multitude of striping patterns and 

are identifiable by simple optical reflectance microscopy.2,3  Of the metals used as 

segments in these particles, Au and Ag are particularly attractive due to the large 

difference in reflectivity between these metals under blue illumination, which provides 

excellent contrast for readout of the striping pattern, or barcode.3  Ag metal is less noble 

than Au and prone to oxidation.  Indeed, we had previously noted some degradation of 

Ag nanowire segments when stored in air or H2O and have found that storage in EtOH 

protects against oxidation.3  It is, however, of interest to preserve protein and DNA 

conjugated NBCs, which require storage in aqueous buffer. 

Ag metal surfaces and particles are important in a wide variety of biosensing 

applications.4   Ag is attractive due to its favorable optical properties in surface plasmon 

resonance (SPR),5,6 localized surface plasmon resonance (LSPR),7,8 and surface-enhanced 

spectroscopies including fluorescence,9-11 absorbance,11 and Raman scattering.12  In 

addition, Ag films have been used on quartz crystal microbalance13,14 and electrochemical 
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sensors.15  Biosensor construction generally requires attachment of DNA, proteins, or 

other biomolecules to the Ag substrates.1-3,16-21  Unfortunately, the coupling of 

biomolecules onto Ag surfaces has often proven difficult, due to the instability of Ag 

surfaces and nanoparticles.22,23  While many of the optical investigations of Ag have been 

carried out under vacuum, biosensing is generally done in (oxygenated) aqueous 

buffers.3,21,22   

Dry Ag films in oxygen-rich environments undergo an alteration in interference 

color and appear rough within a few days.24  During oxidation, cracking and flaking of 

the oxide takes place, a process which facilitates diffusion of the oxygen to the surface 

beneath, thus causing continual oxidation damage to the film.24-26  It has been proposed 

that the silver oxide formation on the surface during oxidation acts as a catalyst for 

further oxidation of underlying silver.24  Although this oxidation process has not been 

characterized to the same degree in oxygenated aqueous solutions, it is known to occur.  

The instability of Ag films has caused difficulties for biosensing applications due to 

oxidation.13,27 

When Ag-containing NBCs oxidize in air, water, or salt buffer, the initial 

deterioration appears as pits in the surface of the Ag segments.  Eventually, larger 

portions of the surface disintegrate, leaving behind large voids in the Ag segments.  

When agitated, the wires degrade faster, presumably due to increased O2 diffusion and 

improved access to underlying Ag.24  The degradation of NBCs and their bioconjugates is 

of interest because it may impact the long-term storage of these materials for use in 

biological analyses.  Potential consequences of Ag oxidation in NBCs include (1) the loss 

of attached biomolecules as the surface deteriorates, (2) alteration of particle optical 
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properties as the surface pits and becomes less uniform, which could lead to difficulties 

in barcode pattern identification, and (3) wire breakage as Ag segments disappear, which 

could also lead to misidentification of barcode patterns. 

Silver metal surfaces can be protected from oxidation by coating with alkanethiol 

monolayers or polymeric or inorganic thin films.13,23,27-32  For example, Su and coworkers 

have demonstrated that polystyrene or carboxy-poly(vinyl chloride) films protected Ag-

coated quartz crystal microbalance biosensors from Ag oxidation and the associated 

degradation in sensor response.13,27  Ag nanospheres have been coated with Au or SiO2 

shells for added stability and biofunctionalization.22,29 Takenouti and coworkers have 

used hexadecanethiol self-assembled monolayers to prevent Ag tarnishing and 

corrosion.31,32  These methods have been successful in protecting Ag; however, they all 

require surface modification and may not be readily adopted by the molecular biology 

community.  We were interested in preventing Ag oxidation in barcoded nanowires 

without introducing surface coatings. 

Herein we describe an experimental study conducted in an effort to characterize 

and prevent the deterioration of Ag in bare and bioconjugated NBCs stored in aqueous 

buffer. We have found that buffer solutions containing sodium citrate as a reducing agent 

greatly reduce the rate of nanowire degradation. Our results indicate that bare, 

unfunctionalized NBCs survive in hybridization buffer ~2 weeks before extensive 

deterioration.  This is comparable to the length of time that the wires survived in both air 

and water (14 days before extensive pitting).3  When sodium citrate is added to the 

buffer, NBCs last on average three times longer than those in hybridization buffer alone. 

Agitation of NBC suspensions in any buffer greatly increases the rate of Ag deterioration.  
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However, addition of citrate still offers significant preservation.  We also compared 

hybridization buffer with and without citrate as a storage solution to prevent the oxidation 

of silver in fluorescent DNA:NBC bioconjugates.  After 12 days of storage in 

hybridization buffer, fluorescent DNA detached from the DNA-conjugated NBCs as they 

deteriorated, while the NBCs stored in citrate-containing hybridization buffer did not 

show significant deterioration at nine weeks. 

 

2.2.  Materials and Methods 

2.2.1.  Materials 

Monobasic and dibasic sodium phosphate, trisodium citrate, PBS buffer (0.01 M 

phosphate buffered saline; 0.138 M NaCl; 0.0027 M KCl; pH 7.4), and sodium chloride 

were purchased from Sigma.  All water used was distilled and purified to 18.2 MΩ 

through a Barnstead Nanopure system.  NeutrAvidin™ was obtained from Pierce and 

reconstituted to appropriate concentrations in nanopure water.  DNA sequences used are 

as follows: A) 5’-biotin-AAA AAA ACG TTG TCT GAT GCG TCA, B) 5’-ACA CAG 

ACG TAC TAT CAT TGA CGC ATC AGA CAA CGT, and C) 5’-ATG ATA GTA 

CGT CTG TGT-ROX (where ROX is a rhodamine fluorophore).  Two of the DNA 

sequences (A and B) were synthesized on an Expedite 8909 DNA synthesizer using 

reagents purchased from Glen Research, and the third sequence (C) was purchased from 

IDT, Inc.    

Striped metal nanowires with striping patterns encoded 011110, 000111 and 

001100, where 0 and 1 represent 0.75 μm length segments of Au and Ag, respectively, 

were purchased from Nanoplex Technologies (Menlo Park, CA).  These particles were 
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“bare” (i.e. no molecules had been intentionally added post-synthesis) unless otherwise 

noted.  NBCs were rinsed three times in water before use, as they were previously stored 

in ethanol.  Typically, a 1000 μl batch of NBC’s contains 1x109 nanowires.  NBSee 

Analysis Software (version 1.0.26, from Nanoplex Technologies) was used for NBC 

identification of nanowire patterns and to investigate the degree of degradation that 

caused the software to no longer recognize the wire patterns. 

 

2.2.2.  Buffer Preparation 

Buffers were made using a standard high-salt hybridization buffer (HB), 

consisting of 0.3 M NaCl and 10 mM sodium phosphate at pH 7.2.  The citrate-

containing buffers (CB) were prepared to concentrations of 40, 100, or 300 mM of 

sodium citrate in HB. 

 

2.2.3.  Oxidation of Silver NBCs Segments 

 To a 25 μl aliquot of rinsed nanowires (000111), 200 μl of 40 mM citrate buffer 

was added.  To a separate aliquot, hybridization buffer was added in the same quantities.  

The nanowire samples were allowed to sit undisturbed on the benchtop over the course of 

the experiment, except when an aliquot was removed every third day for imaging.  When 

imaged, both reflectance optical microscopy and FE-SEM data were obtained. 
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2.2.4.  NBSee Software Analysis  

 Nanowire samples consisting of 80 μl wires, rinsed in water with the supernatant 

removed, were resuspended in 80 μl of either hybridization buffer, 40 mM citrate buffer, 

or in ethanol.  Two samples were made containing each solution such that one sample 

could be left to rest on the benchtop and the other continuously agitated on a vortex 

genie.  The samples were sonicated briefly before imaging to reduce clumping of wires, 

as the NBSee program cannot identify wires that are touching or clumped.  These 

samples were more concentrated with nanowires than previous experiments, which 

allowed for a greater number of nanowires per image and more statistical data when 

analyzed by NBSee.  

 

2.2.5.  Optical Microscopy  

 Brightfield reflectance images were acquired using a Nikon TE-300 inverted 

microscope equipped with a 12 bit high resolution Coolsnap HQ camera (Photometrics).  

A CFI plan fluor 100x oil immersion lens (N.A. = 1.3) was used in conjunction with 

Image-Pro Plus software (version 4.5) to image the samples.  The light source was a 175 

W ozone-free Xe lamp, and a Sutter Instruments filter wheel (Lambda 10-2) allowed for 

wavelength selection.  Samples were prepared by either drying 10 μl aliquots of 

nanowires onto glass coverslips (Fisher 12-542-C) and then adding a 10 μl drop of water 

to the sample to adhere the coverslip to a glass slide or by sandwiching an 8 μl sample 

between two coverslips.  All reflectance images were taken at 430 nm, which is the 

wavelength that gives the highest reflectance contrast between Au and Ag.3 
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2.2.6.  Electron Microscopy 

 Field emission-scanning electron microscopy images were obtained using a JEOL 

6700F FE-SEM located at the PSU Materials Characterization Lab.  Secondary electron 

imaging (SEI) mode was used with an accelerating voltage of 15 kV.  To prepare the 

samples, an Al stud covered in copper tape (EM Sciences) was used to support 8 μl of 

nanowires, which were dried in a vacuum dessicator for 2 hours prior to imaging.  

 

2.2.7.  Fluorescent DNA-Coated Nanowires 

 A 40 μl sample of NBCs (patterned 011110) was washed three times in water 

prior to addition of 200 μl of 0.25 mg/ml NeutrAvidin.  The wires were then vortexed for 

2 hours and rinsed three times in water.  They were then resuspended in 10 μM DNA (A) 

in PBS buffer (0.01 M phosphate, 0.138 M NaCl, 0.0027 M KCl, pH = 7.4), and vortexed 

for 4 hours at room temperature.  The NBCs were then rinsed three times in PBS buffer 

and resuspended to a final concentration of 10 μM DNA (B) in HB and were vortexed for 

4 hours at room temperature.  Following three rinsings in HB, the final fluorescent DNA 

strand (C) was hybridized at a concentration of 10 μM in HB for 4 hours at room 

temperature.  The excess DNA was rinsed from the system in three washings using HB.  

The DNA conjugated wires were divided equally into 2 tubes of which 100 μl of HB was 

added to one tube and 100 μl CB was added to the other.  Tubes were then allowed to sit 

on the benchtop at room temperature, undisturbed with the exception of the occasional 

removal of an aliquot for imaging.  
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2.3.  Results and Discussion 

 NBCs are routinely stored for long periods in ethanol after synthesis, and Ag 

segments stored in this way retain their integrity indefinitely.3  However, once 

biomolecules such as antibodies or DNA are attached to NBCs, it is necessary to store the 

bioconjugates in an aqueous buffer solution.  Although oxidation could be prevented by 

substitution of Pd or Pt in place of Ag segments, Ag provides the greatest contrast with 

Au, and therefore is generally preferred.3  In an effort to slow the oxidation of Ag 

segments, addition of the reducing agents citrate and dithiothreitol (DTT), to buffer 

solutions was investigated.  These were selected because they are frequent additives in 

buffers for biological molecules.  We found that DTT-containing buffers hastened the 

rate of silver degradation in nanowires over those stored in HB alone, perhaps because 

this molecule can serve as a good ligand for Ag(I).  We have observed similar effects 

from other short-chain thiols such as mercaptoethanol and mercaptopropanol.  Therefore, 

we focused on citrate, and DTT was eliminated from the study.  

 

2.3.1.  Silver Survival Versus Time   

To determine the length of time Ag-containing nanowires would survive in citrate 

buffer solution as compared to those stored in a non-citrate buffer solution, two separate 

aliquots of NBCs patterned 000111 (half Au and half Ag) were stored in either 

hybridization buffer (HB) or in HB containing 40 mM citrate buffer (CB) on the 

benchtop for up to 53 days.  Reflectance optical microscopy and FE-SEM data were 

obtained daily over the length of this study.  The optical microscopy provides information 
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on changes in reflectance, which are important for barcode pattern identification and 

would impact the homogeneity of a fluorescence assay carried out on the NBC surface.  

FE-SEM enables visualization of the nanostructure as Ag oxidation proceeds.  Figure 2.1 

shows representative reflectance and FE-SEM images of wires imaged after zero, seven, 

and seventeen days. The first signs of degradation were observed in the form of Ag 

segment pitting in FE-SEM and darker spots in the reflectivity images for the nanowires 

stored in HB as early as 2 days after addition of buffer.  Samples stored in CB did not 

show this initial degradation until day 7 in both FE-SEM and reflectivity images.  By day 

17, the wires in HB displayed substantial degradation, while the corresponding wires in 

CB showed very little damage.  It was not until day 53 that the NBCs stored in CB had 

similar degradation to those stored in HB for 17 days (Figure 2.2).  In general, NBCs 

stored in CB extended the life of the silver nanowires by nearly three times over those 

stored in HB.   

 

2.3.2.  Effects of Solution Mixing on Oxidation of Silver 

 During a typical bioassay experiment, NBCs are agitated on a rotary shaker, 

tumbler, or vortexer both during derivatization with capture probes and reaction with 

target biomolecules.  Since agitation will help oxygenate the solution, it was of interest to 

determine to what extent it accelerated the rate of damage to Ag segments.  We selected 

the most vigorous of the mixing methods, vortexing.  To determine whether vortexing the 

samples increased the rate of degradation, NBCs (pattern 001100) were prepared in HB, 

40 mM CB, or 95 % ethanol.  Ethanol is our standard NBC storage solvent when no 

biomolecules are attached, and is very effective at preventing Ag oxidation; unstirred 
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samples are undamaged after one year.3  Each sample was divided in half; one half was 

vortexed continuously and the other half was stored in the respective solutions on the 

benchtop.  The wires were imaged daily over a twelve-day period.  Optical reflectance 

images for these samples after 7 and 12 days are shown in Figures 2.3 and 2.4, 

respectively.  

At day 7, the wire samples vortexed in HB showed clear signs of Ag degradation, 

with dark regions visible in the reflectance images (Figure 2.3E).  All other samples, 

including wires vortexed in CB, showed essentially no signs of damage.  After 12 days, 

the HB sample showed dark regions in the reflectance from Ag segments, much like what 

was observed after 7 days of vortexing.  The HB sample that had been continuously 

vortexed for 12 days showed mainly broken wires (i.e. the Ag segments had failed 

entirely).  In contrast, the ethanol and CB samples showed no change.  It should be noted 

that vortexing continually for 7 days goes far beyond the demands of any potential 

bioassay application.  Nonetheless, this study showed that the degradation of agitated 

wires stored in HB was accelerated greatly over those allowed to rest undisturbed on the 

benchtop, and that protection by addition of 40 mM citrate to the HB of a sample 

continuously vortexed for 12 days was as effective as storage undisturbed in ethanol.   

 

2.3.3.  Ability to Identify Wire Patterns Correctly After Silver Oxidation 

 Use of NBCs in multiplexed bioanalysis requires accurate pattern recognition.  

Since Ag degradation leads to areas of reduced reflectance, it could hinder NBC 

identification.  To investigate this possibility, we tested the impact of NBCs silver 

segment degradation on the ability of the NBSee software to identify the nanowires 
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correctly.  This software was designed by Nanoplex Technologies for the purpose of 

identification and analysis of NBCs.21  Image sets were analyzed using NBSee software 

programmed to discard wires not at least 4.3 μm in length; unbroken wires should be 4.5 

μm long.  This range was used to identify only wires that were not broken.  Typically 

during bioanalysis, it is desirable to identify which biomolecules are attached to which 

NBCs.  Therefore, it is important to identify only the NBCs that are not broken and are 

fully identifiable.  

Using NBSee, all samples were identified with greater than 80 % accuracy 

through day 12, with the exception of the vortexed HB sample (Figure 2.5).  Less than 

100 % identification accuracy indicates that some of the wires were identified as having 

patterns other than 001100.  Misidentification can arise from polydispersity in the initial 

NBC sample or post-synthesis degradation; decreases over time indicate that pitting of 

the Ag segments and/or wire breakage caused incorrect wire assignment.  Nanowires in 

ethanol were imaged as a control, as no Ag oxidation is observed for these samples over 

an entire year.3  NBCs left undisturbed in ethanol remained relatively constant at 94 % 

for day 5 and 92 % for day 12 (Figure 2.6).  The percentage of correctly identified wires 

stored in CB decreased from 92 % to 89 % (Figure 2.5).  Those stored in HB decreased 

from 90 % to 85 %.  These very small changes reflect the fact that the wires do not 

undergo much degradation in either CB or HB after only 12 days when sitting 

undisturbed.  However, the percent correctly identified dropped precipitously to just 12 % 

for the vortexed HB sample by day 12.   This substantial decrease tracks the increase in 

Ag segment degradation and wire breakage observed in the reflectance images of these 

samples.  In contrast, NBCs vortexed for 12 days in CB showed no significant decrease 
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in pattern identification accuracy, underscoring the protective effect of the citrate.  The 

fact that nanowire identification by NBSee did not decline significantly for the 12 day 

undisturbed HB and 7 day vortexed HB samples, despite noticeable changes in their 

reflectance images (Figures 2.3E and 2.4B), indicates the robustness of the pattern 

identification by the NBSee software.  The program anticipates that each segment will be 

750 nm in length, which reduces the impact of small dark regions within a Ag stripe, and 

the user interface enables selection of identification criteria to discard broken wires from 

analysis by dictating the expected length.  From the standpoint of multiplexed analysis, 

this means that small amounts of Ag degradation will not impact particle identification. 

 

2.3.4.  Testing Different Concentrations of Citrate for Silver Preservation 

 We initially selected citrate based on its use in Ag(I) reduction for preparation of 

colloidal Ag sols.33  These recipes call for a 1 % (38.8 mM) citrate solution.33  To 

determine whether additional reducing agent would provide further increases in Ag 

stability, we compared hybridization buffer with 40 mM, 100 mM, and 300 mM citrate.  

NBCs (pattern 000111) were left undisturbed on the benchtop in each of these buffers.  

Reflectance images of these wires after 7, 12 and 19 weeks show no additional 

improvement for the higher citrate concentrations (Figure 2.7).  Whole, slightly pitted, 

and broken wires can be found in all three samples after 19 weeks.  These data suggest 

that 40 mM citrate is sufficient for preserving the wires over several months.  
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2.3.5.  Bioconjugated Metal Nanowires in the Presence of Citrate 

 NBC-based multiplexing is generally performed using fluorescence to report the 

presence and amount of target biomolecules.  Fluorescence intensity for NBC-based 

assays is sensitive to both the underlying metal identity (i.e. Au vs. Ag) and to 

inhomogeneities such as can result from Ag degradation.  We performed a DNA 

sandwich hybridization assay on nanowires composed almost entirely of Ag, with short 

Au caps on each end.  Capture probes biotinylated on the 5’ end were attached to the wire 

surface via adsorption to a NeutrAvidin™ protein, after which the particles were exposed 

to the target strand, followed by a fluorescently tagged detection strand with a 3’ 

rhodamine dye.  After assembling this DNA sandwich on the nanowire surface, the 

sample was divided into two aliquots; half of the wires were stored in HB, with the other 

half in CB.  Both nanowire bioconjugate samples showed greater longevity as compared 

with bare Ag segments, due to the protective effect of the protein and DNA layer.  

Eventually, however, the wires in HB began to show signs of Ag oxidation.  By day 18 

pitting is evident in the wires stored in HB.  After 63 days of storage in their respective 

buffers, the optical reflectance and fluorescence images of the wires showed that the 

samples stored in HB had degraded substantially, while those in CB showed little 

evidence of oxidation (Figure 2.8).  The sample stored in HB contained many broken 

wires, and very low fluorescence intensity remained on the wires, while those stored in 

CB showed minimal degradation and fluorescent DNA still present even after 63 days, 

the longest time evaluated (Figure 2.8).  Thus, we recommend that when Ag-containing 

nanowire bioconjugates are stored prior to use, citrate or another mild reducing agent be 

added to maintain sample integrity. 



 

 

33

2.4.  Conclusions 

Barcoded nanowires offer a promising route for multiplexed bioanalysis.2  Silver 

and Au segmented Nanobarcodes™ are of particular interest, as these metals provide the 

greatest contrast with blue illumination, and can provide uniform intensity for fluorescent 

assays performed in the red.3  Unfortunately, Ag is less stable than other possible NBC 

metals (Au, Pd, Pt) and will degrade over a time scale of weeks in aqueous buffers.  

Although this does not present any problems for uses in which the NBCs are conjugated 

and used within a few days, slow air oxidation of stored bioconjugated wires could lead 

to degradation of Ag segments and eventual wire breakage.  We have shown that adding 

40 mM citrate to the buffer markedly slows silver oxidation.  No surface modification 

was necessary.  Bioconjugated NBCs were stable for more than two months in citrate-

containing 0.3 M NaCl, 50 mM phosphate buffer (pH 7).  Presumably similar results 

would be achieved by storing in deoxygenated buffers, under Ar(g); however, addition of 

citrate is much more convenient.  Addition of citrate will enable longer storage of 

biolabeled nanobarcodes prior to use and may aid in the prevention of silver surface 

degradation of biotagged Ag thin films such as those used in surface plasmon resonance 

and surface enhanced Raman scattering studies.  
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Figure 2.2.  Reflectivity images of underivatized 000111 nanowires in citrate buffer after 
53 days.  Wires are at a similar stage of degradation compared to day 17 in hybridization 
buffer. 
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Figure 2.3.  Reflectivity images at 430 nm illumination after 7 days of benchtop storage 
in: ethanol (A), hybridization buffer (B), and citrate buffer (C).  (D-F) images represent 
wires vortexed in: ethanol (D), hybridization buffer (E), and citrate buffer (F). 

