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ABSTRACT
The overall goal of this work was to understand the factors governing nucleic acid
attachment, hybridization, and enzymatic extension in an immobilized format.

Surface

immobilized DNA is used in biosensing applications to capture an analyte of interest, which is
then detected (in this case using fluorescence), as the detection of DNA sequences can be used to
diagnose disease. Several encoding strategies are used to correlate the signal generated with the
identity of the analyte, including spatial encoding incorporated into planar substrates, where a
particular area on the surface corresponds to a particular analyte probe; and anisotropic encoding
incorporated into particular substrates, where the particle itself codes for the analyte through its
composition, etc. Both planar and particulate surfaces were analyzed in this work; the synthesis,
functionalization, nucleic acid attachment and subsequent use as a probe in an assay, and signal
transduction of bound analyte were all investigated. Barcoded nanowires serve as the encoded
particle in this system, where the immobilized DNA sequence corresponds to the metallic pattern
of the wire itself.
Chapters 2 and 3 detail the use of polymerases and ligases, respectively, to perform
enzymatic amplification reactions (polymerase chain reaction and ligase chain reaction) when the
nucleic acid primer or probe is bound to a barcoded nanowire. Investigations into the reaction
mechanism, such as attachment chemistry thermostability measurements and control experiments
to determine fluorescence signal origin, were performed and a hypothesis to explain the behavior
observed is proposed; these studies are applicable to surface phase amplification between
differing systems. Chapter 4 uses microcontact printing, where a polydimethyl siloxane stamp is
used to pattern planar substrates with DNA probe sequences. Surface functionalization was
studied in order to optimize DNA pattern transfer. These studies pave the way for microcontact
insertion printing, which can be used to pattern isolated DNA molecules for use in single
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molecule studies. Taken together, these investigations answer fundamental questions about the
reactions that occur when DNA is immobilized onto a surface for use in a biological assay.
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Chapter 1
Introduction
(Reproduced in part with permission from Brunker, S. E.; Cederquist, K. B.; Keating, C. D.
Nanomedicine 2007, 2, 711-724. Copyright 2007 Future Medicine Ltd.)

This

thesis

describes

progress

made

in

understanding

and

controlling

the

functionalization of surfaces (particulate and planar) with DNA, and using these surfaces as
substrates in bioassays for sensing applications. Four projects related to this goal are covered.
The first is the use of barcoded nanowires as encoded substrates in the enzymatic amplification
reaction Polymerase Chain Reaction (PCR) for detection of sequences of pathogens. The second
project is closely related, but uses the exponential amplification method of Ligase Chain Reaction
(LCR) in template detection, which provides for a more reproducible, specific assay. The next
chapter of this dissertation covers the stamping of patterned DNA sequences onto a planar
substrate as the first step in multiplexed (or the detection of more than one analyte simultaneously
in the same reaction mixture) target detection based on spatial encoding or further
nanoarchitecture generation. Lastly, a general chemistry laboratory exercise in which students
synthesized nanoparticles, performed flocculation experiments, and observed slides with
multilayers of colloid is discussed.
This introduction explains key concepts related to these projects, including particle
background such as: benefits of detecting target molecules on particulate as opposed to planar
substrates, how barcoded nanowires are synthesized and analyzed, functionalization of particles,
and their use in multiplexed assays for protein or nucleic acid detection. Specifically, methods of
detection for use in diagnosing respiratory pathogens will be discussed.

Additionally,
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background on enzymatic amplification reactions, currently used nucleic acid detection
techniques, alternate platforms for nucleic acid functionalization, and nanoarchitecture generation
using nucleic acids are also mentioned.

Respiratory Pathogen Detection
Pathogens causing respiratory diseases, where many different ailments cause the same
type of symptoms,1 create difficulty in the identification of the type of pathogen present, or even
whether it is bacterial or viral. Respiratory pathogens were therefore focused on in this work.
Determination of the pathogen causing the symptoms is important early on in decisions about
how to care for patients,2 as bacterial and viral diseases require differing treatments. Respiratory
pathogens such as respiratory syncytial virus and influenza viruses may prove to be fatal in
adults, especially those who are immunocompromised or elderly1, and infect children
worldwide.1, 3 Anti-viral treatment in immunocompromised patients may be lifesaving, and rapid
diagnosis limits the amount of hospitalization time as well as antibiotic use.4, 5 There exists a
need for rapid, multiplexable detection of both viral and bacterial pathogens, such as
Haemophilus influenzae, for clinical diagnoses and public health monitoring.2
Current techniques for pathogen diagnosis include culturing of bacteria or viruses, as well
as molecular techniques like immunofluorescence and enzyme immuno-assays.

Culturing

pathogens is necessary when they are present in an amount not directly quantifiable by antigen
detection methods, or if a virus is new or unexpected, but it is expensive and very slow, as
samples must be sent to facilities capable of culturing pathogens and then grown.6 Unfortunately,
this takes enough time (up to several weeks) that it is not as helpful in determining patient
treatment as faster methods.1

Even the shell vial method, which is a more rapid culturing

technique, takes at least 2 days to be a useful diagnostic tool.5 Molecular techniques that detect
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antigens are faster than culturing but can only be used when there are enough antigens present to
create a viable signal. Immunofluorescence is rapid, but is heavily dependent on the skill of the
technician, as well as the quality of the sample,4 and is not as sensitive as culturing pathogens.1
Enzyme linked immunosorbent assay, or ELISA, has greater sensitivity due to the use of an
antibody-conjugated enzyme, which in the presence of substrate produces a fluorescent signal,
but requires more handling due to rinsing steps and can be unreliable with low-level positives.4
Some rapid antigen tests, such as those for respiratory syncytial virus, are unreliable for
diagnosing adult patients due to the combination of lower amounts of virus present than in child
patients, and the quality of samples taken.7
PCR presents one solution to the need for a detection scheme that can amplify the
pathogen present, even when present in a low titre1, 3,
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very quickly, taking only a few hours.

Real-time PCR is also precise and has a large dynamic range.8 Because the pathogen cannot be
determined by symptoms alone, multiplexing is necessary, which is possible with PCR in a rapid
fashion.2,

3

To amplify the nucleic acids present in the pathogen, its DNA (or RNA, which

initially requires reverse transcription to generate DNA) is first heated to melting from double
into single stranded DNA.

The reaction mix is cooled and primers, or short sequences

complementary to the pathogen sequences, bind to the pathogen DNA, which then acts as a
template. A polymerase enzyme is used to covalently add deoxynucleotide triphosphates (or
dNTPs) to the 3' end of the primers, in an order complementary to the template, generating an
amplicon, or the post-PCR product incorporating both primer sequences and the sequence
between them, shown in Figure 1-1. This heating and cooling is repeated in a process called
thermocycling and in each cycle there is an exponential increase in the amount of DNA with the
pathogen’s sequence, as the product of one cycle acts as a substrate in the next cycle. Because
this process is so sensitive, the possibility of amplifying contamination sequences introduced
when the tube is opened is high.9 If the template of interest is RNA, a reverse transcriptase
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enzyme is first used to convert the RNA into DNA before it is amplified. If a reporter such as a
Taqman probe (which fluoresces due to the absence of a quencher after polymerization of the
template and subsequent probe digestion) or an intercalating dye (which intercalates primarily
into double stranded DNA and fluoresces) is added to the reaction mix, the amplification process
can be monitored in real time; this allows for collection of not only amplification plots but also of
dissociation curves, as the DNA can be melted post PCR to help determine the identity of the
amplicon produced. While Taqman probes are specific to a sequence of interest, a different probe
needs to be designed for each template; therefore, intercalating dye was used as the reporter for
the presence of double stranded DNA of any sequence.
Ligases can also be used in enzymatic chain reactions that result in exponential template
amplification.10-12 Ligases link together two adjacent DNA sequences, one with a 3' hydroxyl and
the other with a 5' phosphate, hybridized to the same template. The oligonucleotide probe
captures a template strand, which then hybridizes to a fluorescently tagged oligonucleotide (with
a 5' phosphate), creating a sandwich hybridization assay. The ligase covalently attaches the
adjacent probe and tag strands. The opposite strands are also present for ligation, as shown in
Figure 1-2. Ligase Chain Reaction (LCR) exponentially increases the amount of template DNA
present, as the product of one reaction cycle is used as the substrate in the next reaction cycle,
much the same as in PCR.

Ligase Detection Reaction is also possible, where a linear

amplification of template DNA is achieved, as only one side (the sense or antisense strand) is
present in a form capable of ligation. Several pathogens and genetic disorders have been detected
in clinical samples using ligase chain reaction, such as Neisseria gonorrhea13 and Chlamydia
trachomatis14, Mycobacterium tuberculosis15, and sickle cell diseases10. LCR has also been used
to determine developed drug resistance in Human cytomegalovirus.16 LCR can be combined with
polymerase techniques to create hybrid enzymatic assays for biosensing, screening as well as
diagnostic, purposes. PCR and ligation reactions have been combined to detect for sickle cell
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diseases in prenatal diagnostics17, in colorectal nucleic acid cancer marker detection18, and in
point mutations of Chlamydia trachomatis using Gap-LCR (where the polymerase fills the gap
between two adjacent oligonucleotides so that the ligase can join them together)19. Ligation
mediated PCR (where only one primer site is known and the other is created by a ligation
reaction) has been used in sequencing and methylation analysis of human proteins.20 Several
other biological applications, as well as ways to introduce multiple moieties for capturing and
labeling functionalities, etc., have also been discussed.11, 12
To analyze several PCR or LCR products, gel electrophoresis is often used, where the
amplicons are separated based on size. Unfortunately, this requires the design of the individual
primers to create amplicons of different lengths, as well as the added step of opening the reaction
tube and running gel electrophoresis on the sequences that can introduce contamination, and
limits the number of pathogens detected to approximately 20, correlating to the number of lanes
on the gel. When a separate sample is run on each individual lane, samples are not being truly
multiplexed, as each analyte is tested for in its own separate reaction volume. Multiplexed realtime PCR is possible, although limited due to the use of fluorophores for the identification of the
sequences amplified.

Because of the bandwidth of the fluorophores’ spectra, only four

fluorophores can be used in a single experiment without causing spectral overlap.9 One benefit,
however, is that the reaction tube does not need to be opened for amplicon identification, thereby
reducing the risk of contamination. In this thesis, encoded nanowires are used as a multiplexing
platform, and methods for on-wire amplification are investigated. A long-term goal of this work
is to provide rapid (in only a few hours) multiplexing for respiratory pathogen detection, which
has relevance for other pathogens' detection and other surface based amplification platforms.

6
Particle-Based Detection & Suspension Arrays

Some of the most exciting recent progress in nanoscience and nanotechnology has been
in the area of particle-based biodetection.21, 22 Advances have included dramatic improvements in
sensitivity and increased selectivity, in some cases coupled with the ability to detect multiple
targets simultaneously (i.e., multiplexing).23, 24-32
Suspension arrays are collections of encoded particles that serve as a platform for
multiplexed detection, analogous to planar arrays.33 Planar microarrays have become accepted
tools in biology, enabling massive multiplexing for simultaneous testing of genomics (e.g., every
gene in an organism’s genome).34, 35 In planar arrays, the identities of probe DNA sequences are
known based on their placement in the array. Encoded particles offer an alternative approach, in
which probe identity is encoded by the properties of the particle to which it is attached. Encoding
strategies range from embedded fluorescent dyes to overall shape or particle composition.36-45
For medical-diagnostic applications, in which genome-level multiplexing is not required,
suspension arrays consisting of probe-functionalized encoded particles are an attractive option.
Advantages over planar arrays, which are prepared by robot spotters or photolithography, include
greater flexibility and ease of preparation.22, 33 Changes to array composition (i.e., the addition of
new probes as new biomarkers are identified, changes in relative quantities of different probe
types) are made simply by adding the desired particles to the tube containing the array. Because
encoded particles are prepared in suspensions with 107–109 particles of a given code per milliliter,
biomolecule-coupling chemistries can be optimized independently for different probes as needed
and each batch of encoded particles can contribute to many suspension arrays.22, 33 Additionally,
suspension arrays enable radial diffusion and thus faster assay times in unmixed solutions and are
amenable to mixing even in small sample volumes.22, 33
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Fluorescence is used commonly to encode particle identity for suspension arrays, either
as a ratio of fluorescence intensities at different wavelengths or as a spatial pattern of emission.
For example, the commercial Luminex-bead technology38, 46 uses intensity ratios of microsphereembedded dyes to differentiate particles, with a separate dye for assay quantification.

A

dedicated flow cytometry-style instrument is used for readout and up to 500 particle codes are
available commercially.

Modifications of this basic strategy will permit high levels of

multiplexing.47, 48 Barcoded nanowires are encoded compositionally with different metals along
their length; this pattern is read out using reflectance optical microscopy, using instrumentation
already common in clinics.36,

49-51

Barcoded Ag/Au nanowires and several other encoded

nanowires that have been or could be used for multiplexed biosensing are pictured in Figure 13.36,

40, 52-54

Because no fluorescence is used for encoding, fluorophore selection for bioassay

quantification is not constrained, such that any dye or dye combination can be used. This is in
contrast to encoded bead technologies, which use intensity ratios of different fluorescent dyes to
identify the particle code. The high density of metallic nanowires makes them easy to separate
from suspension and the versatility of their synthesis enables facile incorporation of multiple
striping patterns and multiple metals, including magnetic Ni or Co. Readout of bioassays
performed on metallic barcode suspension arrays is accomplished using a conventional
fluorescence optical microscope, instrumentation already common in clinical diagnostic
laboratories.
Barcoded nanowires are discussed in Chapters 2 and 3 as substrates in multiplexed
pathogen sequence detection utilizing PCR and LCR, respectively. Fluorescence signal from
intercalating dye was evaluated as a strategy to enable closed tube readout and is discussed in
Chapter 2; florescent DNA tags employed are discussed in Chapters 3 & 4. Synthesis and use of
colloidal nanoparticles are covered in the Appendix.

8
Synthesis & Optical Readout of Metallic Barcodes

Barcoded metallic nanowires are made by electrodepositing metal into the pores of
alumina template membranes; this templated electrodeposition approach to single-component
particles was pioneered by the groups of Martin and Moskovits (Figure 1-4).55-57 The metal
composition along the length of the nanowire is encoded by changing the metal-plating solution
to generate a desired barcode pattern.58 The approach is general: segments of various metals,
semiconductors and even conducting polymers can be deposited.36, 50, 55, 59 Nanowire diameter
and the length of each segment are controlled by pore size and plating times, respectively. Pore
densities in these alumina membranes are high, such that approximately one billion nanowires are
produced from a single one-inch template. After synthesis, the membrane is dissolved in base to
release the metallic barcodes.36,

50, 60

For optical barcoding, commercial-filter membrane

templates with nominal pore size of 200 nm are generally used, yielding nanowires of
approximately 300 nm in diameter. Nanowire lengths are generally in the order of 6 μm. Owing
to the relatively large size of the particles and the high density of gold and silver metals, these
particles sediment rather than staying suspended by Brownian motion. They can be resuspended
readily by agitation.
Figure 1-5A shows a cross-section of the template membrane, after deposition of Au–
Ag–Au nanowires in the pores. Suspensions of the released nanowires are opaque, appearing
brownish-orange for Au wires and grey for magnetic Ni or Co wires (Figure 1-5B). The metal
striping pattern encoded during synthesis is visualized by brightfield optical reflectance
microscopy. Although the striping pattern can be seen in a white light color image of the wires
(Figure 1-5C), improved contrast and resolution are achieved by illuminating with blue light
(~430 nm). The reflectivities of Au and Ag segments vary substantially at short wavelengths
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(Figure 1-6).36, 49 Many other metals have intermediate reflectivities between that of Ag and Au
and can be incorporated in the barcoded nanowires as a third component.
Figure 1-7 shows a reflectance image of a mixture of several metallic-barcode particles,
along with line-scans illustrating how the nanowire patterns are distinguished from one another.
The number of barcode patterns possible for metallic nanowires is determined by: (1) synthetic
control over the electroplating, (2) optical diffraction limits, and (3) the number of different
optically distinguishable metals. For a standard 6 μm length, the number of patterns possible for
2 metals (i.e., Au and Ag) and eight 0.75 μm segments is 28 or 256. Because the wires are
dispersed randomly, their two ends are indistinguishable, reducing the number of patterns in
practice to 136 (e.g., pattern 10000000, where 1 = Ag and 0 = Au cannot be distinguished from
pattern 00000001). If a third metal (e.g., Pd) is added, the number of patterns for an eight-striped
particle library is more than 3000.36, 60 Nanowires with 13 distinguishable segments have been
reported;50 for just two metals, 13 segments yield 4160 and, for three metals, more than 1 x 105
possible patterns. Larger numbers of metals are synthesized easily but would require more than
one illumination wavelength to assign unambiguously.

Practical limits to the degree of

multiplexing lie in controlling the monodispersity of nanowires within a single batch/pattern and
in collecting data from many copies of each nanowire pattern in a small number of total images.
Freeman and coworkers have reported a 100-member library of eight-segment Au/Ag barcoded
nanowires, of which 74 were identified in software with more than 90% accuracy and 85 with
more than 80% accuracy.51 This approaches the 100-member Luminex library, which relies on
fluorescence ratios for encoding. For most applications in medical diagnostics, more than 100
patterns will not be necessary.

10
Surface Functionalization

The metallic surface of the nanowires can be coated with biological-probe molecules for
use in bioassays. This can be accomplished by direct adsorption, for example, of NeutrAvidin or
an antibody, or using more elaborate methods, such as those based on -functionalized
alkanethiol self-assembled monolayers (SAMs) or organosilanes bound to SiO2 thin films on the
particle surface.36,

49, 54, 60-62

Nanowire bioconjugates can be prepared before use and survive

storage for at least 2 months.63 Many copies of the probe chemistry are present on each metallicbarcode particle.

The surface area of a single 300-nm diameter, 6 micron-long particle is

5.8 x 10–8 cm2. At a density of 1 x 1012 thiolated oligonucleotide probes/cm2, this single particle
will harbor 3 x 105 probes. Attachment of biotinylated oligonucleotides to NeutrAvidin on the
particle surface yields lower densities. Au and Ag have similar surface chemistries, thus we
anticipate steric and electrostatic repulsions between adjacent probes to be dominant over
differences in binding affinities for probes to the metal surface.49, 60 Surface densities of thiolated
oligonucleotide probes on Au and Ag nanowires are the same within our measurement error.60
Variations in biomolecule density on Au versus Ni, however, are expected based on their
different surface chemistries and are suggested by fluorescence ratios.49, 64
Surface functionalization has also been reported where metallic wires were coated first in
glass and then biomolecules. Glass coatings of metallic nanowires were prepared by exposing the
nanowires to a silica precursor in the presence of water and a catalyst, in this case
tetraethoxysilane (TEOS) and ammonium hydroxide, respectively, and agitating them in solution
for a given period of time. The precursor underwent a hydrolysis reaction, generating a silica
shell around the metallic nanowire. Recently, Sioss et al. demonstrated increased signal intensity
for metallic barcodes that had a silica shell.65

The silica coating also resulted in reduced

oxidation rates for the Ag segments and more robust probe attachment chemistry, able to
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withstand thermocycling conditions.65
aminopropyltrimethoxysilane

to

The attachment chemistry used by Sioss et al. of

aminate

the

glass

shell

and

Sulfosuccinimidyl-4-(N-

maleimidomethyl)cyclohexane-1-carboxylate to crosslink the surface amine with the thiolated
DNA was also predominantly used in this work. Dean, et al. coated metallic wires in several
different glass compositions, which allows for tailoring functionalities to particle applications,
and then coated the particles in biomolecules.66 Barcoded nanowires used in this work were
functionalized with silica and subsequently nucleic acid sequences; optimizing this attachment
chemistry and the use of the coated particles in enzymatic assays is discussed in Chapters 2 and 3.

Multiplexed Immunoassays
In an early proof-of-principle experiment, Au–Ag–Au nanowires were functionalized
with anti-human immunoglobulin and Au–Ni–Au nanowires with anti-rabbit immunoglobulin,
after which the two nanowire patterns were mixed together.

Subsequent exposure to both

antigens and fluorescently tagged secondary antibodies, which had differing fluorophores – FITC
for human and Texas Red for rabbit antibodies – resulted in green and red fluorescence on the
Au–Ag–Au and Au–Ni–Au nanowires, respectively (Figure 1-8).36 The two separate bioassays
were readily distinguishable based on the nanowire-reflectance patterns.

There was little

nonspecific binding in this bioassay, that is, not much green fluorescence on the Au–Ni–Au
nanowires nor red on the Au–Ag–Au nanowires. These data suggested that nanowire pattern
alone could be used for analyte identification and, thus, a single fluorophore should be sufficient
for multiplexed assays.
When magnetic metals, such as Ni or Co, are incorporated along the length of the
nanowires, magnetic manipulation67 and bioseparations68 become possible.

Mirkin and

coworkers took advantage of the affinity of histidine-tagged proteins for Ni surfaces to separate
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hexahistidine-labeled from unlabeled proteins using magnetic Au–Ni–Au-patterned nanowires.68
After magnetic separation, the hexahistidine-labeled proteins were removed from the nanowires,
with more than half of the initial protein recovered.
Tok and colleagues have demonstrated the feasibility of a tetraplex biodetection assay
using barcoded wires.62

Three biothreat-agent simulants, including Bacillus globigii spore

(simulating Bacillus anthracis), RNA MS2 bacteriophage (simulating the smallpox virus Variola)
and ovalbumin protein (simulating protein toxins), were used in this multiplexed assay, along
with bovine-serum albumin, which acted as a negative control. Each target was assigned its own
nanowire-barcode pattern, which enabled identification of each analyte. Titration curves were
performed in a multiplexed format, with reported limits of detection of 1 x 105 colony-forming
units (cfu)/ml for B. globigii, 1 x 105 plaque-forming units (pfu)/ml for MS2 bacteriophage and 5
ng/ml for ovalbumin protein. Tok et al. report a higher sensitivity of 10 pg/ml for the cytokine
fibroblast growth factor (FGF)4 when they limited the number of nanowires available for target
binding to 1 x 104; a 100-fold increase in the number of nanowires led to a 100-fold loss in
sensitivity to a detection limit of 1000 pg/ml. Using less nanowires increased the difficulty of the
assay, however, owing to wire loss during multiple wash steps. These authors also explored
using barcoded nanowires with 50 nm Ni tips in multiplexed detection, with the ultimate goal of
incorporating this assay onto a portable microfluidic chip for biothreat detection. These very
short Ni segments were sufficient for separations and were selected over larger Ni segments to
minimize nanowire clumping, which interferes with barcode readout.

Multiplexed Nucleic Acid Detection
Nucleic acid detection can also provide information on disease states. Nucleic acids can
be easier to detect than proteins because (1) cross-reactivity can limit the degree of multiplexing
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possible for immunoassays and (2) nucleic acids can be amplified by PCR or other enzymatic
chain reactions before detection. Thus, nucleic acid probes offer the potential for detecting larger
numbers of different targets simultaneously, from smaller initial target concentrations.
Nicewarner-Peña et al. demonstrated a triplexed DNA-sandwich hybridization assay
using barcoded nanowires in which various combinations of three different target
oligonucleotides were identified.49 Probe DNA oligonucleotides were attached by 5' biotin to
NeutrAvidin on the nanowire surface; each of three different probe sequences was attached to
nanowires having a different barcode pattern. As illustrated in Figure 7, the barcoded nanowires
were then mixed together, exposed to one or more target DNA sequences and finally exposed to a
mixture of three different fluorescently tagged detection sequences (one for each target DNA).49
It was possible to determine from fluorescence microscopy which particles had bound target
strands and, by the corresponding fluorescence images, which barcode pattern and therefore
which target strand was bound. Wires exposed to noncomplementary oligonucleotide targets
were much less fluorescent, indicating the specificity of this assay.
As many as 30 separate bioassays have been performed simultaneously using barcoded
nanowires. Penn and coworkers from Nanoplex Technologies used oligonucleotides ligation
(linking) assays to test each allele of 15 different single nucleotide polymorphisms (SNPs) in the
cytochrome P450 gene family.69 Each of 30 different nanowire patterns was functionalized with
one of the 30 probe DNA sequences (each complementary to one of two alleles possible for each
SNP position). Figure 1-10 illustrates how this assay works.69 The probe:nanowire conjugate is
exposed to single-stranded PCR product of the region of genomic DNA where the SNP might be
present. If the sequences are complementary, after the third, fluorescently tagged sequence also
hybridizes, enzymatic ligation between the probe and the tag strand occurs, resulting in
fluorescently labeled barcoded nanowires for allele discrimination. Also shown in Figure 1-10
are the reflectance and fluorescence images for a two-plex version of this assay, illustrating the
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ability to discriminate between wild-type and mutant alleles, and the corresponding quantitative
data.69 These authors then tested 20 human genomic DNA samples for eight different SNPs, thus
determining 160 genotypes, demonstrating both the barcoded nanowire multiplexing capability
and applicability to clinically relevant samples. As compared with other multiplexed SNP assays,
the amount of genomic DNA that was required here was rather large (6 pg per SNP), making the
multiplexed PCR amplification step limiting. The use of clinical samples as templates in on-wire
enzymatic amplification reactions is discussed in the Future Directions chapter of this thesis.
Optimization of the multiplexed PCR sample preparation will improve the practicality of the
barcoded nanowire approach to SNP detection.
Barcoded nanowires have also been used to detect viral pathogens in a multiplexed
format.

A critical concern in pathogen detection is avoiding sample cross-contamination.

Reducing the number of wash steps and ideally performing the entire assay in a sealed container
is therefore desirable. Penn, Keating and coworkers70 introduced a molecular beacon-based
approach for pathogen detection on barcoded nanowires. Au/Ag-striped wires were coated with
5' thiolated, 3' dye-labeled molecular beacon-style hairpin probes. These probe nucleic acids had
a 5 base-pair region of self-complementarity at the 3' and 5' ends, such that, on folding, the 3'
fluorescent-dye molecule was held close to the metal surface, where its emission was quenched.
The remaining portion of the probe sequence (the ‘loop’) was complementary to a virus-specific
target strand, such that, on hybridization to the target, the 3' end was drawn away from the surface
and fluorescence could occur. Figure 1-11 diagrams the multiplexed pathogen detection with
molecular beacons coupled to nanowires.70 Here, the target strands are PCR products of five
pathogenic viral RNA sequences: Severe Acute Respiratory Syndrome (SARS), West Nile Virus
(WNV), Hepatitis A (HAV), Hepatitis C (HCV) and HIV. Because these are RNA viruses,
multiplexed reverse transcription (RT) PCR, which converts the pathogenic RNA to DNA before
amplification, was performed.

Single-stranded PCR products were generated by using
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phosphorylated 5' primers to enable exonuclease digestion of the 5' strands after amplification;
this gave better sensitivity as compared with double-stranded target. Figure 9 shows quantitative
results obtained for multiple permutations of this assay, in which different targets were added.70
Comparison of the RT-PCR targets to synthetic oligonucleotide targets was particularly
encouraging because little degradation of assay performance was observed. This suggests that,
despite steric hindrance at the nanowire surface for these hairpin probes, which could not be
spaced further from the metal to provide more solution-like environment owing to the need for
fluorescence quenching, hybridization to the long target strands produced by RT-PCR was
reasonably efficient.
This combination of barcoded nanowires and molecular-beacon probes made it possible
to perform multiplexed nucleic acid detection in a sealed chamber. Stoermer et al. demonstrated
this in a triplex assay for HIV, HCV and SARS. Figure 1-12 shows representative microscope
images and fluorescence quantification for different permutations of target addition.71 Target
oligonucleotide solutions were added directly to the barcoded nanowire suspension on a
microscope slide, which was then sealed for hybridization and imaged without breaking this seal.
Assay performance was essentially the same in the sealed chamber as when performed in
eppendorf tubes with a wash step after target hybridization. Background signal in these on-wire
molecular beacon assays arises primarily from incomplete quenching of the probe fluorophores
by the metal surface and is relatively insensitive to noncomplementary oligonucleotides. Probe
structure and hybridization reaction conditions have been investigated to identify initial design
rules for surface beacon assays.61,

70

The multiplexed, closed-tube capability of the nanowire

beacon assay, paired with a detection limit of 100 pM as determined by a binding curve (Figure
1-13), has the potential for use in a clinical setting.70 Although further optimization of this
detection scheme will need to be made to account for genomic samples, molecular beacons
conjugated to barcoded-metal nanowires hold great promise for future clinical biosensing

16
applications. In order to increase the sensitivity, which would be beneficial in analyzing clinical
samples, while retaining multiplexing capability, nucleic acid amplification reactions such as
PCR and LCR were investigated in this thesis using primers and probes attached to the nanowire
surface.

Enzymatic Amplification of Surface-Immobilized Nucleic Acids
Using encoded particles to identify different amplicon sequences has potential for
multiplexed PCR without the need for differing amplicon lengths or the use of fluorophores for
identification,24 thereby increasing the number of possible sequences detectable in one assay.
There has been limited literature published on the use of enzymes for exponential amplification of
nucleic acids when primer or probe sequences were immobilized to a surface. Most literature,
while stating that it is a surface phase reaction, instead captures the post enzymatic amplification
product on a surface, but does not perform the amplification on bound nucleic acids.72-77 While
there have been some reported surface bound amplification reactions, such as with emulsion
PCR,78-80 Chrisey and coworkers PCR on beads,81 or Alivisatos and coworkers LCR on colloidal
particles (the only mention of LCR for surface immobilized exponential amplification),82 only a
small handful have truly performed multiplexed amplification78 When multiplexing is claimed,
most often the reaction is performed serially in segregated reaction chambers, as is the case with
emulsion PCR.79, 80 One example of multiplexing within the same reaction volume78 performed
PCR in an emulsion and then performed allele-specific labeling of the beads; additionally, only
the top 20th percentile of fluorescence intensity was compared, claiming the rest of the signal as
background.
Oligonucleotides have been enzymatically extended off colloidal nanoparticles using
Klenow polymerase83, and in one instance, Chrisey et al. used primers bound to glass beads for
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the purpose of reusable substrates for transcription reactions, but did not use an encoded particle,
multiplex, or detect any pathogens.81 PCR has been combined with a ligation reaction for the
detection of Single Nucleotide Polymorphisms (SNPs) using barcoded nanowires as surface
substrates,84 however, the enzymatic chain reaction was not performed on the nanowires, which
introduces the possibility of cross contamination. Mathies and coworkers performed on-bead
PCR for use in sequencing DNA using capillary electrophoresis and flow cytometry.80 While this
method is useful for sequencing, it has several drawbacks, such as instrumentation demands that
are not necessary when using barcoded nanowires, and is not multiplexed, but rather high
throughput singleplexed analysis.
Most often the attachment chemistry used in literature studies is that of EDC,81,

85-89

which, as is shown in Chapter 2, is not thermostable and allows for release of surface bound
oligonucleotides into solution. This continued loss of nucleic acid into solution would allow for
solution phase amplification, skewing the results of the amplification reaction. Additionally, the
absolute number of oligonucleotides bound and the subsequent absolute number of amplicons
generated is often transduced by the fluorescence signal of tagged sequences bound to the
amplicons in a post-amplification step.85, 89 While we have used fluorescence to quantify relative
amounts of amplification within our systems, using fluorophores bound to a surface to calculate
the absolute number of nucleic acid particles on a surface is nonideal, as they may interact with
each other to produce incorrect results.85
In spite of the technical challenges of the assay, if each nanowire pattern were
functionalized with primers of a different sequence, multiplexed PCR could be possible (see
Figure 1-14) using an optical microscope, a great benefit in the world of clinical diagnostics, as
this is an instrument most clinical labs already possess. Metallic nanowires can be coated in glass
to provide additional functional groups for thermostable attachment methods.65

The

functionalization of the 5' end of the reverse primer sequence and the reaction of hydroxyl groups
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on the glass surface to introduce other moieties generates a number of possible covalent
chemistries. By fluorescently tagging the DNA (using an intercalating dye) and using the data
processing program NBSee, the amount of fluorescence on each nanowire can be quantified.
When the primers are immobilized to barcoded nanowires the ability to rinse out any
contaminating sequences is presented, and post-amplification sample manipulation is limited to
imaging processes, greatly reducing possible contamination.

While PCR performed on the

surface of a particle would have advantages over solution phase PCR, such as ease of
multiplexing and sequence identification, it also would have certain disadvantages, such as
increased steric hindrance of DNA hybridization and enzyme association due to the proximity of
the particle surface.

Methods attempting to overcome these sterics and increase on-wire

amplification during PCR are discussed in Chapter 2.
Both on-wire LDR and LCR are also promising; instead of covalently attaching a primer
to the barcoded nanowire, an oligonucleotide probe is used. This oligonucleotide probe could
capture a template strand, which would then hybridize to a fluorescently tagged oligonucleotide
(with a 5' phosphate), creating a sandwich hybridization assay. The ligase could then attach the
probe and tag strands, therefore covalently attaching a fluorescent probe to the barcoded nanowire
only in the presence of sequence-specific template. As the opposite strand is present for ligation
in solution, there is the possibility for an exponential increase in fluorescently labeled barcoded
nanowires specific for the pathogen sequence of interest (see Figure 1-15). On-wire LCR would
have the same benefits as on-wire PCR in multiplexing and sequence identification, but has the
added benefit that where the polymerase has to perform an enzymatic reaction for the addition of
each base, the ligase has to perform only one enzymatic reaction to link the entire tag to the probe
sequence. This decreases the overall number of required enzymatic reactions per nanowire and
increases the specificity of the reaction, as three strands need to hybridize before ligase
association and activity, as opposed to only two strands needed to hybridize before polymerase
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activity. On-wire LCR faced the same steric hindrance challenge that on-wire PCR faces, and
optimization to overcome this limitation is discussed in Chapter 3.
Work done towards the goal of detecting sequences for pathogens of interest in a rapid
fashion without the need for additional equipment aside from a thermocycler and microscope,
which are already present in most clinical laboratories, by performing on-wire PCR or LCR is
discussed in Chapters 2 and 3, respectively.

Parameter optimization and the multiplexed

detection of template strands are also discussed in detail in Chapters 2 and 3.

Alternate Platforms and Nanoarchitecture
Chapter 4 covers work done on optimizing surface interactions on planar surfaces instead
of particulate surfaces, specifically that of the polydimethylsiloxane (PDMS) used to stamp DNA
and the gold surface the DNA is stamped onto.

Instead of using encoded particles for

multiplexing capability, stamped DNA sequences were spatially encoded.

Gold surfaces

patterned with DNA strands have applications in both biological detection strategies as well as in
the generation of nanoarchitectures.
The development of a spatially encoded substrate similar to a microarray, but that
circumvents the need for robotics or photolithography, was also investigated. One possible way
of making DNA patterns on a substrate is by performing microcontact printing, where molecules
of interest, such as DNA, are inked onto a PDMS stamp, the stamp is brought into contact with
the substrate, and a SAM is then generated on the unpatterned surface, creating a pattern of
molecules of interest, see Figure 1-16. This method may result in the diffusion of the probes
across the surface, or the disruption of the probe pattern by the generation of a SAM.90
Microcontact insertion printing, which is much the same as microcontact printing, except the ink
is printed into a preexisting SAM and therefore stamped molecules remain isolated from one
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another, overcomes these issues and has the potential for generating substrates to be used in
single molecule studies.90,

91

Both these methods are also less expensive than lithographic

techniques and can pattern a larger area.92
Creating stamped patterns of individual DNA strands could be beneficial in single
molecule studies, but also for other purposes. DNA is a biologically relevant molecule with built
in specificity for its complementary strand; this functionality makes it ideal for use in tethering
particles or other biomolecules. DNA thus has capabilities for acting as a scaffold and creating
ordered structures, such as those used in circuits.93 Some possible functions for these ordered
scaffolds include, but are not limited to, increasing efficiency of catalysis by placing certain
moieties near each other, biosensing applications such as microfluidic devices or microarrays, and
nanomaterial design, where nanoparticles or other functional moieties can be oriented in a certain
way.94 Sensing applications may also include the detection of biothreat agents.91 Patterned
SAMS can also be used in lithography resists and in altering film properties.95 By stamping
individual DNA molecules into a predetermined pattern, several possible functionalization
methods

and

applications

become

possible, such

as

sensing,

catalysis, developing

nanoarchitectures, and altering film properties.
Both the work done on particle and the work done on planar substrates could be
harnessed for use in assembling ordered nano-scale features, in addition to sensing purposes.
Several papers have discussed the generation of multi-nanoparticle structures, as well as the
tethering of biomolecules to surfaces in specific orientations. Structural architecture design is
possible using several enzyme functionalities and nanotechnology methods. Nanotemplates have
been generated using Rolling Circle Amplification, a technique utilizing a polymerase for
copying circular nucleic acid sequences.96

Restriction enzymes, those that cut nucleic acid

sequences, have been used to catalyze nanostructure generation when followed by the use of a
ligase,97 as well as disassemble the nanoarchitectures 98. Additionally, restriction enzymes are
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proposed for use in programmed biomolecule release into solution and deprotection of
nanoarchitectures for further modification.98

Ligation reactions have been used to generate

polycatenated scaffolds for subsequent functionalization,94 to asymmetrically functionalize
nanoparticles,99 and to create multinanoparticle structures.82 DNA attached to planar surfaces has
been used as a scaffold to attach particles and proteins in a specified arrangement;94 and small
molecules have been inserted into a self assembled monolayer (SAM), covalently attached to
planar surfaces, and used as capture probes, such as with serotonin and the corresponding
antibody.100,

101

Optimization of stamping DNA from PDMS stamps to gold substrates is

discussed in Chapter 4.

Summary and Objectives
Chapter 2 discusses an on-wire PCR assay that was developed and investigated to
determine if pairing PCR with a suspension array in which each bound DNA sequence is
identified by a barcoded nanowire and quantified using fluorescence would then make
multiplexed PCR possible.

Investigations into the surface interactions between the glass,

crosslinker molecules, DNA, fluorophores, enzyme, etc. are covered.

Efforts at increasing

sensitivity, specificity, and reproducibility, as well as reducing background are also addressed.
Chapter 3 details the use of LCR for on-wire multiplexed pathogen-encoding sequence detection.
This technique allowed for rapid, sensitive detection of multiple sequences without the need for
spectrally differentiable fluorophores for identification.

LCR parameter optimization and

multiplexed detection are discussed. Chapter 4 details the progress towards microcontact printing
of DNA molecules onto gold substrates. This includes confirmation of the DNA inking the
stamp, the DNA transferring from the stamp to the substrate, and the visualization of the DNA
pattern on the substrate. The Appendix covers an undergraduate laboratory exercise to introduce
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students to nanotechnology. Students synthesized and functionalized nanoparticles, and observed
differences between bulk and nano-scale materials. These projects all focus on understanding and
controlling the functionalization of surfaces, and using these surfaces in subsequent
experimentation.
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Figure 1-1. Representation of solution phase PCR, an exponential amplification method for
DNA, where the red and black lines indicate complementary sense and antisense strands.
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Figure 1-2. Representation of solution phase ligase chain reaction (LCR). The red and black
lines represent the sense and antisense strands of the template, the green and yellow lines
represent probe strands, and the blue and purple lines represent tag strands that have 5' phosphate
groups.
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Figure 1-3. Encoded nanowires prepared in alumina or silica templates. (A) Reflectance image of
6 m Au–Ag–Au–Au–Ag–Au barcoded nanowires; (B) reflectance image of 8 m glass shells
containing Au segments left behind after etching sacrificial Ag stripes from barcoded nanowires;
(C) conical metallic barcoded wires prepared in lithographic templates (reprinted in part with
permission from reference 52, © 2004); (D) diameter-modulated gold wires prepared in silica
templates (reproduced with permission from reference 53, © Wiley-VCH Verlag GmbH & Co.
KGaA); (E) TEM and (F) reflectance images of shape-coded silica nanotubes (reprinted in part
with permission from reference 40, © 2006 American Chemical Society).
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Figure 1-4. Barcoded metal nanowire synthesis by templated electrodeposition. Barcoded
nanowires are grown in alumina membranes, which have been given a silver coating on one side
to serve as the working electrode. Metal is electrodeposited into the pores; by alternating metal
solutions, the barcode pattern is achieved. The silver backing and the membrane are dissolved
with nitric acid and sodium hydroxide, respectively, releasing the wires into suspension.

35

Figure 1-5. Metallic barcoded particles. (A) Microscopic cross-section of Ag–Au–Ag wires
before release from the membrane. (B) Au (left) and Co (right) nanowires in ethanol suspension.
Co particles can be manipulated magnetically. (C) White-light reflectance microscope image of
barcoded nanowires of pattern Au–Ag–Au–Ag–Au.
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Figure 1-6. Bulk reflectance of several metals as a function of the wavelength of light. Because
the reflectivities for segments of barcoded wires match reasonably well with the reflectivities of
the bulk metals shown here, it is possible to use these bulk reflectance values to select
wavelengths for distinguishing different metals. Reprinted with permission from Science
[http://www.aaas.org], Ref. 36. © 2001 American Association for the Advancement of Science.
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Figure 1-7. Decoding the metal striping pattern. The reflectance image under blue illumination
(center) is acquired using optical-reflectance microscopy. Line-scans corresponding to four out of
the eight wire patterns shown are on either side of the reflectance image and demonstrate how
wire barcodes are distinguished from one another. Particle patterns are represented with 0 = Au
and 1 = Ag for a single metal segment.
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Figure 1-8. Two simultaneous immunoassays on barcoded nanowires. (A) Illustration of the
experiment. Each batch of wires is functionalized with a single type of capture antibody (the
shorter gold and silver wires to human immunoglobulin and the longer nickel and gold wires to
rabbit immunoglobulin). They are then mixed together and exposed to both types of antigens and
the corresponding antigen binds. Fluorescently labeled antibodies are then added, which bind to
and label the present antigens for which they are specific (in this case green for human and red for
rabbit antigens). (B) Reflectance and fluorescence microscope images show nanowire identity
and target presence, respectively. Reprinted with permission from Science [http://www.aaas.org],
Ref. 36. © 2001 American Association for the Advancement of Science.
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Figure 1-9. Multiplexed DNA hybridization assay on barcoded nanowires. (A) Representation of
triplexed sandwich hybridization assay on barcoded nanowires. In this illustration, wires
patterned 11011 (left), 01000 (middle) and 01010 (right) are coated with different probe
sequences. Complementary target oligonucleotides have been added for the probes on 01000 and
01010 particles. (B) The reflectance image at right shows the barcode pattern of each wire. The
selective hybridization is shown in the fluorescence image at the left. Image pairs such as these
are used for identification and quantification of target analytes in simultaneous assays. Reprinted
in part with permission from Ref. 49. © 2003 American Chemical Society.
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Figure 1-10. Genotype determination using oligonucleotide ligation strategy on barcoded
nanowires. (A) Representation of the ligation strategy performed on barcoded nanowires for
genotype discrimination, in which a short fluorescently tagged sequence is attached enzymatically
to a surface-immobilized probe sequence in the presence of the fully complementary target. (B)
Reflectance (left) and fluorescence (right) images representative for the 2-plex ligation assay. (C)
Quantification of this 2-plex assay is shown. Reprinted in part with permission from Ref. 69
(figures 1 and 2) and with kind permission of Springer Science and Business Media. © 2006
Springer Science and Business Media.
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A

Figure 1-11. Multiplexed detection of PCR-product DNA using nanowire-bound molecular
beacons. (A) Representation of multiplexed detection of nucleic acids by nanowire-bound hairpin
probes. Nanowires of one type of wire pattern are functionalized with a single sequence of DNA
(a molecular beacon) and then mixed with wires of other patterns. They are then exposed to target
sequences. Those beacons that are complementary to the targets hybridize and unfold, moving the
fluorophore away from the quenching metal surface and resulting in fluorescence. In this assay,
the metal surface of the barcoded wires takes the place of a molecular quencher that is usually
required in molecular beacon probes. (B) Quantification of several permutations of a multiplexed
assay testing for five different PCR products of viral pathogens. Figure reprinted with permission
from Ref. 70. © original publisher BioMed Central.
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Figure 1-12. Sealed-chamber multiplexed detection of viral DNA using molecular beacons on
barcoded nanowires. (A) The reflectance image (left) shows the barcode pattern (with
corresponding viral sequences labeled below) and the fluorescence image (right) shows which
pathogenic oligonucleotide sequences are present; in this case SARS and HIV. (B) Quantification
for this sealed chamber assay with serial target combinations. Reprinted in part with permission
from Ref. 71. © 2006 American Chemical Society.
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Figure 1-13. Binding isotherm for molecular beacon probes on barcoded nanowires. The binding
curve illustrates that the detection limit of the multiplexed nanowire-bound molecular beacon
assay is 100 pM when using the HCV beacon to capture its oligonucleotide target. Reprinted in
part with permission from Ref. 71. © 2006 American Chemical Society.
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Figure 1-14. On-wire PCR, where each barcode pattern is paired with a primer of a pathogenspecific sequence. Post-PCR the only double stranded (ds) DNA in solution is the negligible
amount of initial template DNA, all other ds DNA is bound to the nanowire, allowing for the use
of an intercalating dye for DNA quantification.
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Figure 1-15. On-wire Ligase Chain Reaction, where each barcode pattern is paired with a probe
oligonucleotide of a pathogen-specific sequence.
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Figure 1-16. Scheme of stamping method to create spatially encoded surfaces with DNA probes,
where the stamp is first inked with DNA, then brought into contact with the substrate, and finally
a self assembled monolayer is generated in the unpatterned regions.

Chapter 2
Polymerase Chain Reaction Performed on Barcoded Nanowire Surfaces for
Pathogen Sequence Detection
Additional attachment chemistry studies were performed by James Sioss and Bo He.
Mfold assistance and ROC curve generation were provided by Kristin Cederquist. Jihye Kim
worked in parallel performing complementary experiments and extension reactions. Glass coated
wires used in one control experiment were provided by Stacey Dean, and Transmission Electron
Micrograph images were taken by myself, Jihye Kim, Stacey Dean, Ben Smith, or David Kirby.
Gel electrophoresis was performed with Melissa Mullen.

Abstract
The development of polymerase chain reaction (PCR) amplification of oligonucleotides
immobilized onto the surface of encoded particles is reported. Barcoded nanowires serve as the
encoded particles, and are used for identification of nucleic acid sequences of interest. This
method was investigated to determine if pairing PCR with a suspension array in which each DNA
sequence is identified by a barcoded nanowire and quantified using fluorescence, would allow for
multiplexed detection of template strands, including oligonucleotide, ultramer (synthetic DNA up
to 200 bases long), bacteriophage lambda DNA (several thousand base long double stranded
DNA), or Armored RNA (several hundred base long double stranded RNA expressed in a
protective protein coat) templates. Amplification plots, dissociation curves, and quantified onwire fluorescence intensities were all used to analyze enzymatic products. On-wire PCR was
optimized in order to increase reproducibility and specificity, and decrease background
fluorescence.

Attachment chemistry, factors impacting steric hindrance, and nucleic acid

concentration and sequence were all optimized, and several controls investigating the surface
chemistry were performed. 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide Hydrochloride
(EDC) chemistry was found to be insufficiently thermostable for use in a PCR reaction. Primer

48
sequence was found to be the main contributor to background fluorescence. Gel electrophoresis
of enzymatic products was performed, and suggests the formation of a mat of DNA present on the
nanowire surface.

The lack of thermostability when using EDC attachment chemistry and

generation of a mat of DNA on the nanowire surface helps explain the difficulties encountered in
performing multiplexed PCR using immobilized primers, both in the research discussed below as
well as in the literature.

Introduction

When pathogens cannot be diagnosed by symptoms alone, as is the case with many
respiratory pathogens,1 clinical samples are often analyzed using culturing of bacteria or viruses,
as well as molecular techniques such as immunofluorescence and enzyme immuno-assays. While
culturing is sensitive, it often takes days to weeks to complete,1-3 and molecular techniques are
often not as sensitive1 or require more handling steps.4 Polymerase chain reaction is capable of
amplifying several nucleic acid sequences of interest quickly over a large dynamic range, and is
quite sensitive.1,

3, 5

If the pathogen being detected is an RNA virus, which many respiratory

pathogens are, the RNA is first reverse transcribed into DNA. After the subsequent hybridization
of a complementary primer strand, the DNA is copied base-by-base by the addition of
deoxynucleotide triphosphates (or dNTPs) to the 3' end of the primer using a polymerase enzyme.
During PCR, the reaction is thermocycled, repeatedly generating amplicon (post-PCR product
incorporating both primer sequences and the sequence between them), melting it apart, and
hybridizing it to a new strand, so that the product of one reaction is the substrate in the next,
exponentially amplifying the sequence that has been primed. Modified multiplexed PCR for the
detection of respiratory pathogen sequences was thus focused on in this work. Because this
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process is so sensitive, the possibility of cross contamination when the tube is opened is high,6
which care must be taken to avoid.
Current methods for multiplexing PCR often use fluorescence as a means of sequence
identification, but due to the bandwidth of their excitation and emission spectra, flourophores are
usually limited to four per reaction mixture.6 One benefit, however, is that the reaction tube does
not need to be opened for amplicon identification, thereby reducing the risk of contamination.
Gel electrophoresis is often used to analyze PCR product, but because separate samples are often
run in their own reaction mixture and then loaded into individual lanes, this may not be
considered multiplexing, which is usually used to describe assays that detect for more than one
analyte in the same reaction volume. Additionally, gel electrophoresis requires the design of
primers that generate amplicons of different lengths and that the sample be opened post-PCR,
introducing possible contamination. Biological multiplexing is already possible with microarrays
(used for monitoring gene expression), but the suspension arrays (typically used for detection—
but not amplification—of biomolecules) of nanowires proposed here are more flexible and less
difficult to prepare.7, 8 The planar microarrays also have limited dynamic range and necessitate a
large amount of starting material.9 Unlike planar arrays, where robotics or photolithography is
necessary, these suspension array elements are prepared in bulk, thus reducing preparation
difficulty and allowing for more replicate measurements to be made in each experiment. The
suspension array is also more flexible; if additional pathogens are suspected, the particle
functionalized with a primer for this pathogen is easily included in the preexisting array, unlike
with planar arrays.7, 8
Encoded particles provide for an increased amount of multiplexing over detection
methodologies such as using fluorescence for identification; metallic barcoded nanowires serve as
the encoded particle in this system (see Figure 2-1) and can be functionalized with glass to
provide for thermostable attachment chemistries.10

The glass is coupled via a crosslinking
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molecule to a moiety at the 5' end of sequence specific primers for use in on-wire PCR; these
sequence specific primers are paired with a particular barcode for multiplexed sequence
identification. Amplified DNA is detected using an intercalating dye, the fluorescence of which
greatly increases in the presence of double stranded DNA. Coupling sequence detection using an
intercalating dye with sequence identification using a barcoded nanowire introduces the
possibility of performing a closed tube assay, greatly reducing possible contamination. While
PCR performed on the surface of a particle has advantages over solution phase PCR, such as ease
of multiplexing and sequence identification, it also has certain disadvantages, such as increased
steric hindrance of DNA hybridization and enzyme association due to the proximity of the
particle surface.
Most literature that reports surface phase enzymatic amplification instead captures the
post enzymatic amplification product on a surface.11-13

Surface bound reactions include:

emulsion PCR,14 Chrisey and coworkers PCR on beads,15 and Alivisatos and coworkers Ligase
Chain Reaction (LCR) on colloidal particles,16 but only a small handful have performed truly
multiplexed amplification.17 When multiplexing is claimed, most often the reaction is performed
serially in segregated reaction chambers, as is the case with emulsion PCR.14, 18 One example of
multiplexing within the same reaction volume17 performed PCR in an emulsion and then
performed allele-specific labeling of the beads. Additionally, only the top 20th percentile of
fluorescence intensity was compared, claiming the rest of the signal as background; while some
beads would be dark due to the lack of template present within the emulsion droplet, florescence
intensity that was present but was not within the top 20th percentile was also discarded.17 One
elegant use of immobilized PCR was performed by Mitra and Church, where primers were
immobilized to the surface of a gel and the amplification reaction was performed within the gel;
this system has been successfully used for sequencing19 and genetic mutation identification,20 but
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like a microarray uses fluorescent and spatial encoding, which can be limit the ease of
multiplexing.
There have been a handful of reactions similar to on-wire PCR reported in the literature;
oligonucleotides have been enzymatically extended off colloidal nanoparticles in a one step
reaction held at a constant lower temperature with Klenow polymerase,21 using a thiol attachment
chemistry not suitable for PCR as it cannot withstand the thermocycling protocol.10 In one
instance, Chrisey et al. used primers bound to glass beads through the thermally unstable EDC
chemistry for the purpose of reusable substrates for transcription reactions, but did not use an
encoded particle, multiplex, or detect any pathogens.15 PCR has been combined with a ligation
reaction for the detection of Single Nucleotide Polymorphisms (SNPs) using barcoded nanowires
as surface substrates,22 however, the enzymatic chain reaction was not performed on the
nanowires, which introduces the possibility of cross contamination. Mathies and coworkers
performed on-bead PCR for use in sequencing DNA using capillary electrophoresis and flow
cytometry.14 While this method is useful for sequencing, it has several drawbacks, such as
instrumentation demands that are not necessary when using barcoded nanowires, and is not
multiplexed, but rather high throughput singleplexed analysis.
Most often the attachment chemistry used in literature studies is that of EDC,15,

23-27

which, as is shown in this chapter, is not thermostable and allows for release of approximately 50
% of surface bound oligonucleotides into solution.15, 24 This continued loss of nucleic acid into
solution would allow for solution phase amplification, which could be misconstrued as an
increased occurrence of the surface-bound amplification reaction. Because of the steric hindrance
present in PCR performed on surface-bound primers, the solution phase reaction would be
expected to proceed at substantially greater rate.

The sterics and attachment chemistry of

nanowire-immobilized primer amplification introduced challenging optimization steps that will
be discussed in this work. Additionally, the absolute number of oligonucleotides bound and the
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subsequent absolute number of bound amplicons generated is often transduced by the
fluorescence signal of a sequence hybridized to the amplicon post amplification, the efficiency of
which would not scale with coverage.23,

27, 28

While we have used fluorescence to quantify

relative amounts of amplification within our systems, using fluorophores bound to a surface to
calculate the absolute number of nucleic acid particles on a surface is nonideal, as they may
interact with each other to produce incorrect results.23 Most likely due to the differing systems of
each study, many different factors have been identified as the key issue in obtaining quality
surface bound amplification. These range from reagent concentration to thermocycling protocol
to volume of reaction chamber.23, 27, 29 In order to maintain applicability to other systems in which
surface bound amplification reactions are performed, several control experiments were run in this
work, which are discussed in the following sections.
Reported here is the development of the enzymatic chain reaction amplification of
oligonucleotides immobilized onto encoded particles, here barcoded nanowires, which are used
for identification of nucleic acid sequences of interest.

This method was investigated to

determine if pairing PCR with a suspension array in which each DNA sequence is identified by a
barcoded nanowire (instead of fluorescence—increasing the multiplexing capability and leaving
the spectral window open for detecting amplification products), multiplexed PCR would be
possible.

Wires were glass coated to provide multiple options for thermostable attachment

chemistries necessary for thermocycling, and the intercalating dye Sybr Green was chosen as the
reporter dye, as it would permit the assay to remain closed after the amplification step, preventing
possible contamination. This technique would allow for rapid, sensitive detection of multiple
sequences without the need for spectrally differentiable fluorophores for identification. On-wire
PCR shows promise for detecting pathogenic sequences in a rapid, multiplexed fashion without
the need for additional equipment aside from a thermocycler and microscope, which are already
present in most clinical laboratories.
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Materials and Methods

Materials

Nanowires were either purchased from Oxonica Inc. (Mountain View, CA) or made in
house as previously described.30-37

All nanowire volumes reported correspond to batch

concentration, where one membrane is dissolved, releasing approximately one billion wires into
solution, which are suspended in 1 mL total volume.

Tetraethoxysilane (TEOS) and N-

(triethoxysilylpropyl)-o-polyethyleneoxide urethane (polyethelene oxide or PEO-containing
silane) were purchased from Gelest Inc. Aminopropyltrimethoxysilane (APTMS) was purchased
from either Gelest Inc. or TCI. Water was purified to 18.2 M using a Barnstead nanopure
system and all water and buffer solutions were autoclaved prior to used. Dithiothereitol (DTT),
ethylenediaminetetraacetic acid (EDTA), and buffer salts for phosphate buffered saline (PBS), NCyclohexyl-2-aminoethanesulfonic acid (CHES), 4-(2-hydroxyethyl)-1-piperazineethane sulfonic
acid (HEPES), and sodium citrate were purchased from Sigma Aldrich. Bovine Serum Albumin
(BSA) was purchased from Sigma Aldrich, which when made up to a 1 L solution contained 0.01
M PBS (0.138 M NaCl and 0.0027 M KCl) with 1 % w/v BSA, pH 7.4. Sulfosuccinimidyl-4-(Nmaleimidomethyl)cyclohexane-1-carboxylate

(Sulfo-SMCC),

1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide Hydrochloride (EDC), and NeutrAvidin were purchased from
Pierce Protein Research Products (Thermo Scientific). Sodium Chloride was purchased from
VWR.

The

thiolated

OEG

backfill

molecule

used

was

2-(2-(2-(11-

mercaptoundecyloxy)ethoxy)ethoxy)ethanol (SPT-0011) purchased from Sensopath Technologies
Inc. All DNA sequences were analyzed using Mfold software38, 39 and synthesized by Integrated
DNA Technologies Inc., except Taqman probes, which were purchased from Biosearch
Technologies. The unlabeled dNTP set was purchased from New England Biolabs and the
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fluorescently tagged dNTP (TMR-dCTP) was purchased from Perkin Elmer. All Armored RNA
(ARNA) solutions were purchased from Asuragen Inc.; suggested primer sets were provided for
each template sequence. Dra I restriction endonuclease and Phusion polymerase were purchased
from New England Biolabs and Klenow was purchased from Invitrogen. GeneAmp 10 PCR
Gold Buffer and bacteriophage Lambda genomic DNA were provided in the GeneAmp Gold
PCR Reagent Kit, purchased from Applied Biosystems. Power Sybr Green PCR Master Mix
intercalating dye and the High Capacity Reverse Transcription Universal kit were also purchased
from Applied Biosystems.

Cleaving Thiolated DNA

A CentriSpin 10 column (Princeton Scientific) was vortexed for 15 seconds to remove air
bubbles and left to sit for 30 minutes after the addition of 650 μL H2O. A 100 mM DTT solution
was made and 50 μL of this was added to 50 μL of a 100 μM thiolated DNA solution. The mix
was left to sit for at least 30 minutes. The spin column (with caps removed) was placed in a flat
bottom wash tube and centrifuged at 750 g for 2 minutes. The bottom wash tube with the water
was thrown away and the spin column was placed in a centrifuge tube. The DNA/DTT solution
was placed on the column and the column was spun at 750 g for 2 minutes. The cleaved DNA
was in the centrifuge tube and its concentration was determined by measuring its absorbance at
260 nm using a Hewlett-Packard 8453 diode-array UV Visible spectrophotometer.

Nanowire Coatings

Glass

To glass coat nanowires, 300 μL nanowires were mixed with 160 μL water, 10

μL ammonium hydroxide (EMD), and 490 μL 200 proof ethanol (Pharmo-Aaper).10 Nanowires
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were sonicated to mix, then 40 μL Tetraethoxysilane was added and the solution was immediately
sonicated (with water cooling) for one hour. Nanowires were rinsed once at 300 g for 30 seconds
in ethanol, and then three times with 300 μL ethanol, spinning for 1 minute at 7700 g. Nanowires
were imaged using a Transmission Electron Microscope to ensure good glass coating. A JEOL
JEM 1200 EXII TEM instrument was used with a high resolution Tietz F224 digital camera at an
accelerating voltage of 80 kV. Nanowires used in samples shown in Figures 2-4, 2-6, and 2-9
were glass coated twice;10 increased primer concentrations were used during attachment to
account for increased surface area.
DNA with EDC attachment

Glass-coated nanowires, 50 μL, were mixed with 60 μL

APTMS and 550 μL ethanol and vortexed for one hour. They were rinsed three times with
ethanol and 2 times with HEPES 10 mM pH 7.0 buffer (600 μL). Two mg EDC dissolved in 600
μL HEPES buffer was added to the tube. Phosphorylated DNA was added to bring the final
concentration to 1.5 μM. The tube was tumbled overnight at 50 oC and then vortexed at room
temperature for one day. It was rinsed 2 times in 50 mM Sodium Phosphate buffer (600 μL), one
time in water and resuspended in its original 50 μL volume. This procedure was scaled up or
down to accommodate the number of samples generated. EDC attachment chemistry was used in
samples shown in Figures 2-4, 2-6, and 2-9; Sulfo-SMCC attachment chemistry was used in all
other experiments shown. To determine EDC thermostability, 12.5 μL nanowires coated in
fluorescent DNA were suspended in 30 μL water; 60 μL water and 10 μL GeneAmp 10 PCR
Gold Buffer were added to solution, and the solution was run through two thermocycling
protocols of 25 cycles of 94 oC for 30 seconds and 68 oC for one minute. Aliquots of DNAcoated nanowires were imaged before and after each thermocycling run. The supernatant was
also tested using a Horiba Jobin Yvon Fluorolog 3-21 fluorimeter (equipped with a 450 W lamp,
and double grating excitation and single grating emission spectrometer) using 2 nm excitation and
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emission slits, before and after each thermocycling run (nanowires were rinsed after supernatant
samples were removed). Thermocycling was proven to not detriment the fluorophore itself by
running tagged DNA samples through all thermostability tests.
DNA with Sulfo-SMCC attachment

To attach DNA to nanowires, 13.3 μL nanowires

of one glass-coated barcode pattern were mixed with 26.6 μL ethanol and 4.4 μL APTMS, and
vortexed for 30 minutes. They were rinsed 3 times with 44.4 μL ethanol and 3 times with CHES
buffer (10 mM, pH 9.0). A solution of 1 mg Sulfo-SMCC in 400 μL CHES buffer was made.
The nanowires were resuspended in 8.8 μL of CHES buffer and 8.8 μL Sulfo-SMCC solution
was added; they were then vortexed for one hour. The nanowires were rinsed in 13.3 μL CHES
buffer 3 times and PBS buffer (0.3 M NaCl, 10 mM phosphate, pH 7.0) 3 times. Thiolated,
cleaved DNA was added to a final concentration of 1 μM, and the total volume was brought to
33.3 μL with PBS buffer; the nanowires were vortexed for 2 hours. The nanowires were then
rinsed 3 times in 33.3 μL PBS buffer and transferred to a new PCR tube. They were placed in a
thermocycler and heated to 95oC for 10 minutes and then 25oC for 10 minutes, and then rinsed in
33.3 μL H2 O. The nanowires were resuspended in 13.3 μL H2 O, transferred to a new PCR tube,
and stored at 4oC until the following morning. If required, these procedures were scaled up to
accommodate more samples per experiment. Sulfo-SMCC thermostability determined by James
Sioss is reported elsewhere.10

Lysing and Reverse Transcription of Armored RNA
Armored RNA, 5 L, was placed in a PCR tube and heated at 75oC for 15 minutes to lyse
the protein coat.

Two solutions were usually lysed, one complementary and one

noncomplementary sample. The solution was then quick spun. A High Capacity cDNA Reverse
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Transcription Kit from Applied Biosystems was used. Reverse Transcription (RT) master mix
was made by mixing in a dead air box: 9.3 μL 10 RT buffer, 3.7 μL 25 dNTP Mix, 19.6 μL
H2 O, and 4.6 μL RT Enzyme. In a PCR hood, 9.3 μL 10 Random Primers were added and the
solution was split into three tubes, 14.6 μL in each. To the first tube, 3.6 μL complementary
lysed ARNA and 11 μL water were added, to the second 3.6 μL noncomplementary ARNA and
11 μL water were added, and to the last only 14.6 μL water was added for a no template control.
These solutions were mixed with a pipetter and placed in a Perkin Elmer Gene Amp PCR System
2400 thermocycler at 37oC for 2 hours for the reverse transcription reaction to take place. When
an ultramer or bacteriophage Lambda genomic DNA (Applied Biosystems Kit part number
4312778) was used as the template, the lysing and reverse transcription steps were skipped.

Polymerase Chain Reaction

DNA sequences used are in Table 2-1. A 50 μL solution was made up, 25 μL of which
was the Sybr Green PCR Master Mix, and 10 μL of which was the template from the RT reaction,
generating a template concentration of 1 pM. One μL of 20 μM forward primer and 1 μL 20 μM
reverse primer were added in solution phase controls, and in on-wire samples, 3.2 μL
nanowire:primer conjugates were added instead of the reverse primer solution. In multiplexed
samples, 0.5 μL each primer sequence and 1.6 μL each nanowire:primer conjugate was added to
each sample. The reaction volume was brought to 50 μL with water. If samples did not have
primers in solution, 1 μL water was added in each primer’s place, and if samples were spiked, an
additional 1 μL of 0.2 μM spiking DNA solution was added to the reaction mix. When ultramer
template was used, 0.38 μL of 20 nM template was added. When used as the template, 4 μL
bacteriophage Lambda genomic DNA was added to the solution (Figures D & H); 1.1 μL 20 μM
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forward primer and 1.8 μL nanowire:reverse primer are also used. Each tube was quick spun,
mixed with a pipetter, and two 19 μL aliquots of each sample were placed into wells of a 96 well
tray. This procedure may be scaled down to 40 μL total. The well plate was thermocycled on an
Applied Biosystems 7300 Real Time thermocycler using an extended procedure: 95oC for 10
minutes, 45 cycles of 95oC for 15 seconds and 60oC for 2 minutes, and then held at 95oC for 15
seconds. The dissociation curve was generated by heating from 60oC to 95oC over 30 minutes,
and holding at the end for 15 seconds. Nanowires were not rinsed before imaging.
Several parameters were altered in order not only to increase the reproducibility of the
reaction, but also to increase the specificity and sensitivity, and decrease the background
fluorescence. Use of dedicated workstations and pre-mixed hot start enzyme kits, minimizing the
number of pipetting steps, and autoclaving tips and buffers, were all instituted. Rinsing out the
intercalating dye post PCR and changing the buffer in which the primers were attached was also
done, but were not found to be reproducibly beneficial. In order to reduce contamination and
misidentification, plates were restricted to single use, nanowire:primer conjugates were used for
PCR assays within 24 hours of being made, and nanowire patterns were chosen for optimal
discrimination. To confirm that the settling of the nanowires during the thermocycling was not
the cause of the lack of reproducibility, Jihye Kim thermocycled and shook nanowires by hand
between each temperature change; this did not result in increased reaction specificity.
The time taken to lyse the protein coat (protecting the Armored RNA) and the time taken
to convert the RNA to DNA in the reverse transcription reaction was increased to 15 minutes and
2 hours, respectively, to ensure reaction completion. The Armored RNA protein coat was lysed
using a thermocycler. Several different reverse transcription kits were also explored; the one
giving the fastest amplification of the correct complementary sample (shown by the melting
temperature) and the slowest amplification of the no template sample (the High Capacity RT
Universal kit) was chosen for future work. For the reverse transcription reaction, both random
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hexamers and gene-specific primers were examined. The use of gene-specific primers did not
speed up the reaction and so were not used in subsequent reactions. Increasing the enzyme
concentration in order to counteract the steric hindrance was also done by Jihye Kim, but this did
not result in a specific increase in on-wire amplification. The template sequence was diluted, and
in multiplexed samples the concentrations of both templates were made equal, to avoid
overwhelming the system or driving noncomplementary reactions, but it did not increase the
specificity of the on-wire reaction.

Enzymatic Extension of Bound Oligonucleotides
This work modified a previously published procedure for use with gold nanoparticles.21
Nanowires (364.6 L) suspended in water, 36.5 L of 68.5 M thiolated oligonucleotide, and
117.8 L water were added to solution and placed into a 37 oC water bath for eight hours. The
solution was brought to 0.1 M NaCl/10 mM phosphate over 90 minutes with the addition of a
total of 250 L 0.3 M NaCl/10 Na phosphate pH 7 and placed in a water bath at 37 oC for at least
16 hours.

The samples were rinsed twice with 0.1 M NaCl, 10 mM Na phosphate and

resuspended in 750 L. Twenty four L of this solution was added to 7.2 L of 30 M template
and brought to a final volume of 50 L using 0.3 M NaCl, 10 mM Na phosphate. The samples
were heated to 65 oC for 5 minutes and then kept at room temperature in a water bath for 30
minutes; the samples were again heated to 65 oC for 5 minutes and kept at room temperature in a
water bath for 2 hours. The reactions were brought to a total volume of 75 L with the addition
of 7.5 L 10 React 2 Buffer, 16.1 L nuclease free water, 0.3 L 6 U/mL Klenow polymerase,
and 0.6 L Klenow Dilution Buffer, and placed in a water bath at 37 oC for 2 hours. Four L 0.5
M EDTA pH 8.0 solution was added and the samples rinsed with water once and three times with
0.3 M NaCl, 10 mM Na phosphate.
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Background Fluorescence Controls

Nanowires were coated in TEOS/PEO glass using the following mixture: 300 μL wires
were rinsed one time into acetonitrile, the supernatant was removed, and 790 μL acetonitrile, 160
μL water, 30 μL TEOS, 24.7 μL PEO-containing silane, and 10 μL ammonium hydroxide were
added, and the reaction was sonicated for one hour. The nanowires were rinsed three times and
the coating & rinsing process was repeated an additional two times. Glass coated nanowires
(TEOS or TEOS/PEO glass), 3.2 μL, were mixed with 25 μL Sybr Green PCR Master Mix and
21.7 μL water, and thermocycled using the PCR temperature profile above. The nanowires were
not rinsed before imaging. To do step by step controls, the nanowire functionalization procedure
above was followed, with a 3.5 μL aliquot removed at each step and the total volume adjusted
accordingly. Nanowires, 3.2 μL, were mixed with 25 μL Sybr Green PCR Master Mix, and
brought to 50 μL total with water. If samples contained DNA, 1 μL of 20 μM DNA was added.
The samples were thermocycled using the PCR procedure outlined above.

Imaging Parameters

Nanowire samples were imaged on a Nikon inverted TE 300 microscope equipped with a
Lambda LS Xenon 300 Watt light source coupled to a liquid light guide. A plan apo 60  oil
immersion objective (NA 1.4) was used. A reflectance cube with a half-silvered mirror paired
with a 430/60 nm long pass filter was used to take reflectance images; a Lambda 10-2 optical
filter changer (Sutter Instruments) controlled filter and shutter movement. A FITC fluorescence
cube (Chroma set number 31001) with excitation filter D480/30 nm, emission filter D535/40 nm,
and dichroic 505 nm long pass, was used to take fluorescence images. Images were acquired
using ImagePro 7.0 and captured on an HQ Coolsnap digital camera from Photometrics. Samples
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were prepared by first sonicating and mixing samples with a pipetter, then dropping 10 μL onto a
cover slip, onto which a glass slide was placed. The software program NBSee was used to take
linescans of nanowires and compile average fluorescence intensities for each nanowire pattern.

Gel Electrophoresis

A 3 % Agarose gel was made by mixing 1.8 g "NuSieve GTG" Agarose and 40 mL 1 
TAE (0.04 M Tris-acetate, 0.001 M EDTA). After microwaving to melt the agarose, 2.5 μL of 10
mg/mL Ethidium Bromide was added. The solution was poured into a gel mold and two 15 well
combs were used. The loading buffer was 10  Agarose Loading Buffer (1 % Xylene Cyanol,
0.25 % Bromo Phenol Blue, 15 % Ficol and 0.1  TAE). The running buffer was 1  TAE. The
gel was run in a BioRad MiniSub Cell GT at 90 V, ~ 80 mA. The gel was visualized by scanning
on a Phosphorimager; the wavelength range used was 595-625 nm.

Results and Discussion
Multiple types of experiments were performed to analyze the on-wire Polymerase Chain
Reaction efficiency, specificity, reproducibility, and substrate interactions. On-wire PCR can be
visualized in a number of ways when using the intercalating dye Sybr Green as a reporter dye.
Because the dye fluoresces significantly more intensely in the presence of double stranded DNA
versus single stranded DNA, real time measurements at the end of every thermocycle can be
obtained. This fluorescence in the presence of double stranded DNA negates the need for a
sequence specific fluorescently tagged strand, as well as the need to open the sample chamber
after amplification in order to introduce this tagged strand and subsequently rinse, which is a
common method of detection,23,

27

but introduces the possibility of contamination between
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samples.

A scheme of the on-wire PCR reaction is shown in Figure 2-2.

Many different

parameters in on-wire PCR can be altered, including the molecules used in the attachment
chemistry and the nucleic acid sequences involved in the enzymatic reaction. Several different
types of templates were also investigated for use in on-wire PCR, and are discussed below. These
include bacteriophage Lambda genomic DNA, ultramer DNA (synthetic DNA under 200 bases
long), and several different sequences of commercially available Armored RNA, which are
several hundred base long RNA strands encapsulated in a protective protein coat. Armored
RNAs of the viral sequences SARS, Norwalk Virus, West Nile Virus, and Enterovirus were all
studied. The Armored RNA was heat lysed to expose the RNA, and reverse transcribed to
generate DNA from the RNA before being added to the PCR solution (shown in Figure 2-3). The
use of these different templates allowed for analysis of the effects of differing template length. A
number of characteristics, such as attachment chemistry, primer concentrations, dye interactions,
etc. were investigated in this work.

This chapter is divided into sections covering the

investigation of different surface parameters:

primer efficiency, the chemistry of DNA

attachment, steric hindrance, template and primer identities and concentrations. The end of this
chapter focuses on single- and multi-plexed on-wire PCR data, and background fluorescence
controls, which aided in the generation of a hypothesis to describe the challenges of on-wire PCR.

Primer Efficiency
On-wire PCR was performed at different template concentrations to determine primer
efficiency. Primer efficiency reports the percentage of primers available for enzymatic extension
that are acted upon by the polymerase and converted into amplicon; when immobilizing primers
onto the surface of nanowires, it is expected that the primer efficiency would be greatly reduced
from the more common surface phase efficiency of 100 %.40

By plotting the log of the
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fluorescence intensity against the number of cycles, reaction progression can be monitored
(typically observed as a sigmoidal reaction curve). A threshold cycle (CT—or the cycle number
where the baseline fluorescence is several standard deviations away from the fluorescence due to
amplification),41 was determined for each reaction curve.

Because of the exponential

amplification in PCR, a dilution of one order of magnitude in template concentration should
result in a decrease in CT value by 3.3 cycles. Plotting the CT vs. the Log (copy number)
generates a slope M used to calculate the efficiency of the primers (when all is held constant aside
from template concentration), based on the equation:

E = e ln10 / m 1

(EQN 1)40

When the slope of the line in this standard curve is -3.3, the primer efficiency is 100 %.
An amplification plot showing the real time measurements of on-wire PCR performed in the
presence of serially diluted template is shown in Figure 2-4, as is the accompanying standard
curve. Using the approximate concentrations listed in the caption of Figure 2-4, the approximate
primer efficiency on-wire was found to be 60 %, lower than the more common 100 % of the
solution phase reaction, but still conspicuously high for bound primers, as Trau and coworkers
measured a primer efficiency of 9 % on the surface of microbeads, and Carmon et al. measured
an efficiency of 20 %.23, 27 Because of reports of primer loss into solution,15, 24 the 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC) attachment chemistry (see Figure 2-5) was
investigated.

Attachment Chemistry
Several attachment chemistries were investigated for thermostability between the glass
and the probe DNA. EDC chemistry was initially investigated, as it had been selected by Chrisey
for PCR performed on glass beads.15 Microscopy images were taken before samples were run
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through a thermocycling protocol, and after each of the two thermocycling protocols that
followed; the fluorescence present was then quantified, as shown in Figure 2-6. Also after each
step, the fluorescence intensity of the supernatant (indicating how much DNA had been lost to
solution) was measured. Many of the fluorescent probes attached with EDC chemistry were lost
into solution after 25 thermocycles (illustrated by the decrease in fluorescence intensity on the
surface of the nanowire by 68 % and the continued presence of fluorescent DNA in solution),
indicating that if used in on-wire PCR experiments primers would be available in solution, a great
detriment to the on-wire primer extension as it already was hindered sterically. EDC attachment
chemistry continued to release 46 % of the existing fluorescent probes into solution after an
additional 25 thermocycles, showing that a heating pretreatment step is not enough to make the
EDC attachment chemistry useful for on-wire PCR. The presence of fluorescently labeled DNA
in solution before thermocycling was performed may have been due to inadequate rinsing after
DNA attachment to the nanowire, but is more likely to have been due to release of DNA from the
surface of the nanowire over time, even without heating.

The fluorescence images and

quantification (generated using microscopy and fluorimetry) show that EDC chemistry lacks
thermostability.

EDC chemistry may have promoted nonspecific adsorption (in addition to

covalent linkage) of the DNA onto the nanowire surface (EDC chemistry has been hypothesized
to promote DNA attachment through points other than the 5' end)24 and subsequent release of
these nucleic acids strands over time, which heating simply drove to a faster rate. This possible
continued release of DNA into solution from the surface may have also affected studies using
EDC chemistry in the literature, such as work by Chrisey and coworkers.15 One study done by
Adessi et al. showed that approximately 50 % of the primers were driven from the surface during
thermocycling, but claimed that these solution phase primers did not affect the surface phase
amplification.24 They determined this by rinsing off the supernatant and replacing it with fresh
PCR reagents at the end of each cycle, but this sample did not include template, and did not
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account for the continued loss of primers over the course of thermocycling. Amplicon detection
was also performed at the end of the thermocycling protocol after rinsing the surface and
exposing it to another labeled DNA strand, which would have removed any solution phase
amplification, and so was not indicative of the reactions occurring during the assay.
Several members of our group have looked into multiple DNA attachment chemistries for
use in on-wire assays. Dr. Bo He investigated several different attachment chemistries discussed
in the literature42, 43 for their thermostability: 1) EDC crosslinker with phosphorylated DNA and
aminated glass, 2) Sulfo-SMCC crosslinker with thiolated DNA and aminated glass, 3) aminated
DNA with aldehyde-functionalized glass, 4) and aminated DNA with an epoxy-functionalized
glass chemistry, shown in Figure 2-5.

Each attachment chemistry was evaluated for

thermostability by exposing nanowires coupled using the chemistry of interest with fluorescently
tagged DNA to thermocycling conditions, and comparing the fluorescence intensity before and
after heating. Both the aldehyde and epoxy functionalities gave very low initial probe coverage,
as shown in Figure 2-7, which may be due to inherent instabilities of the silanes, or the
susceptibility of the participating functional group (i.e., moisture can be detrimental to epoxy
chemistry).24, 44 While the Sulfo-SMCC attachment gave a lower initial fluorescence of bound
probe DNA than did the EDC chemistry, it did not lose as much DNA to solution as the EDC
chemistry after thermocycling. Sulfo-SMCC attachment thermostability was also investigated,
and compared to that of DNA attachment between a thiol moiety and the bare gold of uncoated
nanowires, by Dr. James Sioss.10 The thermostability of both these attachment mechanisms was
investigated using the same method described above. There was a significantly smaller dropoff
in fluorescence (and amount of conjugated DNA) when using Sulfo-SMCC, indicating its
improved thermostability over gold-thiol bonds. Biotinylated DNA coupled with NeutrAvidincoated nanowires was also investigated by Jihye Kim as an alternative attachment method. The
post-PCR microscopy revealed a completely nonspecific on-wire amplification, most likely due
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to the loss of primers from the nanowire. This was confirmed in the amplification plot and
temperature stability studies of this attachment method (not shown). In light of these studies,
Sulfo-SMCC attachment chemistry was chosen for all future on-wire enzymatic assays.
Two different backfilling molecules were used in an attempt to block possible
nonspecific adsorption to the nanowire surface. After the DNA primers were attached to the
nanowire, a thiolated-OEG (oligo ethylene glycol) molecule or the protein BSA (Bovine Serum
Albumin) was coated onto the nanowires. While the on-wire amplification could be seen and
looked specific in the amplification plots, there was no decrease in the on-wire background
fluorescence observed in either sample.

Steric Hindrance

The exact primer coverage on the surface of the nanowires is difficult to determine as the
typical method employed, that of removing the DNA from the surface and quantifying in
solution,45-47 is not as accurate when using attachment chemistry employing glass. However,
using the size of the molecules involved, an approximate maximum DNA coverage can be
calculated to be around 1013 molecules/cm2, which is comparable with the maximum coverage
found in studies of nanowire-bound DNA probes performed previously.21 At this high a density
of primers (such as 1013 molecules/cm2) on the surface of the nanowires, the hybridization of the
template DNA (and the subsequent association of the enzyme)21, 23 would be hindered; similar
work has shown that increasing the probe density on the surface of the nanowire decreases the
efficiency to which they can bind their target.28 Spacers, or a multi-base region incorporated
between the linking moiety and the hybridization region, have been proposed to decrease the
inaccessibility of the primers to the enzyme.27 A similar interaction utilizing enzymatic extension
of DNA on the surface of colloidal particles was performed successfully.21 (In that case the

67
curvature of the particle was much more—with a diameter of 12 nm compared to that of the
nanowire at approximately 320 nm; increased curvature has been shown to make surface-bound
DNA more accessible to the surrounding solution48, 49). In order to alleviate the sterics in on-wire
PCR arising from the proximity of bound DNA molecules and both the DNA and the enzymes
associating to the surface-bound DNA, a spacer was incorporated into the DNA primer sequence.
The addition of this typically 10 base (or 7 base) spacer would increase the distance from the
surface approximately 3.4 nm. The binding of the primer to the template occupies the subsequent
approximate 6.0 to 6.5 nm distance from the surface; enzyme association thus occurs 9.4 to 9.9
nm from the wire surface.
To increase the probability of extension for on-wire primers, several parameters were
investigated.

The primer coverage on the nanowire was decreased to alleviate the steric

hindrance of the enzyme binding to the primers immobilized on the nanowire surface. Using
diluent molecules to alter the coverage of bound oligonucleotides has been shown to affect the
hybridization efficiency of target molecules.50 The primer was mixed with a thiolated 10-T
sequence to decrease the primer coverage to 50 %. This had no visible effect on the amplification
efficiency, as seen by comparing open versus closed markers in the amplification plot in Figure 28.

One DNA parameter that did increase overall amplification was the concentration of

nanowire-bound primers (and thus the number of nanowires per reaction), as shown in Figure 2-8.
(Other aspects of the graphs shown in Figure 2-8 are analyzed in the following section.)
Increasing the nanowire:primer conjugate concentration from the 1  to the 2  amount (square
versus triangle markers in Figure 2-8) did increase the amount of overall amplification, but does
not appear to scale directly and did not necessarily increase the amount of amplification per
individual nanowire. The manipulation of fluorescence intensity per particle caused by changing
the overall number of particles has been investigated in other systems that do not have an
enzymatic amplification step;51, 52 this is one parameter that may be investigated in the future.
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Additionally, because the polymerization reaction was happening in close proximity to
the nanowire surface, the reaction needed to be as efficient as possible, maximizing the enzyme
activity when it was in the presence of its substrate. In order to accomplish this, the number of
thermocycles and the length of the extension step in each thermocycle were altered. It is not
uncommon for polymerase reactions performed on surfaces to have extended thermocycling
protocols.24, 27 The number of cycles was increased to from 40 to 45 to allow for more chances
for the enzyme to extend the nanowire-bound primer. The extension time was increased from 1
to 2 minutes to provide the enzyme with more time to perform the on-wire extension without
causing the enzyme to denature. The amplification plots are shown for PCR reactions where 40
cycles were used with a one-minute extension time, and 45 cycles were used with a two-minute
extension time. The number of minutes the extension step was performed for dramatically
increased the amplification (represented by the lower CT and the higher intensity plateau phase)
from one plot to the next, as shown in Figure 2-9. The melting temperature of the amplicon was
the same between the samples subjected to different thermocycling protocols, indicating that this
change did not alter the amplification product generated. While the melting temperature was also
the same between the in solution and on-wire samples, indicating the length and thus the identity
of the amplicon was consistently correct, (exemplified in Figure 2-9), and the amplification plots
did not show significant extension in the noncomplementary samples, there was often
fluorescence present on the nanowires in the noncomplementary and no template microscopy
samples. Stopping the reaction at an earlier number of thermocycles (keeping the two minute
extension time consistent) did not decrease the background fluorescence on-wire, which is shown
in the amplification plots and quantified on-wire fluorescence in Figure 2-10.

The signal

generated from the sample containing complementary template was significantly different than
that of the sample containing no template (p value < 0.001), but was not significantly different
than that of the sample containing noncomplementary template (p value < 0.1). This indicates
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that parameters other than decreasing the number of thermocycles influences the specificity of the
reaction.

Template and Primer Identity and Concentration
Template, Primer, & Amplicon Sequences It was tested whether the decrease in template
length from tens of thousands of bases for bacteriophage Lambda genomic DNA to several
hundred bases for Armored RNA to around one hundred bases for ultramers would decrease the
hindering sterics of the nanowire-immobilized PCR reaction. The single-plex on-wire PCR assay
was performed using an ultramer template; the resulting microscopy showed no increase in
specificity as compared to using an Armored RNA template, as the fluorescence intensities were
approximately 600 and 540 for the wires exposed to complementary or no template, respectively,
therefore other nucleic acid properties were investigated. Additionally, there seems to be no
correlation between the location of the primed region within the template and the on-wire
amplification efficiency, which can be seen in Table 2-1.
For each template amplified with on-wire PCR, several primer sets were examined;
primers to be used in noncomplementary samples in on-wire PCR were first checked for a lack of
complementarity to sequences of interest in solution phase PCR. By altering the primer set, the
amplicon length (not the template length) was also altered.

An example solution phase

amplification plot and dissociation curve for three different Armored RNA templates and 4
different primer sets is shown in Figure 2-11. Two of the primer sets amplified different regions
of the SARS virus, the first being the nucleocapsid (CoVNC)53 and the second being a region
discovered at the Bernhard Nocht Institute (BNI)54, which are referred to as SARS-1 and SARS2, respectively. The other two primer sets amplified different parts of the same region in the
West Nile Virus (WNV) sequence, those used by Lanciotti and coworkers, and Lipkin and
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coworkers, which are referred to as WNV-1 and WNV-2, respectively.55 (While the primers were
not the same length, they all had melting temperatures between 55 and 60 oC.) The CT of the
reaction increased with increasing amplicon length, the differing lengths being: SARS-1 67 bp,
WNV (amplified by either primer set 1 or 2) 70 bp, and SARS-2 109 bp. SARS-1 and SARS-2
primer sets prime different template strands of the same viral sequence, while WNV-1 and WNV2 primer sets prime different regions of the same template strand. The dissociation curves
showed no significant alternate extension, even when templates were in the presence of
noncomplementary primer sets. As these primer sets performed well in solution phase PCR, they
were further investigated in on-wire PCR.
To determine if amplicon length would affect the specificity of the on-wire reaction, onwire PCR was performed with the template and primer pairs listed above. The SARS-1 and
WNV-2 primer sets amplified the best both in solution and on-wire (Figure 2-12); the other two
primer sets led to no detectable product in on-wire real time PCR experiments. Imaging results,
shown in Figure 2-12B, are consistent, with statistically different (p value < 0.01) fluorescent
signal between complementary and noncomplementary samples only for SARS-1 and WNV-2.
The SARS-1 and WNV-2 primer sets generated significantly shorter amplicons than the SARS-2
primer set and had significantly more on-wire amplification, suggesting improved on-wire
extension with decreasing amplicon length. The nanowires used in this work were coated in
silica, APTMS, and Sulfo-SMCC as a large batch and then split into separate reaction volumes in
order to conjugate known primer sequences to a known nanowire subset; because of this, there
was little to no variation between nanowires coated in different primer sequences. Although the
WNV-1 and WNV-2 primer sets primed amplicons that are the same size, and use the same
template sequence, the background (and hence specificity) was quite different between the two.
Thus, the background intensity was determined almost wholly by the sequence of the primers,
and is most likely not due to double stranded amplicons forming in solution and then adsorbing to
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the wire surface, as the double stranded amplicons are forming almost exclusively for the SARS1 and WNV-2 samples.
The parameters of these primers were compared to each other in order to elucidate why
some gave specific signal and others did not. The immobilized primer sequence was examined to
try to identify a pattern in on-wire successful priming. Melting temperature and secondary
structure were analyzed (see Table 2-2 and Figure 2-13). A higher melting temperature and lack
of secondary structure increased amplification amount and specificity. This aligns with the
theory that the hybridization of the template to the on-wire sequence is so disfavored because of
the presence of the nanowire that any other factors that contribute to the decrease in stability of
the on-wire primer:template hybridization severely inhibit the amplification amount and
specificity. This discrepancy is especially enhanced when other DNA strands are available in
solution (primer dimers—or the product of a polymerization reaction between two primers, etc.)
to be amplified by the enzyme, as even if they are not traditionally favorable reactions, they may
still be more favorable than the on-wire amplification.
Primer Concentrations

The concentrations of the solution primers involved in the

reaction were varied in order to increase the specificity and decrease the background fluorescence
signal in the on-wire samples; this was done to test if the one side of the exponential
amplification reaction that was happening in solution could be manipulated to increase correct
amplification on the surface of the nanowire in the other side of the exponential reaction (see
Figure 2-1 for clarification). The concentration of the solution phase primer (the forward primer
free in solution) was increased in order to generate more solution phase amplicons that could act
as on-wire templates, driving the on-wire reaction. While increased solution primer did result in
more amplification, the resulting dissociation curves showed that the amplicons did not have the
same melting temperature, and thus the same length or identity, as when lower primer
concentrations were used, this can be seen in Figure 2-8 (previously mentioned). This indicated
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that the incorrect sequence was preferentially amplified; it is likely that amplification occurred
more often, but was nonspecific and in solution when using increased solution phase primer
concentration.

Increased solution phase primer concentrations were avoided in future

experiments. Having little to no DNA present in solution, or having an addition of the reverse
primer (the immobilized primer sequence) as well as the forward primer (already free in solution)
both in solution, were tested to determine if they would help increase the amount of correct
amplification on-wire by driving the reaction.

There was minimal difference between the

complementary and no template on-wire fluorescence intensities in only the sample containing
both the free and the immobilized primer present in solution at a lower concentration (not shown),
but this was not an improvement over previous results. In light of these studies, manipulation of
the interactions of the DNA on the surface of the nanowires impacted the outcome of the reaction
more than manipulation of the DNA in solution. By evaluating the individual experiments
described above investigating the attachment chemistry, thermocycling protocol, and primer
conditions, etc., the parameter set most favorable for the on-wire amplification reaction was
decided upon, and used in subsequent on-wire PCR assays, discussed below.

Single- and Multi-plexed PCR
Real time amplification plots for SARS-1 and Norwalk Armored RNA single-plexed onwire complementary samples are shown in Figure 2-14. The solution phase plot shows good
amplification, with a CT of around 11 cycles, indicating that the template concentration was in a
linearly detectable range and providing enough cycles to calculate the background fluorescence
intensity. While the amplification was slower on-wire, indicated by a higher CT, and there was
less overall amplicon produced (indicated by the lower plateau phase) there was an appreciable
amplification observed in samples where the primers were bound to the nanowire surface. An
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image set from the Norwalk samples, where the reflectance images were used to identify the
barcode pattern and thus the DNA sequence, is shown in Figure 2-15. The resulting average
fluorescence intensities for the single-plex SARS-1 and Norwalk samples are shown in Figure 216.

Signal from complementary samples for both SARS-1 and Norwalk templates were

significantly different when compared to signal from either noncomplementary or no template
samples (p value < 0.001). This data illustrates a differentiable fluorescence signal between
complementary and noncomplementary single-plex samples; the SARS-1 and Norwalk Armored
RNA sequences have generated the best on-wire PCR results.
Multiplexed PCR was also performed, where both SARS-1 and Norwalk primer-coated
nanowires were present in solution. The microscopy results for this reaction (including the
background subtracted, normalized data, where the signal from the sample without template is
subtracted out and the fluorescence values are normalized to the complementary intensity) are
shown in Figure 2-17. The multiplexed samples are most likely dimmer than the single-plex
samples due to the decrease in complementary nanowire:primers available, as the total DNA in
solution was kept constant. The on-wire PCR signal specificity decreased when performed in a
multiplexed fashion, perhaps due to nonideal on-wire amplification products (which was
investigated and is discussed in the next section). The complementary sample was extremely
significant (p value < 0.001) when using SARS-1 template, and significant when using Norwalk
template (p value < 0.02), when compared to the noncomplementary template sample. In this
instance, the on-wire PCR assay was able to distinguish between two different templates in a
statistically significant way. Unfortunately, repeating this level of significant discrimination has
proven challenging; the lack of sufficient amplification produced in surface phase PCR has been
reported previously,23, 27 but most systems that have been analyzed have generated conclusions
that are not necessarily directly applicable to other systems. In order to determine the cause of
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the lack of reproducibility, which may also be applicable to other systems, several control
experiments were performed that are discussed below.

Background Fluorescence Controls and Hypothesis

Intercalating dye was used as the amplification reporter in our system, as it is directly
applicable to the clinical setting, where avoiding opening sample chambers post amplification is
important to avoid cross contamination. Instead of intercalating dye, fluorescently tagged strands
are often hybridized to the enzymatic product post amplification;23, 27 because of the sequence
specific detection scheme, it is possible that other investigations have not been able to visualize
all of the amplification products shown using intercalating dye. To confirm that the background
fluorescence was not due to the intercalating dye binding to the porous glass coating, nanowires
coated with the previously used tetraethoxy silane (TEOS—see Figure 2-5) glass and nanowires
coated with Polyethylene oxide containing silane and TEOS (PEO-TEOS mixed glass) were
incubated with the PCR reagents (aside from the DNA sequences) and thermocycled. Neither
sample had appreciable fluorescence, as can be seen in Figure 2-18, indicating that the
fluorescence background was not originating from the intercalating dye fluorescing on the glass
coating. In a separate control experiment, glass coated nanowires were added to the solution
phase PCR reaction, which was then monitored in real time; the addition of the coated nanowires
did not poison the solution phase enzymatic reaction. Additionally, on-wire PCR with different
fluorescent tags was performed by Jihye Kim using Taqman probes (DNA featuring a
fluorophore and quencher, that when digested by a polymerase fluoresces) for real time
measurements and the incorporation of fluorescently labeled deoxynucleotidetriphosphates
(dNTPs or single bases available for enzymatic incorporation) for on-wire fluorescence
measurements (using the same Sulfo-SMCC attachment chemistry); this dye change did not
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reduce the amount of background fluorescence present in the microscopy images. This indicates
that the fluorescent background seen on the nanowires is not intercalating dye specific, but could
still be due to the visualization of additional amplification products not seen when using a
sequence specific reporter, as any amplified DNA would be fluorescent. Further controls were
performed to determine to what the background was attributed.
In order to elucidate at what step the background fluorescence predominantly increased,
controls were also performed by removing an aliquot of nanowires at each functionalization step,
incubating them with the intercalating dye mix, and thermocycling them. Fluorescence intensity
increased after DNA was introduced into the system; this indicates that the Sybr Green was
reacting with the DNA more than with other possible side reactions. It is possible that the DNA
oligonucleotides are forming a mat on the surface of the nanowire, which the Sybr Green is
intercalating into and creating a large background signal. Possible side reactions that may occur
during on-wire PCR, which may contribute to mat formation, are shown in Scheme 5; these
include primer dimers generated on-wire as well as the products of amplifying these nonspecific
sequences in subsequent thermocycles. The exponential amplification would increase the amount
of nonspecific amplicon with each thermocycle.
An interwoven network of DNA on particles has been discussed in relation to ligation
reactions performed on gold colloidal nanoparticles, where particles linked by sandwich
hybridizations are available for more enzymatic activity (subsequent restriction enzyme reactions)
than those linked by direct hybridizations (such as in PCR).56,

57

This is due to the increased

number of linkages in the two-strand system as opposed to the three-strand system (because the
stoichiometry of the reaction is not controllable by the linking target concentration), and the
resulting interwoven DNA and conjoined nanoparticles create too much steric hindrance for the
enzyme to act on the bound DNA.57

Other literature cites that as the surface immobilized

polymerase chain reaction amplification occurs, the reaction becomes inhibited by the product
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generation.24, 27 It was proposed in these reports that this inhibition is generated by the increased
interaction of bound nucleic acid strands with each other as the amplification progresses. The
interaction of primers bound to a surface was also discussed as producing surface amplification
products, where the oligonucleotides are primed by already bound DNA strands.24,

27

An

interwoven set of DNA would provide both a competing enzymatic substrate and an environment
for the intercalating dye (and the fluorescently labeled dNTPs) to fluoresce, see Figure 2-19.
To test the hypothesis that a mat of DNA was generated on-wire during thermocycling,
PCR was performed in solution and on-wire, and one duplicate of each sample was digested with
the restriction endonuclease Dra I. Products of these enzymatic reactions were analyzed using
gel electrophoresis, and are shown in Figure 2-20. Dra I should have cut at only one recognition
sequence within the template, and so lanes with samples that were digested should have shown at
most 3 bands: the digested halves of amplicon (approximately 50 and 80 bases long), and (in the
case of solution phase PCR) unreacted (or semi-reacted) primers (17 bases long), which cannot be
rinsed out. These three bands could be seen in the lane containing digested solution phase PCR
product, where the first two bands are very strong and the third band is faint. Only one band
could be seen in the lane containing undigested solution phase PCR product, corresponding to the
correct amplicon length (approximately 130 bases). There is also a band present in solution phase
samples exposed to noncomplementary template, which is most likely due to generation of
amplicons when solution phase samples are run through the longer thermocycling protocol
optimized for on-wire amplification. The lane with the digested on-wire PCR product showed a
smear of bands from the correct amplicon length down to below the lowest ladder marker at 25
bases.

This smear showed a variety of different enzymatic product lengths, indicating the

recognition site for the restriction endonuclease was present in DNA strands of varying lengths,
while only one length should be present (50 bases) as it is the half of the strand released into
solution upon digestion. The smear on the gel may have been generated by the products depicted
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in Figure 2-19, where a length distribution resulted from the amplification (and digestion) of
incorrect amplicon sequences and the disassociation of the enzyme from the template strand
before complete amplicon generation. This interwoven mat of amplification products would
contain recognition sequences at different sites, releasing a variety of digestion products into
solution. The undigested on-wire sample produced one faint band around the correct length of
the amplicon (this band is difficult to clearly identify as it is near the dye loaded into the
samples). Both the digested and undigested noncomplementary samples also produced faint
bands around the size of the amplicon, but there is no corresponding digest band. This is most
likely due to nonspecific amplicons generated reactions between bound noncomplementary
primers, which do not contain the restriction endonuclease site and therefore are not digested.
The generation of a mat of interwoven DNA on-wire when immobilized primers are run
through the PCR reaction was further supported by the improvement in on-wire specificity when
only one extension step was performed. On-wire extension has been performed previously on
gold colloid surfaces,21 when performed on gold nanowire surfaces the specificity is better than
that of on-wire PCR, as shown in the data generated by Jihye Kim in Figure 2-21. Subsequent
thermocycling reactions seem to decrease the specificity of the on-wire PCR reaction, perhaps
due to the enzymes’ generation of and activity with a mat of increasingly incorrect DNA
sequences.
In order to bypass the generation of a mat of DNA on the nanowire surface, Ligase Chain
Reaction (LCR), which uses a ligase in place of a polymerase, was investigated and will be
discussed further in the next chapter. One way to directly compare the capability of two assays in
distinguishing true from false positive results is to generate a Receiving Operating Characteristic
(ROC) curve.58-60 The diagram shown in Figure 2-22 illustrates examples of three different levels
of discrimination between signal generated in the presence vs. absence of the target, where the
first case of complete discrimination is represented by the green line in the ROC curve, the
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moderate level of discrimination the blue line, and the lack of discrimination the red line. A ROC
curve showing complete discrimination between correct and false results will be composed of two
straight lines, the first vertical along the y axis and the second horizontal along the value of 1 on
the x axis, indicating a perfectly specific assay and a complete lack of overlap between signal in
the presence vs. signal in the absence of the target. A ROC curve was generated using the onwire fluorescence intensities of the single- and multiplexed samples shown in Figure 2-16. The
percentage of the area under the curve can be used to quantitatively compare the accuracy of
differing assays. For singleplexed PCR samples, SARS wire:probes generated an area of 90 %,
while Norwalk virus wire:probes generated an area of 93 %. For multiplexed PCR samples, the
area under the curve when exposing nanowire:probes to SARS template was 89 %, while the area
under the curve when exposing nanowire:probes to Norwalk virus template was 64 %. For
singleplexed LCR samples, SARS wire:probes generated an area of 100 %, while Swine Flu
H1N1 wire:probes generated an area of 98 %. For multiplexed LCR samples, the area under the
curve when exposing nanowire:probes to SARS template was 94 %, while the area under the
curve when exposing nanowire:probes to Swine Flu H1N1 template was 91 %. This indicates a
small decrease in accuracy for the on-wire LCR assay when moving from single- to multi-plexed
assays, but this is a substantial improvement over the accuracy for on-wire PCR.

Conclusions and Future Directions
On-wire multiplexed PCR has been performed, but has not been easily reproduced. One
reason for this lack of reproducibility is that the intercalating dye and the fluorescently labeled
dNTPs reported all double stranded amplification product, as opposed to detecting only
amplicons of a specific sequence using a secondary hybridization step with a tagged
oligonucleotide. While a separate labeling step is possible, and can be attempted in the future, it
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was not initially implemented as it negates the possibility of performing a closed tube assay
where the sample chamber is not opened post-amplification, reducing the risk of contamination
between samples. Several parameters were investigated and adjusted in order to increase the
reproducibility of specific on-wire PCR reactions. Sulfo-SMCC used with thiolated DNA and an
aminated glass surface was shown to be the most thermostable attachment chemistry. Other,
more widely used, attachment chemistries were investigated and were found to lack necessary
thermostability. These investigations demonstrate that previous literature showing solid phase
polymerase chain reaction may have been incorrectly stating amplification exclusively occurs on
the surface, as primers were most likely continuously released into solution where they were
amplified over time, without the investigators' knowledge.
Increasing the number of cycles and the time for the extension step, and increasing the
number of nanowire:primer conjugates present in the solution both increase the overall on-wire
amplification. One parameter of on-wire PCR that may also increase the amount of amplification
per nanowire is the number of nanowires in the given reaction volume. The manipulation of
fluorescence intensity per particle caused by changing the overall number of particles has been
investigated in other systems that do not have an enzymatic amplification step;51, 52 this is one
parameter that may be investigated in the future.

Control experiments indicated that the

background fluorescence was generated from the interaction of the intercalating dye with the
DNA, and was specifically dependent on the sequence of the primers. The findings of these
experiments may be applied to other enzymatic amplification reactions performed on primers
bound to surfaces, as appropriate controls were carried out.
The lack of reproducibility and specificity in the on-wire PCR is most likely due to the
generation of a mat of DNA on the nanowire, which would provide both a competing enzymatic
substrate and an environment for the intercalating dye to fluoresce. When on-wire amplicon was
digested post-PCR and then run on a gel, a smear of bands resulted, indicating a variety of lengths

80
of PCR products generated during thermocycling. This distribution may be due to the generation
of a mat of non-specific amplification products on the nanowire surface. One-step extension
reactions increased the specificity of the on-wire reaction, further supporting the theory of DNA
mat generation, as extension reactions do not undergo thermocycling and amplification, they
therefore eliminate the step causing the amplification of incorrect bound sequences. On-wire
PCR will be further investigated by Jihye Kim.
On-wire LCR was investigated as an alternative to on-wire PCR (instead of adding bases
complementary to a template one at a time, the ligase links together two larger pieces of DNA
complementary to the template), and will be discussed in the next chapter. In short, LCR was
shown to reproducibly amplify the DNA present without generating high background. This
increase in reproducibility of the ligase may have been due to the need for only one enzymatic
linkage reaction per amplicon, as opposed to polymerases, which need to perform an enzymatic
linkage for every base added and have the opportunity to incorporate incorrect sequences at every
reaction step. The increase in specificity of the reaction may be due to the need for three strands
of DNA to hybridize, as opposed to only two strands in PCR, to generate an amplicon, which
coincides with the findings from Kanaras et al., discussed previously.57 Enzymatic amplification
reactions utilizing immobilized primer or probe sequences can be optimized in the future for use
in pathogen detection; on-wire LCR shows great promise for this application.
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Figure 2-1. On-wire PCR, where each barcode pattern is paired with a primer of a pathogenspecific sequence. Post-PCR the only ds DNA in solution should be the negligible amount of
initial template DNA, all other ds DNA is bound to the wire, allowing for the use of an
intercalating dye for DNA quantification.

ATG AAC TGA TTG CCC GTC TCC
Phos – ttt ttt ttt tCG CTG ATC CCA CCT CAT TTT
GGA GCC TTG AAT ACA CCC AAA G
Thiol –ttt ttt ttt tGC ACG GTG GCA GCA TTG
CCG AAG AGC TAC CCG ACG AGT TCG TGG TGG TGA CGG
CAA AAT GAA AGA GCT CAG CCC CAG ATG GTA CTT CTA
TTA CCT AGG AAC TGG CCC AGA AGC TTC ACT TCC CTA
CGG CGC TAA CAA AGA AGG CAT CGT ATG GGT TGC AAC
TGA GGG AGC CTT GAA TAC ACC CAA AGA CCA CAT TGG
CAC CCG CAA TCC TAA TAA CAA TGC TGC CAC CGT GCT
ACA ACT TCC TCA AGG AAC AAC ATT GCC AAA AGG CTT
CTA CGC AGA GGG AAG CAG AGG CGG CAG TCA AGC CTC
TTC TCG CTC CTC ATC ACG TAG TCG CGG TAA TTC AAG
AAA TTC AAC TCC TGG CAG CAG TAG GGG AAA TTC TCC
TGC TCG AAT GGC TAG CGG AGG TGG TGA AAC TGC CCT
CGC GCT ATT GCT GCT AGA CAG ATT GAA CCA GCT TGA
GAG CAA AGT TTC TGG TAA AGG CCA ACA ACA ACA AGG
CCA AAC TGT CAC TAA GAA ATC TGC TGC TGA GGC ATC
TAA AAA GCC TCG CCA AAA ACG TAC TGC CAC AAA ACA
GTA CAA CGT CAC TCA AGC ATT TGG GAG ACG TGG TCC
AGA ACA AAC CCA AGG AAA TTT CGG GGA CCA AGA CCT
AAT CAG ACA AGG AAC TGA TTA CAA ACA TTG GCC GCA
AAT TGC ACA ATT TGC TCC AAG TGC CTC TGC ATT CTT
TGG AAT GTC ACG CAT TG

Lambda phage DNA Free Primer

Lambda phage DNA Immobilized Primer

SARS-1 (CoVNC) Free Primer

SARS-1 (CoVNC) Immobilized Primer

SARS-1 (CoVNC) Armored RNA
Template

Reverse

Forward53

Reverse, base number 282

Forward, base number 82B

Comments

Lower case letters indicate bases used as spacers, which are not part of the hybridized sequence. Phos abbreviation symbolizes phosphate
functionality. Lambda phage kit Applied Biosystems part number 4312778. Italics symbolizes primer binding sites.
B
Template 48 kbp.

A

Sequence (5 to 3)

Name

Table 2-1: DNA Sequences used in PCR InvestigationsA
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Reverse

ATG AAT TAC CAA GTC AAT GGT TAC CCT AAT ATG TTT ATC
ACC CGC GAA GAA GCT ATT CGT CAC GTT CGT GCG TGG ATT
GGC TTT GAT GTA GAG GGC TGT CAT GCA ACT AGA GAT
GCT GTG GGT ACT AAC CTA CCT CTC CAG CTA GGA TTT TCT
ACA GGT GTT AAC TTA GTA GCT GTA CCG ACT GGT TAT G
TGG AAT TCC ATC GCC CAC TGG
Thiol – ttt ttt ttt tAC TGA CAA TTT CAT CAT CAC C
CCA GAT AGT TGC AGA AGA CCT TCT ATC TCC TAG TGT GAT
GGA TGT GGG TGA CTT CAA AAT ATC AAT CAA TGA GGG
CCT TCC CTC TGG TGT GCC CTG CAC CTC TCA ATG GAA TTC
CAT CGC CCA CTG GCT CCT CAC TCT CTG TGC ACT CTC TGA
AGT TAC AAA CCT GTC CCC TGA CAT CAT ACA GGC TAA
TTC CCT CTT TTC CTT CTA TGG TGA TGA TGA AAT TGT CAG
TAC AGA TAT AAA CTT AAA CCC AGC CCG CCT CAC TCA
AAT TCT CAA GGA ATAT G

SARS-2 (BNI) Armored RNA Template

Norwalk Free Primer

Norwalk Immobilized Primer

Norwalk Armored RNA Template

Reverse

Lower case letters indicate bases used as spacers, which are not part of the hybridized sequence. Phos abbreviation symbolizes phosphate
functionality. Italics symbolizes primer binding sites.

A

Forward61

Thiol – ttt ttt ttt tCT GTA GAA AAT CCT AGC TGG AG

SARS-2 (BNI) Immobilized Primer

Forward54

GAAGCTATTCGT CACGTTCG

SARS-2 (BNI) Free Primer

Comments

Sequence (5 to 3)

Name

Table 2-1: DNA Sequences used in PCR Investigations, cont.A
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TCA GCG ATC TCT CCA CCA AAG
Thiol – ttt ttt ttt tGG GTC AGC ACG TTT GTC ATT G
GCT CCG CTG TCC CTG TGA
Thiol – ttt ttt ttt tCA CTC TCC TCC TGC ATG GAT G
GCA GTT ATT GCT ATT TGG CTA CCG TCA GCG ATC TCT
CCA CCA AAG CTG CGT GCC CGA CCA TGG GAG AAG CTC
ACA ATG ACA AAC GTG CTG ACC CAG CTT TTG TGT GCA
GAC AAG GGT ACT TCC ACA GAA GAG ACC TGC GGC
TCA TGG CCA ACG CCA TTT GCT CCG CTG TCC CTG TGA
ATT GGG TCC CTA CCG GAA GAA CCA CGT GGT CCA TCC
ATG CAG GAG GAG AGT GGA GGA CAA CAG AGG ACA TGT
TGG CCA CAT GTT GTA ACT TCA AAG CCC AAT GTC AGA
CCA CGC TAC GGC GTG CTA CTC TGC GGA GAG TGC AGT
CTG CGA TAG TGC CCC AGG AGG ACT GGG TTA ACA
AAG GCA AAC CAA CGC CCC ACG CGG CCC TAG CCC
CGG TAA TGG TGT TAA CCA GGG CGA AAG GAC TAG
AGG TTA G
AGA TCA ACT TCT GTC ATC CAG CAA
Phos - TTC TGC ACA TCA TAA TTA GGA
AAG ATG CAA ATC ATA AAT TCA CAG GAT TAA TAG GTA
Phos - TGA TAT CCA GCA TCT TTA AGT A

WNV-1 (Lanciotti) Free Primer

WNV-1 (Lanciotti) Immobilized Primer

WNV-2 (Lipkin) Free Primer

WNV-2 (Lipkin) Immobilized Primer

WNV Armored RNA Template

RSV A Forward Primer

RSV A Reverse Primer

RSV B Forward Primer

RSV B Reverse Primer

Digested after solution phase
PCR of clinical isolate62

Digested after solution phase
PCR of clinical isolate62

Used for both WNV-1 and
WNV-2 primer sets.

Reverse

Forward55B

Reverse

Forward55A

Comments

Lower case letters indicate bases used as spacers, which are not part of the hybridized sequence. Phos abbreviation symbolizes phosphate
functionality. Italics symbolizes primer binding sites.

A

Sequence (5 to 3)

Name

Table 2-1: DNA Sequences used in PCR Investigations, cont.A
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Used for all surface
coverage studies, moiety =
thiol, phos, or amine10

Comp primer used in
extension
Noncomp primer used in
extension
Template for extension21

ATT TAG GTG ACA CTA TAG AAG TGC TAT AAA CAC CAG CCT
CCC ATT CAG AAT ATA CAT CCA GTC ACA ATT GGA AAA
TAG AGT TTA AAC AGA TGC CAC AGG ATT AAG GAA TAT CCC
GCC CTA TAG TGA GTC GTA TTA
Moiety – ttt ttt ttt tCC ATC AAT GAG GAA GCT GCA – Alexa 647

TAA CAT TCG CAT TCA GGA T

CGA TAA CGG TCG GTA CGG

TAC GAG TTG AGA ACA CAG ACG TAC TAT CAT TGA CGC
ATC AGA CAA CGT GCG TCA AAA ATT ACG TGC GGA AGG
AGT TAT CCT GAA TGC G

Swine Flu H1N1 Positive Control Ultramer

SSF

Comp C6N7P12

Noncomp N18

Template T88

Reverse, (phosphorylated
analogue digested after
solution phase PCR)

Lower case letters indicate bases used as spacers, which are not part of the hybridized sequence. Phos abbreviation symbolizes phosphate
functionality. Italics symbolizes primer binding sites.

A

Template in PCR digested
by restriction endonuclease

Thiol – ttt ttt ttt tCG GGA TAT TCC TTA ATC CTG TGG C

Swine Flu H1N1 Immobilized Primer

Forward63

GTG CTA TAA ACA CCA GCC TCC CA

Swine Flu H1N1 Free Primer

Comments

Sequence (5 to 3)

Name

Table 2-1: DNA Sequences used in PCR Investigations, cont.A
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A

B

Figure 2-2. Schemes representing single-plex (A) and multiplexed (B) on-wire PCR assays
before and after addition of the complementary template and PCR reagents, and subsequent
thermocycling. Images show activity happening in individual reaction volumes; multiplexed
samples contain noncomplementary controls within each reaction volume as multiple primer
sequences are present, each on a nanowire with a corresponding barcode, while single-plexed
samples contain noncomplementary controls in a separate reaction volume as only one primer
sequence and the corresponding barcoded nanowire are present.
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Figure 2-3. Scheme showing the processing steps for on-wire PCR using Armored RNA. The
protein coat surrounding the RNA is first heat lysed and is then added to a reverse transcription
reaction containing primers (boxes), dNTP’s, and reverse transcriptase. The DNA generated
during this reaction is placed into the PCR reaction tube, along with dNTP’s, polymerase,
solution phase forward primers, and immobilized primers. The mixture is thermocycled and
imaged.
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Figure 2-4. Primer linearity determination for on-wire PCR using lambda phage DNA as the
template. The highest template concentration was 1 x 1011 copies (48 kb in length), shown in the
amplification plot (A) with the lowest CT. Each subsequent amplification plot represents a
sample with a decrease in template concentration by one order of magnitude, present in 25 μL
reaction volume.
The linear primer response deteriorates at 1 x 104 copies.
The
noncomplementary template sample is indicated by filled triangles, the no template sample by
filled diamonds, and the noncomplementary primer sample by filled squares. (B) shows the
standard curve generated using the data from (A). A primer efficiency of approximately 60 per
cent was determined.
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Figure 2-5. Molecules used during attachment chemistry between glass-coated wires and DNA:
(A) TEOS, (B) APTMS, (C) Sulfo-SMCC, and (D) EDC. Step-by-step attachment of DNA is
shown using (E) EDC, (F) Sulfo-SMCC, (G) triethoxsilylbutyraldehyde, and (H) 3glycidoxypropyl-trimethoxysilane. Stacey Dean assisted with figure drawing.
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Figure 2-6. (A) On-wire reflectance and fluorescence images of fluorescently tagged DNA
bound to nanowires using EDC attachment chemistry before and after being run through two
thermocycling protocols, scale bar represents 10 μm. On-wire fluorescence (B) was quantified
and in solution fluorescence of the supernatant (C) was also quantified before and after the
samples were run through two thermocycling protocols. The concentration shown reflects a ten
fold dilution of the supernatant when analyzed on the fluorimeter. At least 30 nanowires were
used to generate the mean shown for each sample in bar graphs, and error bars represented the
95th percent confidence interval. Error bars on fluorimetry data represent the standard deviation of
five replicate measurements and subsequent conversion to concentration using a calibration
curve. The data indicate that the EDC attachment chemistry is not thermostable enough to
withstand thermocycling conditions.
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Figure 2-7. Quantified on-wire fluorescence intensity of fluorescently tagged DNA bound to
nanowires through the attachment chemistries listed before and after being thermocycled.
Attachment chemistries are shown in Scheme 3. EDC was added in the presence of imidazole.
All attachment chemistries were analyzed using silicon nanowires from the same batch. To
attach DNA using aldehyde and epoxy chemistries, 75 μL wires were first coated in 10 % of the
appropriate silane and brought up to 500 μL total. 10 μL fluorescently tagged DNA were added
to 100 μL nanowires and were reacted overnight. Data was collected by Bo He.
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Figure 2-8. Amplification plot (A) showing solution phase and wire-bound extension during
PCR. All traces represent samples exposed to complementary template, where the open markers
show wires at 100 percent primer coverage, and closed markers show wires at 50 percent primer
coverage. Square makers represent a solution containing 1 solution primer and 1 wire
concentrations, triangle markers represent 1 solution primer and 2 wire concentrations, circle
markers represent 2 solution primer and 1 wire concentrations, and diamond markers represent
10 solution primer and 1 wire concentrations. The decreased surface coverage of immobilized
primer on-wire was accomplished by attaching to the wire a diluted immobilized primer solution,
50 percent of which was a thiolated 10 T spacer. Wires with ten times the normal primer
concentration exhibited the largest amount of extension the fastest, but the dissociation curve (B)
shows that the TM between the on-wire samples and the solution phase samples is not the same.
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Figure 2-9. Amplification plots showing the increase in on-wire amplification produced when
increasing the number of thermocycles from 40 (A) to 45 (B) and increasing the extension time
during each cycle from one to two minutes, respectively. The post-PCR dissociation curve (C)
when using two minutes per extension step shows the TM of the amplicon on-wire is the quite
similar to that in solution (minor differences in TM are due to slight variations, e.g., salt
concentration, from well-to-well, similar to variations from lane-to-lane in a gel), and that there
are no other amplicon lengths produced, indicating the fidelity of the reaction.
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Figure 2-10. Amplification plot (A) and quantified on-wire PCR sample microscopy images (B)
showing that decreasing the number of thermocycles performed does not increase the specificity
of the microscopy data (the background is not being generated by running the reaction for too
long). *** p value < 0.001 versus signal generated from complementary template, ns indicates
that the p value was not significant.
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Figure 2-11. Amplification plot (A) and dissociation curve (B) showing the amplification of
solution phase Armored RNA samples primed by different primer sets. These were generated
using a shorter thermocycling protocol for solution phase amplification. The CT increases with
increasing amplicon length; SARS-1 (diamonds) and SARS-2 (triangles) templates and primer
sets differ, and have amplicons of 67 and 109 bases long, respectively. West Nile Virus template
is used for multiple primer sets (1—blue squares and 2—green circles) that prime different
regions, but generate amplicons that are both 70 bases long. Noncomplementary samples include
WNV-1 or WNV-2 primers paired with SARS-1 or SARS-2 template, and either SARS-1 or
SARS-2 primers used with the other SARS template, or West Nile Virus template.
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Figure 2-12. Amplification plot (A) for on-wire Armored RNA PCR samples; only samples
using SARS-1 and WNV-2 primer sets show on-wire extension. