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ABSTRACT
The aim of this thesis is the development of nanoparticles with tailored structures
and surface properties for biosensing applications. This work focuses on nanowires with
diameters between 30 and 300 nm, made of metal or silicon. For many of the
applications investigated here, Au and Ag striped nanowires (NWs) were used. One
problem with Ag is that it can degrade in aqueous environment. Chapter 2 describes the
use of citrate, a mild reducing agent, as an additive to prevent Ag degradation. We
studied NWs stored in high salt hybridization buffer for undisturbed and continuously
agitated samples. We found that NWs stored in high salt buffer were significantly
degraded after two weeks, and much faster when agitated. The NWs were
unidentifiable in less than one week when continuously agitated. We found that adding
40 mM citrate increased the stability of Ag NWs by 17 weeks over those stored in
hybridization buffer. When the NWs were continuously agitated in citrate buffer, they
remained stable for over two weeks. Derivatization of the NWs with biomolecules adds
some protection. NWs coated with rhodamine tagged DNA attached via neutravidinbiotin chemistry are stable for 12 days in hybridization buffer. When 40 mM citrate is
added to the buffer, they are stable for at least 63 days. Ag deterioration was coupled to
loss of fluorescence of the labeled DNA and NW breakage.
In chapter three, a simple, wet-chemical method for fabricating linear chains of
Au and Ag nanoparticles by selectively etching alternating segments from striped metal
nanowires is presented. Nanowires composed of sacrificial Ni segments as well as Au
and/or Ag segments were prepared by templated electrodeposition in the pores of
alumina membranes. After removal from the membrane, wires were coated with silica,
and selective etching revealed the nanoparticle chains. Extinction spectra are presented
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as a function of interparticle spacing for nanoparticle chains of diameter ~100 and ~33
nm.
Chapter 4 builds on the results of chapter 3. Silica coated Au nanoparticle
chains were studied for use as surface enhanced Raman spectroscopy (SERS)
substrates. NP chains were vortexed with bis pyridyl ethylene (BPE), a Raman active
molecule. Raman intensity of BPE was measured for Au NP dimers and chains with
diameter of ~100 nm. The chemistry of the silica coating was adjusted by mixing tetra
ethoxy silane (TEOS) with a small amount of Bis (trimethoxysilyl ethyl) benzene (BTEB).
This made the silica more hydrophobic, which allowed the hydrophobic molecule BPE to
penetrate the coating. NP chains with diameters of ~33 nm were coated with
TEOS/BTEB silica and BPE was adsorbed. Large differences in the Raman signal were
recorded for the bare NWs, silica coated, and etched NP chains. There was also a large
dfference in the Raman intensity for NP chains with large spacing (420 nm) and small
spacing (30 nm).
In chapter 5, striped metallic nanowires (NW) have been coated with a silica shell
of controllable thickness (6 – 150 nm), and the performance of coated vs. uncoated has
been compared. We find that the SiO2 coating does not interfere with identification of
the metal striping pattern, and protects Ag segments from oxidation, extending the range
of assay conditions under which barcoded NW can be used. Much higher and more
uniform fluorescence intensities were observed for dye-labeled ssDNA bound to SiO2coated as compared to uncoated NW. Simultaneous, multiplexed DNA hybridization
assays for three pathogen-specific target sequences on SiO2-coated NW showed good
discrimination of complementary from noncomplementary targets. Application of SiO2coated NW in discrimination of single base mismatches corresponding to a mutation of
the p53 gene was also demonstrated. Finally, we have shown that thiolated probe DNA
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resists desorption under thermocycling conditions if attached via siloxane chemistry to
SiO2-coated NW, but not if it is attached via direct adsorption to bare Au/Ag NW.
Finally, in chapter 6, the surface chemistry of Si and Rh NWs was investigated
for the attachment of DNA probes for incorporation of cantilever arrays for mass based
biosensing. Experiments were performed on bare and silica coated AuAg striped NWs
to determine the optimum conditions of DNA probe attachment, hybridization of DNA
and RNA target, and tagging the target with either fluorescently labeled DNA, or Au:DNA
conjugates. It was found that RNA could be detected on bare and silica coated NWs
with both fluorescent and Au:DNA tags even with its larger size and secondary
structure,. The Au:DNA conjugates ranged in size from 12 to 50 nm, with the more
massive NPs desired for their mass amplification abilities. The surface coverage of 50
nm Au:DNA conjugates was measuread as a function of NaCl concentration in the final
buffer rinse. Resonant frequency measurements were made of SiNW before and after
addition of 50 nm AuNP with 11-mercapto undecylamine. Finally, mass changes due to
the binding of target DNA and Au:DNA conjugates to RhNW cantilevers were measured
by resonant frequency changes.
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Chapter 1
Introduction
Biological sensors are important for detection of pathogens, cancer, and
biological weapons.

Point-of-care or field deployable sensor packages require

development of low cost, easy to use, robust and dependable sensing strategies.
Sensors

that

require

minimally

trained

personnel

and

minimal

sample

preparation/handling are the best choice for the next generation of biosensors. These
sensors must be both highly sensitive and selective, and able to detect multiple targets
at the same time (i.e. multiplexed). This allows for use of smaller sample volumes which
is beneficial for cases where there is limited supply of sample, such as blood or saliva for
clinical testing, as well as smaller amounts of reagents and waste generated.
Multiplexing is also important when no single target is of interest – e.g., genomics,
proteomics, metabolomics, and diagnostics when symptoms do not narrow down
possible pathogens.

One example is for cancer detection, where two markers per

disease type is beneficial for accurate diagnosis. Multiplexing would be very important
to determine tumor presence in initial screenings where the type of cancer might not be
known.
Many of the most promising biosensing approaches involve nano/microscale
architectures. The optical and electronic properties of nanoparticles differ from their bulk
counterparts and are highly dependent on their size, shape and composition.1-13 Many
recently reported biosensors rely on the unique optical properties of micro and
nanoparticles for detection of analytes.14-31
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Careful control over the materials properties and surface chemistry is required for
the development of effective nanobiosensors, which are the main focuses of this thesis.
There has been a great deal of work done on the synthesis, assembly, and surface
chemistry of nanoparticles for biosensor applications in the literature, but further work is
required in nano/microscale control for biosensor development.1-31
Semiconductor and metal nanoparticles have shown great promise for improving
the field of bioanalysis. They have been used for DNA,24,28,30 viral,18 cellular14,16,17,19 and
protein22,27,29 analyses utilizing fluorescence imaging,14,15,31,33-35 Raman spectroscopy,16-19
colorimetric,38 and surface plasmon resonance39,40 detection. Metal nanoparticles have
been used as an identification tag31-37 as well as for signal amplification.16-19,39-40
Mirkin’s group has developed a bio-bar-code assay for DNA and proteins with 13
nm diameter Au:DNA conjugates. The bio-bar-code approach enables amplification of
the detected signal without PCR, and has been used to detect DNA target at levels of
500 zM, as well as prostate and testicular cancer protein markers.27,29 The bio-bar-code
approach allows for amplification of the target without enzymatic reactions, which are
typically used for amplification of low concentration targets for detection.27,29
Dubertret et al. have attached molecular beacon probes to 1.4 nm diameter Au
nanoparticles for fluorescent detection of DNA.30

Rather than using a traditional

quencher molecule, the Au acted as the quencher.30

They found the fluorescence

increased as high as several thousand fold when target DNA was present compared to
when no target was present.30 They also found that the composite molecular beacon
was 100 times more sensitive than traditional molecular beacons.30 Although highly
sensitive, this AuNP based system is not easily multiplexed.
Synthesis of ~300 nm diameter metallic nanowires (NWs) by electrochemical
methods is a simple way to make large numbers (>1 billion) of relatively monodisperse
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nanoparticles.31 The striping pattern of metallic NWs can be visualized on a standard
optical microscope, and reflectance intensities follow the trends for the bulk materials.31
Under 430 nm (blue) illumination, Ag is nearly 2.5 times more reflective than Au (Figure
1-1).31 Stripes of Au and Ag in nanowires give patterns very much like conventional
barcodes. These patterns can be used to easily identify an individual type of NW in a
mixture of different types.32 This identification method has lead to work using striped
NWs as tags for biosensing.31-37 Typical biosensors rely on fluorescence to identify an
assay, which has several drawbacks. There are a limited number of simultaneously
usable fluorphores due to overlap in their absorption and emission spectra.
Fluorophores can also photobleach. This limitation can be overcome by using striped
metallic nanowires. There are many more patterns of NWs than available fluorophores
that can be used simultaneously.31 By using the NWs as an identification tag, and
relying on fluorescence to determine only if a target is present, multiplexed DNA
detection has be achieved.31-37
There has been work using striped metallic nanowires for DNA and protein
detection by the Keating Lab and others. Nicewarner-Pẽna et al. reported detection of
DNA and protein in a sandwich type assay.31,32 It was found that depending on the
fluorophore chosen, the striping pattern of the NW could be seen in the fluorescence
images in addition to the reflectance images.33 Sha et al. used striped NWs to detect
single nucleotide polymorphisms.34

Stoermer et al. investigated the distance

dependence of fluorescently tagged DNA attached to NWs for use as molecular beacons
and have also developed sealed-chamber multiplexed DNA detection utilizing striped
NWs and molecular beacons.36,37
One challenge in taking full advantage of NP optical properties is controlling their
orientation and arrangement. The Van Duyne group has used nanosphere lithography
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to synthesize triangular Ag nanoparticles (AgNPs) on a glass surface. In one example
the AgNPs were coated with the sugar mannose which binds Concanavalin A (ConA, a
protein).41

The change in the localized surface plasmon resonance (LSPR) was

measured before and after ConA binding and it was compared to similar studies with
other proteins.41 The LSPR λmax was red shifted by 17.8 nm after ConA bound, but
shifted 0.2 nm or less for the nonspecific proteins.41

This control over the Ag

nanotriangles size and position gives the LSPR peaks and can also be used for surface
enhanced Raman spectroscopy.41
The assembly of nano/microparticles has been studied for synthesizing
multifunctional composite particles and for altering the optical properties of the particles.
Stoeva et al. have created three layer composite particles for DNA detection.42 First, a
silica NP is coated with magnetic Fe3O4 NPs, followed by AuNP.42

Gold was then

reduced onto the particles to fully coat them. This combined magnetic separation with
DNA attachment, which is useful in biosensors.42 Sathe et al. have synthesized silica
beads with embedded quantum dots (QD) and iron oxide nanopartilces.43 By mixing the
silica beads with the two different particles it was possible to separate magnetic beads
from beads with only QDs in them.43 It was also possible to mix two different QDs in
ratios to create multiple encoded beads.43
Challenges in Bioanalysis
There are two key challenges when using metal nanoparticles for bioanalysis:
control over NP materials properties and surface chemistry. The materials properties of
NP can enable separation of analytes from complex mixtures,42 as well as incorporate
multiple functionalities within the same scaffold.43 The surface chemistry is important for
enabling specific detection of the analyte of interest, as well as for preventing
deterioration of the sensor during storage.
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Control of NP Material Properties
An important effect of nanoparticle size and shape are their optical properties.
Much work has been reported comparing different NP types for use as surface
enhanced Raman spectroscopy (SERS) substrates. Single molecule detection using
SERS with aggregated AgNPs has been reported by Nie44 and Kneipp,45 but it is not
easily reproducible. High Raman enhancements have been attributed to localization of
the analyte between NPs where the electromagnetic field is heightened, and by
excitation of the surface plasmons of the NP.46,47 Much work has focused on controlling
NP shape during synthesis and assembling NPs in a controlled manner to create
reproducible, highly enhancing SERS substrates.
Murphy has investigated a sandwich architecture of 4-mercaptobenzoic acid (4MBA) between Au thin films and Au nanoparticles of various shapes for use as SERS
substrates.48 It was found that enhancement factors (EF) were highest for blocks (2.65
x109 EF) and cubes (2.43 x 109 EF) and lowest for spheres and rods (~1x107 EF).48
They have also investigated Au-Ag bimetallic NWs as SERS substrates. The NWs were
created by reacting AgNWs with Au salt in various ratios.49 It was found that the highest
enhancement factors (4.5 x 107 EF) were of 4-MBA on Ag60Au150 NWs.49 The bimetallic
NWs had higher enhancement factors than Ag NWs or Au nanotubes.49 NP probes
have also been used for cellular cancer detection. Lee has embedded silica spheres
with Ag and coated with a thiolated Raman active molecule.16 The composite NPs were
coated with an antibody (Her2 or CD10) for targeting to cancer cells.16 Three cancer cell
lines were studied with SERS detection, and it was found that the Raman and antibody
tagged particles were specific for the correct cell types.16
One way to control NP spacing is to coat striped metal NWs with a thin, porous
silica shell (Figure 1-2).50 This allows selective etching of the underlying stripes, leaving
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behind controllably spaced NP chains (Figure 1-3).50

The silica shell also has the

potential benefit of selecting what type of molecule can penetrate and adsorb to the
metal surface.

This could aid in preventing other molecules present in a complex

mixture from binding to the surface, preventing the analyte of interest from experiencing
the Raman enhancement.
Controlling Surface Chemistry
Silica coating has been utilized for metal as well as semiconductor nanoparticles
to change the surface properties, change the nanoparticle spacing, and to organize
multiple functionalities within a single scaffold. Chrisey used glass beads as substrates
for PCR reactions followed by transcription/translation of the amplified sequences.51
Mulvaney used a silica coating to control the spacing of Au nanoparticles to investigate
their optical properties.52 Xia coated superparamagnetic iron oxide nanoparticles with a
controllable thickness of silica to modify the surface to prevent their degradation in
aqueous media and to fluorescently label them for bioanalytical uses.53
Attachment of molecules to NPs is important for obtaining specific responses for
multiplexed detection. The attachment method can also have an impact on the detection
limit and environment a sensor can be used in. Thiol chemistry is typically used for Au
and Ag based systems, whereas semiconductor based systems require different
chemistry. Lieber uses siloxane chemistry for attachment of probes to the silica coating
of silicon nanowires (SiNWs) for field effect transistor (FET) based sensors.54 Heath
uses SiNWs for FET based sensing, but has attached probe molecules directly to the Si,
rather than the oxide coating.55 This enables detection of analytes in physiologically
relevant salt conditions.55

7
Chip-Based Systems
In addition to taking advantage of NP unique optical properties, a second benefit
of using nano/microparticles is that smaller sensor devices allow for smaller volumes of
reagents and samples, which contribute to sample collection and cost savings benefits.
Lab-on-a-chip technologies, which reduce the manipulated volume, have developed
buffer and waste reservoirs, mixers, separation and preconcentration abilities and
temperature controllers into small devices.56

Challenges in the area remain in

incorporating all these features together along with multiplexed detection.
Mirkin has applied the bio-bar-code technique to a fully on-chip system for the
detection of prostate specific antigen (PSA), a prostate cancer marker, at a
concentration of 500 aM.57 Using DNA microarrays, Li et al. have used AuNP and
ligation reactions to amplify the surface plasmon resonance imaging (SPRI) signal to
detect single nucleotide polymorphisms (SNP) at levels down to 1 pM.39 Using a similar
approach, Fang et al. have used polyadenylation reactions and AuNPs to detect
microRNAs at 10 fM using SPRI.40
There has been much work reported using Si nanowires (SiNWs) for direct
electrical detection of biomolecules such as DNA and cancer marker proteins. Lieber
reported a multiplexed SiNW field effect transistor (FET) array capable of detecting three
different cancer markers from the same sample.54 This was done by aligning SiNWs to
individually addressable electrodes in a microfluidic channel. The monoclonal antibodies
(probes) were spotted onto different areas of the array to create the multiplexed chip.54
The small size of the SiNWs enable highly sensitive detection in this format.54
In another method amenable to chip-based detection, and also related to work
presented in this thesis, the Craighead group used lithography to synthesize cantilevers
and investigated the mass change of Si and silicon nitride cantilevers after addition of
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cells,58 virus particles,59 and double stranded DNA.60 The resonant frequency of the
cantilevers was measured before and after exposure to the analyte, and the location and
amount of added mass were controlled with Au pads and thiolated capture molecules.
Sensing Modalities
Reported biological and chemical sensors use all types of sensing modalities,
including surface plasmon resonance (SPR),39,40,61,62 electrochemical,63 colorimetric,38
enzymatic,64 vibrational,16-19 fluorescence,14,15 and mass based.58-60 Although all have
their own benefits, they all also have challenges that must be overcome to achieve a
portable, multiplexed sensor. Solutions towards improving vibrational, fluorescence and
mass based sensors have been addresses in this thesis.
Objectives
Au and Ag are typically used for striped nanowires as identification tags due to
the large difference in reflectivity of the two metals under blue light.31 A problem with
silver is that it can be degraded by water31 or the buffers65 typically used in experiments
due to the high concentrations of NaCl. This can be reduced by first coating the NWs
with a material, such as silica, which still allows the pattern to be seen but will reduce the
degradation of the Ag. A second way to achieve protection of the Ag segments is to
adjust the buffers that are used.65 We have investigated the effect of adding citrate to
standard hybridization buffers on Ag degradation.65

The results are summarized in

Chapter 2.
Chapter 3 investigates the optical properties of chains of Au and Ag
nanoparticles. The chains were synthesized by coating striped nanowires with silica and
selectively etching one of the underlying metals. Templated electrochemical growth of
the NWs allowed good control over NW diameter, lengths, and composition. NWs with
diameters of 100 and 33 nm were examined.50 Additionally, a method to pretreat the
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NWs to prevent movement of the NP chains after removal of the sacrificial segments
was developed.
Vibrational spectroscopy, specifically Raman spectroscopy, has the benefits of
giving information about molecular structure and can be used to obtain a molecular
fingerprint. It can also be used in aqueous environments and on opaque samples, and
is nondestructive.66

Unlike fluorescence, there is no loss of signal due to

photobleaching. Although there are many benefits of Raman spectroscopy, there are
also drawbacks. Because only one out of ~107 photons is inelastically scattered,66 the
Raman signal is much weaker than fluorescence and for most sensor applications must
be enhanced by using SERS. This can be achieved by locating the Raman molecule
near or at a metal surface.66 Chapter 4 discusses a method to synthesize reproducible
SERS substrates using nanoparticle chains coated with silica.
Typically, Au/Ag-thiol bonds are used to couple biomolecules to metal
nanoparticles. For many applications, this works well. However, for situations where
increased temperature is required or thiols are present in the sample, this attachment
chemistry is not sufficient.67 At elevated temperatures, the metal-thiol bonds can break
and the biomolecules will come off the metal nanoparticles. Additionally, the proximity of
the fluorophore to the metal surface can increase or decrease its signal intensity.68,69
Chapter 5 describes the use of silica coated NWs for multiplexed DNA detection.
Results show that silica coated NWs have brighter fluorescence in sandwich
hybridization assays as compared to bare NWs. This has been shown in a triplex assay
for viral targets, as well as in a single base mismatch experiment. We also show that the
attachment chemistry used for the DNA probe on the silica coating is more robust than
metal-thiol chemistry used for bare NWs, as evidenced by thermocycling experiments.
The silica coating also helps protect the underlying silver segment from oxidation.
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Chapter 6 combines surface chemistry studies with alignment, processing, and
mechanical studies of Si and Rh NW cantilevers for detection of DNA or RNA by
measuring the change in resonant frequency of the cantilever due to added mass. The
additional mass of target (DNA or RNA) can be amplified with Au:DNA conjugates, and
optimization of the synthesis and hybridization of Au:DNA conjugates to DNA probe and
target coated NWs is reported.
In summary, studies have been undertaken to improve nanoparticle based
biosensors with detection strategies including fluorescence and Raman spectroscopy, as
well as mass-based resonant frequency shifts. Control over the surface chemistry and
materials of the individual sensing devices is important for developing low cost, simple,
field deployable biosensors capable of simultaneous detection of multiple analytes.
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Figures
Figure 1-1

Figure 1-1: Optical microscopy images of AuAgAuAg NWs under 430 nm (blue) and 600
nm (red) light illumination. Images were false colored.
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Figure 1-2

Figure 1-2: Scheme of NW coating and etching to produce NP chains.
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Figure 1-3

Figure 1-3: Optical (left) and TEM (right) images of silica coated and etched NWs. Top
images are AuAg with decreasing length Ag segments (dark) and Au (bright) on the left,
with TEM image showing only Au segments on the right. Bottom images show
AuAgPdAgAu NWs with Ag segments etched.

Chapter 2
Stabilization of Silver Metal in Citrate Buffer: Barcoded Nanowires and their
Bioconjugates

Introduction
Nanobarcodes™ (NBC) are striped metal nanowires generally several microns in
length and ~300 nm in diameter, prepared by sequential electrodeposition of metals
such as Au, Ag, Pd, Ni, or Pt in alumina template membranes.1 These particles are
attractive as identification tags for applications ranging from brand protection in the retail
market to multiplexed bioanalysis.2 They can be fabricated in a multitude of striping
patterns and are identifiable by simple optical reflectance microscopy.2-3 Of the metals
used as segments in these particles, Au and Ag are particularly attractive due to the
large difference in reflectivity between these metals under blue illumination, which
provides excellent contrast for readout of the striping pattern, or barcode.3 Ag metal is
less noble than Au, and prone to oxidation. Indeed, we had previously noted some
degradation of Ag nanowire segments when stored in air or H2O, and have found that
storage in EtOH protects against oxidation.3

It is, however, of interest to preserve

protein and DNA conjugated NBCs, which require storage in aqueous buffer.

Ag metal surfaces and particles are important in a wide variety of biosensing
applications.4 Ag is attractive due to its favorable optical properties in surface plasmon
resonance (SPR),5,6 localized surface plasmon resonance (LSPR),7,8 and surfaceenhanced spectroscopies including fluorescence,9-11 absorbance,11 and Raman
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scattering.12 In addition, Ag films have been used on quartz crystal microbalance13,14
and electrochemical sensors.15 Biosensor construction generally requires attachment of
DNA, proteins, or other biomolecules to the Ag substrate.1-3,16-21

Unfortunately, the

coupling of biomolecules onto Ag surfaces has often proven difficult, due to the instability
of Ag surfaces and nanoparticles.22,23 While many of the optical investigations of Ag
have been carried out under vacuum, biosensing is generally done in (oxygenated)
aqueous buffers.3,21,22

Dry Ag films in oxygen rich environments undergo an alteration in interference
color and appear rough within a few days.24 During oxidation, cracking and flaking of the
oxide takes place which facilitates diffusion of the oxygen to the surface beneath, thus
causing continual oxidation damage to the film.24-26 It has been proposed that the silver
oxide formation on the surface during oxidation acts as a catalyst for further oxidation of
underlying silver.24 Although this oxidation process has not been characterized to the
same degree in oxygenated aqueous solutions, it is known to occur. The instability of
Ag films has caused difficulties for biosensing applications due to oxidation.13,27

When Ag-containing NBCs oxidize in air, water, or salt buffer, the initial
deterioration appears as pits in the surface of the Ag segments.

Eventually, larger

portions of the surface disintegrate, leaving behind large voids in the Ag segments.
When agitated, the wires degrade faster, presumably due to increased O2 diffusion and
improved access to underlying Ag.24 The degradation of NBCs and their bioconjugates
is of interest because it may impact the long-term storage of these materials for use in
biological analysis. Potential consequences of Ag oxidation in NBCs include (1) the loss
of attached biomolecules as the surface deteriorates, (2) alteration of particle optical
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properties as the surface pits and becomes less uniform, which could lead to difficulties
in barcode pattern identification, and (3) wire breakage as Ag segments disappear,
which could also lead to misidentification of barcode patterns.

Silver metal surfaces can be protected from oxidation by coating with alkanethiol
monolayers or polymeric or inorganic thin films.13,23,27-32 For example, Su and coworkers
have demonstrated that polystyrene or carboxy-poly(vinyl chloride) films protected Agcoated quartz crystal microbalance biosensors from Ag oxidation and the associated
degradation in sensor response.13,27 Ag nanospheres have been coated with Au or SiO2
shells for added stability and biofunctionalization.22,29 Takenouti and coworkers have
used hexadecanethiol self-assembled monolayers to prevent Ag tarnishing and
corrosion.31,32 These methods have been successful in protecting Ag, however they all
require surface modification and may not be readily adopted by the molecular biology
community.

We were interested in preventing Ag oxidation in barcoded nanowires

without introducing surface coatings.

Herein we describe an experimental study conducted in an effort to characterize
and prevent the deterioration of Ag in bare and bioconjugated NBCs stored in aqueous
buffer. We have found that buffer solutions containing sodium citrate as a reducing agent
greatly reduce the rate of nanowire degradation. Our results indicate that bare,
unfunctionalized NBCs survive in hybridization buffer ~2 weeks before extensive
deterioration. This is comparable to the length of time that the wires survived in both air
and water (14 days before extensive pitting).3 When sodium citrate is added to the
buffer, NBCs last on average three times longer than those in hybridization buffer alone.
Agitation of NBC suspensions in any buffer greatly increases the rate of Ag deterioration.
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However, addition of citrate still offers significant preservation.

We also compared

hybridization buffer with and without citrate as a storage solution to prevent the oxidation
of silver in fluorescent DNA:NBC bioconjugates.

After 12 days of storage in

hybridization buffer, fluorescent DNA detached from the DNA-conjugated NBCs as they
deteriorated, while the NBCs stored in citrate-containing hybridization buffer did not
show significant deterioration at nine weeks.

Experimental Section
Materials
Monobasic and dibasic sodium phosphate, trisodium citrate and PBS buffer (0.01
M phosphate buffered saline; 0.138 M NaCl; 0.0027 M KCl; pH 7.4) were purchased
from Sigma. Sodium chloride was purchased from Aldrich. All water used was distilled
and purified to 18.2 MΩ through a Barnstead Nanopure system. NeutrAvidin™ was
obtained from Pierce and was reconstituted to appropriate concentrations in nanopure
water. DNA sequences used are as follows: A) 5’biotin-AAA AAA ACG TTG TCT GAT
GCG TCA, B) 5’-ACA CAG ACG TAC TAT CAT TGA CGC ATC AGA CAA CGT, and C)
5’-ATG ATA GTA CGT CTG TGT-ROX. Two of the DNA sequences (A and B) were
synthesized on an Expedite 8909 DNA synthesizer using reagents purchased from Glen
Research, and the third sequence (C) was purchased from IDT, Inc.

Striped metal nanowires (NBCs) with striping patterns encoded 011110, 000111 and
001100, where 0 and 1 represent 0.75 µm length segments of Au and Ag, respectively,
were purchased from Nanoplex Technologies (Menlo Park, CA). These particles were
“bare” (i.e. no molecules had been intentionally added post-synthesis) unless otherwise
noted. NBCs were rinsed three times in water before use as they were previously stored
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in ethanol. Typically, a 1000 µl batch of NBC’s contains 1x109 nanowires. NBSee
Analysis Software (version 1.0.26, from Nanoplex Technologies) was used for NBC
identification of nanowire patterns and to investigate the degree of degradation that
caused the software to no longer recognize the wire patterns.

Buffer Preparation
Buffers were made using a standard high-salt hybridization buffer (HB),
consisting of 0.3 M NaCl and 10 mM sodium phosphate at pH 7.2.

The citrate

containing buffers (CB) were prepared to concentrations of 40, 100, or 300 mM of
sodium citrate in HB.

Oxidation of Silver NBCs Segments
To a 25 µl aliquot of rinsed nanowires (000111), 200 µl of 40 mM citrate buffer
was added.

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

quantities. The nanowire samples were allowed to sit undisturbed on the benchtop over
the course of the experiment, except when an aliquot was removed every third day for
imaging. When imaged, both reflectance optical microscopy and FE-SEM data were
obtained.

NBSee Software Analysis
Nanowire samples consisting of 80 µl wires, rinsed in water with the supernatant
removed were resuspended in 80 µl of either hybridization buffer, 40 mM citrate buffer,
or in ethanol. Two samples were made containing each solution such that one sample
could be left to rest on the benchtop and the other continuously agitated on a vortex
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genie. The samples were sonicated briefly before imaging to reduce clumping of wires,
as the NBSee program cannot identify wires that are touching or clumped.

These

samples were more concentrated with nanowires than previous experiments, which
allowed for a greater number of nanowires per image and more statistical data when
analyzed by NBSee.

Optical Microscopy
Brightfield reflectance images were acquired using a Nikon TE-300 inverted
microscope equipped with a 12 bit high resolution Coolsnap HQ camera (Photometrics).
A CFI plan fluor 100x oil immersion lens (N.A. = 1.3) was used in conjunction with
Image-Pro Plus software (version 4.5) to image the samples. The light source was a
175 W ozone-free Xe lamp, and a Sutter Instruments filter wheel (Lambda 10-2) allowed
for wavelength selection. Samples were prepared by either drying 10 µl aliquots of
nanowires onto glass coverslips (Fisher 12-542-C) and then adding a 10 µl drop of water
to the sample to adhere the coverslip to a glass slide or by sandwiching an 8 µl sample
between two coverslips. All reflectance images were taken at 430 nm, which is the
wavelength that gives the biggest reflectance contrast between Au and Ag.3

Electron Microscopy
Field emission-scanning electron microscopy images (FE-SEM) were obtained using a
JEOL 6700F FE-SEM located at the PSU Materials Characterization Lab. Secondary
electron imaging (SEI) mode was used with an accelerating voltage of 15 KV.

To

prepare the samples, an Al stud covered in copper tape (EM Sciences) was used to
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support 8 µl of nanowires, which were dried in a vacuum dessicator for 2 hours prior to
imaging.

Fluorescent DNA Coated Nanowires
A 40 µl sample of NBCs (patterned 011110) was washed three times in water
prior to addition of 200 µl of 0.25 mg/ml NeutrAvidin. The wires were then vortexed for 2
hours and rinsed three times in water. They were then resuspended in 10 µM DNA (A)
in PBS buffer (0.01 M phosphate, 0.138 M NaCl, 0.0027 M KCl, pH = 7.4), and vortex for
4 hours at room temperature. The NBCs were then rinsed three times in PBS buffer and
resuspended to a final concentration of 10 uM DNA (B) in HB and were vortexed for 4
hours at room temperature. Following three rinsings in HB, the final fluorescent DNA
strand (C) was hybridized at a concentration of 10 µM in HB for 4 hours at room
temperature. The excess DNA was rinsed from the system in three washings using HB.
The DNA conjugated wires were divided equally into 2 tubes of which 100 µl of HB was
added to one tube and 100 µl CB was added to the other. Tubes were then allowed to
sit on the benchtop at room temperature, undisturbed with the exception of the
occasional removal of an aliquot for imaging.

Results and Discussion
NBCs are routinely stored for long periods in ethanol after synthesis, and Ag
segments stored in this way retain their integrity indefinitely.3

However, once

biomolecules such as antibodies or DNA are attached to NBCs, it is necessary to store
the bioconjugates in an aqueous buffer solution. Although oxidation could be prevented
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by substitution of Pd or Pt in place of Ag segments, Ag provides the greatest contrast
with Au, and therefore is generally preferred.3 In an effort to slow the oxidation of Ag
segments, addition of the reducing agents citrate and dithiothreitol (DTT), to buffer
solutions was investigated. These were selected because they are frequent additives in
buffers for biological molecules. We found that DTT containing buffers hastened the rate
of silver degradation in nanowires over those stored in HB alone, perhaps because this
molecule can serve as a good ligand for Ag(I). We have observed similar effects from
other short-chain thiols such as mercaptoethanol and mercaptopropanol. Therefore, we
focused on citrate, and DTT was eliminated from the study.

To determine the length of time Ag containing nanowires would survive in citrate buffer
solution as compared to those stored in a non-citrate buffer solution, two separate
aliquots of NBCs patterned 000111 (half Au and half Ag) were stored in either
hybridization buffer (HB) or in HB containing 40 mM citrate buffer (CB) on the benchtop
for up to 53 days. Reflectance optical microscopy and FE-SEM data were obtained daily
over the length of this study. The optical microscopy provides information on changes in
reflectance, which are important for barcode pattern identification and would impact the
homogeneity of a fluorescence assay carried out on the NBC surface. FE-SEM enables
visualization of the nanostructure as Ag oxidation proceeds.

Figure 2-1 shows

representative reflectance and FE-SEM images of wires imaged after zero, seven, and
seventeen days. The first signs of degradation are observed in the form of Ag segment
pitting in FE-SEM and darker spots in the reflectivity images for the nanowires stored in
HB as early as 2 days after addition of buffer. Samples stored in CB do not show this
initial degradation until day 7 in both FE-SEM and reflectivity images. By day 17, the
wires in HB displayed substantial degradation, while the corresponding wires in CB

32
showed very little damage. It was not until day 53 that the NBCs stored in CB had
similar degradation as those stored in HB for 17 days (Figure 2-2). In general, NBCs
stored in CB extended the life of the silver nanowires by nearly three times over those
stored in HB.

During a typical bioassay experiment, NBCs are agitated on a rotary shaker, tumbler,
or vortexer both during derivatization with capture probes and reaction with target
biomolecules.

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

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

We

selected the most vigorous of the mixing methods, vortexing. To determine whether
vortexing the samples increased the rate of degradation, NBCs (pattern 001100) were
prepared in HB, 40 mM CB, or 95% ethanol. Ethanol is our standard NBC storage
solvent when no biomolecules are attached, and is very effective at preventing Ag
oxidation; unstirred samples are undamaged after one year.3 Each sample was divided
in half; one half was vortexed continuously and the other half was stored in the
respective solutions on the benchtop. The wires were imaged daily over a twelve-day
period. Optical reflectance images for these samples after 7 and 12 days are shown in
Figures 2-3 and 2-4, respectively.

At day 7, the wire samples vortexed in HB showed clear signs of Ag degradation, with
dark regions visible in the reflectance images (Figure 2-3E). All other samples, including
wires vortexed in CB, showed essentially no sign of damage. After 12 days, the HB
sample showed dark regions in the reflectance from Ag segments, much like what was
observed after 7 days of vortexing. The HB sample that had been continuously vortexed
for 12 days showed mainly broken wires (i.e. the Ag segments had failed entirely). In
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contrast, the ethanol and CB samples show no change.

It should be noted that

vortexing continually for 7 days goes far beyond the demands of any potential bioassay
application.

Nonetheless, this study showed that the degradation of agitated wires

stored in HB was accelerated greatly over those allowed to rest undisturbed on the
benchtop, and that protection by addition of 40 mM citrate to the HB of a sample
continuously vortexed for 12 days was as effective as storage undisturbed in ethanol.

Use of NBCs in multiplexed bioanalysis requires accurate pattern recognition. Since
Ag degradation leads to areas of reduced reflectance, it could hinder NBC identification.
To investigate this possibility, we tested the impact of NBCs silver segment degradation
on the ability of the NBSee software to correctly identify the nanowires. This software
was designed by Nanoplex Technologies for the purpose of identification and analysis of
NBCs.33 Image sets were analyzed using NBSee software programmed to discard wires
not at least 4.3 µm in length; unbroken wires should be 4.5 µm long. This range was
used to identify only wires that were not broken.

Typically during bioanalysis it is

desirable to identify which biomolecules are attached to which NBCs. Therefore, it is
important to identify only the NBCs that are not broken and are fully identifiable.

Using NBSee, all samples were identified with greater than 80 % accuracy through
day 12, with the exception of the vortexed HB sample (Figure 2-5). Less than 100%
identification accuracy indicates that some of the wires were identified as having
patterns other than 001100. Misidentification can arise from polydispersity in the initial
NBC sample or post-synthesis degradation; decreases over time indicate that pitting of
the Ag segments and/or wire breakage caused incorrect wire assignment. Nanowires in
ethanol were imaged as a control, as no Ag oxidation is observed for these samples
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over an entire year.3 NBCs left undisturbed in ethanol remained relatively constant at
94% for day 5 and 92% for day 12 (Figure 2-6). The percentage of correctly identified
wires stored in CB decreased from 92 % to 89 % (Figure 2-5). Those stored in HB
decreased from 90 % to 85 %. These very small changes reflect the fact that the wires
do not undergo much degradation in either CB or HB after only 12 days when sitting
undisturbed. However, the percent correctly identified dropped precipitously to just 12 %
for the vortexed HB sample by day 12. This substantial decrease tracks the increase in
Ag segment degradation and wire breakage observed in the reflectance images of these
samples. In contrast, NBCs vortexed for 12 days in CB showed no significant decrease
in pattern identification accuracy, underscoring the protective effect of the citrate. The
fact that nanowire identification by NBSee did not decline significantly for the 12 day
undisturbed HB and 7 day vortexed HB samples, despite noticeable changes in their
reflectance images (Figures 2E and 4B), indicates the robustness of the pattern
identification by the NBSee software. The program anticipates that each segment will be
750 nm in length, which reduces the impact of small dark regions within an Ag stripe,
and the user interface enables selection of identification criteria to discard broken wires
from analysis by dictating the expected length.

From the standpoint of multiplexed

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

We initially selected citrate based on its use in Ag(I) reduction for preparation of
colloidal Ag sols.34

These recipes call for a 1 % (38.8 mM) citrate solution.34

To

determine whether additional reducing agent would provide further increases in Ag
stability, we compared hybridization buffer with 40 mM, 100 mM, and 300 mM citrate.
NBCs (patterned 000111) were left undisturbed on the benchtop in each of these
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buffers. Reflectance images of these wires after 7, 12 and 19 weeks show no additional
improvement for the higher citrate concentrations (Figure 2-7). Whole wires, slightly
pitted, and broken wires can be found in all three samples after 19 weeks. These data
suggest that 40 mM citrate is sufficient for preserving the wires over several months.

NBC-based multiplexing is generally performed using fluorescence to report the
presence and amount of target biomolecules. Fluorescence intensity for NBC-based
assays is sensitive to both the underlying metal identity (i.e. Au vs. Ag) and to
inhomogeneities such as can result from Ag degradation.

We performed a DNA

sandwich hybridization assay on nanowires composed almost entirely of Ag, with short
Au caps on each end. Capture probes biotinylated on the 5’ end were attached to the
wire surface via adsorption to a NeutrAvidin™ protein, after which the particles were
exposed to the target strand, followed by a fluorescently tagged detection strand with a
3’ rhodamine dye. After assembling this DNA sandwich on the nanowire surface, the
sample was divided into two aliquots; half of the wires were stored in HB, with the other
half in CB. Both nanowire bioconjugate samples showed greater longevity as compared
with bare Ag segments, due to the protective effect of the protein and DNA layer.
Eventually, however, the wires in HB began to show signs of Ag oxidation. By day 18
pitting is evident in the wires stored in HB. After 63 days of storage in their respective
buffers, the optical reflectance and fluorescence images of the wires show that the
samples stored in HB have degraded substantially, while those in CB show little
evidence of oxidation (Figure 2-8). The sample stored in HB contained many broken
wires, and very low fluorescence intensity remained on the wires while those stored in
CB showed minimal degradation and fluorescent DNA still present even after 63 days,
the longest time evaluated (Figure 2-8). Thus, we recommend that when Ag-containing
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nanowire bioconjugates are stored prior to use, citrate or another mild reducing agent be
added to maintain sample integrity.

Conclusions
Barcoded nanowires offer a promising route for multiplexed bioanalysis.2 Silver
and Au segmented Nanobarcodes (NBCs) are of particular interest as these metals
provide the greatest contrast with blue illumination, and can provide uniform intensity for
fluorescent assays performed in the red.3 Unfortunately, Ag is less stable than other
possible NBC metals (Au, Pd, Pt) and will degrade over a time scale of weeks in
aqueous buffers. Although this does not present any problems for uses in which the
NBCs are conjugated and used within a few days, slow air oxidation of stored
bioconjugated wires could lead to degradation of Ag segments, and eventual wire
breakage. We have shown that adding 40 mM citrate to the buffer markedly slows silver
oxidation. No surface modification was necessary. Bioconjugated NBCs were stable for
more than two months in citrate-containing 0.3 M NaCl, 50 mM phosphate buffer (pH 7).
Presumably similar results would be achieved by storing in deoxygenated buffers, under
Ar (g), however addition of citrate is much more convenient. Addition of citrate will
enable longer storage of biolabeled nanobarcodes prior to use, and may aid in the
prevention of silver surface degradation of biotagged Ag thin films such as those used in
surface plasmon resonance and surface enhanced Raman scattering studies.
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Figures

Figure 2-1

Figure 2-1: Nanowires (patterned 000111) after storage in hybridization buffer (HB) or
citrate buffer (CB) for the number of days indicated. Top images are FE-SEM and
bottom images are optical reflectance.

41

Figure 2-2

Figure 2-2: Reflectivity images of underivatized 000111 nanowires in citrate buffer after
53 days. Wires are at a similar stage of degradation compared to day 17 in hybridization
buffer.
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Figure 2-3

Figure 2-3: Reflectivity images of nanowires (patterned 001100) at 430 nm illumination
after 7 days of benchtop storage in: ethanol (A), hybridization buffer (B), and citrate
buffer (C). (D-F) images represent wires vortexed in: ethanol (D), hybridization buffer
(E), and citrate buffer (F).
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Figure 2-4

Figure 2-4: Reflectivity images of nanowires (patterned 001100) using 430 nm
illumination. Top: images taken after 12 days undisturbed benchtop of storage in:
ethanol (A), hybridization buffer (B), and citrate buffer (C). Bottom: images taken after
14 days continuous vortexing in: ethanol (D), hybridization buffer (E), and citrate buffer
(F).
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Figure 2-5
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Figure 2-5: Graph of percentage of nanowires correctly identified by NBSee software
from days 5-12. Greater than 100 NWs analyzed for each sample.
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Figure 2-6
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Figure 2-6: Graph of percentage of nanowires correctly identified by NBSee software
from days 5-12 for CB vs. ethanol.
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Figure 2-7
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Figure 2-7: Reflectance microscopy images of 000111 nanowires stored in different
concentrations of citrate buffer (40, 100, or 300 mM) for varying lengths of time.
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Figure 2-8

Figure 2-8: Reflectance (top) and corresponding fluorescence images (bottom) of
nanowires, patterned 011110, after storage in hybridization buffer (HB) or citrate buffer
(CB) for the number of days indicated.

Chapter 3
Batch Preparation of Linear Au and Ag Nanoparticle Chains via Wet Chemistry
Introduction
Advances in synthetic methods for producing metallic nanoparticles and
nanoparticulate assemblies beyond spheres and simple repeating or aggregated
structures may lead to new optical sensors and new electronic materials. In recent
years, complex structures ranging from spheres and rods to disks, cubes, prisms,
tetrapods, and even hollow cubes have been produced.1-10 These materials display size
and shape-dependent optical properties.1-10 Progress is also being made towards the
production of discrete assemblies of nanoparticles, for example via biorecognition-driven
assembly or templating.11-15
Construction of metal nanoparticle assemblies having controlled particle size,
spacing and composition is desirable for plasmonic waveguides and may have
applications in electromagnetic field enhanced spectroscopies such as surface
enhanced Raman, infrared, or fluorescence.1-3,16-18 Experimental routes to nanoparticle
chains have included synthesis via electron beam lithography (EBL) and manipulation of
preformed particles using scanning probe tips.19,20 These approaches provide excellent
control over particle placement, but are time-consuming and require costly
instrumentation. Alternative methods include particle assembly into preformed surface
features such as channels that are matched to the particle size. This approach can
simultaneously assemble large numbers of particles into lines or other surface-defined
features, however it does not provide control over interparticle spacing, nor can the
identity of individual particles in the chain be controlled.12,13 Herein, we present a wet-
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chemical method for batch preparation of nanoparticle chains having controlled particle
size, spacing, and composition.

Materials and Methods
The synthetic approach is illustrated in Figure 3-1. Striped metal nanowires are
prepared via galvanostatic electrodeposition within the pores of alumina templates as
previously described.21-23 For particle chain preparation, sacrificial Ni segments are
included in between segments of more noble metals (Au, Ag). During electrodeposition,
the template pore diameter fixes the nanowire width, and the length of each metal
segment is independently controlled by the amount of current passed before switching to
the next plating solution for deposition of subsequent segments. Nanowires are
released by dissolution of the template, and subsequently coated in SiO2.
The procedure for coating the nanowires with silica was modified from reference
24.24 This method differs from the “surface sol-gel” approach developed by Mallouk and
coworkers,25 in which nanowires were grown within a preexisting silica sheath within the
alumina template; in our case the SiO2 is synthesized in a single step and coats the
entire surface of the wire rather than leaving the ends exposed. Nanowires from a single
1-inch diameter membrane were suspended in 1 ml ethanol. In a centrifuge tube, 300 µl
wires, 490 µl ethanol, 160 µl distilled water, 40 µl tetraethyl orthosilane, and 10 µl 28%
NH4OH were mixed and sonicated for 45 minutes. The solution was rinsed three times
with ethanol. The glass coated wires are then subjected to a solution of 1 M H2SO4 (aq),
which selectively etches the Ni, leaving Au and/or Ag segments behind, held in place by
the SiO2 shell. The resulting structures comprise nanoparticle chains, where particle
size, composition, and spacing are selected during electrodeposition. We note that our
synthetic approach is conceptually similar to that used by Foss and coworkers to
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prepare Au–Au26 and Au–AgI27 dimer arrays in alumina membranes, as well as that
recently reported independently by the Mirkin and Bao groups to produce nanoscale
gaps for electrical measurements. 28,29

Results and Discussion
Transmission electron microscope (TEM) images of nanoparticle chains are
shown in Figure 3-2. Panels A-C show chains of five oblate Au spheroids approximately
80 x 100 nm (i.e. each particle was an ~80-nm segment in a 100-nm diameter wire prior
to etching), with separations greater than, equal to, and less than the particle size. Each
is representative of a batch of nanoparticle chains with different lengths of sacrificial Ni
segments grown during electrodeposition. Control over particle size and spacing is quite
good, but not perfect: for the sample in Fig. 1B, TEM analysis gives mean particle size of
80 ± 20 nm, and spacing of 77 ± 27 nm (17 particle chains counted). These particles
were prepared by manually switching between Au and Ni plating solutions.
Polydispersity arises in large part from difficulties in reproducibly timing the
electrodeposition by hand for each segment (e.g., the chains in 1C required five 1 min
Au depositions alternated with 1.25 min Ni depositions). Improved monodispersity in
particle and spacing sizes could be achieved by computer-controlled fluidics or potential
controlled plating from a single bath containing both Ni and Au; excellent control over
nanowire composition on the few-nm scale has been achieved by the latter.30 Exquisite
control over nanowire composition has also been achieved by inclusion of single
molecular layers at the interface between two segments of the wire.31 Removal of such
a molecular layer could provide another route to control over interfacial separation with
nm-scale precision.
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While the length of each metal segment is controlled by the current passed
during electrodeposition, changing the particle diameter requires a new template with
different pore size. In addition to the 100-nm pore templates used in fabrication of the
structures shown in Figure 3-2 A-C, and E-H, we have prepared nanoparticle chains in
larger (320 nm pores) and smaller (30 nm pores) templates (Figure 3-2D, Figure 3-3).
Al2O3 template membranes can be prepared in a wide range of pore diameters by
controlling the voltage during anodization of Al metal.32
The nanowire etching approach to chain fabrication is quite general: it requires
only that the material of interest can be electroplated sequentially with an etchable
spacer. Figure 3-2D shows 60 nm x 36 nm prolate Au particles (a 36-nm pore size
template was used). Ag nanoparticle chains are shown in Figure 3-2E-G. We note that
other metals could be electroplated, and that alternative materials could be used in place
of SiO2.33 For example, nanowires have been coated in polystyrene or polyelectrolyte
multilayers.34
The nanoparticles in the chain need not be identical; arbitrary patterns of
nanoparticles can be readily synthesized.

Figure 3-2H shows a chain of alternating Au

and Ag nanoparticles prepared by etching the Ni segments from a wire of initial
composition Au(x5)-Ni-Ag-Ni-Au-Ni-Ag-Ni-Au-Ni-Ag-Ni-Au-Ni-Ag-Ni-Au(x5). The two
metals cannot be directly distinguished in the TEM image, however each expected
segment is present, and the two different particle lengths indicate identity based on
previous single-metal chain preparations (i.e. Ag segments are longer than Au segments
for the same plating time). Energy dispersive x-ray spectroscopy (EDS) confirms this
(Figures 4-6).
The optical properties of metal nanoparticles are sensitive to size, shape,
spacing and composition.13,14 Figure 3-7A shows pre- and post-etch extinction spectra
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for chains of five 80 x 100 nm Au oblates with interparticle separations approximately
equal to the particle diameter (pictured in Figure 3-2B). Prior to etching, the optical
properties of microns-long metal wires are dominated by scattering and
reflectance.21,35,36 A distinct plasmon absorbance band ~630 nm appears after the Ni
segments have been removed, leaving behind Au nanoparticles. This band is redshifted
and broadened as compared with free 100-nm Au spheres (

max

570 nm), as expected

for the oblate (disk-shaped) structure of the particles.37 We note that etching without first
coating in SiO2 yields suspensions of free oblates. Since the plasmon bands for
samples with larger separations (e.g. Figure 3-2A) also occur at ~630 nm, the Au
particles in these chains do not appear to be strongly coupled. Decreasing the
separation to below the Au particle size (i.e. Figure 3-2C), however, results in substantial
changes in the extinction spectrum (Figure 3-7B), indicating increased interparticle
coupling.38-40 The extinction maximum broadens and redshifts from ~630 nm to ~685
nm.
Figure 3-7C shows extinction spectra corresponding to the Au chains in Figure 32D. After etching, the Au plasmon absorbance band appears at 524 nm, indicating
isolated, prolate spheroids. A spectrum for alternating Au/Ag nanoparticle chains is
shown in Figure 3-7D, for two interparticle separations. The smaller gap size
corresponds to the TEM shown in Figure 3-2H. In both spectra, the characteristic
features of Ag extinction are present below 450 nm, along with an ~600 nm feature
similar to those present in the all-Au chains (Figure 3-7A and 2B).
Figure 3-8A shows TEM images of 32 nm diameter wires grown with five equal
Au segments separated by Ni sacrificial segments. The Au was plated for 1 min at -1.65
mA and the Ni for 5 minutes, which corresponds to ~60 nm of Au and ~420 nm of Ni.
The particles left behind after coating with silica and etching the Ni sacrificial layer are
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separated by many times the particle size. Figure 3-8D shows the optical extinction
spectra for these particles, with an extinction maximum for the 5 min Ni particles at 520
nm, consistent with isolated, noninteracting nanoparticles. In Figure 3-8B and C, wires
were grown in similar templates but with shorter plating times and ten Au segments. For
Figure 3-8B, the wires were grown with 1 min plating time for both the Au and Ni. This
gave particle sizes of ~37 nm in length by 32 nm in diameter, and gap sizes of ~33 nm.
The extinction spectrum for a suspension of these nanoparticle chains, with separation
distances of approximately the nanoparticle size, is redshifted and broader. Figure 3-8C
shows TEM image of Au nanoparticle chains of the same particle diameter with length of
~27 nm. Interparticle spacing for this sample was ~9 nm. These particle chains, which
have a gap size much less than the particle diameter, show a significantly red shifted
extinction maximum at 630 nm.
The optical properties of linear nanoparticle chains have attracted much interest
lately due to their potential application as plasmonic waveguides.17,19,20,41-45 Schatz and
coworkers have predicted the appearance of an intense, sharp feature in the extinction
spectra for chains comprising 50 or more Ag nanoparticles (≥60 nm in diameter) for
certain interparticle spacings when the polarization is perpendicular to the chain axis.41-43
In the experiments presented here, the particle chains are in suspension, with random
orientations. Therefore, we do not expect to observe these dramatic polarizationdependent effects. Lazarides and Schatz have predicted extinction spectra for
nanosphere chains of 13-nm diameter Au, with 1.1 nm separation having random
orientation, and observed a broadening and slight redshift of the maximum, with a
second, longer wavelength feature growing in as the particle chain length was
increased.16 In general, the effect of decreased interparticle separation in a dimer,
chain, array or aggregate is to increase the electromagnetic coupling between particles,
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leading to a shift the extinction maximum to longer wavelengths, and/or the appearance
of a second, longer wavelength feature.1-3,16,26,46-47
Sandrock and Foss have reported optical extinction spectra for dimers of 32 nm
diameter Au spheres with ~144 and ~52 nm separations in alumina template
membranes.26 They observed a redshift (539 nm to 558 nm) and broadening for the
smaller interparticle separation dimer arrays as the angle of incidence was increased,
but no change for the 114 nm separation. Theory gave results in qualitative agreement
with their experiments, and predicted substantially greater redshifts and broadening for
separations of the same size as the particle diameter, with peak positions varying as the
angle of incidence was changed.26 For our data, the nanoparticle chains are randomly
oriented in suspension, so broadening is expected for the smaller interparticle
separations even in the absence of polydispersity. The particles in Figure 3-8 are
approximately the same size, and can be compared with the dimers of Sandrock and
Foss.26 However, since the chains are comprised of 10 particles, we expected that
interparticle coupling would have a greater effect as the particles became very close
together. Indeed, moving from 420 nm separation to 33 nm resulted in an ~60 nm
redshift (520 nm to 583 nm), and for interparticle separations ~9 nm, we observed a
greater than 100 nm shift from the isolated particles (to 630 nm). The spectra
broadened as they redshifted, due in part to the random orientation of the suspended
chains, and also to polydispersity (i.e. variations in separation distance matter more for
smaller separations).
For the particle assemblies formed in these 34-nm templates, we see ~30-40 %
CV for length measurements, and ~12% CV for diameter, based on TEM measurements
of 5-10 chains per batch (note that although the % CV is rather high, the lengths are only
several nm). In some cases, movement of the particles after etching contributes to
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spacing variations. This can be reduced by first coating the nanowires with 3mercaptopropyltriethoxy silane (MPTES) (Figure 3-9). Despite the polydispersity in our
populations of nanoparticle chains, the substantial redshift upon decreasing interparticle
separation is clearly observable in the extinction spectra in Figure 3-8D.
In conclusion, we have demonstrated that etching SiO2-protected, striped
nanowires can be a versatile tool for nanofabrication of linear particle chains. This
method is simple and provides for parallel synthesis of large populations of assemblies
(i.e. one billion nanowires can be prepared from a single 1-inch diameter template
membrane). Importantly, it provides independent control over the composition, size, and
spacing of each particle in the chain via simple wet chemistry. This versatility will enable
increased understanding of the optical and electronic properties of complex
nanostructures, and is promising for production of composite nanostructures having
desired properties for applications such as enhanced spectroscopies or plasmonic
waveguides. Improvements in monodispersity, which should be possible by moving to
potential-controlled electroplating, will result in greater control over the optical properties
of these materials.
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Figures
Figure 3-1

Figure 3-1: Synthesis of metal nanoparticle chains

61

Figure 3-2

Figure 3-2: TEM images of representative nanoparticle chains. Chains of ~80
x100 nm Au oblates with ~380 nm (A), ~80 nm (B), and ~25 nm (C) interparticle gaps;
scale bars = 500 nm for A, and 100 nm for B and C. Chain of ~60 x 36-nm Au oblates
with ~400 nm spacing (D); scale bar is 100 nm. Chains of Ag nanoparticles of varying
lengths and 100-nm widths with interparticle spacings smaller than (E, F) and larger than
(G) the particle size; scale bars = 200 nm. Chain of alternating Au and Ag particles (H);
scale bar = 200 nm.
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Figure 3-3

Figure 3-3: TEM image of Au-Ag-Au-Ag-Au-Ag-Au-Ag-Au nanoparticle chain prepared
in 320 nm diameter pores
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Figure 3-4

Figure 3-4: TEM image for chain of alternating Au and Ag nanoparticles (same nanowire
pattern as Figure 2H), and corresponding Energy Dispersive X-ray Spectroscopy (EDS)
from the position marked in the TEM image (i.e., an Ag particle). Images were acquired
by Accurel Systems International, Inc, (Sunnyvale, CA).
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Figure 3-5

Figure 3-5: TEM image for chain of alternating Au and Ag nanoparticles (same nanowire
pattern as Figure 2H), and corresponding EDS from the position marked in the TEM
image (i.e., between the small Au and the larger Ag particle, on the SiO2 shell alone).
Accurel Systems International, Inc, (Sunnyvale, CA).
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Figure 3-6

Figure 3-6: TEM image for chain of alternating Au and Ag nanoparticles (same nanowire
pattern as Figure 2H), and corresponding EDS from the position marked in the TEM
image (i.e., an Au particle). Accurel Systems International, Inc, (Sunnyvale, CA).

66

Figure 3-7

Figure 3-7: Optical extinction spectra for metal nanoparticle chains in suspension. (A)
Nine-segment, 100-nm diameter nanowires with alternating 80 nm Au (five) and 80 nm
Ni (four) stripes, before and after etching of the Ni. (B) Comparison of five-particle 80nm Au nanoparticle chains with interparticle spacing equal to the particle size (~80 nm)
and less than the particle size (~25 nm). (C) Nine-segment, 36-nm diameter nanowires
with alternating ~60 nm Au (five) and ~400 nm Ni (four) stripes, before and after etching
of the Ni. (D) Chains of alternating Au and Ag nanoparticles separated by approximately
the particle size, or greater than the particle size. Note that particle concentrations are
not identical for each spectrum due to losses in handling. Vertical positions of the
spectra were adjusted for clarity.
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Figure 3-8
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Figure 3-8: TEM images and corresponding optical extinction spectra for chains of 32
nm diameter Au particles. Chains comprised ten ~35 nm x 32 nm Au oblates with 420
nm spacing (A), ~33 nm spacing (B) and ~9 nm spacing (C). Optical extinction spectra
(D) of these particle chains as a function of interparticle spacing. Scale bars are 200 nm
in (A), and 100 nm in (B) and (C).
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Figure 3-9

Figure 3-9: TEM images of silica coated and acid etched nanowires without (A) and with
(B) mercaptopropyltriethoxysilane coating. Wires in A are 90 nm diameter Au-Ag-Au-AgAu-Ag-Au-Ag- Au-Ag-Au nanowires with Ag etched. Wires in B are 90 nm diameter AuNi-Ag-Ni- Au-Ni-Ag-Ni- Au-Ni-Ag-Ni- Au-Ni-Ag-Ni-Au with only the Ni etched. Silane
coating before treatment with TEOS helps keep thin Au segments in place. Scale bar =
500 nm in A, 1000 nm in B.

Chapter 4
Nanoparticle Chains for Surface Enhanced Raman Spectroscopy
Introduction
Raman spectroscopy is a powerful analytical tool for molecular identification that
results from inelastic scattering of photons.1 It is a vibrational technique that can be
used to identify functional groups and be used to fingerprint a molecule, which is not
possible with fluorescence.1 Additionally, Raman spectroscopy can be used to study
opaque and/or aqueous samples.1
The biggest drawback to Raman spectroscopy as an analytical tool is its
inherently weaker signal as compared to other spectroscopies, such as fluorescence
and infrared.2 Typically, only one in 106 – 108 incident photons is scattered inelastically.1
To overcome this drawback, the Raman signal can be enhanced by positioning the
molecule near a metal surface, leading to surface enhanced Raman spectroscopy
(SERS).2,3 The enhancement in SERS comes from two mechanisms, chemical and
electromagnetic. The chemical enhancement, which is typically on the order of 100,
arises from charge transfer between the metal surface and the molecule.1,4,5

The

electromagnetic effect can be much larger, with reports of standard enhancements of
106, and is due to an electromagnetic field generated by collective oscillations of
electrons, or surface plasmons, on the metal surface.1,3,5,6 A dipole can be induced in a
nearby molecule by this electromagnetic field, which leads to increased Raman
signal.1,3,5,6 The type, size, shape, and arrangement of nanosized metal have large
impacts on the amount of enhancement that is possible.3,5
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The first SERS experiments were reported of pyridine on electrochemically
roughened silver electrodes by Van Duyne. and Creighton.7,8

The observed

enhancement (~105) could not be accounted for by the increase in surface area of the
electrodes.7,8 Since these early reports, there has been much work investigating the
mechanism behind the enhancement and ways to determine structures to achieve high
enhancements. The highest enhancements have been achieved with aggregated AgNP,
but the aggregation process is uncontrollable and most aggregates do not yield high
enhancements.2 Simulations of the electric field enhancement by Yang et al. show that
the highest enhancements for a system of two oblate AgNPs was for separation equal to
the the semimajor axis of the oblate.9 Keating et al. have studied structures of Au and
Ag NPs assembled with cytochrome c (Cc). They found the sandwich architecture of
Ag:Cc:Ag yielded higher intensities than Au:Cc:Ag or Ag:Cc.10

Localizing the Cc

between two metal nanoparticles, and with the correct orientation (to have the Raman
active heme unit near the Ag, the more enhancing of the metals) yielded the greatest
enhancements.10
There have been many reports of interesting sizes, shapes, compositions, and
arrangements of nanoparticles for surface enhanced Raman spectroscopy. Aggregated
Ag colloid has been used for single molecule SERS detection, giving enhancements of
1015, but these aggregates are not controllable and the enhancements are not
reproducible.2,6

Nie measured single rhodamine 6G molecules in hot spots of

aggregated Ag colloid, but only one in 100 -1000 particles gave signal.2

Kneipp

measured the Raman spectra of single molecules of crystal violet in colloidal Ag solution
(slightly aggregated) with NaCl to help boost the SERS signal.6 Further work is needed
to develop highly enhancing,reproducible SERS substrates.
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Van Duyne has used nanosphere lithography to deposit Ag film over
nanosphere. They were able to achieve high SERS enhancements (~108) with good
reproducibility by depositing 200 nm of Ag over silica nanoparticles.3,11 They were able
to detect 2.6 x 103 spores of Bacillus subtilus (simulant for Bacillus anthracis), which is
below the infectious dose (104 spores).12 Murphy has investigated the optimum aspect
ratio of Au and Ag nanowires for maximum SERS signal. They found enhancement
factors as high as 107 for Ag (20 nm diameter, length 214 nm) and 105 for Au (24 nm
diameter, length 41 nm) with 4-mercaptopyridine.13 Halas found the Raman intensity of
4-mercaptobenzoic acid adsorbed to single Au nanoshells to be as high as for dimers of
Au nanoparticles (AuNP).14 Halas has also used arrays of Au nanoshells to create gaps
of ~10 nm, which lead to Raman enhancements of 5x108 for p-mercaptoaniline.15 Using
320 nm diameter nanowires, Mirkin has examined the Raman enhancement of
methylene blue (MB) by systematically varying the size, number, and spacing of Au
segments left behind after coating part of the wire lengthwise with silica and etching Ni
segments.4 They found that there was not an appreciable increase in MB signal for
more than two Au segments and that the predicted theoretical gap size (10 nm) did not
give the largest enhancements (30 nm).4
We reported a procedure for synthesizing composite structures consisting of
metallic nanoparticles held together at controlled spacings and initial studies of their
optical properties.16 They were made by coating striped metallic nanowires (NWs) with a
thin, homogeneous silica shell.

This silica coating is porous, and allows selective

dissolution of the underlying metals.16 By synthesizing NWs with alternating Au, Ag, and
Ni segments, we were able to investigate the absorbance maximum of chains of
nanoparticles as a function of nanoparticle spacing.

We looked at the absorbance

maxima for 34 nm diameter Au nanoparticle chains with 420 nm, 33 nm, and 9 nm

72
spacings.16

As the interparticle spacing decreased, there was a red shift of the

absorbance maxima from 520 to 585 to 630 nm for Au nanoparticle chains.16
Here we describe the use of nanoparticle chains as substrates for surface
enhanced Raman spectroscopy. The nanowires are electrochemically grown in porous
aluminum oxide, which can be grown with controlled pore sizes by anodization of
aluminum foil.17 The pore size of the aluminum oxide determines the diameter of the
NWs. By changing the electroplating conditions, we were able to control the sizes of the
segments, both the ones that would be left behind (to create nanoparticle chains) and
the ones that were etched (to give gaps). This led to nanoparticle chains surrounded by
a porous sheath of silica, allowing acid or other molecules to penetrate to the metal
surface.

Having the nanoparticles fully surrounded by the silica shell can help the

stability of the structure once the sacrificial segments have been removed.
We have studied composite structures with two different diameters and several
spacings of nanoparticle chains for SERS substrates. We have also investigated the
chemistry of the silica coating, and modified it to allow different types of molecules to get
through. Finally, we have compared 35 nm diameter Au nanoparticle chains with large
(420 nm) and small (24nm) spacing as Raman substrates.

Materials and Methods
Striped metallic nanowires (NWs) were grown electrochemically18 in in-house
prepared porous aluminum oxide templates, following published protocols.17 Aluminum
foil (99.99%, Alfa Aesar) was anodized in acid at constant potential of 60V (1.6% oxalic
acid) or 20V (6% sulfuric acid) to give average pore diameters of 100 nm and 35 nm,
respectively.

Aluminum oxide films were removed from the aluminum foil using a

voltage reduction technique followed by dissolution in acid. The resulting films were
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rinsed in distilled water and acetone, dried and were removed. The side previously
contacting the aluminum had Ag evaporated (60V oxide) or sputtered (20V oxide) to
serve as the working electrode with a Pt mesh counter/reference electrode for the
electrodeposition of metals.

Cyless silver, Orotemp 24 (Au) and nickel sulfamate

(Technic Inc) plating solutions were galvanostatically plated at 1.65mA for specified
amounts of time. After nanowire growth, the Ag working electrode was removed with
33% HNO3, and the NWs were released in 3M NaOH (three times), followed by rinsing
with water (three times) and ethanol (three times).
The wires were grown with two patterns (Figure 4-1). The first had a pattern of
06010601060, where 0=Au, 1=Ag, and 6=Ni. Au was grown for 1 min (99mC), Ag for 15
min (1485 mC) and Ni for 1.25 or 2 min (124 or 198 mC). For the second pattern,
06060606060, the nickel was alternated between short (1.25 or 5 min, 99mC or 495 mC)
and long times (30 min, 2970 mC). These patterns allowed us to investigate the effect of
the spacing of the nanoparticles on their optical properties.
The first pair of nanoparticle chains examined had average dimensions of 28 ± 7
nm length, 109 ± 17 nm diameter Au segments, and gaps of 8 ± 5 nm (Figure 4-2A),
verses 35 ± 17 nm length and diameter of 117 ± 18 nm Au segments, and gaps of 21 ±
11 (Figure 4-2B). The second pair of nanoparticle chains had dimers with Au segments
of lengths of 38 ± 13 nm, diameter of 95 ± 12 nm, and gaps of 184 ± 31 nm (Figure 42C) as compared to dimers with Au segments of length 55 ± 10 nm with diameter of 123
± 18 nm and small gaps of 21 ± 11 nm (Figure 4-2D).

Silica Coating
Au/Ni nanowires were coated with silica by one of two sol-gel type procedures.
The first method (TEOS) was based on previously reported procedure for glass
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coating.16

NWs (300 µL) were mixed with 160 µL water, 505 µL ethanol, 30 µL

tetraethoxysilane (TEOS) and 5 µL NH4OH (28%), were vortexed 7.5 minutes, and then
followed by rinsing three times with ethanol, unless otherwise noted. For the second
procedure (TEOS/BTEB) 50 µL nanowires were rinsed one time with acetonitrile, and
the following were added: 173 µL acetonitrile, 40 µL water, 16.7 µL TEOS, 1.3 µL bis
(trimethoxysilyl ethyl) benzene (BTEB), and 10 µL NH4OH (28%).

Samples were

sonicated 75 minutes and rinsed three times with acetonitrile.
Coated nanowires were etched in nitric acid to selectively dissolve the Ni. An
aliquot of nanowires was rinsed one time with water and sonicated in 20% HNO3 for 30
minutes. Samples were rinsed one time with water and three times with ethanol.
Bispyridylethylene (BPE) (Figure 4-3), a well studied Raman active molecule,
was added to aliquots of bare, coated, or coated/etched samples as 500 mM solutions
(20 µL in methanol) in 200 µL samples, vortexed overnight and rinsed three times with
ethanol.
Raman Measurements
Raman spectra were collected on two instruments.

Bulk measurements of

nanoparticle chains in suspension were collected on a home made system, consisting of
a Triax 550 monochromator, Coherent I-70 laser (647.1 nm illumination), and liquid
nitrogen cooled CCD detector. Raman spectra of single particles were acquired on a
Renishaw microRaman. Spectra were collected with 633 nm light and using a 100x
objective.

Samples were made by drying 5 µL onto a carbon coated transmission

electron microscopy (TEM) finder grid or a glass slide. Laser power was kept below
10% to prevent heating of samples, which can lead to degradation.
To study the effects of pretreatment on silica coating growth for both procedures
used, two 50 µL aliquots of 320 nm diameter Au-Ni-Au-Ni-Au NWs were each coated in
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mercapto undecanoic acid (MUA 100 mM, 100 µL total volume) or mercapto propyl
trimethoxy silane (MPTMS 45%, 100 µL total volume) (Figure 4-3) for 25 minutes,
followed by rinsing three times with ethanol. One of each sample, along with 50 µL
uncoated NWs, were then coated with silica following the above procedures for
TEOS/BTEB or TEOS only (173 µL ethanol, 27 µL water, 6.7 µL TEOS, 5 µL NH4OH
(28%) for 60 minutes). Samples were sonicated, rinsed three times with ethanol and
then split into two aliquots. One of each sample was rinsed one time with water and
vortexed in 500 µL HNO3 (33%) for 30 min to etch the Ni segments. Samples were then
rinsed two times with water and three times with ethanol.

Results and Discussion
We have investigated the effect of size, shape, and spacing on the absorbance
and Raman enhancement ability of Au NP chains.

We have also optimized the

chemistry of the silica coating to allow the Raman active molecule BPE to penetrate and
adsorb onto the AuNPs.

Bulk Raman Measurements
The first pair of nanoparticle chains examined had NP spacings of 8 ± 5 and 21 ±
11 nm, but also had slightly different lengths of the NP (28 ± 7 and 35 ± 17). These
differences in NP size and spacing yielded a slight shift of the absorbance of the
nanoparticles, from 796 nm (8nm gaps) to 784 nm (21 nm gaps) (Figure 4-4A). These
absorbance wavelengths are promising for in vivo applications due to the water window,
an area where water and proteins in the skin do not absorb light (800 – 1300 nm). This
allows light to penetrate the skin, a benefit for in vivo sensing applications. The optical
absorbance of metal NPs are highly dependent on their aspect ratio.

For AuNPs
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electrochemically grown in aluminum oxide templates, Martin found a change in the
absorbance from prolate (aspect ratio 7.7), with a λmax at 518 nm, to oblate (aspect ratio
0.38), with a λmax at 738.19 The NP examined by Martin had diameters of 52 nm and were
left in the aluminum oxide template.19
The second pair of nanoparticle chains (Figures 2C and 2D) had dimers with
smaller spacing (21 nm) between Au segments have an absorbance maximum at 697
nm, and the larger spaced (184 nm) dimers gave an absorbance maximum at 766 nm
(Figure 4-4B). Similar to the previous pair of NW chains examined, the differences in
the absorbance maxima for these chains are likely due to a combination of the slightly
different particle sizes as well as the different spacing of the Au segments.
The absorbance maximum of the NP dimers are a way to determine how much
electromagnetic coupling occurs between the particles.

A large change of the

absorbance from isolated NPs to closely spaced NPs indicates a higher level of
coupling. In addition to the level of coupling, which leads to increased electromagnetic
fields, the shifting of the absorbance can be used to tune the absorbance of the dimers
to the laser wavelength. Ideally, the NP dimer absorbance would be close to the laser
wavelength used for Raman excitation, as this gives larger SERS enhancement.12 We
studied these dimers as substrates for Raman spectroscopy, and compared Raman
intensity of the bare, coated, and etched NWs with BPE adsorbed. The goals of these
experiments were two fold: to determine if the structures studied are highly Raman
enhancing, and to determine whether the porous SiO2 shell could serve as a selectively
permeable layer, restricting acess to the NP chain structures.
Bare, silica coated, and coated/etched NP chains of all four types (different
spacing, sizes, Figure 4-2) described previously were mixed with BPE (200 µL
nanowires plus 20 µL 500 mM BPE) and Raman spectra were measured of the bulk
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samples (Figure 4-5) using our home built system with commercial monochromator. All
samples had the same number of NP chains (minus loss during rinsing) and same
concentration of BPE. This experiment was done to test whether the BPE is able to
penetrate the silica coating and adsorb onto the dimers after removal of the sacrificial
segments. From literature reports16,20 and TEM images, it is clear the silica coating is
porous because HNO3 readily penetrates the silica and can dissolve the underlying Ag or
Ni segments. However, BPE is a larger, less polar molecule. These two differences
could make it harder for the BPE to penetrate the hydrophilic silica coating. In the best
case scenario, if the BPE is indeed able to penetrate the silica coating, we would expect
a much larger peak for the coated/etched samples, with a smaller peak for the silica
coated samples, as compared to the bare sample. This is due to the expected Raman
enhancement due to the adsorption of the BPE to the closely spaced dimers, as
previously reported.4 Additionally, the silica coated sample was expected to have a
lower Raman signal than the bare sample due to the smaller area available for BPE to
adsorb to the NW. Differences as compared to these expectations could be due to two
factors. The dimers studied here may not produce large enhancements of the Raman
signal, or the BPE could be unable to penetrate the silica coating due to porosity of
surface chemistry issues.
BPE, the molecule used for all the studies in this chapter, has a characteristic
doublet at 1610 (aromatic ring stretching mode) and 1639 cm-1 (in-plane ring mode), and
all peak values reported are above the baseline for comparison.21 All Raman intensities
are reported as the intensity minus the background for the peak at 1608 cm-1. Table 4- 1
summarizes the Raman intensities of this peak for the bare, coated and coated/etched
dimers that were studied. For dimer pairs with gaps of 8 nm (Figure 4-2A), the bare
sample has a peak (152 counts) at 1610 cm-1 in the Raman spectra compared to the
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silica coated and etched sample (145 counts) (Figure 4-5A). The silica coated sample
had a smaller peak (86 counts). The Raman intensity of the silica coated and etched
sample was only 0.95 times the intensity compared to the bare NWs with BPE absorbed.
One important factor in comparing Raman intensities and enhancement factors is the
number of molecules that are adsorbed and being excited. The surface area of the bare
NWs range between 1.1 x 106 and 2.2 x106 nm2 per wire.

For the coated/etched

samples, the surface area of the AuNP chains range from 1.5 x105 to 2.7x105 nm2. This
nearly 10x difference is due to the removal of the large Ag or Ni segments that separate
and isolate the Au dimers. If the BPE is able to penetrate the silica coating, there would
be fewer molecules adsorbed/excited for the coated/etched samples due to the smaller
surface area available. If the bare and coated/etched samples give the same signal
intensity, the lower surface area of the coated/etched samples would mean a larger
enhancement due to fewer molecules being excited. There is also the challenge of
where the BPE is sticking, the Au surface or the silica coating. Since only molecules
located at or very near the metal surface are expected to yield large Raman
enhancements, BPE on the silica surface should not be an issue since the silica coating
is thick enough to prevent enhancement.
For the dimers with spacing of 21 nm (Figure 4-2B), the spectrum for bare
nanowires had a slightly stronger peak (91 counts) at 1610 cm-1 than the silica coated
sample (55 counts) (Figure 4-5B). The coated and etched sample had a peak at 1610
cm-1 of 101 counts.

Although larger than both the bare and coated samples, this

difference (1.1 times) is not as high as we would expect, and could just be variability of
the measurement.
Dimers shown in Figure 4-2C, grown with all Ni sacrificial segments and spacing
of 21 nm had a Raman peak intensity of 168 counts when silica coated and etched,
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compared to 49 counts for the bare and 14 counts for the silica coated (Figure 4-5C).
Although this follows the expected pattern of intensities, the differences are still smaller
than expected for these types of structures (coated/etched signal is only 3.4 times larger
than signal for the bare sample).
The dimers with nickel segments of 184 nm (Figure 4-2D) had Raman intensities
for the silica coated/etched sample of 115 counts, compared to 51 counts for the bare
sample and 46 counts for the silica coated sample (Figure 4-5D). Once again, this
follows the expected trend, but is still a smaller difference (2.3 times enhancement) than
what we expected and desired.

BPE solution at the same concentration as in the

previous experiments, had a peak of 66 counts above the baseline (data not shown).
There are several possible reasons for low enhancement values; the structures
studied could have non ideal properties to enhance the Raman signal, the BPE may not
be getting through the silica coating, or the different surface areas could lead to different
amounts of BPE being analyzed. Mirkin has studied nanoparticle chains with larger
diameters and varied the nanoparticle length, number, and spacing.4 They found that
the most closely spaced Au nanoparticles did not give the greatest enhancement of the
Raman intensity.4

The nanoparticles they studied were more than three times the

diameter studied here, which has an effect on the optimal gap and segment sizes for
Raman enhancement. As mentioned earlier, it could be problematic for the BPE to
penetrate the silica coating due to the porosity or surface chemistry. The fact that these
are bulk measurements could also be problematic. Although care was taken to try to
keep all NW concentrations identical, NWs are almost always lost due to extensive
rinsing steps after the silica coating, etching, and BPE adsorption steps. This would lead
to fewer NWs in the coated and etched samples, which could yield smaller Raman
intensities.

Better values could be achieved by measuring single dimer chains and

80
correlating their spectrum to TEM images. This would allow us to know not only the
number of nanoparticles we are comparing, but also a better idea of the morphology.
Although the nanoparticle chains are relatively monodisperse, there is some variation
between the NWs which could lead to differences in Raman enhancements.
Individual Particle Raman Measurements
Figure 4-6A shows a representative TEM image of 100 nm diameter assembly of
Au nanoparticles that remained after etching TEOS silica coated 0101010101010101010
nanowires.

The particles stay in place relatively well, but due to the Ag sacrificial

segments, the Au nanoparticles are not ideal. As can be seen in the TEM image, the Au
nanoparticles left behind do not have as straight interfaces as those in the NP dimer
data (Figure 4-2) that were made with Ni sacrificial segments. Raman measurements of
single chains were measured using a Raman microscope.

Figure 4-6B shows

representative spectra for bare NWs, silica coated/etched (TEOS procedure) NWs after
vortexing each sample in 20 mM BPE overnight and rinsing 5 times with ethanol. The
measurements were made with 1 s exposure times and a laser power of 12 µW at the
sample. The bare nanowires had a Raman peak of 1072 counts vs. 2892 counts for the
silica coated and etched sample. This yields an enhancement factor of 2.7 without
taking surface area (number of BPE molecules) into account.
To directly correlate the SERS signal with the nanostructure of our composite
particles, we dispersed the NP chains on TEM finder grids.

This enabled us to

investigate nanowires with diameters of 34 nm, grown with alternating Au and Ni
segments of 1 min each (~33 nm Ni, 37 nm Au). Figure 4-7A shows a TEM image of
one aggregate after Raman spectra were collected, but the morphology of the chains
has changed after TEM images of the NP chains were taken before Raman
measurements. This could be due to heating by the laser during collection of the Raman
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signal.

Such damage to the nanoparticle chain nanostructure was avoided in

subsequent experiments by reducing the laser power or imaging the samples in solution,
which would allow the heat to dissipate more readily. Figure 4-7B shows the Raman
spectrum of the aggregate collected at 0.5% laser power and 10 s exposure time. The
sample was vortexed overnight in 25 mM BPE and rinsed two times with ethanol before
spectra were recorded as dry samples the TEM finder grid. The peaks from the BPE are
clearly present (434 counts above baseline), which is encouraging that the BPE is able
to pass through the silica coating, or at least close enough to the Au segments to give a
good signal. Comparison to bare and silica coated NWs can not be made since spectra
were not collected. Spectra taken of similar wires with smaller spacing (9 nm) did not
show any Raman signal. This could be due to the BPE not getting through the silica or
challenges focusing on the smaller sample.

To potentially solve this issue, we

investigated changing the chemistry of the silica coating by using a more hydrophobic
precursor (BTEB).

Modified Silica Chemistry
We coated nanowires with bis (trimethoxysilylethyl) benzene (BTEB) in various
ratios with the standard TEOS. We found that a 20:1 TEOS to BTEB gave a silica
coating that was thick enough to keep the etched nanowires in place but not form free
silica (Figure 4-8A). The addition of the BTEB was expected to simultaneously improve
both the porosity and surface chemistry.22

We expected that including a bridged

siloxane would increase the porosity,22 and the benzene derivative could produce a
more favorable surface chemistry. By matching the chemistry of the silica coating more
closely to that of the molecule we want to pass through (BPE) Raman signals may be
seen for these structures studied.
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In addition to the new procedure, we also investigated the effect of pretreatment
on silica growth. We have previously reported that coating NWs first with MPTES and
then a silica coating (TEOS) helped keep the segments in place after etching the
sacrificial metal.16 The mercapto group binds to the NW, and serves as an anchor for
the silica growth from the silane side. Aliquots of NWs were coated with the standard
TEOS conditions after first being coated with MUA, MPTMS, or no pretreatment.
Treatment with MUA first gave a thicker and a more uniform silica coating (Figure 4-8D)
as compared to silica coating formed on untreated NWs untreated (Figure 4-8B). When
the NWs were first coated with MPTMS (Figure 4-8F), however, the coating was thinner
and less uniform than both the untreated and MUA treated samples, which could aid in
transport of analyte through the silica. The effect of the pretreatment was not as large
for the TEOS/BTEB coated NWs. NWs were first coated with MUA, MPTMS, or no
pretreatment, and then were silica coated following the 20:1 TEOS:BTEB procedure.
TEM images show the silica thickness is relatively the same for the untreated (Figure 48A), MUA treated (Figure 4-8C) and MPTMS treated (Figure 4-8E) samples.

It is

promising that pretreatment with MPTMS does not have a large effect on the silica
coating with the TEOS/BTEB procedure, as the MPTMS has been shown to help prevent
movement of the Au segments after removal of the sacrificial metal.
Figure 4-9 shows bulk UV-Vis extinction measurements of two different ~33 nm
diameter nanowire samples that were coated with silica (TEOS: BTEB 20:1, no MPTMS)
and etched. The nanowires were grown with alternating Au and Ni segments of 60 nm
(33 nm diameter) Au and 23 ± 2.9 nm Au (40 ± 4.5 nm diameter) and 420 nm or 24 ±7.6
nm of Ni, respectively. After coating with the TEOS/BTEB mixture and etching, the
nanoparticle chains have very different extinction maxima.

For the larger spaced

nanoparticles, the spectrum resembles that of individual gold nanoparticles with an
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extinction maximum at 521 nm. The nanoparticles with smaller spacing of ~23 nm had
an extinction maximum at 565 nm, indicating the electromagnetic fields of the
nanoparticles are interacting, leading to the red shift of the extinction.

These

nanoparticle chains should have very interesting Raman spectra because of this shifting
of the nanoparticle extinction.
Figure 4-10 shows TEM images of (A) bare, (B) silica coated (with TEOS/BTEB)
and (C) coated and etched nanowires after vortexing for several hours in 45 mM BPE in
methanol, followed by rinsing with ethanol three times. The nanowires had Ni segments
of ~23 nm.

Figure 4-10D shows Raman spectra of each nanowire shown (100 s

exposure, 12 µW laser power, λ= 633 nm). The sample that was coated and etched
shows a very strong Raman signal at 1610 and 1639 cm-1, with a peak of 8913 counts
above the baseline. There are no Raman peaks in any of the bare or silica coated
samples investigated. This observation determined that BPE penetrated the silica and
adsorbed to the AuNPs.
Finally, we investigated the effect of nanoparticle spacing on the Raman signal.
In addition to the small spacing examined above, we also measured Raman spectra
from nanowires grown with 420 nm Ni segments, separating 60 nm Au segments.
These large gaps were expected to show much lower Raman intensity due to their
noninteracting electromagnetic fields, as evidenced in their UV-Vis absorbance
maximum in Figure 4-9.

Figure 4-11 shows TEM images and corresponding Raman

spectra of the large (420 nm) and small (23 nm) spaced nanoparticles at the same
collection conditions (100 s exposure time, 12 µW laser power). There is clearly a large
difference in the Raman intensity. For the large gaps, the Raman intensity is 176 counts
above the baseline as compared to 12888 counts for the closely spaced nanoparticles.
This gives an enhancement factor of 73 times, without taking surface area into account.
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Although this is not a very high enhancement when compared to literature values, this
method should yield more reproducible Raman spectra and enhancement factors. This
enhancement factor (73) also represents the worst case scenario for the nanoparticle
chains investigated. All of the closely spaced chains had large Raman intensities, where
as most of the large spaced chains had no Raman signal. Some of this could be due to
the number of nanoparticles in the field of view of the laser. The larger spaced sample
would have fewer nanoparticles in the sample illuminated by the laser. Additionally, this
method of synthesizing silica coated NP chains with controlled spacing has the
advantage of protecting the metal surface against degradation as well as acting as a
selectively permeable coating by altering the porosity or surface chemistry.
Conclusions
In conclusion, we have begun initial studies towards synthesizing NP chains with
controllable spacing and silica coating for Raman spectroscopy substrates. Single NP
chains measurements show a stronger Raman signal of BPE from ~35 nm diameter Au
NP chains with spacing of ~23 nm compared to chains with 420 nm spacing. This work
is promising towards development of highly reproducible SERS substrates.
This approach could lead to NP chains with controlled size and spacing, which
can be optimized to give high Raman enhancements of adsorbed molecules. Improved
synthesis of the NWs will give better substrates, and pretreatment of the NWs prior to
silica coating can prevent movement of the NPs after removal of the sacrificial
segments. The silica coating can be prepared with a range of chemistries, and could be
used to control the molecules that can adsorb onto the NPs. This could improve SERS
sensing by preventing unwanted analytes in a complex mixture from adsorbing.
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Tables
Table 4-1
Table 4-1: Raman intensities of BPE of bare, coated, and etched nanoparticle dimer
chains (one measurement for each). Integration time was 20s, with laser power of 5
mW at the sample and bandpass of ~7 cm-1. Number of particles same for samples.
Spacing
8 nm
21 nm
184 nm
21 nm

Bare (counts)
152
91
49
51

Coated (counts)
86
55
14
46

Etched (counts)
145
101
168
115
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Figures
Figure 4-1

1. MPTES
2. Silica Coating

20% Nitric Acid

Figure 4-1: Scheme showing nanowire patterns, silica coating and etching to yield
nanoparticle chains. (color codes- yellow = Au, black = Ni, gray =Ag)
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Figure 4-2

Figure 4-2: TEM images of silica coated and etched nanoparticle chains.
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Figure 4-3

Figure 4-3: Molecules used in this work.
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Figure 4-4

Figure 4-4: UV-Vis absorance spectra of silica coated and etched nanoparticle chains of
Au dimers. Left spectra are for dimers spaced 8 nm and 21 nm apart. Right spectra
show dimers with spacing of 21 nm and 184 nm.
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Figure 4-5

Figure 4-5: Bulk Raman spectra of nanoparticle dimers with gaps of (A) 8 nm, (B) 21 nm,
(C) 55 nm and (D) 123 nm for bare, silica coated, and silica coated/etched. Spectra
were collected in solution for 20 s exposure times, with excitation at 647.1 nm and 5 mW
laser power.
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Figure 4-6

Figure 4-6: Representative TEM image (A) of silica coated and etched NW of alternating
Au and Ag segments, and Raman spectra (B) for 100 nm diameter nanowires before
and after silica coating and etching. Both samples had BPE adsorbed. (10s, 12 µW, λ=
633 nm) (Scale bar = 200 nm)
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Figure 4-7

Figure 4-7: TEM image (left) and Raman spectrum (right) of a clump of several 32 nm
diameter coated and etched nanoparticle chains. Samples were coated with BPE. TEM
image taken after Raman spectra, which could change the morphology. Scale bar is 100
nm.(10s, 6µW power, λ= 633 nm)
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Figure 4-8

Figure 4-8: NWs coated with TEOS (A, C, and E) and TEOS/BTEB (B, D, and F) silica
coating. NWs were pretreated with nothing (A, B), MUA (C, D) or MPTMS (E, F) and
etched after coating. Scale bars = 200 nm.
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Figure 4-9
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Figure 4-9: UV-Vis extinction spectra of nanoparticle chains with diameters of 35 nm
and spacing of 420 nm (red) and 24 nm (black). AuNP were 60 nm (420 nm spacing)
and 23 nm (24 nm spacing).
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Figure 4-10

Figure 4-10: TEM images of 35 nm diameter nanowires bare (A), coated with silica (B)
and coated and etched (C) with BPE adsorbed, along with their Raman spectra (D).
(100 s, 12 µW, λ= 633 nm).
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Figure 4-11

Figure 4-11:
TEM images of 35 nm diameter nanoparticle chains coated with
TEOS/BTEB silica and etched with 420 nm spacing (A) and 30 nm spacing (B) with BPE
adsorbed. Corresponding Raman spectra of the nanoparticle chains (C). (100 s, 12 µW,
λ= 633 nm)

Chapter 5
Silica-Coated Au/Ag Striped Nanowires for Bioanalysis
Noble metal nano- and microparticles are increasingly used for signal
amplification and/or identification in a range of analytical and bioanalytical applications.110

Probe chemistries are often attached to these particles via thiol-Au or thiol-Ag

bonding, which is convenient, well understood, and thermodynamically stable.11 We
have reported DNA oligonucleotide-coated, Ag/Au striped metal nanowires (NWs) as
encoded supports for multiplexed DNA detection via fluorescence microscopy.3-5,12,13
The length and Ag/Au striping pattern are determined by the conditions during
electrodeposition of Ag and Au metals within the pores of alumina template membranes;
differences in the reflectivity of Au and Ag under blue illumination are used to visualize
the striping, or “barcode” pattern. Potential advantages of barcoded nanowires in
multiplexed analysis include the relatively large number of optically distinguishable
striping patterns as compared with organic fluorophores, and the flexibility of
“suspension arrays” as compared with planar surface arrays. Conventional optical
microscopes are readily available for readout, probe-coated nanowires can be added at
the same or different concentrations as assay needs change, and the ease of sample
mixing leads to rapid target binding. In addition, the Ag/Au NW surfaces are readily
functionalized with thiols for attachment of DNA or other probe chemistries.2-4
Direct attachment of bioassay probe chemistries such as single-stranded DNAs
to the metal surface can be undesirable for some applications for two reasons. First,
proximity to metal surfaces can interfere with fluorescence emission (quenching, or in
some cases, enhancing it).14,15 Although changes in emission intensity with metal–dye
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separation have been taken advantage of by ourselves and others in molecular beaconstyle sensors,4,16-18 in other sensor designs it would be preferable to avoid this
complexity. Separation of the fluorescence-based sensing chemistry from the metal
surface would reduce or eliminate dye-metal interactions and simplify sensor
performance. Second, although thiol attachment chemistry is simple and widely used to
bind molecules of interest to Au and Ag surfaces, the lability of the metal–S bond can be
a problem particularly at elevated temperature or in the presence of solution-phase
thiols. Under these conditions, surface-bound thiols are lost or exchanged with thiols
from solution.11 Biosensing applications requiring use in thiol-containing solutions and/or
at elevated temperature are not uncommon: many enzymes commonly used in
molecular biology are stored and/or assayed in solutions containing dithiothreitol (DTT)
or β-mercaptoethanol (BME), and are used at mildly elevated (~40 oC) or thermocycling
(~95 oC) temperatures. Under these conditions, probe molecules bound via thiol
moieties can detach from the surface.13 Thus, some sensing applications require a more
robust attachment chemistry.
Here, we introduce an SiO2 coating on the surface of the barcoded metal
nanowires as a solution to problems inherent in both thiol–Au/Ag surface chemistry and
dye–metal electromagnetic interactions. The SiO2 coating allows probe biomolecule
attachment using robust surface chemistries that resist exchange or desorption even at
elevated temperatures, separates fluorescent dyes from the metal surface, and provides
protection against Ag oxidation. Macroscopic metal surfaces and metal nanoparticles
have been coated with SiO2 layers previously for a variety of applications. For example,
we have employed vapor deposited SiO2 films on planar Au for use in nanoparticleamplified surface plasmon resonance sensors.19 Mulvaney introduced SiO2 coatings on
noble metal nanoparticles to investigate the effect of spacing on the optical properties of
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Au and Ag NP.20 Nie has embedded silica beads with quantum dots and iron oxide
nanocrystals to combine fluorescent encoding with the ability to magnetically separate
the nanoparticles.9 We have coated striped metallic nanowires with silica to create Au
and Ag NP chains with interesting optical properties.21 Tan has used aptamer
conjugated fluorescently labeled nanoparticles for cellular detection.22 Scholfield has
used a thin silica shell with embedded dyes over photon upconverting NP to create
composite NPs for photodynamic cancer treatment.23 Fransen found a 10 fold decrease
in the sensitivity of thermographic DNA detection with silica coated vs. bare AuNP.24
Finally, to enable covalent functionalization to CoNP, Behrens used the Stober method
to coat the CoNP with a thin (3.5 nm) layer of silica.25
We have prepared SiO2 coatings on Ag/Au barcoded nanowires, and show the
impact of this coating on bioassay performance. SiO2 thickness was controlled from 6 to
>150 nm by varying deposition conditions. The glass coating provided protection
against Ag etching by nitric acid, and did not interfere with Au/Ag striping pattern
identification. Probe DNA oligonucleotides were attached to the SiO2 surface using
silane-based modification chemistries; these probe-functionalized nanowires were then
used in a multiplexed sensing format to detect three different target sequences
simultaneously. Readout for the simultaneous sandwich hybridization assays was via
correlation of Alexa 647 fluorescence from labeled detection strand with underlying NW
striping pattern. A comparison of nanowire biosensing experiments performed with
silane-based probe attachment to glass with thiol attachment to bare metal showed
much higher fluorescence intensity for assays performed on the glass-coated NWs.
Emission along the length of the NWs was more uniform for NWs coated with a thick
SiO2 shell as compared to uncoated NWs or those coated with a thin SiO2 shell. The
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DNA probe attachment chemistry on SiO2 coated NWs was robust to thermocycling
conditions, in contrast to direct thiol-NW (Au/Ag) attachment.

Materials and Methods
Materials.
Tetraethoxysilane (TEOS) and 3-aminopropyltrimethoxy silane (APTMS) were
purchased from Gelest. Cyless silver and orotemp 24 (Au) plating solutions were
purchased from Technic. All water was purified to 18.2 MΩ with a Barnstead nanopure
system. Reagents for buffers used in these experiments included 10 mM PBS (0.138 M
NaCl; 0.0027 M KCl; pH 7.4, from Sigma), 2-Morpholinoethanesulfonic acid (MES, 50
mM, pH 4.5 from T. J. Baker), 2x Tetramethyl ammonium chloride (TMAC, from Sigma)
and , SSPE (Promega). Sodium dodecyl sulfate (SDS) and CHES (N-Cyclohexyl-2aminoethanesulfonic acid, 10 mM) were purchased from Aldrich, and bovine serum
albumin (BSA), 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC), and
Sulfosuccinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate (sulfo-SMCC) were
purchased from Pierce. Streptavidin-Cy5 (SA) was purchased from eBioScience (San
Diego, CA). DNA oligonucleotide sequences (listed in Table 5- 1) were purchased from
Integrated DNA Technologies or Biosource International Inc (Foster City, CA). Upon
receipt of thiolated DNA, the disulfide was cleaved with 100 mM dithiothreitol (DTT) and
purified with a centrispin 10 column from Princeton Seperations.6

Nanowire Synthesis/Sources
For certain experiments, striped metallic nanowires were synthesized in-house
using Whatman anodisc filter membranes (0.2 µm nominal pore diameter), which
template nanowire growth after silver evaporation onto one side using an Edwards Auto
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306 evaporator. Nanowires were synthesized by electrodeposition into the pores of the
aluminum oxide filter membranes with an EG&G model 273a potentiostat under
computer control, following methods previously described.3 Where noted in the text,
these NWs were coated with ω-functionalized alkanethiols (mercaptoundecanoic acid or
mercaptopropyltriethoxysilane) after release from the Al2O3 template membranes. In
other experiments, commercially available striped metallic NW called Nanobarcodes™
particles obtained from Nanoplex, Inc. (now Oxonica, Mountain View, CA) were used.
These NWs were patterned 00010110100, 000100110000 and 000111 where 0
represents a 0.75 µm segment of Au and 1 represents a 0.75 µm segment of Ag. They
were received in a 1 mL solution of mercaptoundecanoic acid (MUA), which helps
prevent clumping. A 1 mL batch of either in-house or commercial NWs contains ~ 1x
109 particles.

Standard (20 nm) Nanowires Silica Coating
Striped metal nanowires were silica-coated based on previously described
methods and stored in 1 mL ethanol.21 Typically, the silica coating on 300 µL was grown
using 40 µL TEOS, 10 µL 28% ammonium hydroxide, 160 µL H2O, and 490 µL ethanol.
After sonicating the reaction for one hour, the sample was rinsed by centrifugation three
times with ethanol. Samples were stored in 1 mL ethanol for future use.

Preparation of Thin Silica Coating
NBCs possessing a thin silica shell were prepared using modified procedures. A
1 mL batch of wires was rinsed two times in ethanol to remove some of the residual
MUA and then was resuspended in 490 µL ethanol, 160 µL water, 40 µL
tetraethylorthosilicate (TEOS), and 10 µL 28 % ammonium hydroxide. The solution was
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sonicated for 1 min to suspend and mix all materials and then was allowed to react at
room temperature with gentle rotation for 45 min. The NBCs were then rinsed three
times in ethanol and stored in 1 mL of ethanol until use.

Preparation of Thick Silica Coating
NBCs coated with a thick coating of silica were prepared by rinsing the wires in
ethanol and dividing each batch of NBCs in half, resulting in 2-500 µL aliquots. To each
aliquot containing 500 µL ethanol, 160 µL water, 40 µL TEOS, and 10 µL 28 %
ammonium hydroxide were added. The samples were sonicated for 30 seconds and
allowed to react at room temperature for 1 hour while tumbling. The NBCs were rinsed 3
times in ethanol, and then the entire procedure was repeated a second time. (The
sample batches were not divided again for the second coating, just all of the reagents
added again). These samples were rinsed and stored in 1 mL ethanol until future use.

Silver Etching
For silver etching studies, 10 µL aliquots were rinsed three times with distilled
water and then sonicated in 400 µL 10% nitric acid for varying lengths of time. Following
sonication, samples were rinsed with water two times by centrifugation, followed by
rinsing three times with ethanol prior to imaging.

DNA Attachment to Silica using sulfo-SMCC
Using a bifunctional crosslinker, sulfo-SMCC, which links an amine to a thiol,
thiolated DNA was attached to silica-coated nanowires. To a 150 µL aliquot of silica
coated nanowires, 15 µL aminopropyltrimethoxy silane was added and the volume was
brought to 400 µL with ethanol. The sample was vortexed to keep the nanowires
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suspended for 30 minutes. Following vortexing, the sample was rinsed three times by
centrifugation at 7700 g with ethanol and two times with CHES buffer (pH~9.0). A
solution of 1 mg Sulfo-SMCC was made in 400 µL CHES buffer, added to the nanowire
sample, and vortexed for one hour. The nanowires were rinsed two times (by
centrifugation) with CHES buffer, followed by two rinses with 50 mM Na-phosphate
buffer at pH 7.2 (SPB). The sample was then mixed with 50 µL 20 µM probe DNA (P1,
P2, or P3) and vortexed for one hour, followed by three rinses in SPB, and resuspended
in 150 µL SPB.

DNA Attachment to Bare Metal Nanowires using Thiolated DNA
DNA was attached to bare metal nanowires by adding 50 µL 20 µM probe DNA
(P1, P2, or P3) to a 50 µL aliquot of wires (rinsed one time with SPB) and allowing them
to react while vortexing for one hour at room temperature. The wires were then rinsed
three times by centrifugation at 7700 g with SPB and resuspended in 50 µL SPB.

DNA Hybridization for Triplex Assay
Aliquots of bare (10 µL) or silica coated (30 µL) nanowires with probe DNA
attached were resuspended in 400 µL SPB with 300 mM NaCl. 10 µL 20 µM target DNA
(T1, T2, or T3) were added to the nanowire samples and vortexed one hour at room
temperature, followed by rinsing three times with 0.3 M PBS. Fluorescently labeled tag
DNA F1, F2 or F3 were added to the samples (10 µL, 20 µM). After vortexing one hour
at room temperature, samples were rinsed three times in 0.3 M PBS and resuspended in
100 µL 0.3 M PBS for imaging. For Triplex assay experiments, nanowires with probes
attached were mixed together before adding target sequences.
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Single Base Mismatch (SBM) Assay Probe Conjugation to NWs
300 µL of NBCs patterned 00010110100, and 000100110000 were silica coated
with a 40-nm-thick layer of silica by following the procedure above for thin silica coating.
The coated wires were rinsed three times in ethanol and resuspended in 930 µL ethanol,
50 µL water, and 20 µL APTMS. Nanowires were allowed to react at room temperature
with gentle rotation for 1 hr, then were rinsed two times in ethanol, two times in DMSO,
and were resuspended in 1 mL DMSO. To achieve carboxyl functionalization, a succinic
anhydride (SSA) solution was prepared by dissolving 0.04 g SSA in 1000 µL DMSO.
Added to the APTMS functionalized NBCs was 10 µL of the SSA solution, which was
allowed to react for 1 hr at room temperature while rotating, after which an additional 10
µL of SSA was added and allowed to react at room temperature for another hour while
tumbling.

The samples were then rinsed three times in MES buffer (pH 4.5) and

resuspended in 320 µL of 50 mM MES buffer (pH 4.5), to which 3 µL 100 µM DNA probe
(either N21A or N21B) was added. The DNA probes used in this assay were synthetic
oligos purchased from Bio Source International (Camarillo, CA), and they mimic gene
regions in DNA that affect the function of P53, which is a tumor suppressor protein.26
The DNA probe sequences used are presented in Table 5- 1. After the DNA probe was
added, the samples were placed on ice until a 20 % EDC solution was prepared in 50
mM MES (pH 7.0), of which 30 µL was added to each sample and allowed to react for 1
hour at 4 °C. The samples were then washed four times by centrifugation in 10 mM
PBS, resuspended in 100 µL of the same buffer, and stored at 4 °C until use.

SBM Assay- Hybridization of Target(s) and Dye Labeling
For hybridization of target(s) in each SBM assay, 34 µL of 2x TMAC hybridization
buffer was added to new tubes along with 3 µL of 2 µM each oligo target. The targets

108
were boiled for 1 min to dehybridize any strands that may have been interacting with
each other as a result of frozen storage, and then were placed on ice for 30 sec before
use. Probe-coated nanowires were added (3 µL of each type N21A and N21B) to the
DNA target(s) (N21A-T and/or N21B-T). Samples that contained no targets (control
samples) were prepared the same as above except in place of adding DNA target, 3 µL
of water was added. The samples were allowed to incubate at 55 °C for 30 min, then
were centrifuged to remove the supernatant and were resuspended in 500 µL 1x SSPE0.1 % SDS buffer. The samples were rotated at room temperature in this wash buffer for
10 min, before removing the supernatant and resuspending the samples in 500 µL 0.1x
SSPE-0.05 % SDS-1% BSA buffer.

These samples were sonicated for 10 sec,

incubated at 55 °C for 7 min, centrifuged, and then resuspended in 100 µL of 10 mM
PBS buffer. As a stock solution, 3 µL of streptavidin-Cy5 was diluted in 1.1 mL of water
with 1% BSA added. From this stock solution of diluted streptavidin-Cy5, 100 µL was
removed and added to each SBM assay. It is important to note that the samples were
not sonicated after adding the streptavidin, so as not to denature the protein.

The

samples were allowed to mix at room temperature for 30 min while undergoing gentle
rotation. The samples were then centrifuged and washed one time with 500 µL 10 mM
PBS and were resuspended in 50 µL 10 mM PBS for imaging (see below).

Thermocycling Silica Coated Metal Nanowires
Samples of bare and silica-coated nanowires were derivatized with fluorescently
labeled, thiolated DNA (SSF) as described in the DNA attachment section. Samples
were thermocycled on an Applied Biosystems GeneAmp 9600 in GeneAmp 1x PCR
Buffer (Applied Biosystems) under the following conditions: 94°C for 30 sec., 68°C 1
min, 25 cycles.27
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Nanowire Imaging
TEM images of silica coated nanowires were either acquired using a JEOL JEM1200 EXII with a high resolution Tietz F224 digital camera or sent to Accurel (Sunnyvale,
CA) for imaging. Samples were prepared by dropping 8 µL of sample onto a carbon
coated copper grids (EM sciences) and drying overnight.
Optical microscopy was performed on a Nikon TE-300 inverted microscope with a
Lambda 10-2 filter wheel (Sutter Instruments), a Xenon lamp and a photometrics
coolsnap HQ digital camera unless otherwise indicated. Nanowires were imaged with
an oil immersion 60x plan apo objective (1.4 NA) or 100x plan fluor objective (1.4 NA).
Reflectivity images were taken under white light illumination or using a 430 ± 30 nm
bandpass filter. Samples were prepared by sandwiching 8 µL of sample between a
cover slip and microscope slide.
Although all imaging could have been conducted on a single microscope, images
acquired for the SBM assay and thick silica shelled experiments were collected by
adding 50 µL of each assay to particular wells of a 96 well glass-bottom microscope
plate, and allowing the wires to settle to the bottom of the plate for at least 2 min before
imaging. Microscope images were acquired using a Zeiss Axiovert 100 microscope
outfitted with a Prior H107 stage, Sutter Instruments 300 W Xe lamp with liquid light
guide, Physik Instrumente 400 micron travel objective positioner, and Photometrics
CoolSnap HQ camera. A 63x objective was used with a NA 1.4. Reflectance images
were acquired using a bandpass filter allowing for illumination using 406 nm light.
The fluorescence images were obtained using a appropriate excitation and emission
optical filters for the dye. NBSee™ software was used to identify NW barcode patterns
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and to quantify fluorescence intensity on each NW pattern within a sample, based on the
reflectance and corresponding fluorescence images.

Results and Discussion
Methods of Silica Coating
We varied silica coating thickness by control of (a) solution pH, (b) nanowire
concentration, (c) NW chemical functionalization, and (d) number of sequential
depositions. Optimization of these parameters provides uniform silica coating on the
nanowires with minimal free silica formation. Figure 5-1 A–C shows the effect of
increasing NH4OH concentration. SiO2 thickness was directly proportional to base
concentration, increasing from 8 ± 2 at 0.14 % NH4OH to 18 ± 2 and 40 ± 7 as [NH4OH]
was increased twofold and fourfold, respectively. For [NH4OH] > 0.28%, free SiO2
particles formed in solution. For NH4OH concentrations ≤0.28%, few to no SiO2 spheres
were observed in the TEM images after rinsing. These results are in agreement with
work by Xia and coworkers, in which 30-40 nm diameter Ag NWs prepared by a polyol
method, were coated with 2 – 100 nm of SiO2.28 Silica thickness also depended on NW
concentration in the reaction, with thicker coatings forming when less NW surface area
was available for deposition. For 320 nm diameter nanowires using our standard
reaction conditions (300 µL NW, 40 µL TEOS, 10 µL NH4OH, 160 µL water, 490 µL
EtOH), uniform silica shell growth to 6 nm began to form after five minutes of reaction.
This silica shell increased in thickness to ~20 nm at 60 min; thicker SiO2 was deposited
by repeated reaction (SiO2-coated NW were rinsed and mixed with new reagents). Five
consecutive coatings under these reaction conditions led to 150 nm SiO2. We note that
while unfunctionalized NWs can be coated with SiO2, pretreating the NW with
mercaptoundecanoic acid gives a thicker coating for otherwise identical reaction
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conditions, while pretreatment with 3-mercaptopropyltriethoxysilane yielded a thinner
and less homogeneous coating. The SiO2-coated NW shown in Figure 5-1D was
prepared by first functionalizing the NW with mercaptoundecanoic acid prior to two
consecutive reactions.

Nanowire Identification
NW barcode patterns are generally deciphered using NBSee™ software, which
compares linescans for each NW in an image with a library of expected patterns based
on differences in reflectivity for blue light (Ag >>Au). We did not anticipate a substantial
impact on reflectivity patterning from the change in refractive index (SiO2 vs H2O).
However if the SiO2 coating procedure led to NW damage, which could occur by Ag
oxidation followed by Ag(NH3)2 complex formation,28 large changes in reflectivity
patterning would result. Thus, it was important to confirm that the underlying Au/Ag
barcode pattern in SiO2-coated NWs could still be identified. We calculated Ag/Au
reflectance intensity ratios from optical reflectance microscopy images acquired with 430
nm illumination for both SiO2-coated and uncoated NWs. The reflectance ratios were
similar (2.1 ± 0.3 for SiO2-coated vs. 2.4 ± 0.4 for bare NW). At least 50 NWs were used
in these analyses. We next examined NW pattern identification by NBSee™ Software.
Reflectance images for half-Au, half-Ag NWs (pattern 000111, where 0 and 1 indicate
Au and Ag segments, respectively) used to test software identification from a library
including all possible combinations (36) for six segment nanowires containing Au and
Ag. The percentage of NW correctly identified was slightly higher for the silica coated
(92 %) as compared to uncoated NW (89 %), indicating no detrimental effect on
identification due to the addition of the SiO2 shell.
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Freeman and coworkers have reported percent correct values from as high as
100% to as low as 29% for different NW samples in a 100-pattern, 8-segment Ag/Au NW
library, with 75% of the patterns identified correctly 90% or more of the time.5 We note
that the percent correctly identified for the batch of NWs used here was relatively low
even before SiO2 coating. For multiplexed biosensing applications, identification rates
can be improved by: (a) selection of sets of NW patterns that are rarely misidentified as
each other, (b) setting more stringent identification parameters in software such that
“questionable” NW are thrown out and not identified at all, and/or (c) improving NW
synthesis conditions for better control.5

Protection from Oxidation
One potential advantage of the silica coating could be protection of the underlying
Ag metal from oxidation. We previously reported that the Ag segments of NWs can
undergo degradation by oxidation in water3 and standard hybridization buffers,29 addition
of a mild reductant such as citrate provides excellent protection.29 SiO2 coating offers
the possibility of reducing Ag oxidation without changing the solution chemistry. To
investigate this possibility, bare and 40-nm silica-coated Au-Ag-Au NW were exposed to
10% nitric acid while sonicating for up to 30 minutes (Figure 5-2). After 20 minutes of
etching, the bare samples (Figure 5-2-B) are clearly degraded, with large parts of the Ag
segments missing and broken nanowires present. The silica coated samples (Figure 52-E) have no visible degradation in the optical images. By 30 minutes, the bare
nanowires (Figure 5-2-C) are completely broken apart with no Ag segments visible, while
the silica-coated have only minimal amounts of pitting (Figure 5-2-F). The silica shell,
although porous, substantially reduces the rate of Ag etch, which is beneficial for
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bioanalysis. Increasing the thickness of the SiO2 shell further increases the protection
against Ag etching by nitric acid.

Fluorescent DNA on Silica-coated vs. Bare NW
Barcoded NW can be used as identification tags for multiplexed bioanalysis.3-6
For bioassays with fluorescence readout, an additional benefit of the silica coating could
be the separation of dye molecules from the metal surface, which could reduce
fluorescence quenching and potentially increase bioassay sensitivity.14 Figure 5-3
shows images of the attachment of a fluorescent single strand of DNA (oligo SSF) to
SiO2-coated and bare nanowires. While fluorescent DNA is observed on both types of
NW, the emission intensity for silica-coated nanowires is significantly brighter than for
bare nanowires. Although differences in intensity due to surface coverage cannot be
ruled out in this experiment, we hypothesize that the principal reason for the difference in
intensities is less efficient fluorescence quenching on the SiO2-coated NW.
Image 3D shows higher fluorescence intensity from the tips of the NWs. We commonly
observe inhomogeneous fluorescence emission as a function of both nanoscale
roughness features and NW metal patterning.13 Electromagnetic effects near metal
surfaces can lead not only to quenching of emission (very close to the metal) but also
fluorescence enhancement some few tens of nm from the surface.14-18 For some
bioassay applications, uniform fluorescence along the NW surface is desirable. To
investigate whether removing the dye from the metal surface via an intervening SiO2 film
improved emission uniformity along the length of the NW, we compared NWs with ~13.5
nm (“thin”) and ~100 nm (“thick”) SiO2. Figure 5-4 shows reflectance (A, B) and
corresponding fluorescence (C,D) images of both thickness of silica-coated nanowires
with fluorescent DNA probes attached. NWs with the thin SiO2 coating show regions of
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increased brightness at tips and other roughness features, qualitatively similar to
emission from molecules bound to NWs with no SiO2 coating. In contrast, the thicker
SiO2 coating led to a significant improvement in the homogeneity of fluorescent emission
in these experiments (the 40 nm coating used in Figure 5-3 gives intermediate results).
This is easily seen in line scans of the fluorescent images, seen in Figure 5-5. Thus,
incorporation of an SiO2 coating on the NW surface not only increases overall
fluorescence intensity from molecules bound to the NW surface, but also reduces
inhomogeneities in intensity along the length of individual NWs.

Triplexed Assay for HIV, HBV and HCV Target Sequences
We next performed multiplexed sandwich hybridization assays for oligonucleotide
sequences specific for HIV, HBV, and HCV on SiO2-coated NWs and compared the
results to an identical, parallel assay on uncoated NWs. Populations of NW with
different barcode patterns (1001, 0011 or 0110) were each functionalized with probe
DNA for one of the viral pathogens (probe P1, P2, or P3, respectively). SiO2 thickness in
these experiments was ~40 nm. After probe functionalization, the three different NW
patterns were mixed together to perform the triplexed assay. Target oligonucleotides
with sequences corresponding to regions of none, one, or all of the three pathogens
were added to the NWs and allowed to hybridize, after which samples were rinsed,
exposed to a fluorescently labeled detection strand, and finally rinsed for imaging. NWs
of a given pattern should appear fluorescent only if the correct target sequence was
present in the sample.
Representative images from three simultaneous (i.e., triplexed) sandwich
hybridization assays on the SiO2-coated NW are shown in Figure 5-6. NW patterns are
identified from the reflectance images (top panels), and assay results are apparent
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based on which NW patterns display fluorescence (lower panels). Images from assays
where only the HCV target was present, and where both HBV and HIV targets are
present are shown on the left and right, respectively. In each case, significant
fluorescence intensity is observed only for NW patterns corresponding to assays for
which the target(s) were added. When only HCV target was present, only NWs
patterned 0110 (i.e., those derivatized with P3, the probe specific to the HCV target) are
visible in the fluorescence image. When both HBV and HIV targets were present, NW
patterns 0011 and 1001 (which are derivatized with probes for the HBV and HIV targets)
show fluorescence. Very little non-specific binding is visible in the fluorescence images.
Identical experiments on uncoated NWs also showed good target specificity, but much
lower intensity than the silica-coated nanowires (Figure 5-7). Figure 5-8 shows
representative line scans of the fluorescent images for silica coated and bare NWs with
correct target from the triplex assay experiment. The silica coated fluorescent image is
more uniform than the bare image.
Quantification for triplexed sandwich hybridization assays on SiO2-coated and
uncoated NWs are presented in Figure 5-9, with data shown for several combinations of
targets. As discussed above, the SiO2-coated NWs show greater overall fluorescence
intensity: mean intensities for a positive response for HCV and HBV targets on SiO2coated NWs were 80x and 112x higher, respectively, than on uncoated NWs.
Importantly, the discrimination between complementary and noncomplementary target
strands is not degraded for the SiO2-coated NWs. In fact, under the conditions of these
assays, we observed much better target selectivity for the coated vs. uncoated NWs.
For example, in an assay where only HBV target was added, HCV-specific SiO2-coated
NWs were ~10x brighter than those functionalized for binding to the –absent– HIV or
HBV targets. In contrast, on NWs not coated with SiO2, intensity from HCV-specific
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NWs was only ~3x greater than for the HBV and HIV-specific NWs. We note that these
differences are not due to the DNA sequences or hybridization conditions, since the
sequences and hybridization conditions were identical for both experiments. Rather,
they presumably result from the low overall fluorescence intensity for the uncoated NWs,
and the consequently greater role played by background fluorescence. These greater
signal/noise ratios for the silica coated nanowire samples compared to the bare samples
are encouraging for improved biosensor performance. Although no steps were taken to
minimize non-specific binding, this could be done in the future to give lower fluorescence
for the non-complementary probes. The error bars, corresponding to the 95%
confidence interval, were greater for the SiO2-coated NWs assay than for the bare
nanowires. This is most likely due to the number of nanowires identified by NBSee
(~300 for coated, ~850 for bare). In the future, the analysis parameters could be
adjusted to help reduce this error, as well as increase the number of nanowires
analyzed. Taken together, these results show that SiO2-coated NWs can be used as
encoded tags for multiplexed detection of oligonucleotides, with improved fluorescence
intensities from the SiO2 coating as compared with uncoated NWs.

Single Base Mismatch Detection
We also performed a 2-plex assay for detection of an oligonuclotide sequence
corresponding to a cancer-related single base mutation of the p53 gene on SiO2-coated
NWs. Probe sequences were attached to the NWs by first using succinic anhydride to
carboxylate the SiO2 surface, which was then reacted with amine-terminated DNA
probes using EDC chemistry. DNA probes for the wild-type (N21A) and mutant
sequences (N21B) were attached to different batches of barcoded NWs. The two NW
batches were then mixed and exposed to biotinylated target sequences which may or
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may not have contained the single base mismatch (SBM). Following hybridization,
fluorescently labeled streptavidin was added to label any bound target sequences via
binding to their terminal biotin moieties (Scheme 1).
Figure 5-10 shows the data for the SBM assay on silica-coated nanowires, which
was generated from fluorescence and reflectance image pairs using NBSee software.
Four separate experiments are shown, in which the fluorescence response of both NW
barcode patterns was compared for every combination of the two targets (both, one, and
none). The target sequences N21A and N21B differ only in the identity of a single base
(Table 5- 1). This simultaneous hybridization experiment was able to distinguish the two
target sequences based on their binding to the probe-coated NWs, which gave at least
2x higher fluorescence intensity for the fully-complementary target vs. the SBM. These
data further support the use of SiO2-coated striped metal NWs for bioassay
performance. Additionally, since the fluorescence signal was relatively uniform on these
40-nm SiO2-coated wires, and >1000 NWs were counted, the error bars are smaller for
these samples than for those performed on wires with no silica coating.

Thermal Stability of DNA Probe Attachment
In addition to simplifying the fluorescence response for dye molecules near the
metal NW surface, the SiO2-coating offers the possibility of more robust attachment
chemistry. Thiolated DNA attached to Au or Ag works well at ambient temperatures
when no free thiols are present. However, this chemistry fails when the experiment is
done at elevated temperatures, such as required for polymerase chain reaction (PCR).
This is due to instability of the Au/Ag – thiol bonding with increasing temperature.11 In
contrast, siloxane-based attachment chemistries on SiO2 surfaces are more robust.30
We have compared the thermostability of these two chemistries by exposing both to
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thermocycling conditions. Fluorescently-labeled, thiolated DNA sequence SSF was
attached to both bare (via direct adsorption) and SiO2-coated (via SMCC chemistry)
NWs. Samples were imaged before and after exposure to a standard PCR
thermocycling protocol, in the absence of PCR reagents (30 sec at 94°C, one minute at
68°C, 25 cycles).27 Figure 5-11 shows representative images for both samples after
thermocycling. SiO2-coated NWs are clearly brighter than the bare sample, indicating
that the attached DNA is still present. However, since the direct attachment of
fluorescent DNA to bare metal NWs gives lower intensities even before heating, the
relative loss of DNA probes is not apparent from these data alone. Figure 5-12 shows
the normalized mean fluorescent intensity calculated by NBSee for DNA attached to
bare and silica-coated nanowires before and after 25 thermocycles. Data were
normalized to allow comparison of the much brighter SiO2-coated NWs with the dimmer
uncoated NWs. For these experiments, performed identically and in parallel at the same
time, loss of fluorescence for the bare wires is 84%, compared to just 16% for the DNA
attached to silica-coated nanowires. These data show qualitatively that the attachment
chemistry to SiO2 is more thermostable than direct thiol adsorption to the Au/Ag NWs,
however the fact that surface coverage can impact emission intensities, along with the
possibility of photobleaching or lamp variations prevents quantification of the absolute
amount of DNA loss. Nonetheless, the difference in fluorescence retention for the two
attachment chemistries is striking, with directly adsorbed thiol sample losing 80% of its
fluorescence intensity, and the SiO2-coated NW losing only ~20%. These results are
encouraging for the future use of SiO2-coated, barcoded NWs, in multiplexed PCR
applications.
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Conclusions
Taken together, the results reported here underscore the challenges of direct
thiol-Au (or Ag) attachment chemistries for applications involving sample heating and/or
fluorescence detection, and point to thin silica coatings as a route to preserve the
function of the underlying metal while providing protection from (1) electromagnetic
effects (quenching, enhancement, responsiveness to surface roughness) that can result
for dye molecules close to the metal surface, (2) oxidative degradation of Ag or other
less noble metals, and (3) desorption of bound probe molecules such can occur when
thiolated probes are heated or exposed to free thiols such as dithiothreitol or 2mercaptoethanol4. SiO2 coating therefore extends the applications of barcoded metal
NWs to more harsh solution conditions and should improve the sensitivity of
fluorescence-based multiplexed assays performed on these particles.
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Tables
Table 5-1
Table 5-1: DNA sequences used in this work.
Name
SSF
P1

Sequence 5'-3'

Description

TTTTTTTTTTCCATCAATGAGGAAGCTGCA

5' Thiol, 3' Alexa 647

GCT ATG TCA CTT CCC CTT TTT TTT TTT T

HIV Probe, 3' Thiol

AAG GGG AAG TGA CAT AGC AGG AAC TAC
T1

TAG TAC CCT

HIV Target

F1

AGG GTA CTA GTA GTT CCT

HIV Tag, 5' Alexa 647

P2

CCT CTT CGT CTA ACA ACA TTT TTT TTT T

HBV Probe, 3’ Thiol

TGT TGT TAG ACG AAG AGG CAG GTC CCC
T2

HBV Target

F2

TAG AAG AAG
CTT CTT CTA GGG GAC CTG

HBV Tag, 5’ Alexa 647

P3

CCA ACA CTA CTC GGC TAG TTT TTT TTT T

HCV Probe, 3' Thiol

CTA GCC GAG TAG TGT TGG GTC GCG AAA
T3
F3
N21A
N21A-T

HCV Target

GGC CTT GTG
CAC AAG GCC TTT CGC GAC

HCV Tag, 5' Alexa 647

Amine-C12-TTT TTT TTT TTT TTT TTT TGT

Wild-type probe with 18-base

GAG GCG CTG CCC
Biotin-GGG CAG CGC CTC ACA

poly T spacer.
Complement to N21A

Amine-C12-TTT TTT TTT TTT TTT TTT TGT

Mutant probe with 18-base

GAG

poly T spacer

Biotin-GGG CAG TGC CTC ACA

Complement to N21B

N21B

N21B-T
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Figures
Figure 5-1

A

B

C

D

Figure 5-1: TEM images of silica-coated nanowires coated with 0.14% (A), 0.28% (B),
and 0.42% (C) NH4OH. The NW shown in (D) was coated two times with 0.28%
NH4OH. (scale bars = 100 nm)
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Figure 5-2

Figure 5-2: Etching of silver from silica-coated (40 ± 7 nm) and bare Au-Ag-Au
nanowires. Bare nanowires before sonication in 10% HNO3 (A), after 20 minutes
sonication (B), and after 30 minutes sonication (C). Silica coated nanowires before (D),
and after 20 minutes (E) and 30 minutes (F) sonication in 10% HNO3.
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Figure 5-3

Figure 5-3: Optical microscope images for 3' Alexa 647-labeled ssDNA bound to silicacoated (A, C) and bare (B, D) Au-Ag-Au NW. Top images show reflectivity at 430 nm,
and bottom images show Alexa 647 fluorescence. Both fluorescence images were
collected under identical conditions and were adjusted identically post-collection.
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Figure 5-4

Figure 5-4: Thin (left) and thick (right) silica-coated nanowires with fluorescent DNA
attached. Reflectance (top) and fluorescence (bottom) images for thin and thick (A and
B) silica coated NBCs. Fluorescent images were taken under the same conditions.
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Figure 5-5

Figure 5-5: Representative line scans for thin (13 nm) and thick (100 nm) silica coated NW with
fluorescent DNA attached. Top images are for thin silica shell, with reflectance (A) and
fluorescence (B) images and the line scan of the fluorescence image (C). Bottom images are for
thick silica shell, with reflectance (D) and fluorescence (E) images with corresponding line scan
of the fluorescence image (F).
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Figure 5-6

Figure 5-6: Triplexed DNA assay on silica coated nanowires. Top images are 430 nm
reflectance and bottom images show fluorescence. From left to right, HCV target (0110)
added (A, C) and HBV target (0011) added (B, D).
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Figure 5-7

Figure 5-7: Triplex on bare NW. Reflectance (A) and fluorescence (C) images for HCV target
(0110) and reflectance (B) and fluorescence (D) images for HBV target (0011) added. Shorter
exposure times (same as for silica coated in figure 5-6) fluorescent images for HCV target (E) and
HBV target (F) added..
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Figure 5-8

Figure 5-8: Representative fluorescence line scans of triplex experiment for silica (40 nm)
coated (top) and bare (bottom). Reflectance (A) and fluorescence (B) images with fluorescence
line scan (C) for bare NW triplex. Bottom images show reflectance (D) and fluorescence (E)
images with fluorescence line scan (F) for silica coated NW triplex
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Figure 5-9

8

600

6
4

400
2
0

200

HCV

HBV

All

Bare

0
HCV

HBV
Silica Coated

All

HCV

HBV

All

Bare

Figure 5-9: Mean fluorescence intensities for triplex assay. Nanowires have attached
probe DNA for HBV (hatched), HCV (solid) and HBV (open). Fluorescence intensities
are significantly brighter for silica-coated as compared to bare nanowires, with good
specificity. Inset - Mean fluorescence intensities for same experiment conducted on bare
wires. Error bars shown are the 95% confidence intervals.
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Figure 5-10
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Figure 5-10: Single base mismatch assay performed SiO2-coated NWs in the presence
of target N21A only, N21B only, both N21 A and B, or neither targets. Error bars are the
95% confidence intervals.
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Figure 5-11

Figure 5-11: Thermocycled silica-coated and bare nanowires with fluorescent DNA
attached. Reflectance images (top) and fluorescent images (bottom) for silica-coated (A,
C) and bare (B, D) nanowires. Samples were thermocycled between 94°C (30 s) and
68°C (1 min) 25x.
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Normalized Fluorescence Intensity (a.u.)

Figure 5-12
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Figure 5-12: Mean fluorescence intensity of DNA attached to both bare and silicacoated nanowires before and after thermocycling between 94°C (30 s) and 68°C (1 min)
25x.

Chapter 6
Towards Bottom-up Integration of Nanowire Cantilever Arrays for the Detection of
Cancer Marker RNA

Introduction
There is a need for the development of portable, low cost, easy to use
biosensors for the rapid detection of multiple analytes. One way to achieve this goal is
on chip mass detection, which is easy to incorporate with microfabrication techniques.1-3
Recently, there have been reports using metallic nanogaps,4 lithographically defined
cantilevers,1-3 and silicon NWs5-8 (SiNW) for the detection of biomolecules. Although
these techniques can detect small numbers of bacteria,1 viruses,2 DNA,3, and proteins 4,5
they all require complicated processing steps, such as electron beam lithography1-4 or
locating and making electrical contacts to nanowires5 (NWs). These steps add cost as
well as time to device processing.
One inherent challenge in multiplexed biomolecular detection is getting different
recognition chemistries (DNA probes, antibodies) to individual sensing devices
controllably. Previously reported work has relied on attaching the probe (DNA,
antibodies) after processing of the sensing elements1-8. While this works well for low
levels of multiplexing, it would be more efficient to direct probe coated sensing elements
to specific areas of the device controllably. For increased numbers of analytes, the
processing steps and serial spotting of the probe molecules become cumbersome. One
way to overcome this limitation is to use NWs that can be synthesized and coated with
recognition chemistry off device and then aligned controllably to specific areas of a chip.
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We have investigated an electrofluidic alignment technique which allows NWs to be
directed to lithographically defined electrodes (Figure 6-1).9 We have also developed
the processing steps to create cantilever arrays on chips using this alignment method for
Rh and Si NW’s.10 The processing method has been designed so that the attached
biomolecules will not be removed or lose their activity or specificity. This bottom up
approach combined with top down fabrication could lead to high sensitivity detection of
biomolecules such as DNA, RNA, and proteins.
Early detection of cancer is important for increasing the chances of patient
survival.11 The cells of cancer tumors are weakly held together, and very easily fall off
into the blood stream.12 These circulating tumor cells (CTCs) can undergo metastasis,
which is the process of forming secondary tumor sites.12 It is these secondary tumor
sites that in most cases lead to death.12,13 Metastasis is an inefficient process, which
means many cells must be circulating before the secondary sites forms. CTCs have
been isolated in patients with breast,14,15 bladder,16,17 prostate,18 thyroid,19 colon,20-22
renal,23 skin,24 and esophagus25 cancer. Markers can be isolated from these cells to
detect the presence of the cancer. Currently, the prostate specific antigen (PSA) is used
as a marker to detect prostate cancer.18 Unfortunately, this is not an accurate detection
method for prostate cancer. PSA expression levels are very low, and the tests are not
accurate.18 Elevated levels of PSA can be caused by conditions other than cancer, such
as benign prostatic hypertrophy or prostatitis.18 It has also been found that 20-30% of
men with confirmed prostate cancer have PSA levels considered normal.18 A better
prostate cancer marker, and method of detection, is needed to diagnose and monitor
treatment.
DD3, a noncoding mRNA sequence associated with prostate cells, has been
reported for its potential use as a prostate cancer marker.26,27 Gardiner has reported
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that DD3 is overexpressed in prostate cancer cells by 140 times as compared to noncancerous prostate cells.27 They also report that no DD3 could be detected by reverse
transcriptase polymerase chain reaction (RT-PCR) in other tissue types, whether benign
or cancerous.26 This indicates that DD3 could be a suitable prostate cancer marker. By
using a library selection method our collaborators in the Clawson lab at Hershey Medical
Center have identified target sites of the DD3 RNA that are accessible for DNA
binding.28,29 We have optimized the surface chemistry of Rh and Si NWs for attachment
of probe molecules such as DNA to detect RNA cancer markers.
Most reports of resonant frequency measurements have used Si because it has
a high Young’s Modulus and low density. Young’s modulus is a measure of the stiffness
of a material. Stiff materials are used to minimize the amount of energy at the
resonance frequency that is lost due to dissipation. Although Rh has a larger density
than Si (12450 kg/m3 vs. 2330 kg/m3), Rh has a higher Young’s modulus than Si for bulk
materials (275 GPa vs. 130-190 GPa for Si).30-32 These materials offer different surface
chemistries and conductivites which can be taken advantage of as mass sensing
cantilevers. We have studied both Rh and SiNWs for their potential use as mass
sensing cantilevers.
We have combined a bottom-up assembly method with standard
photolithography to develop arrays of NW cantilevers for DNA and RNA detection.
These cantilever arrays show promise for multiplexed mass-based detection of
biomolecules. We have used Rh, Si, AuAg, and silica coated AuAg NWs in these
experiments, as each have their benefits (Figure 6-2). The ultimate goal of the project is
to use SiNW as cantilever arrays for detection of biomolecules. SiNW have a native
oxide layer, as well as the remaining gold catalyst from the vapor liquid solid (VLS)
growth at one end.33 We ultimately plan to take advantage of this gold tip to selectively
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bind thiolated DNA. This will allow us to direct the binding events to the tip where the
mass sensitivity is highest.
For many initial experiments and procedure optimization, we have used bare and
silica-coated striped metallic NWs in experiments to replace SiNW, which were in short
supply. Bare metallic NWs have been used in experiments to mimic the Au catalyst,
while silica coated metallic NWs have been used to mimic the native oxide coating on
the SiNW. Finally, we have used RhNW as an alternative for SiNW as cantilevered
resonator arrays. RhNW are easy to synthesize, have similar surface chemistry to
Au/Ag, and we have obtained relatively high quality factors for RhNW cantilevers. The
quality factor is defined as the resonant frequency divided by the full width at half max of
the curve. Higher quality factors enable detection of smaller resonant frequency
changes and yield a more sensitive detector.
We have also investigated the surface chemistries that will be involved for
detecting biomolecules using these Rh and SiNW cantilevers. Using both AuAg, Rh and
silica coated NWs, we have investigated DNA probe attachment and RNA detection in a
sandwich hybridization assay (Figure 6-3). Extensive studies were undertaken to
synthesize and hybridize Au:DNA conjugates to the target sequence, as this is a way to
easily amplify the mass of the attached target. These Au:DNA conjugate studies have
included reducing the salt concentrations in the buffers used to help obtain cleaner
samples, which is important for resonant frequency measurements. Finally, we have
incorporated these results and have used both SiNW and RhNW cantilevered arrays to
detect mass changes due to binding of AuNP (SiNW) and DNA target/Au:DNA
conjugates (RhNW). These results show promise towards arrayed cantilevers for RNA
detection.
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Materials and Methods
NWs were grown as previously described.34 For this work, metallic NWs were
grown with average diameters of 320 nm and lengths of roughly 6 µm for Au and Ag,
and with varying lengths for Rh NWs. Plating solutions for Au (Orotemp 24), silver
(Silver cyless) and Rh (Rhodium-S) were purchased from Technic, Inc. (Cranston, RI).
SiNW were grown via VLS growth in 0.2 µm pore diameter anodisk filter membranes
(Whatman). Membranes for VLS growth were evaporated on the top side (unbranched)
with Cr and Ag. Silver was electrodeposited to a depth of ~5 µm, followed by a ~600 nm
Au segment.33 Ag was removed with 33% HNO3, rinsed with H2O followed by ethanol
and dried before VLS growth.
Au colloid was purchased from Ted Pella (20 nm, 30 nm, or 50 nm) or
synthesized by previously reported procedures (12 nm). Buffers used for this work
included 2x SSC (0.3M sodium chloride, 0.03M sodium citrate), 0.2x SSC, 2x SSC with
0.2% SDS (sodium dodecyl sulfate), 50 mM sodium phosphate (SPB), SPB with 0.3 M
NaCl (HB), HB/0.2% SDS and 1x Nexterion buffer. DNA was purchased from IDT DNA.
The disulfide of thiolated DNA was cleaved using previously published procedures.38

NW Imaging.
For DNA/RNA experiments, NWs were imaged on a Nikon TE300 microscope
with Lambda 10-2 filter wheel, Xe light source and a photometrics Coolsnap HQ digital
camera on an Optiscan motion controlled stage (Prior). A 100x oil immersion objective
was used (1.4 N.A.). Fluorescent images were taken using a Chroma Cy5 filter cube
(590 nm – 650 nm excitation, 660 nm dichroic, 662.5 nm – 737.5 nm emission).
Reflectivity images were taken under 430 ± 30 nm illumination. Samples were prepared
by sandwiching 8 µL of sample between a glass slide and cover slip. Fluorescence
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images were analyzed with NBSee software (purchased from Nanoplex Technology,
version 1.0.42.0).
Transmission electron microscopy (TEM) images of Au conjugates on NWs were
acquired using a JEOL 1200 EXII with high resolution Tietz digital camera. Samples
were prepared by drop casting 8 µL onto carbon coated TEM grids (EM Sciences). Field
emission scanning electron microscope (FE-SEM) images were acquired on a JEOL
6700F instrument in the PSU Materials Characterization Lab, or on a Leo 1530
instrument at the PSU MRI Nanofab facilities.

DNA Attachment
A 50 µL aliquot of bare AuAg NWs was rinsed one time with SPB, pH 7.2 buffer
and 50 µL 20 uM probe DNA was added with 350 µL SPB. The NW sample was
vortexed one hour and rinsed three times with SPB by centrifugation at 7700 g. Sample
was stored in 50 µL SPB until further use.
An aliquot of 150 µL silica coated NWs34 was mixed with 10 µL APTMS and 250
µL ethanol and vortexed 30 minutes, followed by rinsing three times with ethanol and
two times with CHES (N-Cyclohexyl-2-aminoethanesulfonic acid, 10 mM, pH 9.5) by
centrifugation. Next, 1 mg sulfo-SMCC was added in 400 µL CHES and vortexed one
hour. Sample was rinsed two times with CHES and two times with SPB. Probe DNA
(50 µL, 20 µM) was added, with 350 µL SPB and vortexed one hour, followed by rinsing
three times with SPB. Sample was stored in 50 µL SPB until further use.
For attachment of probe DNA to cantilevered NW, samples were placed on an
orbit shaker at 45 rpm for one hour with 100 µL SPB with 20 µL 20 µM DNA P1 or P2.
The samples were rinsed 6 times with SPB and 3 times with HB. To keep devices from
drying buffer was added and removed in equal amounts. Next, 20 µL 20 µM T1 DNA
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was added to each and allowed to hybridize on the orbit shaker for one hour at 45
RPMs. The samples were rinsed 6 times with HB and one time with 0.2X SSC.
Conjugates (50 nm, 4.5 x 1010 conjugates each) were added to the sample and placed
on the orbit shaker at 45 RPM for one hour. Samples were rinsed 6 times with HB and
one time with 0.2X SSC, followed by submersion into ethanol. Substrates with cantilever
NWs were dried using a critical point dryer (Bal-tec CPD-030) to keep the NW
cantilevers from sticking to the floor of the substrate.

DNA Hybridization for Triplex Assay
The probe DNA coated NW’s were mixed together (10 µL of each type). DD3
target RNA was added (1 µL, 1 µg/ µL), along with PAGa RNA (2 µL, 0.46 µg/ µL).
Sample was vortexed at 47°C for one hour in 200 µL 1x Nexterion buffer. Sample was
rinsed three times with 2x SSC with 0.2%SDS, one time with 2x SSC and one time with
0.2x SSC. Tag DNA was added (10 µL, 20 µM), along with 200 µL 1x Nexterion buffer.
Sample was vortexed for one hour at 47°C and rinsed as in the previous step. Sample
was resuspended in 100 µL 2x SSC for imaging.

Au:DNA conjugates
Four sizes of Au colloid were used to make conjugates (12 nm, 20 nm, 30 nm
and 50 nm). For 12 nm, 10 µL 100 µM DNA NPT was added to 190 µL 14.7 nM colloid
and left at 37°C. After ~20 hours, 43 µL 1M NaCl/50 mM sodium phosphate buffer (pH
7.2) was added. An additional 43 µL buffer was added after 8 hours at 37°C. After
another 16 hours, sample was rinsed three times with HB and resuspended in 200 µL
HB.36,37 For 20 and 30 nm conjugates, 50 µL 100 µM DNA NPT was added to 1 mL
colloid (7x1011, 2x1011 particles/mL respectively) and left at 37°C overnight. After 20
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hours, 200 µL 1M NaCl/SPB was added, followed by another 228 µL after an additional
8 hours at 37°C. After another 16 hours at 37°C, samples were rinsed three times and
resuspended in 200 µL HB. For the 50 nm AuNP, 1 ml (4.5x1010 particles/mL) was
incubated at 37°C with 50 µL 100 µM DNA NPT overnight. 1 M NaCl/50 mM sodium
phosphate buffer (pH 7.2) was added (100 µL three times at 2 hour intervals, followed by
an additional 128 µL after another two hours). Sample was incubated overnight at 37 °C
and then rinsed four times with HB and resuspended in 1 ml HB.

NW alignment/Processing
SiNW and RhNW were aligned using dielectrophoresis.9 Cantilevers were
created by the process outlined in reference 10. Photolithography was used to pattern
pairs of electrodes (20 nm Ti, 60 nm Au) onto Si wafers with 1 µm thermal oxide. These
electrodes were coated with polymethylglutarimide (PMGI SF-6) photoresist to suspend
the NWs a controlled height off the electrodes (300 nm). An AC voltage was held
between pairs of electrodes, producing a region of high electric field. The NW was
pulled into the region of highest electric field, which is in the gap between the electrodes.
Once a NW rests between the electrode pairs, the field is effectively shorted in that
region, and no other wire will be pulled into the same region. A second photoresist
(Shipley 1811) was spin coated over the NWs, and lithography was used to open the
area above one of the patterned electrodes. Metal was electrodeposited on this
electrode to build a clamp on one end of the NW to hold it securely. Finally, both
photoresists were removed with Microposit Remover 1165 at 60 oC, leaving the
cantilevered NW arrays.
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Resonant Frequency Measurements
Cantilevered NW arrays were mounted on a piezo inside a vacuum chamber
equipped with a window.10 The chamber was mounted to the stage of a Nikon TE2000U
inverted microscope. A laser (HeNe, 632.8 nm) was focused on the sample through a
side port. Light reflected from the sample and out the microscope is passed through a
beam splitter and into a photodetector, which is output to a spectrum analyzer. The
spectrum analyzer sweeps the frequency of the piezo, while collecting the input from the
photodetector. The signal was acquired by interferometry.10

Capture of 50 nm Au nanoparticles (No DNA)
SiNW were aligned, clamped10 and their resonance frequency curves were
measured. The chip was then submerged in 2.65 mM 1-mercapto undecane 11-amine
(MUAmine) in methanol. Sample was placed on bench for one hour and then rinsed 5x
with ethanol and 3x with water. Next, 4 mL 10% 3-(trihydroxy silyl)-1-propane sulfonic
acid (THSPSA) was added to the chip and allowed to sit for 1 hour. The sample was
rinsed 4x with water, and 50 nm Au nanoparticles were added (5 ml, 4.5 x1010
particles/mL). After 15 minutes, the sample was rinsed 3x with water and 3x with
ethanol and stored in ethanol. (Note: During rinsing steps, sample was kept wet to
avoid SiNW cantilevers from sticking irreversibly to the floor of the device) Finally,
samples were dried using a critical point dryer (Bal-Tec CPD-030).

SiNW Mimic Procedure
Aliquots of bare (20 µL) and silica coated Au/Ag (60 µL) were mixed together and
rinsed one time with water. (Trihydroxy silyl) propane sulfonic acid (40 µL) was added to
the sample along with 350 µL water and vortexed 30 minutes. The sample was rinsed
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4x with water and one time with SPB. Next, 20 µL 20 µM DNA P1 was added with 350
µL SPB and vortexed one hour. The sample was rinsed two times with SPB/0.2% SDS
buffer and one time with HB. The sample was split in half, and target DNA T1 or T2 (10
µL 20 µM) was added to each with 350 µL HB. The samples were spun slowly at 50 °C
for one hour to keep the NW suspended, followed by rinsing two times with HB/0.2%
SDS and one time with 0.2x SSC. Finally, 75 µL 7 nM 12 nm Au:DNA conjugates was
added with 250 µL HB to each sample and slowly spun 15 minutes at 50°C. Samples
were rinsed two times with HB/0.2% SDS and one time with 0.2x SSC buffer.

Results and Discussion
Figure 6-2 shows a scheme of the NW cantilever array, as well as two different
length RhNW aligned onto adjacent electrode pairs using an AC electric field. NWs can
be functionalized with the probe DNA off chip and then aligned, eliminating the need to
spot DNA onto the cantilevers after device fabrication. However, because lithography is
required to clamp the NWs, we have investigated the specificity of the probe DNA after
exposure to common photoresist curing and removal procedures.

Array Based Detection of RNA
In initial experiments, the DD3 hybridization was optimized using conventional
spotted DNA microarrays on glass. Collaborators in Prof. Clawsons’s lab at Hershey
Medical Center used a library selection protocol to determine accessible binding sites to
the folded DD3 RNA. After determining accessible sites, they investigated pairs of sites
and determined the best pair for capturing the RNA and then binding a second oligo to
the RNA with a fluorescent tag in a sandwich type assay (Figure 6-). Figure 6-4 shows
results from experiments on glass slides to determine if DNA probes attached to arrays
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retained selectivity for complementary RNA after exposure to various photoresist
processing steps. In this experiment, an array of probe DNA was subjected to acetone
at 25°C, and Shipley 1165 remover at 55°C and 100°C. DD3 RNA was then hybridized
to the array, followed by a fluorescently labeled oligo FT. In all samples, fluorescence is
only present on the perfect match probe (DD3 683 PM). There is no noticeable
degradation of the ability of probe DNA to bind RNA target upon exposure to photoresist
remover and elevated temperatures. Additionally, there is no nonspecific binding to any
of the other oligos spotted to the array which represent single and multiple base
mismatches as well as the second capture site. This is important for eventual
incorporation of NWs that are prefunctionalized with probe molecules which requires
these processing steps.

DNA/RNA Detection on Striped NWs
Because the envisioned sensor platform is based on DNA coated NW rather than
planar arrays, we used the sequences and experimental conditions determined from
work on arrays to detect a DNA mimic of the DD3 RNA on striped metallic NWs. The
mimic sequence contained both RNA capture sites, separated by a 5 T spacer. Two
separate aliquots of striped NWs were coated with probe DNA P1 and P2. Target DNA
T1 (a 45 base synthetic DNA oligonucleotide which serves as a model for DD3 RNA in
these experiments) was added to each, hybridized for one hour and rinsed. Fluorescent
tag FT was then added to hybridize for one hour and rinsed to remove excess. Figure 65 shows fluorescence (A) and reflectance (B) images for NWs with probes P1
(complementary). The reflectance image is used to determine the location of the NW.
Figure 6-5 C and D shows the fluorescent and reflectance images for the
noncomplementary target/tag, respectively. The NWs with probe P1, which is a perfect
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match to the target used (RNA mimic), shows bright fluorescence (5A), while there is
little nonspecific binding on the wires with the wrong probe (5C).
Having demonstrated that probe coated NW’s selectively hybridize the correct
DNA targets, we attempted to use the probe coated NWs to detect DD3 RNA molecules.
In addition to the complementary and noncomplementary probes used in the previous
experiment, a single base mismatch probe was added for this assay. RNA detection is
challenging due to its larger size (743 bases vs. 45 for the DNA) and secondary
structure. However, Figure 6-6 shows promising results. Figure 6-6 shows reflectivity
(A) and corresponding fluorescence (B) images of wires with probe DNA complementary
to the DD3 RNA. Although the fluorescence is not as bright as for the DNA target
sample (Figure 6-5C), it is brighter than the fluorescence for the single base mismatch
(6D) and the noncomplementary (6F) probe coated NWs. Due to the secondary
structure and size of RNA, lower target coverage can be expected. The concentration of
DNA in the previous experiment was also 100 times higher than that concentration of
RNA used here (950 nM DNA vs. 9.5 nM RNA concentration). Ultimately, the amount of
RNA to be detected will be much lower than in both of these experiments. However, the
device layout will allow smaller sample volumes to be used. There will also be fewer
NWs for the RNA target to bind to on the device when the NWs are coated with probe
DNA before alignment. These results suggest that the larger size and secondary
structure, as well as lower concentration, does not prevent detection of DD3 RNA on
striped NWs.

RNA Triplex Assay
With the goal of this research being multiplexed detection of RNA, it was
important to determine if the different probe coated NWs could be combined and used to
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detect the DD3 RNA in the same tube. For this assay, the three probe coated NW
samples were combined before target RNA was added. In addition to the DD3 RNA that
was present, a second RNA (PagA), which was not designed to be complementary to
any of the probes used, was added. This was done to ensure that the specificity of the
DD3 probes would not be effected by other RNAs, which are expected to be present at
higher concentrations in a sample. Different probe DNAs were attached to bare 0110
(P1) (0=Au, 1= Ag), 0011 (P2) and 0101 (P3) NWs. The NWs were then mixed together,
and the assay was performed as described previously. The Ag segments are much
brighter (~2.5 times) in reflectance microscopy images, which allows identification of the
NWs. As Figure 6-7 shows, bright fluorescence can be seen only on the NWs with P1
(AuAgAgAu). The NWs with the single base mismatch probe P2 (AuAgAuAg) and
noncomplementary probe P3 (AuAuAgAu) show much less fluorescence. These assay
results show that we can detect DD3 on NWs with a second RNA in the sample. The
low fluorescence on NWs with a single base mismatch probe shows high specificity of
the probe DNA for the DD3 target. These results are encouraging for our ultimate goal
of developing a mass based sensor for RNA detection.

Nanoparticle Binding
Since our device is based on the shift in resonant frequency of a NW cantilever
due to the added mass, it is beneficial to amplify the mass of the target of interest with a
mass tag. We have investigated Au nanoparticles coated with DNA as a possible mass
tag. A 12 nm Au nanoparticle (17.5 ag) has roughly 18x more mass than a single DD3
RNA molecule (1.0 ag), whereas a 50 nm AuNP (1.26 fg) has roughly 1260x more mass
than a DD3 RNA molecule. This could reduce the number of targets needed for a
measurable resonant frequency shift, increasing the sensitivity. To test Au:DNA
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conjugate binding as possible mass tag, we attached complementary (P1) and
noncomplementary (P2) probe DNA to AuAg NWs, followed by the RNA mimic target
(T1) and then 12 nm Au nanoparticles that had been coated with DNA NPT. Figure 6-8
shows TEM images for these samples. High Au particle coverage is observed when
complimentary target is present (8A), and very low coverage for the noncomplementary
control (8B). The low nonspecific binding to the noncomplementary probe, and high
coverage of Au:DNA conjugates for the NWs with complementary probe are
encouraging for amplifying the added mass.
The target in the previous results was a short, synthetic oligonucleotide which
contains both regions of the RNA sequence that we have determined for binding. Due to
its secondary structure and larger size, the DD3 RNA was expected to be more
challenging for binding AuNP tags to probe coated NWs. The same experiment was
repeated, with DD3 RNA molecules in the place of the RNA mimic target T. Figure 6-9
shows that there are many AuNP hybridized to the Au/Ag NW (Figure 6-9A). The NWs
with noncomplementary probe (Figure 6-9B) attached show very few (one in this image)
Au:DNA conjugates bound to the NWs. As expected, the coverage of AuNP’s attached
to NWs with complementary probe is not as high as that found with RNA mimic target T,
most likely due to the larger size of the DD3 RNA used. As in the previous comparison
between DNA and RNA targets, the concentrations of DNA (950 nM) target was 100x
greater than RNA (9.5 nM).

Mass Capture on SiNW Cantilevers
As an initial proof of concept experiment, we have measured changes in the
resonant frequency of SiNW cantilevers before and after attachment of 50 nm AuNP’s
with a heterobifunctional molecule. SiNWs were aligned on a silicon wafer patterned

152
with lithographically defined electrodes that had been coated with a photoresist layer by
applying AC electric field. The sample was processed following the scheme in Figure 610 to produce cantilever arrays.

During the vapor liquid solid (VLS) growth, silicon still

in the Au catalyst tip at the end of the growth forms a silica coating on the gold. The
native oxide coating of the SiNWs was removed by BOE etch (20:1, 30 seconds) to
expose the gold surface. The oxide was allowed to reform on the SiNW body, and the
resonant frequency of the SiNWs was measured. The sample was then exposed to 1mercapto undecane 11-amine (MUamine), which binds to the Au tip through the thiol
group, leaving the amino group exposed. Although the SiNW body should have no
appreciable affinity for bare AuNP, we blocked it with THSPSA. The sulfonic acid group
should prevent any AuNPs from binding to the body of the SiNW by electrostatics.
AuNPs (50 nm) were added to bind to the SiNW Au tip through the amino groups. The
AuNPs are negatively charged and bind to the positively charged amino groups. After
rinsing and drying, the sample was loaded back into the measurement chamber and a
second resonant frequency curve was measured for each SiNW. Figure 6-11 shows a
FE-SEM image of a SiNW tip with two 50 nm AuNP attached. FE-SEM also confirms
that there are no AuNPs bound to the SiNW body. Figure 6-11 also shows the
resonance frequency measurements under high vacuum for the SiNW before (red) and
after (blue) the AuNP’s were attached to the tip. There is a large, easily measurable
response to the two AuNPs attached to the SiNW tip. Additionally, the peak remains
sharp, even after exposure to water, ethanol and the chemicals used for attachment.
These results show promise towards the ability to measure the binding of low numbers
of AuNP to NWs.

153
AuNP Attachment to Silica Coated NW
We have investigated attachment of DNA probe to silica coated NWs as
substitutes for SiNWs due to their abundance. We wanted to determine what size AuNP
could easily be attached to the silica shell of SiNW with high coverage and low
nonspecific binding. The silica coated NWs have the same surface chemistry as SiNW,
which allowed us to substitute them. A sandwich hybridization was performed on silica
coated NWs with 20, 30, or 50 nm Au:DNA conjugates. Attachment of larger AuNP’s
give a larger mass change per binding event, which will give a larger response, or allow
lower detection limits. Another benefit of larger Au:DNA conjugates is for initial studies
to determine the performance of the cantilevered NW arrays. FE-SEM was used to
count the number of Au:DNA conjugates on a given NW to compare the mass change to
the change in resonant frequency. Larger particles make this process easier. Figure 612 shows TEM images of 20 nm (A), 30 nm (C), and 50 nm (E) Au:DNA conjugates
attached to silica coated NWs with complementary probe and target DNA. We have
achieved high coverage of 20, 30, and 50 nm Au:DNA conjugates for the complementary
probe/target samples. Figure 6-12 shows representative images of complementary (A,
C, and E) and noncomplementary (B, D, and F) target DNA. There is very low binding of
Au:DNA conjugates to the noncomplementary samples.
For the resonant frequency measurements, it is important to control the added
mass, and limit that to DNA and Au:DNA conjugates. One potential problem we wanted
to avoid was added mass of NaCl or other salts required in the hybridization and rinse
buffers that could crystallize upon drying. NaCl shields the negative charge of the DNA
backbone, facilitating hybridization. We have measured surface coverage of Au:DNA
conjugates hybridized to silica coated NWs as a function of salt concentration of the final
rinse buffer. Although TEM images of silica coated NWs show high coverage, only a
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small portion of the NW edge is visible in these images. To obtain more accurate results
we used hollow silica shells in order to image the Au:DNA conjugates on both the top
and bottom of the NW with TEM. Complementary and noncomplementary probe DNA
was attached to hollow silica shells. Target DNA was hybridized, followed by 50 nm
Au:DNA conjugates. Each sample was then split to three tubes and resuspended in 30
mM NaCl/50 mM sodium phosphate buffer, 10 mM NaCl/50 mM sodium phosphate
buffer, or ultrapure water (18MΩ). After addition of the buffer (or water), the samples
were agitated briefly to resuspend the NWs and TEM samples were made. Figure 6-13
shows 50 nm Au:DNA conjugates hybridized to hollow silica shells with complementary
(A, C, and E) and noncomplementary (B, D, F) probe attached. The TEM images show
high coverage of Au:DNA conjugates for 30 mM NaCl (14A), 10 mM NaCl (14C), and
even the water sample (14E). All noncomplementary probe samples show very few
Au:DNA conjugates for all three buffers (14 B, D, and F).
Au:DNA conjugate surface coverage on the hollow silica shells was measured by
counting AuNPs in the TEM images. We first ensured that the Au:DNA conjugates were
visible on both the top and bottom of the silica shell. AuNP (50 nm) were dried onto a
TEM grid and hollow silica shells were drop cast onto the same grid. Figure 6-14 shows
TEM images of AuNP that are on the underside of Ag etched, silica coated NWs. The
coverage data is summarized in Table 6-2. The coverage of Au:DNA conjugates for the
samples above resuspended in 30 mM NaCl was (1.0 ± 0.3) x1010 NPs/cm2 for the
complementary and (2.5 ± 3) x108 for the noncomplementary probe. When the NaCl
concentration was reduced to 10 mM for resuspension of the NWs, the coverage for the
NWs with complementary probe was (1.2± 0.3) x1010 NPs/cm2 and (1.1 ± 0.8) x108
NPs/cm2 for the noncomplementary probe. When the samples were resuspended in
water, the coverages of Au:DNA conjugates for the complementary probe was (1.5 ±

155
0.5) x1010 NPs/cm2 versus (2.3 ± 3.5) x108 NPs/cm2 for the noncomplementary probe.
These measurements show no appreciable decrease in the surface coverage of Au:DNA
conjugates due to reducing the concentration of NaCl. These results are encouraging
for reducing the amount of salt in the final rinse buffer that could be left to crystallize on
the NWs.
Lower salt concentrations were expected to decrease the yield of Au:DNA
conjugates hybridized to the hollow silica shells due to electrostatic repulsion of the two
DNA backbones.38 After the TEM samples were made, the NWs were left on the lab
bench. For the water sample, the solution slowly changed to a pink color, indicating that
the Au:DNA conjugates were dehybridizing from the NWs with time. We believe that
due to the size of the interface, the conjugates take longer to dehybridize in the lower/no
salt buffer due to the salt slowly equilibrating with the bulk solution. With minimizing the
time in a low salt buffer to several minutes, we believe that very few Au:DNA conjugates
will be lost during the rinsing step.

Au:DNA conjugates on SiNW Mimic
To investigate the chemistries involved in functionalizing to the Au tips and
hybridizing DNA coated AuNP’s selectively to the tip of SiNW, we have begun by mixing
bare Au/Ag NWs (same chemistry as Au tip) with silica coated Au/Ag NWs (same
chemistry as SiNW body). This allowed us to test the chemistries on readily available
substrates that contain the same surface chemistry as the SiNWs we would like to use.
We mixed bare and silica coated NWs together, added a silane blocker (THSPSA),
followed by probe DNA (complementary or noncomplementary), target DNA and then
Au:DNA conjugates (12 nm or 50 nm). Although the probe DNA is thiolated, and should
bind preferentially to the bare Au and Ag, we find that DNA can nonspecifically adsorb to
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silica. The silane blocker, which has a negative charge, was added before the DNA to
prevent this. Figure 6-15 shows TEM images of mixed bare and silica coated Au/Ag
NWs after a sandwich hybridization was performed. There is high coverage on bare
NWs for the samples with complementary probe (A and C), with no Au:DNA conjugates
visible attached to the silica coated NWs. In the TEM images of the noncomplementary
control (B and D), there are no Au:DNA conjugates visible on either the bare or silica
coated NWs. These images show that our attachment chemistry will be suitable for
using DNA to bind AuNP to the Au catalyst tip of SiNW, without attaching to the body of
the SiNW.
Although SiNW have superior mechanical properties compared to metals, one
problem we had was their availability. We therefore investigated other materials, such
as electrochemically grown RhNWs. Electrochemically grown NWs have the benefit of
greater availability (we can synthesize them in our lab) and better control over NW
monodispersity, length, and sample cleanliness. SiNW samples typically have a large
range of diameters (as seen in SEM images) and contaminants. Although there are
several challenges with the use of SiNWs recently, with optimization of the growth
conditions and surface chemistry processing SiNWs should be very good devices for
measuring mass changes.

Rhodium NWs
Although Si has much better mechanical properties than Rh for resonant
frequency measurements, we have obtained good quality factors for RhNW. RhNWs
were grown electrochemically and released as previously described for Au and Ag.
Figure 6-16 shows reflectance microscope images of RhNWs grown for different times.
Very long RhNWs (23 µm, Figure 6-16) are straight, indicative of their mechanical
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properties. RhNW were grown galvanostatically with diameters ~320 nm. Figure 6-17
shows a plot of length of RhNWs vs. Coulombs plated. The linear fit shows a growth
rate of 0.82 µm/5.94 coulombs (0.82 µm/hour).
Since Rh has better mechanical properties than Au and Ag, we investigated
incorporating RhNW as cantilevers. Although they have some drawbacks as compared
to Si, (larger mass) they are easier to obtain clean, monodisperse samples. RhNW’s
were electrophoretically aligned and clamped following the previously described
procedures. Figure 6-18 shows the resonance frequency curve for a ~4 µm RhNW.
We have measured quality factors for RhNW’s as high as 1400, which although not as
high as SiNW cantilever (~5000), are still relatively high.

DNA Detection with RhNW
We have measured RhNW cantilevers before and after attachment of probe
DNA, followed by hybridization to target DNA and Au:DNA conjugates. Figure 6-20
shows resonant frequency measurements before and after complementary (A) and
noncomplementary (B) target/Au:DNA conjugates. SEM images were taken before (C,
D) and after (E, F) mass was added. The resonant frequency of the cantilever shown in
Figure 6-20 C, E (complementary DNA) was measured as 3.9798 MHz before and
3.8794 MHz after addition of mass due to DNA attachment and hybridization. Figure 620E shows the SEM image of the RhNW after measurement was made. From this
image, we estimate that 140 DNA:50 nm Au conjugates are bound to the cantilever
(number counted on top of RhNW times 2). Assuming no losses due to dampening or
changes in stiffness of the NW, the mass and frequency are related by the equation:
∆M= -2M (∆f/f)

(6.1)2
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Using the equation and the measured frequency shift of 0.1004 MHz, the calculated
mass change is 0.182 pg, which is equal to ~144 50 nm AuNP, which is close to the
counted number of AuNP on the RhNW (140). The difference in the counted and
measured could come from several different errors. We counted the number of AuNP
on the top of the RhNW, and assumed that the number on the bottom, which cannot be
counted, is the same. There is also the added mass of the DNA probe, target, and DNA
on the Au:DNA conjugate, which is not taken into account here. Assuming a DNA probe
coverage on the the RhNW and AuNPs of 1x1013 and 10% hybridization efficiency of
target, the mass of DNA added to the RhNW measured would be 9.0 fg, equivalent to ~7
AuNP (50 nm). When added to the number of counted AuNPs, this additional mass due
to DNA makes the added mass equivalent to 147 AuNP, which is still close to the
number measured by the change in resonant frequency. This difference could be due to
the assumption that the stiffness of the RhNW does not change with DNA attached.
Figure 6-20 also shows the resonant curves and SEM images of a RhNW
cantilever before (D) and after (F) noncomplementary probe DNA, target DNA, and
Au:DNA conjugates were added. There is a change in the resonant frequency
measured of 0.0033 MHz, from 5.5873 MHz to 5.5906 MHz. This increase in the
resonant frequency would indicate a loss of mass of 1.9 fg based on equation 6.1. This
could indicate that the attached DNA is having an effect on the stiffness of the RhNW.
More studies are needed to fully interpret these results.

Conclusions
We have shown the ability to detect DD3 RNA, a prostate cancer marker, on
microarrays with single base mismatch resolution. We have taken the DNA capture and
tag probes and shown a sandwich hybridization on Au/Ag NWs, with both fluorescent
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and AuNP tags for detection. For the fluorescent samples, single base mismatches in
the probe DNA were used and do not give a fluorescent signal higher than the
noncomplementary probe. Good discrimination was achieved between the
complementary and noncomplementary probe with 12 nm AuNP tags. We have
combined photolithography with electrophoresis to align and suspend both SiNW and
RhNW on Si wafers. This has allowed us to measure resonant frequency of RhNW and
SiNW, as well as the shift in resonance frequency of SiNW due to the added mass of 50
nm AuNP. We have investigated the hybridization of DNA coated AuNP to RhNW,
Au/Ag, and silica coated Au/Ag NWs. In a mixture of bare and silica coated Au/Ag
NW’s, we were able to selectively hybridize DNA coated 12 and 50 nm AuNP’s to only
the bare wires, and only when the complementary probe was attached to the NWs. We
have gotten good discrimination between complementary and noncomplementary
targets with 20, 30, and 50 nm AuNP tags on Rh and silica coated NWs. Finally, we
have measured mass changes of cantilevered RhNW due to hybridization of DNA with
Au:DNA conjugate amplification. The complementary probe/target/Au:DNA conjugate
experiment measured an additional mass of 182 fg , as compared to 140 Au:DNA
conjugates (176.4 fg) counted on the SEM. For the noncomplementary experiment, no
Au:DNA conjugates were seen on the RhNW and a mass change (decrease) of 1.9 fg
was measured.
This work has laid the foundation for detection of DNA with Si and Rh NWs, but
there is much to be investigated. The DNA target that was detected was in relatively
high concentrations, and future studies will look at lower target concentrations and
calibration curves, as well as RNA detection instead of the DNA target that was used
here. Additionally, simultaneous detection of multiple cancer markers will be
incorporated into the device. While RhNW cantilevers have given good resonant
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frequency changes for additional mass, future work will also include SiNW cantilevers.
However, challenges such as polydispersity of the samples and consistent removal of
the native oxide (at the Au tip) must be overcome.
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Tables
Table 6-1: DNA sequences used in this work

Name
P1
P2
P3
T1
T2
FT
NPT

Sequence (5’-3’)
HS-C6-TTT TTT TTT TGC CAT CAA GAT
TTT CTC GTC
CTC GTA TCT CAA CTC GTA TTT TTT
TTT T-C3-SH
HS-C6-TTT TTT TTT TGC CAT CAA GAC
TTT CTC GTC
CTG TGA TGA CAT GAG GCA GCT TTT
TGA CGA GAA AAT CTT GAT GGC
TAC GAG TTG AGA TAC GAG CCG CTG
AGC AAT AAC TAG
Alexa 647-GCT GCC TCA TGT CAT CAC
AG
HS-6-TTT TTT TTT TGC TGC CTC ATG
TCA TCA CAG

Description
RNA capture probe, 5’ thiol
Noncomplementary to
RNA, 3’ thiol
RNA capture, Single
mismatch, 5’ thiol
RNA mimic
Noncomplement target
RNA fluoro tag, 5’ Alexa
647
RNA NP tag, 5’ thiol
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Table 6-2: Coverages of 50 nm Au:DNA conjugates after resuspension in low salt
buffers
Concentration (NaCl)
30 mM
10 mM
0 mM

Complementary Coverage
(conjugates/cm2)
(1.0 ± 0.3) x1010
(1.2 ± 0.3) x1010
(1.5 ± 0.5) x1010

Noncomplementary Coverage
(conjugates/cm2)
(2.5 ± 3.0) x108
(1.1 ± 0.8) x108
(2.3 ± 3.5) x108
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Figures
Figure 6-1

Figure 6-1: NW cantilever array layout (top) and two different lengths of RhNW aligned
in separate columns (courtesy M. Li).
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Figure 6-2
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Figure 6-2: Types of NWs used in this work and reasons each was chosen
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Figure 6-3

Figure 6-3: Sandwich hybridization schemes for RNA detection (not to scale)
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Figure 6-4
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Figure 6-4: RNA binding to DNA microarray before and after various photoresist
removal techniques. (PM=perfect match, MM= mismatch, 683, 735 = site bound to on
RNA) (courtesy M. Li and S. Patrick).
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Figure 6-5

Figure 6-5: DNA detection in separate tubes. Top images show fluorescence (A) and
reflectance (B) images for complementary probe DNA.
Bottom images show
fluorescence (C) and reflectance (D) images for non complementary probe
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Figure 6-6

Figure 6-6:
RNA detection in separate tubes.
Reflectivity images (Left) and
corresponding fluorescence images (right) for complementary (A,B) single base
mismatch probe (C,D), and noncomplementary probe (E,F).
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Figure 6-7

Figure 6-7: Triplex sandwich hybridization assay for DD3 RNA on bare AuAg NWs (A,B)
and silica coated AuAg NWs (C,D). RNA specific probe (AuAgAgAu), single base
mismatch (AuAgAuAg) and noncomplementary probe (AuAuAgAg). Left images show
fluorescence from tag and right images show reflectivity of NWs.
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Figure 6-8

Figure 6-8: AuAg NWs with complementary (left) and noncomplementary (right) probe
DNA after hybridization to DNA target and Au:DNA conjugates. (scale bar=200 nm)
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Figure 6-9

Figure 6-9: DNA coated, 12 nm Au nanoparticles attached to probe coated NWs
with DD3 RNA. Left image shows complementary probe on wire, right image shows
noncomplementary probe. (Scale bar= 500 nm)
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Figure 6-10

Figure 6-10: Processing steps to create cantilevered NW arrays (top) and cantilevered
RhNW (bottom). (SEM image courtesy M. Li)
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Figure 6-11

Figure 6-11: Resonance curves before and after capture of two 50 nm diameter Au
nanoparticles on tip of cantilevered SiNW. Left image clearly shows two nanoparticles.
Right resonance curves before (red) and after (blue) show large decrease in resonance
frequency for binding of 2 Au nanoparticles with approximate 2.5 fg mass. (courtesy M.
Li, R. Bhiladvala)
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Figure 6-12

Figure 6-12: TEM imaging for selective binding of DNA:Au mass amplification tags on
silica coated AuAg NWs with complementary DNA probe (Left) and noncomplementary
DNA probe (Right) with 20 (A,B), 30 (C,D), and 50 nm (E,F) Au:DNA conjugates. (Scale
bars = 500 nm)
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Figure 6-13

Figure 6-13: TEM images of final NaCl concentration rinse buffer effect on hybridized
Au:DNA conjugates to silica coated and etched NWs with attached probe DNA. Left
images are for complementary probe, right images are for noncomplementary probes.
Final NaCl concentrations were 30 mM (A,B), 10 mM NaCl (C,D) and water (E,F).
(Scale bars = 500 nm)
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Figure 6-14

Figure 6-14: TEM images of 50 nm AuNP through silica coated and etched NWs.
(Scale bars = 500 nm
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Figure 6-15

Figure 6-15: TEM images of SiNW mimic experiment. Bare and silica coated AuAg
NWs were mixed, and thiolated probe DNA was added to determine selectivity of
attachment to bare over silica. Samples were then hybridized to target DNA followed by
Au:DNA conjugates. A and C are for complementary probes, B and D are for
noncomplementary probes. A and B show binding of 12 nm Au:DNA conjugates, C and
D are for 50 nm Au:DNA conjugates. (scale bars= 500 nm)

183

Figure 6-16

Figure 6-16: Reflectance microscopy images of 320 nm diameter Rh NWs. Wires were
grown for 1 hour (A), 4 hours (B), 12 hours (C), and 15 hours (double current).
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Figure 6-17
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Figure 6-17: Length vs. coulombs deposited for 320 nm diameter Rh NWs
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Figure 6-18: Resonance curve of12 µm long RhNW. (courtesy R. Bhiladvala and M. Li)
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Figure 6-19

Figure 6-19: TEM imaging for selective binding of DNA:Au mass amplification tags on
RhNW with complementary DNA probe (Left) and noncomplementary DNA probe (Right)
with 20 nm AuNP (A,B) 20 nm AuNP (C,D) and 50 nm AuNP (E,F). (Scale bars = 500
nm)
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Figure 6-20

Figure 6-20:
Results from mass sensing experiments with RhNW.
Resonant
frequencies of cantilevered RhNW measured before and after attachment of probe and
target DNA, followed by Au:DNA conjugates for complementary (A) and
noncomplementary (B) probe DNA. SEM Images of measured devices before (C,D) and
after (E,F) addition of DNA probe, target and Au:DNA conjugates. (scale bars 1 µm)
(courtesy M. Li, R. Bhiladvala)

Chapter 7
Conclusions and Future Directions
Chapter 2 presents data on incorporating citrate into hybridization buffer to
reduce the deterioration of Ag in NWs. For samples that were shaken, the citrate more
than doubled the lifetime of the NWs from less than one week in hybridization buffer to
more than two weeks when continuously agitated. The citrate buffer also increased the
storage lifetime of NWs by 17 weeks over those stored in standard hybridization buffer.
NWs with fluorescently labeled DNA attached via neutravidin-biotin chemistry was stable
for 12 days in hybridization buffer, but lasted more than 63 days in 40 mM citrate. This
finding is also applicable to other areas, such as SPR and SERS sensing, which would
require buffers for biological molecules. We have published these results as a paper in
Chemistry of Materials.1
Chapter 3 described the synthesis of Au and Ag nanoparticle chains. Striped
NWs were coated with a thin layer of silica and sacrificial segments were etched, leaving
behind the Au and/or Ag. This allowed control over NP size and spacing, which allowed
the study of interparticle coupling with UV-Vis spectroscopy.

We found that the

extinction maximum did not change for 100 nm diameter NP with spacing of 380 and 80
nm. The extinction did shift when the spacing was decreased to 25 nm, from 630 to 685
nm. This shift in extinction was much larger for NPs with diameter of 33 nm. NP chains
with a spacing of 420 nm had an extinction maximum at 520 nm, identical to that for
isolated spheres. When the spacing was reduced to 33 nm and 9 nm, the extinction
maximum red shifted to 585 and 630 nm, respectively.

This method of fabricating

nanoparticle chains is versatile and produces large numbers (>1 billion per membrane
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batch). It also produces relatively monodisperse samples, which can be improved with
better control over plating conditions and MPTES coating before TEOS silica coating.
These NP chains could be useful as substrates for SERS and as plasmonic waveguides.
This work was published in Nano Letters.2
In a continuation of the work in chapter 3, chapter 4 investigates the uses of silica
coated NP chains as substrates for SERS. NP dimers and chains (5 or 10 NP) were
compared with two different silica coating chemistries to determine if BPE could
penetrate and adsorb onto the surface. There was no appreciable difference in the
Raman intensity for four different ~100 nm dimer sizes/spacing for bare, coated, or
etched. There was a small increase in the Raman intensity for 100 nm diameter AuNP
chains (10 NP) comparing bare and coated/etched samples with BPE adsorbed. To
increase the ability of the BPE to penetrate the silica, the coating procedure was
adjusted by mixing a small amount of BTEB with the TEOS (20:1 TEOS:BTEB). This
coating, which was expected to be more hydrophobic, was coated onto 32 nm diameter
NWs with large (420 nm) and small (30 nm) Ni separating Au segments. Single (or few)
particle Raman measurements were obtained. For the small spacing, bare and coated
NWs with BPE adsorbed showed no Raman signal, whereas the etched samples
showed a large signal on many particles. When large (420 nm) and small (30 nm)
spacing of AuNP chains was compared, an enhancement factor of 73 for the closely
spaced NP was measured. This is encouraging that the BPE was able to penetrate the
adjusted silica coating and adsorb into the gaps of AuNP, which is where the highest
SERS activity was expected to be. Although these results are promising, there is much
work to be done. Current and future studies will investigate other Raman active
molecules, such as 4-mercapto benzoic acid, with both the TEOS and TEOS/BTEB
coating to determine if the coating is selective towards different molecules (4MBA is
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more hydrophilic than BPE).

Additionally, MPTMS will be used to keep the 32 nm

diameter chains in place after Ni etching.
Chapter 5 investigated the attachment of DNA to NWs with a controlled thickness
of silica for DNA detection. The silica coating was able to slow the oxidation of the Ag in
the NW.

Attachment chemistry was developed for thiolated DNA and compared to

thiolated DNA on bare AuAg NWs.

The intensity of fluorescently tagged DNA was

greater on the silica coated NWs than the bare NWs, possibly due to the increased
distance from the metal surface. A triplex assay of three viral pathogens was compared
on bare and silica coated NWs.

The coated NWs performed better, with higher

fluorescence intensity and better signal to noise ratio than the bare assay. Silica coated
NWs were also used to detect single base mismatches with good specificity and better
results than on bare NWs.

Finally, the stability of the attachment chemistry was

investigated by thermocycling bare and silica coated NWs with fluorescently labeled
DNA attached. The loss of fluorescence was much greater for the bare (84% lost) as
compared to the coated (16%). These results are encouraging for using striped NWs in
applications that require more harsh conditions. Increased fluorescence of coated NWs
is also a benefit for biosensing applications. This work is being prepared for submission
to Langmuir.3
Finally, chapter 6 studied the surface properties and mechanical properties of Rh
and Si NWs for use as cantilever mass sensors. DD3, an mRNA and a prostate cancer
marker, was detected on glass microarrays and then on bare and silica coated AuAg
NWs. As in the chapter 5, the fluorescence was more intense on silica coated NWs as
compared to bare. AuNPs with sizes between 12 and 50 nm were coated with DNA and
attached to Rh, AuAg, and silica coated NWs with high coverage and low nonspecific
binding. Even when the final rinse was in low, or no salt buffer, the 50 nm Au:DNA
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remained hybridized to the surface as imaged by TEM. The low salt rinse is important
for development of NW mass based biosensors. Salt could be deposited on the NW
surface during drying, effecting the mass change that is measured. Mass changes were
measured using both Si and Rh NWs. SiNW cantilevers were measured before and
after attachment of 50 nm AuNP to the Au tip. A mass change of 2.5 fg was measured,
and correlated well with the expected frequency change.

Finally, the resonance

frequency of RhNW cantilevers was measured before and after attachment of probe
DNA and hybridization of target and Au:DNA conjugates. These results suggest that Si
or Rh NW can be incorporated into cantilevered arrays for biosensing by detecting the
mass change.
There is much work left to do on this project. The resonant frequency of RhNWs
needs to be characterized after attachment of the probe DNA and hybridized target, and
compared to the bare and hybridized target with Au:DNA conjugates. Calibration curves
will be studied to determine the detection limits of this technique, and RNA will be used
in place of the DNA target that was used in most of this work. There is also ongoing
work aligning NWs with probe DNA to specific areas of the chip, which will allow
multiplexing of the device. The surface chemistry and synthesis of SiNWs needs to be
optimized. SiNWs are less dense and have higher quality factors than RhNWs, which
should yield lower detection limits. These results have either been submitted, or are in
preparation to be submitted.4,5
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