 

 

 

 

 



 

 

40

 

 

 

 

 

 

 

 

 

 

Figure 2.4.  Reflectivity images of 001100 nanowires at 430 nm illumination.  Top: 
images taken after 12 days undisturbed benchtop of storage in: ethanol (A), hybridization 
buffer (B), and citrate buffer (C).  Bottom: images taken after 14 days continuous 
vortexing in:  ethanol (D), hybridization buffer (E), and citrate buffer (F). 

 

 

 

 

 



 

 

41

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5.  Graph showing percentage of nanowires correctly identified by NBSee 
software from days 5-12, after storage in citrate buffer and hybridization buffer, vortexed 
and non-vortexed. 

 

 

 

100

80

60

40

20

0

Pe
rc

en
t C

or
re

ct

12111098765

Exposure time (days)

 CB
 CB, vortexed
 HB
 HB, vortexed



 

 

42

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.6.  Graph of percentage of nanowires correctly identified by NBSee software 
from days 5-12, when stored in citrate buffer or ethanol, vortexed and non-vortexed. 
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Figure 2.7.  Reflectance microscopy images of 000111 nanowires stored in different 
concentrations of citrate buffer (40, 100, or 300 mM) for varying lengths of time. 
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Chapter 3 

 

Distance-dependent Emission from Dye-labeled Oligonucleotides on Striped Au/Ag 

Nanowires: Effect of Secondary Structure and Hybridization Efficiency 

3.1.  Introduction   

When chromophores are placed close to a metal surface, their fluorescence 

emission intensity can be altered due to quenching or electromagnetic enhancement.1-5   

Quenching occurs at distances very close to planar metal surfaces, usually ≤5-10 nm, 

while surface-enhanced fluorescence (SEF) generally occurs at tens of nanometers from 

the surface and is sensitive to the nanoscale roughness of the metal. 1-16 Although much 

smaller in magnitude than the related phenomenon of surface-enhanced Raman scattering 

(SERS), SEF has been shown to provide up to ~10-fold increases in emission, which 

could be analytically important in detection strategies.1-5,17-20 Predicting the optimal 

separation for a given experiment with precision can be difficult, as it varies with the 

identity and curvature of the metallic surface.1-20 The behavior of fluorescent dyes on or 

near metal surfaces is becoming increasingly important for biosensing applications, 

where fluorescence is used to indicate the occurrence of specific binding events. 3,5 

Bioassays can take advantage of fluorescence enhancement, quenching, or both.   

Incorporation of a metal film can provide additional discrimination between surface-

bound and free chromophores by increasing emission under evanescent wave 

excitation.5,21  For example, Hong and Kang recently reported detection of cardiac 
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markers via metal-particle-enhanced fluorescence in a surface immunoassay on optical 

fibers.18 Fluorescence quenching was employed by Perez-Luna et al. in a displacement 

immunoassay, where target binding led to release of labeled receptors from an Au film 

and a concomitant ~tenfold increase in intensity.22 In some cases, probe conformational 

changes alter the metal–chromophore separation upon target binding. Maxwell et al. 

bound 3’-thiolated, 5’-dye-labeled oligonucleotides to 2.5 nm diameter Au particles as 

probes for complementary target DNAs.23  In the absence of target, the 5’ dye moiety was 

able to approach the metal surface and fluorescence was quenched;  hybridization 

removed the fluorophore from the particle whereupon emission increased substantially. 

This approach is conceptually similar to that of solution-phase molecular beacon probes, 

which are oligonucleotides having regions of partial complementarity at their 3’ and 5’ 

ends, such that they form hairpin loop structures.  Traditionally, a fluorescent dye is 

appended to one end of the DNA sequence and a quencher molecule to the opposite end.  

When in solution, they exist in “dark” hairpin loop structures with the dye and quencher 

in close proximity.  Upon addition of a complementary target sequence, the hairpin 

unfolds to bind target, allowing fluorescence to occur.24-29 Libchaber and coworkers have 

demonstrated that 1.4 nm gold particles can be used in place of molecular quenchers,  

providing quenching efficiencies >99 %.30 

An important advantage of molecular beacon-style assays is that no washing or 

target labeling is required.  A disadvantage is the limited degree to which solution-phase 

beacons can be multiplexed, due to the requirement for spectrally distinguishable dyes 

and efficient quenching.  One solution is to immobilize the beacon probes on a surface, 

where they could be used in array format.  Towards this end, beacon probes have been 
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immobilized on glass,31,32 polystyrene,33 agarose,34 and metal35-37 surfaces. On metals, the 

surface itself can serve as the quencher.  Krauss and coworkers introduced beacon-style 

probes on macroscopic, planar Au surfaces for target DNA sequence detection, and 

demonstrated excellent discrimination between fully complementary and single 

nucleotide mismatched targets.35,36  We recently reported a surface-bound beacon assay 

where Au/Ag striped nanowires (marketed as Nanobarcodes™) were used for 

simultaneous detection of five human pathogenic target sequences.37  These particles are 

cylindrical, several microns in length, ~300 nm in diameter, and contain multiple 

segments of Au and Ag in patterns readily differentiated by reflectance optical 

microscopy.38-40   

Here we report the effect of dye-metal separation on fluorescence emission from 

cylindrical nanowires composed of Ag and Au segments.   Emission from dye-labeled 

oligonucleotides at metal surfaces has been investigated previously.  Lakowicz and 

coworkers have reported a number of surface effects on fluorescence, including enhanced 

intrinsic fluorescence from unlabeled DNA,41 improved photostability,42 and increased 

resonant energy transfer between DNA-bound molecular donors and acceptors.43  This 

group has also reported increased apparent quantum yields and decreased lifetimes for 

Cy3 and Cy5-labeled dsDNA adsorbed nonspecifically onto Ag particles.44   The kinetics 

of labeled complementary strands to surface-bound probe DNAs have been followed in 

real time by both surface plasmon field enhanced21 and epi-illumination45,46 fluorescence 

spectroscopy. Despite this prior work, guidance on optimum length or base position for 

fluorescently tagging surface-bound probe strands is lacking.  The effect of dye–Ag 

island film separation has been investigated by preparation of protein multilayers to 
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which cyanine dye labeled oligonucleotides were attached.47  The maximum 

enhancement was about 12-fold, at ~9 nm from the metal surface (i.e., one layer of 

streptavidin and biotinylated BSA between the metal and the DNA).47  For labeled DNA 

bound to the surface without intervening protein layers, the conformation of the DNA can 

dramatically alter the dye-surface separation, and with it the emission intensity.  Rant, 

Tornow and coworkers used this effect to probe conformational changes in 5’-thiolated, 

3’-dye-labeled 12- and 24-base single-stranded oligonucleotides.48  Fluorescence 

increased with increasing DNA surface density, due to steric interactions forcing the 

strands to “stand up” to a greater extent on the surface.   

We present data which build on these results to elucidate the effect of 

chromophores incorporated after the 8th, 12th, 24th, 36th, and 48th position along a 52-base 

5’-thiolated probe strand extended from the surface by hybridization to a nonfluorescent 

complementary oligonucleotide.  By performing the fluorescence measurements for each 

length simultaneously in a multiplexed format, we were able to compare directly and 

quantitatively the effect of dye incorporation at each position as a function of probe 

surface coverage and hybridization buffer.  We found that the observed metal-dye 

separation dependence was highly sensitive to hybridization efficiency, due to increased 

DNA extension from the surface upon hybridization.  This effect was more important 

than the number of dye molecules present on the surface, with ten-fold lower probe 

coverages leading to higher emission intensities due to improved hybridization. 

To explore the effect of probe secondary structure, we also tested molecular- 

beacon-style probe sequences having 5’-thiols and 3’-chromophores.  The beacon probes 

were less sensitive to hybridization efficiency than their unstructured counterparts; 
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among 24, 34, and 48 base beacon probes, the 34-mer gave the highest fluorescence 

intensities in the presence of DNA target regardless of the hybridization buffer used.  We 

interpret this as a result of differences in conformational flexibility for unquenched states 

of unstructured single-stranded probes (which are quite flexible at these lengths) and the 

beacon probes, which should unfold into unquenched states only upon binding to 

complementary target strands.   Thus, while fluorescence from traditional single-stranded 

DNA probes lacking secondary structure occurs from molecules sampling a range of 

metal-dye separations, any emission observed from beacon probes should be from the 

double-stranded state (i.e. maximum metal-dye separation). 

Because the striped nanowires contained segments of both Au and Ag, the effects 

of each metal could be directly compared within each experiment.  Differences in 

fluorescence patterning on Au and Ag were observed as a function of chromophore 

identity and metal–dye separation.  For example, emission intensity for TAMRA-labeled 

oligonucleotides changed from brighter on Ag for 24-base probes to brighter on Au for 

48-base probes. We also observed regions of brighter fluorescence at the ends of 

nanowires and at surface defects where heightened electromagnetic fields affect the 

fluorescence.  It is hoped that our results on fluorescence emission for different metal-dye 

separations, probe conformations, dye identities, and metal substrates will prove useful in 

the design of bioassays in which these effects are important. 
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3.2.  Materials and Methods 

3.2.1.  Materials 

 Nanobarcodes™ patterned 000010, 001100, 010100, 011110, 100001, 001010, 

010010, and 011000, where 0 represents a 0.75 μm segment of Au and 1 represents a 

0.75 μm segment of Ag, were purchased from Nanoplex, Inc. (now Oxonica).  Each 

batch of nanowires consisted of ~1x109 wires per 1 ml ethanol.  Nanowires were rinsed 

three times in water (by centrifugation) to remove the ethanol prior to use.    

Hybridization buffer (0.3 M PBS) was made in house and was prepared using 0.3 M 

NaCl and 10 mM sodium phosphate at pH 7.0, and 0.01 M PBS buffer (0.01 M phosphate 

buffered saline; 0.138 M NaCl; 0.0027 M KCl; pH 7.4) was purchased from Sigma.  

Commercial hybridization buffer (HS114) was obtained from Molecular Research 

Centers, Inc.  EDTA buffer was prepared according to Krauss and coworkers, using 0.5 

M NaCl, 20 mM cacodylic acid, and 0.5 mM EDTA, pH=7.35  All water used in these 

experiments and in preparation of the buffers was purified through a Barnstead Nanopure 

System to 18 MΩ resistivity.   

 

3.2.2.  Surface–Dye Separation Experiments with Unstructured DNA Probes 

 Probes for dye-surface separation experiments were designed by inserting a 

nonhybridizing, internal rhodamine red-X NHS ester labeled thymine base after the 8th, 

12th, 24th, 36th, or 48th base position of a 51-base oligonucleotide. We anticipate that this 

labeled thymine forms a single base bulge loop,49 minimizing interference of the dye 

molecule with hybridization.  This insertion does not appreciably decrease the stability of 

duplex formation at any of the positions used here (predicted melting temperatures for 
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these sequences in 0.3 M salt are all ~82 oC).  Because the bulge does not increase the 

overall length of the duplex formed, we refer throughout this chapter to the separation in 

terms of the base just prior to the labeled thymine.  All sequences are listed in Table 3.1 

and were purchased from Integrated DNA Technologies, Inc.  DNA sequences were 

received as disulfides, which were cleaved before use, resulting in a single thiol moiety 

terminating the sequence.  To cleave the disulfide, the DNA was first dissolved in a 100 

mM solution of DTT (dithiothreitol) in 1 ml 0.1 M Na3PO4 buffer (pH 8.3) for a half 

hour, and then the small thiol fragments were removed using Centri-Spin Separation 

Columns (Princeton Separations).  The resulting DNA sequences (terminated with a 

single –SH group) were diluted in water to a concentration of 10 μM and were stored in 

the freezer at –80 °C.  

 

3.2.3.  Preparation of Distance Dependence Assays   

 Aliquots of 25 μl of each type of NBC were rinsed three times in water and 

resuspended in 100 μl 0.01 M PBS buffer.  Each internally labeled DNA sequence was 

added at a final concentration ranging between 1-2 μM to different patterned NBCs 

(concentrations were held constant within a single experiment, but varied slightly from 

experiment to experiment).  Nanowire patterns allowed for identification of the 

corresponding attached DNA sequence.  Thiolated DNA (8D, 12D, 24D, 36D, or 48D) 

was allowed to self-assemble to the wires for at least 4 hours while tumbling at room 

temperature, then were rinsed three times in 0.01 M PBS buffer.  The samples were 

resuspended in 100 μl of either HS114 hybridization buffer or 0.3 M PBS for 
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hybridization.  Complementary DNA (CD) was added at a final concentration of 5 μM, 

and was allowed to hybridize overnight at room temperature while tumbling.  Samples 

were then rinsed 3 times (by centrifugation) in 0.3 M PBS and resuspended in 250 μl of 

the same buffer.  The samples were then imaged using optical microscopy (see below). 

 

3.2.4.  Hybridization Efficiency  

 Two separate aliquots of NBCs patterned 000010, one containing 150 μl of wires, 

and the other containing 300 μl, were rinsed in water and resuspended in 0.01 M PBS 

buffer to their original volumes.  To the 150 μl sample, 48D DNA was added, and to the 

300 μl sample, NFD DNA was added for surface attachment, at a final concentration of 5 

μM.  The DNA was allowed to attach for 4 hrs at room temperature while tumbling.  The 

samples were then rinsed four times in 0.01 M PBS buffer and were resuspended in 0.01 

M PBS buffer to original volumes.  The 150 μl sample was then divided into a total of 

three tubes each containing 50 μl of wires, such that three samples were available to 

collect surface coverage data from (see below). The 300 μl sample was divided into two 

tubes (150 μl each).  The buffer from one of the tubes was removed and replaced with 

HS114 hybridization buffer.  A total of 10 μM 5’-TAMRA-labeled CD DNA was added 

to each tube and was allowed to hybridize overnight at room temperature.  Both samples 

were then rinsed in 0.3 M PBS buffer and were further divided into three separate 

samples each containing 50 μl of nanowires.  Mercaptoethanol was then added to these 

six samples for determination of surface coverage (see below).  
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3.2.5.  Beacon Performance as a Function of Buffer and Beacon Length  

 Beacon probes were each attached to a different patterned NBC by first washing 

50 μl of each type of NBC two times in 0.01 M PBS, and resuspending them in 50 μl of 

0.01 M PBS.  Beacon probes (either 24B, 34B, or 48B) were then added to the wires (500 

μl of 5 μM probe in water) and were allowed to attach overnight at room temperature 

while rotating.  Next, 300 μl of 0.3 M PBS was added for 2 hours at room temperature 

while rotating, and the samples were then washed three times in 0.3 M PBS buffer.  From 

these beacon coated wire samples, 3 μl aliquots were each added to separate 42 μl 

volumes of either 0.3 M PBS, EDTA, or HS114 buffer and the DNA targets were 

hybridized at a final concentration of 5 μM while rotating at 37 °C for one hour.  The 

samples were then rinsed two times in 0.3 M PBS buffer before imaging. 

 

3.2.6.  Sensitivity of Nanowire Beacon Assay  

 Beacon probe (48B) was attached to NBCs patterned 00001 in the same manner 

as described in the previous section.  A range of target DNA concentrations was prepared 

such that the final concentrations of target when added to 50 μl 0.3 M PBS buffer ranged 

from 0 M to 1x10-6 M.  To the separate 50 μl aliquots of target in buffer, 3 μl of beacon-

coated wires were added.  Beacon targets were allowed to hybridize at 50 °C for 3 hrs 

while tumbling.  Samples were rinsed three times in 0.3 M PBS before being imaged. 
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3.2.7.  Fluorescence Patterning  

 For each set of experiments, 50 μl of NBCs patterned 000111 were rinsed three 

times in water by centrifugation, and were resuspended in 5 μM DNA beacon in 0.3 M 

PBS buffer at a final volume of 150 μl.   Beacons used for the different dye study were 

sequenced the same as 34B except terminated with different fluorophores (Cy3, Cy5, or 

6-FAM).  For the study using different length DNA, either 24B, 34B, or 48B DNA was 

used which was labeled with TAMRA fluorophores.  Beacons were added to each tube at 

a final concentration of 5 μM in 150 μl 0.3 M PBS buffer and were allowed to hybridize 

with gentle agitation at room temperature for 4 hrs.  The samples were then rinsed three 

times in 0.3 M PBS and were resuspended in 50 μl 0.3 M PBS buffer for imaging. 

 

3.2.8.  Imaging and Emission Intensity Quantification   

 Brightfield reflectance images were acquired using a Nikon TE-300 inverted 

microscope equipped with a 12 bit high resolution Coolsnap HQ camera (Photometrics).  

A CFI plan fluor 60x oil immersion lens (N.A. = 1.4) was used in conjunction with 

Image-Pro Plus software (version 4.5) to image the samples.  The light source was a 175 

W ozone free Xe lamp, and a Sutter Instruments filter wheel (Lambda 10-2) allowed for 

wavelength selection.  Sample preparation for analysis by optical microscopy involved 

dropping a 10 μl aliquot of sample onto a glass coverslip (Fisher 12-542-C), allowing the 

wires to settle to the surface of the cover slip, then sandwiching the sample between the 

coverslip and a glass slide.  All reflectance images were taken at 430 nm, due to high 

reflectance contrast between Au and Ag at this wavelength.38,39 
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Fluorescence intensity values for samples were obtained quantitatively using 

NBSee Software designed by Nanoplex Technologies, Inc., for identification of patterned 

wires and quantification of corresponding fluorescence.50  Over thirty (and typically 

several hundred) of each nanowire striping pattern were analyzed and averaged to 

generate the log normal mean fluorescence intensities (Cox’s method of normalization).51 

The error bars reported are the 95% confidence interval.   

 

3.2.9.  DNA Surface Coverage 

 Surface coverage determination methods used were similar to those described by 

Demers et al.52  To obtain coverages of fluorescent DNA bound to nanowires, 5 μl of 

mercaptoethanol was added to the nanowire solutions that remained after imaging, and 

the samples were allowed to tumble on a rotator at room temperature overnight.  The 

DNA was displaced into solution, which was collected above the wires, and the 

fluorescence intensity was determined using a Fluorolog-3 fluorimeter.  This fluorimeter 

was equipped with a 450 W Xe lamp, and double grating excitation spectrometer and a 

single grating emission spectrometer.  Calibration standards were used to determine the 

concentration of DNA in each sample.  

 

3.3.  Results and Discussion 

Characterization of fluorescence behavior on nanowires of different metals can 

provide insight for future design and optimization of fluorophore-based bioassays on 

metal substrates and guidance for other metal-fluorophore investigations.  Using 

barcoded metal nanowires for this work enabled us to directly compare results from the 
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two adjacent metals on each wire (Au and Ag in this case), as well as from multiple 

experiments performed simultaneously on particles having different patterns.  This avoids 

irregularities from variability in lamp intensity, focus, etc., and makes direct, quantitative 

comparison of fluorescence on different wires and/or adjacent metals possible.   

 

3.3.1.  Dye-Surface Separation Dependence for Unstructured Probe DNAs: Effect of  

           Hybridization Efficiency 

True distance dependence data for quenching and SEF on metal nanowires could 

be acquired by coating the wires with inorganic or organic films of known thickness and 

attaching the chromophore to the film.8,11,14-16 However, the relevant variable for 

optimization of surface-based nucleic acid assays is not the absolute distance dependence 

of the response, but rather the optimal number of nucleobases between the metal and the 

fluorophore.  Thus, variables such as surface coverage and whether the DNA is single- or 

double-stranded may be as important as oligonucleotide length.  To avoid potentially 

substantial differences in surface coverage or hybridization efficiency between different 

DNA probe lengths, we used a single length of DNA for all distance dependence 

experiments and varied the position of dye-labeled thymine bases along this length. 

Figure 3.1 illustrates the experimental design.  Dye-labeled DNA was attached to the 

barcoded nanowires via 5’-thiol moieties and hybridized to unlabeled complementary 

strands to both increase the rigidity and extension of the DNA and approximate DNA 

hybridization assay conditions.  We chose to incorporate the labeled thymine bases in the 

thiolated strand that would be attached to the surface rather than the complementary 

strand, as this more closely mimics surface-bound molecular beacon probes.  Rhodamine 
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red dye was chosen based on availability for internally labeling DNA sequences and for 

spectral similarity to TAMRA, which we have used in molecular beacon assays.   

In this experiment, five different sequences with fluorophores positioned after the 

8th, 12th, 24th, 36th, and 48th base of separate 52 base long sequences were investigated.  

Each of these five sequences was bound to nanowires having different barcode patterns, 

as illustrated in Figure 3.1.  DNA 52 bases long was used to assure extention of a few 

bases beyond the furthest positioned internal fluorophore (49th base) such that similar 

DNA-fluorophore interactions were experienced by all of the fluorophores.  Estimated 

fluorophore-metal separations (for the base immediately 5’ to the labeled thymine, 

calculated as 3.4 Å/base plus the C6 spacer)29 for the fully extended nanowire bound 

DNA sequences are as follows:  8th base ~3.6 nm, 12th base ~4.8 nm, 24th base ~8.6 nm, 

36th base ~12.3 nm, and 48th base ~16.0 nm.  The five DNA:nanowire conjugates were 

mixed together prior to imaging, enabling simultaneous data collection for all five labeled 

positions,  and eliminating factors such as variations in lamp intensity between samples 

with time and the need for internal reference standards.53  Figure 3.2 shows a 

representative reflectance and corresponding fluorescence image from this experiment.  

The reflectance image enables identification of the nanowire patterns (Ag segments are 

brighter than Au with blue illumination), while the corresponding fluorescence images 

provide emission intensity.  These data, hybridized in 0.3 M PBS buffer, suggest that 

base positions 8 and 12 are very efficiently quenched, while positions 24, 36, and 48 give 

much higher fluorescence intensities.   

 



 

 

58

Quantification of fluorescence response was obtained from multiple reflectance 

and fluorescence images of using NBSee data analysis software.50  This software first 

identified isolated nanowires (i.e. clumped wires are omitted from analysis) and 

identified their barcode patterns based on linescans through each wire in the reflectance 

images.  It then referred to the corresponding fluorescence images to determine the 

fluorescence intensity for each wire.  The fluorescence values were averaged across each 

wire, then compiled to give an overall mean fluorescence intensity for each wire pattern 

(i.e., each labeled base position).  Figure 3.3 gives the relative averaged fluorescence 

intensities of samples hybridized in two different buffers (0.3 M PBS and commercially 

available HS114).  Two distinct trends were observed, depending on the hybridization 

buffer used.  In the HS114 samples, as the position of the fluorophore was moved further 

from the surface of the wire, the fluorescence intensity increased.  The HS114 

hybridization buffer, although its composition is not revealed by the manufacturer, 

presumably contains surfactant (noted by the foamy nature of the buffer) and other 

reagents to reduce nonspecific binding.  The same experiment hybridized in 0.3 M PBS 

buffer resulted in a different fluorescence trend (Figure 3.3).  The fluorescence intensities 

in these samples were highest with a metal-fluorophore separation of 24 bases (~8.6 nm 

if fully extended) from the metal surface, then remained relatively constant, and/or 

decreased slightly beyond that distance.   

We suspected that the difference in the two buffers was due to higher stringency 

for the HS114 buffer, leading to lower hybridization efficiency and consequently 

changing the dye-surface separation.  Figure 3.4 illustrates this concept.  Sample A, 

which has a lower percentage of double stranded DNA, has a smaller average dye–
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surface separation than sample B, which has higher hybridization efficiency.  The 0.3 M 

NaCl buffer is used to overcome electrostatic repulsion due to the high density of 

oligonucleotides on surfaces,54 while the commercial HS114 buffer was presumably 

designed for use in solution-phase hybridization reactions.  We therefore compared the 

hybridization efficiencies of the two buffers under otherwise identical conditions.  

Separate samples, one with fluorescently labeled DNA (48D) attached to nanowires and 

the other with non-fluorescent DNA of the same sequence (NFD), were prepared to 

determine the surface coverage of probe and amounts of hybridization, respectively.  

From the surface-bound fluorescent DNA sample, the surface coverage of probe was 

determined to be 7x1012 oligos/cm2.  The hybridization efficiency in 0.3 M PBS was 43 

%, while that in HS114 buffer was just 19 % (note that hybridization efficiencies near 

100 % for surface-bound oligonucleotides, particularly for the lengths used here, 

generally require special attention to steric factors55-57).  These hybridization results 

explain the existence of the two trends identified in the distance dependence data: in PBS 

buffer, more than twice as much of the labeled DNA was double stranded as compared to 

when HS114 buffer was used, causing more DNA to be rigid and extended further from 

the surface.  Single-stranded DNA is flexible, allowing the fluorophore to reside closer to 

the surface.  Thus, the average metal–dye separation is much greater for the 0.3 M PBS 

samples than for the HS114 samples.  We expect that neither set of samples provides 

metal–dye separations as high as are calculated based on label position and assuming 

fully-extended DNA (i.e. 16 nm for the 48th base).  Bearing this in mind, our observations 

for optimal base position are not inconsistent with decreased quenching after 

approximately 5 nm from the surface, and no SEF.  A small SEF effect cannot be ruled 
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out; however, if SEF was substantial in this system, we would not expect the “leveling 

off” of emission intensity after 24 bases that is observed for the 0.3 M PBS samples, but 

rather a maximum followed by a decrease prior to leveling off.1-5 

Because of the large difference in persistence length for single-stranded versus 

double-stranded DNA, and the distance-dependence of quenching by metals, differences 

in fluorescence intensity due to the extent of hybridization can be quite large.  Indeed, 

Nie and coworkers have used this to their advantage to develop a molecular-beacon-style 

DNA detection assay in which fluorescent DNA probe strands that lacked secondary 

structure (i.e. no hairpin was designed into the sequence) were attached via thiols to Au 

nanoparticles.23  When no target was present, the DNA looped around the particles where 

the fluorophore was quenched, but in the presence of target, the double-stranded DNA 

was extended from the particle surface, greatly increasing the emission.23 To investigate 

the importance of having the DNA double stranded in our experiments, we attached 5’-

thiolated, 3’-TAMRA-labeled, 24-base single-stranded DNA (24S) to nanowires, and 

either the complementary strand was added, or no target was added.  The samples with 

complementary DNA were 2.5 times more fluorescent than those that were single 

stranded, despite the facts that (i) the same number of dye molecules were present on the 

wires in each case, and (ii) this probe sequence was designed to avoid secondary 

structure.   

In our distance dependence experiments, hybridization efficiency of surface 

bound DNA was more important in determining the overall emission intensity than the 

number of dye molecules present.  Figure 3.5 shows fluorescence intensity as a function 

of dye position, DNA surface coverage, and hybridization buffer.  Solid lines correspond 
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to 0.3 M PBS buffer, while dashed lines indicate HS114 buffer.  Data sets are shown for 

each buffer at two different surface coverages of dye-labeled DNA: 7-8 x 1011/cm2 and 6-

8 x 1012/cm2.  As in Figure 3.3, samples hybridized in HS114 buffer show an increase in 

mean fluorescence, while those in 0.3 M PBS buffer reached a maximum then leveled off 

as a function of labeled base position.  The two experiments with the lower dye-labeled 

DNA coverages had more than five-fold higher average fluorescence than samples with 

an order of magnitude greater number of dye molecules on the surface.  These data 

underscore the critical importance of steric hindrance in determining hybridization 

efficiency in surface-based nucleic acid experiments.  Decreased hybridization 

efficiencies for the higher surface coverage samples result in more flexible, less fully 

extended strands and consequently greater quenching, as described above.  Additionally, 

at higher coverages, the fluorophores may be experiencing collisional quenching with 

neighboring fluorophores, thus further decreasing the intensities. 

 
3.3.2.  Dye-Surface Separation Dependence for Molecular Beacon-Style Probe          

 DNAs: Effect of Secondary Structure 

The principal difference between the DNA sequences used in the experiments 

described above and those used in molecular beacon-style experiments is the presence of 

secondary structure in the beacon probe sequences.  To determine how well our 

predictions from the fluorophore-distance study translated to the design of DNA beacon 

assays, we studied three different length hairpin probe sequences (24, 34, and 48 bases in 

length, each with an identical 5 base pair “stem” region, and different “loop” lengths) 

attached to barcoded nanowires.  To determine the separation dependence of fluorescence 
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intensity, each sequence was hybridized to a complementary target sequence (C24B, 

C34B, or C48B) so that the fluorescence emission would not be quenched by the metal 

surface (as it should be for the beacon probes in the absence of target). Hybridization was 

performed in both the 0.3 M PBS and HS114 buffers used for distance dependence 

experiments, and also in a third buffer (“EDTA”) introduced by Krauss and coworkers 

for beacon probes on planar Au surfaces.35  Figure 3.6 shows the relative fluorescence 

intensities after hybridization for each beacon probe length in each of the three buffers; 

fluorescence intensities have been normalized to a scale of 0 to 100 for each of the three 

different buffers, in order to highlight length-dependent differences between the probes.  

Irrespective of buffer used, the intensity trends as a function of distance are similar.  The 

34-base beacon probe gave the highest fluorescence intensity, with both longer and 

shorter probes giving lower intensities.   

The surface–dye separation dependence of the beacon probes in all three buffers 

is more similar to the 0.3 M PBS distance dependence data (Figures 3.3 and 3.5) than to 

the HS114 data.  This is consistent with the effects of probe secondary structure.  For 

molecular beacon probes, unlike traditional single-stranded DNA probes (i.e. without 

secondary structure), fluorescence emission is quenched in the absence of target DNA, 

because the hairpin structure holds the fluorophore very close to the metal surface (Figure 

3.7).  Thus, decreased hybridization efficiencies should not result in the same magnitude 

of change in fluorophore–metal separation.  Differences in intensity as a function of 

probe length are smallest in HS114 buffer, which gave lower hybridization efficiencies 

for traditional DNA binding experiments as described above.  Formation of secondary 

structure, like hybridization to target strands, requires overcoming electrostatic 
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repulsions.  Thus, a more stringent buffer such as HS114 favors both less target binding 

(i.e. less fluorescence) and also less hairpin folding (i.e. more fluorescence).   The 

fraction of fluorescence arising from unfolded probes should be lowest for the higher 

ionic strength buffers (0.3 M PBS and EDTA); thus, we can expect these buffers to best 

approximate a fully double-stranded response.  Clearly, differences in intensity due to the 

effects of the hybridization buffer are more complicated for beacons than for non-hairpin 

sequences.  Stringency conditions for optimizing hybridization of unstructured probes are 

not directly applicable to beacon probe assays, as the stem interactions must also be 

considered.  Additionally, changing the probe length may also impact steric hindrance at 

the surface, which could alter the hybridization efficiency.  For the data shown in Figure 

3.6, probe surface coverage was held approximately constant (1.2 – 2.5 x 1011 

probes/cm2) for all probe lengths to minimize differences in steric effects between the 

samples. 

The data in Figure 3.6 suggest that the separation-dependence of molecular 

beacon probes, unlike unstructured probes such as those in Figures 3.3 and 3.5, will be 

relatively insensitive to hybridization efficiency. This is because while the 

conformational flexibility of unstructured single stranded DNA complicates the observed 

separation-dependence of emission, beacon probes have limited conformational 

possibilities (quenched hairpins or fully extended duplexes).29  This is critically important 

for bioassay applications, since the major factor responsible for the degree of 

hybridization on the surface in a bioassay will be solution target concentration, i.e., the 

quantity to be measured, rather than choice of buffer, which would be held constant under 

assay conditions.   
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We investigated the effect of target concentration (i.e., hybridization efficiency) 

for a 48-base beacon probe on the nanowire surface.  If distance dependence effects 

complicated the response to target concentration, one might expect to see a trend different 

than an increase in fluorescence intensity with increasing target concentration.  Figure 3.8 

shows the log mean fluorescence intensity of each assay containing different 

concentrations of DNA target.  As the concentration of target DNA was decreased, the 

fluorescence intensity also decreased.  This suggests that the distance dependence effects 

did not complicate the fluorescence response although the percent hybridization was 

changed.  A common figure of merit for molecular beacon assays is the quenching 

efficiency, QE, defined as the ratio of fluorescence present when quenched versus 

unquenched, is calculated as [1-(signal in absence of target/signal with target)] %.  In this 

assay, the quenching efficiency calculated at 1 μM target was 88 %.  Since our focus here 

was on the separation dependence, we did not optimize assay conditions before acquiring 

the data in Figure 3.8. Nonetheless, there was a substantial change in the fluorescence 

between the target and no target samples, such that the presence or absence of target was 

apparent.  The sensitivity of this assay is in the 100 pM to 10 nM range in its current form 

(<1 nM limit of detection based on average intensity for the no target control plus twice 

the standard deviation),58 and is limited by inefficient quenching. This is comparable to 

sensitivities reported by other groups for surface-bound molecular beacon assays.32,33,35  

Typical quenching efficiencies for surface bound beacons are in the 80 to 95 % 

range,32,42,53,54 with the highest reported values >99 % from Krauss and coworkers for 

beacons bound to planar Au.35 Libchaber and coworkers reported quenching efficiencies 
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of 99.97 % for solution-based beacon structures where organic quenchers were replaced 

by 1.4 nm Au clusters.30  

 

3.3.3.  Fluorescence Patterning Phenomena 

Some patterning of fluorescence intensity on the Au/Ag striped nanowires is 

observable in Figure 3.2.  Indeed, we often observe patterned fluorescence intensities on 

the nanowires.  We have previously reported fluorescence patterning in sandwich 

immunoassays, where the dye molecules were bound to the secondary antibodies (i.e. 

relatively far from the metal surface).  In those earlier experiments, the fluorescence 

patterning we observed correlated with the reflectivities of the underlying metals.38  Thus, 

although the dyes were located in the near field of the metal nanowires, useful predictions 

of patterning could be made simply by treating the wire as a variably reflective mirror 

(i.e., shorter wavelengths of excitation and emission were more efficiently reflected from 

Ag as compared with Au, in accordance with the wavelength-dependent bulk 

reflectivities of these metals).  A key difference between those experiments and the 

experiments described here is the magnitude and variability of the dye-surface separation.  

Here, rather than holding the separation constant at ~15 nm, we are varying it between 

~3.6 nm and ~16 nm, depending on the labeled probe position (0.34 nm per base plus the 

six carbon spacer).  Additionally, while the surface attachment chemistry was insensitive 

to metal identity in the immunoassay data, thiols can be expected to give higher 

coverages on Ag as compared to Au,59,60 which may influence patterning (either making 

Ag brighter due to a greater number of dye molecules, or darker due to lower 

hybridization efficiency and therefore less extension from the surface).  
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While studying different length DNA beacon probes on striped metal nanowires, 

we noticed that fluorescence patterning varied with dye–metal separation (Figure 3.2).  

Figure 3.9 explores this effect further: reflectance and corresponding fluorescence images 

are shown for half Au/half Ag nanowires coated with internally-rhodamine labeled, 

thiolated sequences 8D through 48D and hybridized to complementary DNA in 0.3 M 

PBS buffer.  Reflectance and fluorescence linescans for a representative wire from those 

samples with appreciable fluorescence intensity are shown.  Strong fluorescence 

patterning is observed for rhodamine after the 12th and 24th base positions, with intensities 

on average ~3-fold brighter on the silver segments than the gold.  At a distance of 36 

bases, the rhodamine dye shows less distinct patterning, barely discernable on some wires 

in this sample.  Rhodamine positioned 48 bases from the surface also shows very little 

patterning.  

More striking changes in fluorescence patterning were observed for greater 

changes in dye-metal separation.  Figure 3.10 shows reflectance and corresponding 

fluorescence images and linescans for half gold-half silver nanowires coated with 

TAMRA labeled DNA sequences of various lengths after hybridization to 

complementary strands.  All experiments in this figure were conducted under identical 

conditions (0.3 M PBS buffer).  The shortest length DNA (24 bases) shows fluorescence 

patterning that matches the reflectance patterning of the nanowires, where silver is 

brighter and gold is darker.  This result is qualitatively similar to what was seen in Figure 

3.9 for the internal rhodamine labels after the 24th base position, despite the change to 

TAMRA dye.  To achieve greater metal-dye separations, we compared this result with 

intensities for 34- and 48-base molecular beacon probes with 5’-thiols and 3’-TAMRA.  



 

 

67

Probes with secondary structure were used in order to maximize the extension from the 

surface upon hybridization.  For beacon probes 34 bases in length, approximately 

uniform fluorescence is observed on Au and Ag segments.  Beacon probes 48 bases long 

exhibited a reversal in fluorescence patterning, such that fluorescence intensities from 

TAMRA on the Au segments were brighter than on Ag segments of the wires.  The 

observed changes in surface patterning arose primarily from changes in the emission 

intensity for TAMRA on the Ag segments, while emission on the Au segments was 

relatively insensitive to metal–dye separation.   

The observation of fluorescence reversal in the TAMRA-labeled beacon probe 

experiments, as compared with just a reduction in the degree to which fluorescence was 

brighter on Ag vs. Au in the rhodamine-labeled unstructured probe experiments could be 

due to differences in the dye and/or to the greater metal-dye separations probed in the 

beacon experiment.  Unfortunately, we were unable to purchase rhodamine-labeled 

beacon probes to test directly which of these effects was dominant.  However, the 

excitation and emission wavelengths for rhodamine (588 and 608 nm, respectively) are at 

longer wavelengths than for TAMRA (559 and 583 nm).  Based on reflectivity 

arguments,38 TAMRA is expected to give lower intensities on Au segments as compared 

to rhodamine.  Thus, while dye-specific properties cannot be ruled out as the cause of 

these differences, we favor interpretation of the stronger apparent distance-dependence of 

the TAMRA-labeled beacon probes (Figure 3.10) as arising from the greater surface-dye 

separation for these probes as compared to those lacking secondary structure (Figure 3.9).    

The nature of the metal–fluorophore interaction depends not only on the 

separation between them, and the identity of the metal, but also on the identity of the dye.  
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For example, low quantum yield dyes have been reported to exhibit particularly 

impressive surface enhanced fluorescence on colloidal silver surfaces.6,61 In the case of 

molecular beacon probes, additional properties may become important.  For example, 

efficient quenching of the dye may benefit from weak adhesion between the dye and the 

metal surface.  The size of the dye, and electrostatic considerations may also come into 

play, potentially impacting the ability of the hairpin structures to fold and/or unfold.  We 

compared four different fluorescent dyes with a range of excitation/emission frequencies, 

extinction coefficients, and quantum yields (Table 3.2).   In these experiments, 5’-

thiolated beacon probes with the dyes at their 3’ end were attached to nanowires 

composed of half Ag and half Au. The chemical structures of these dyes are also 

different, with 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 3.10 (middle panel) and 3.11 show results for each of these dyes, 

on half Au/half Ag nanowires.   Several differences between the dyes can be observed.  

Cy3 gave the highest peak intensity, with a sharp spike of fluorescence near the Au/Ag 

interface at the center of the wire, and smaller spikes at both ends.  Cy5 also showed 

sharp spikes of intense emission corresponding to the Au/Ag interface, the edges of the 

wire, and a defect in the Ag segment that appears dark in the reflectance image.  In 

contrast, TAMRA and 6-FAM appear to be less sensitive to edges and surface defects in 

the wires.  These regions of intense fluorescence response most likely arise from SEF at 

regions of heightened electromagnetic fields.1-5  This interpretation is consistent not only 
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with the positions of these regions, but also with the low quantum yields for the two 

cyanine dyes as compared with 6-FAM and TAMRA.62 

In addition to fluorescence patterns caused by SEF, emission intensities for dyes 

on Ag and Au portions of the wires can be compared.  TAMRA and Cy3 exhibited 

roughly equal intensity on Au and Ag segments of the nanowires, such that one segment 

could not be readily distinguished from the other in the fluorescence images.  On the 

other hand, 6-FAM dye was much brighter on Ag than Au, and Cy5 was somewhat 

brighter on Au than Ag.  These differences correlate with differences in excitation and 

emission wavelengths of the dyes.  6-FAM is the shortest wavelength dye, while 

TAMRA and Cy3 are similar in color, and Cy5 was the longest wavelength dye 

investigated here.  However, since the data in Figures 3.9 and 3.10 show metal-dye 

separation can alter the relative intensities on Au and Ag segments, it is clear that more 

than excitation and emission wavelengths for the dyes are involved in the patterning.  

Other factors may include differences in the distance dependence of electromagnetic field 

distribution above the two metals. 

Finally, we note that in related experiments reported by Sha et al., the effect of 

dye selection on quenching efficiency for nanowire beacon bioassays was investigated.   

Of the dyes tested (Cy5, FITC, Rhodamine 6G, Texas Red, and TAMRA), Texas Red 

gave the best performance, with 94 % Q.E.  TAMRA gave 89 % Q.E., and was chosen 

over Texas Red for further studies due to its commercial availability.37  Dye performance 

in our experiments gave comparable results, with Cy3 giving the highest, 6-FAM the 

lowest overall intensity, and TAMRA giving the best Q.E. 
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3.4.  Conclusions 

The promise of metallic surfaces and nanostructures, including barcoded metal 

nanowires, for fluorescence-based bioanalysis led us to investigate factors that influence 

emission from surface-bound dyes.  Emission from internal rhodamine dye in 52-base 

DNA on striped metal nanowires revealed that after base position 8 and 12, quenching 

remained significant.  Positions after the tagged 24 to 48 bases lead to much brighter 

fluorescence intensities.  The shape of the intensity–separation response was sensitive to 

the hybridization efficiency of the surface-bound probes for complementary DNA (i.e., 

percent double-stranded), dictated by the hybridization buffer used.  Samples with ~20 % 

hybridization efficiency showed increased emission with increased separation from the 

metal surface, while samples with ~40 % hybridization efficiency showing an increase up 

to 24 bases, and a leveling off or slight decrease in intensity at greater separations.  These 

differences result from the greater metal–dye separation for double-stranded as compared 

to single stranded DNA (i.e. the average separation was greater for the samples with 

twice as much double stranded DNA).  Increasing the surface coverage of fluorescently 

tagged DNA decreased the fluorescence intensity, due to steric inhibition of 

hybridization, which led to increased quenching because less of the DNA was in its fully 

extended double-stranded form.  

In contrast, the separation-dependent response of dye-labeled oligonucleotides 

designed to form hairpin secondary structures analogous to solution-phase molecular 

beacons were relatively insensitive to the hybridization buffer.  The formation of 

secondary structure in the absence of complementary DNA leads to efficient quenching 

of emission. This means that any fluorescence observed should arise from probes which 
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have bound complementary strands, and results in less complicated target response 

curves for probes having secondary structure than might be expected for metal-bound, 

chromophore-labeled probes otherwise.   

Selection of striped metal nanowires, composed of identifiable patterns of Ag and 

Au segments, enabled us to perform many of these experiments in a multiplexed fashion 

for direct, quantitative comparisons, e.g., between different dye labeling positions.  In 

addition, differences in emission intensity from chromophores on the Ag vs. Au segments 

of the nanowires could be readily compared.  We observed differences in fluorescence 

patterning as a function of metal-chromophore separation, with emission from TAMRA-

labeled DNA changing from brighter on Ag for 24-base probes to brighter on Au for 48-

base probes. While our results do not suggest substantial surface enhancement of 

fluorescence under the conditions of our experiments, anomalously bright emission noted 

from the ends, metal-metal interfaces, and surface defects does suggest some SEF at 

these sites of greater nanoscale roughness. 

This research provides insight into the importance of DNA conformation and 

hybridization efficiency on performance in fluorescence-based experiments on metal 

surfaces and points to the benefits of encoded nanowires for multiplexed surface 

characterization.   Our findings are relevant to the design of bioassays at metal surfaces, 

particularly those based on hybridization to surface-bound probe DNA strands.  

Differences between the fluorescence response of probe sequences designed to avoid 

versus encourage the formation of secondary structure should be taken into account in 

assay design and interpretation.  
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Table 3.1.  DNA sequences used in this work. 

Sequence 
Name 

Sequence (5′-3′) Description 

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

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

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

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

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

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

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

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

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

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

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

5'-thiol, 51 bases (no dye) 

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

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

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

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

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

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

24B Thiol C6-GCG AGA TCA ATG AGG AAG 
CCT CGC-TAMRA 

5'-thiol, 3'-TAMRA 24 base 
beacon probe with 5 base 
“stem” 

24S Thiol C6-GAG ACC ATC AAT GAG GAA 
GCT GCA -TAMRA 

5'-thiol, 3'-TAMRA 34 base 
unstructured probe (no 
“stem”) 

C24B GGC TTC CTC ATT GAT 15-base complement to 24B  
C34B TGC AGC TTC CTC ATT GAT GGT CTC 24-base complement to 34B 

and 24S 
C48B GTA TCC CAT TCT GCA GCT TCC TCA 

TTG ATG GTC TCT TTT A 
40-base complement to 48B 

* marks the location of an internal rhodamine red-X NHS ester fluorophore.  
Underlined portions of sequences show stem regions of beacon sequences. 
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Table 3.2.  Properties of fluorescent dyes studied.   

Dye λex (nm) λem (nm) ελmax (M-1 cm-1) Quantum 
Yield 

6-FAM 495 520 75,000 0.9 

Cy 3 550 564 150,000 0.1 

TAMRA 559 583 89,000 0.7 

Cy 5 648 668 250,000 0.2 
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Figure 3.1.  Illustration of distance-dependent fluorescence study. 
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Figure 3.2.  Reflectance and corresponding fluorescence images of internal rhodamine 
labels at five different positions within thiolated 52-base oligonucleotides attached to 
Au/Ag encoded metal nanowires. Unlabeled complementary strands were hybridized in 
0.3 M PBS buffer. The numbers in the images indicate which DNA base is labeled for 
each nanowire pattern (e.g., wires with bright Ag ends and a dark Au middle in the 
reflectance image are coated with DNA labeled at the 24th base). Five separate samples 
were mixed after DNA attachment to obtain this image. 
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Figure 3.3.  Quantification of the effect of dye label position on fluorescence intensity 
for the multiplexed experiment shown in Figure 3.2, which was hybridized in 0.3 M PBS, 
and another hybridized in HS114 buffer.  Error bars represent the 95 % confidence 
intervals.  
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Figure 3.4.  Illustration of hybridization efficiency impacting average dye–metal 
separation where (A) shows lower hybridization efficiency than (B). 
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Figure 3.5.  Quantification of the effect of dye label position on fluorescence intensity as 
a function of surface coverage of DNA. Hybridization was performed in two different 
buffers; 0.3 M PBS (●) and HS114 (■). The surface coverages of fluorescent DNA 
attached to the nanowires are reported in the figure for each experiment.   Errors reported 
are the 95 % confidence intervals. 
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Figure 3.6.  Effect of molecular beacon probe length and hybridization buffer on 
fluorescence intensity after exposure to complementary DNA.  Errors reported are the 95 
% confidence intervals.  
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Figure 3.7.  Illustration of nanowire-bound molecular beacon probes and hybridization.
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Figure 3.8.  Mean fluorescence response of a nanowire-based molecular beacon assay as 
a function of DNA target concentration.  Inset shows same data plotted on a linear scale. 
Error bars represent the 95 % confidence intervals. 
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Figure 3.9.  Reflectance and corresponding fluorescence images of nanowires coated 
with 5‘-thiolated oligonucleotides internally labeled with rhodamine red-X dye at 
different base positions. Line scans correspond to the wires indicated by arrows.  The left 
axis corresponds to the black trace (reflectance) and the red trace corresponds to the right 
axis (fluorescence). 
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Figure 3.10.  Line scans and corresponding reflectance (top) and fluorescence (bottom) 
images of half Ag/half Au nanowires coated with 5’-thiol, 3’-TAMRA probe 
oligonucleotides of different lengths. The 24-base probe did not have secondary structure; 
however, the 34- and 48-base probes were molecular beacons with self-complementarity 
at the 5’ and 3’ ends.  Unlabeled complementary DNA was present in all cases to extend 
the probes from the surface.  The black trace (reflectance) corresponds to the axis on the 
left and the red trace (fluorescence) to the axis on the right. 
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Figure 3.11.  Line scans with corresponding reflectance (top) and fluorescence (bottom) 
images of nanowires coated with 5’-thiol, 3’-fluorophore, 34-base molecular beacon 
probes, for three fluorophores. The black traces (reflectance) correspond to the left axis 
and the colored traces (fluorescence) correspond to the right axis. 
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Chapter 4 

 

Coupling Molecular Beacons to Barcoded Metal Nanowires for Multiplexed, Sealed 

Chamber DNA Bioassays 

 

4.1. Introduction 

Many approaches to nucleic acid detection have appeared, some of which provide 

exceptional sensitivity1-3 or selectivity3-6.  In addition to these important parameters, ease 

of use, the ability to simultaneously test for multiple target sequences, and contamination 

risk can dominate the selection of a particular assay type for a given application.  

Molecular beacon probes can provide nucleic acid detection under “closed tube” 

conditions, which simplifies assay performance and greatly reduces contamination risk.  

Molecular beacons (MBs)7-9 are nucleic acid probe molecules designed with 

complementarity at their 3’ and 5’ ends such that they fold into a stem-and-loop (hairpin) 

structure.  Traditionally, a fluorophore and a quencher moiety are attached to the 

opposing ends.  When in the hairpin conformation, the quencher is held close to the 

fluorophore, quenching emission.7,10,11  Binding to target separates the donor and 

acceptor dyes and results in a fluorescence signal. 

Advantages to using MBs for DNA detection include: no target labeling, no need 

to wash after hybridization, and a single hybridization step (as compared with sandwich 

DNA assays, which require two hybridization steps, with a wash after each one).7  

Challenges in multiplexing MB experiments include the requirement for spectrally 

distinct dyes, each with an efficient quencher.12-13 MB bioassays incorporating four 
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different dyes have been used to enable simultaneous detection of several targets in 

homogeneous solution.14  Larger numbers of dyes are difficult to spectrally differentiate. 

A promising approach to greater levels of multiplexing (i.e., > 4) for MB probes 

is to attach the probe molecules to a surface in an array format.15-18  Tan and coworkers 

attached biotinylated MBs to fiber optic probes via a layer of streptavidin.19,20 The 

resulting biosensors provided real-time detection of nucleic acids with ~1 nM sensitivity 

and could differentiate single base mismatches from fully complementary targets.19,20 

MBs have also been attached to fluorescently-encoded microspheres for simultaneous 

detection of four different sequences.21  Assay performance is influenced by the 

chemistry at the interface.  Lu and coworkers improved quenching in surface-bound MB 

probes by attaching them to an agarose film on top of glass slides, in an effort to more 

closely mimic solution conditions. 16 Yao and Tan varied the length of a linker between 

the MB and the surface, and reduced unfavorable electrostatic interactions with the 

streptavidin layer to optimize assay performance; the increase in emission intensity after 

target binding rose from 2x the initial (control) value to 5.5x.15  For comparison, the 

increase in fluorescence for solution phase MBs can be on the order of 100x.22,20  Indeed, 

the effect of surface immobilization on MB probes can dominate sensor performance, 

largely due to high backgrounds caused by inefficient quenching.  Recently, Lu, Tan and 

coworkers demonstrated a TaqMan probe array, where Taq polymerase nuclease activity 

results in cleavage of a 5’ quencher to turn on fluorescence at the surface during PCR 

amplification.23  This approach does not require probe secondary structure on the surface, 

and thus avoids the problems of ineffective quenching typically observed for 

immobilized MB probes. 
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Several groups, including ourselves, have reported MB assays in which the 

quencher is a metal nanoparticle or metal surface.17,24-27  In this case, the probe strand is 

attached to the metal particle or surface via one end, and a fluorophore on the other end is 

quenched by close proximity to the metal surface while the probe maintains its hairpin 

conformation.  Metals can provide extremely efficient quenching; Dubertret et al. showed 

that 1.4 nm Au clusters gave better performance in molecular beacons than the common 

molecular quencher, DABCYL.25  Krauss and coworkers bound MB-style probes to 

planar Au films via 5’ thiol groups.  Despite the surface immobilization, quenching 

efficiencies were improved as compared to MBs immobilized on glass.17,24  This could be 

due to differences in surface chemistry and more efficient quenching by metal surfaces as 

compared to molecules.  For molecular quenchers, two mechanisms of quenching are 

observed: resonant energy transfer, which can occur over several nanometers, and contact 

quenching, which requires closer approach.28  Fluorescence quenching by metal surfaces 

is effective out to ~5 nm, and the large size of the surface means that multiple 

conformations of the probe molecules can approach to within this separation.  

Consequently, even linear probes can be quenched in the absence of –and fluorescent in 

the presence of– target due to the greater conformational flexibility of single stranded 

DNA as compared to double stranded DNA.27  This effect is greatest when probe surface 

densities are low, such that the probes can “lie down” on the metal, interacting not only 

via the 5’ thiol, but also –transiently– through the 3’ dye and/or the bases; Nie and 

coworkers demonstrated a homogeneous solution assay based on this effect for 2.5 nm 

Au nanoparticles.29   
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We recently reported an assay in which 5’ thiolated MB probes were assembled 

onto striped metal nanowires (Nanobarcodes® Particles, NBCs).  Five different nanowire 

striping patterns were used to identify specific beacon sequences in a five-plex assay for 

simultaneous detection of nucleic acid signatures for human pathogens.26   The encoded 

nanowires are several microns in length, and ~300 nm in diameter, and have up to six 

different stripes of Au or Ag.  Many distinguishable “barcode” or metal striping patterns 

can be encoded into the nanowires during synthesis via templated electrodeposition.30-32  

Here we discuss beacon assembly onto the nanowire surface, as well as the effect of 

hybridization buffer and of changing the length of the “loop” and “stem” regions of the 

beacon probes on assay performance.  Sensitivity and selectivity of the beacon probe-

based nanowire assays is presented.  Finally, we demonstrate simultaneous detection of 

three pathogen-specific DNA oligonucleotides in a sealed chamber, no wash multiplexed 

assay (Figure 4.1), and show that storage of probe-coated wires before use does not 

negatively impact assay performance.  Beyond demonstrating proof-of-principle for a 

sealed chamber, multiplexed assay of possible future clinical interest, this work provides 

insight into the effect of surface confinement on molecular beacons.  The latter should 

prove valuable not only for multiplexed MB-based assays such as are described here, but 

also in the design of experiments in which other structured probes are bound to solid 

supports, e.g., aptamers33 designed to detect small molecules, ions, and proteins.  
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4.2.  Materials and Methods 

4.2.1.  Materials 

The striped nanowires used in this work were commercially available 

Nanobarcodes® Particles (NBCs, Oxonica Inc.) patterned 000111, 00001, 00010, 00100, 

and 100100, where 0 and 1 represent ~0.75 μm segments of Au and Ag, respectively.  

These particles were synthesized by electrodeposition into aluminum oxide membranes 

as described previously.30,32,34  Nanowires were stored in ethanol (~1x109 wires per 1 ml 

ethanol) and were rinsed three times in water (by centrifugation) to remove the ethanol 

prior to use.   Buffers used in the experiments were: 1) 0.3 M PBS (0.3 M NaCl and 10 

mM sodium phosphate, pH 7.0) 2) 40 mM Citrate (40 mM citrate in 0.3 M PBS) 3) 0.01 

M PBS buffer (0.138 M NaCl; 0.0027 M KCl; 10 mM sodium phosphate, pH 7.4), 

purchased from Sigma, 4) commercial hybridization buffer (HS114), obtained from 

Molecular Research Centers, Inc., 5) Tris (100 mM MgCl2, 20 mM Tris-HCl, pH 8.0),  

and 6) CAC buffer (0.5 M NaCl, 20 mM Cacodylic acid, and 0.5 mM EDTA, pH 7.0).  

Note: Cacodylic acid is dimethyl arsenate, a toxin and carcinogen; use gloves and a fume 

hood.  All water used in these experiments was purified through a Barnstead Nanopure 

System to 18 MΩ resistivity.  All rinses and washes of samples were done by 

centrifugation and removal of resulting supernatant.   DNA beacons were designed using 

mfold DNA folding program35 and were purchased from Integrated DNA Technologies, 

Inc.  The sequences used are listed in Table 4.1.  Probes HIV, HCV, SARS, and DENV-2 

were designed to detect human immunodeficiency virus, hepatitis C virus, severe acute 

respiratory syndrome, and strains of Dengue virus subtype 2 (DENV-2), 

respectively.26,36,37    
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4.2.2.  Disulfide Bond Cleavage  

DNA sequences were received as disulfides, which in some experiments were 

cleaved before use, resulting in a single thiol moiety terminating the sequence.  To cleave 

the disulfide, the DNA was first dissolved in a 100 mM solution of DTT (dithiothreitol) 

in 1 ml 0.1 M phosphate buffer (pH 8.3) for 30 min, and then the small thiol fragments 

were removed using Centri-Spin Separation Columns (Princeton Separations) following 

the manufacturer protocol.  The resulting DNA sequences (terminated with a single –SH 

group) were diluted in water to a concentration of 10 μM and were stored in the freezer at 

–80 °C.  

 

4.2.3.  Attaching Beacons to Nanowires   

(Used for all experiments unless otherwise noted).  Aliquots of 100 μl of wires 

were washed and resuspended in 100 μl 0.01 M PBS.  Beacons were attached by adding 

500 μl of 5 μM probe in water overnight at room temperature while tumbling.  Next, 600 

μl 0.3 M PBS was added and allowed to react for 2 hours to assemble a greater number of 

probes on the surface.  The wires were then washed three times with 0.3 M PBS by 

centrifugation and were resuspended in 100 μl 0.3 M PBS buffer for further use.   

 

4.2.4.  Pre-cleaved vs. Uncleaved Beacons   

 For this study, HCV beacon was used.  Half of the original batch of the DNA 

beacon was cleaved by disulfide reduction prior to use (following protocol above), and 

the other half was not cleaved.  Both cleaved and uncleaved beacons were attached to 
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wires patterned 010000 using the attachment protocol previously described (above).  For 

hybridization, 3 μl of beacon derivatized wires were added to 42 μl CAC buffer and 2 μl 

100 μM DNA target (no target samples simply had the target excluded) and were allowed 

to hybridize at room temperature for 2 hours.  Samples were not rinsed prior to imaging. 

 

4.2.5.  Effect of Loop Length   

 Attached to three separate aliquots of wires patterned 000111 were beacon 

sequences L14, L24, and L28 following the protocol described above.  Samples with and 

without complementary target were prepared by adding 3 μl of probe coated wires to 

each of six tubes (six tubes because target and no target sample for each beacon) in 42 μl 

CAC buffer , and 2 μl 100 μM DNA target (which was omitted for no target samples).  

Hybridization was performed at room temperature for two hours while tumbling.  

Samples were rinsed two times by centrifugation in 0.3 M PBS buffer prior to imaging.  

(It is important to note, however, that rinsing is not necessary prior to imaging as 

discovered in later experiments).    

 

4.2.6.  Effect of Stem Length   

 Four aliquots of 30 ul of wires patterned 00100 were used as substrates for beacon 

probes DENV-2(4), DENV-2(5), DENV-2(6), and DENV-2(7).  Probe attachment was 

performed here slightly differently than described above by suspending the wires in 98 μl 

of 0.01 M PBS buffer, adding 2 μl of respective 100 μM DNA, and allowing the samples 

to rotate overnight at room temperature.  To each sample, 100 μl 0.3 M PBS buffer was 
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added and rotated for an additional 2 hours at room temperature.  Excess DNA was then 

rinsed out 3 times with 100 μl aliquots of the 0.3 M PBS buffer.  Wires were resuspended 

in 60 μl of this same buffer and stored at 4 °C until use.  Hybridization was performed at 

room temperature, 40 oC or 60 oC using 10 μl of probe-coated nanowires added to each 

target at a final concentration of 5 μM in 30 μl CAC buffer.  Control target samples had 

the same amount of target added; however, the sequence was non complementary to the 

beacon probe (HCV target was used for the noncomplementary samples).  Samples were 

not rinsed prior to imaging. 

 

4.2.7.  Testing Different Hybridization Buffers in Triplex Assays   

 Triplex assays were performed in four different hybridization buffers in the 

presence and absence of target.  Wires patterned 00100, 00001, and 00010 were coated 

with beacons HIV, SARS, and HCV, respectively.  One μl of each of the three batches of 

beacon-coated wires was mixed together in each of the sample tubes such that 3 μl of 

wires total resided in each tube.  Samples were prepared such that all 3 targets could be 

added to the triplexed wires in each of four hybridization buffers (PBS, CAC, TRIS, and 

HS114) and the experiment was duplicated such that no targets were added to separate 

batches of triplexed wires in each hybridization buffer.  Therefore, a total of eight 

triplexed samples existed (one for each buffer with target and one for each buffer without 

target).  Added to each sample were 47 μl of the specified hybridization buffer and 1 μl 

of 10 μM of each type of target.  (No target samples did not have target added).  This 

entire protocol was repeated such that hybridization at both room temperature and 50 °C 
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could be studied.  All samples were hybridized 1 hr at either temperature.  The samples 

were not rinsed before imaging.   

 

4.2.8.  Effect of Salt Concentration   

 Wires patterned 100100 were derivatized with DENV-2(5) beacon following the 

protocol originally outlined for probe attachment.  Hybridization was performed in 20 

mM cacodylate buffer to which different amounts of NaCl had been added.  Five μl of 

the functionalized wires were added to 35 μL each buffer formulation, along with 1 μl of 

100 μM DNA target and were then hybridized for 1 hour either at room temperature or 

50 °C.  Samples were then imaged at room temperature using optical microscopy. 

 

4.2.9.  Sensitivity of Nanowire Beacon Assay   

 Beacon probes (HCV) were attached to nanowires patterned 00010.  Final target 

DNA concentrations 0 to 1x10-6 M were prepared in 50 μl 0.3 M PBS buffer.  To 47 μl 

aliquots of target in 0.3 M PBS buffer, 3 μl of beacon-coated wires in 0.3 M PBS were 

added (yielding a final volume of 50 μl).  Beacon targets were allowed to hybridize at 50 

°C for 2 hrs while tumbling.  Samples were rinsed three times in 0.3 M PBS before 

imaging.  

 

4.2.10.  Single Base Mismatch Detection   

 Wires patterned 000010 were derivatized with DNA beacon sequence SBM.  

Aliquots of 34 µl of 2x TMAC (tetramethyl-ammonium chloride buffer, Sigma), 3 µl of 2 
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µM oligo target (complementary or containing one of the possible mismatched 

nucleotides at the location labeled in Table 4.1 (no target sample simply had target DNA 

omitted)), and 3 µl of beacon coated nanowires were mixed, sonicated, and allowed to 

hybridize at 55 °C for 30 min.  The samples were centrifuged and resuspended in 500 µl 

of 1xSSPE-0.1 % SDS buffer (purchased from Promega and added SDS (dodecyl sulfate, 

sodium salt from Aldrich)) and allowed to mix in this buffer at room temperature for 10 

min before removing the buffer by centrifugation.  The wires were then suspended in 

0.1xSSPE-0.05 % SDS for 7 min while rotating at 55 °C, for an additional rinse.  The 

wires were then rinsed 3 times in 0.5 M CAC buffer and resuspended in 50 µl CAC 

buffer before imaging. 

 

4.2.11.  Multiplexed Sealed Chamber Assays   

 To perform sealed chamber assays, single well silicon spacers measuring 20 mm 

in diameter and 0.5 mm deep were used (Press-to-Seal™silicon isolators, Molecular 

Probes, Eugene, OR).  To attach the silicon spacers to coverslips, tape was first applied to 

the spacer and removed to pull off any lint or particles that would prevent a tight seal; 

then, they were applied to the coverslip.  The tape regimen was then redone on the top-

side of the spacer before adding reagents.  Hybridization buffer was then added (145 μl 

of 0.3 M PBS), 3 μl total beacon coated wires (in experiments where three types of wires 

were mixed for multiplexing, 1 μl of each type was used), and 2 μl of 100 μM of each 

target was added.  Beacon sequences HIV, SARS, and HCV were coated onto wires 

patterned 00100, 00001, and 00010, respectively, using methods previously described.  A 
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glass slide was then attached to the top of each sample before placement in an incubator 

at 50 °C for 10 min.  The samples were allowed to cool for 30 min before imaging.  

Silicon spacers were reused in subsequent experiments by thorough washing in detergent, 

rinsing in water, air drying, and repeating the tape process to remove any dust prior to 

use.   

 

4.2.12.  Storage in Citrate Buffer   

 HIV, SARS, and HCV beacons were coated onto wires patterned 00100, 00001, 

and 00010, respectively, following the attachment protocol outlined above.  Once the 

beacons were attached, the wires were rinsed as described, but instead of storage in 0.3 M 

PBS buffer, 100 μl 40 mM citrate buffer was added for storage.  After the specified 

number of days (0, 22, 65, or 110), 1 μl aliquots were removed from each of the three 

batches, rinsed once in 0.3 M PBS, and mixed in one tube for hybridization.  This was 

done for multiple tubes such that in one tube, all three targets were added, another tube 

had no targets added, and other tubes contained combinations of certain targets to test 

multiplexing capabilities.  Hybridization was performed with 2 μl of 10 μM target in 47 

μl CAC buffer at 50 °C while tumbling.  The samples were not rinsed to remove excess 

target before imaging.     

 

4.2.13.  Optical Microscopy   

 Brightfield reflectance images were acquired using a Nikon TE-300 inverted 

microscope equipped with a 12 bit high resolution Coolsnap HQ camera (Photometrics).  
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A CFI plan fluor 60x oil immersion lens (N.A. = 1.4) was used in conjunction with 

Image-Pro Plus software (version 4.5) to image the samples.  The light source was a 175 

W ozone free Xe lamp, and a Sutter Instruments filter wheel (Lambda 10-2) allowed for 

wavelength selection.  Samples were prepared by first sonicating the tubes of sample to 

reduce wire clumping and sandwiching a 10 μl aliquot between two coverslips.  Wires 

were allowed to settle onto the bottom slide for 30 seconds before imaging.  All 

reflectance images were taken at 430 nm, which provides good reflectance contrast 

between Au and Ag.30,38  Fluorescence images were taken using a filter cube selective for 

TAMRA fluorophore excitation.  All imaging was performed at room temperature. 

 

4.2.14.  Probe Surface Coverage Determination 

 Surface coverage was obtained by adding 5 μl mercaptoethanol to 200 μl buffer 

containing 5 μl beacon-coated nanowires.  The samples were allowed to tumble on a 

rotator at room temperature overnight.  The DNA was displaced into solution and was 

collected in the supernatant.  The fluorescence intensity was determined using a 

fluorolog-3 fluorimeter, equipped with a 450 W Xe lamp, and double grating excitation 

spectrometer and a single grating emission spectrometer in a 180 μl volume cuvette.  

Calibration standards were used to determine the beacon concentrations in each sample.  
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4.3.  Results and Discussion 

4.3.1.  Beacon Attachment Methods 

We compared two methods for beacon probe attachment onto the nanowire 

surface based on 5′ terminal thiol groups.  Thiol terminated DNA sequences are 

purchased as disulfides (DNA5’-S-S-C6H12OH), and generally this disulfide is cleaved 

using dithiothreitol as a reducing agent, then run down a desalting column to collect the 

thiolated DNA prior to use.  Integrated DNA Technologies recommends cleaving the 

disulfide bond immediately prior to use to avoid regeneration of the disulfides.  This 

method is routinely used by ourselves and others for preparation of DNA conjugates with 

colloidal Au nanospheres, which are sensitive to aggregation in the presence of salts and 

uncharged, short-chain thiols.39-41  However, since adsorption to metal surfaces is known 

to cleave disulfides42,43 pre-assembly reduction and separation may be unnecessary for 

nanowire derivatization.  Advantages to allowing the surface to perform the disulfide 

cleavage reaction include reduced time and effort, and avoiding loss of thiolated DNA 

during the separation step.  To determine whether pre-assembly disulfide cleavage was 

necessary, we compared mean fluorescence intensities for a 5’ thiolated, 3’ TAMRA 

molecular beacon probe (HCV) pre-cleaved using DTT before attachment to the 

nanowires and the same beacon sequence not cleaved prior to adsorption (Figure 4.2).  

Beacon probe attachments were performed using identical protocols.  In the absence of 

target, minimal fluorescence intensity is desired and in the presence of target a great 

increase in signal is favorable.  The “no target” samples should exhibit minimal 

fluorescence, as beacons should be folded and quenched.   Our measured quenching 

efficiencies (calculated as [1-(signal in absence of target/signal with target)], %) 
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improved from 90 % for the DTT cleaved to 96 % for the uncleaved samples.  However, 

the overall fluorescence intensity for the uncleaved sample was only about one-third that 

for the DTT cleaved sample.  This corresponded to a substantial difference in beacon 

probe surface coverage for the two attachment strategies, with 4 x 1012 molecules/cm2 (25 

nm2/molecule) for the DTT cleaved probes, and only 7 x 1011 probes/cm2 (140 

nm2/molecule) for the uncleaved probes.  The large areas occupied by oligonucleotides 

on surfaces underscore the fact that these molecules are negatively charged and adopt a 

number of conformations, including dynamic transitions between the hairpin loop and 

unfolded random coil.  We rationalize the difference in surface coverage between the two 

samples as resulting from more efficient attachment for the cleaved probes, for which the 

sulfur atoms are less hindered, coupled with the effect of coadsorbed mercaptohexanol 

molecules in the case of the uncleaved probes (generated by cleavage at the surface).  

Lower probe coverages would simultaneously provide improved quenching and 

hybridization efficiencies, due to lower steric and electrostatic repulsions,44-47 as well as 

lower total fluorescence intensities, due to the smaller number of TAMRA fluorophores 

on each wire.  The coadsorbed mercaptohexanol in the uncleaved samples may also 

reduce interactions between the DNA bases or backbone and the wire surface.  Beacon 

probes attached via a single point (the 5’ thiol) are more likely to bind to their own stem 

sequences, allowing them to quench more efficiently, as the stem configuration places the 

fluorophore in close proximity to the metal surface.  The data in Figure 4.2 show that 

either pre-cleaved or as- received thiolated oligonucleotides can be used for preparation 

of probe-coated nanowires.  For the remainder of the experiments in this paper, we did 

not pre-cleave probes prior to assembly. 
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4.3.2.  Beacon Probe Design 

The beacons used here were designed using mfold, a nucleic acid folding program 

designed by Michael Zuker.35  This program offers insight to MB probe secondary 

structure and predicts binding energies for the folded structures.  These structure 

predictions, however, do not take into consideration the fact that our beacon probes are 

attached to a surface, nor the impact of adjacent probe molecules.  Therefore, the folding 

program was used primarily as a guide to avoid the use of beacons that contained a great 

deal of secondary structure in their loop regions, and to provide a means of comparing the 

relative thermodynamic stabilities of the probes.   Solution phase molecular beacon probes 

are typically designed with 15 to 30 base loop regions and 5 to 7 base pair stem regions.  

Shorter loops can provide greater discrimination against single base mismatches, while 

longer loops can provide greater equilibrium binding constants for target sequences.  

Stem length dictates the stability of the probe secondary structure; probes having longer 

stems are more difficult to unfold.  We anticipated that these general observations from 

solution phase beacons would hold true; nonetheless, the optimal probe design for 

surface-based experiments could differ substantially from that for solution studies.  To 

identify design rules for surface-bound beacon probes, we compared the performance of 

nanowire-bound beacon probes as a function of loop length and stem length.  

We had previously observed a decrease in beacon probe performance in 

nanowire-based assays as loop length was increased from 24 to 34 and 44 bases.26  In 

those experiments, we were unable to measure the probe densities the nanowire surface, 

which complicated interpretation.  Here, we compare assay performance and probe 

density for 24-base loops to that for both shorter (14-base) and longer (34-base) loops, 
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Figure 4.3 compares mean fluorescence intensities for these nanowire-bound beacon 

probes in the presence and absence of target DNA (target length = loop length).  The 

stem region was 5 base pairs long for each probe.  As we reported previously,27 

fluorescence intensity in the presence of target increases as probe length increases from 

24 to 34 bases (i.e., 14 to 24 base loops) due to a combination of decreased quenching by 

the metal surface and increased hybridization efficiency due to the increased stability of 

the probe-target duplex.  For the 38 base loop, intensity decreases despite the fact that 

quenching should be further reduced for this longer probe, and the thermodynamic 

stability of the solution phase analogue of this duplex should be increased. We attribute 

this to decreased hybridization efficiency for the longer strands, due to increased steric 

and electrostatic repulsions between probe molecules on the surface. 27 The surface 

coverage was between 1.2 and 2.5 x 1011 probes/cm2 for all three of the probes, with the 

highest value coming from the 24-base loop probe.  Fluorescence signal in the absence of 

target is lowest for the probe having the 24-base loop, which, combined with the higher 

signal in the presence of target, gives optimal quenching efficiency for this intermediate 

length probe.  

The effect of stem length was investigated using a series of probes with a 21-base 

loop region designed to recognize 16 strains of dengue virus subtype 2 (DENV-2), which 

is the most serious pathogenic variation of DV.  Four stem lengths (sequences DENV-

2(4), DENV-2(5), DENV-2(6), and DENV-2(7), corresponding to stem lengths of 4, 5, 6, 

and 7 base pairs, respectively) were predicted by mfold nucleic acid folding software to 

form secondary structures with ΔG between –2 and –9 kcal/mol in 0.5 M NaCl (the salt 

concentration used for these experiments).  Fluorescence intensities for these probe 
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sequences after incubation at 25 oC in the presence and absence of target oligonucleotides 

are shown in Figure 4.4A.  As expected, the shorter stems (i.e. least stable hairpin 

structures) led to higher fluorescence signals both in the presence and absence of 

complementary target DNA strands.  This is consistent with less stable hairpin secondary 

structure formation.  Longer stems led to greatly decreased intensity for the 

complementary target, slightly decreased intensities for the no target samples, but 

essentially no improvement in the noncomplementary controls. Quenching efficiencies 

were somewhat similar for all four probes, ranging from ~90 % for the 5 base pair stem 

to ~75 % for the 7 base pair stem.  Repeating the experiment at higher hybridization 

temperatures (40 oC and 60 oC) decreased the QE, particularly for the longest stem probes 

(Figure 4.4B; fluorescence intensities for the 40 oC and 60 oC experiments are plotted in 

Figure 4.5).  We note that QE determination is less accurate for lower intensity samples, 

and that the apparently anomalous QE for the 7 base pair probe at 40oC is most likely the 

result of variability rather than a physical phenomenon unique to this temperature. 

Our results thus far indicate that probes having approximately 24-base loops and 

5-base pair stems are optimal under the conditions of these assays (300-500 mM NaCl, 

20-60 oC).  Performing the hybridizations at room temperature provided the best QE for 

all four DV stem lengths tested.  Changes in either ionic strength or temperature are 

expected to alter the optimum probe design.  For example, if substantially lower ionic 

strength buffer or higher hybridization temperatures are used, it may be necessary to go 

to longer stems to maintain quenching efficiency. 
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4.3.3.  The Effects of Ionic Strength on MB-Target Duplexes  

 Salt-dependent electrostatic effects are a major factor in determining the 

secondary structure and hybridization thermodynamics of nucleic acids.  The high density 

of probe oligonucleotides can be expected to the increase electrostatic repulsions that 

must be overcome for probe secondary structures or probe-target binding to occur.  We 

compared the performance of the MB-coated nanowires in a triplexed assay format where 

each of three different MB probes (HIV, SARS, and HCV) was attached to a different 

nanowire barcode pattern (as shown in Figure 4.1, except that all three targets were 

added).  The three probe-coated wires were mixed together and then either all three 

targets, or no target (for the negative control), was added for hybridization in one of four 

different buffers.  The four buffers tested were: (1) TRIS (100 mM MgCl2, 20 mM TRIS-

HCl, pH 8.0, used by Lu and coworkers for molecular beacons immobilized on agarose 

films),16 (2), PBS (0.3 M NaCl, 10 mM phosphate, which is commonly used for metal 

particle-bound DNA hybridization assays),46,47,49,50 (3) HS114 (a commercial 

hybridization buffer, the contents of which are proprietary, which we had previously used 

for nanowire-bound beacon assays),26 and (4) CAC (0.5 M NaCl, 20 mM cacodylic acid, 

0.5 mM EDTA, pH 7.0, which was used by Krauss and coworkers for molecular beacons 

immobilized on planar Au supports24).  Hybridization was performed in each buffer at 25 

°C and 50 °C.  

Figure 4.6 summarizes the results of this experiment.  Quenching efficiencies 

(filled symbols) are plotted on the left axis for all three beacons multiplexed in each 

buffer formulation at 25 oC (top panel) and 50 oC (bottom panel).  The corresponding 

fluorescence intensities (open symbols) in the presence of target strands are plotted on the 
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right axis.  For the 25 oC hybridization, QE varied substantially with the hybridization 

buffer used, with the more stringent HS114 buffer resulting in QE as low as 24 % (for 

HIV probe), and the highest ionic strength CAC buffer providing QE as high as 88 %. 

(for HCV probe).  The high salt content of the CAC buffer enables improved 

performance by screening the electrostatic repulsions due the high density of negatively 

charged probe molecules at the nanowire surface.  The buffers can be ranked in terms of 

QE as CAC>TRIS>PBS≈HS114, and in terms of fluorescence intensity as 

HS114>CAC>PBS>TRIS.  The best overall performance was observed for CAC, which 

had the highest QE and the second highest fluorescence intensity.  Some differences 

between the three beacon probes are apparent in Figure 4.6 (top).  For example, the HIV 

probe is generally the brightest, consistent with the lower thermodynamic stability of this 

probe’s hairpin secondary structure (Table 4.1).   

When hybridization was performed at 50 oC, both fluorescence intensities and QE 

generally improved (Figure 4.6, bottom panel).  We note, however, that QE for CAC 

decreased slightly at 50 oC as compared to 25 oC, in agreement with Figure 4.4B.  QE for 

the four buffers now can be ranked as TRIS≈PBS≈CAC>HS114, and fluorescence 

intensity as HS114>CAC>PBS>TRIS. Although the QE for the HIV probe is 

anomalously poor for PBS in this data set, good overall performance is achieved with 

both CAC and PBS buffers at this temperature.  The TRIS buffer gave equally good QE, 

but low fluorescence intensities.  HS114, in contrast, gave the highest intensities, but 

poor quenching.  Based on these findings, we selected either CAC or PBS buffers for our 

ongoing studies; when PBS was used, hybridization was performed at 50 oC to avoid the 

low QE observed at 25 oC (Figure 4.6, top panel).  One advantage of PBS over CAC is 
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avoiding the use of dimethyl arsenate (i.e. cacodylic acid), which is toxic and 

carcinogenic and therefore must be handled with care. 

The most critical aspect of buffer composition is its ability to screen electrostatic 

repulsions between probe and target DNA molecules as well as between the two ends of 

the beacon probes.  We compared the performance of nanowire-bound DENV-2(5) 

beacon probes as a function of ionic strength by varying the NaCl concentration between 

50 mM and 1.5 M in cacodylate buffer at 25 and 50 oC (Figure 4.7).  At 25 oC, 

fluorescence intensity in the presence of target increases from 50 mM NaCl to 500 mM 

NaCl, and then decreases.  Fluorescence intensity in the absence of target is lowest for 

the lower salt samples; however QE is best for 200 and 500 mM, at 90 %.  QE drops to 

87 % at 100 mM, and 82 % at 750 mM NaCl.  When hybridized at 50 oC, quenching was 

nearly complete even in the presence of target for ≤100 mM NaCl.  As the salt 

concentration was increased, fluorescence intensity in the presence of target increased 

substantially to peak at 500 mM, then decreased at higher salt concentrations.  Quenching 

efficiencies were again optimal for 200 and 500 mM NaCl, at 88 % for both. 

The general trends observed in Figure 4.7 are consistent with our understanding 

of MB probe structure at the metal surface.  At very low salt, the beacon probes cannot 

readily bind target molecules, and are unable to fold as effectively into secondary 

structures due to electrostatic repulsions.  Thus, the quenching observed for ≤100 mM 

NaCl in Figure 4.7, particularly when hybridized at 50 oC, arises not from hairpin 

formation, but rather from conformational flexibility of the single-stranded probes, which 

prevents their 3’ dye molecules from extending far enough away from the metal surface 

to avoid quenching.  The very low intensities for low salt samples could also be explained 
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by loss of the probes from the surface due to increased intermolecular electrostatic 

repulsions.  To test for this, we measured the surface coverage of probes after being 

stored under hybridization conditions in buffer containing either 50 mM or 1 M NaCl, in 

the absence of target DNA.  Surface coverages at 50 mM and 1.0 M NaCl were 

indistinguishable, at 4 ± 2 x 1011 and 3 ± 1 x 1011 probes/cm2, respectively.  Thus, no 

significant loss of probe DNA occurred at the lower salt concentrations, supporting our 

interpretation that the low intensities observed in low salt buffers were the result of 

quenching due to probe flexibility.  The surface coverage experiment was performed on 

samples incubated for 2 hr at 40 oC.  This is a slightly lower temperature than in the 

lower panel of Figure 4.7, however we also see very low fluorescence intensities in low 

salt buffers at 40 oC (Figure 4.8). 

The decrease in emission at very high NaCl concentrations in the presence of 

target observed in Figure 4.7 presumably arises due to stabilization of the probe’s hairpin 

structure, which must remain fluxional to enable hybridization to complementary target 

strands.  The intensity for the negative control samples is relatively low at all salt 

concentrations, increasing slightly with NaCl concentration up to 750 or 500 mM, for the 

25 oC and 50 oC data sets, respectively, before leveling off.  At both temperatures, the 

highest intensities in the presence of target are observed in 500 mM NaCl, and optimal 

QE are observed in both 200 and 500 mM.  For the remainder of the work described here, 

we used either 300 mM or 500 mM NaCl.  These are relatively high ionic strengths, 

required due to strong electrostatic repulsions between the adjacent probes on the 

nanowire surface.49-51 
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4.3.4.  Nanowire MB Assay Sensitivity 

The sensitivity of the nanowire beacon assays described here is comparable to 

other surface-bound molecular beacon assays.16,21,22,24,25,29 Figure 4.9 shows assay 

response as a function of target oligonucleotide concentration for HCV beacon probes 

hybridized in 0.3 M PBS at 50 oC.  The y axis is fractional coverage, estimated based on 

the fluorescence intensity as  compared to the maximum intensity.  The limit of detection 

(LOD) for this data was calculated by taking the average fluorescence intensity for the 

control (background signal) and adding two times its standard deviation.52  We report a 

LOD = 38.1 + 2(3.0) = 44.1 mean fluorescence units which translates to a concentration 

of <100 pM (10 femtomoles in our 100 μL volume), with dynamic range of three to four 

orders of magnitude in concentration.  We note that, although the dynamic range is large, 

this assay is most sensitive to changes in concentration at low concentrations (see Figure 

4.9 inset).  The data in Figure 4.9 could be fit to a Sips isotherm,  

 

     f = (KC)a/[1+(KC)a]    (1) 

 

where f is the fractional coverage of target binding sites on the beacon probe-coated wire, 

K is the average equilibrium constant for adsorption, C is the concentration of target in 

solution, and a is the heterogeneity index.53,54  The Sips isotherm assumes that the 

heterogeneity in binding sites takes the form of a Gaussian distribution of affinities.  The 

width of this distribution is determined by the magnitude of a, which varies from 0 to 1 

(when a = 1, the equation simplifies to the more familiar Langmuir isotherm).  Fitting to 

equation (1) gave a Kd of 1.7 ± 0.3 nM and a heterogeneity index of 0.57 ± 0.06 for the 
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nanowire-bound HCV beacon probes. We hypothesize that the heterogeneity in binding 

affinities observed in our experiments could arise from: (1) variations in surface probe 

density between nanowires or at different points on a single nanowire, which would alter 

steric and electrostatic contributions to the binding affinity, (2) differences in probe 

conformation, which would affect accessibility, or (3) differences in the signal observed 

for binding events occurring on Ag vs. Au segments of the nanowires, which would not 

change the affinity but would alter the fluorescence intensity per binding event, which 

would impact our apparent affinity.   

These results differ substantially from those reported for molecular beacons on 

planar Au surfaces (which fitted a two-state model with a Kd of 0.95 μM and a narrow 

dynamic range),24  but follow expectations for surface-bound single stranded probes with 

no secondary structure, which can generally be fit by Langmuir or related surface 

adsorption isotherms.55,56  For example, Corn and coworkers fit an thermodynamic date 

for probes on planar Au to a Langmuir isotherm and report similar Kd values (55 nM for 

an 18-mer probe/target duplex in a 300 mM NaCl, 100 mM urea PBS buffer).57  Peterson 

et al. found that perfectly matched duplex formation on an Au surface could be fit to a 

Langmuir isotherm (with Kd =17 nM for a 25-mer duplex in 1 M NaCl buffer), while 

mismatched duplexes were better modeled by the Sips isotherm.58  The preceding 

examples both used unstructured probe DNA, rather than MB probes.  However, we note 

that MB probes in solution also exhibit several orders of magnitude in dynamic range of 

fluorescence response to target concentration.25   

Factors that affect sensitivity include the number of wires in each assay (surface 

area), surface coverage of beacon probes, hybridization thermodynamics, and beacon 
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probe quenching efficiency.  The highest target concentration tested (1x10-6 M) provided 

3.0x1013 target strands/sample, which decreased to 3.0x109 /sample for 1x10-10 M target. 

For the data shown in Figure 4.9, ~ 3x106 nanowires, with 1.3x1012 beacon probes/cm2 

were used for each sample.  This resulted in approximately 2.4x 1011 total beacon probes 

per sample.  The number of target molecules added as compared to the number of probe 

molecules present on the nanowires can be estimated at 126 % for 10 nM target, 1.3% for 

0.1 nM, and 0.13 % for 10 pM target.  Reducing the number of wires present in the assay, 

in principle down to a single wire, could improve sensitivity by reducing the volume of 

~0.1 nM target needed to detect a response.  However, use of multiple wires simplifies 

handling and visualization, as well as providing more data points for statistical analysis.  

Therefore, although it may be possible to improve LOD by reducing the surface available 

for binding, there are other trade offs that must be considered.  Other approaches to 

increasing LOD include probe design, to improve Kd, and nanowire surface chemistry, to 

improve quenching efficiency.  Nonetheless, we will ultimately be limited by the binding 

affinity of the target for the probe strand, and therefore we do not anticipate that this 

sensing approach will rival ultrasensitive methods such as PCR.  Rather, it could offer a 

route to simple, relatively low sensitivity multiplexing under closed-chamber conditions 

(i.e. with no target labeling, washing, or other addition of reagents, such that ease of use 

is increased, and contamination risk is reduced). 

 

4.3.5.  Single Base Mismatch Detection   

Solution-phase MB probes can provide excellent selectivity, due to their intrinsic 

secondary structure.4,13 We tested the selectivity of our nanowire-immobilized MBs by 
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comparing their response after exposure to mismatched or fully complementary targets 

sequences.  An HIV-specific probe with a relatively short 14 base loop region, sequence 

SBM, was used for these experiments in order to increase the energetic difference 

between binding the matched vs. single base mismatched targets.  Figure 4.10 shows the 

fluorescence results for each of the target sequences after hybridization at 55 oC for 30 

minutes.  We note that this experiment was performed under more stringent hybridization 

and wash conditions than any other in this paper; poor mismatch discrimination was 

observed when hybridized in 0.5 M NaCl CAC buffer for 2 hrs at room temperature.   

The fully complementary target gave a greater response than any of the single 

base mismatches (the three mismatches shown correspond to all possibilities for 

replacing a central C in the target).  Discrimination was best for the T, which gave a 4.5 

fold difference between the fully complementary and mismatched targets.  The A and G 

mismatch sequences gave 3.6 and 2.8 fold differences, respectively.  Although the 

nanowire bound beacon probes were able to differentiate the single base mismatches, 

they did not provide as large of a difference as was observed by Krauss and coworkers 

for MBs on planar Au (8-fold difference).24  We hypothesize that the greater increase in 

fluorescence signal in the presence of fully complementary DNA, leading to the larger 

increase in signal, may be due in part to the longer probe used in reference 24, which 

would help avoid quenching from the metal surface (36 total bases as compared to 25 

bases).  We have recently reported that 34 base long sequences exhibit higher 

fluorescence than 24 base long sequences.27 

 

 



 

 

117

4.3.6.  Multiplexed, No-wash, Sealed Assays  

Diagnostic applications of bioassays under clinical settings must contend with the 

risk of sample cross-contamination.  One advantage of reagentless approaches such as 

molecular beacons (whether in solution or surface-bound) is that once the sample is 

added to the beacon probes, no further manipulation (e.g., addition of reagents, washing) 

should be required.  The ability to perform an assay in a sealed container greatly reduces 

contamination risk.  We therefore considered the performance of a sealed assay, where all 

reagents were sealed on a microscope slide during both reaction and analysis, as the risk 

of contamination is greatly reduced.  A multiplexed, sealed assay was performed as 

shown in Figure 4.5 by first coating three different MB probes (HIV, SARS, and HCV) on 

three different patterns of wires (00100, 00001, and 00010, respectively), and then 

mixing the beacon coated wires with all hybridizing reagents and target in sealed 

chamber gaskets on glass slides, which were not opened even for imaging.  

Representative fluorescence and reflectance microscope images for an assay in which 

HIV- and SARS-specific targets (but not HCV-specific target) have been added are 

presented in Figure 4.11 (the sample was hybridized in PBS at 50 oC).  The nanowires 

that are visible in the fluorescence image correspond to 00100 and 00001 patterns, as 

evident in the corresponding reflectivity image, indicating that only nanowires coated 

with HIV- and SARS-specific MB probes gave a positive response.  

Figure 4.12 gives quantification for the assay represented in Figure 4.11 as well as 

other combinations of targets.  Since the individual assays making up this multiplexed 

experiment exhibited differences in fluorescence response (i.e. the HIV probes were 

always brighter than the HCV or SARS, as also observed in Figure 4.3), each probe was 
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normalized independently to simplify interpretation.  The quenching efficiencies from 

this sealed chamber assay were 89, 87, and 92 % for HIV, HCV, and SARS, respectively.  

There was good discrimination in triplex samples where only one or two targets are 

present, considering the assays with all three targets present or no targets present as 

reference points.  We note that the background signal is lowest when no targets have been 

added, as compared to when one or more targets are added.  For example, fluorescence 

response for the HCV and SARS assays when only HIV target was added were larger than 

when no target had been added.  This indicates either nonspecific target binding, or 

incorrect nanowire identification by software, or some combination of the two.   This can 

be improved by beacon probe design and/or optimization of identification software and 

nanowire electrodeposition. Nonetheless, the multiplexed, sealed assay in its current form 

unambiguously identified the correct targets in each sample.  These results suggest that 

the elimination of the rinsing step, and the reduction on mixing due to the sealed chamber 

geometry did not negatively affect the ability to perform simultaneous assays for three 

oligonucleotide targets.  Indeed, we see no degradation in assay performance between 

rinsed and unrinsed samples (data not shown).  These results are promising in that sealed 

chamber assays can help eliminate sample contamination, and personnel exposure, as 

well as simplifying assay performance.  Although our prior demonstration of PCR 

product detection by nanowire-bound MB was rinsed (i.e. not performed in a sealed 

chamber),27 the success of solution-phase MB-style probes in the more complex matrices 

of PCR products, clinical samples, and living cells suggests that the sealed chamber 

approach used here will be applicable to samples of diagnostic interest.1,60-63 
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4.3.7.  Preservation of Assays using Citrate Buffer 

Since future clinical applications of the beacon-coated nanowires would likely 

involve storage of the bioconjugated wires prior to use, we were interested in determining 

whether the performance of wires pre-coated in beacon probes deteriorated if not used 

immediately after preparation.  In previous studies, we had found that citrate buffer 

protected the Ag segments of bare or DNA-coated striped nanowires from Ag 

degradation and DNA loss in oxygenated, PBS buffers over relatively long periods of 

time (at least months).64 Therefore, we added 40 mM citrate to the 0.3 M PBS storage 

buffer for these experiments.  Wires were centrifuged and resuspended into 500 mM 

NaCl CAC buffer prior to hybridization, to avoid any differences in assay performance 

due to the citrate.  Figure 4.13 shows fluorescence intensities from multiplexed assays in 

which HIV-, HCV-, and SARS-specific beacon probe sequences are used.  In Figure 

4.13A, samples to which all three targets or no target are compared after 0, 22, 65, and 

110 days of storage.  To correct from day-to-day variations in lamp intensity (which were 

substantial, since between days 22 and 65 we installed a new, brighter lamp), we 

normalized these data such that the intensity of the brightest nanowire population (in 

every case this corresponded to those with the HIV-specific probes) in the presence of 

target oligonucleotides was defined as 100 %.   The quenching efficiency for each of the 

three nanowire populations improved slightly between days 0 and 22, from 78 to 91 %, 

82 to 88 %, and 84 to 93 %, for HIV-, HCV-, and SARS-specific probes, respectively).  

We interpret this improvement as arising from reorganization or loss of some probe 

strands leading to improved hybridization at the surface.   After day 22, essentially no 

change in QE was observed.   
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The relative intensities of the three different beacon probe sequences stayed 

constant over the 110 day period, with the HIV-specific probes in all cases significantly 

brighter than the other two probes.  This can be understood in light of the greater stability 

of the hairpin structures for the HCV and SARS probes (Table 4.1); the HIV probe has the 

least negative ΔG of the three probes, and its superior performance under the conditions 

of this assay (500 mM NaCl, 50 oC) is consistent with the results of varying probe ΔG by 

changing stem length shown in Figure 4.3B.  

Figure 4.13B shows results for simultaneous assays for HIV, HCV, and SARS-

specific target oligonucleotides with all permutations of target combinations (i.e., none, 

all, and mixtures) using the nanowire bioconjugates that had been stored in citrate-

containing PBS for 110 days.  To simplify interpretation in the multiplexed assay, each 

probe was normalized independently, and signal from a no target sample was subtracted 

from each data point.  Despite over three months in storage, it remained possible to 

determine which target sequences were present in this multiplexed assay, and no loss in 

assay performance was observed.  

 

4.4.  Conclusions 

In this manuscript, we have focused on initial optimization of MB probe 

performance on the encoded Au/Ag striped nanowires.  Immobilization of the beacon 

probes leads to a strong electrostatic repulsion within and between probes on the 

nanowire surface, such that optimal performance requires high salt buffers (300 to 500 

mM NaCl).  The length of both the stem and loop regions of the MB probes impacted 

performance, and relative thermodynamic stabilities predicted for solution-phase 
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analogies of the probes used here provided useful information despite surface attachment 

and steric/electrostatic effects.  Target binding could be fit to a Sips isotherm, and 

detection sensitivity for optimum probe stem and loop lengths was on the order of 100 

pM.  A multiplexed, sealed assay for three viral signature sequences was demonstrated, 

without reduction in performance as compared to the identical assay performed under 

non-closed tube conditions with higher mixing volumes.  Beacon-coated nanowires could 

be prepared ahead of time and stored indefinitely prior to use.  No reduction in assay 

performance was observed after storage in citrate containing buffer for 110 days, the 

longest time tested.  Our results suggest the potential of beacon-coated, barcoded metal 

nanowires for multiplexed detection of target DNA sequences such as viral signatures.  

While only three sequences were simultaneously detected in this work, larger numbers of 

identifiable nanowire patterns have been demonstrated and could be used to increase the 

level of multiplexing.36,32  No sample manipulations are needed after mixing the 

molecular beacon probe coated nanowires with the target DNA, reducing assay 

complexity and the risk of contamination. 
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Table 4.1.  Probe sequences used in this work.a 

Name Sequence (5′-3′)b Predicted 
ΔGc  
(kcal/mol) 

Comments 

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

–6.26 probe specific for a 
24-base region of 
HCV 

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

–9.77  probe specific for a 
25-base region of 
SARS; extends the 
stem from 5 to 7 
bases due to self 
complementarity 

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

–3.97 probe specific for a 
23-base region of 
HIV 

SBM thiol-GCG AGA TAG TGG TCT GCG GAC 
TCG C-TAMRA 

–4.50 probe used for 
mismatch assay; 
position of mismatch 
is bold 

L14 thiol(CH2)6-GCG AGA TCA ATG AGG AAG 
CCT CGC-TAMRA 

–4.24 probe with 14-base 
loop; specific for 
HIV 

L24 thiol(CH2)6-GCG AGG AGA CCA TCA ATG 
AGG AAG CTG CACT CGC-TAMRA 

–3.57 probe with 24-base 
loop; specific for 
HIV 

L38 thiol(CH2)6-GCG AGA AAA GAG ACC ATC 
AAT GAG GAA GCT GCA GAA TGG GAT 
ACT CGC-TAMRA 

–4.95  probe with 38-base 
loop; specific for 
HIV 

DENV-2(4) thiol(CH2)6-GCG AGT GTC TGT TAC CAA 
GGA TCT GTC GC-TAMRA 

–1.80 probe with 4 base 
pair stem; specific for 
DENV-2 

DENV-2(5) thiol(CH2)6-GCG AGG TGT CTG TTA CCA 
AGG ATC TGC TCG C-TAMRA 

–4.00  probe with 5 base 
pair stem; specific for 
DENV-2 

DENV-2(6) thiol(CH2)6-GCG AGC GTG TCT GTT ACC 
AAG GAT CTG GCT CGC-TAMRA 

–6.27  probe with 6 base 
pair stem; specific for 
DENV-2 

DENV-2(7) thiol(CH2)6-GCG AGC GGT GTC TGT TAC 
CAA GGA TCT GCG CTC GC-TAMRA 

–8.88  probe with 7 base 
pair stem; specific for 
DENV-2 

a Targets were synthetic oligonucleotides fully complementary to the loop region of each     
    probe. 
b The underlined portions of the sequences indicate complementary stem regions. 
c Generated by mfold for most stable secondary structure in 500 mM NaCl at 25 oC. 

 
 



 

 

129

 
 

 

 

 

 
Figure 4.1.  Illustration of multiplexed detection of nucleic acid targets by encoded 
nanowires functionalized with molecular beacon probes.  In this illustration, wires 
patterned 00001 (left), 00100 (middle), and 00010 (right) are coated with MB probes 
SARS, HIV, and HCV, respectively, and complementary target sequences have been 
added for SARS and HIV only. 
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Figure 4.2.  Assays for HCV beacon when pre-cleaved using DTT versus the same 
beacon not pre-cleaved in the presence and absence of complementary target.  Error bars 
shown are the 95 % confidence intervals. 
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Figure 4.3. Effect of loop length on fluorescence intensity for molecular beacon probes 
bound to Ag/Au striped nanowires in the presence and absence of complementary target 
strands. Stem length was held constant at 5 base pairs.  Error bars are the 95 % 
confidence interval. 
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Figure 4.4. (A) Effect of stem length on fluorescence intensity for DENV-2 molecular 
beacon probes bound to Ag/Au striped nanowires in the presence and absence of 
complementary target strands. Hybridization was performed at 25 oC in 500 mM NaCl 
CAC buffer.  Loop length was held constant at 21 bases. Error bars are 95 % confidence 
intervals. (B) Effect of hybridization temperature on quenching efficiency for four stem 
lengths.   Lines connecting the points are present only to guide the eye. 
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Figure 4.5.  Effect of stem length on fluorescence intensity for DENV-2 molecular 
beacon probes bound to Ag/Au striped nanowires in the presence and absence of 
complementary target strands.  Hybridization was performed at 40 oC (top panel) and 60 
oC (bottom panel) in 500 mM NaCl CAC buffer.  Loop length was held constant at 21 
bases. Error bars are 95 % confidence intervals.  
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Figure 4.6.  Comparison of assay performance in four different hybridization buffers at 
25 oC (top) and 50 oC (bottom).  Filled symbols are quenching efficiencies for (■) HIV, 
(▲) SARS, and (●) HCV.  Open symbols are mean fluorescence intensities in the 
presence of target oligonucleotides for (□) HIV, (∆) SARS, and ( ) HCV.  The lines 
connecting the fluorescence intensity points are present only to guide the eye. 
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Figure 4.7.  Effect of NaCl concentration on performance of nanowire-bound DENV-2(5) 
probes.  Intensities are shown in the presence (filled bars) and absence (open bars) of 
complementary target sequence at room temperature and 50 oC.  Error bars shown are the 
95 % confidence intervals.  

 



 

 

136

 

150

100

50

0

50 10
0

20
0

50
0

75
0

10
00

12
50

15
00

[NaCl] in CAC buffer (mM)

40oC
M

ea
n 

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 

 

 

Figure 4.8.  Effect of NaCl concentration on performance of nanowire-bound DENV-2(5) 
probes.  Intensities are shown in the presence (filled bars) and absence (open bars) of 
complementary target sequence.  The low intensities observed even in the presence of 
target for low [NaCl] are similar in this experiment at 40 oC to what is shown in Figure 
4.7 at 50 oC.  Please note that the probes in this experiment were attached to the nanowire 
surface following a slightly different protocol than in Figure 4.7, such that the density of 
probes on the surface was considerably higher, shifting the optimal [NaCl] to higher 
values.  Error bars shown are the 95 % confidence intervals.  
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Figure 4.9.  Hybridization adsorption isotherm for target binding to HCV beacons on 
metal nanowires.  Fractional coverage was determined based on fluorescence intensity 
compared to intensity at saturation (1 μM).  Dotted line is a fit to the Sips isotherm.  Inset 
shows the same data on a linear concentration scale.  The error bars are the 95 % 
confidence intervals. 
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Figure 4.10.  Comparison of response from fully complementary and mismatched target 
sequences binding to HIV MB probe SBM on the nanowire surface.  PM indicates the 
perfectly matched target; mismatched targets (MM) for each of the bases in place of the 
C base in the PM are shown.  The fluorescence intensity of a sample containing no target 
was subtracted from each sample.  Error bars shown are the 95 % confidence intervals. 
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Figure 4.11.  Reflectance and corresponding fluorescence microscopy images of 
triplexed, sealed chamber assay for HIV, SARS, and HCV target sequences.  In this 
assay, only HIV and SARS targets were added.  Thus, while all three nanowire patterns 
are visible in the reflectance image, only the HIV and SARS-specific nanowires should 
be visible in the fluorescence image.  Nanowire patterns and corresponding probe 
specificities are given below the images. 
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Figure 4.12.  Triplex beacon assays performed and analyzed in a sealed chamber.  The 
labels below the bar graphs indicate which target/targets are present in each assay.  
Background from a negative control (no targets added) has been subtracted from the data, 
and the intensity for each probe has been normalized to its intensity in the sample 
containing all three targets.  The error bars shown are the 95 % confidence intervals. 
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Figure 4.13.  Triplex beacon assay using wires pre-coated in beacons and stored in citrate 
buffer for different lengths of time.  Graph (A) shows target versus no target data for days 
of storage up to 110 days.  Intensities for all three probes on each day have been 
normalized to the HIV intensity at day 0.  Graph (B) shows multiple triplexed assays in 
the presence of various targets (targets added are indicated under the bars on the graph) 
after 110 day storage in citrate buffer.  Intensities have been normalized for each probe, 
and the no target background has been subtracted.  Error bars shown are the 95 % 
confidence intervals. 
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Chapter 5  

 

DNA-directed Assembly of Barcoded Nanowires onto Glass Slides for Biosensing 

Applications 

5.1.  Introduction 

The detection of specific DNA and RNA sequences has become increasingly 

important as we learn more about both genomics and gene expression.  Nucleic acids are 

used in disease diagnosis, identification of pathogenic organisms (such as those in foods), 

and in functional genomic analyses.  As the desire to simultaneously measure ever-

increasing numbers of species grows, multiplexing has become a frontier theme in 

bioanalysis.  Functional genomics illustrates one such application, where changes in gene 

expression are monitored via fluorescence on planar microarrays.1,2  The use of 

microarrays for multiplexing permits detection of entire genomes at once, while 

conserving time and reagents.  However, drawbacks of using conventional microarrays 

can include variations in fluorescence signals between arrays, difficulty in maintaining 

the stability of fluorescent dyes, and costly detection of the fluorescent tags.  The use of 

fluorescence also limits the number of species that can be detected simultaneously, as the 

spectral bandwidths of the fluorescent peaks are large and oftentimes overlap.  Replacing 

molecular dyes with semiconductor quantum dots prevents photobleaching and decreases 

the spectral bandwidth limitations;3-8 however, detection still relies on fluorescence 

emission, which ultimately limits the number of species that can be simultaneously 

detected.   
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Barcoded nanowires are an attractive alternative to fluorescent tags in 

multiplexing applications because they do not photobleach, reflective read-out is 

inexpensive and simple, and many tags (in the form of different striping patterns) are 

simultaneously detectable.  Prepared by sequential electrochemical deposition of metal 

ions into templates with uniformly sized pores, barcoded nanowires are intrinsically 

patterned based on the sequence of metals used and number of stripes added at the time 

of fabrication.  The possibility of using barcoded nanowires for multiplexing assays was 

first reported in 2001.9  The striping pattern is deciphered based on reflectance 

differences of adjacent metal stripes using reflectance optical microscopy.  Due to this 

simple means of detection and the large number of possible tags, these nanowires are 

attractive for multiplexing bioassays.  

We have previously shown that barcoded nanowires can be used for multiplexed 

sandwich hybridization assays in suspension, where detection was accomplished by 

fluorescent tags and the nanowire striping patterns were used to identify the DNA 

sequences detected.9  It should be possible to perform multiplexed hybridization assays 

without fluorescent dyes by coupling the barcoded nanowires to planar supports.  Planar 

supports such as glass slides are commonly used in DNA arrays.  Typically, DNA 

microchips have individual regions of unique DNA sequences (probes) spotted onto 

them.10-15  Fluorescently labeled target sequences then bind via complementarity to the 

immobilized probes and the fluorescence at each spot is measured to determine 

quantitatively the amount of DNA that hybridized.  With barcoded nanowires, it will be 

possible to make a single DNA spot containing multiple DNA sequences on a surface and 

identify the hybridization binding events by simple optical detection of the barcoded 
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nanowire tags.  Barcoded nanowires are employed here as a replacement for fluorescent 

tags and will report not only on the presence of target, but also on its identity.  Nanowire 

tags could also be used on surfaces having multiple DNA spots, such as DNA macro- or 

microarrays.  In this latter case, comparative functional genomics experiments could test 

for alterations in gene expression in response to multiple stimuli at the same time. 

In the envisioned barcode-based microchip, a glass surface is silanized and is 

spotted with a mixture of different sequences of DNA through the use of a 

NeutrAvidin™-biotin linkage.16  Separate strands of DNA are attached to nanowires, 

again using NeutrAvidin™ (NA) and biotin.  The DNA on the wires is then attached to 

the DNA on the glass surface using a complementary linker DNA strand (Figure 5.1).  

By using single stranded DNA complements, nanowires with different, optically 

distinguishable striping patterns bind to their complements on the glass surface.  When 

wires of a specific barcoded pattern are attached to the glass through sandwich-type DNA 

binding (three strand system), the detection of a particular linker sequence is possible.  In 

a biological application, the linker strand would be the species being sought, and the rest 

of the sensor would be designed to be complementary to that sequence.  By using wires 

with different striping patterns, multiple linkers can be detected simultaneously. 

Here, we present steps towards this surface-based nanowire biosensor.  We report 

a method of attaching DNA to glass slides using a carboxy-terminated silane.  The 

amount of nonspecific binding associated with the binding of one type of nanowire to a 

specific sequence of DNA was studied and determined to be 5.0 %.  When two types of 

nanowires were mixed and allowed to bind competitively to a glass surface coated only 
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with the DNA necessary to bind one type of wire, the amount of nonspecific binding was 

also ~ 5 % (5.6 %). 

 

5.2.   Materials and Methods 

5.2.1.  Materials 

Gold (Orotemp 24-1 troy oz/gal) and silver (Silver 1025-4.5 troy oz/gal) plating 

solutions were purchased from Technic, Inc. for nanowire synthesis.  Alumina 

membranes (25 mm) were purchased from Whatman.  Ag wire for evaporating the 

backside of alumina membranes was purchased from Acros.  Glass microscope slides 

were purchased from Fisher (cat. no. 12-544-1).  Carboxyethylsilanetriol was purchased 

form Gelest.  EDC [1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride], 

NHS [N-hydroxysuccinimide] and NeutrAvidin™ were purchased from Pierce.  All water 

used was distilled and purified to 18.2 MΩ using a Barnstead Nanopure system. 

 

5.2.2.  DNA Synthesis 

DNA sequences were synthesized on an 8909 Expidite DNA synthesizer (from 

Applied Biosystems) using reagents purchased from Glen Research. Concentrated 

ammonium hydroxide was used to cleave the oligo from the column, and the strands were 

detritylated overnight on a heat block at 55 °C.  The sequences were purified using 

PolyPak™ purification cartridges and modified protocols from Glen Research.  Table 5.1 

lists the DNA sequences used in these experiments.  
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5.2.3.  Nanowire Synthesis 

Anodisc aluminum membranes with membrane pores having average diameters of 

318 ± 50 nm17 were used as templates for the synthesis of barcoded nanowires.  The 

synthesis of striped nanowires is reported in detail elsewhere.18  Briefly, the backside of 

an alumina membrane was coated with ~500 nm of Ag by thermal evaporation and then 

was placed into an electrochemical cell where another ~1 μm of silver was 

electrodeposited onto the evaporated layer.  This step was done as a preventative measure 

to ensure thorough coverage of the pores and prevent leaks during electrodeposition.  The 

membrane was then removed from the cell, turned over and placed back into the cell so 

that more Ag could be deposited into the pores.  This Ag layer is to reduce template 

irregularities (i.e. smaller, flared pores) by filling the bottoms of each pore with silver.  

The nanowires were then grown galvanostatically into the pores of the membrane.  To get 

the desired metal striping patterns, the metal solutions were changed at defined intervals 

to the metal of choice.  In this work, wires synthesized were either entirely Au or 

patterned AuAgAu, and were ~3-4 μm in length and ~320 nm in diameter.  When the 

synthesis was complete, the cell was disassembled and the membrane was removed and 

rinsed with water.  The silver backing was removed by dissolution in 4 M HNO3, and 

then the membrane was rinsed in water.  The alumina membrane was dissolved using 3M 

NaOH for 30 min and then the nanowire suspension was centrifuged at 2000 g for 2 min 

to collect the wires.  They were then rinsed several times in water to remove any 

remaining NaOH.  Au wires were stored in water and silver containing wires were stored 

in ethanol until ready for use.  

 



 

 

147

5.2.4.  Derivatization of Glass for DNA Attachment 

Extruded glass microscope slides (1” x 3”) were either cut to fit into 1-dram vials 

(1 cm x 1 cm) or left whole.  The glass was first cleaned with aqua regia (3:1 HCl:HNO3) 

for 15 min and then was rinsed 3 times with water and cleaned in piranha solution (3:2 

H2SO4:H2O2) for 20 min.  It was then rinsed with distilled water, sonicated in methanol 

for 10 min, and stored in methanol until use.19   

The glass surfaces were rinsed with water prior to use and were silanized with a 2 

% mixture of carboxyethylsilanetriol (CEST) in water (pH adjusted to 5.5 with acetic 

acid) for 15 min at room temperature.  Slides were stirred in either 1 dram vials (for small 

slides 1 cm x 1 cm) or in square plastic Petri dishes (for full size slides) on an orbit 

shaker at 200 rpm to allow the silane to attach.  Silane solution was poured off of the 

slides and they were rinsed three times with water.  The slides were transferred to new 

vials/beakers, and then were cured in an oven at 120 °C for 20 min.  

To link the carboxy-terminated silane to the amines of NeutrAvidin™ (NA), a 

solution of EDC/NHS ([1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride]/Sulfo-N-hydroxysuccinimide) was used.  It is necessary to have more 

NHS than EDC in the EDC/NHS solution mixture because EDC reacts with a carboxyl 

group first and forms an amine reactive intermediate, an o-acylisourea.  This intermediate 

is unstable in aqueous solution and therefore must be stabilized through the use of 

NHS.20-22  For this reason, a solution consisting of  2 mM EDC/5 mM NHS was reacted 

for 30 min with each slide at room temperature on an orbit shaker.  The slides were then 

rinsed 3 times with water. 
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To incorporate NA onto the slides, 0.05 mg/ml NA in water was added to the 

glass slides and was allowed to react 2 hrs at room temperature while being stirred on an 

orbit shaker at 200 rpm before being rinsed 3 times with water.  This concentration is in 

great excess to the amount that can possibly attach to the surface, but ensures that the NA 

concentration is not a factor in wire attachment and coverage on the surface.  A 10 mM 

solution of hydroxylamine was allowed to react for 30 min with each slide in an effort to 

reduce nonspecific binding of DNA to the activated surface.  The slides were then rinsed 

three times in water. 

 

5.2.5.  DNA Attachment to Glass and Nanowires 

For the smaller slides, 0.3 μM F-21B biotinylated DNA in water was added to 

each slide.  The DNA was allowed to react ca. 4 hours on an orbit shaker at 200 rpm at 

room temperature.  The slides were then rinsed 3 times with water.  For the experiments 

done on full size glass slides, 5 mm glass joints with O-ring seals (from Ace Glass) were 

clamped to the slides to make chimneys for isolated DNA attachment to specific areas of 

each slide.  To each chimney, 10 μM BS-6 DNA in 0.3M NaCl/10 mM phosphate buffer 

(pH 7.0) was added and allowed to react on the benchtop at room temperature over night.   

The second sequence of DNA added was the linker sequence.  On the smaller 

slides, F-12 DNA was used for the linker strand and 31mer was used as the control 

sequence, added at a concentration of 0.3 μM in hybridization buffer (0.3 M NaCl/10 

mM Phos, pH 7.0).  These sequences were allowed to hybridize at room temperature on 

the orbit shaker at 300 rpm for 4 hrs.  They were then rinsed three times in the same 
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buffer.  For the full size slides, 10 μM BS-8 DNA linker in hybridization buffer was 

added to the chimney and allowed to react at room temperature overnight.    

The third DNA sequence was first attached to the nanowires, and then attached to 

the linker sequences.  To attach the DNA to the nanowires, the wires were soaked in 0.1 

mg/ml NA for 2 hours, rinsed three times in water, and then DNA was added.  Au 

nanowires used on the small glass slides had F-18B DNA attached to them (30 μl of 10 

μM F-18B DNA was added in 1 ml water and allowed to react 4 hours).  Nanowires were 

then rinsed 3 times in water and then they were mixed with the DNA coated glass slides 

in 1 ml hybridization buffer and allowed to react overnight.  For the large slides, Au 

nanowires were reacted with 10 μM BS-7 DNA and AuAgAu wires were reacted with 

BS-9 DNA overnight in hybridization buffer.  Once the DNA was attached to the wires, 

20 μl of each type of DNA coated wire was added to each chimney and allowed to attach 

overnight at 37 °C.  The slides were then rinsed three times in hybridization buffer before 

imaging. 

 

5.2.6.  Optical Microscopy 

Brightfield reflectance images were acquired using a Nikon TE-300 inverted 

microscope equipped with a 12-bit high resolution Coolsnap HQ camera (Photometrics).  

A CFI plan fluor 60x oil immersion lens (NA = 1.3) was used in conjunction with Image-

Pro Plus software (version 4.5) to image the samples.  The light source was a 175 W 

ozone free Xe lamp, and a Sutter Instruments filter wheel (Lambda 10-2) allowed for 

wavelength selection.  Samples were prepared by sandwiching the nanowires on the glass 
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slides between a glass coverslip (Fisher 12-542-C) with a10 μl drop of water to adhere 

the coverslip to the slide.  All reflectance images were taken at 430 nm, which is the 

wavelength that gives the biggest reflectance contrast between Au and Ag.23 

 

5.3.  Results and Discussion 

For biosensing applications, it is desirable to have high nanowire coverages in the 

presence of specific target sequences, and no attachment for noncomplementary strands.  

In our previous work on DNA-directed nanowire attachment to planar Au surfaces,24 we 

observed high nonspecific binding (~25 %).  In those experiments, thiol self-assembled 

monolayer chemistry was employed both on the nanowire surfaces and on the planar Au 

supports.  We hypothesized that moving from Au to SiO2 and changing the DNA 

attachment chemistry from thiol to NA-biotin might decrease the nonspecific attraction 

between the particles and the surface.  Two types of experiments were performed: Au 

nanowire assembly and competitive Au and Au-Ag-Au nanowire assembly experiments. 

 

5.3.1 Single Nanowire Attachment 

For Au nanowire assembly, nonspecific binding was determined by preparing two 

sets of glass slides.  Both Au nanowires and small glass slides were derivatized with 

DNA.  To some of the slides, the correct complementary linker was added such that the 

nanowires should have attached to the glass, and to other slides, the noncomplementary 

DNA linker was added such that nanowire attachment on these slides would be a result of 

nonspecific binding.  Figure 5.2a shows reflectance optical microscopy images of the 

nanowires attached via complementary DNA hybridization.  Figure 5.2b shows 
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representative images of samples containing noncomplementary DNA, and here the 

presence of the nanowires is a result of nonspecific attachment.  From this experiment, 

nanowire coverages for samples containing complementary DNA were 2.4±0.9x105  

wires/cm2.  Samples containing non-complementary DNA had wire coverages of 1.2± 

0.5x104 wires/cm2.  Overall, these show 5.0 % nonspecific binding for samples 

containing noncomplementary DNA linkers.  These data are very encouraging, as they 

show a dramatic improvement in the specificity of nanowire assembly as compared to our 

previous work on Au surfaces.24  The surface coverage of nanowires here is lower than 

observed for attachment to Au surfaces (~1 x 106/cm2). 

 
5.3.2.  Competitive Nanowire Attachment  

The sensing applications we envision will require competitive binding of 

nanowires with complementary DNA strands in the presence of other nanowires having 

noncomplementary DNA.  To demonstrate competitive nanowire attachment, two types 

of nanowires Au and AuAgAu were both derivatized with different sequences of DNA.  

Large glass slides with glass chimney chambers were used for DNA substrates and 

mixing vessels.  The DNA applied to the glass substrate and the linker DNA were 

complementary to each other; however, only the DNA on the Au wires was 

complementary to the linker sequence.  Both the DNA-coated Au and AuAgAu wires 

were mixed together and added to the chimney for attachment to the glass.  Since only 

the Au wires had DNA complementary to the linker strand, only Au wires should have 

bound to the surface and the AuAgAu wires should have remained detached.  Figure 5.3 

shows optical reflectance images of these samples.  Averages of 8.9±4.9x105 Au 

2
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wires/cm2 and 5.0± 3.4x104 AuAgAu wires/cm2 are given by this data.  These results lead 

to 5.6 % nonspecific binding, similar to that observed for the attachment of Au wires 

alone, and still very encouraging as compared to our earlier results using Au surfaces.24 

Some variation is observed in both the coverage and the degree of nonspecific 

binding from experiment to experiment.  In large part, these differences appear to result 

from the manner in which the wire suspension is mixed during assembly.  The mixing 

methods between the two experiments outlined above are different (one using small 

pieces of glass in vials, the other using full size slides with chimneys) in an attempt to get 

more uniform wires coverages across the surface of the glass.  A variety of mixing 

methods have been tested, with the glass chimneys thus far providing the best results. 

 

5.4.  Conclusions 

In these experiments, a protocol was developed using a carboxy-terminated silane 

to derivatize glass slides for DNA attachment.  Demonstrated here was the efficiency of 

nanowire attachment to glass via complementary DNA hybridization.  The selectivity of 

competitive nanowire binding to the DNA coated glass substrate was shown to be 

discriminatory with an average of about 5 % nonspecific binding reported.  With 

improvements in surface blocking, it is foreseen that greater numbers of assays could be 

simultaneously assayed using barcoded metal nanowires. 
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Table 5.1.  DNA sequences used in experiments. 
 

Sequence Name Sequence 5'-3' 

F-21B AAT TTT TGA CGC ACG-biotin 3'  

F-18B 5’-biotin-AAA AAA AAC TCC BTTG CGC ACG T 

31mer AGC CAT TAA GCC TAT CGG TAC GGT AAT TAG C 

F-12 CGT GCG TCA AAA ATT ACG TGC GCA AGG AGT T 

BS-6 5’-biotin- TTT TTT CGC ATT GAC GAT TGC TAT 

BS-7 GAT TCT ACC GTA TAG ACG TTT TTT-biotin 3’ 

BS-8 CGT CTA TAC GGT AGA ATC ATA GCA ATC GTC 

AAT GCG 

BS-9 GCT ATG AAC TTC GAG CTA TTT TTT-biotin 3’ 
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Figure 5.1.  Schematic of nanowires attached to a mixture of DNA sequences on a glass 
slide via a DNA sandwich assay.  Each spot contains the DNA necessary to bind multiple 
types of wires.  The wires are attached to the glass slides via DNA complementarity.  Not 
drawn to scale. 
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Figure 5.2.  (a) Reflectance optical microscopy images of Au nanowires on glass bound 
by DNA complementarity, and (b) controls containing non-complementary DNA. 
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Figure 5.3.  Reflectance images of competitive nanowire attachment to glass.  Samples 
were illuminated with 430 nm light.  At this wavelength, Ag segments appear much 
brighter than Au, allowing the two wire types to be distinguished.  Both Au and AuAgAu 
nanowires were added to the slide, but only Au wires had complementary DNA to bind to 
the glass surface.  AuAgAu wires had a noncomplementary DNA strand and should not 
attach.  The ratios in the bottom corners of each image list the number of Au:AuAgAu 
wires in each image. 
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Chapter 6 
 

Glass-Coated Striped Metal Nanowires for Improved Fluorescent Bioassays 

 

6.1.  Introduction  

Multiplexing capabilities have become increasingly important, particularly due to 

the rapidly growing interest in gene detection and discrimination.  Several techniques 

have been developed that detect multiple binding events simultaneously that utilize 

different substrates.  Such techniques include microarrays,1-6 encoded particles such as 

polystyrene microbeads embedded with ratios of red and infrared fluorescent dyes,7-10 

and barcoded metal nanowires.11-15  However, only the use of barcoded metal nanowires 

allows for both ease of adding or subtracting probe sequences by incorporating or 

removing wires coated in different probes and does not rely on fluorophores for 

identification of the tagged bioassay.  Fluorescence is used in these assays to signal that a 

binding event has occurred, but the striping pattern of the wire is relied on for 

identification of particular assays instead of the fluorophore.  It is ideal to avoid relying 

on fluorescence for identification of particular assays because the use of fluorescence as 

an identifying tag limits the number of species that can be detected simultaneously, as the 

spectral bandwidths of the fluorescence peaks tend to overlap.   

The ability to encode a large number of metal nanowires with distinct patterns of 

different striped metals allows them to have great potential in multiplexed bioanalyses.  

They are easily synthesized by electrodeposition of metals into porous aluminum oxide 

membranes.  These barcoded metal nanowires in conjunction with fluorophores have in 
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the past been used in multiplexed bioassays for detection of antibody-antigen binding,12 

and DNA binding interactions.12,14 In fact, the metal nanowire surfaces have also been 

employed as quenchers for fluorescence in multiplexed molecular beacon based 

bioassays.11,16  Because the fluorescence is used here to identify binding events and not as 

tags, more possible binding events could be detected over techniques that multiplex 

assays using fluorescence for identification of particular species.  Although there are 

many benefits to utilizing the metal surfaces of barcoded metal nanowires, for instance 

for fluorophore quenching and enhancement, the metal surfaces do introduce interesting 

effects on different fluorophores, or on the same fluorophores placed at different 

distances from the surface.11,16   Occasional pits in the nanowire surfaces have also been 

shown to enhance the fluorescence at those locations, leading to greater deviation in the 

uniformity of the overall fluorescence intensity.  Also affecting the fluorescence 

intensities are the identities of the underlying metals.14,16  Under some experimental 

conditions, a particular fluorophore will be brighter on Ag segments, for example, over 

Au.  A separate set of conditions may make the same fluorophore appear brighter on the 

Au.  This is primarily due to the distance effects of the fluorophores from the surface as a 

result of hybridization efficiency.16   

To avoid the effects of fluorophore-metal interactions, but take advantage of the 

multiplexing capabilities of metal nanowires, we glass-coated nanowires prior to use in 

bioassays.  We report on fluorophore behavior when attached to wires coated with on 

different glass thicknesses.  In this work, the stability of the glass-coated nanowires was 

also investigated and has proven to prevent oxidation of silver segments in the wires.  

Because glass-coated nanowires also provided more uniform fluorescence and resistance 



 

 

161

to oxidation, we were interested in using such substrates to develop multiplexed DNA 

hybridization assays.  Therefore, a 2-plex simultaneous assay was performed towards the 

identification of a single nucleotide polymorphism (SNP), which causes mutations in a 

P53 cancer gene.17,18  A SNP is a single base mismatch in the DNA sequence.  This SNP 

assay was performed using different attachment chemistries to both metal nanowires with 

no glass coating and to nanowires with glass coating, since bioassays on bare metal wires 

have been well studied and would provide a means of comparison for the assay 

performed on glass-coated wires.  

 

6.2.  Materials and Methods  

6.2.1.  Materials  

Nanobarcodes™ obtained from Nanoplex, Inc. (Mountain View, CA), were 

patterned 010100, 010010, 00010110100, 000100110000, 00000100010 and 

00000111000 where 0 represents a 0.75 µm segment of Au and 1 represents a 0.75 µm 

segment of Ag.  Nanobarcodes were received in a 1 ml solution of mercaptoundecanoic 

acid (MUA), which aids in the prevention of NBC clumping.  A 1 ml batch of the wires 

contains ~ 1x 109 NBCs.  In all experiments the MUA coating was left on the wires prior 

to any functionalization.  Tetraethylorthosilicate (TEOS) and 

aminopropyltrimethoxysilane (APTMS) were purchased from Aldrich.  Reagents for 

buffers used in these experiments were 10 mM PBS (0.138 M NaCl; 0.0027 M KCl; pH 

7.4, from Sigma), MES (T. J. Baker), TMAC (tetramethyl-ammonium chloride) 

purchased from Sigma, and SSPE (Promega).  Sodium dodecyl sulfate (SDS) was 

purchased from Aldrich, and BSA (bovine serum albumin) and EDC were purchased 

from Pierce. Streptavidin-Cy5 (SA) was purchased from e(BioScience) (San Diego, CA).  

Samples were sent to Accurel (Sunnyvale, CA) to obtain TEM images of glass coating on 

the nanowires.  
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6.2.2.  Glass Coating of NBCs   

(Thin Coating)- NBCs were glass coated with a thin glass coating using modified 

procedures.19-20  A 1 ml batch of wires was rinsed two times in ethanol to remove some of 

the residual MUA and then was resuspended in 490 µl ethanol, 160 µl water, 40 µl 

tetraethylorthosilicate (TEOS), and 10 µl 28 % ammonium hydroxide.  The solution was 

sonicated for 1 min to suspend and mix all materials and then was allowed to react at 

room temperature with gentle rotation for 45 min.  The NBCs were then rinsed three 

times in ethanol and stored in 1000 µl of ethanol until use.   

(Thick Coating)- NBCs were coated with a thick coating of glass by rinsing the 

wires in ethanol and dividing each batch of NBCs in half, resulting in 2-500 µl aliquots.  

To each aliquot containing 500 µl ethanol, 160 µl water, 40 µl TEOS, and 10µl 28 % 

ammonium hydroxide were added. The samples were sonicated for 30 seconds and 

allowed to react at room temperature for 1 hour while tumbling.  The NBCs were rinsed 3 

times in ethanol, and then the entire procedure was repeated a second time.  These 

samples were rinsed and stored in 1 ml ethanol until future use. 

 
 
6.2.3.  Glass Coating as a Protective Barrier against Silver Oxidation  

 Nanowires with no glass coating, thin glass coating (13.5 nm), and thick glass 

coating (100 nm) were continuously sonicated (2 µl of each batch of wires) in 50 µl of 20 

% nitric acid for 5, 10, 15, and 30 min.  After the indicated length of time, the samples 

were rinsed two times in 100 µl water and were resuspended in 50 µl water for imaging.  
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The rinsing step was only necessary here to avoid the nitric acid from destroying the well 

tray used for imaging.   

 

6.2.4.  SNP Assays (Probe Conjugation to Wire Surfaces)   

(Glass Coated) Wires patterned 00010110100, and 000100110000 were glass 

coated with a 40-nm-thick layer of silicon oxide by following the procedure above for 

thin glass coating with the exception of using only 300 µl of wires in each batch. The 

coated wires were rinsed three times in ethanol and resuspended in 930 µl ethanol, 50 µl 

water, and 20 µl APTMS.  Nanowires were allowed to react at room temperature with 

gentle rotation for 1 hr, then were then rinsed two times in ethanol, two times in DMSO, 

and were resuspended in 1 ml DMSO.  To achieve carboxyl functionalization, a succinic 

anhydride (SSA) solution was then made by dissolving 0.04 g SSA in 1000 µl DMSO.  

Added to the APTMS functionalized NBCs was 10 µl of the SSA solution, which was 

allowed to react for 1 hr at room temperature while rotating, after which an additional 10 

µl of SSA was added and allowed to react at room temperature for another hour.  The 

samples were then rinsed three times in MES buffer (pH 4.5) and resuspended in 300 µl 

of the same buffer.   

To functionalize both glass-coated and non-glass coated wires with DNA, 100 µl 

of each pattern wire was used.  Non-glass-coated wires patterned 00000100010 and 

00000111000 were rinsed two times in 50 mM MES buffer (pH 4.5) to remove any 

residual MUA before use.  The samples were each resuspended in 320 µl of 50 mM MES 

buffer (pH 4.5), to which 3 µl 100 µM DNA probe (either N21A or N21B) was added.  

The DNA probes used in this assay were synthetic oligos purchased from Bio Source 
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International (Camarillo, CA), and they mimic gene regions in DNA that affect the 

function of P53, which is a tumor suppressor protein.  A one-base mismatch in the DNA 

sequence can lead to improper function of P53 and can thus cause the formation of 

tumors.  We have tested here two probes that are related to one of the places in the DNA 

sequence that is susceptible to SNP mutation, and they differ in sequence by only one 

base difference.  The sequences used are called N21A and B because N refers to the 

amino acid in the protein that is affected by this SNP (N is the abbreviation for 

asparagine), and 21 refers to the position in the chromosome sequence where this SNP 

may occur.  The sequences A and B are the wildtype (A) and mutant (B) forms of the 

DNA that exist. The DNA sequences used are presented in Table 6.1.  After the DNA 

probe was added, the samples were placed on ice until a 20 % EDC solution was 

prepared in 50 mM MES (pH 7.0), of which 30 µl was added to each sample and allowed 

to react for 1 hour at 4 °C.  The samples were then washed four times by centrifugation in 

10 mM PBS, resuspended in 100 µl of the same buffer, and stored at 4 °C until use.  

 

6.2.5.  SNP Assays -Hybridization of Target(s) and Dye Labeling 

For hybridization of target(s) in each SNP assay, 34 µl of 2xTMAC hybridization 

buffer was added to new tubes along with 3 µl of 2 µM each oligo target.  The targets 

were boiled for 1 min to dehybridize any strands that may have been interacting with 

each other as a result of frozen storage, and then were placed on ice for 30 sec before use.  

Probe-coated wires were added (3 µl of each type (N21A and N21B)) to the DNA 

target(s) (N21A-T and/or N21B-T).  Samples that contained no targets (control samples) 

were prepared the same as above except in place of adding DNA target, 3 µl of water was 
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added.  The samples were allowed to incubate at 55 °C for 30 min, then were centrifuged 

to remove the supernatant and were resuspended in 500 µl 1xSSPE-0.1 % SDS buffer.  

The samples were rotated at room temperature in this buffer for 10 min, before removing 

the supernatant and resuspending the samples in 500 µl 0.1xSSPE-0.05 % SDS buffer.  

These samples were sonicated for 10 sec, incubated at 55 °C for 7 min, centrifuged, and 

then resuspended in 100 µl of 10 mM PBS buffer.  As a stock solution, 3 µl of 

streptavidin-Cy5 was diluted in 1.1 ml of water.  From this stock solution of diluted 

streptavidin, 100 µl was removed and added to each SNP assay.  It is important to note 

that the samples were not sonicated after adding the streptavidin, so as not to denature the 

protein.  The samples were allowed to mix at room temperature for 30 min while 

undergoing gentle rotation, after being covered in foil to protect the Cy5 dye from 

photobleaching. The samples were then centrifuged and washed one time with 500 µl 10 

mM PBS and were resuspended in 50 µl PBS for imaging (see below).   Later SNP 

assays with less non-specific binding were obtained by adding 1 % BSA into the 

0.1xSSPE-0.05 % SDS wash buffer and also adding 1 % BSA to the streptavidin-Cy5 

before conjugation to the biotin terminated probes.  

 

6.2.6.  Reflectance and Fluorescence Microscopy 

Samples for imaging were prepared by adding 50 µl of each assay to particular 

wells of a 100 well glass-bottom microscope tray, and allowing the wires to settle to the 

bottom of the tray for at least 2 min before imaging.  Microscope images were acquired 

using an automated Zeiss Axiovert 100 microscope outfitted with a Prior H107 stage, 

Sutter Instruments 300 W Xe lamp with liquid light guide, Physik Instrumente 400 
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micron travel objective positioner, and Photometrics CoolSnap HQ camera. A 63x 

objective was used with a NA=1.4.  Reflectance images were acquired using a bandpass 

filter allowing for illumination using 406 nm light, as this wavelength gives good contrast 

between silver and gold metals.  The fluorescence images were obtained using a filter 

cube selective for the excitation and emission preferences of Cy 5 dye.  NBSee software 

was used to quantitate the amount of fluorescence on the wires present in each sample, as 

it identifies the wires using the reflectance image and quantifies the amount of 

fluorescence in the corresponding fluorescence images.21    

 

6.3.  Results and Discussion 

 The use of striped metal nanowires as substrates for multiplexed bioanalysis has 

many promising aspects such as ease of detection, ease of incorporating different assays 

together without substantial pre-planning, and potential for highly multiplexed testing.  

Although the metal surfaces have beneficial aspects in bioassays in terms of fluorescence 

quenching and enhancement, in order to avoid the complicated effects associated with 

metal-fluorophore interactions, we explored the potential of performing bioassays on 

glass-coated NBCs.  The glass coating was expected to shield the fluorophores from the 

effects of the underlying metals and provide a more uniform fluorescence response across 

the entire striped nanowire surface.  
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6.3.1.  Different Glass Thicknesses  

To study the fundamental differences between wires with different thickness of 

glass coated on their surfaces, separate batches of NBCs (Nanobarcodes™) were coated 

with silicon dioxide to two different thicknesses by repeating a glass coating protocol 

multiple times to achieve thicker layers.  Figure 6.1A shows TEM images of the glass 

coatings at two different thicknesses, ~13.5 nm and ~100 nm.  Wires with coatings of 

both thicknesses of glass were derivatized with fluorescently labeled DNA to compare 

the fluorescence intensity and uniformity on each surface.  Presented in Figures 6.1B and 

C, are reflectance and corresponding fluorescence images of both thickness of glass-

coated nanowires with fluorescent DNA probes attached. When fluorescently labeled 

oligos were attached to the wires containing a thin glass layer, the fluorescence appeared 

non-uniform with concentrated bright spots along the nanowires (Figure 6.1), presumably 

a result of electromagnetic interactions due to unevenness of both surface molecules and 

metal substrate.  We have noted in the past that pits in the metal wire surfaces have lead 

to fluorescence enhancements at those pits.16  Since surface-enhanced fluorescence 

generally occurs at tens of nanometers from the surface and is sensitive to the nanoscale 

roughness of the metal, 22-37 it is feasible that with a thin, uneven glass coating, the 

fluorophores are still experiencing effects from the underlying metals. However, when 

using fewer NBCs per batch and coating them twice, a much thicker, more uniform glass 

coating resulted, which led to uniform fluorescence coverage across the wires when used 

in an assay with fluorescence labeling (Figure 6.1).  Also, at this greater distance, the 

fluorophores are not subjected to quenching or enhancing phenomena exhibited by the 

metal surfaces, allowing the fluorescence to be more consistent.22-26   It is also important 
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to note that the glass coating does not inhibit the identification of the wire’s striping 

pattern, and typical reflectance microscopy conditions allow for the detection of the 

pattern (see reflectance images in Figure 6.1). 

 

6.3.2.  Glass Coating as Protection against Oxidation 

 We have previously reported that the stability of silver segments in NBCs is poor 

after incorporation of biomolecules onto the surfaces and storage in a buffered saline 

solution due to oxidation.14,38   We anticipated that the glass coating would also aid in 

protecting the Ag segments in the nanowires.   In this work, we glass coated separate 

batches of NBCs with two different thicknesses of glass and attached fluorescently 

labeled DNA to compare the fluorescence intensity and uniformity of each.  To test 

whether or not the glass coating at each thickness protected the Ag segments, these wires 

as well as a sample of wires containing no glass coating were exposed to solutions of 

nitric acid while sonicating for different lengths of time.  Nitric acid is known to dissolve 

silver; therefore, we were able to get an idea of whether or not the glass coating provided 

any benefits against silver oxidation.  Figure 6.2 illustrates the stability of all three 

samples (thin glass coated, thick glass coated, and non-glass coated) when subjected to 

continual sonication in 20 % nitric acid for different amounts of time (Figure 6.2).  All of 

the wire batches retained their integrity for 5 min of sonication, however, for the non-

glass-coated sample after 10 min exposure, the wires were no longer identifiable.  The 

wires with ~13.5 nm thickness of glass were still whole (not broken) after 30 min, with 

only small amounts of wire breakage (Figure 6.2).   Wires with ~100 nm thick coating of 

glass withstood the sonication for 30 minutes without any visible degradation of the 
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silver.  This suggests that the glass coating does in fact help to preserve the integrity of 

the nanowires under harsh conditions, preventing oxidation of the silver segments.   This 

experiment also provides a technique for determining whether or not the glass coating is 

present in the event that a TEM is not readily available to analyze the coating.  Wires 

with silver segments that do not show degradation after 30 min of sonication in nitric acid 

are glass coated.  This method of determining if the glass coating is present is not 

quantitative and does not allow the precise thickness of the glass to be known, however, 

if the samples cannot be analyzed via TEM, this method can be used to check that the 

glass in fact coated the wires. A separate technique was also performed to determine if 

nanowires had been coated in glass; however, it was more complicated than the method 

just described.  The other method involved attaching APTMS to the glass on the wires 

and then adding a Cy5 Mono NHS ester dye, which would bind to the amine groups on 

the APTMS.  Controls were done on wires that were not glass coated where both APTMS 

and the Cy5 dye were added.  There was a 4.5 times increase in fluorescence intensity for 

the samples containing glass-coated wires over those not glass coated.  Although this 

method provided discrimination between wires with glass coating and wires without 

glass, this method was more time consuming and expensive than the one previously 

described.   

 It was also noted in conducting experiments using 11-segment glass-coated wires 

that little to no wires were broken or bent, which is very unusual for wires without glass 

coating at such lengths. The stability and improved uniformity in fluorescence coverage 

of these glass-coated wires over their non-glass coated counterparts provides further 

cause for their use in future bioanalytical assays.  
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6.3.3.  SNP Assay on Glass-Coated Wires     

 To investigate further the use of glass coated wires in the development of an 

actual assay, a 2-plex SNP assay was performed on both glass-coated and non-glass-

coated NBCs.  For this assay, DNA probes were attached to the glass surfaces using 

succinic anhydride to achieve carboxyl functionalization on the surface, which was then 

linked using EDC to amine-terminated DNA probes.  Biotin-terminated target sequences, 

which may or may not have contained a DNA SNP, were then hybridized to the anchored 

probes.  Following hybridization of target, fluorescently labeled streptavidin protein, 

which binds to the biotin molecule appended to the end of the target sequence, was added 

(Figure 6.3).  If DNA that is not fully complementary to the probe sequence is added (in 

this case, a SNP sequence), this SNP DNA is not expected to bind, causing there to be no 

biotin present for streptavidin binding, and thus no fluorescence on the wire.  The SNP 

sequence detected in this work is a region of chromosome 17, which is susceptible to 

mutations and can lead to cancer tumor formation.  The wildtype (or non-mutated) region 

of the chromosome has the sequence of the DNA probe labeled N21A in this work.  The 

mutated region of this chromosome leads to the SNP sequence called N21B in this work.  

This one-base mutation can lead to the formation of cancer by way of affecting the 

function of the P53 tumor suppressor gene.  P53 is a protein with activity to stop the 

formation of tumors.   In the cell, P53 protein binds DNA, which in turn stimulates 

another gene to produce a protein called P21 (given this name because it is a protein with 

the molecular weight of 21).  P21 interacts with a cell division stimulating protein (cdk2) 

to form a complex that cannot pass through the next stage of cell division and therefore 

acts as a “stop signal” for cell division.  If a DNA SNP is present, the P53 protein binds 
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differently and no longer binds DNA in an effective way, which does not allow for the 

production of P21.  Therefore the P21 is not made available to act as the “stop signal” for 

cell division, leading to uncontrolled division of the cells and thus formation of tumors.  

In the 2-plex assay studied here, the probe for the wild-type DNA sequence (N21A) was 

bound to a batch of wires patterned differently than the wires to which the mutant SNP 

DNA (N21B) was attached.  The two wire batches were mixed after probe attachment 

and before binding of target sequences.  It was of interest to determine the selectivity of 

these two probes for target binding although they differ by only 1 base from each other in 

order to determine if glass-coated substrates were suitable for such selective assays.  

Reported in Figure 6.4 are two separate sets of assays performed on both glass-

coated and non-glass-coated wires.  On the graphs, the x-axis indicates which target 

sequences were added to each assay.  Although the surface chemistry of probe attachment 

is different between the two sample sets (due to the nature of the surfaces being 

different), these data show reasonable discrimination between the presence of one SNP 

sequence (A), over another (B), with little non specific binding (as seen in the no target 

sample).  Comparable results between the two assays on different substrates (glass coated 

vs non-glass coated) suggest that it is feasible to use either substrate for this type of SNP 

detection assay.   

 To ensure that the fluorescently labeled streptavidin did not bind to non-specific 

interactions to the surface, many rinsing and blocking strategies were attempted.  The 

data presented in Figure 6.4 were later improved for the glass-coated assays by adding 1 

% BSA to the 0.1xSSPE-0.05 % SDS rinse buffer and adding 1% BSA to the 

fluorescently labeled SA during attachment.  Figure 6.5 shows the data for the improved 
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assay on glass-coated wires.  Experiments were also conducted where BSA was added 

only to the wash buffer and separate experiments were done where BSA was added only 

with the SA (data not shown), which yielded improvements in the specificity of the assay.  

However, the best discrimination between appropriate target binding came with 

combined use of adding BSA both in the rinse buffer and along with SA during 

attachment.   The outcome of this set of experiments suggests that using wires coated in 

silicon dioxide is promising for bioassay performance.  In fact, because the fluorescence 

signal was relatively uniform on these glass-coated wires, the error bars are smaller for 

these samples than for those performed on wires with no glass coating.  

 
 
6.4.  Conclusions 

 Barcoded metal nanowires were coated in glass and tested for use in DNA 

hybridization assays.  We note here that the glass coating not only provides a means for 

covalent DNA attachment, but also helps to preserve the silver segments in the nanowires 

as they are typically susceptible to oxidation.13,16  Also, when coated in a thick glass 

coating (100 nm), fluorescence patterning noted previously13 as a result of fluorophore 

quenching and enhancement effects on the different metals is no longer present.  We 

show that the thick glass coating provides protection against metal quenching and 

enhancing effects, resulting in uniform fluorescence coverage across the nanowire 

surfaces.  Also, in this work we were able to achieve successful discrimination between 

two DNA sequences in a 2-plex assay when the sequences differed by only a one-base 

mismatch.  Glass coating metal nanowires has proven to protect against Ag etching, to 

allow for more uniform and consistent fluorescence coverage, to prevent the wires from 
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bending, and to allow a multiplexed assay to work.  All of these benefits suggest that 

whenever the metal surface is not participating directly in the assay readout, (as it does 

for the beacon experiments reported in Chapters 3 and 4), then glass coatings should 

routinely be used. 
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Table 6.1.  DNA sequences used in this work. 

Sequence Name Sequence (5’-3’) Comments 
N21A Amine-C12-TTT TTT TTT TTT TTT TTT 

TGT GAG GCG CTG CCC 
Wild-type probe 
with 18-base 
poly T spacer.  
The bolded, 
underlined base 
is the position of 
the SNP. 

N21A-T Biotin-GGG CAG CGC CTC ACA Complement to 
N21A 

N21B Amine-C12-TTT TTT TTT TTT TTT TTT 
TGT GAG GCA CTG CCC 

Mutant probe 
with 18-base 
poly T spacer.  
The bolded, 
underlined base 
is the position of 
the SNP. 

N21B-T Biotin-GGG CAG TGC CTC ACA Complement to 
N21B 
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Figure 6.1.  Comparison between thin (13.5 nm) and thick (100 nm) glass coating on 
NBCs. A) TEM images of glass coated NBCs.  B) Reflectance images of glass coated 
NBCs coated in fluorescently labeled probe.  C) Corresponding fluorescence images for 
glass-coated wires coated in probe. 
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Figure 6.2.  Optical reflectance images of nanowires with no glass coating, a thin glass 
coating (13.5 nm), and a thick glass coating (100 nm) when sonicated in nitric acid from 
0-30 min. 
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Figure 6.3.  Scheme of DNA SNP assay on glass-coated nanowires.  Light gray biotin-
terminated DNA strand contains the SNP (if applicable).  After hybridization of target 
strands, fluorescently labeled streptavidin protein was added, which binds to the biotin if 
present. 
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Figure 6.4.  2-plex SNP assay on glass-coated wires (top) and the same assay performed 
on non glass-coated wires (bottom). The x-axis indicates which target(s) were added to 
each assay.  The error bars shown are the 95 % confidence intervals. 
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Figure 6.5.  2-plex SNP assay performed on glass-coated wires after optimization of 
assay conditions.  The x-axis indicates which target(s) were added to each assay.  The 
error bars shown are the 95 % confidence intervals. 
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Chapter 7 

Conclusions 

 Presented in Chapter 2 are data on preserving Ag segments in barcoded metal 

nanowires after the attachment of biomolecules.  This work was important in order to 

determine if after bioassays are performed on the wires the samples could be retained and 

re-analyzed at some future time.  Also, this research allows for illustration of potential 

marketing of pre-derivatized barcodes, where probe molecules are already attached, and a 

clinician would simply hybridize potential targets to multiplexed samples.  Without 

discovering that citrate buffer preserved the Ag segments and still retained the integrity 

of the bioassay for at least months, pre-derivatized wires would have lasted only about 

one week before failed performance.  This finding has also helped in performing the 

research presented in Chapters 3 and 4 where molecular beacon probes were attached to 

metal nanowires.  Instead of attaching beacons to nanowires before every experiment, a 

batch of wires could be coated and stored in citrate buffer for future use without decrease 

in assay performance or breakage of wires (Chapter 4).  The finding of citrate reducing 

the oxidation of silver and retaining bioactivity is not only useful for our research, but has 

potential for use in other applications where biomolecules are studied on Ag surfaces 

(i.e., SERS studies).  Because there is potential interest in using citrate buffer to prevent 

oxidation of Ag in the presence of biological molecules, we have published a paper in 

Chemistry of Materials on this topic.1 

 Chapter 3 revealed data on the distance-dependent effects of metal quenching and 

unquenching on fluorophores bound to DNA sequences.  Here presented were interesting 
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fluorescence intensity trends dependent upon hybridization efficiency.  Hybridization 

allows DNA to become rigid (not as flexible as when it is single stranded), and therefore 

moves a fluorophore appended near the end of a DNA sequence further from the metal 

surface.  The difference in proximity to the metal resulted in different fluorescence 

intensities.  It was shown in Chapter 3 that different hybridization efficiencies lead to 

different trends in fluorescence.  Also, since these experiments were conducted on wires 

containing both Ag and Au, we were able to compare directly the fluorescence trends as a 

function of distance from the metal on two different metals.  Noted here was a reversal in 

fluorescence patterning on Ag and Au as the fluorophore was positioned further from the 

surface.  Also, reversals in fluorescence patterning were noted when using different dyes 

positioned at the same distances from the surface.  We were able to outline several trends 

dependent on fluorophore identity, position, and characteristics of the underlying metals.  

These data have proven useful in designing multiplexed molecular-beacon-style assays 

where barcoded metal nanowires are used as both distinguishable substrates and 

quenchers for fluorescence (Chapters 3 and 4).  The findings of this study have been 

accepted for publication in the Journal of the American Chemical Society.2 

 Chapter 4 utilizes many of the concepts discovered and explained in Chapter 3, 

towards the development of nanowire-bound molecular beacon assays.  This research, 

however, was focused on assay performance and molecular beacon design rather than 

investigating further metal dependent fluorescence trends.  Here, distance effects were 

considered when designing beacon sequence lengths.  Surface attachment mechanisms 

were investigated, as well as effects of hybridization buffer with varying salt content for 

improved performance.  Also shown is a triplexed sealed chamber assay where all targets 
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and buffer reagents were added at one time along with wires pre-derivatized with beacon 

probes.  The contents were reacted (hybridized) and analyzed without opening the 

chamber.  Discrimination between samples containing targets versus those without 

targets were practically identical to the same assay performed in a tube with larger 

mixing volume and opened and transferred to slides for analysis.  The advantage of doing 

closed container analysis is that the risk of contamination is greatly reduced if the sample 

is not opened for handling or analysis.  To eliminate having to coat wires in beacon 

probes before every experiment, wires were coated and stored in citrate buffer (explained 

in Chapter 2), for varying lengths of time up to 110 days.  Assays performed on these 

citrate-stored wires showed that there was not a significant decrease in assay performance 

over time.  Therefore, when conducting beacon experiments, it is ideal to coat a large 

batch of wires in beacon probe and store them in citrate for use in future experiments.  

The data reported in Chapter 4 have been submitted to the Journal of the American 

Chemical Society for review.3  A collaborative project on the designed nanowire-bound 

molecular beacon assays was executed resulting in a publication in Nanobiotechnology.4 

 Chapter 5 presents a method of using barcoded nanowires, not as substrates (as 

reported in previous chapters) but as identifying tags to be attached to glass through 

complementary DNA binding.  The proposed idea was to use striped metal nanowires in 

a microarray format, which takes the place of fluorophores in traditional multiplexed 

microarray assays.  Shown in Chapter 5 are data suggesting that the discrimination 

between fully complementary DNA and non-complementary DNA was feasible with ~5 

% non-specific binding of wires that were not intended to attach.  This level of selectivity 

for wire binding was achieved by investigating blocking chemistries to avoid the non-
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specific interactions.  A report containing this proposed microarray format and 

preliminary data has been published in the Proceedings of SPIE.5  Difficulty in 

developing these arrays came with the gravitational diffusion of the nanowires to the 

glass surface, making it challenging not to have wires stick to the surface if they did not 

have complementary DNA attached.  Much effort was employed in trying to avoid these 

non-selective interactions.  A method towards improving such an assay may be to 

construct a surface that could be electrically charged and to apply a current to drive the 

nanowires to the surface.  Once the wires are allowed to hybridize, it could be imagined 

that the electrical charge could be reversed to drive the wires that did not hybridize to 

complementary DNA strands back off of the surface.   

 Detailed in Chapter 6, are protocols for glass-coating striped metal nanowires to 

different glass thicknesses.  Here it is shown that fluorescence intensity is uniform on 

wires with a ~100-nm-thick silicon dioxide layer, and the signal effects caused by the 

underlying metal (explained in Chapter 3) were diminished.  The glass coating was 

shown to provide a barrier against Ag oxidation in the wires and was noted to prevent 

long wires from bending during use in bioassays.  Also in this chapter, a 2-plex assay for 

selectivity over a DNA sequence differing by only a one base mismatch was shown to 

perform well on glass-coated wires with little deviation in the fluorescence signal within 

sample batches (due to eliminating the metal effects on the fluorescence).  Since there are 

numerous advantages to using glass-coated nanowires that improve many of the 

complicated effects bare metal wires impose on fluorescence, these glass-coated wires 

should be used in all assays that do not require the use of the metal surface for analysis.  

The beacon assays presented in Chapter 3 would require the use of bare wires for 
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quenching.  However, it could be imagined that traditional molecular beacons containing 

both a fluorophore and a quencher molecule could be attached to barcoded metal 

nanowires for improved multiplexing capabilities.    
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