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ABSTRACT
This dissertation details the use of hairpin DNA-nanowire conjugates for biosensing and
surface studies. These nanowires, which are typically 6 microns in length and ~300 nm in crosssectional diameter, can be synthesized with a barcode pattern by modulation of Au/Ag segment
length, and have thus been used as solid supports for different types of multiplexed bioassays in
previous works.

Chapter 2 details characterization of the immobilized hairpin probes for

bioassays and provides investigations of optimal loop and stem length. Ionic strength during the
hybridization process was found to be of importance due to the mechanism of hairpinoligonucleotide target binding and signal elucidation. Finally, a successful three-plex assay using
barcoded nanowires was demonstrated, and this was built upon in Chapter 3, where a successful
five-plex assay was demonstrated.
In Chapter 3, hairpin probe surface coverage was found to be a critical parameter for
bioassay performance and could be modulated by ionic strength during the nanowire
immobilization process. Probe sequence, and therefore extent of folding, also dictated surface
coverage to a certain extent, with probes predicted by melting curves to exhibit a higher footprint
on the nanowire surface grafting with lower densities, even when challenged with higher
concentrations.

Kinetics of probe assembly were independent of sequence and almost

immeasureably fast due to the particulate nature of the nanowires.
Chapter 4 expanded upon the findings of Chapter 3 by investigating the impact of probe
density upon hybridization efficiency.

Probe accessibility was greatly affected by surface

coverage, with hybridization efficiencies maximized at intermediate coverage, but diminishing at
coverage extremes. The inclusion of short oligoethylene glycol spacers increased hybridization
efficiency somewhat at the lowest coverages evaluated due to a reduction in nonspecific binding.

iv
Chapter 5 provided a more in-depth investigation into assay sensitivity, a concept first
introduced in Chapter 2, through the investigation of the effects of nanowire population reduction
on sensitivity and dynamic range. Nanowire population reduction aided sensitivity to a point,
after which thermodynamics of target binding solely dictated performance. These studies were
aided by receiver operating characteristic curves and Monte Carlo simulations.
As immobilized structured probes gain popularity with the rise of aptamer technology, it
has become increasingly important to characterize their behavior at the solid-solution interface.
The studies contained herein highlight a number of differences between surface-immobilized
structured DNA probes as compared to surface-immobilized linear DNA probes, which are
designed not to contain secondary structure, and provide design and fabrication guidelines for
future assay design.

v

TABLE OF CONTENTS
LIST OF FIGURES................................................................................................................. viii
LIST OF TABLES .................................................................................................................. xiv
LIST OF ABBREVIATIONS ................................................................................................. xv
ACKNOWLEDGEMENTS .................................................................................................... xvii
Chapter 1. INTRODUCTION ................................................................................................ 1
1.1. Immobilizing Biological Molecules on Substrates for Biosensing .......................... 1
1.1.1. ELISA Assays................................................................................................ 1
1.1.2. Ambient Analyte Theory ............................................................................... 3
1.2. DNA Microarrays..................................................................................................... 4
1.2.1. Planar Microarrays ........................................................................................ 4
1.2.2. Bead-Based Arrays ........................................................................................ 5
1.2.3. Anisotropic Particle Suspension Arrays ........................................................ 6
1.3. Behavior of Immobilized Single-Stranded DNA ..................................................... 8
1.4. Structured Nucleic Acid Probes ............................................................................... 10
1.4.1. Molecular Beacons ........................................................................................ 10
1.4.2. Aptamers........................................................................................................ 12
1.4.3. Surface-Based Assays Incorporating Molecular Beacon Probes................... 12
1.5. Objectives of This Thesis ......................................................................................... 13
1.6. References ................................................................................................................ 17
Chapter 2. Design Parameters of Molecular Beacon Hairpin Probes for NanowireImmobilized Bioassays.................................................................................................... 25
2.1. Introduction .............................................................................................................. 25
2.2. Materials and Methods ............................................................................................. 27
2.2.1. Materials ........................................................................................................ 27
2.2.2. Disulfide Bond Cleavage............................................................................... 29
2.2.3. Attaching Beacons to Nanowires................................................................... 30
2.2.4. Effect of Loop Length ................................................................................... 30
2.2.5. Effect of Stem Length.................................................................................... 30
2.2.6. Effect of Salt Concentration .......................................................................... 31
2.2.7. Sensitivity of Nanowire Beacon Assay ......................................................... 31
2.2.8. Multiplexed Assays Using Three Different Nanowire Patterns .................... 32
2.2.9. Optical Microscopy ....................................................................................... 32
2.2.10. Probe Surface Coverage Determination ...................................................... 32
2.3. Results and Discussion ............................................................................................. 33
2.3.1. Beacon Probe Design..................................................................................... 33
2.3.2. Effect of Ionic Strength on MB-Target Duplexes ......................................... 39
2.3.3. Nanowire-MB Assay Sensitivity ................................................................... 42
2.3.4. Multiplex, No-Wash Assays.......................................................................... 45
2.4. Conclusions .............................................................................................................. 48

vi
2.5. References ................................................................................................................ 49
Chapter 3. The Molecular Beacon-Metal Nanowire Interface: Effect of Probe Sequence
and Surface Coverage on Sensor Performance................................................................ 53
3.1. Introduction .............................................................................................................. 53
3.2. Materials and Methods ............................................................................................. 56
3.2.1. Materials ........................................................................................................ 56
3.2.2. Surface Dilution of Thiolated MB Probes with Mercaptoethanol ................. 58
3.2.3. Effect of Salt Concentration upon Probe Coverage....................................... 58
3.2.4. Kinetics of Beacon Attachment ..................................................................... 59
3.2.5. Determination of Surface Coverage .............................................................. 60
3.2.6. Five-Plex Assay ............................................................................................. 60
3.2.7. Hybridization of NW-Bound MB Probes ...................................................... 61
3.2.8. Melting of MB Probes ................................................................................... 61
3.2.9. Optical Microscopy ....................................................................................... 61
3.3. Results and Discussion ............................................................................................. 62
3.3.1. Effect of Surface Dilution with Mercaptoethanol on MB-Nanowire Assay.. 63
3.3.2. Effect of Ionic Strength on Surface Coverage ............................................... 68
3.3.3. Effect of Probe Solution Structure................................................................. 76
3.3.4. Probe Comparisons and Effect of Post-Assembly Salt Treatment ................ 83
3.3.5. Five-Plex Assay ............................................................................................. 85
3.4. Conclusions .............................................................................................................. 90
3.5. References ................................................................................................................ 91
Chapter 4. Hybridization Efficiency of Molecular Beacons Bound to Gold Nanowires:
Effect of Surface Coverage and Target Length ............................................................... 98
4.1. Introduction .............................................................................................................. 98
4.2. Materials and Methods ............................................................................................. 101
4.2.1. Materials ........................................................................................................ 101
4.2.2. Determination of Surface Coverage .............................................................. 102
4.2.3. Determination of Hybridization Efficiency ................................................... 103
4.2.4. Optical Microscopy ....................................................................................... 104
4.3. Results and Discussion ............................................................................................. 104
4.3.1. Hybridization Efficiency of Surface-Bound Hairpin Probes ......................... 105
4.3.2. Effect of Surface Passivation with Thiolated Oligoethylene Glycol on
Hybridization Efficiency.................................................................................. 113
4.3.3. Hybridization Efficiency of Longer Targets.................................................. 114
4.4. Conclusions .............................................................................................................. 118
4.5. References ................................................................................................................ 119
Chapter 5. Effect of Molecular Beacon-Nanowire Bioassay Sensitivity on the Number of
Probe-Bearing Particles Present ...................................................................................... 125
5.1. Introduction .............................................................................................................. 125
5.2. Materials and Methods ............................................................................................. 129
5.2.1. Materials ........................................................................................................ 129
5.2.2. Attachment of HP Probes to Nanowires ........................................................ 130

vii
5.2.3. Generation of Binding Curves with Different Nanowire Populations........... 131
5.2.4. Evaluating Fluorescence as a Function of Nanowire Population and
Reaction Volume ............................................................................................. 131
5.2.5. Optical Microscopy ....................................................................................... 132
5.3. Results and Discussion ............................................................................................. 132
5.3.1. Effect of Probe-Coated Nanowire Population on Assay Sensitivity ............. 133
5.3.2. Receiver-Operating Characteristic (ROC) Analysis...................................... 136
5.3.3. Determination of an Ambient Analyte Regime by Varying Reaction
Volume ............................................................................................................ 139
5.4. Conclusions .............................................................................................................. 142
5.5. References ................................................................................................................ 142
Chapter 6. Conclusions .......................................................................................................... 146
6.1. Conclusions .............................................................................................................. 146
6.2. Future Directions ...................................................................................................... 148
6.3. References ................................................................................................................ 149

viii

LIST OF FIGURES

Figure 1.1. Examples of ELISA detection strategies. (left) Sandwich assay, in which
capture antibodies are immobilized, and enzyme-labeled secondary antibodies are
introduced post-antigen binding. (middle) Direct ELISA, where antigens are
immobilized to a surface to detect antibodies. (right) Indirect ELISA, which is
similar to direct ELISA, but employs a labeled secondary antibody... ........................... 2
Figure 1.2. Signal and signal density originating from different sizes of microspots.
Capture antibody density is the same for all spots. K represents the association
constant for antibody-analyte binding. (With kind permission from Springer
Science+Business Media: ref. 14, Figure 1.)................................................................... 3
Figure 1.3. DNA microarray schematic wherein fluorescently-labeled target DNA
hybridizes to surface-immobilized probes....................................................................... 4
Figure 1.4. Fluorescent dye-doped microsphere sandwich immunoassay. Post-reaction,
beads are flowed through a channel and exposed to two different wavelength lasers,
which determine the code and extent of fluorescently-tagged antibody binding.... ........ 6
Figure 1.5. An illustration of an anisotropic particle suspension array using shapeencoded particles for nucleic acid detection.................................................................... 7
Figure 1.6. (A) Synthesis of Au/Ag nanowires in porous alumina membranes by
galvanostatic deposition. (Adapted with permission from ref. 25. Copyright 2001
AAAS.) (B) Reflectance as a function of illumination wavelength for bulk metals.
(Printed with permission from ref. 25. Copyright 2001 AAAS.) (C) Identification of
eight different 6 µm long Au/Ag barcode patterns under illumination with 430 nm
light, where 0 = 1 µm of Au, and 1 = 1 µm of Ag. Adapted from Nanomedicine
(2007) 2(5), 695–710 with permission of Future Medicine Ltd... .................................. 8
Figure 1.7. Molecular beacon function. Upon target binding to the loop region, a
fluorophore (star) is separated from a molecular quencher (Q), turning on
fluorescence..................................................................................................................... 9
Figure 1.8. Schematic of target binding to Au/Ag nanowire-immobilized molecular
beacon probes and subsequent detection of fluorescence by reflectance and
fluorescence microscopy. Target binding induces a structural change in the probe,
unquenching fluorescence. Nanowire barcode patterns can be elucidated in the
reflectance image by illumination with 430 nm light, where Au appears dimmer than
Ag. The lower pictures are representative microscopy images from this assay... .......... 15
Figure 2.1. Illustration of multiplexed detection of nucleic acid targets by encoded
nanowires functionalized with molecular beacon probes. In this illustration, wires

ix
patterned 000111 (left), 010101 (middle), and 101100 (right) are coated with MB
probes DENV-2(5), INFB, and SARS, respectively, and complementary target
sequences have been added for DENV-2(5) and SARS only.. ....................................... 27
Figure 2.2. Effect of loop length on fluorescence intensity for HIV 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.............................................................................. 35
Figure 2.3. 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 (top), 40 (middle),
or 60 oC (bottom) in 500 mM NaCl CAC buffer. Loop length was held constant at
21 bases. Error bars are 95 % confidence intervals.. ....................................................... 37
Figure 2.4. Effect of hybridization temperature on quenching efficiency for four
molecular beacon probe stem lengths. Lines connecting the points are present only
to guide the eye................................................................................................................ 38
Figure 2.5. Effect of NaCl concentration in hybridization buffer 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 25 (top), 40
(middle), and 50 oC (bottom). Error bars shown are the 95 % confidence interval.. ..... 40
Figure 2.6. 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 interval... .................................................................................. 43
Figure 2.7. Representative brightfield reflectance (left) and fluorescence (right) images
for a triplex assay for the detection of DENV-2(5) (wire pattern 000111), SARS
(wire pattern 101100), and INF B (wire pattern 010101). Only targets
complementary to DENV2-(5) and SARS were added................................................... 46
Figure 2.8. Quantification of raw fluorescence for a triplex nanowire-bound beacon
assay (DENV-2(5): black bars; SARS: open bars; INF B: gray bars). The labels
below the bar graphs indicate which target/targets were present in each assay. Error
bars represent the 95% confidence level... ...................................................................... 47
Figure 2.9. Background-subtracted, normalized fluorescence for a triplex nanowirebound beacon assay (DENV-2(5): black bars; SARS: open bars; INF B: gray bars).
Post-background subtraction, fluorescence signals were normalized to signal when
all three targets were present. The labels below the bar graphs indicate which
target/targets were present in each assay. Error bars represent the 95% confidence
level... .............................................................................................................................. 48
Figure 3.1. The effect of β-mercaptoethanol (BME) spacers on the fluorescence
hybridization signal of HIV probes bound to Au/Ag nanowires. ................................... 65

x
Figure 3.2. Effect of attachment buffer ionic strength on surface coverage for HIV
probes attached to Au/Ag nanowires............................................................................... 68
Figure 3.3. Effect of attachment solution [NaH2PO4] on surface coverage for HIV probes
attached to Au/Ag nanowires.. ........................................................................................ 69
Figure 3.4. Hybridization signal (background subtracted) as a function of surface
coverage for HIV probes attached to nanowires in differing concentrations of
NaH2PO4 and hybridized to their complementary target. Inset: Expanded version of
signal versus coverage which encompasses the entire range of surface coverages
examined.. ....................................................................................................................... 70
Figure 3.5. Effect of attachment solution [NaH2PO4] on hybridization of complementary
oligonucleotides to nanowire-bound HIV probes. Filled and open bars represent
hybridization in the presence or absence of complementary target, respectively... ........ 70
Figure 3.6. Hybridization signal (background subtracted) as a function of surface
coverage for HIV probes attached to nanowires in solutions of differing ionic
strengths and hybridized to their complementary target. All hybridizations were
performed at 0.5 M ionic strength. Inset: Expanded version of signal versus
coverage, which encompasses the entire range of surface coverages examined.. ........... 72
Figure 3.7. Illustration of hybridization of surface-immobilized MB probes at low (top),
intermediate (middle), and high (bottom) coverages....................................................... 73
Figure 3.8. Effect of attachment buffer ionic strength on hybridization of complementary
oligonucleotides to nanowire-bound HIV probes. Filled and open bars represent
hybridization in the presence or absence of complementary target, respectively.. ......... 74
Figure 3.9. Beacon probe attachment to Au/Ag nanowires as a function of time in 0.3 M
NaCl at initial probe concentrations of 0.25 µM (top) and 1.0 µM (bottom).
Symbols represent different probes sequences: HIV (filled circles), SARS (filled
squares), INF B (open circles), and HCV (open squares) probes................................... 77
Figure 3.10. Simulated homodimer melt curves detailing the population (y-axis) of
unfolded hairpin probes (Au), folded hairpin probes (Af), and homodimers (AA)
versus temperature for sequences (A) HCV, (B) HIV, (C) INFB, and (D) SARS.
DNA concentration was set at 1 µM, and [Na+] was set to 0.3 M................................... 79
Figure 3.11. Simulated homodimer melt curves detailing the population (y-axis) of
unfolded hairpin probes (Au), folded hairpin probes (Af), and homodimers (AA)
versus temperature for sequences (A) HCV, (B) HIV, (C) INFB, and (D) SARS.
DNA concentration was set at 0.25 µM, and [Na+] was set to 0.3 M.............................. 80
Figure 3.12. Normalized absorbance melting curves of (A) HCV, (B) HIV, (C) INF B,
and (D) SARS beacon probes in 0.3 M PBS buffer. Traces represent melts at DNA
concentrations of 3 µM (red), 1 µM (green), and 0.5 µM (blue)... ................................. 81

xi
Figure 3.13. Effect of beacon sequence and DNA attachment concentration on
hybridization of in the presence or absence of complementary oligonucleotides to
nanowire-bound HIV, SARS, INF B, and HCV probes... ............................................. 83
Figure 3.14. Hybridization fluorescence signal for a 5-plex MB assay on barcoded
nanowires. The background fluorescence (no targets added) has been subtracted,
and the resulting signal has been normalized to the signal obtained from the sample
containing all five target sequences, which are identified as DENV-2 (black bars),
SARS (open bars), INF B (gray bars), HCV (hatched bars), and HIV (cross-hatched
bars)... .............................................................................................................................. 86
Figure 3.15. Hybridization fluorescence signal for a 5-plex MB assay on barcoded
nanowires. The background fluorescence (no targets added) has been subtracted,
and the resulting signal has been normalized to the signal obtained from the sample
containing all five target sequences (results from this sample were reported in the
manuscript), which are identified as DENV-2 (black bars), SARS (open bars), INF
B (gray bars), HCV (hatched bars), and HIV (cross-hatched bars)... ............................. 86
Figure 3.16. Raw data of the hybridization fluorescence signal for a 5-plex MB assay on
barcoded nanowires. The results were split into two rows due to space restraints.
The target seqences are identified as DENV-2 (black bars), SARS (open bars), INF
B (gray bars), HCV (hatched bars), and HIV (cross-hatched bars)... ............................. 87
Figure 3.17. Brightfield reflectance and corresponding fluorescence microscopy images
of a 5-plex assay of molecular beacon probes conjugated to barcoded metal
nanowires when only SARS and HIV nucleic acid targets were added. (A)
Reflectance image (captured with 430 nm light) for nanowire barcode identification.
The wires patterned 000111, 001101, 010101, and 100101, where 0 represents 1 µm
of Au (appearing dimmer) and 1 represents 1 µm of Ag (appearing brighter), bore
hairpin probes specific for DENV-2, SARS, INFB, and HIV, respectively. (B)
Fluorescence image for target identification. Only the wires bearing the HIV and
SARS probes appeared brightly fluorescent... ................................................................ 88
Figure 4.1. Quantification of (A) TAMRA-labeled hairpin probes, (B) AlexaFluor488labeled targets, and (C) AlexaFluor488-labeled non-complementary targets................. 106
Figure 4.2. (top) Effect of HP surface coverage on the number of complementary targets
(Tcomp, open circles), and noncomplementary targets (TNC, filled triangles) present.
Inset: Expanded view of the lowest coverages. The number of probe strands is also
included at each coverage for comparison (HP, filled circles), and a dotted line
indicates the target coverage that would correspond to 100% hybridization
efficiency, assuming no nonspecific adsorption. (bottom) Effect of HP surface
coverage on the hybridization efficiency of HP probes bound to Au nanowires. The
bottom axis is shared for both graphs.............................................................................. 107
Figure 4.3. Effect of probe coverage (plotted as attachment solution ionic strength) on
pre- and post-hybridization fluorescence of HP probes bound to metal nanowires.
Quantification of probe coverage for each ionic strength is shown in Supporting
Table 1. Filled and open bars represent fluorescence signal in the presence or

xii
absence of complementary target Tcomp, respectively. Error bars represent the 95%
confidence level............................................................................................................... 109
Figure 4.4. Depiction of hybridization behavior at (A) low, (B) intermediate, and (C)
high hairpin probe coverages........................................................................................... 110
Figure 4.5. HP fluorescence in the absence of oligonucleotide target (these values can
be read from the open bars in Figure 4.3) as a function of HP coverage. The dashed
line represents a linear fit.... ............................................................................................ 111
Figure 4.6. Background-subtracted fluorescence intensity as determined by microscopy
(open circles) and number of target oligonucleotides present (closed circles) as a
function of HP probe surface coverage. Each fluorescence intensity point
corresponds to mean from > 100 individual imaged nanowires. Error bars for
fluorescence are 95% confidence intervals; error bars for hybridization efficiency
and number of targets present are standard deviations. Lines between points are
included to guide the eye................................................................................................. 112
Figure 4.7. Illustration of hybridization of fluorescently-labeled targets incorporating
additional non-hybridizing nucleotides on the 5' end (A), or 3' end (B) of the region
complementary to surface-bound hairpin probes.... ........................................................ 116
Figure 4.8. Effect of target length on hybridization efficiency of HP probes bound to
metal nanowires. Targets had extra nonhybridizing nucleotides on the 5' end (open
circles) or 3' end (closed circles) of the region complementary to the probe sequence
and were labeled at the 5' end with AlexaFluor 488 to enable quantification. Error
bars represent the standard deviation in the hybridization efficiency measurement.... ... 117
Figure 4.9. The effect of target length on fluorescence hybridization signal for
TAMRA-labeled HP probes bound to metal nanowires. Targets were unlabeled and
had extra nonhybridizing nucleotides on the 5' end (open circles) or 3' end (closed
circles) of the region complementary to the probe sequence. Noncomplementary
sequences of different lengths are shown for comparison (closed squares). Each
fluorescence intensity point corresponds to mean from > 100 individual imaged
nanowires. Error bars represent the 95% confidence level............................................. 118
Figure 5.1. Schematic of hybridization of target DNA to Au nanowire-immobilized
hairpin probes. Post-hybridization, the fluorophore on the probe 3' end is freed from
constraint at the nanowire surface, and fluorescence can be detected............................. 129
Figure 5.2. Probability of target capture, here abbreviateda probability density function
(PDF) versus number of targets captured for different nanowire populations (ρ) used
during bioassays...... ........................................................................................................ 133
Figure 5.3. Background-subtracted, normalized hybridization binding curves for
different target concentrations of complementary (closed circles) and
noncomplementary (open circles) targets to different populations of DNA-bearing
Au nanowires. Particle populations used were 106 (blue), 105 (red), 104 (purple), 103
(green), and 500 (black) wires per sample in a volume of 50 µL.................................... 134

xiii
Figure 5.4. (left) Representative ROC curves for a perfect sensor, where there are no
possibilities of false positives/negatives (green, situation 1, top right), nonideal
sensor, where false positives/negatives are possible (blue, situation 2, middle right),
and nondiscriminating sensor, where false positives/negatives are guaranteed
(orange, situation 3, lower right)...... ............................................................................... 136
Figure 5.5. (top) Binned fluorescence intensities for different populations of nanowires
bearing probe sequence HPcomp upon exposure to Tcomp. (bottom) Binned
fluorescence intensities for different populations of nanowires bearing probe
sequence HPNC upon exposure to Tcomp. Volume was set at 50 µL...... ......................... 138
Figure 5.6. Receiver operating characteristic (ROC) curves generated for nanowirebased bioassays when different populations of nanowires were evaluated for DNA
target capture. Target concentrations were (left) 500 pM and (right) 100 pM............... 139
Figure 5.7. Fluorescence hybridization signal as a function of DNA-coated
nanowire/probe population and sample volume at target concentrations of 1 nM
(top) or 500 pM (bottom)...... .......................................................................................... 141

xiv

LIST OF TABLES
Table 2.1. Sequences Used in This Work............................................................................... 28
Table 2.2. Quenching Efficiencies as a Function of Hybridization Temperature and Ionic
Strength. .......................................................................................................................... 41
Table 3.1. Sequences Used in This Work............................................................................... 57
Table 3.2. Quenching Efficiencies and Coverages of Different BME:Beacon Ratios. .......... 65
Table 3.3. Quenching Efficiencies for HIV Beacons Attached in Different Salt
Concentrations................................................................................................................. 75
Table 3.4. Quenching Efficiencies for HIV Beacons Attached in Different NaH2PO4
Concentrations................................................................................................................. 75
Table 3.5. Tm and ΔG Values for Beacon Probe Melt Curves................................................ 81
Table 3.6. Quenching Efficiencies for Beacons Attached at Concentrations of 1.0 µM or
0.25 µM. .......................................................................................................................... 83
Table 3.7. Quenching Efficiencies and Coverages for Beacons Undergoing PostAssembly Treatment or No Post-Assembly Treatment. .................................................. 84
Table 3.8. Quenching Efficiencies of Beacons Employed in a Five-Plex Assay. .................. 88
Table 4.1. Sequences Used in This Work............................................................................... 101
Table 4.2. Surface Coverages, Footprints, and Hybridization Efficiencies for Hairpin
Probes Attached in Different Ionic Strength Buffers ...................................................... 108
Table 4.3. Surface Coverages, Footprints, and Hybridization Efficiencies for
Hybridization Assays Incorporating Targets with Additional Nonhybridizing
Nucleotides. ..................................................................................................................... 116
Table 5.1. Sequences Used in This Work............................................................................... 130
Table 5.2. Areas Under the ROC Curves for Different Wire Populations and Target
Concentrations................................................................................................................. 139

xv

LIST OF ABBREVIATIONS
AA

ambient analyte

BME

β-mercaptoethanol

bp

base pair

CAC

cacodylate (dimethylarsenate)

CNT

carbon nanotube

comp

complementary

DENV-2

Dengue Virus, subtype 2

DNA

deoxyribonucleic acid

dsDNA

double-stranded deoxyribonucleic acid

DTT

DL-dithiothreitol

EDTA

ethylenediaminetetraacetic acid

FET

field-effect transistor

HCV

Hepatitis C Virus

HIV

Human Immunodeficiency Virus

HP

hairpin

HS-OEG

2-(2-(2-(11-mercaptoundecyloxy)ethoxy)ethoxy)ethanol

INF B

Influenza B

MB

molecular beacon

MCH

1-mercaptohexanol

MP

1-mercaptopropanol

NC

noncomplementary

xvi
NW

nanowire

PBS

phosphate buffered saline

PCR

polymerase chain reaction

QE

quenching efficiency

RT-PCR

reverse-transcriptase polymerase chain reaction

SARS

Severe Acute Respiratory Syndrome

SNP

single nucleotide polymorphism

SPR

surface plasmon resonance

ssDNA

single-stranded deoxyribonucleic acid

TAMRA

5-carboxytetramethylrhodamine

Tm

melting transition temperature

UV-Vis

UV-visible spectrophotometry

XPS

X-ray photoelectron spectroscopy

xvii

ACKNOWLEDGEMENTS
I can say with certainty first that the Penn State alma mater lyrics are true: Thou didst
indeed mold me, dear old State. No one here has had quite so much of an impact on the process
as much as my advisor, Chris Keating, who believed in me from the start and never let me submit
anything other than my best work. In the end, it has made me a better scientist, writer, and
experimentalist. Thanks to Chris’ enthusiasm and insistence that “biology isn’t hard,” I have
become familiar with so many new areas of research and integrated them into my work. It is this
interdisciplinary exposure that I feel will propel me into a rewarding professional life. Thank
you, Chris, for your guidance and willingness to take on an overly-enthusiastic first-year student.
My committee members have also been a tremendous help to me throughout this process.
I thank Phil Bevilacqua, Andy Ewing, and Jim Adair for their helpful suggestions, and special
thanks go out to Tom Mallouk for filling in in Andy’s stead for my final defense. Phil’s advice in
particular has made my manuscripts and explanations stronger, and I thank him and Nate
Siegfried for their help with calculating thermodynamic parameters in Chapter 3. My colleagues
in the Keating group have also helped tremendously with the work herein. Becky Golightly and
Sean McFarland collected much of the data in Chapter 2, and Matthew Borgia and Bo He’s work
laid the foundation for the assay sensitivity work in Chapter 5. I would like to thank Sarah
Brunker and Tom Morrow for insightful discussions and Keating group members past and present
for your help, support, and critique. It has been a pleasure to work with and know you.
Life does not stop just because you are in graduate school, and my friends were a
fantastic support system. Rebecca “Boo” Moorhouse constantly teaches me that our differences
bring us closer together, and I thank her and multiple other Vanderbilt friends for their ongoing
caring post-college. I also thank Rick and Ann Moorhouse for “adopting” me as their third

xviii
daughter when my own parents were so far away. In the chemistry department, I thank Daniel
Dewey, Benjamin Smith, Christopher Wostenberg, and Allen Chao for being constant and steady
when I wasn’t or couldn’t be. I thank members of the physics and astrophysics/astrobiology
crew, especially Dave Rench, Jeff Berger, Ross Martin, and David Simpson, for fun times and
insightful conversation about science and life. You’ve all taught me much about both myself and
the world.
Finally, and perhaps most importantly, I would like to thank those who molded me long
before Penn State got its chance. My parents, Rosalie Baine and Gary Buell, never doubted me in
this process and always knew I would get through… it was just a question of when. I might not
have been able to come home as often as any of us (or felines Kali, Weldon, and Aqua) would
have liked, but they understood that while I was here, I was furthering myself and doing
something that made me happy.

Chapter 1.

INTRODUCTION
(Excerpts reproduced with permission from Cederquist, K. B.; Dean, S. L.; Keating, C. D. WIREs
Nanomed. Nanobiotechnol. 2010, 2, 578-600. © 2010 Wiley-VCH Verlag GmbH & Co. KGaA.)

1.1. Immobilizing Biological Molecules on Substrates for Biosensing
Arraying biomolecules on the surface of solid supports has revolutionized the area of
biological detection. Probe molecules for targets of interest can be tethered to several different
substrates (e.g. metal, glass, plastic) through numerous available attachment chemistries that
either use native biomolecular functional groups or employ chemical cross-linkers.1,2 Attachment
greatly facilitates rinsing steps, as unbound molecules can be washed away, leaving bound
molecules immobilized on the substrate. Additionally, knowledge of the location of immobilized
species allows for detection of thousands of biorecognition events in parallel and in the same
liquid volume, as is the case with DNA microarrays, which have been used to probe gene
expression throughout the entire human genome.3

Here, a brief history of surface-bound

bioassays is introduced, and the implications of substrate presence and type (i.e. planar vs.
particulate) are discussed. Novel nucleic acid probes and their structure will then be explored,
with special regard given to stem-loop probe behavior and activity when immobilized to metal
surfaces, as per the objectives of this thesis.

1.1.1. ELISA Assays
Enzyme-linked immunosorbent assays, or ELISAs, were introduced by Engvall and
Perlmann in 1971 and paved the way for future surface-based bioassays.4 They combined the
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versatility of surface attachment with a colorimetric detection method by replacing
immunological
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I radiolabeling5 with an enzymatic label.

More recently, several ELISA

techniques have become available for serological detection of antigens and antibodies (Figure
1.1).6-8 A number of analytes can be detected in parallel by the immobilization of antigens or
antibodies to the walls of polystyrene microtiter plates, giving the potential for hundreds of
simultaneous reactions. The enzymatic label imparts exceptional sensitivity to ELISAs, as signal
amplification post-binding can result in many detectable products per single binding event.6
Though they can require time for preparation and significant amounts of serum,9 ELISAs
pioneered what was to become a growing trend of biomolecules immobilized to substrates for
biosensing purposes.

Figure 1.1. Examples of ELISA detection strategies. (left) Sandwich assay, in which capture
antibodies are immobilized, and enzyme-labeled secondary antibodies are introduced post-antigen
binding. (middle) Direct ELISA, where antigens are immobilized to a surface to detect antibodies.
(right) Indirect ELISA, which is similar to direct ELISA, but employs a labeled secondary
antibody.
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1.1.2. Ambient Analyte Theory
When tethering biomolecular probes to solid substrates was a novel practice, it was the
assumption that the presence of more probes would enable a greater chance and extent of target
capture.

Miniaturization for spotted antibody arrays was proposed in the early 1960s;10,11

however, the idea did not gain significant popularity until Ekins pioneered the idea, denoted
ambient analyte theory, that less antibody probes immobilized to a substrate could lead to higher
detection sensitivity due to the law of mass action. Ekins predicted that by reducing the size of
the spots containing capture antibodies (but retaining capture antibody density within the spot),
there would be less, and eventually negligible, depletion of the analyte from solution, namely
when the concentration of capture antibody was approximately 0.01/K, where K = the antibodyanalyte association constant (Ka) (Figure 1.2).12-14 This would lead to optimal sensitivity, limited
by binding thermodynamics rather than the lessening of signal due to excessive analyte capture.
These findings ushered in the era of miniaturized arrays, the most prevalent of which has been the
DNA microarray.

Figure 1.2. Signal and signal density originating from different sizes of microspots. Capture
antibody density is the same for all spots. K represents the association constant for antibodyanalyte binding. (With kind permission from Springer Science+Business Media: ref. 14, Figure
1.)
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1.2. DNA Microarrays
1.2.1. Planar Microarrays
DNA microarrays, pioneered throughout much of the 1990s, have been an integral part of
surface-based biodetection technology, allowing detection of tens of thousands of events
simultaneously.15,16 Planar DNA microarrays are now commercially-available from companies
such as Affymetrix, Agilent, Applied Biosystems, and Nimblegen,17 each of which has its own
technique for probe strand immobilization, including spotting, inkjet printing, and synthesis onchip by masks and light deprotection.3 The number of spots can be engineered to be larger for
gene expression purposes, or smaller for diagnostic goals.16 Targets are usually cDNA reversetranscribed from target mRNA, and are digested and fluorescently-labeled with dyes, commonly
Cy3 or Cy5, before introduction to the array.18 Once incubated together, the fluorescently-labeled
targets hybridize to complementary single-stranded DNA probes immobilized to the surface,
resulting in a fluorescent spot, which can then be detected by a scanning reader at the correct
fluorescence wavelength (Figure 1.3).18 Planar DNA microarrays offer selective interrogation of
entire genomes and have been shown to be useful in detection of single-point mutations and
biomarkers.16,19

Figure 1.3. DNA microarray schematic wherein fluorescently-labeled target DNA hybridizes to
surface-immobilized probes.
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1.2.2. Bead-Based Arrays
Particle-based DNA microarrays (also known as suspension arrays) have recently been
developed and offer an alternative to planar arrays. Instead of relying on spatial on-chip coding
by spots, spherical bead-based arrays incorporate fluorophore-doped microspheres, where the
codes and binding events can be optically differentiated by a reader similar to a flow cytometer
(Figure 1.4).20 Suspension arrays offer improved reaction kinetics over planar arrays, which
translates into more rapid assays. They are also quite flexible, in that different numbers of
encoded carriers can be mixed in different ratios for a desired assay, and new carriers/probe
chemistries are readily incorporated. Unlike planar microarrays, probe molecules are attached to
batches of particles in suspension, thereby reducing the need for costly fabrication machinery and
improving consistency and reproducibility between batches.20-22 Many commercially-available
bead-based arrays, such as those marketed by Luminex (xMAP) or BD Biosciences (Cytometric
Bead Array), focus on antibody-antigen interactions, but there are a few notable exceptions for
DNA-DNA detection, such as Illumina’s BeadArray Technology,23 which was marketed as a
high-throughput system following the development of the assay in the Walt laboratory at Tufts
University.24 The multiplexing capabilities of suspension arrays have not yet reached those of
planar arrays; however, for many applications, such as diagnostics, extensive multiplexing levels
may not be necessary.
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Figure 1.4. Fluorescent dye-doped microsphere sandwich immunoassay. Post-reaction, beads
are flowed through a channel and exposed to two different wavelength lasers, which determine
the code and extent of fluorescently-tagged antibody binding.

1.2.3. Anisotropic Particle Suspension Arrays
Anisotropic particle arrays are a subset of suspension arrays that employ a non-isotropic
(usually non-spherical) particle as the biomolecule carrier. Anistropic particles excel beyond
their spherical counterparts in their wide number of encoding schemes. They can be encoded not
only optically, like fluorescent microspheres, but also by shape, composition, or graphical
features (Figure 1.5).22 Numerous synthetic approaches and assay formats are being investigated,
many of which are based on imaging for particle readout. Encoded anisotropic carriers have been
prepared from a variety of polymeric, oxide, and metallic materials in a range of sizes, shapes,
and particle densities. Various synthetic approaches also lead to a range of possible surface
chemistries, particle density, and/or particle size, which can be important assay parameters.
Hence, anisotropic particle-based bioassays can offer additional flexibility in terms of synthesis,
probe attachment, and readout as compared with traditional optically-encoded microsphere
suspension array technology.22
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Figure 1.5. An illustration of an anisotropic particle suspension array using shape-encoded
particles for nucleic acid detection.

Our laboratory has synthesized and developed compositionally-encoded nanowires as
substrates for multiplexed biodetection.25-27

The wires are made by galvanostatic

electrodeposition of metals into porous alumina templates,28,29 resulting in cylinders that are
typically ~6 µm long and ~320 nm in diameter (Figure 1.6A).25

Many metals can be

incorporated along the length of the nanowire; however, Ag and Au exhibit a large difference in
reflectivity at 430 nm, and have thus been used as composition metals of choice in the majority of
attempted multiplexed bioassays (Figure 1.6B).25,30 Altering metal salt solution and time of
electrodeposition can yield stripes of differing length and composition, similar to a barcode
pattern. Figure 1.6C shows an example of an optical micrograph of a mixture of eight different
Ag/Au nanowire patterns; at 430 nm, the Ag stripes appear brighter, and the Au stripes appear
dimmer.31 In this thesis, Au/Ag nanowires will be used as supports to examine the behavior of
biomolecular probes at the surface-solution interface, and also as encoded particles for
multiplexed DNA bioassays.
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Figure 1.6. (A) Synthesis of Au/Ag nanowires in porous alumina membranes by galvanostatic
deposition. (Adapted with permission from ref. 25. Copyright 2001 AAAS.) (B) Reflectance
as a function of illumination wavelength for bulk metals. (Printed with permission from ref. 25.
Copyright 2001 AAAS.) (C) Identification of eight different 6 µm long Au/Ag barcode
patterns under illumination with 430 nm light, where 0 = 1 µm of Au, and 1 = 1 µm of Ag.
Adapted from Nanomedicine (2007) 2(5), 695–710 with permission of Future Medicine Ltd.

1.3. Behavior of Immobilized Single-Stranded DNA
Biomolecular orientation is critical for planar or suspension array function. In the case of
single-stranded (ss) DNA, the bases must be accessible to solution-phase target strands. Though
thermodynamics

of

DNA-DNA

binding

are

well-understood

in

the

solution-phase,

immobilization on a solid substrate can introduce complexity due to steric effects such as probe
accessibility. Comparisons of data by Levicky and Horgan suggested that strand immobilization
greatly destabilizes duplex formation, with association constants orders of magnitude lower than
those of hybridization in solution for a number of strand lengths and hybridization ionic strengths
and temperatures.32

This was attributable largely to electrostatic (due to DNA polyanionic

character) and steric hindrance during target penetration into probe layer and the fact that the
number of probes present did not equal the number available to hybridize.32 It was therefore
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difficult to predict thermodynamic parameters, such as ΔG, ΔH, and ΔS, for hybridization
processes on solid supports. Nevertheless, it is known that they are greatly affected by factors
such as surface probe density, target concentration, and reaction conditions such as ionic strength
and temperature.33
Though a number of substrates and coupling chemistries are available, many researchers
have found DNA immobilized to gold surfaces to be a facile way to study DNA-surface
interactions. Coupling of DNA to gold or other noble metal surfaces is routinely accomplished
through thiol modification of DNA termini.34 Numerous label-free analysis methods can be used
to study subsequent DNA behavior and orientation. Surface plasmon resonance (SPR) detected
the change in refractive index of a gold film upon DNA immobilization and target binding.35,36
X-ray photoelectron spectroscopy (XPS)37,38 and neutron reflectivity39 determined the identity of
atoms near the Au surface and the thickness of the DNA layer, respectively. In the case of gold
nanoparticles, UV-Vis spectroscopy has been used to monitor DNA-DNA interactions based on
the wavelength shift of the plasmon resonance as the distance between the particles changes.40-43
Contributions using these techniques and others, including fluorescence labeling methods,44,45
have painted a thorough picture of ssDNA behavior on Au surfaces.
Previous observations of DNA interactions with Au have focused greatly on surface
coverage and nonspecific adsorption to the surface by the DNA bases. Herne and Tarlov found
that in the absence of a thiol, DNA binds to Au substrates via the nitrogen-containing bases.37
This observation formed the basis of understanding for DNA assembly on gold nanoparticles,
wherein DNA first adsorbed to the particle surface via the thiol and bases, then rearranged to
pack more densely with single-point thiol attachment as salt concentration, and subsequently
surface coverage, was increased during the immobilization process.45,46

This nonspecific

adsorption at low surface coverage and crowding at exceptionally high packing densities hindered
target capture by surface-immobilized DNA and lowered hybridization efficiency.35-37,44,45,47-51 To
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alleviate crowding and nonspecific adsorption problems, lateral hydroxy-terminated alkanethiol
spacers, typically mercaptohexanol, were introduced to the system. These spacers displaced
nucleotides from the surface, making the ssDNA more accessible to solution-phase target strands
and leading to increased hybridization efficiency.37,52-55

Vertical linkers, which are

nonhybridizing nucleotides between the surface and the first hybridizing base, moved the probe
sequence away from the substrate and have also been shown to increase hybridization efficiency
for surface-bound oligonucleotides.45,49,56

These findings are relevant to both planar and

particulate metal substrates; however, they are only applicable to systems where the probes are
unstructured ssDNA. A number of novel nucleic acid probes that are designed to contain discrete
secondary structure have been developed over the past twenty years for biodetection and have
been arrayed on surfaces. Thus, it is important to characterize these probe-surface interfaces for
future sensing endeavors.

1.4. Structured Nucleic Acid Probes
More recently, nucleic acid probes that contain some degree of intentional secondary
structure that is necessary for their function have emerged in the literature as candidates for
selective biodetection. Like unstructured ssDNA probes, they can bind other nucleic acids, but
depending on sequence, they can also exhibit remarkable selectivity for other molecules, such as
metabolites, drugs, and proteins. These structured probes are easily characterized in solution, but
their structure can introduce complexity regarding their behavior when immobilized to surfaces.

1.4.1. Molecular Beacons
Molecular beacons were first reported by Tyagi and Kramer in 1996 as a technology for
the selective detection of nucleic acids, with special regard to single-base mismatches.57,58 The 5'
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and 3' ends of the probe are designed to be complementary, with a sequence complementary to a
target in the middle such that the probe adopts a hairpin structure when in the target-unbound
form (Figure 1.7). A fluorophore and molecular quencher are conjugated to opposite ends,
quenching fluorescence in the stem-loop form. When a target binds to the loop, the 4-7 base pairs
of the stem are broken, and fluorescence is observed (Figure 1.7).59,60 Advantages of this
approach include no need for target labeling, single-step hybridization, and excellent selectivity
imparted by the presence of the stem region.

Figure 1.7. Molecular beacon function. Upon target binding to the loop region, a fluorophore
(star) is separated from a molecular quencher (Q), turning on fluorescence.

Since its invention, the molecular beacon has been adapted for a number of techniques to
detect stretches of nucleotide sequences by turn-on fluorescence, e.g. signallers in real-time
polymerase chain reaction, as exemplified by Sunrise and Scorpion primers.59,61

The

thermodynamics and kinetics of solution-phase molecular beacon formation and hybridization
have been thoroughly explored, including contributions from different lengths of the stem and
loop regions.62-64 Mechanisms of quenching and choices of dyes and quenchers have also been
investigated.65,66 Overall, the molecular beacon is a well-characterized, versatile probe whose
design can be modified depending on the application desired; e.g., stem length can be lengthened
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to enhance specificity, and loop length can be lengthened for improved sensitivity. One of the
aims of this thesis is characterization of the molecular beacon probe-surface interface with the
long-term goal of improved structured-probe sensors.

1.4.2. Aptamers
Aptamers are a class of nucleic acids that can bind not only their complementary nucleic
acid sequences, but a variety of other molecules, such as metabolites, ions, proteins, and small
molecules.67,68 A novel and rigorous selection process called systematic exolution of ligands by
exponential enrichment (SELEX), developed by the Szostak and Gold research teams in 1990,
allows for the design of specific and tight-binding aptamers. Secondary and tertiary structure are
critical to the function of aptamers, as discrete folding interactions are often required for specific
target binding, which can yield binding constants on par with antibody-antigen interactions.69-71
Because each aptamer exhibits a different structure to bind its target, engineering multiple probes
for simultaneous detection, as in an array format, is no small feat.72-74

1.4.3. Surface-Based Assays Incorporating Molecular Beacon Probes
Because molecular beacon probes offer improved specificity over ssDNA with no need
for target labeling or post-hybridization rinsing, a number of researchers have endeavored to
immobilize them on surfaces for biodetection in an array format. Surface materials are diverse
and include glass,75-78 polystyrene,79 polymethylmethacrylate,78 agarose,80 carbon nanotubes,81
and noble metals, most notably Au and Ag.82-89 Metal substrates are especially attractive, as they
can take the place of the molecular quencher in traditional molecular beacons90,91 thereby
simplifying probe synthesis, and offer simple metal-thiol attachment chemistry.

For

electrochemical beacons, where a electroactive molecule takes the place of the fluorescent dye,
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metal electrodes are required for signal elucidation and provide an attractive platform for
immobilization.92-97
All of these endeavors have demonstrated the ability of substrate-bound molecular
beacon probes to detect target oligonucleotide sequences. A few focus on assay parameters, such
as ideal buffer salt strength/composition76,80 and temperature81 for optimal hybridization. Many
report bioanalytical figures of merit, such as sensitivity77-79,81,82,84,97 and hybridization kinetics7577,79,80,82,84,89,92-95

. These considerations are all important for sensor development; however, a

dearth of biophysical knowledge regarding structured probe interactions with the surface remains.
Surface coverage, a parameter critical for the function of surface-bound ssDNA, is hardly ever
reported in the immobilized hairpin literature, with a notable exception that evaluated
performance as a function of surface coverage for electrochemical beacon assays.95 Surfacecoverage for structured DNA is also expected to be important for optimal sensor performance, but
possibly in a different way from ssDNA, owing to the stem-loop configuration of the probe.
Additionally, few comparisons have been drawn between surface-immobilized molecular beacons
and surface immobilized ssDNA probes, which are much better characterized. These assessments
could build on what is currently known and greatly enhance structured-probe array design and
function.

1.5. Objectives of This Thesis
The work presented in this dissertation furthers the fundamental understanding of
interactions between stem-loop oligonucleotide probes and Au/Ag nanowire surfaces. This is
accomplished mainly by two characterization techniques: optical fluorescence microscopy to
evaluate beacon fluorescence in the presence/absence of target under varying conditions, and
fluorescence spectroscopy, to determine surface coverage of both molecular beacon probe strands
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and labeled target strands. For optical microscopy, reflectance images and fluorescence images
are collected to locate the nanowires/elucidate the Au/Ag barcode pattern as discussed in Section
1.2.3, and determine how much fluorescence is present in the target-unbound versus target-bound
form, respectively (Figure 1.8). Nanowire pattern can be identified and fluorescence quantified
along the length through a custom program, NBSee, developed by Nanoplex Technologies.98
This technique offers a facile route for determination of 1) accessibility of surface-immobilized
probes for solution-phase targets under different reaction conditions and probe surface coverages
(Chapters 2-4), 2) probe conformation in the absence of target, as unquenching denotes hairpin
unfolding or misfolding (Chapters 2 and 3), 3) feasibility of multiplexed DNA detection assays
using different barcoded nanowire patterns and sequences (Chapters 2 and 3), and 4) assay
sensitivity (Chapters 2 and 5).
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Figure 1.8. Schematic of target binding to Au/Ag nanowire-immobilized molecular beacon
probes and subsequent detection of fluorescence by reflectance and fluorescence microscopy.
Target binding induces a structural change in the probe, unquenching fluorescence. Nanowire
barcode patterns can be elucidated in the reflectance image by illumination with 430 nm light,
where Au appears dimmer than Ag. The lower pictures are representative microscopy images
from this assay.

Optical microscopy is used throughout this dissertation to probe molecular beaconsurface interactions. In Chapter 2, these data are used to establish assay design parameters such
as ionic strength of hybridization buffer, hybridization temperature, and the length of the stem
and loop regions of the probe. Microscopy paired with fluorimetry allows exploration of the
influence of surface coverage on assay performance, a factor which has been largely unassessed
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for structured probes immobilized to a surface. In Chapter 3, surface coverage as a function of
immobilization buffer ionic strength and the inclusion of hydroxy-terminated alkanethiol spacers
are evaluated. Particularly notable about these data is that structured probe surface coverage as a
function of ionic strength is markedly different from unstructured probe coverage. Additionally,
vertical spacers, which are so critical for immobilized unstructured probe function, did not
appreciably improve structured probe assay discrimination between the presence and absence of
targets. Both of these observations can be attributed to the hairpin probe stem-loop structure,
which requires higher salt concentrations to fold, and is also less inclined to nonspecifically bind
to the metal surface by the nucleobases, as they are largely inaccessible in the folded form due to
the formation of base pairs.
Hybridization efficiency, another sensor characteristic which reflects probe accessibility
and has never been quantified for immobilized structured probes, is reported as a function of
surface coverage in Chapter 4. Because of the stem-loop structure, the range of coverages
available for folded probes is markedly less than that of unstructured probes. Additionally, the
structure introduces complexity with regard to hybridization efficiency trends.
hybridization efficiency was maximized at an intermediate probe coverage.

Overall,
Thiolated

oligoethylene glycol spacers, known for anti-biofouling effects,99 increased hybridization
efficiency at the lowest probe coverages and reduced nonspecific binding by noncomplementary
targets.
Chapter 5 details a study using nanowire-immobilized hairpin probes and evaluates assay
sensitivity as a function of the number of probe-bearing nanowires present. This is similar to the
principles of ambient analyte theory discussed in Section 1.1.2. Microspot size is comparable to
nanowire population, as both define the overall number of probes present. Study of ambient
analyte theory pertaining to particles has been scarce, with one exception by Parpia and Kelso,
whose evaluation used antibodies immobilized to microspheres,100 and none of the planar surface
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literature incorporates structured probes. Work in this dissertation represents the first evaluation
of ambient analyte theory using DNA probes immobilized to particles. Reduction in particle
population was found to improve sensitivity to the point where probe concentration was equal to
~0.1-0.5× the estimated Ka of the system. These data were supported with theoretical MonteCarlo simulations performed by collaborators at Purdue University.
Overall, the work presented in this dissertation provides a comprehensive view of how
probe secondary structure can affect surface-based biosensing performance. At a more
fundamental level, it furthers the knowledge of both intra- and intermolecular biophysical
interactions (i.e.

intramolecular/nonspecific binding,

electrostatic repulsions,

etc.) for

immobilized DNA oligonucleotides. Microscopy and fluorimetry provide a convenient means to
study these interactions, which have implications for the design of future biosensors incorporating
structured probes, such as surface-bound aptamer technology.
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Chapter 2.

Design Parameters of Molecular Beacon Hairpin Probes for NanowireImmobilized Bioassays
(Adapted with permission from Stoermer, R. L.; Cederquist, K. B.; McFarland, S. K.; Sha, M. Y.;
Penn, S. G.; Keating, C. D. J. Am. Chem. Soc. 2006, 128, 16892-16903. © 2006 American
Chemical Society)
Data for Figures 2.2 and 2.6 and surface coverage were collected by Rebecca S. Golightly. Data
collection for Figures 2.3 and 2.5 was aided by Sean K. McFarland.
2.1. Introduction
Immobilization of biomolecules to solid supports greatly expands the multiplexing, or
simultaneous detection, capability of biosensing schemes.

DNA microarrays are a classic

example of this concept, wherein monitoring of thousands of binding events is accomplished via
immobilization of single-stranded DNA (ssDNA) probes to predetermined locations and
visualization of hybridization by fluorescently-labeled target nucleic acid strands.1,2 Numerous
ssDNA probe-surface immobilization techniques and coupling chemistries have been pioneered
and are now routinely used by commercial microarray manufacturers.3 In recent years, new
nucleic acid probes that are specific for targets other than complementary nucleic acids have been
immobilized to surfaces for sensing purposes.4-6 These probes, called aptamers, adopt a specific
secondary structure to bind small molecules, ions, and biomolecules with affinities on par with
antibody-antigen interactions.7 Because the structure is different for every aptamer sequence,
variability that does not exist with unstructured ssDNA probes can be introduced to a biosensing
system. Thus, it is important to 1) establish design guidelines for surface-immobilized, structured
nucleic sensors and 2) understand solid support-biomolecule thermodynamics and interactions in
order to attain optimal sensor performance.
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To study the behavior of surface-bound structured biomolecules, it is advantageous to
employ a system that has been well-characterized in solution. Molecular beacons (MBs) have
been studied since their discovery in 1996 and are oligonucleotide probes design to contain selfcomplementarity at their 5´ and 3´ ends such that they fold into a stem-loop structure.8-10 A
fluorophore and a quencher are attached to the opposing ends, leading to fluorescence quenching
in the stem-loop form. When a target nucleic acid binds to the loop region, the stem base pairs
dehybridize, freeing the fluorophore from the quencher and yielding detectable emission.
Solution-phase MBs have been used for selective detection of viral sequence PCR products and
single nucleotide polymorphisms, and provide a single-step hybridization nucleic acid detection
scheme without the need for target labeling.11,12 They have also been extensively studied, and
their

enhanced

specificity

over

unstructured

ssDNA,

loop/stem

length,

and

thermodynamics/kinetics of target binding have been thoroughly characterized.13-15
To expand multiplexing capability and investigate fundamental interactions between
structured DNA and solid supports, we and others have immobilized MB probes to surfaces. A
number of surface materials are available; however, noble metals such as Au and Ag are notable
for their ability to quench emission when in close proximity to a fluorophore, thus eliminating the
molecular quencher.16,17 Metal-immobilized MB assays, in which the metal has come in the form
of Au and Ag nanoparticles, planar surfaces, and, in our case, compositionally-encoded
nanowires, have yielded promising results with regards to nucleic acid sensing.18-25 Nevertheless,
MB design and hybridization parameters, which have been so well-characterized for solutionphase probes, have gone largely unexplored for surface-bound probes, where the surface is
expected to play a pivotal role in the MBs’ orientation and ability to hybridize target nucleic acid
sequences.
In this chapter, we establish some design parameters for improved performance of metal
nanowire-bound molecular beacon probes. We have determined optimal stem and loop lengths
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and buffer ionic strength for maximized hybridization.

We also evaluated binding

thermodynamics and arrived at an immobilized MB-target Kd using a Sips isotherm.

The

parameters were applied toward a successful three-plex assay using three patterns of Au-Ag
nanowires, each coated with a different MB and complementary to a different target sequence
(Figure 2.1). The knowledge gained here could aid in the future design of not only immobilized
MB probes, but also surface-bound aptamers or other probes for which secondary structure is
essential for function.

Figure 2.1. Illustration of multiplexed detection of nucleic acid targets by encoded nanowires
functionalized with molecular beacon probes. In this illustration, wires patterned 000111 (left),
010101 (middle), and 101100 (right) (where 1 = 1 µm of Ag and 0 = 1 µm of Au) are coated with
MB probes DENV-2(5), INFB, and SARS, respectively, and complementary target sequences
have been added for DENV-2(5) and SARS only.
2.2. Materials and Methods
2.2.1. Materials
The striped nanowires used in this work were commercially available Nanobarcodes®
Particles (NBCs, Oxonica Inc.) patterned 000111, 010101, 101100, 00100, 100100, and 000010
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where 0 and 1 represent ~1 µm segments of Au and Ag, respectively. These particles were
synthesized by electrodeposition into aluminum oxide membranes26,27 as described previously.28-30
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) 0.01 M PBS buffer
(0.138 M NaCl; 0.0027 M KCl; 10 mM sodium phosphate, pH 7.4), purchased from Sigma, and
3) CAC buffer (0.5 M NaCl, 20 mM cacodylic acid, and 0.5 mM EDTA, pH 7.0). 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 beacon probes were designed using mfold DNA folding program30 and were
purchased from Integrated DNA Technologies, Inc. (Coralville, IA). The sequences used are
listed in Table 2.1. Probes HCV, SARS, HIV, INF B, and DENV-2 were designed to detect
hepatitis C virus, severe acute respiratory syndrome, human immunodeficiency virus, Influenza
B, and strains of Dengue virus subtype 2 (DENV-2), respectively.

Table 2.1. Sequences Used in This Work.a
Name

Sequence (5' to 3')b

Predicted
Tm (°C)c

Predicted
Folding ∆G
(kcal/mol)c

Comments

HCV

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

57.6

–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

65.1

–9.77

HIV

thiol(CH2)6-GCG AGT GTT
AAA AGA GAC CAT CAA

57.1

–3.97

probe specific for a
25-base region of
SARS, which extends
the stem from 5 to 7
bases due to self
complementarity
probe specific for a
23-base region of HIV
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TGA GCT CGC-TAMRA
thiol(CH2)6-GCT GCC AAC
GAA GTA GGT GGA GAC
GGA GGG GCA GCTAMRA

INF B

L14
L24
L38

DENV-2(4)
DENV-2(5)
DENV-2(6)
DENV-2(7)

thiol(CH2)6-GCG AGA TCA
ATG AGG AAG CCT CGCTAMRA
thiol(CH2)6-GCG AGG AGA
CCA TCA ATG AGG AAG
CTG CACT CGC-TAMRA
thiol(CH2)6-GCG AGA AAA
GAG ACC ATC AAT GAG
GAA GCT GCA GAA TGG
GAT ACT CGC-TAMRA
thiol(CH2)6-GCG AGT GTC
TGT TAC CAA GGA TCT
GTC GC-TAMRA
thiol(CH2)6-GCG AGG TGT
CTG TTA CCA AGG ATC
TGC TCG C-TAMRA
thiol(CH2)6-GCG AGC GTG
TCT GTT ACC AAG GAT
CTG GCT CGC-TAMRA
thiol(CH2)6-GCG AGC GGT
GTC TGT TAC CAA GGA
TCT GCG CTC GC-TAMRA

55.3

–6.24

probe specific for a
23-base region of
Influenza B

59.9

–4.24

probe with 14-base
loop; specific for HIV

53.8

–3.57

probe with 24-base
loop; specific for HIV

46.8

–4.95

probe with 38-base
loop; specific for HIV

44.1

–1.80

56.6

–4.00

68.6

–6.27

74.7

–8.88

probe with 4 base pair
stem; specific for
DENV-2
probe with 5 base pair
stem; specific for
DENV-2
probe with 6 base pair
stem; specific for
DENV-2
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.

2.2.2. 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 minutes. The small mercaptohexanol fragments were removed
using Centri-Spin Separation Columns (Princeton Separations, Adelphia, NJ) following
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manufacturer protocol. The resulting DNA sequences (terminated with a single –SH group) were
stored at –80 °C.

2.2.3. 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.

2.2.4. Effect of Loop Length
Beacon sequences L14, L24, and L38 were attached to three separate aliquots of wires
patterned 000111 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).

2.2.5. Effect of Stem Length
Four aliquots of 30 µL 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
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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 were added and
samples were 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 25 oC, 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 noncomplementary to the beacon probe (HCV target was used for the
noncomplementary samples). Samples were not rinsed prior to imaging.

2.2.6. 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 25, 40, or 50 °C. Samples were then imaged at room
temperature using optical microscopy.

2.2.7. 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.
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2.2.8. Multiplexed Assays Using Three Different Nanowire Patterns
Disulfide-cleaved beacon sequences DENV-2(5), SARS, and INF B were attached to nanowires
patterned 000111, 010101, and 101100, respectively, using methods described previously in
Section 2.2.5. One µL of each beacon-coated nanowire pattern was added to 7 tubes, to which
both 45 µL of 0.5 M CAC buffer and different permutations of target sequences were added at
concentrations of 1 µM. Samples were allowed to react for 1 hour at room temperature, and
targets were not rinsed out before optical microscopy imaging.

2.2.9. 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 (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.28,32 Fluorescence images were taken using a filter cube
selective for TAMRA fluorophore excitation. All imaging was performed at room temperature.

2.2.10. Probe Surface Coverage Determination
Surface coverage was determined using a modification of a procedure by Mirkin and coworkers.33
Five µL of 2-mercaptoethanol were added to 200 µL buffer containing 5 µL beacon-coated
nanowires.

Wire concentrations were estimated based on dilutions from the initial 1x109
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wires/mL stock concentration.
temperature overnight.

The samples were allowed to tumble on a rotator at room

The DNA was displaced into solution and was collected in the

supernatant. The fluorescence intensity was determined using a Fluorolog-3 fluorimeter (Horiba
Jobin-Yvon), 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.

2.3. Results and Discussion
As surface-bound, structured probes become more prevalent in biosensing schemes, it
becomes increasingly important to establish design guidelines for optimal performance. In this
chapter, we establish parameters for molecular beacon hairpin probes bound to compositionallyencoded Au/Ag nanowires. At an illumination wavelength of 430 nm, Ag was more reflective
than Au, and a barcode pattern could be observed under an optical microscope.28,29,34 Software
could identify the particles based on this difference in reflectivity and quantify fluorescence
intensity along the nanowire length.30 Thus, this system could function as a suspension array for
biomolecule detection.21,22,28,32 Here, we take advantage of particle encoding and microscope
visualization to investigate the effect of probe and assay design on the ability of nanowire-bound
hairpin MB probes to bind their target nucleic acids.

2.3.1. Beacon Probe Design
MB probe design is essential for assay function. The number of nucleotides in the loop
and stem sequences dictate spontaneity of target binding and stem opening, respectively. Shorter
loops can provide greater discrimination against single base mismatches, while longer loops can
provide greater equilibrium binding constants for target sequences.14,35 Stem length dictates the
stability of the probe secondary structure; probes having longer stems are more difficult to unfold,
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but are more resistant to opening upon possible hybridization of noncomplementary targets to the
loop region, imparting selectivity to the assay.14,15 Solution-phase molecular beacons are usually
designed with 15-30 nucleotides for the loop and 5-7 base pairs for the stem. Thermodynamic
parameters of folding and target hybridization can be predicted with nucleic acid folding
programs such as mfold.31 Nevertheless, mfold cannot take into account contributions from the
solid support, and it serves to reason that MB immobilization could impact probe behavior and
deviate from optimal parameters for solution-phase MBs, as has been both predicted and shown
for surface-immobilized ssDNA probes.36,37
Loop length was varied by including extra nucleotides specific for a 14-, 24-, or 38-base
region of HIV while holding stem length constant at 5 bp (sequences L14, L24, and L38).
Fluorescence after immobilization of MBs to nanowires and in the presence and absence of
complementary target is shown in Figure 2.2. We observed an initial increase in fluorescence in
the presence of target as the loop length increased from 14 to 24 nucleotides, attributable to both
1) decreased fluorescence quenching and 2) higher hybridization efficiency due to increased
probe-target thermodynamic stability with a longer loop length.

However, a decreased

fluorescence intensity was observed for a loop length of 38 bases as opposed to 24 bases, likely
due to decreased hybridization efficiency from steric and electrostatic repulsions between
surface-immobilized probes.21 Surface coverages for all probes were comparable at 1.2-2.5 x 1011
probes/cm2, suggesting that differences in fluorescence between probe lengths were not
attributable to the number of probes present, but rather other factors such as binding
thermodynamics and loop accessibility to solution-phase target strands.

Overall, optimal

quenching efficiency, defined as (1-(signal in target absence/signal in target presence)) x 100%,
was observed with an intermediate loop length.
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Figure 2.2. Effect of loop length on fluorescence intensity for HIV 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.
To evaluate the effects of stem length on assay performance, a probe for the detection of
Dengue virus subtype 2 (DENV-2) was designed to contain stem lengths of 4, 5, 6, and 7 base
pairs while holding the loop length constant at 21 nucleotides. As the stem length increased, the
ΔG of probe hairpin formation predicted by mfold for an ionic strength of 500 mM (the ionic
strength of the hybridization buffer used in these experiments) became more spontaneous,
ranging between -2 kcal/mol for a stem length of 4 bp to -9 kcal/mol for a stem length of 7 bp
(Table 2.1). We evaluated the fluorescence of all four nanowire-bound probes in the presence of
complementary and noncomplementary targets, and also in the absence of targets, after
hybridization at either 25, 40, or 60 oC (Figure 2.3). At all temperatures, hybridization of shorter
stem length MBs (4-5 bp’s) to their complementary targets yielded higher fluorescence intensity
than hybridization of longer stem length MB’s (6-7 bp’s). These results indicated that shorterstem MB’s hybridized more readily to complementary targets, which can be rationalized by the
thermodynamic destabilization of the folded form with decreasing stem bp’s. Longer stems
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resisted nonspecific binding better than shorter stems at 40 oC, but in general, fluorescence in the
presence of noncomplementary target (open bars) was comparable with background (gray bars),
suggesting that even a short stem length of 4 bp’s was enough to confer selectivity to a structured
probe.

These results were consistent with those of Bao and coworkers, who found more

spontaneous probe-target hybridization with shorter stem lengths for solution-phase molecular
beacons.14
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Figure 2.3. Effect of stem length on fluorescence intensity for DENV-2 molecular beacon
probes bound to Ag/Au striped nanowires in the presence of complementary target (black) and
noncomplementary target (white) or absence of target strands (gray). Hybridization was
performed at 25 (top), 40 (middle), or 60 oC (bottom) in 500 mM NaCl CAC buffer. Loop length
was held constant at 21 bases. Error bars are 95 % confidence intervals.
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Quenching efficiency is a common figure of merit for fluorescence turn-on probes such
as molecular beacons, and is defined as [1-(no target signal/target signal)] x 100%.18 Ideally, QE
would be 100%; however, a slight background is typically present from imperfect quenching for
both solution-phase and surface-bound MB probes.

Quenching efficiencies for all target

present/absent pairs from Figure 2.3 are shown in Figure 2.4. For all three hybridization
temperatures, the best QE was attained with a 5 bp stem, followed by 4, 6, and 7 bp’s.
Additionally, lower temperatures produced higher QEs, likely due to less spontaneous formation
of either the folded hairpin form or the probe-target duplex, which would increase background
signal or decrease binding efficiency, respectively. Overall, a 5 bp stem, paired with room
temperature hybridization, gave optimal quenching performance. These conditions, paired with a
24-base loop, yielded the highest intensities in the presence of and lowest intensities in the
absence of target strands. These findings are consistent with those of Miller and coworkers, who
evaluated performance of MB probes on planar Ag surfaces.25 It should be noted that these
conditions are for optimal binding of a fully complementary target. Parameters may need to be
altered for other applications, i.e. for the detection of single-base mismatches.
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Figure 2.4. Effect of hybridization temperature on quenching efficiency for four molecular
beacon probe stem lengths. Lines connecting the points are present only to guide the eye.
2.3.2. Effect of Ionic Strength on MB-Target Duplexes
Ionic strength is an important factor for screening DNA-DNA electrostatic repulsions so
that hybridization can occur. In the case of MB probes, high ionic strength is important not only
to mediate hybridization, but also to promote intramolecular hairpin formation.

Higher

electrostatic repulsions must be overcome when MB probes are immobilized to a solid support at
a high density.

Therefore, identification of an ionic strength range that will promote

hybridization, yet still allow MB unfolding in the presence of target, is essential to improvement
of assay performance.
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, 40, and 50 oC (Figure 2.5). At 25 oC, fluorescence intensity in the
presence of target increased from 50 mM NaCl to 500 mM NaCl, and then decreased.
Fluorescence intensity in the absence of target was lowest for the lower salt samples; however,
QE (Table 2.2) was best for 200 and 500 mM, at 90 ± 2 %. QE dropped to 87 ± 3 % at 100 mM,
and 82 ± 4 % at 750 mM NaCl. When hybridized at 40 oC or 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 500750 mM, then decreased at higher salt concentrations.
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Figure 2.5. Effect of NaCl concentration in hybridization buffer on performance of nanowirebound DENV-2(5) probes. Intensities are shown in the presence (filled bars) and absence (open
bars) of complementary target sequence at 25 (top), 40 (middle), and 50 oC (bottom). Error bars
shown are the 95 % confidence interval.
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Table 2.2. Quenching Efficiencies as a Function of Hybridization Temperature and Ionic
Strength
Ionic Strength (mM)

QE (25 oC)

QE (40 oC)

QE (50 oC)

50

83 ± 6 %

51 ± 13 %

16 ± 33 %

100

87 ± 3 %

68 ± 11 %

71 ± 13 %

200

90 ± 2 %

90 ± 3 %

88 ± 4 %

500

90 ± 2 %

89 ± 8 %

88 ± 3 %

750

82 ± 4 %

96 ± 1 %

85 ± 5 %

1000

81 ± 4 %

86 ± 3 %

80 ± 5 %

1250

78 ± 6 %

85 ± 4 %

75 ± 6 %

1500

72 ± 5 %

84 ± 3 %

76 ± 6 %

The general trends observed in Figure 2.5 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 2.5 –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 by loss of the probes from the surface due to increased intermolecular
electrostatic repulsions. To evaluate this possibility, we measured the surface coverage of probes
after being stored under hybridization conditions in buffer containing either 50 mM or 1.0 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 the interpretation that the
low intensities observed in low salt buffers were the result of quenching due to probe flexibility.
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At high hybridization salt concentrations, we observed a decrease in intensity after
incubation with target. This arose from excessive stabilization of the stem-loop structure of the
MB probe. The thermodynamic gain in stability upon target binding was lessened as ionic
strength was increased, leading to diminished hybridization, as denoted by steadily decreasing
fluorescence intensities at hybridization NaCl concentrations of 750-1500 mM for all
temperatures evaluated. In the remainder of this work, we used NaCl concentrations of either 300
or 500 mM in order to maximize target hybridization and quenching in the absence of target.

2.3.3. Nanowire-MB Assay Sensitivity
Sensitivity of bioassays is dependent upon both the number of biomolecular probes
present and the thermodynamics of probe-target binding.38 In the case of molecular beacon
probes as compared to unstructured probes, sensitivity is expected to be affected by the presence
of the stem sequence, which must unfold for signal to be detected. We evaluated the sensitivity
of HCV MB probes immobilized on Au-Ag nanowires and hybridized in 300 mM salt buffer at
50 oC (Figure 2.6).

The y-axis is fractional coverage of target, scaled to the maximum

fluorescence intensity. We report a limit of detection of 44.1 fluorescence units, obtained by
addition of 3x the standard deviation of background signal to the background (target-absent)
intensity,39 which corresponds to a concentration of <100 pM (5 femtomoles in a volume of 50
µL). The dynamic range of the assay is large, 3-4 orders of magnitude, and could be therefore
used for quantitation, especially at lower concentrations where surface sites are less saturated
with target (Figure 2.6, inset). The data could be fit to a Sips isotherm, defined as:
f = (KC)a/[1+(KC)a]

(1)

where f is the fractional coverage of target binding sites on a 0 to 1 scale, Ka is the
thermodynamic association constant, C is the target concentration, and a is the heterogeneity
index.40,41

The Sips isotherm deviates from the Langmuir isotherm in the presence of this
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parameter a, which describes heterogeneity in surface binding sites on a 0 to 1 scale. When a =
1, the Sips isotherm is simplified to the Langmuir isotherm, whereas a value of <1 indicates
surface heterogeneity, with larger amounts of heterogeneity as a approaches 0. Fitting the data in
Figure 2.6 to a Sips isotherm yields a Kd of 1.7 ± 0.3 nM and an a value of 0.57 ± 0.06. This
degree of heterogeneity could be due to a number of possibilities. MB probe coverage could
deviate between nanowires or along the length of a single nanowire, giving rise to differences in
hybridization efficiency. The MB probes could also adopt different conformations (suggested by
incomplete quenching), which could greatly impact accessibility to target. Finally, fluorescence
could be affected by the underlying metal,32 resulting in heterogeneity in intensity along the
nanowire length.

Figure 2.6. 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 interval.
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The sensitivity of the MB-nanowire assay was comparable to or better than those
reported with other surface-immobilized MB assays.18,20,25,42-45 However, the isotherm shape
deviates from that observed for MBs on planar Au surfaces, which fit a 2-state model with a Kd of
0.95 µM and a narrow dynamic range.20

Instead, the results shown here follow expected

hybridization behavior for surface-immobilized unstructured DNA probes, which can generally
be fit by Langmuir or related surface adsorption isotherms.36,46 Though our probes are designed
to adopt a hairpin secondary structure, hybridization was performed at 50 oC, which is close to the
predicted Tm of 53.6 oC by folding software for this HCV probe. It is therefore conceivable that a
substantial population of probes could have been unfolded at this temperature, giving rise to
binding behavior similar to that of unstructured probes.
As previously discussed, a number of factors affect bioassay performance and sensitivity.
In addition to binding thermodynamics, the number of probes present (here, relatable to the
surface coverage of MB probes on the nanowire surface) plays a pivotal role. HCV MB probe
coverage for this assay was 1.3 x 1012 probes/cm2, resulting in a total probe population of 2.4 x
1011 molecules when 3 x 106 probe-coated nanowires were used for each sample. The highest
target concentration tested, 1 x 10-6 M, afforded 3 x 1013 target strands, dropping to 3 x 109
strands per sample at a target concentration of 1 x 10-10 M. The ratio of target strands to MB
probe strands is therefore 0.013 for 100 pM target, suggesting that fluorescence can be detected
even if only 1.3% of probes have hybridized a target.

This assumes 100% hybridization

efficiency, which is unlikely due to steric hindrance at high DNA probe densities,47 and indicates
that potentially <1.3% probe hybridization could be detected.
Reducing the number of wires in the assay could reduce the competition of MB probes
for solution-phase targets and potentially increase sensitivity and offer a tunable dynamic range
across many orders of magnitude in concentration.38 This will be investigated experimentally in
Chapter 5. Use of many wires simplifies sample handling and expediates data collection, and
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also provides a certain amount of redundancy for error determination. Inherently, we are limited
by probe-target binding thermodynamics, which are relatively insensitive to the wire population
when the population is low enough that there is not appreciable competition of binding sites for
targets. Therefore, we do not expect that even with further optimization, this detection method
will rival ultrasensitive methods that include amplification steps, such as PCR. Nevertheless, it
could offer a route to easy, low-sensitivity multiplexed assays under closed-tube conditions.

2.3.4. Multiplex, No-Wash Assays
Cross-contamination in a diagnostic setting can lead to false positives or negatives or
workplace hazards if the amount of contaminant is significant enough. For amplification methods
such as PCR, even a small amount of foreign matter can be exponentially amplified, potentially
obscuring the signal from any analyte present. One advantage to molecular beacon-based assays
(whether surface-bound or solution-phase) lies in the closed-tube format. Reagents can be added,
the vessel sealed, and hybridization fluorescence observed without opening the tube posthybridization, as signal is contingent upon target binding and concomitant probe unfolding and
does not require a labeling step. We demonstrate here a multiplexed MB-nanowire assay in
which targets were not rinsed out post-hybridization. Though this assay was not done in a closedtube format (an aliquot was removed to introduce nanowires to a slide for imaging), we have
demonstrated closed-tube assays in the past, where reaction vessels were not opened posthybridization.23

For this multiplexed assay, detailed in Figure 2.1, three different Au/Ag

nanowire patterns (000111, 010101, and 101100) were coated with three different MB probes
(DENV-2(5), INFB, and SARS, respectively) and mixed together along with hybridization buffer
(0.5 M CAC) and different permutations of target sequences. Representative reflectance and
fluorescence images of a sample to which DENV-2(5) and SARS targets were added, but INFB
target was not, are shown in Figure 2.7. Only the nanowires of pattern 000111 and 101100
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(identifiable in the reflectance image) are visible in the fluorescence image, demonstrating the
assay’s selectivity.

Figure 2.7. Representative brightfield reflectance (left) and fluorescence (right) images for a
triplex assay for the detection of DENV-2(5) (wire pattern 000111), SARS (wire pattern 101100),
and INF B (wire pattern 010101). Only targets complementary to DENV2-(5) and SARS were
added.
Figure 2.8 shows the raw fluorescence quantification for the assay in Figure 2.7 and also
for other target combinations. Overall, signal in the presence of the correct target was high, and
signal in the absence of the correct target was low. Maximum intensities were comparable
between sequences, at 1500-1600 fluorescence units, a phenomenon which is not always the case
with MB-nanowire assays due to the identity of the underlying metals and their interactions with
the fluorophore32 (here, the ratio of Au to Ag was kept constant at 1:1 for all patterns to minimize
metal effects) or the size/thermodynamics of folding of different sequences. The DENV-2(5) MB
probe was the most prone to nonspecific target binding, followed by INFB and SARS. This is
more easily visualized after background (target absent) subtraction and normalization of each
probe independently to signal in the presence of all three targets (Figure 2.9). These results
suggest that even though target sequence was not rinsed out post-hybridization, this did not
greatly detrimentally affect assay selectivity, likely at least partially attributable to the stem-loop
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structure of the MB probe, which has been shown to be highly selective for complementary
targets.12,21 We have shown that once striped nanowires are conjugated to MB probes, they can be
preserved for up to 110 days in a citrate buffer (to prevent Ag segment oxidation) with no loss in
assay performance.23 The easy storage and preservation of MB-nanowires, along with simple
assay readout and selectivity, make this method attractive for point-of-care diagnostics.

Figure 2.8. Quantification of raw fluorescence for a triplex nanowire-bound beacon assay
(DENV-2(5): black bars; SARS: open bars; INF B: gray bars). The labels below the bar graphs
indicate which target/targets were present in each assay. Error bars represent the 95% confidence
level.
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Figure 2.9. Background-subtracted, normalized fluorescence for a triplex nanowire-bound
beacon assay (DENV-2(5): black bars; SARS: open bars; INF B: gray bars). Post-background
subtraction, fluorescence signals were normalized to signal when all three targets were present.
The labels below the bar graphs indicate which target/targets were present in each assay. Error
bars represent the 95% confidence level.
2.4. Conclusions
This chapter established some design guidelines for molecular beacon probes
immobilized to the surface of striped Au/Ag nanowires. Immobilization of the beacon probes led
to a strong electrostatic repulsion within and between probes on the nanowire surface, such that
optimal performance required high salt buffers during the hybridization process (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 analogies of the probes used
here provided useful information despite surface attachment and steric/electrostatic effects.
Optimal stem and loop lengths were determined to be 5 base pairs and 24 nucleotides,
respectively. 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, no-rinse assay for three
viral signature sequences was demonstrated with excellent selectivity. Our results suggested the
potential of beacon-coated, barcoded metal nanowires for multiplexed detection of target DNA
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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. No sample manipulations were needed after mixing
the molecular beacon probe coated nanowires with the target DNA, reducing both assay
complexity and the risk of contamination.
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Chapter 3.

The Molecular Beacon-Metal Nanowire Interface: Effect of Probe Sequence
and Surface Coverage on Sensor Performance
(Reproduced with permission from Cederquist, K. B.; Golightly, R. S.; Keating, C. D. Langmuir
2008, 24, 9162-9171. © 2008 American Chemical Society)

3.1. Introduction
Surface films of oligonucleotides can provide selective capture of target sequences for
nucleic acid detection. Noble metal surfaces such as Au or Ag are often employed because they
are conductive, and can quench or enhance fluorescence, support surface plasmons, and/or
provide the heightened electromagnetic fields required for ultrasensitive surface enhanced Raman
detection.1-5 Consequently, DNA-coated Au and Ag have been used in a wide variety of sensors
based on fluorescence, electrochemistry, surface plasmon resonance, surface-enhanced Raman
scattering, and other transduction strategies.6-10 In all of these applications, control of the DNAsurface interface is of critical importance. DNA oligonucleotide probe sequences are commonly
attached to noble metal surfaces via a 5' or 3' thiol moiety, often with an alkane spacer (e.g.,
C6H12 or C12H24) and sometimes also additional bases (e.g., poly dT or other sequences). This
approach provides single-point attachment to facilitate hybridization to complementary target
sequences. Generally probe sequences are selected to avoid the formation of stable secondary
structures under experimental conditions (temperature, buffer ionic strength), such that they will
be fully available for hybridization with target strands from solution. We will refer to such
sequences, which exist as random coils, as “linear probes.”
The DNA-metal interface has been well characterized for thiolated linear probes on noble
metals.11-16

At high probe densities, hybridization is hindered by steric and electrostatic
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repulsions.17-19 Electrostatic repulsions can be manipulated by controlling the ionic strength of the
buffers used during probe assembly and/or target hybridization.11,13,20,21

Low ionic strength

during probe assembly results in low surface density, which reduces steric hindrance and can
result in higher hybridization efficiencies for target binding.11-13,20

Target hybridization is

generally performed at relatively high ionic strengths (e.g., 0.3 M) to overcome repulsions
between probes and target strands and favor binding. Steric repulsions can also be controlled by
surface dilution with thiolated molecules shorter than the probes. Herne and Tarlov pioneered the
use of mixed monolayers of thiolated DNA probes and mercaptohexanol on a gold surface.11 The
backfilling with mercaptohexanol after initial probe adsorption improved hybridization efficiency
by reducing both probe surface density and nonspecific binding events between the nitrogencontaining DNA bases of the probe and the Au surface. This hydroxy-terminated alkanethiol
procedure has since been widely accepted.14,21-33
Oligonucleotide probe molecules can also be designed to adopt stable secondary
structures under experimental conditions. Molecular beacons (MB) are oligonucleotide probes
designed with self-complementarity at the 3' and 5' ends such that they adopt stem-loop or
“hairpin” structures.34-37 MBs typically incorporate a quencher and fluorophore at their opposing
ends, such that fluorescence is quenched in the hairpin form due to proximity of the quencher to
the fluorescent dye.38 Fluorescence can then be detected upon hybridization of a complementary
target sequence, which binds to the loop region and separates the fluorophore from the quencher.
MBs exhibit an enhanced specificity over linear probes for binding complementary targets.39,40
Additionally, the signaling fluorophore at the beacon 5' or 3' end eliminates the need to both
label a target sequence and rinse after hybridization. This concept has proven useful in the
solution-phase detection of single nucleotide polymorphisms (SNPs) and PCR products.41,42
Another important example of designed secondary structure is aptamers, which are nucleic acids
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selected for specific binding to any of several classes of targets, including not only nucleic acids,
but also small molecules, ions, and proteins. Aptamer conformations, which can include
secondary structures such as hairpin loops, bulges, and pseudoknots, are critical to their
function.43-47 Aptamer beacons have also been prepared, where a target-induced conformational
change leads to the onset of fluorescence in analogy to MBs.46
Surface attachment of MB and aptamer probes is highly attractive as it would enable not
only a wide range of surface-based transduction strategies, but also spatial arraying, substantially
increasing the degree of multiplexing possible. Thus, interest in the surface attachment of
structured probes has been increasing.27,48-53

For example, aptamers have been arrayed on

surfaces for multiplexed protein detection.54 MBs have been immobilized on a number of surfaces
such as glass,55-60 polystyrene,61 polymethylmethacrylate (PMMA),60 agarose,62 and gold15,48-50,6367

. MBs attached to metal surfaces are particularly appealing, because the surface itself can take

the place of organic quenchers, and can provide lower background fluorescence.48,50,64,65,67,68
While many reports of surface-bound aptamer and beacon probes have appeared, characterization
of the probe/surface interface is less common, with probe surface coverages rarely reported, much
less varied and correlated to sensor performance. Notable exceptions include electrochemical
sensors based on aptamer and beacon probe conformational changes, where similar optimal
coverages ~2 x 1012 probes/cm2 were found.49,69
Here, we investigate the effects of probe surface coverage as controlled by ionic strength,
time, and dilution with short alkanethiol spacers, and compare several different hairpin probe
sequences for use in simultaneous assays on the encoded nanowires. We use barcoded metal
nanowires composed of Au and Ag segments as encoded supports and metallic quenchers for
bound hairpin probes. This work is significant in that (1) it describes the effects of surface probe
density on MB probe performance (intensity in presence and absence of target sequences) for
thiolated probes on metal surfaces, and (2) it directly compares surface attachment and probe
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performance for multiple different probe sequences designed to detect different viral signatures.
We previously reported on nucleic acid bioassays employing MB probes immobilized on the
surface of barcoded nanowires,15,50,67 which can be performed in a multiplexed, wash-free, closed
chamber format.50,70 The studies reported here build on that work to help pave the way for
improved multiplexed assays –on barcoded metal nanowires or other encoded supports– in which
many different hairpin probe sequences are used to simultaneously report on their targets.

3.2. Materials and Methods
3.2.1. Materials
Chemicals and biochemicals were used as received without further purification except
where noted. All water used was purified via a Barnstead Nanopure System to a resistivity of 18
MΩ. Barcoded metal nanowires71-75 (NWs, marketed as Nanobarcodes) were obtained from
Nanoplex Technologies (now Oxonica, Inc.). The nanowires are approximately 6 microns in
length, and 300 nm in cross-sectional diameter, and are patterned by 1-micron segments of Ag
and Au metals, which can be distinguished by their optical reflectance. Patterns used here
include: 010010, 011000, 000111, 001101, 010101, 100011, and 100101, where 0 = one µm of
Au, and 1 = one µm of Ag. The NWs were received as a suspension of 1 x 109 wires/mL stock
concentration in ethanol. Before use, the desired volume of stock NW suspension was rinsed by
centrifugation (1 min. at 7700 × g)/resuspension in 2x volume twice in water and once in buffer
prior to resuspension in 3x volume buffer. Buffers used in this work were: (1) 0.01 M PBS (0.138
M NaCl; 0.0027 M KCl; 10 mM sodium phosphate, pH 7.4), purchased from Sigma, (2) 0.3 M
PBS (0.3 M NaCl; 10 mM sodium phosphate, pH 7.2), and (3) 0.5 M CAC (0.5 M NaCl; 20 mM
cacodylic acid; 0.5 mM EDTA, pH 7.0)48.
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DNA sequences were designed using mfold folding software76 and were complementary
to viral sequences as detailed in Table 3.1. Solution-phase melting transition temperatures were
experimentally determined for most of these sequences, and are given in Table 3.1. We note that
mfold predictions of solution secondary structure stability differed from our experimental
measurements of solution stability, perhaps due in part to the presence of the dye and thiol
moieties in the actual sequences; only experimentally determined Tms and ΔG calculated from the
melt data are reported and discussed here. All sequences were purchased from Integrated DNA
Technologies, Inc. Thiolated DNA probes (received as disulfides) were cleaved before use by
reaction with 100 mM dithiothreitol (DTT) for 30 minutes in 0.1 M phosphate buffer (pH 8.3)
and purified by CentriSpin 10 columns (Princeton Separations) according to manufacturer
protocols. Attachment of thiolated probe sequences to NWs was performed as described below.
Target sequences were synthetic DNA oligonucleotides complementary to the loop regions of the
probes.

Table 3.1. Sequences Used in This Work.a
Name

Sequence (5' to 3')b

Hairpin Tm Hairpin ΔG
(°C)c
(kcal/mol)d

DENV-2

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

HCV

thiol(CH2)6-GCG AGC ATA 62.72
GTG GTC TGC GGA ACC 0.06
GGT GAC TCG C-TAMRA

HIV

thiol(CH2)6-GCG AGT GTT 52.6 ± 0.1
AAA AGA GAC CAT CAA
TGA GCT CGC-TAMRA

INF Be

thiol(CH2)6-GCT GCC AAC 70.40
GAA GTA GGT GGA GAC 0.08
GGA GGG GCA GC-TAMRA

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

± –4.8 ± 0.3

probe specific for a
24-base region of
HCV

–2.5 ± 0.5

probe specific for a
23-base region of HIV

± –7.3 ± 0.4

probe specific for a
23-base region of
Influenza B
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SARS

thiol(CH2)6-GCG AGA GAT 63.83
GCT GTG GGT ACT AAC 0.05
CTA CCT CTC GC-TAMRA

± –5.5 ± 0.3

probe specific for a
25-base region of
SARS

a

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

b

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

c

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

Calculated from experimental (solution-phase) Tm data.

Sequence for the INF B beacon was taken from reference 77.77

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

3.2.3. Effect of Salt Concentration upon Probe Coverage
For these experiments, ionic strength was controlled by KCl concentration in 5 mM
phosphate buffer, pH 7.0. Solutions with very low ionic strength (< 0.01 M) were prepared by
dilution of 5 mM phosphate buffer pH 7.0 with deionized water, the pH of which had been
adjusted to 7.2 by addition of very low concentrations of KOH. For each salt concentration,
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experiments were performed in triplicate to obtain a standard deviation in the measurement of
surface coverage. Twenty-five µL of NW stock (pattern 011000) were rinsed by centrifugation as
described above and resuspended in a solution of the desired ionic strength (to 83 µL). HIV
probe DNA was then added such that its final concentration was equal to 1.0 µM. Each sample
was allowed to react for 25 minutes. Samples were then rinsed by centrifugation (3x volume) and
resuspended in the same ionic strength buffer used for attachment (25 µL final volume).
Hybridization was performed in 0.5 M CAC buffer as detailed below.
For direct comparison to literature results,11 we also repeated these experiments varying
ionic strength by [KH2PO4] alone, without pH adjustment.

3.2.4. Kinetics of Beacon Attachment
Thiolated HIV, HCV, SARS, or INF B MB probes were conjugated to NWs at either 1.0
or 0.25 µM, as noted in the text. For 1.0 µM probe attachment, 60 µL of NW stock solutions for
NWs patterned 010010 were rinsed twice with 2x volumes of water and once in 0.3 M PBS
before resuspension in 0.3 M PBS to 200 µL. For a DNA concentration of 0.25 µM, 120 µL of
010010 NWs and a final volume of 400 µL were used to facilitate fluorescence quantification,
and the remaining procedure was the same for both DNA concentrations. After addition of
thiolated MBs to a final concentration of either 1.0 µM or 0.25 µM, samples were rotated at room
temperature. At specific time intervals, aliquots containing 5 x 106 NWs for [DNA] = 1 µM and
10 x 106 NWs for [DNA] = 0.25 µM were extracted from the reaction tube and rinsed twice by
centrifugation in 3x volume 0.3 M PBS. NWs were then resuspended to their original volumes in
0.3 M PBS and stored at 4 °C.
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3.2.5. Determination of Surface Coverage
A modification50 of a procedure first reported by Mirkin and co-workers78 was used to
determine the surface coverage of fluorophore-labeled DNA on metal nanowires. Fluorescent,
thiolated probes were removed from the NW surface by exchange with an excess of a βmercaptoethanol after which NWs were removed and solution fluorescence used to determine
probe concentration; surface density was then calculated based on initial NW concentration and
dimensions. The detailed procedure was as follows. The solution of NWs bearing the beacons
was brought up in volume to 195 µL by the same buffer in which the NWs were previously
suspended. Then, 5 µL of β-mercaptoethanol were added to each tube. Samples were vortexed
overnight. NWs were then pelleted by centrifugation for 2 minutes. The fluorescence of the
supernatant containing the previously adsorbed DNA was then quantified using a Fluorolog-3
fluorimeter (λex = 558 nm, λem = 580 nm). Coverage was determined by fluorescence calibration
of stock fluorescent DNA and based on a concentration of 1 x 109 wires/mL in stock solution.50

3.2.6. Five-Plex Assay
MB probe sequences DENV-2, SARS, INF B, HCV, and HIV (Table 3.1) were
conjugated at a final reaction concentration of 1.0 µM to NWs patterned 000111, 001101,
010101, 100011, and 100101, respectively, through reaction in 0.3 M PBS for 25 minutes. The
conjugates were rinsed twice by centrifugation and resuspension into 0.3 M PBS. Hybridization
was performed as described above, with 1 µL of each type of MB probe-coated NWs added to
each tube containing target DNA. Different permutations of target sequences (all targets, two
targets, or no target) were introduced to the tubes for hybridization.
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3.2.7. Hybridization of NW-Bound MB Probes
Aliquots of 3 µL probe-coated NWs, prepared by any of the methods described above,
were removed for hybridization to either complementary target (Target sample) or no target (No
Target sample). To both Target and No Target tubes were added 37 µL of 0.5 M CAC buffer,
and to Target tubes was added 1 µL of target sequence, making these samples 5 µM in final
concentration of target sequence. Hybridization was performed while rotating in the dark at room
temperature for one hour. These hybridization conditions apply to all experiments in this work.

3.2.8. Melting of MB Probes
MB probe seqences SARS, INF B, HIV, and HCV were diluted to concentrations of 3,
1, or 0.5 µM in 0.3 M PBS to induce hairpin formation.

Melting was performed on an

HP/Agilent 8453 spectrophotometer and monitored at 260 nm. The temperature was increased in
increments of 1 °C from 15 to 90 °C. Samples were prepared in 180 µL quartz cuvettes, and a
thin layer of mineral oil was added before capping to prevent evaporation at high temperatures.
KaleidaGraph v. 3.6 was used to fit the melting curves for thermodynamic folding parameters
∆G, ∆H, ∆S, and Tm.

3.2.9. Optical Microscopy
Directly after hybridization, and without rinsing,50 a 10 µL aliquot of NW suspension
from any of the above experiments was placed onto a glass coverslip. Images were acquired
using a Nikon TE-300 inverted microscope with a CFI plan fluor 60x oil immersion lens (N.A. =
1.4) and ImagePro Plus version 4.5 software. Images were captured using a Coolsnap HQ camera
(Photometrics). The light source was a 300 W ozone-free Xe lamp. A Nikon filter cube specific
for TAMRA excitation and emission (excitation: 550/50, emission: 590 longpass, dichroic: 565
longpass) was employed to obtain fluorescence images, and reflectance images were obtained at a

62
wavelength of 430 nm (Sutter Instruments filter wheel, Lambda 10-2), as this wavelength
provided good contrast between Au and Ag.73,79 NBSee Software (Nanoplex Technologies) was
employed to quantify fluorescence intensity.80 Briefly, the reflectance and corresponding
fluorescence images were analyzed for several hundred NWs, and a log mean fluorescence
intensity was obtained for each NW pattern.50

3.3. Results and Discussion
Sensing strategies based on surface-based molecular beacon and aptamer probes are
growing in popularity and should offer advantages in selectivity and in the types of targets that
can be detected; however, design of these sensors is inhibited by incomplete understanding of
how nucleic acid secondary structure affects probe assembly and hybridization on the surface.
Here, we used molecular beacon probes as a simple motif to study the effects of structure upon
surface coverage and sensor performance, and barcoded metallic nanowires as our solid support.
Probe sequences (Table 3.1) were designed to adopt stable secondary structures based on
inclusion of a 5 or 6 nucleobase “stem” (i.e. the 5 bases on the 3’ and 5’ end of the sequence are
complementary).

Probe sequences also have a 3’ fluorescent dye and are attached to the

nanowires via a 5’ thiol. We demonstrated previously that there is no measurable difference in
probe coverage for Au as compared with Ag nanowire segments;15 the effect of these metals on
emission intensity is both wavelength and distance-dependent.15,79 Here, we did not vary the
nanowire striping (barcode) pattern within any experiment where data were directly compared
(see Materials and Methods). Only in the multiplexing experiment are different wire patterns
employed simultaneously.
Steric and electrostatic interactions at the surface are expected to play an important role in
probe performance, analogous to what is seen for linear probes; surface-bound hairpin probes
have additional potential interactions, including changes in the stability and dynamics of
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secondary structures and the possibility of intermolecular probe-probe binding interactions at the
surface due to the complementary regions of adjacent probe molecules. Although MB probe
coverage is generally considered important to the performance of surface-based MB sensors, few
studies have directly measured coverage or reported performance as a function of coverage.
In contrast, the effect of coverage on surface-bound linear probes has been very well
characterized.11-16,18,21,23-26

Several approaches have been used to control surface density of

thiolated linear oligonucleotide probes on Au surfaces; these approaches can serve as guides for
our studies of the MB-metal interface. They include: (1) surface dilution with another molecule,
such as a shorter oligonucleotide or hydroxyalkanethiol, (2) controlling ionic strength during
assembly to take advantage of electrostatic repulsions, and (3) including a spacer in the probe
molecule itself to increase the separation between the surface and the portion of the probe that
will be involved in hybridization reactions. Of these approaches, the latter is incompatible with
our surface-quenched beacon probe design, and has shown limited success in alternative MB
probe designs based on molecular quenchers.55,57,62 We discuss our results for approaches (1) and
(2) below. In these experiments, a single beacon probe sequence (HIV, see Table 3.1 for
sequences) was used to facilitate comparison. We then go on to compare the HIV probe with
other MB probe sequences both alone and combined in a multiplexed assay format.

3.3.1. Effect of Surface Dilution with Mercaptoethanol on MB-Nanowire Assay
The addition of diluent short-chain hydroxy-terminated alkanethiols on arrays of linear
DNA probes has been shown to increase hybridization efficiency by reducing probe coverage and
removing nonspecific adsorption via the DNA bases, such that remaining oligonucleotides are
attached at a single point (the terminal thiol).11,14,22-28,30-33,53,81 It is not obvious that surface
dilution will have the same benefits for MB probes, which may have less propensity to bind the
metal surface through their nucleobases as compared with similar length linear (i.e. random coil)
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probes.

Additionally, nonspecific adsorption of target strands to the metal surface during

hybridization should not impact MB probe performance to the same extent as for linear probes,
since for MBs no signal will arise from binding unless it results in unfolding of the MB secondary
structure. To test the effects of short alkanethiol spacers on a system with a probe containing
secondary structure, we employed β-mercaptoethanol (BME) as both a coadsorbent and as a postassembly “backfilling” diluent, following literature protocols.11,48 Figure 3.1 shows fluorescence
intensity in the presence and in the absence of target strands, as a function of BME to HIV
beacon probe mole ratio during probe assembly onto the nanowires.

By increasing the

BME:beacon ratio, probe surface coverage was decreased more than 10-fold, from 6.4 x 1012 (0:1
ratio) to 4.8 x 1011 probes/cm2 (20:1 ratio) (Table 3.2), coverages that largely encapsulate the
range of 1.2 x 1011 to 4 x 1012 probes/cm2 we have reported in previous works.15,50,67
Fluorescence signal decreased with decreasing probe coverage, consistent with less dye moieties;
this was true both when complementary target was added and when it was not (Figure 3.1). In
addition to fluorescence intensity, a common figure of merit for beacon performance is the
quenching efficiency, defined as [1-(no target signal/target signal)] x 100%. For these data,
intensity in the absence of target initially decreased more than that in the presence of target,
yielding an increase in quenching efficiency from 82% when no BME co-adsorbate was present
to 88-90% at all BME:probe ratios tested (Table 3.2).
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Figure 3.1. The effect of β-mercaptoethanol (BME) spacers on the fluorescence hybridization
signal of HIV probes bound to Au/Ag nanowires. Ratios are mole ratios of BME to beacon. BF
sample represents beacon-coated nanowires that were backfilled with BME. Error bars represent
the 95% confidence interval.
Table 3.2. Quenching Efficiencies and Coverages of Different BME:Beacon Ratios
BME: Beacon Ratio

Surface Coverage (probes/cm2)

Quenching Efficiency (%)

0:1

6.4 x 1012

82 ± 2

1:1

2.4 x 1012

88 ± 1

5:1

1.6 x 1012

90 ± 1

10:1

9.9 x 1011

88 ± 1

20:1

4.8 x 1011

90 ± 1

BF (backfilled)

2.0 x 1012

83 ± 2

Krauss and coworkers have reported coadsorption data for ratios of mercaptopropanol
(MP) to beacon probes on a planar gold surface and found fluorescence in the presence of target
initially increased with increasing MP:probe ratio, before decreasing at the highest MP:probe
ratios. A fourfold increase in fluorescence was obtained at 10:1 vs. 0:1 MP:probe ratio.48 This
differs from our finding that hybridization signal decreased steadily with an increasing
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BME:DNA ratio (Figure 3.1). Krauss and coworkers did not directly measure surface probe
densities,

but

estimated

based

on

hybridization

~1012

probes/cm2

for

their

10:1

mercaptopropanol:probe ratio; no coverage data was given for other ratios. We hypothesize that
the initial probe coverage at 0:1 may have been considerably higher in the work by Krauss and
coworkers, such that improvements in hybridization efficiency upon dilution outweighed the
concomitant reduction in total available fluorophores. Our coverage at 0:1 ratio was 6.4 x 1012
probes/cm2; any improvements in hybridization efficiency upon dilution from this initial coverage
were less important than losses in the number of fluorophores available (Figure 3.1).
Alternatively, the curvature of the nanowires used here may decrease the impact of steric
hindrance somewhat, such that hybridization efficiencies for identical coverages may differ on
wires vs. planar surfaces. However, we do not expect this to be a large factor, due to the large
size of the nanowires (~300 nm in cross-sectional diameter).
Exposure to hydroxyalkanethiol after initial probe assembly (backfilling) is also a
commonly used technique for improving hybridization efficiency of linear probes on Au. Upon
the exposure of BME to the 0:1 ratio wires for 30 minutes (BF sample), surface coverage was
reduced by more than half due to thiol-thiol exchange resulting in desorption of beacon probes
from the surface. Quenching efficiency was not significantly improved as compared to the 0:1
sample, despite a surface coverage more comparable to the 1:1 and 5:1 coadsorbed samples
(Table 3.2). These data could indicate differences in probe distribution on the surface for
coadsorbed vs. backfilled routes to this probe surface density. If coadsorption vs. backfilling
resulted in different initial probe distributions, these could be expected to persist over the
timescale of our experiments, given reports of slow surface diffusion of alkanethiols on Au.82,83
In general, surface dilution of MB probes with BME reduced fluorescence signal
intensity but provided some improvement in quenching efficiency.

For linear probes,

performance is often reported as hybridization efficiency, but can also be evaluated in terms of
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the number of targets bound per unit area. For linear probes on Au, Levicky et al. demonstrated a
target oligonucleotide coverage of 3 x 1012/cm2 (100% hybridization efficiency) after exposure of
the probe-coated gold surface to mercaptohexanol, a five-fold improvement compared to a target
coverage of 6 x 1011/cm2 (10 % hybridization efficiency) before MCH exposure.23 Gong et al.
observed a near doubling in target coverage, from 4.7 x 1012/cm2 to 8.9 x 1012/cm2 after exposure
to mercaptoundecanol for one hour.14 While we were not able to directly monitor bound target
density, it should be proportional to fluorescence intensity in presence of target. Figure 3.1
shows no improvement –rather, a decrease– in fluorescence intensity with surface dilution,
suggesting that the effect of reduced binding sites (i.e. probe coverage) was greater than any
increase in hybridization efficiency resulting from improved MB probe accessibility.
Our findings on surface dilution with BME indicate much less benefit for MB probes as
compared with more traditional linear probes.

This can be explained by several important

differences between hairpin and linear oligonucleotide probes that may impact their response to
hydroxyalkanethiol diluents. First, since they are partially double-stranded, hairpins may be less
likely than linear probes to nonspecifically adsorb to the metal through the nitrogen atoms of the
nucleobases. Diluent thiols are therefore less likely to exhibit an effect on MB orientation.
Second, MBs bind target strands differently than do linear probes. MB probes interact with
targets primarily through their loops,40 which, if a beacon is oriented normal to the gold surface,
are more exposed to the solution-phase target strands. To bind linear probes, assuming full
complementarity, targets must penetrate deeper into the probe layer, potentially encountering
greater steric hindrance.11,23,84 Third, the signal in molecular beacon assays originates from the
probe molecule itself. This is in contrast to signal originating from the target molecule during a
binding event, as is generally the case with hybridization efficiency determinations for surfacebound linear probes.11,14,15,22,27,78,84,85 As such, we note that signal in molecular beacon assays will
only be observed upon binding of the loop region to a complementary target; nonspecific binding
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of a target strand directly to a gold surface will not directly impact signal. Thus, any surface
protection role played by the hydroxyalkanethiol in linear probe systems will be less noticeable
for beacon probes.

3.3.2. Effect of Ionic Strength on Surface Coverage
Surface probe density can also be controlled by the ionic strength of the attachment
buffer, which determines the length scale of electrostatic repulsions between negatively charged
DNA probes; lower coverages are achieved at lower salt concentrations. Because ionic strength
also impacts probe secondary structure, which might be expected to influence probe adsorption
behavior, we were interested in determining the effect of ionic strength during adsorption on MB
probe coverage and performance. Figure 3.2 shows the dependence of HIV probe surface
density on solution ionic strength, which varies over two orders of magnitude from 1011 to 1013
probes/cm2 for the range of ionic strengths evaluated.
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Figure 3.2. Effect of attachment buffer ionic strength on surface coverage for HIV probes
attached to Au/Ag nanowires. Ionic strength was adjusted at pH 7.2 using KCl and phosphate
buffer. Error bars represent the standard deviation of the surface coverage measurement.
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Herne and Tarlov11 performed an analogous experiment using linear probes, in which
they varied KH2PO4 concentration during assembly of thiolated 25-base oligonucleotides onto
planar gold surfaces. They observed a strong dependence of coverage on ionic strength at low
salt concentrations, with a maximum coverage reached by ~ 0.4 M KH2PO4.11 Coverage was
already ~75% of the maximum by 0.1 M KH2PO4. In contrast, in our data, HIV MB probe
coverage has not leveled off by 1.0 M ionic strength. At an ionic strength of 0.1 M, HIV
coverage was < 50% of that obtained at 1.0 M. The fact that beacon probes required a higher
ionic strength for surface adsorption supports the hypothesis that electrostatic repulsions would
impact MBs differently than linear probes.

In low salt, beacon probes experience strong

electrostatic repulsions, limiting surface densities and destabilizing the hairpin conformation. We
note that varying [KH2PO4] alone results in some difference of pH over the concentration range
used here (pH at 1.0 M = 4.0; pH of DI water = 5.3). DNA assembly is generally governed more
by ionic strength than pH;12,86,87 nonetheless, to eliminate the possibility that differences between
the results for linear probes in reference 16 and those for hairpin probes reported here arose from
differences in pH, we repeated the experiment in Figure 3.3 varying [KH2PO4] alone. The results
were comparable to that in Figure 3.2 (Figures 3.3-3.5).
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Figure 3.3. Effect of attachment solution [NaH2PO4] on surface coverage for HIV probes
attached to Au/Ag nanowires. Error bars represent the standard deviation of the surface coverage
measurement.
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Figure 3.5. Effect of attachment solution [NaH2PO4] on hybridization of complementary
oligonucleotides to nanowire-bound HIV probes. Filled and open bars represent hybridization in
the presence or absence of complementary target, respectively. Error bars represent the 95%
confidence level.

To test the effects of surface coverage on hybridization, we exposed the probe-coated
NW samples prepared at different ionic strengths (HIV probe surface densities 1011 to 1013/cm2),
to an oligonucleotide target strand complementary to the loop region. All hybridizations were
performed in 0.5 M NaCl CAC buffer. Target binding led to increased fluorescence due to
unquenching of the MB 3' fluorophore.

Figure 3.6 shows post-hybridization fluorescence

intensity minus no target signal as a function of probe coverage. Pre-hybridization background
signal, which was not constant for the different probe densities, was subtracted in order to focus
on signal obtained from hybridization events. At the lowest coverages, fluorescence intensity
after hybridization increased with coverage. As probe density increased, however, past 6 x 1011
probes/cm2, hybridization fluorescence intensity began to level off before increasing with a
higher slope above 4 x 1012 probes/cm2.

This response was less straightforward than that

observed for linear probes,19,78 and presumably reflects the role of beacon probe secondary
structure. We postulate that the initial increase in fluorescence (from ~70 to ~140 counts) was
due to the increase in probe density, with minimal interaction between individual beacon probes
(Figure 3.7, top).

At these low coverages, hybridization efficiency would be high, with

maximum fluorescence intensity limited by the number of probes on the NW surface.

At

intermediate coverages, despite the greater number of fluorophores present, steric and
electrostatic repulsions would begin to interfere with target binding, resulting in lower
hybridization efficiency than at lower coverages (Figure 3.7, middle). We interpret the increased
fluorescence seen in the highest coverage regime as resulting from greater probe accessibility due
to steric inhibition of hairpin formation (Figure 3.7, bottom), in addition to the still increasing
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number of fluorophores present. When a significant fraction of the probes fail to adopt the stemloop conformation, more target binding events may occur due to increased accessibility of the
bases that in the hairpin conformation make up the loop. It should be noted that at this coverage,
any unfolded probes could be seen as linear probes, which have been shown to have a lower
number of binding events at high probe densities.12 These MB probe sequences, however, contain
a stem sequence of 5-6 bases at the 5′ and 3′ ends; the extra 5′ bases separate the hybridization
region from the nanowire surface, improving steric accessibility as compared to traditional linear
probes lacking a nonhybridizing spacer sequence.

Addition of nonhybridizing nucleobases

between the sequence of interest and the surface is known to increase hybridization efficiency.16,20
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Figure 3.6. Hybridization signal (background subtracted) as a function of surface coverage for
HIV probes attached to nanowires in solutions of differing ionic strengths and hybridized to their
complementary target. All hybridizations were performed at 0.5 M ionic strength. Inset:
Expanded version of signal versus coverage, which encompasses the entire range of surface
coverages examined. X-axis error bars represent the standard deviation in surface coverage
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Figure 3.7. Illustration of hybridization of surface-immobilized MB probes at low (top),
intermediate (middle), and high (bottom) coverages.
Unfolded or improperly folded beacon probes (e.g., suboptimal intramolecular folds
and/or intermolecular folds between adjacent probes) exhibit reduced quenching due to the
increased separation between the fluorophore and the metal surface.15 Incomplete quenching at
higher probe surface densities is apparent in Figure 3.8, which plots fluorescence intensity in the
presence/absence of complementary target as a function of attachment buffer ionic strength
(coverages for the data exhibited in Figure 3.8 can be read from Figure 3.2). Thus, higher
fluorescence intensities in the presence of target for higher coverages result from a combination
of a greater number of target binding events and reduced quenching.
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Figure 3.8. Effect of attachment buffer ionic strength on hybridization of complementary
oligonucleotides to nanowire-bound HIV probes. Filled and open bars represent hybridization in
the presence or absence of complementary target, respectively. Error bars represent the 95%
confidence level.
Table 3.3 summarizes the quenching efficiency for the samples described in Figures 3.2,
3.6, and 3.8. Quenching efficiency was lowest for the lowest probe density, 1.4 x 1011/cm2. The
highest quenching efficiencies observed were for the 10 and 100 mM ionic strength adsorptions
(82 and 78%, at probe densities of 1 and 4 x 1012/cm2), with intermediate, higher and lower
densities giving slightly lower quenching efficiency. We attribute this behavior to the interplay
between maximizing hybridization signal, which is best at higher probe densities, and minimizing
signal in the absence of target, which is best at the lowest probe densities (Figures 3.6 and 3.8).
The low quenching efficiency at 50 mM adsorption (72%, 2.4 x 1012 probes/cm2) is anomalous,
and may be a spurious data point (small changes in “no target” signal can disproportionally
impact quenching efficiency) or may point to a difference in the probe densities required to
optimize hybridization vs. quenching. We note that this anomaly at ~2 x 1012 probes/cm2 was
also observed in Table 3.4. The effects of coverage on overall signal intensity and quenching
have recently been evaluated by Plaxco and coworkers for a gold surface-immobilized molecular

75
beacon incorporating a redox-active tag in place of the fluorophore.49 These authors found that
electrochemical signal suppression (conceptually similar to fluorescence quenching efficiency
here) was best (71%) at 2.1 x 1012 probes/cm2, the highest coverage tested, and dropped by about
a factor of two below 1 x 1012 probes/cm2 (< 40%). In our experiments, quenching efficiency was
less sensitive to probe density, presumably due to differences in probe design or signal
transduction mechanism (electrochemical vs. optical).

Table 3.3. Quenching Efficiencies for HIV Beacons Attached in Different Salt Concentrations
Ionic Strength (mM)

Surface Coverage (/cm2)

Quenching Efficiency (%)

0.02

1.4 (± 0.5) x 1011

63 ± 5

5

6.5 (± 0.7) x 1011

76 ± 3

10

1.10 (± 0.05) x 1012

82 ± 2

50

2.4 (± 0.2) x 1012

72 ± 3

100

4.0 (± 0.3) x 1012

78 ± 2

300

7.11 (± 0.04) x 1012

76 ± 2

1000

1.05 (± 0.05) x 1013

73 ± 2

Table 3.4. Quenching Efficiencies for HIV Beacons Attached in Different NaH2PO4
Concentrations
[NaH2PO4] (mM)

Surface Coverage (/cm2)

Quenching Efficiency (%)

0

4 (± 3) x 1010

0a

0.5

8 (± 1) x 1010

70 ± 6

5

1.4 (± 0.4) x 1011

79 ± 5

76
10

3 (± 1) x 1011

86 ± 3

50

1.8 (± 0.4) x 1012

73 ± 5

100

5 (± 3) x 1012

81 ± 3

300

8 (± 3) x 1012

71 ± 3

1000

1.2 (± 0.4) x 1013

61 ± 6

a

For this sample, the No Target signal was higher than the Target signal, thereby yielding a QE

of 0%.

3.3.3. Effect of Probe Solution Structure
Hairpin probes do not all have identical secondary structures. We previously investigated
the effect of varying stem and loop length on surface-immobilized beacon probe performance for
a given target sequence.50 Even for probes of more similar overall lengths, however, differences
in secondary structures might be expected to impact surface adsorption and sensor performance;
such differences could be relevant to multiplexed experiments in which several different probes
(on different patterned NWs, or arrayed on a surface) would be used simultaneously. To test this,
we compared four MB probe sequences specific for detection of partial regions of the viruses
HIV, SARS, Influenza B, and HCV. We began by monitoring the attachment of these thiolated
probes to NWs as a function of assembly time.
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Figure 3.9. Beacon probe attachment to Au/Ag nanowires as a function of time in 0.3 M NaCl at
initial probe concentrations of 0.25 µM (top) and 1.0 µM (bottom). Symbols represent different
probes sequences: HIV (filled circles), SARS (filled squares), INF B (open circles), and HCV
(open squares) probes.
Figure 3.9 shows surface coverage for the four different thiolated MB probes as a
function of adsorption time at two probe concentrations. In all cases, the assembly was complete
by 25 minutes, which is consistent with rapid mixing due to sample agitation during the assembly
process and electrostatic and steric repulsions by already-immobilized probes.11,24,86,88,89
Coverages ranged from 3 x 1012 to 9 x 1012 probes/cm2, corresponding to 11-33 nm2/probe. At the
lower probe assembly concentration (0.25 µM), similar final coverages of 4-5 x 1012/cm2 were
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achieved for HIV, HCV, and SARS probes, with lower coverage ~3 x 1012/cm2 for INF B. When
probe concentration during assembly was increased to 1 µM, surface coverage for the HIV and
HCV probes increased approximately two-fold to ~8 x 1012/cm2. Final densities of SARS and
INF B probes were much lower, 3-4 x 1012/cm2.
HIV and HCV probes were able to pack more densely when larger probe concentrations
were available. In contrast, INF B, which has the most stable secondary structure in solution
(followed by SARS, Table 3.1), and SARS had final surface coverages that appear to be dictated
to a greater extent by their secondary structure than by the solution probe concentration. Probe
length,13,24 and to a lesser extent sequence,20,87 have been shown to greatly impact surface
coverage on gold for linear probes; however, our beacon probes exhibit very different coverages
even though they are approximately the same length (33-35 bases), and have similar stem
sequences (i.e. the region closest to the metal). These results underscore the importance of probe
sequence and conformation in the surface assembly of structured probes, and suggest a
connection between solution phase thermodynamics and surface coverage.
Increased solution concentration can lead to probe homodimer formation, which could
influence surface assembly, as homodimers may assemble at a different coverage than hairpins.
To account for this possibility, we have modeled homodimer formation using the DINAMelt
server (Figures 3.10 and 3.11).90 The results indicate a negligible population of dimers at room
temperature. To supplement these findings, we have performed melting experiments of each
beacon probe at concentrations of 3 µM, 1 µM, and 0.5 µM in 0.3 M PBS buffer (Figure 3.12); a
substantial change in the population of hairpins would impact Tm. Fitting of the melt curves
yielded Tm values that were not statistically significant from each other and gave no discernable
trend (Table 3.5).

Therefore, while some dimer structures may exist in solution at probe

concentrations of 0.25 µM and 1 µM, we do not expect a significant contribution from dimers
between these two concentrations with respect to surface coverage.
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Figure 3.10. Simulated homodimer melt curves detailing the population (y-axis) of unfolded
hairpin probes (Au), folded hairpin probes (Af), and homodimers (AA) versus temperature for
sequences (A) HCV, (B) HIV, (C) INFB, and (D) SARS. DNA concentration was set at 1 µM,
and [Na+] was set to 0.3 M.
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Figure 3.11. Simulated homodimer melt curves detailing the population (y-axis) of unfolded
hairpin probes (Au), folded hairpin probes (Af), and homodimers (AA) versus temperature for
sequences (A) HCV, (B) HIV, (C) INFB, and (D) SARS. DNA concentration was set at 0.25
µM, and [Na+] was set to 0.3 M.
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Figure 3.12. Normalized absorbance melting curves of (A) HCV, (B) HIV, (C) INF B, and (D)
SARS beacon probes in 0.3 M PBS buffer. Traces represent melts at DNA concentrations of 3
µM (red), 1 µM (green), and 0.5 µM (blue).

Table 3.5. Tm and ΔG Values for Beacon Probe Melt Curves
Beacon Probe

[ ] (µM)

Tm (°C)

ΔG (kcal/mol)

Predicted ΔG (kcal/mol)a

HCV

3

62.30 ± 0.05

-5.1 ± 0.3

-5.6

HCV

1

62.72 ± 0.06

-4.8 ± 0.3

HCV

0.5

62.2 ± 0.1

-4.1 ± 0.4

HIV

3

54.05 ± 0.05

-3.2 ± 0.3

HIV

1

52.6 ± 0.1

-2.3 ± 0.5

HIV

0.5

54.7 ± 0.3

-3.3 ± 1.5

-3.7

82
INFB

3

71.09 ± 0.04

-8.7 ± 0.4

INFB

1

70.40 ± 0.08

-7.3 ± 0.4

INFB

0.5

69.8 ± 0.4

-5.5 ± 1.2

SARS

3

64.03 ± 0.04

-5.6 ± 0.2

SARS

1

63.83 ± 0.05

-5.5 ± 0.3

SARS

0.5

63.7 ± 0.2

-4.6 ± 0.6

a

-5.7

-9.0

Predicted by mfold for [Na+] = 0.3 M and T = 25 °C.

Hybridization data were obtained for probe-coated wires attached in the same fashion as
in Figure 3.9 for both concentrations of DNA.

Signals obtained upon hybridization with

complementary target (Figure 3.13, black and hatched bars) for both DNA reaction
concentrations were in very good agreement with coverages in Figure 3.9. For the 0.25 µM
assembly condition, the fluorescence intensity in the presence of target was higher for HIV,
HCV, and SARS, which had reached higher surface densities than INF B (Figure 3.9), however
we note that the fluorescence intensities differed by nearly 2x, which is larger than the difference
in probe coverage. For 1.0 µM probe assembly, similar results are seen, with greater fluorescence
response upon hybridization for the HIV and HCV, which assembled at higher surface densities
than SARS and INF B. Both absolute quenching (signal in absence of target) and quenching
efficiency were better for SARS and INF B, consistent with their more stable solution-phase
secondary structures (Table 3.6). For HIV and SARS probes, the 0.25 µM (lower coverage)
samples gave improved quenching efficiencies over the 1.0 µM samples, while for the other two
probes little change in quenching efficiency was observed (Table 3.6).

Background signal

decreased at lower HIV and SARS probe densities more than anticipated based on the reduction
in number of fluorescent molecules, presumably due to reduced steric and electrostatic repulsions
between adjacent probes hindering hairpin formation and therefore quenching.
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Figure 3.13. Effect of beacon sequence and DNA attachment concentration on hybridization of
in the presence or absence of complementary oligonucleotides to nanowire-bound HIV, SARS,
INF B, and HCV probes. Error bars represent the 95% confidence level.
Table 3.6. Quenching Efficiencies for Beacons Attached at Concentrations of 1.0 µM or 0.25
µM
Beacon

1.0 µM quenching efficiency (%)

0.25 µM quenching efficiency (%)

HIV

82 ± 3

88 ± 2

SARS

86 ± 2

96 ± 1

INF B

93 ± 2

91 ± 2

HCV

77 ± 4

78 ± 6

3.3.4. Probe Comparisons and Effect of Post-Assembly Salt Treatment
In addition to the factors discussed above, treatment of the system during the probe
assembly process may play a role in probe arrangement and assay performance. We previously
reported a two-step assembly process in which DNA is first incubated with nanowires overnight
in 0.01 M PBS and then aged in 0.3 M PBS for two hours as a post-treatment step.15,50,67 For the
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experiments described above, kinetics and salt studies warranted attachment of probe molecules
in one buffer and for a set amount of time.

Table 3.7 displays the maximum quenching

efficiencies obtained for several MB probes assembled either with 0.3 M PBS post-treatment
(after initial reaction overnight in 0.01 M PBS) or with 0.3 M PBS for 25 minutes without
previous treatment in 0.01 M PBS. These results show no strong correlation between probe
surface coverage and quenching efficiency, and no uniformly positive effect of post-treatment
(Table 3.7). Though the DENV-2 probe was insensitive to the two assembly techniques
employed and packed with the same density in both cases, the HIV probe exhibited a higher
quenching efficiency when assembled onto the surface of the nanowire in 0.3 M PBS and for 25
minutes, even though the surface coverages in these instances were similar. Our data suggest that
behavior on the NW surface is probe-specific and that each probe may need to be optimized
individually via assembly salt/DNA concentration or time. Because our ultimate goal is to mix
beacon-coated nanowires for bioassays and employ the metal barcodes for multiplexed detection
of pathogens, we realize it may not be possible to use fully optimized conditions for each MB
simultaneously. Therefore, beacon performance should be optimized for the set of nanowire
probes to be used together in a multiplexed experiment (through salt concentration, temperature,
etc.).

Table 3.7. Quenching Efficiencies and Coverages for Beacons Undergoing Post-Assembly
Treatmenta or No Post-Assembly Treatmentb
Beacons

Post-Treatment

No Post-Treatment

Quenching
Efficiency (%)

Coverage (/cm2)

Quenching
Efficiency (%)

Coverage (/cm2)

DENV-2

95 ± 1

6.3 x 1012

95 ± 1

6.9 x 1012

HIV

82 ± 2

6.4 x 1012

87 ± 2

5.8 x 1012

85
INF B

91 ± 1

4.8 x 1012

93 ± 2

5.8 x 1012

HCV

--

--

77 ± 6

1.2 x 1013

SARS

--

--

86 ± 2

4.2 x 1012

a

Post-assembly treatment procedure entails nanowire-DNA reaction overnight in 0.01 M PBS

with a 2 hour aging step in 0.3 M PBS.
b

No post-treatment assembly entails reaction in only 0.3 M PBS for 25 minutes.

3.3.5. Five-Plex Assay
To evaluate the performance of the immobilized MB probes studied in this work in a
simultaneous assay, we employed five different barcoded nanowire patterns, each conjugated to a
different MB probe sequence. Probes were assembled similarly as for the data shown in Figure
3.9 (bottom). The MB-conjugated NWs were then mixed together and exposed to different
combinations of targets. We used a high target concentration (5 µM) here for ease of comparison
with the other experiments presented in this manuscript, in which high concentrations were used
to drive hybridization in order to evaluate the behavior of surface-immobilized hairpins.
Sensitivity measurements are reported elsewhere.50

The background-subtracted, normalized

quantification of the resulting fluorescence signal for experiments where all five targets or
different combinations of just two targets were added is presented in Figure 3.14. Additional
target combinations, raw data, and sample microscope images are reported in Figures 3.15-3.17).
Quenching efficiencies for each probe (Table 3.8) were calculated by taking ratios of
fluorescence signal when no targets were present (Figure 3.16) to signal when all targets were
present.
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Figure 3.14. Hybridization fluorescence signal for a 5-plex MB assay on barcoded nanowires.
The background fluorescence (no targets added) has been subtracted, and the resulting signal has
been normalized to the signal obtained from the sample containing all five target sequences,
which are identified as DENV-2 (black bars), SARS (open bars), INF B (gray bars), HCV
(hatched bars), and HIV (cross-hatched bars).

120
100
80
60
40
20
0
DENV-2/HIV

INFB/HCV

INFB/HIV

INFB/SARS

SARS/HCV

Targets Added
Figure 3.15. Hybridization fluorescence signal for a 5-plex MB assay on barcoded nanowires.
The background fluorescence (no targets added) has been subtracted, and the resulting signal has
been normalized to the signal obtained from the sample containing all five target sequences
(results from this sample were reported in the manuscript), which are identified as DENV-2
(black bars), SARS (open bars), INF B (gray bars), HCV (hatched bars), and HIV (cross-hatched
bars).
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Figure 3.16. Raw data of the hybridization fluorescence signal for a 5-plex MB assay on
barcoded nanowires. The results were split into two rows due to space restraints. The target
seqences are identified as DENV-2 (black bars), SARS (open bars), INF B (gray bars), HCV
(hatched bars), and HIV (cross-hatched bars).
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(A)

(B)

Figure 3.17. Brightfield reflectance and corresponding fluorescence microscopy images of a 5plex assay of molecular beacon probes conjugated to barcoded metal nanowires when only SARS
and HIV nucleic acid targets were added. (A) Reflectance image (captured with 430 nm light)
for nanowire barcode identification. The wires patterned 000111, 001101, 010101, and 100101,
where 0 represents 1 µm of Au (appearing dimmer) and 1 represents 1 µm of Ag (appearing
brighter), bore hairpin probes specific for DENV-2, SARS, INFB, and HIV, respectively. (B)
Fluorescence image for target identification. Only the wires bearing the HIV and SARS probes
appeared brightly fluorescent.

Table 3.8. Quenching Efficiencies of Beacons Employed in a Five-Plex Assay
Beacon

Quenching Efficiency (%)

DENV-2

90 ± 2

SARS

92 ± 2

INF B

91 ± 2

HCV

73 ± 4

HIV

85 ± 2
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Quenching efficiencies for each probe (Table 3.8) were consistent with those reported
above under non-multiplex conditions (Tables 3.6 and 3.7). Remaining fluorescence signal after
background subtraction and in the absence of the correct target sequence (Figure 3.14) can be
attributed to either non-specific binding of targets to the incorrect probe or nanowire pattern
misidentification by the analysis software.80 As anticipated from the discussion above, the five
probes exhibited different behavior, presumably due to their different sequences and
conformations on the nanowire surface. For example, the HCV probe was consistently brighter
and exhibited a worse quenching efficiency; this can be understood as less stable formation of the
desired hairpin secondary structure at the surface, which facilitates hybridization while limiting
quenching. This is despite its predicted solution folding thermodynamics (Table 3.1), which is
intermediate among the probes used here.

Surface attachment clearly impacts the

thermodynamics of the probe secondary structure. We postulate that the high surface density of
probes leads to not only steric and electrostatic repulsions to forming secondary structure (which
should be similar for HCV and HIV based on Figure 3.9 coverage data), but also facilitates interstrand hybridization, leading to misfolded probes for which the TAMRA dye is not close enough
to the surface to be well quenched. SARS performed well in the multiplexed experiment, but in
general gives more variable (and coverage-dependent) quenching efficiency than other probes.
INF B, was darker in the presence of, but also quenched better in the absence, of complementary
targets. This is consistent with the solution stability of the hairpin (Table 3.1). We note that
mfold predictions of solution secondary structure stability differed from our experimental
measurements of solution stability (Table 3.5), perhaps due in part to the presence of the dye
moieties in the actual sequences. These results underscore the importance of the surface-probe
interface and the difficulties that remain in predicting the performance of any particular probe
sequence.

Nonetheless, despite the complication of probe-specific responses, MB probes

immobilized on metal nanowires were able to readily discriminate between complementary and
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noncomplementary target nucleic acid sequences in the five-plex experiment shown here and
show promise for future multiplexed biosensing applications.

3.4. Conclusions
In this work, we have investigated the factors that influence molecular beacon surface
coverage on metal nanowires and the impact of coverage on beacon performance in hybridization
assays. Short hydroxy-terminated alkanethiol spacers were found to have only minimal positive
effect on probe performance. While quenching efficiency was increased by coadsorbing at
mercaptoethanol:probe ratios between 1:1 and 20:1, fluorescence intensities in the presence of
target strands were substantially decreased. Backfilling with the thiol, a technique commonly
employed for linear DNA on gold surface to increase hybridization efficiency, did not
significantly improve quenching efficiency. We found that the ionic strength of the buffer during
probe assembly greatly impacted both probe density and beacon performance. At low coverages,
binding events could not be detected, whereas at high coverages, the beacons were unable to
quench efficiently. As is the case with linear DNA probes bound on a metal surface, there is a
density between the two extremes that produces optimal performance. However, unlike linear
probes, the behavior of beacons is more complicated due to their secondary structure, and this
optimal density may vary as a function of probe sequence and secondary structure shape and
stability. Assembly of thiolated MB probes onto the nanowires was also dictated by probe
reaction concentration and sequence. Probe sequences with higher solution hairpin stabilities
assembled at lower surface coverages.
These findings were applied to a multiplexed bioassay, in which MB probes immobilized
on metal nanowires exhibited excellent selectivity for their complementary nucleic acid targets.
Because of their hairpin structure, molecular beacons introduce complexity into the more
traditional system of single-stranded DNA monolayers immobilized onto metal surfaces. Thus,
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while general statements can be made concerning the performance of beacon probes (lower
coverage should improve quenching efficiency, increased thermodynamic stability for the folded
structure improves quenching, etc.), our incomplete understanding of the role of surface-probe
and probe-probe interactions limits our ability to rationally design probes for optimal
performance in surface-based assays. The results reported here, in particular comparisons of
different methods of achieving desired probe coverages, and of the effect of changing hairpin
probe sequence, help to shed light on the MB-metal surface interaction and its role in
biodetection.
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Chapter 4.

Hybridization Efficiency of Molecular Beacons Bound to Gold Nanowires:
Effect of Surface Coverage and Target Length
(Adapted with permission from Cederquist, K.B.; Keating, C. D. Langmuir 2010, 26, 1827318280. © 2010 American Chemical Society)
4.1. Introduction
Biorecognition at a solid/solution interface is a crucial step in many types of sensors.
DNA oligonucleotides are frequently used as biorecognition probes, providing selectivity for
complementary target nucleic acids that can be used for example to detect and diagnose infectious
or genetic diseases, or to study gene expression patterns.1 The ability of biorecognition probes to
bind their complementary target molecule is impacted by surface attachment, which can introduce
steric constraints and provide alternative, nonspecific binding opportunities.2,3 Consequently,
characterization of surface-bound probe molecules and their ability to bind target molecules from
solution has been a major focus in array and sensor literature.
For nucleic acid detection, two factors that help determine the effectiveness of a given
system as a sensor are the percentage of surface-bound probes that have captured a target
(referred to as the hybridization efficiency) and the number of targets captured (total and per unit
area).4-6 Hybridization efficiency is determined under conditions where maximum binding is
expected (i.e. high target concentrations, long hybridization times), and provides a means of
comparing probe accessibility in different surface configurations, for example as the probe
density or attachment chemistry is changed. A hybridization efficiency of 100% indicates that all
of the probes were available for binding to target molecules from solution, while a lower value
suggests that some of the probe molecules are unable to perform this function. The number of
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target molecules captured is important for detection sensitivity, and depends not only on the
hybridization efficiency, but also on the probe surface density. Studies investigating hybridization
efficiency can lead to improved surfaces for sensing applications, and a number of hybridization
efficiency results have been reported for metal surface-immobilized probes.6-16

In general,

optimal hybridization efficiencies are achieved for lower probe surface coverages and/or coadsorbed lateral spacer molecules that prevent nonspecific adsorption of probe nucleic acids to
the gold substrate.6-11,13,14,17-20 Alternatively, nanostructured surfaces that provide high curvature
can facilitate high hybridization efficiency even at high probe surface coverages.9,12,16
Maximizing the number of target molecules bound may or may not coincide with the best
conditions for hybridization efficiency: it is not uncommon for more total targets to bind at higher
probe densities despite the reduced hybridization efficiency.6,9,10
These determinations all employed linear nucleic acid probes, that is, probes designed
specifically not to adopt stable secondary structures. While important for many traditional DNADNA binding applications, studies involving strictly linear probes may not be applicable to other
systems which employ structured nucleic probes, such as molecular beacons, which exhibit a
hairpin structure when unbound to target nucleic acid sequences.21-23 Molecular beacon systems
are attractive in biosensing for their high specificity, including their ability to discriminate singlebase mismatches, and also for in situ analysis without rinsing steps.21 A number of surfaceimmobilized molecular beacon detection schemes, both optical24-43 and electrochemical44-52 have
been used in both bioanalytical and biophysical studies of probe-substrate interactions. A number
of these works have reported varying probe surface coverage and its impact upon probe surface
structure and biosensor response.24,47,49,50 Others have focused on hybridization buffer components
and ionic strength or pH effects, finding that these parameters were important to maximize both
hairpin unfolding and target binding.24,28,35,38 Differences in probe-surface interactions between
structured and unstructured probes have been reported.24,49 These are generally attributable to
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molecular beacon probe stem-loop secondary structure and include decreased surface density and
response to lateral spacer molecules.24,31,32,45,49 Despite these important studies, to our knowledge,
there have been no reports quantifying hybridization efficiency for surface-bound hairpin probes.
Hairpin probes immobilized on the surface of metal nanowires offer an opportunity to
quantify hybridization efficiency for probes that have been designed to contain secondary
structure. When nanowires contain segments of both gold and silver, the striping pattern of these
two metals can be used as an identification tag, or barcode, to identify the probe sequence
associated with that particle.53,54 We have previously used this approach to perform multiplexed
experiments in which several different target sequences were simultaneously detected, each on a
different barcoded nanowire.24-27 Here, the nanowire platform facilitates quantification of probe
molecules per unit area on the metal surface as well as evaluation of their fluorescence
response.24,25 Simple Au nanowires were used as supports for hairpin probes for hybridization
efficiency determinations. We note that the nanowire dimensions (ca. 6 µm in length and 300 nm
in cross-sectional diameter) are sufficiently large as to be good models for planar surfaces. For <
60 nm diameter nanospheres, particle curvature impacts oligonucleotide probe assembly and
subsequent target hybridization.55-57

Beyond particle diameters of 100 nm, however,

oligonucleotide immobilization behavior has been shown to be essentially the same as for planar
surfaces.55
Here, we report the effect of probe surface coverage on the hybridization of hairpin
probes bound to Au nanowires. We found that hybridization efficiency was highly dependent on
the number of probes present and was maximized at an intermediate coverage.

We also

investigated the impact of target length on hybridization efficiency and assay performance in
order to mimic the response of the sensor to longer, naturally-occurring versus synthetic
oligonucleotide targets and found that the location of nonhybridizing oligonucleotide stretches
influenced performance. Characterization of biosensing platforms employing structured nucleic
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acids as probes is crucial, as these systems are increasingly used for detection of not only nucleic
acids, but multiple other molecular species, such as proteins, small molecules, and ions, via other
structured probes such as aptamers.58-60

4.2. Materials and Methods
4.2.1. Materials
All chemicals and biochemicals were used as received without further purification except
where noted. Water for all experiments was purified using a Barnstead Nanopure system to a
resistivity of 18 MΩ. Buffers employed in this work were: (1) 1 M PBS (1 M NaCl; 10 mM
sodium phosphate, pH 7.2), (2) 0.3 M PBS (0.3 M NaCl; 10 mM sodium phosphate, pH 7.2), (3)
10 mM PBS (10 mM sodium phosphate, pH 7.2), and (4) 0.5 M CAC (0.5 M NaCl; 20 mM
cacodylic acid; 0.5 mM EDTA, pH 7.0).25,31
Au nanowires were fabricated as previously reported and suspended to a concentration of 1 ×
109 wires/mL in ethanol.53,61,62 Wire dimensions were 5.4-5.7 µm in length and 320 nm in crosssectional diameter. 53,61,62 The hairpin DNA probe sequence was designed as described elsewhere
and modified with a 5' thiol for conjugation to Au nanowires and a 3' TAMRA dye for
fluorescence elucidation.24 All DNA sequences (Table 4.1) were obtained from Integrated DNA
Technologies, Inc. (Coralville, IA). Thiolated hairpin probes were received as disulfides and
were cleaved before use to yield terminal 5' thiols. Cleavage was performed via reaction of 100
µM DNA with 100 mM dithiothreitol (DTT) in 0.1 M phosphate buffer, pH 8.3, for 30 minutes.
The resultant product was then purified by a Centrispin 10 column (Princeton Separations)
according to manufacturer protocols.

Table 4.1. Sequences Used in This Work
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Sequence (5' to 3')
thiol(CH2)6-GCG AGT GTT AAA AGA GAC CAT
CAA TGA GCT CGC-TAMRAa
CTC ATT GAT GGT CTC TTT TAA CAc
Alexa488-TCA CCG GTT CCG CAG ACC ACT
ATG
TGG AAT AGG CCC TGC ATG TAC TGG ATG
TAA CCT GTC CCA TTC TGC AGC TTC CTC
ATT GAT GGT CTC TTT TAA CAT TTG CAT
TGC TGC CTG ATG TCC CCC CAC TGT GTT
TAG CAT AGT ATT TAA Gc

Comments
HP; Hairpin probe specific for a 23base region of HIVb
Tcomp; Target strand complementary to
loop region of HP
TNC; Noncomplementary control target
strandb,d
Extended target sequence showing
nonhybridizing nucleotides on either
side of (underlined) Tcomp region of the
HIV sequence; our experiments used
from 10-50 nt on 3' or 5' end, as noted
in the text and figuresb

CAA TAG GTC TTT CCA CTG CAA ACA CTG
GGC TGC AGC TTA TTT GGC CAG ACC CTC
CGT CTC CAC CTA CTT CGT Tc

Noncomplementary target control
representing a 73-base region of
Influenza B virus; here, the underlined
region is complementary to a probe
used in reference 6363 and was used as
the central segment onto which 5' nt
were added to produce
noncomplementary targets of desired
length
a
The italicized portions of probe sequence indicate regions of self-complementarity.
b

HIV, HCV, and Influenza B are all RNA viruses; however, here, our synthetic DNA targets
served as viral nucleic acid mimics.
c

These sequences were available either unmodified or modified with a 5' AlexaFluor 488 for
hybridization efficiency determination.
d

Representative of a 23-nucleotide sequence of Hepatitis C Virus.

4.2.2. Determination of Surface Coverage
Oligonucleotide sequences were displaced from the metal nanowire surfaces by treatment
with an excess of β-mercaptoethanol (BME).12,24 Briefly, 2.5 × 107 DNA-coated nanowires were
suspended in 195 µL of 0.5 M CAC, and 5 µL of BME were introduced into the tubes for
overnight reaction in the dark. Nanowires were pelleted by centrifugation, and the supernatant
fluorescence was quantified using a Fluorolog-3 fluorimeter (TAMRA parameters: λex = 558 nm,
λem = 580 nm; AlexaFluor488 parameters: λex = 492 nm, λem = 517 nm). Calibration curves were
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generated for each type of fluorescent DNA strand, and surface coverages were calculated based
on nanowire dimensions.

4.2.3. Determination of Hybridization Efficiency
Twenty-five µL of nanowires (2.5 × 107 wires) were rinsed 1× by centrifugation (1 min at
7700g) out of ethanol, 2× in 25 µL of water, and 1× in 50 µL of selected buffer before
resuspension in 75 µL of buffer to be used in the attachment process. To vary the surface
coverage, buffers with differing ionic strengths were used. A high ionic strength buffer, 1 M
PBS, was diluted with 10 mM PBS. To obtain buffers of very low ionic strengths, solutions of 10
mM PBS were diluted with DI water.

HP probe DNA was added such that the final

concentration was equal to 1.0 µM. Samples were prepared in triplicate in order to generate
standard deviations for each measurement. After reaction for 30 minutes, each sample was rinsed
by centifugation 2× with 75 µL of buffer. The nanowires bearing the HP probes were hybridized
with fluorescently-labeled targets from Table 4.1 as noted in the text, at target concentrations of
1.0 µM and volumes of 333 µL in 0.5 M CAC hybridization buffer. Post-hybridization, each
sample was washed 2× with 333 µL of 0.5 M CAC, and the surface coverage of each type of
labeled strand was quantified as described above.
After attachment of HP probes to Au wires as detailed above in either 50 mM PBS or 30 mM
PBS, the DNA-coated wires were exposed to 1 mM HS(CH2)11(OCH2CH2)3OH, (referred to as
HS-OEG, SensoPath Technologies, Bozeman, MT) in 75 µL of either 50 mM PBS or 30 mM
PBS for 30 minutes. Samples were then rinsed 2× with 75 µL of 50 mM PBS or 30 mM PBS and
hybridized as previously described, using labeled/unlabeled Tcomp and TNC as the target and
fluorescently-labeled noncomplementary target, respectively.
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4.2.4. Optical Microscopy
For samples to be imaged under an optical microscope, HP probes were immobilized to
NWs as described above, and these NWs were then hybridized with unlabeled targets from Table
4.1 as noted in the text, at target concentrations of 1.0 µM. Targets were not rinsed out posthybridization.25 Directly after hybridization, a 10 µL aliquot of nanowire suspension was placed
onto a glass coverslip. Images were acquired using a Nikon TE-300 inverted microscope with a
CFI plan fluor 60x oil immersion lens (N.A. = 1.4) and ImagePro Plus version 4.5 and 7.0
software. Images were captured using a Coolsnap HQ camera (Photometrics). The light source
was a 300 W ozone-free Xe lamp. A Nikon filter cube with Semrock filters specific for TAMRA
excitation and emission (excitation: 531/40, emission: 593/40, dichroic: 562 longpass) was
employed to obtain fluorescence images, and reflectance images were obtained with white light.
NBSee Software (Nanoplex Technologies) was employed to quantify fluorescence intensity.64
Briefly, the reflectance and corresponding fluorescence images were analyzed for several hundred
nanowires, and a log mean fluorescence intensity was generated.25

4.3. Results and Discussion
Though the hybridization behavior of surface-bound DNA probes designed to avoid
secondary structure has been extensively characterized, to our knowledge, there has been no
quantification of hybridization efficiency, much less how it is affected by probe surface coverage,
for surface-bound probes exhibiting discrete, intentional secondary structure. We evaluate the
effects of 1) probe coverage, 2) oligo(ethyleneglycol) diluent spacers, and 3) extra nonhybridizing
bases on oligonucleotide target 5' and 3' ends on the hybridization efficiency for a hairpin
sequence bound to metal nanowires.
The hairpin probe (HP) used here was designed to recognize a 23-nucleotide region of
the human immunodeficiency virus (HIV).25

This region is flanked on either side by five
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complementary nucleotides to form the stem-loop structure. HP bears a 5´ thiol for attachment to
the nanowire and a 3´ TAMRA dye for detection. Emission is quenched due to proximity to the
metal surface in the hairpin conformation; when target molecules bind the TAMRA moves away
from the surface and becomes fluorescent.24-27 Experiments were performed on gold scaffolds
approximately 6 µm in length and 320 nm in cross-sectional diameter. Thiol attachment of HP to
nanowires facilitated control and quantification of the number of HP molecules present per unit
area. Fluorescence imaging experiments reported here were mean values from more than one
hundred individual wires per sample.

4.3.1. Hybridization Efficiency of Surface-Bound Hairpin Probes
Determination of the hybridization efficiency requires knowledge of the number of
molecules of hairpin probe and bound complementary target. Because some target molecules
may bind nonspecifically to the surface rather than to their complementary probes, it is also
necessary to correct for any nonspecific adsorption. Nonspecific adsorption of target molecules
to the metal surface should not contribute to fluorescence signal, but is undesirable since it would
decrease the target molecules available for detection. We measured each of these in separate
experiments performed in parallel, as illustrated in Figure 4.1. Each experiment quantifies by
fluorescence the desired molecule (probe, complementary target or noncomplementary control)
after removal from the nanowire surface by thiol displacement using β-mercaptoethanol (BME).
Removal from the nanowires was necessary to avoid complications due to quenching by the gold
surface and/or the proximity of the dyes to one another.

Additionally, we quantified each

component in separate experiments, and omitted the 3' TAMRA from the HP probe when
quantifying the other molecules to avoid complications arising from fluorescence resonance
energy transfer.65 We note that fluorescence strand labeling can impact duplex formation;66,67
however, this is expected to be minimal in our system (e.g., TAMRA has been shown to stabilize
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DNA duplexes by increasing Tm < 1 ºC67). The hybridization efficiency was then determined
using the following equation:

hybridization efficiency = [(labeled target – labeled

noncomplementary target)/labeled hairpin] × 100%. Measurements for each type of strand were
made in triplicate for determination of standard deviation, and errors were propagated through to
obtain uncertainties in hybridization efficiency.

Figure 4.1. Quantification of (A) TAMRA-labeled hairpin probes, (B) AlexaFluor488-labeled
targets, and (C) AlexaFluor488-labeled non-complementary targets.
Figure 4.2 (top) and Table 4.2 show the effect of hairpin probe surface coverage on the
number of complementary or noncomplementary strands bound to the nanowires. HP surface
coverage was varied by performing the probe attachment at different ionic strengths to control the
screening of the electrostatic repulsions between the adjacent probe molecules.17,24 Higher ionic
strengths yielded both higher packing densities, and poorer quenching in the absence of target
(Figure 4.3), phenomena that we have observed before and that indicate that at higher packing
densities, some of the probes on the surface do not adopt a hairpin structure.24 At ≤1 x 1012
probes/cm2, the number of targets (Tcomp) bound was low, even as compared to the number of
probes (Figure 4.2, top). At intermediate coverage (1.13-2.0 x 1012 probes/cm2), the number of
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bound target molecules approached the number of probes. Finally, at higher probe surface
coverage (4.8-6.6 x 1012 probes/cm2), the number of bound targets per unit area decreased
substantially despite the increased number of probe molecules.

The total number of

noncomplementary target (TNC) molecules bound stayed relatively constant and low (Table 4.2).
The TNC term in the equation for hybridization efficiency was therefore only important at the
lowest coverages. Hybridization efficiencies, plotted in Figure 4.2 (bottom panel) were low at the
lowest probe coverages (~20%), increased to a maximum of ~90% at intermediate probe
coverage, then decreased to ~20% again at the highest coverages (Figure 4.2, bottom).

Figure 4.2. (top) Effect of HP surface coverage on the number of complementary targets (Tcomp,
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open circles), and noncomplementary targets (TNC, filled triangles) present. Inset: Expanded
view of the lowest coverages. The number of probe strands is also included at each coverage for
comparison (HP, filled circles), and a dotted line indicates the target coverage that would
correspond to 100% hybridization efficiency, assuming no nonspecific adsorption. (bottom)
Effect of HP surface coverage on the hybridization efficiency of HP probes bound to Au
nanowires. The bottom axis is shared for both graphs.

Table 4.2. Surface Coverages, Footprints, and Hybridization Efficiencies for Hairpin Probes
Attached in Different Ionic Strength Buffers
Attachment
Buffer
I
(mM)

Hairpin
Surface
Coverage
(probes/cm2)

Footprint
(nm2)

Tcomp
Surface
Coverage (/cm2)

TNC
Surface
Coverage (/cm2)

Hybridization
Efficiency (%)

15

(3.1 ± 0.3) x 1011

300 ± 30

(1.7 ± 0.1) x 1011

(1.5 ± 0.4) x 1011

17 ± 7

20

(3.7 ± 0.2) x 1011

270 ± 15

(2.9 ± 0.2) x 1011

(1.6 ± 0.3) x 1011

32 ± 11

30

(6.7 ± 0.4) x 1011

149 ± 9

(4.4 ± 0.6) x 1011

(2.6 ± 0.4) x 1010

61 ± 9

50

(1.10 ± 0.07) x 1012

91 ± 6

(7.6 ± 0.2) x 1011

(1.5 ± 0.2) x 1010

67 ± 5

100

(1.13 ± 0.02) x 1012

89 ± 2

(1.11 ± 0.04) x 1012

(1.4 ± 0.1) x 1011

86 ± 4

300

(2.0 ± 0.1) x 1012

50 ± 3

(1.96 ± 0.08) x 1012

(1.2 ± 0.1) x 1011

90 ± 7

500

(4.8 ± 0.6) x 1012

21 ± 3

(9.1 ± 0.6) x 1011

(2.1 ± 0.9) x 1010

18 ± 3

1000

(6.6 ± 0.4) x 1012

15 ± 1

(1.2 ± 0.5) x 1012

(2.5 ± 0.8) x 1010

17 ± 7
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Figure 4.3. Effect of probe coverage (plotted as attachment solution ionic strength) on pre- and
post-hybridization fluorescence of HP probes bound to metal nanowires. Quantification of probe
coverage for each ionic strength is shown in Supporting Table 1. Filled and open bars represent
fluorescence signal in the presence or absence of complementary target Tcomp, respectively. Error
bars represent the 95% confidence level.
Our interpretation of these data in terms of the DNA-nanowire interface at different
coverages is shown in Figure 4.4. At low probe coverages, we propose that the probes were
unfolded and bound to the metal surface via the nitrogen atoms of the nucleobases.68 The
availability of surface binding sites for nonspecific adsorption, and the inaccessibility of the probe
sequence for Watson-Crick base pairing with targets contributed to low hybridization efficiency
(Figure 4.4A). As the probes packed more densely (Figure 4.4B), they provided additional steric
and electrostatic repulsion to help reduce nonspecific adsorption, and were more accessible to
binding target molecules from solution, leading to increased hybridization efficiency. The low
hybridization efficiencies seen at the highest probe coverages can be explained by steric
hindrance, which also detrimentally affects hybridization efficiency of unstructured probes at
high densities.6-9,11 There were many target binding sites, but targets were either unable to induce
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unfolding in the hairpins, or could not intercalate into the densely-packed probe layer to hybridize
to hairpins that might have been unfolded (Figure 4.4C).

Figure 4.4. Depiction of hybridization behavior at (A) low, (B) intermediate, and (C) high
hairpin probe coverages.
Further insight can be gained by examining the fluorescence intensity for HP-coated
nanowires in the presence and absence of target. In the absence of target, the nanowires should
appear nonfluorescent, as the fluorophore is in close proximity to the metal surface and emission
is quenched.26,69 Upon addition of a complementary target, the nanowires should appear bright,
as the hairpin intramolecular 5 bp stem is broken and fluorophore is freed from constraint at the
surface. This is largely what we observe, in that the samples to which target has been added are
all much brighter than those without target (Figure 4.3). However, the fluorescence increases
with increasing probe coverage even in the absence of target (Figure 4.5), attributable to higher
overall number of probes. The increase is roughly linear with no substantial changes in slope,
indicating that the degree of quenching remains essentially constant as the surface coverage of
HP changes. This can be interpreted as either (1) the distribution of HP conformations on the
surface is unaffected by HP surface density, or (2) all conformations adopted by HP give
essentially the same degree of quenching, such that even if the conformation changes with
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coverage, the intensity per HP molecule remains constant. We favor the second interpretation,
which is physically possible due to the relatively long-range quenching provided by the metal
surface, and is consistent with the low nonspecific binding and low hybridization efficiencies we
observe at low surface coverage.

Quenching can be effective up to 5 nm from the metal

surface,26,69,70 which corresponds to 15 base pairs of duplex DNA oriented perpendicular to the
surface.

Figure 4.5. HP fluorescence in the absence of oligonucleotide target (these values can be read
from the open bars in Figure 4.3) as a function of HP coverage. The dashed line represents a
linear fit.
The change in fluorescence intensity upon target binding (i.e. target-present values minus
target-absent values) increased with increasing probe coverage up to 5 x 1012/cm2 and then
leveled off. This is in contrast to both the hybridization efficiency and the number of target
molecules bound per unit area on the nanowire surface, both of which decreased after reaching a
maximum at ~2 x 1012 HP/cm2 (Figure 4.6). We attribute the increased fluorescence intensity
despite fewer bound target molecules to restricted gyration of the duplex DNA at high probe
packing densities, leading to a greater average distance between the TAMRA and the metal
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surface and hence greater emission per event than is observed at lower HP coverage. Plaxco and
coworkers have observed a similar effect with an electrochemical hairpin system, wherein signal
was highly dependent on both target-bound and target-unbound probe conformations at different
densities.47

Figure 4.6. Background-subtracted fluorescence intensity as determined by microscopy (open
circles) and number of target oligonucleotides present (closed circles) as a function of HP probe
surface coverage. Each fluorescence intensity point corresponds to mean from > 100 individual
imaged nanowires. Error bars for fluorescence are 95% confidence intervals; error bars for
hybridization efficiency and number of targets present are standard deviations. Lines between
points are included to guide the eye.
We note that there is not direct evidence that the MB probes initially exist in a hairpin
structure on the surface; similar changes in fluorescence would be expected just due to changes in
the rigidity and hence average surface-dye separation of single- vs. double-stranded unstructured
probes.71 It is however reasonable to assume that many probes do adopt hairpin structures due to
the greater stability of hairpin vs extended structures and observed differences between traditional
unstructured probes and MB probes support this interpretation.24 We envision our surface as
having a population of some hairpin and some extended conformations coexisting and
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interconverting, and attempted to show this in Figure 4.4. Some intermolecular hybridization
between 3' and 5' ends of adjacent strands is also possible.

4.3.2. Effect of Surface Passivation with Thiolated Oligoethylene Glycol on Hybridization
Efficiency
A common approach to increasing hybridization efficiency for (linear probes) is to
laterally space them out on the surface by backfilling or co-adsorbing the probe with a diluent
such as mercaptohexanol or a thiolated oligoethylene glycol.6,8,10,11,17-20,72-77 These molecules are
used to prevent multipoint attachment of thiolated probe molecules through their nucleobases,
and as such make them more accessible for target binding from solution. They also help protect
the surface from nonspecific adsorption of target or other molecules present in the solution.
Results for surface dilution of molecular beacon probes using short chain thiols have been less
encouraging with regard to quenching efficiency, which was evaluated by fluorescence
quantification pre- and post-target addition.24,32 These experiments24 were performed at relatively
high probe coverages of 6.4 x 1012 probes/cm2 pre-spacer addition; if in fact the HP probes are
unfolded onto the surface at very low coverage, backfilling can be expected to lead to more
correct secondary structure and greater availability for target binding, increasing hybridization
efficiency. We evaluated the impact of backfilling with a thiolated oligoethylene glycol, HSOEG, on the hybridization efficiency of nanowire bound HP. We chose this molecule due to the
ability of ethylene glycol to reduce biofouling.78,79 Samples were prepared at two assembly ionic
strengths (50 and 30 mM buffer) to provide samples of intermediate and low probe surface
density. After backfilling with HS-OEG, the samples had 9 ± 1 x 1011 and 3.57 ± 0.08 x 1011
probes/cm2, and hybridization efficiencies of 68 ± 8 % and 52 ± 11 %, respectively.

As

compared to samples with similar probe densities that had not been backfilled with HS-OEG, this
represented no difference for the higher coverage sample, but a 60% improvement in
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hybridization efficiency for the lower coverage sample.

The improvement in hybridization

efficiency for the 3.6-3.7 x 1011 probes/cm2 sample was due to a more than tenfold decrease in the
amount of noncomplementary binding: (1.6 ± 0.3) x 1011 TNC/cm2 without HS-OEG spacers and
(1.2 ± 0.2) x 1010 TNC/cm2 with HS-OEG spacers. Binding of Tcomp was slightly reduced upon
spacer inclusion, from (2.9 ± 0.2) x 1011 Tcomp/cm2 to (2.0 ± 0.4) x 1011 Tcomp/cm2. These data are
consistent with our hypothesis that HP probes interacted with the metal surface along their
lengths at the lowest surface coverages (Figure 4.4, top); the HS-OEG molecules prevented this
interaction and resulted in a greater percentage of HP probes adopting the desired secondary
structure. Our data cannot differentiate Tcomp strands associated with the probes from those bound
nonspecifically to the sites on the metal surface where TNC bound in the absence of HS-OEG;
presumably both occurred. Furthermore, it is likely that the amount of nonspecific adsorption to
the metal was very similar for Tcomp and TNC, which are similar in length and percent
purine/pyrimidine composition. If the HP probes were fully available for hybridization at the low
coverages without HS-OEG, we would expect Tcomp signal to be the sum of hybridized and
nonspecifically adsorbed strands, and the TNC to indicate the amount of nonspecific adsorption to
the metal surface. Thus, Tcomp should have decreased substantially when it was restricted to
binding only through hybridization to HP and not to the bare Au between the probes. Tcomp
decreased only slightly, suggesting that the reduction in nonspecific adsorption was offset by an
increase in hybridization.

4.3.3. Hybridization Efficiency of Longer Targets
In a real-world biosensing application, target length will not be matched to the length
probe’s hairpin loop, but will most likely be much longer, i.e. hundreds of bases. The placement
of a complementary target sequence within a longer strand of nucleic acid can be expected to
impact its hybridization to a surface-bound probe due to steric hindrance.9,80

We therefore
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evaluated the effect of targets having additional, nonhybridizing nucleotides on either the 5' or 3'
end to gain insight into the hybridization behavior at the solution-surface interface using a
controlled system. It is not always possible to control the location of the complementary portion
of the target sequence in real samples; however, when PCR amplification is performed prior to
detection, the sequence at the 3' or 5' end of the amplicon can be used.
Targets of extended length were employed that represent the region complementary to the
hairpin loop, plus an extra 10, 20, and 50 nucleotides on either the 5' or 3' end of the HIV
sequence (Figure 4.7). Noncomplementary targets used in these assays represented matched
lengths taken from an Influenza B sequence. The effects of these extra bases on hybridization
efficiency are presented in Table 4.3 and Figure 4.8. Note that although HP attachment was
performed under the same conditions for each target, because the nanowires used for the 5' target
experiments were slightly longer than those used for the 3' targets, HP coverage differed between
the two (Table 4.3). Thus, the change in hybridization efficiency for the 10 nt overhang as
compared to the fully-matched target cannot be attributed to the additional length alone, and may
be primarily due to differences in probe coverage. However, we are able to directly compare the
effect of adding 10, 20, versus 50 nt on either the 3' or 5' end. There was little change in
hybridization efficiency with increasing length for targets incorporating extra 5' nt, with values
remaining near 80% even for the longest target tested. The 3' overhang had a greater effect,
decreasing from ~40% for 10 nt to just 25% for 50 nt, which is consistent with the greater steric
hindrance associated with the increased length on the 3' end, which is oriented towards the
nanowire surface (Figure 4.7).

These results are consistent with those of Fan and coworkers,

who also observed a higher extent of hybridization when extra nucleotides of PCR amplicons
were oriented towards solution instead of gold electrode surfaces.77
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Figure 4.7. Illustration of hybridization of fluorescently-labeled targets incorporating additional
non-hybridizing nucleotides on the 5' end (A), or 3' end (B) of the region complementary to
surface-bound hairpin probes.

Table 4.3. Surface Coverages, Footprints, and Hybridization Efficiencies for Hybridization
Assays Incorporating Targets with Additional Nonhybridizing Nucleotides
Extra Nucleotide
Location
and
Length

HP
Surface
Coverage (x 1012
probes/cm2)

Complementary
Target Coverage (x
1012/cm2)

Non-Complementary
Target Coverage (x
1012/cm2)

Hybridization
Efficiency (%)

nonea

2.0 ± 0.1

1.96 ± 0.08

0.12 ± 0.01

90 ± 7

nonea

4.8 ± 0.6

0.91 ± 0.06

0.021 ± 0.009

18 ± 3

5'-10 nt

2.8 ± 0.6

2.3 ± 0.4

0.02 ± 0.01

80 ± 23

5'-20 nt

2.4 ± 0.2

2.0 ± 0.2

0.025 ± 0.005

83 ± 11

5'-50 nt

2.6 ± 0.5

2.1 ± 0.4

0.03 ± 0.02

81 ± 22

3'-10 nt

3.5 ± 0.3

1.5 ± 0.2

0.015 ± 0.005

42 ± 6

3'-20 nt

3.6 ± 0.4

1.4 ± 0.2

0.007 ± 0.003

38 ± 6

3'-50 nt

3.6 ± 0.3

0.89 ± 0.05

0.0159 ± 0.0009

25 ± 2

a

Because hybridization efficiency is dependent on probe coverage, two values for the fullymatched target Tcomp are included to bracket the HP coverage values found in the experiments
using longer targets.
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Figure 4.8. Effect of target length on hybridization efficiency of HP probes bound to metal
nanowires. Targets had extra nonhybridizing nucleotides on the 5' end (open circles) or 3' end
(closed circles) of the region complementary to the probe sequence and were labeled at the 5' end
with AlexaFluor 488 to enable quantification. Error bars represent the standard deviation in the
hybridization efficiency measurement.
Fluorescence intensity data for experiments in which TAMRA-labeled HP-coated
nanowires were exposed to the longer unlabeled complementary and noncomplementary targets
are shown in Figure 4.9. These experiments were performed using a single set of HP-coated
nanowires (2-3 x 1012 HP/cm2) and hence can be directly compared. Complementary targets of
all lengths gave substantially higher fluorescence intensity than noncomplementary controls. For
targets incorporating extra nucleotides on the 5' end, fluorescence increased somewhat as
compared to unmodified Tcomp (p < 0.005 for the increase from 0 to 10 nt on the 5' end). This
may be due to the bound targets interacting with neighboring probes. The fluorescence intensity
was however not strongly dependent on length; values for 10, 20, or 50 additional nucleotides
were not statistically different (p > 0.1). Additional nt on the 3' end resulted in a slight decrease
in fluorescence intensity with increasing length (p < 0.05 for 0 vs. 20 nt on 3' end), consistent
with the lower number of bound targets (Table 4.3). However, this decrease was also not
statistically significant when comparing 10, 20, and 50 additional nt targets to each other (p >
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0.1). These data were acquired in buffer solutions under high target concentrations (1 µM) and
are hence not directly relevant to bioassay performance. They are encouraging for surfaceimmobilized hairpin bioassays because they indicate that extra nonhybridizing nucleotides did not
appreciably hinder target binding, and the fluorescence response retained specificity even when
challenged with long noncomplementary targets.

Figure 4.9. The effect of target length on fluorescence hybridization signal for TAMRA-labeled
HP probes bound to metal nanowires. Targets were unlabeled and had extra nonhybridizing
nucleotides on the 5' end (open circles) or 3' end (closed circles) of the region complementary to
the probe sequence. Noncomplementary sequences of different lengths are shown for comparison
(closed squares). Each fluorescence intensity point corresponds to mean from > 100 individual
imaged nanowires. Error bars represent the 95% confidence level.

4.4. Conclusions
We report the first determination of hybridization efficiency for hairpin nucleic acid
probes immobilized on a surface. The hybridization efficiency was highly dependent on probe
coverage and reached a maximum of ~90% at a coverage of 1.13-2.0 x 1012 probes/cm2.
Hybridization efficiencies dropped to ~20% at both higher and lower coverages, due to steric
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hindrance and adsorption of the probe to the metal surface, respectively. The use of thiolated
oligo(ethylene glycol) spacers increased the hybridization efficiency at the lowest coverages by
displacing nonspecifically-bound nucleotides from the surface. Inclusion of extra nucleotides at
the 5´ end of the target resulted in retention of high hybridization efficiency and fluorescence
intensity with respect to target length, whereas extra nucleotides on the target 3´ end yielded a
decrease in hybridization efficiency, but only a slight reduction in fluorescence intensity with
respect to target length.

These investigations into the behavior of surface-bound structured

nucleic acid probes can serve as guidelines in the interfacial design of emerging technologies that
employ structured probes, such as those based on molecular beacon or aptamer probes on
nanospheres, nanowires, and/or planar supports.

4.5. References
1. Cantor, C. R.; Smith, C. L. Genomics: The Science and Technology Behind the Human
Genome Project; Wiley and Sons: New York, 1999.
2. DNA Microarrays: A Practical Approach; Schena, M., Ed.; Oxford University Press: New
York, 1999.
3. Sassolas, A.; Leca-Bouvier, B. D.; Blum, L. DNA Biosensors and Microarrays. Chem. Rev.
2008, 108, 109-139.
4. Ekins, R. P.; Chu, F. Developing Multianalyte Assays. Trends Biotechnol. 1994, 12, 89-94.
5. Dandy, D. S.; Wu, P.; Grainger, D. W. Array Feature Size Influences Nucleic Acid Surface
Capture in DNA Microarrays. Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 8223-8228.
6. Peterson, A. W.; Heaton, R. J.; Georgiadis, R. M. The Effect of Surface Probe Density on
DNA Hybridization. Nucleic Acids Res. 2001, 29, 5163-5168.
7. Castelino, K.; Kanna, B.; Majumdar, A. Characterization of Grafting Density and Binding
Efficiency of DNA and Proteins on Gold Surfaces. Langmuir 2005, 21, 1956-1961.
8. Lee, C.-Y.; Nguyen, P.-C. T.; Grainger, D. W.; Gamble, L. J.; Castner, D. G. Structure and
DNA Hybridization Properties of Mixed Nucleic Acid/Maleimide-Ethylene Glycol Monolayers.
Anal. Chem. 2007, 79, 4390-4400.
9. Nicewarner-Peña, S. R.; Raina, S.; Goodrich, G. P.; Fedoroff, N. V.; Keating, C. D.
Hybridization and Extension of Au Nanoparticle-Bound Oligonucleotides. J. Am. Chem. Soc.
2002, 124, 7314-7323.

120
10. Gong, P.; Lee, C.-Y.; Gamble, L. J.; Castner, D. G.; Grainger, D. W. Hybridization
Behavior of Mixed DNA-Alkylthiol Monolayers on Gold: Characterization by Surface Plasmon
Resonance and 32P Radiometric Assay. Anal. Chem. 2006, 78, 3326-3334.
11. Steel, A. B.; Herne, T. M.; Tarlov, M. J. Electrochemical Quantitation of DNA
Immobilized on Gold. Anal. Chem. 1998, 70, 4670-4677.
12. Demers, L. M.; Mirkin, C. A.; Mucic, R. C.; Reynolds, R. A., III; Letsinger, R. L.;
Elghanian, R.; Viswanadham, V. A Fluorescence-Based Method for Determining the Surface
Coverage and Hybridization Efficiency of Thiol-Capped Oligonucleotides Bound to Gold Thin
Films and Nanoparticles. Anal. Chem. 2000, 72, 5535-5541.
13. Boncheva, M.; Scheibler, L.; Lincoln, P.; Vogel, H.; Åkerman, B. Design of
Oligonucleotide Arrays at Interfaces. Langmuir 1999, 15, 4317-4320.
14. Zu, Y.; Gao, Z. Facile and Controllable Loading of Single-Stranded DNA on Gold
Nanoparticles. Anal. Chem. 2009, 81, 8523-8528.
15. Mirmomtaz, E.; Castronovo, M.; Grunwald, C.; Bano, F.; Scaini, D.; Ensafi, A. A.; Scoles,
G.; Casalis, L. Quantitative Study of the Effect of Coverage on the Hybridization Efficiency of
Surface-Bound DNA Nanostructures. Nano Lett. 2008, 8, 4134-4139.
16. Bin, X.; Sargent, E. H.; Kelley, S. O. Nanostructuring of Sensors Determines the Efficiency
of Biomolecular Capture. Anal. Chem. 2010, 82, 5928-5931.
17. Herne, T. M.; Tarlov, M. J. Characterization of DNA Probes Immobilized on Gold
Surfaces. J. Am. Chem. Soc. 1997, 119, 8916-8920.
18. Levicky, R.; Herne, T. M.; Tarlov, M. J.; Satija, S. K. Using Self-Assembly to Control the
Structure of DNA Monolayers on Gold: A Neutron Reflectivity Study. J. Am. Chem. Soc. 1998,
120, 9787-9792.
19. Cho, Y.-K.; Kim, S.; Kim, Y. A.; Lim, H. K.; Lee, K.; Yoon, D.; Lim, G.; Pak, Y. E.; Ha,
T. H.; Kim, K. Characterization of DNA Immobilization and Subsequent Hybridization Using In
Situ Quartz Crystal Microbalance, Fluorescence Spectroscopy, and Surface Plasmon Resonance.
J. Colloid Interface Sci. 2004, 278, 44-52.
20. Peterson, A. W.; Wolf, L. K.; Georgiadis, R. M. Hybridization of Mismatched or Partially
Matched DNA at Surfaces. J. Am. Chem. Soc. 2002, 124, 14601-14607.
21. Tyagi, S.; Kramer, F. R. Molecular Beacons: Probes that Fluoresce Upon Hybridization.
Nat. Biotechnol. 1996, 14, 303-308.
22. Tan, W.; Wang, K.; Drake, T. J. Molecular Beacons. Curr. Opin. Chem Biol. 2004, 8, 547553.
23. Broude, N. E. Stem-loop Oligonucleotides: A Robust Tool for Molecular Biology and
Biotechnology. Trends Biotechnol. 2002, 6, 249-256.
24. Cederquist, K. B.; Golightly, R. S.; Keating, C. D. Molecular Beacon-Metal Nanowire
Interface: Effect of Probe Sequence and Surface Coverage on Sensor Performance. Langmuir
2008, 24, 9162-9171.

121
25. Stoermer, R. L.; Cederquist, K. B.; McFarland, S. K.; Sha, M. Y.; Penn, S. G.; Keating, C.
D. Coupling Molecular Beacons to Barcoded Metal Nanowires for Multiplexed, Sealed Chamber
DNA Bioassays. J. Am. Chem. Soc. 2006, 128, 16892-16903.
26. Stoermer, R. L.; Keating, C. D. Distance-Dependent Emission from Dye-Labeled
Oligonucleotides and Striped Au/Ag Nanowires: Effect of Secondary Structure and Hybridization
Efficiency. J. Am. Chem. Soc. 2006, 128, 13243-13254.
27. Sha, M. Y.; Yamanaka, M.; Walton, I. D.; Norton, S. M.; Stoermer, R. L.; Keating, C. D.;
Natan, M. J.; Penn, S. G. Encoded Metal Nanoparticle-Based Molecular Beacons for
Multiplexed Detection of DNA. Nanobiotechnol. 2005, 1, 327-335.
28. Wang, H.; Li, J.; Liu, H.; Liu, Q.; Mei, Q.; Wang, Y.; Zhu, J.; He, N.; Lu, Z. Label-Free
Hybridization Detection of a Single Nucleotide Mismatch by Immobilization of Molecular
Beacons on an Agarose Film. Nucleic Acids Res. 2002, 30, e61.
29. Dubertret, B.; Calame, M.; Libchaber, A. J. Single-Mismatch Detection Using GoldQuenched Fluorescent Oligonucleotides. Nat. Biotechnol. 2001, 19, 365-370.
30. Du, H.; Disney, M. D.; Miller, B. L.; Krauss, T. D. Hybridization-Based Unquenching of
DNA Hairpins on Au Surfaces: Prototypical “Molecular Beacon” Biosensors. J. Am. Chem. Soc.
2003, 125, 4012-4013.
31. Du, H.; Strohsahl, C. M.; Camera, J.; Miller, B. L.; Krauss, T. D. Sensitivity and Specificity
of Metal Surface-Immobilized “Molecular Beacon” Biosensors. J. Am. Chem. Soc. 2005, 127,
7932-7940.
32. Peng, H.-I.; Strohsahl, C. M.; Leach, K. E.; Krauss, T. D.; Miller, B. L. Label-free DNA
Detection on Nanostructured Ag Surfaces. ACS Nano 2009, 3, 2265-2273.
33. Brown, L. J.; Cummins, J.; Hamilton, A.; Brown, T. Molecular Beacons Attached to Glass
Beads Fluoresce Upon Hybridisation to Target DNA. Chem. Commun. 2000, 621-622.
34. Situma, C.; Moehring, A. J.; Noor, M. A. F.; Soper, S. A. Immobilized Molecular Beacons:
A New Strategy Using UV-Activated Poly(Methyl Methacrylate) Surfaces to Provide Large
Fluorescence Sensitivities for Reporting on Molecular Association Events. Anal. Biochem. 2007,
363, 35-45.
35. Yao, G.; Tan, W. Molecular-Beacon-Based Array for Sensitive DNA Analysis. Anal.
Biochem. 2004, 331, 216-223.
36. Yao, G.; Hang, X.; Yokota, H.; Yanagida, T.; Tan, W. Monitoring Molecular Beacon DNA
Probe Hybridization at the Single-Molecule Level. Chem. Eur. J. 2003, 9, 5686-5692.
37. Liu, X.; Farmerie, W.; Schuster, S.; Tan, W. Molecular Beacons for DNA Biosensors with
Micrometer to Submicrometer Dimensions. Anal. Biochem. 2000, 283, 56-63.
38. Liu, X.; Tan, W. A Fiber-Optic Evanescent Wave DNA Biosensor Based on Novel
Molecular Beacons. Anal. Chem. 1999, 71, 5054-5059.
39. Fang, X.; Liu, X.; Schuster, S.; Tan, W. Designing a Novel Molecular Beacon for SurfaceImmobilized DNA Hybridization Studies. J. Am. Chem. Soc. 1999, 121, 2921-2922.

122
40. Yang, R.; Jin, J.; Chen, Y.; Shao, N.; Kang, H.; Xiao, Z.; Tang, Z.; Wu, Y.; Zhu, Z.; Tan,
W. Carbon Nanotube-Quenched Fluorescent Oligonucleotides: Probes that Fluoresce Upon
Hybridization. J. Am. Chem. Soc. 2008, 130, 8351-8358.
41. Mao, X.; Xu, M.; Zeng, Q.; Zeng, L.; Liu, G. Molecular Beacon-Functionalized Gold
Nanoparticles as Probes in Dry-Reagent Strip Biosensor for DNA Analysis. Chem. Commun.
2009, 3065-3067.
42. Song, S.; Liang, Z.; Zhang, J.; Wang, L.; Li, G.; Fan, C. Gold-Nanoparticle-Based
Multicolor Nanobeacons for Sequence-Specific DNA Analysis. Angew. Chem. Int. Ed. 2009, 48,
8670-8674.
43. Jayagopal, A.; Halfpenny, K. C.; Perez, J. W.; Wright, D. W. Hairpin DNA-Functionalized
Gold Colloids for the Imaging of mRNA in Live Cells. J. Am. Chem. Soc. 2010, 132, 9789-9796.
44. Fan, C.; Plaxco, K. W.; Heeger, A. J. Electrochemical Interrogation of Conformational
Changes as a Reagentless Method for the Sequence-Specific Detection of DNA. Proc. Natl.
Acad. Sci. U.S.A. 2003, 100, 9134-9137.
45. Lubin, A. A.; Lai, R. Y.; Baker, B. R.; Heeger, A. J.; Plaxco, K. W. Sequence-Specific,
Electronic Detection of Oligonucleotides in Blood, Soil, and Foodstuffs with the Reagentless,
Reusable E-DNA Sensor. Anal. Chem. 2006, 78, 5671-5677.
46. Lai, R. Y.; Lagally, E. T.; Lee, S.-H.; Soh, H. T.; Plaxco, K. W.; Heeger, A. J. Rapid,
Sequence-Specific Detection of Unpurified PCR Amplicons Via a Reusable, Electrochemical
Sensor. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 4017-4021.
47. Ricci, F.; Lai, R. Y.; Heeger, A. J.; Plaxco, K. W.; Sumner, J. J. Effect of Molecular
Crowding on the Response of an Electrochemical DNA Sensor. Langmuir 2007, 23, 6827-6834.
48. Lubin, A. A.; Hunt, B. V. S.; White, R. J.; Plaxco, K. W. Effects of Probe Length, Probe
Geometry, and Redox-Tag Placement on the Performance of the Electrochemical E-DNA Sensor.
Anal. Chem. 2009, 81, 2150-2158.
49. Steichen, M.; Buess-Herman, C. Electrochemical Detection of the Immobilization and
Hybridization of Unlabeled Linear and Hairpin DNA on Gold. Electrochem. Commun. 2005, 7,
416-420.
50. Wang, X.; Yun, W.; Dong, P.; Zhou, J.; He, P.; Fang, Y. A Controllable Solid-State
Ru(bpy)32+ Electrochemiluminescence Film Based on Conformation Change of FerroceneLabeled DNA Molecular Beacon. Langmuir 2008, 24, 2200-2205.
51. Kjällman, T. H. M.; Peng, H.; Soeller, C.; Travas-Sejdic, J. Effect of Probe Density and
Hybridization Temperature on the Response of an Electrochemical Hairpin-DNA Sensor. Anal.
Chem. 2008, 80, 9460-9466.
52. Gong, H.; Zhong, T.; Gao, L.; Li, X.; Bi, L.; Kraatz, H.-B. Unlabeled Hairpin DNA Probe
for Electrochemical Detection of Single-Nucleotide Mismatches Based on MutS-DNA
Interactions. Anal. Chem. 2009, 81, 8639-8643.

123
53. Nicewarner-Peña, S. R.; Freeman, G. P.; Reiss, B. D.; He, L.; Peña, D. J.; Walton, I. D.;
Cromer, R.; Keating, C. D., Natan, M. J. Submicrometer Metallic Barcodes. Science 2001, 294,
137-141.
54. Brunker, S. E.; Cederquist, K. B.; Keating, C. D. Metallic Barcodes for Multiplexed
Bioassays. Nanomedicine 2007, 2, 695-710.
55. Hill, H. D.; Millstone, J. E.; Banholzer, M. J.; Mirkin, C. A. The Role Radius of Curvature
Plays in Thiolated Oligonucleotide Loading on Gold Nanoparticles. ACS Nano 2009, 3, 418-424.
56. Cederquist, K. B.; Keating, C. D. Curvature Effects in DNA:Au Nanoparticle Conjugates.
ACS Nano 2009, 3, 256-260.
57. Kira, A.; Kim, H.; Yasuda, K. Contribution of Nanoscale Curvature to Number Density of
Immobilized DNA on Gold Nanoparticles. Langmuir 2009, 25, 1285-1288.
58. Famulok, M.; Hartig, J. S.; Mayer, G. Functional Aptamers and Aptazymes in
Biotechnology, Diagnostics, and Therapy. Chem. Rev. 2007, 107, 3715-3743.
59. Functional Nucleic Acids for Analytical Applications; Li, Y., Lu, Y., Eds.; Integrated
Analytical Systems; Springer Publishing: New York, 2009.
60. The Aptamer Handbook; Klussmann, S., Ed.; Wiley-VCH Verlag GmbH & Co. KGaA:
Weinheim, 2006.
61. Keating, C. D.; Natan, M. J. Striped Metal Nanowires as Building Blocks and Optical Tags.
Adv. Mater. 2003, 15, 451-454.
62. Reiss, B. D.; Freeman, R. G.; Walton, I. D.; Norton, S. M.; Smith, P. C.; Stonas, W. G.;
Keating, C. D.; Natan, M. J. Electrochemical Synthesis and Optical Readout of Striped Metal
Rods with Submicron Features. J. Electroanal. Chem. 2002, 522, 95-103.
63. Templeton, K. E.; Scheltinga, S. A.; Beersma, M. F. C.; Kroes, A. C. M.; Claas, E. C. J.
Rapid and Sensitive Method Using Multiplex Real-Time PCR for Diagnosis of Infections by
Influenza A and Influenza B Viruses, Respiratory Syncytial Virus, and Parainfluenza Viruses 1,
2, 3, and 4. J. Clin. Microbiol. 2004, 42, 1564-1569.
64. Walton, I. D.; Norton, S. M.; Balasingham, A.; He, L.; Oviso, D. F., Jr.; Gupta, D.; Raju, P.
A.; Natan, M. J.; Freeman, R. G. Particles for Multiplexed Analysis in Solution: Detection and
Identification of Striped Metallic Particles Using Optical Microscopy. Anal. Chem. 2002, 74,
2240-2247.
65. Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3rd ed.; Springer Publishing: New
York, 2006; pp 443-475.
66. Zhang, L.; Hurek, T.; Reinhold-Hurek, B. Position of the Fluorescent Label is A Crucial
Factor Determining Signal Intensity in Microarray Hybridizations. Nucleic Acids Res. 2005, 33,
e166.
67. Moreira, B. G.; You, Y.; Behlke, M. A.; Owczarzy, R. Effect of Fluorescent Dyes,
Quenchers, and Dangling Ends on DNA Duplex Stability. Biochem. Biophys. Res. Comm. 2005,
327, 473-484.

124
68. Opdahl, A.; Petrovych, D. Y.; Kimura-Suda, H.; Tarlov, M. J.; Whitman, L. J. Independent
Control of Grafting Density and Conformation of Single-Stranded DNA Brushes. Proc. Natl.
Acad. Sci. U.S.A. 2007, 104, 9-14.
69. Gersten, J.; Nitzan, A. Spectroscopic Properties of Molecules Interacting with Small
Dielectric Particles. J. Chem. Phys. 1981, 75, 1139-1152.
70. Lakowicz, J. R. Radiative Decay Engineering: Biophysical and Biomedical Applications.
Anal. Biochem. 2001, 298, 1-24.
71. Maxwell, D. J.; Taylor, J. R.; Nie, S. Self-Assembled Nanoparticle Probes for Recognition
and Detection of Biomolecules. J. Am. Chem. Soc. 2002, 124, 9606-9612.
72. Peterlinz, K. A.; Georgiadis, R. M. Observation of Hybridization and Dehybridization of
Thiol-Tethered DNA Using Two-Color Surface Plasmon Resonance Spectroscopy. J. Am. Chem.
Soc. 1997, 119, 3401-3402.
73. Peeters, S.; Stakenborg, T.; Reekmans, G.; Laureyn, W.; Lagae, L.; Van Aerschot, A.; Van
Ranst, M. Impact of Spacers on the Hybridization Efficiency of Mixed Self-Assembled
DNA/Alkanethiol Films. Biosens. Bioelectron. 2008, 24, 72-77.
74. Steichen, M.; Brouette, N.; Buess-Herman, C.; Fragneto, G.; Sferrazza, M. Interfacial
Behavior of a Hairpin DNA Probe Immobilized on Gold Surfaces. Langmuir 2009, 25, 41624167.
75. Peled, D.; Daube, S. S.; Naaman, R. Selective Enzymatic Labeling to Detect PackingInduced Denaturation of Double-Stranded DNA at Interfaces. Langmuir 2008, 24, 11842-11846.
76. Lee, C.-Y.; Gamble, L. J.; Grainger, D. W.; Castner, D. G. Mixed DNA/Oligo(ethylene
glycol) Functionalized Gold Surfaces Improve DNA Hybridization in Complex Media.
Biointerphases 2006, 1, 82-92.
77. Zhang, J.; Lao, R.; Song, S.; Yan, Z.; Fan, C. Design of an Oligonucleotide-Incorporated
Nonfouling Surface and Its Application in Electrochemical DNA Sensors for Highly Sensitive
and Sequence-Specific Detection of Target DNA. Anal. Chem. 2008, 80, 9029-9033.
78. Zareie, H. M.; Boyer, C.; Bulmus, V.; Nateghi, E.; Davis, T. P. Temperature-Responsive
Self-Assembled Monolayers of Oligo(ethylene glycol): Control of Biomolecular Recognition.
ACS Nano 2008, 2, 757-765.
79. Feldman, K.; Hähner, G.; Spencer, N. D.; Harder, P.; Grunze, M. Probing Resistance to
Protein Adsorption of Oligo(ethylene glycol)-Terminated Self-Assembled Monolayers by
Scanning Force Microscopy. J. Am. Chem. Soc. 1999, 121, 10134-10141.
80. Stedtfeld, R. D.; Wick, L. M.; Baushke, S. W.; Tourlousse, D. M.; Herzog, A. B.; Xia, Y.;
Rouillard, J. M.; Klappenbach, J. A.; Cole, J. R.; Gulari, E.; Tiedje, J. M.; Hashsham, S. A.
Influence of Dangling Ends and Surface-Proximal Tails of Targets on Probe-Target Duplex
Formation in 16S rRNA Gene-Based Diagnostic Arrays. Appl. Environ. Microbiol. 2007, 73,
380-389.

Chapter 5.
Effect of Molecular Beacon-Nanowire Bioassay Sensitivity on the Number of
Probe-Bearing Particles Present
Monte-Carlo simulations in Figure 5.2 were performed by and used with permission from
Pradeep R. Nair, School of Electrical and Computer Engineering, Purdue University.
5.1. Introduction
Immobilization of probe biomolecules to solid supports can impart excellent multiplexing
capabilities for biosensing endeavors, as discussed previously in this dissertation. Planar arrays
commonly rely on spatial encoding by means of placement of spots of probe molecules in predetermined x,y locations on a chip surface. In the late 1980’s and early 1990’s, Roger Ekins
pioneered the notion that the reduction of spot size in these arrays could lead to increased
sensitivity,1,2 a concept that has proven critical for the development and optimal function of
protein and nucleic acid microarrays.3,4

This idea, termed ambient analyte (AA) theory,

suggested that spot size reduction with retention of immobilized probe molecule density would
increase sensitivity due to lessened competition for targets by reduced numbers of probe
molecules.

Concentration of analyte molecules in solution would therefore be minimally

perturbed, and the concentration of analyte molecules captured would be indicative of solutionphase concentration.5,6 This effect would be most noticeable at a probe concentration of < 0.1Ka,
where Ka is the probe-analyte association constant.5,7 These reaction conditions lead to a number
of bioassay implications, which are listed below.
1) Analyte binding kinetics should get faster with decrease in spot size. The rate of probe
occupancy (by a bound analyte) per area is inversely proportional to the radius of a microspot
such that as the radius approaches zero, the rate of probe-analyte association becomes
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increasingly reliant upon the diffusion coefficient.

In this manner, the binding starts to

approximate that observed in homogeneous solution.7
2) Reduction of spot size will only improve sensitivity to a point. At immobilized probe
concentrations of < 0.1/Ka, the signal should be similar to signal obtained when concentrations
are ~0.1/Ka, as target depletion is very small (<5%), and signal is dependent upon thermodynamic
equilibrium.6

Excessive miniaturization beyond what is necessary may compromise signal

readout, and, by extrapolation, assay performance.5,7
3) Analyte capture efficiency increases with decreasing spot size. This is an extrapolation
of observation 2 but is important for practical reasons. Even if probe surface density is retained
when going from larger to smaller spots, there will be less overall probes in a smaller spot as
opposed to a larger one. This will lead to a larger fractional occupancy of the probes by targets
for smaller spots.7,8
4) The signal is independent of sample volume in the ambient analyte regime. Because
analyte concentration is largely unaltered upon binding to a probe molecule, changes in volume
should not appreciably alter performance.4-6 If volume were to be drastically changed (that is, by
orders of magnitude), this might not be applicable; however, volume variations between
bioassays of the same type being performed at the same time are often minimal.
A few evaluations of AA theory have been reported in the literature, using both
antibodies and DNA as probes. Thus far, they have all supported the presence of an AA regime,
where these above conditions or a combination thereof hold true. Commonly, the conditions
relate to one another; i.e. faster binding kinetics yield a higher extent of binding in a given
amount of time, which translates into larger amounts of signal for a given target concentration,
yielding better sensitivity and better assay performance. Dandy et al. have shown a higher
hybridization efficiency and faster hybridization kinetics when spot sizes of DNA on gold
supports were decreased from 5000 µm to 10 µm in diameter.9

Saviranta et al. evaluated
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sandwich immunoassays on glass surfaces and found that at a shorter protein target incubation
time (1 hour), a smaller volume resulted in better assay performance.10 However, at a longer
incubation time of 18 hours, the detection limits of the assays were largely independent of sample
volume. 10
These previous examples have used planar supports; however, there are different
implications for probe-coated particles regarding the kinetics of target capture, which are not
diffusion limited. Spot size reduction for planar microarrays is analogous to particle population
reduction for suspension arrays, as both are effectively a means to reduce overall probe
population. There have been very limited evaluations of AA theory for particle-based systems in
the past, but this is changing as more nanoparticle-based biodetection schemes emerge and
researchers note that fewer particles could translate to sensitivity gains.11-17 Work by Stevens et
al., though directed more towards multianalyte sensing, demonstrated through simulations that as
particle concentration became vanishingly small, target oligonucleotides would not be
appreciably depleted from solution.18

Parpia and Kelso demonstrated the AA regime for

immunoassays performed on the surface of latex microspheres.19 They found a binding curve
shift to lower concentrations with less particles and evaluated antibody-analyte Kd and its
dependence on particle population.19 Very recently, Zhou and coworkers systematically studied
the effect of three carbon nanotube densities on field effect transistor (FET) performance and
found an increase in sensitivity with decreasing CNT density.20
The presence of a solid substrate can impact thermodynamics for surface-based
bioassays; thus, Kd values determined from arrays under non-AA conditions may not reflect those
of solution-phase binding.21 Affinity constants for antibody-antigen interactions span a wide
range, from 10-5 to 10-12 M.22 Owing to less structural diversity in DNA as opposed to antibodies,
binding constants for hybridization of short immobilized oligonucleotides to their complementary
targets exhibit a smaller range, from 10-7 to 10-9 M.21 AA spot theory applies to systems where
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analyte binding removes the analyte from solution, and is therefore less applicable to assays for
which an amplification step is incorporated (i.e. via an enzyme) for either analyte multiplication
or signal elucidation. There are also different implications for mass-based sensors, such as
nanocantilevers, for which the overall number of binding events, rather than binding events per
unit area, produce a signal via a frequency shift.23
Here, we evaluate the effects of DNA-coated Au/Ag nanowire population on target
binding curves and sensitivity and determine the AA regime for this assay. Our system consists
of hairpin molecular beacon-style probes that are modified at the 5’ end with a thiol for
attachment to the Au nanowire surface and at the 3’ end with a TAMRA dye, and this work is the
first to evaluate AA theory for DNA probes containing secondary structure.15 As discussed
previously in this dissertation, in the target-unbound state, the probe exhibits a stem-loop shape
wherein the TAMRA dye is close to the Au surface, and fluorescence emission is quenched.
When a target DNA sequence binds to the loop region of the probe, the probe-target duplex is
formed, breaking the intramolecular stem base pairs, and freeing the TAMRA from constraint at
the surface and resulting in detectable emission (Figure 5.1). Thus, signal generated originates
from the actual probe-target binding event and reflects binding thermodynamics, and there is no
need for a sandwich binding format, which has been used in some other evaluations of AA
regimes.10,19

Quantification of fluorescence signal can be accomplished by fluorescence

microscopy; this information allows for quantitative and qualitative analysis of probe-target
binding versus probe-noncomplementary target binding. These are conveyed through generation
of receiver operating characteristic (ROC) curves. Observation of fluorescence via variance of
probe-bearing nanowire population, target concentration, and overall reaction volume allows for
realization of an ambient analyte regime. We found sensitivity improvements with decreasing
particle populations, with diminishing gains at the lowest particle populations evaluated. This
suggested that low probe populations, binding was dictated solely by thermodynamics. The
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studies here could greatly benefit optimization of both 1) optical nanowire sensors, which
typically incorporate a high concentration of nanowires per sample,24,25 and 2) future biosensor
design, potentially resulting in a tunable sensitivity and dynamic range, two crucial factors for
multiplexed sensors.

Figure 5.1. Schematic of hybridization of target DNA to Au nanowire-immobilized hairpin
probes. Post-hybridization, the fluorophore on the probe 3' end is freed from constraint at the
nanowire surface, and fluorescence can be detected.

5.2. Materials and Methods
5.2.1. Materials
All chemicals and biochemicals were used as received without further purification except
where noted. Water for all experiments was purified using a Barnstead Nanopure system to a
resistivity of 18 MΩ. Buffers employed in this work were: (1) 0.3 M PBS (0.3 M NaCl; 10 mM
sodium phosphate, pH 7.2), and (2) 0.5 M CAC (0.5 M NaCl; 20 mM cacodylic acid; 0.5 mM
EDTA, pH 7.0).15,26
Nanowires were fabricated as previously reported and suspended to a concentration of 1
× 109 wires/mL in ethanol.27-29 Three patterns were used: 000000, 100010, and 111000, where 0
is approximately 1 µm of Ag and 0 is approximately 1 µm of Au. Wire dimensions were 5.4 µm
in length and 320 nm in cross-sectional diameter. All DNA sequences (Table 5.1) were obtained
from Integrated DNA Technologies, Inc. (Coralville, IA). The hairpin DNA probe sequence
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complementary to the target sequence was originally designed by Claas and coworkers and was
made to detect a 23 nucleotide stretch of Influenza B virus,30 whereas the hairpin DNA probe
sequence noncomplementary to the target sequence was made to detect a 25-nucleotide stretch of
SARS15 (Table 5.1). The probes was modified with a 5' thiol for conjugation to Au nanowires
and a 3' TAMRA dye for fluorescence elucidation.15 They were received as disulfides and
cleaved before use to yield terminal 5' thiols. Cleavage was performed via reaction of 100 µM
DNA with 100 mM dithiothreitol (DTT) in 0.1 M phosphate buffer, pH 8.3, for 30 minutes. The
resultant products were then purified by a Centrispin 10 column (Princeton Separations)
according to manufacturer protocols. The target sequence was unmodified and used as received.

Table 5.1. Sequences Used in This Work.
Sequence (5' to 3')
thiol(CH2)6-GCT GCC AAC GAA GTA
GGT GGA GAC GGA GGG GCA GCTAMRA
thiol(CH2)6-GCG AGA GAT GCT GTG
GGT ACT AAC CTA CCT CTC GCTAMRA
CCC TCC GTC TCC ACC TAC TTC
GTT

Comments
HPcomp; Hairpin probe specific for a 24-nucleotide
region of Influenza B
HPNC; Noncomplementary control hairpin probe
specific for a 25-nucleotide region of SARS
Tcomp; Oligonucleotide target strand
complementary to HPcomp; made to represent a 24nucleotide region of Influenza B

5.2.2. Attachment of HP Probes to Nanowires
A desired volume of nanowires displaying any pattern described above was rinsed once
by centrifugation (1 min at 7700g) out of ethanol, twice in 2× volume of water and once in 2×
volume of 0.3 M PBS prior to resuspension in 3× volume of 0.3 M PBS. Probe HPcomp (attached
to pattern 000000 or 100010) or HPNC (attached to pattern 111000) were added such that reaction
concentration of the probes was equal to 1 µM. The DNA was allowed to react with nanowires
for 30 min. while tumbling in the dark. Resultant probe-nanowire conjugates were rinsed twice
in 3× volume of 0.3 M PBS before resuspension in the original volume of 0.3 M PBS.
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5.2.3. Generation of Binding Curves with Different Nanowire Populations
Nanowires patterned 100010 and 111000 were coated with HPcomp and HPNC,
respectively, as described above. Tcomp DNA of concentrations from 0 to 1 × 10-7 M were
prepared in 0.5 M CAC buffer. Both batches of hairpin-coated nanowires at native concentration
(106 nanowires/µL) were serially diluted such that when added to the dilutions of Tcomp, nanowire
populations would be 106, 105, 104, 103, or 500 nanowires of each pattern per sample. Final
hybridization reaction volume was 50 µL for all samples.

After addition of the correct

populations of nanowires to all samples (with 105 nanowires added to target-absent 0.5 M CAC
buffer as a negative control), hybridization occurred for 1 hour while tumbling in the dark at
room temperature. Targets were not rinsed out before fluorescence microscopy imaging.

5.2.4. Evaluating Fluorescence as a Function of Nanowire Population and Reaction Volume
Nanowires patterned 000000 were coated with HPcomp as described above. Solutions of
either 1 nM or 500 pM Tcomp in 0.5 M CAC buffer were prepared. A larger number of probecoated nanowire dilutions were used for these sets of experiments; nanowires were diluted such
that final populations would be 107, 5 × 106, 106, 5 × 105, 105, 5 × 104, 104, or 5 × 103 nanowires
per sample. The population dilutions were added to the dilutions of Tcomp such that final volumes
were either 25 µL, 50 µL, or 100 µL. After addition of the correct populations of nanowires to all
samples (with 105 nanowires added to target-absent 0.5 M CAC buffer as a negative control),
hybridization occurred for 1 hour while tumbling in the dark at room temperature. Targets were
not rinsed out before fluorescence microscopy imaging.
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5.2.5. Optical Microscopy
After hybridization, nanowires were allowed to settle to the bottom of the polypropylene
tubes. A 5 µL aliquot of nanowire suspension was extracted from the bottom of the tube in order
to facilitate imaging of as many nanowires as possible for statistics generation. The droplet was
placed onto a glass coverslip. Nanowires were allowed to settle to the bottom of the coverslip,
and a glass slide was place on top. Images were acquired using a Nikon TE-300 inverted
microscope with a CFI plan fluor 60x oil immersion lens (N.A. = 1.4) and ImagePro Plus version
7.0 software. Images were captured using a Coolsnap HQ camera (Photometrics) using a 300 W
ozone-free Xe lamp as a light source. A Nikon filter cube with Semrock filters specific for
TAMRA excitation and emission (excitation: 531/40, emission: 593/40, dichroic: 562 longpass)
was employed to obtain fluorescence images, and reflectance images were obtained with either
430 nm light (when Au/Ag striped wires were used) or white light (when Au wires were used).
NBSee Software (Nanoplex Technologies) was employed to quantify fluorescence intensity.31
Briefly, the reflectance and corresponding fluorescence images were analyzed for >30 nanowires,
and a log mean fluorescence intensity was generated.

5.3. Results and Discussion
The development of sensors to simultaneously detect multiple different biomolecular
species is of great interest for diagnostic applications.32,33

This multiplexing capability is

commonly imparted by immobilization of probe molecules to a solid support and can be
complicated by the need to capture targets that are very different in size, function, or
concentration.34,35

Thus, it becomes increasingly important to characterize target capture

behavior to determine optimal binding conditions for maximum sensitivity. We present here
predictions of target binding capabilities of different probe-coated nanowire populations and
demonstrate an AA binding regime for nanowire-based hairpin DNA bioassays.
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5.3.1. Effect of Probe-Coated Nanowire Population on Assay Sensitivity
Ambient analyte theory predicts an increase in sensitivity with a decrease in microarray
spot size due to decreased target depletion from solution.5 Reduction in spot size is equated to
reduction in particle number for nanoparticle-based systems. The potential for target capture by
DNA probe-coated nanowires as a function of different nanowire populations was modeled by
Monte-Carlo simulations for different populations of DNA-coated nanowires and is shown in
Figure 5.2. At the highest nanowire concentrations (represented here by ρ5), the number of target
molecules captured was high due to increased binding opportunities afforded by a higher probe
population; however, this same high probe population decreased the probability of target capture.
As nanowire population, and therefore probe population, decreased, the overall number of targets
captured decreased due to reduction in binding sites. The probability that a target would be
captured, however, was predicted to increase due to decreased competition between binding sites.
This predicted increase suggested that lowered particle population would deplete less target from
solution, leading to an ambient analyte regime where the amount of target captured by surfaceimmobilized probes would directly reflect solution-phase concentration.

Figure 5.2. Probability of target capture, here abbreviateda probability density function (PDF)
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versus number of targets captured for different nanowire populations (ρ) used during bioassays.
These simulations were investigated experimentally by generation of hybridization
binding curves (Figure 5.3). Nanowire population was varied over three orders of magnitude,
from 500 to 106 nanowires per sample in a constant volume of 50 µL. Tcomp concentration was
varied from 10-12 to 10-7 M, a gradient that has been previously shown to encompass the dynamic
range for nanowire-based hairpin assays.15 Hybridization fluorescence signal was collected from
nanowires that bore either a complementary (HPcomp) or noncomplementary (HPNC) probe.
Background signal (nanowire fluorescence in the absence of target) was subtracted from the
traces in Figure 5.3, and fluorescence was normalized to 100 counts for complementary samples.
Noncomplementary signals were also background-subtracted and normalized with respect to their
complementary counterparts.

Noncomplementary probe signal was low for all targets and

nanowire populations evaluated, as has been observed previously for nanowire-bound hairpin
assays. 15,34

Figure 5.3. Background-subtracted, normalized hybridization binding curves for different target
concentrations of complementary (closed circles) and noncomplementary (open circles) targets to
different populations of DNA-bearing Au nanowires. Particle populations used were 106 (blue),
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105 (red), 104 (purple), 103 (green), and 500 (black) wires per sample in a volume of 50 µL.
Batch nanowire concentration is 106 nanowires/mL, and it is seldom that this
concentration is reduced beyond an factor of ~15 for bioassays.15,34,35 Reduction of nanowire
population was found to positively affect sensitivity and dynamic range.

First, nanowire

population impacted curve location, with diminished sensitivity at higher particle densities. As
predicted by Ekins, improved sensitivity with lower particle densities was only observed to a
point (104 nanowires per sample), after which no sensitivity benefits were gained.6 We can
therefore estimate a Kd of ~1 nM, which corresponds to a Ka of 1 × 109 M-1, from the curves
where fewer nanowires were used. Ekins’ predictions dictated that an AA regime would be
reached when probe concentration was 0.1/Ka.6 For our system and predicted Ka, AA conditions
are therefore predicted to be attained at 1 × 10-10 M in probes. A nanowire population of 104
nanowires per sample corresponds to a probe concentration of 1.1 × 10-10 M, assuming a probe
density of 6 × 1012 probes/cm2.34 These results indicated that nanowire populations of <104
nanowires per sample fell into the AA regime for these bioassays.
Apparent dynamic range was also impacted by particle population, with a larger dynamic
range observed with fewer particles. This effect was also observed by Parpia and Kelso and is
indicative of an AA region, where the concentration of probes is less than 0.1/Ka.19 This leads to
less target depletion from solution, resulting in the hybridization signal decreasing more steadily
with decreasing target concentration. While the shape and location of binding curves can give
insight into sensitivity, sensor performance is also contingent upon discrimination between
complementary and noncomplementary targets. Generation of receiver-operating characteristic
(ROC) curves provides a different perspective on sensor function in relation to nanowire
population.
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5.3.2. Receiver-Operating Characteristic (ROC) Analysis
Sensitivity and specificity are common figures of merit for biosensors; however, they are
commonly given in different units for different assays. ROC curves provide a means to compare
different assays graphically in the same space by taking into account the extent of signal overlap
between that generated in the presence of both specific and nonspecific targets.36,37 This overlap
is represented by a plot of true versus false positive rates. An ideal sensor will exhibit a constant
100% true positive rate and a constant 0% false positive rate. This corresponds (for DNA
sensors) to no overlap in the signal generated by the complementary and noncomplementary
targets, and is represented in ROC curve space by an area under the ROC curve equal to 1
(Figure 5.4, top right). Complete overlap of the two distributions (Figure 5.4, bottom right)
results in a nondiscriminating sensor and an area under the ROC curve of 0.5. Most biosensors
exhibit good but not complete discrimination and so lie in the middle of these two extremes, with
the area under the ROC curve less than 1 but larger than 0.5 (Figure 5.4, middle right).

Figure 5.4. (left) Representative ROC curves for a perfect sensor, where there are no
possibilities of false positives/negatives (green, situation 1, top right), nonideal sensor, where
false positives/negatives are possible (blue, situation 2, middle right), and nondiscriminating
sensor, where false positives/negatives are guaranteed (orange, situation 3, lower right).
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Histograms using fluorescence collected for all populations of both HPcomp- and HPNCcoated nanowires upon exposure to 500 pM Tcomp are shown in Figure 5.5.

Fluorescence

distributions for HPNC-coated nanowires were low for all nanowire populations;(Figure 5.5,
bottom) however, distribution shape and location for HPcomp-coated nanowires were highly
reliant upon population, with higher populations resulting in more Gaussian distributions at lower
fluorescence intensities (Figure 5.5, top).

After a reduction past 104 nanowires/sample, no

improvements in fluorescence intensity were observed, and intensities were even slightly reduced
at very low nanowire concentrations of 103 and 500/sample. ROC curves generated for all
nanowire populations from these histograms shown in Figure 5.5 for a Tcomp concentration of
500 pM and also at 100 pM (at the lower end of the assay’s dynamic range) showed that in
general, better performance was attained with decreasing wire number (Figure 5.6).

The

corresponding areas under the curves were quantified and are shown in Table 5.2. Of particular
note regarding the areas under the ROC curves are the changes between only a 5-fold target
concentration decrease.

The populations of 106 and ≤104 wires/sample were largely non-

discriminatory and discriminatory between complementary and noncomplementary systems at
both target concentrations, respectively. However, the transitory population of 105 wires/sample
exhibited discriminatory behavior at 500 pM Tcomp, but this was drastically reduced at 100 pM.
ROC analysis and the areas under the ROC curves largely supported the observations from the
binding curves; even at very low target concentrations, assay performance appeared to be less
sensitive to decreasing nanowire population beyond 104 wires/sample.
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Figure 5.5. (top) Binned fluorescence intensities for different populations of nanowires bearing
probe sequence HPcomp upon exposure to Tcomp. (bottom) Binned fluorescence intensities for
different populations of nanowires bearing probe sequence HPNC upon exposure to Tcomp.
Volume was set at 50 µL.
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Figure 5.6.
Receiver operating characteristic (ROC) curves generated for nanowire-based
bioassays when different populations of nanowires were evaluated for DNA target capture.
Target concentrations were (left) 500 pM and (right) 100 pM.
Table 5.2. Areas Under the ROC Curves for Different Wire Populations and Target
Concentrations
Target Concentrations (M)
Nanowires/sample

5 x 10-10 M

1 x 10-10 M

106

0.67

0.49

105

0.92

0.54

104

0.94

0.87

103

0.91

0.81

500

0.99

0.82

5.3.3. Determination of an Ambient Analyte Regime by Varying Reaction Volume
Experimental data in Figures 5.3 and 5.6 suggest the presence of an AA regime at lower
nanowire population, but reductions in probe population were entire orders of magnitude. Here,
we attempted to more make a more accurate assessment of AA conditions for this assay. We
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investigated the effects of particle population more carefully by including an increased number of
populations and narrowing our evaluations of hybridization behavior to only two target
concentrations at the lower end of the dynamic range and approaching the detection limit of the
assay. In addition to target concentration being held constant at 1 nM (Figure 5.7, top) or 500 pM
(Figure 5.7, bottom), hybridization fluorescence signal from a large range of nanowire
populations was collected in different volumes of 25, 50, or 100 µL. Under AA conditions,
fluorescence signal should be independent of sample volume to a point due to negligable
depletion of the target from solution by the nanowire-immobilized probes.4-6

These results

showed that a wire population lower than 5 × 104 (surface area = 0.003 cm2) in all volumes and at
both concentrations evaluated did not yield better fluorescence intensity and in fact somewhat
impeded data collection due to the difficulty in wire location with an optical microscope, a
consideration that is important for biosensor practicality.6,7 Parpia and Kelso observed similar
results with flow cytometric analysis of microspheres, with maximum antibody-antigen binding
observed at a total surface area of ≤ 0.00131 cm2.19 These researchers also observed divergence
between signals at higher surface areas when two different volumes were used. We did not
obseve this; however, it is possible that the large error bars obscured this effect.

The

discrepancies observed by Parpia and Kelso were small, but aided by the high redundancy of data
collection by flow cytometry.19
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Figure 5.7. Fluorescence hybridization signal as a function of DNA-coated nanowire/probe
population and sample volume at target concentrations of 1 nM (top) or 500 pM (bottom).
Our previous data indicated the onset of ambient analyte behavior at a probe
concentration of 1.1 × 10-10 M.

However, these data from a more careful examination of

nanowire population suggest that these conditions were actually fulfilled at a probe concentration
of 5.6 × 10-10 M, five times higher. We can attribute this primarily to our error bars, which did
not allow us to distinguish fluorescence differences between 5 × 104 and 1 × 104
nanowires/sample, which correspond to probe concentrations of 5.6 × 10-10 M and 1.1 × 10-10 M
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(and therefore consistent with AA predictions), respectively. Additionally, some probes might
not be available for hybridization on the surface of the nanowires, potentially only 20% at these
high probe coverages,38 effectively elevating the overall probe concentration needed to fulfill AA
conditions.

5.4. Conclusions
We have performed the first characterization of the ambient analyte binding regime for a
nanowire-based DNA biosensor incorporating discrete, intentional secondary structure. This was
accomplished by varying the number of particles and targets present and the reaction volume.
Assay sensitivity and performance increased with decreasing wire population to ~104
nanowires/sample as determined by binding curves and ROC analysis.

At lower nanowire

populations, target binding was limited by the inherent thermodynamics of the system rather than
target depletion from solution. The probe-target binding constant Ka could be estimated from
binding curves where very low populations of probe-coated nanowires were used.

Further

investigation using a larger range of nanowire populations showed constant hybridization
fluorescence signal for a nanowire population ≤ 5 × 104 across four-fold range of volumes,
indicative of an AA regime. These results were slightly higher than predicted, but could be
attributed to the data collection process. These findings can be applied to and have important
implications for future biosensors using particles for the simultaneous detection of multiple
biomolecular species.
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Chapter 6.
Conclusions
6.1. Conclusions
The objectives of this dissertation were two-fold: develop an optical molecular beacon
DNA-barcoded nanowire assay for the detection of target DNA, and implement this system to
study the fundamental interactions of structured DNA with itself and the nanowire substrate at the
solid-solution interface. These studies led to a general conclusion that structured DNA behaves
differently from DNA designed to avoid secondary structure, termed “linear” DNA, when
immobilized to metal surfaces.
Biosensing endeavors with molecular beacon-barcoded nanowire conjugates were largely
successful, especially with respect to multiplexing capability and low amounts of nonspecific
binding. Three-plex1 and five-plex2 assays were attempted for detection of a number of different
oligonucleotide sequences that were designed to represent stretches of viral nucleic acids. Due to
the stem-loop design of the probe molecule, nonspecific binding was small, and fluorescence
signal was large in the presence of the complementary target. Design parameters for the probe
were established, and it was found that an intermediate stem length (5 base pairs) and loop length
(24 nucleotides) yielded the best signal in the presence of and quenching in the absence of a
target. Control of ionic strength during the hybridization process was found to be essential, with
~500 mM NaCl providing optimal hybridization, but also stem-loop formation in the absence of
target.1
Ionic strength was also an integral parameter to control probe surface coverage, which in
turn was critical for bioassay performance. We showed that the surface coverage of our DNA
was much more sensitive to ionic strength during the immobilization process than that of linear
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DNA, due to the intramolecular hairpin structure.2,3 Additionally, surface coverage was also
sensitive to probe sequence and concentration during immobilization, with lower coverages for
probes predicted to exhibit a larger footprint on the nanowire surface. We used this ability to
vary surface coverage to evaluate the hybridization efficiency of nanowire-immobilized
molecular beacon probes and found that probe accessibility to targets varied greatly with surface
coverage, maximizing at ~90% for an intermediate probe coverage and diminishing to ~20% at
very high or low coverages.4 Evaluation of hybridization efficiency with targets incorporating
overhangs on the 5' or 3' end revealed that hybridization was hindered when the overhang was
designed to be oriented close to the nanowire surface post-hybridization.4
Short lateral thiolated spacers are commonly used to space out linear probes on gold
surfaces and make them more accessible for hybridization.3 These spacers were shown not to
improve the fluorescence difference between the presence and absence of target for molecular
beacon probes.2 Short thiolated oligoethylene glycol spacers, however, did improve hybridization
efficiency at the lowest probe coverages evaluated, due to reduction in already-low nonspecific
binding by noncomplementary targets.4 However, spacers did not promote higher degrees of
probe-target binding, an observation that is very different from that seen with linear probes.
The sensitivity of the nanowire-molecular beacon assay was evaluated, and the detection
limit was found to be 100 pM with a Kd of 1.7 nM and a wide dynamic range.1 We attempted to
improve this sensitivity and additionally characterize the ambient analyte regime (where targets
are not depleted from solution by an excess of probes) for this system. We found that the ambient
analyte regime began at a probe-coated nanowire population of 1-5 × 104 nanowires per 50 µL of
sample, with no further improvement in sensitivity upon further nanowire population reduction.
These observations agreed well with theory put forth by Ekins, who predicted that this region
would occur when the concentration of probes was ≤ 0.1 × the probe-target association constant.5
These studies represented the first evaluation of ambient analyte theory for probes containing
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secondary structure and can also serve as a guide for future nanowire-based assays, all of which
have previously used many more probe-coated nanowires than are needed for optimal probetarget binding.

6.2. Future Directions
There is much interest in incorporation of biomolecule-coated nanowires for chip- and
circuit-based detection systems.6,7 Theoretically, it should be possibly to integrate hundreds and
possibly thousands of individually-addressable sensing elements per chip.

Some degree of

redundancy is important with regard to generation of statistics; however, it is feasible that these
devices will be fabricated with the ultimate goal of multiplexed detection of not only one type of
biomolecular species (i.e. DNA, proteins) but rather a combination of different kinds of
molecules (i.e. ions, small molecule metabolites, and cancer markers in addition to nucleic acids
and proteins). Aptamers are a class of nucleic acid probes that exhibit a specific secondary
structure to bind their targets. Their incorporation as probes for electrical nanowire detection
schemes could be beneficial due to their ease of synthesis and chemical robustness as compared
to antibodies. However, aptamers bind their targets with varying binding affinities and exhibit
different dynamic ranges; thus, it is important to perform as much optimization off-chip as
possible, so that integration yields maximum performance.
The hairpin probe-nanowire motif serves as a mimic for an immobilized folded aptamer
system. Determination of factors such as probe density, ionic strength, and nanowire population
for optimal target binding provides insight into the behavior of structured probes on metal
nanowire surfaces. This system also addresses the complexities associated with integration of a
structured probe and and highlights the differences between immobilized structured and linear
probes. In the future, much care will need to be taken with sensor element design, as we have
shown here that sequence can greatly impact surface density and performance. Additionally, the
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studies evaluating the presence of an ambient analyte regime will aid in chip design. Nanowire
sensing elements can be mixed in different ratios to accommodate different populations of targets
and probe-target binding constants. Overall, the work presented in this dissertation provides
insight into surface-immobilized structured probe behavior. The knowledge gained here can be
applied to and will benefit future nanowire-based electrical biosensors incorporating folded
nucleic acid probes.

6.3. References
1. Stoermer, R. L.; Cederquist, K. B.; McFarland, S. K.; Sha, M. Y.; Penn, S. G.; Keating, C. D.
Coupling Molecular Beacons to Barcoded Metal Nanowires for Multiplexed, Sealed Chamber
DNA Bioassays. J. Am. Chem. Soc. 2006, 128, 16892-16903.
2. Cederquist, K. B.; Golightly, R. S.; Keating, C. D. Molecular Beacon-Metal Nanowire
Interface: Effect of Probe Sequence and Surface Coverage on Sensor Performance. Langmuir
2008, 24, 9162-9171.
3. Herne, T. M.; Tarlov, M. J. Characterization of DNA Probes Immobilized to Gold Surfaces.
J. Am. Chem. Soc. 1997, 119, 8916-8920.
4. Cederquist, K. B.; Keating, C. D. Hybridization Efficiency of Molecular Beacons Bound to
Gold Nanowires: Effect of Surface Coverage and Target Length. Langmuir 2010, 26, 1827318280.
5. Ekins, R. P.; Chu, F. Developing Multianalyte Assays. Trends Biotechnol. 1994, 12, 89-94.
6. Li, M.; Bhiladvala, R. B.; Morrow, T. J.; Sioss, J. A.; Lew, K.-K.; Redwing, J. M.; Keating,
C. D.; Mayer, T. S. Bottom-Up Assembly of Large-Area Nanowire Resonator Arrays. Nature
Nanotechnol. 2008, 3, 88-92.
7. Morrow, T. J.; Li, M.; Kim, J.; Mayer, T. S.; Keating, C. D. Programmed Assembly of DNACoated Nanowire Devices. Science 2009, 323, 352.

VITA
Kristin B. Cederquist
Education
Ph.D. 2011 The Pennsylvania State University (University Park, PA), Chemistry
B.S. 2005 Vanderbilt University (Nashville, TN), ACS Certified Chemistry
Selected Awards (Penn State University)
Apple Fellowship, 2009
Rohm & Haas Travel Award, 2008
Dalalian Fellowship, 2008
Paul Berg Prize in Molecular Biology, 2007
Roberts Fellowship, 2005-2006
Experience
Teaching Assistant – Transition Metal Chemistry, 2006/2010
Teaching Assistant – General Chemistry Lab, 2005/2010
Teaching Assistant – General Chemistry Lecture, 2005
Professional Service
Referee for Nucleic Acids Research – 2009-2010
Chemistry Department Safety Committee – 2007-2010
Keating research group webmaster – 2007-2010
Keating research group head of safety – 2006-2010
Chemistry Department Graduate Affairs Think Tank Committee – 2006-2007
Selected Publications
1. Morrow, T. J.; Cederquist, K. B.; Sioss, J. A.; Bhiladvala, R. B.; Clawson, G. A.; Keating,
C. D. Selective Hybridization to Multisegment Nanowires. In preparation, to be submitted
to ACS Nano.
2. Cederquist, K. B.; Keating, C. D. Hybridization Efficiency of Molecular Beacons Bound
to Gold Nanowires: Effect of Surface Coverage and Target Length. Langmuir 2010, 26,
18273-18280.
3. Cederquist, K. B.; Dean, S. L.; Keating, C. D. Encoded Anisotropic Particles for
Multiplexed Bioanalysis. WIREs Nanomedicine and Nanobiotechnology 2010 2, 578-600.
4. Cederquist, K. B.; Keating, C. D. Curvature Effects in DNA:Au Nanoparticle Conjugates.
ACS Nano 2009, 3, 256-260.
5. Cederquist, K. B.; Golightly, R. S.; Keating, C. D. Molecular Beacon-Metal Nanowire
Interface: Effect of Probe Sequence and Surface Coverage on Sensor Performance.
Langmuir 2008, 24, 9162-9171.
6. Brunker, S. E.; Cederquist, K. B.; Keating, C. D. Metallic Barcodes for Multiplexed
Bioassays. Nanomedicine 2007, 2, 695-710.
7. Stoermer, R. L.; Cederquist, K. B.; McFarland, S. K.; Sha, M. Y.; Penn, S. G.; Keating, C.
D. Coupling Molecular Beacons to Barcoded Metal Nanowires for Multiplexed, Sealed
Chamber DNA Bioassays. J. Am. Chem. Soc. 2006, 128, 16892-16903.

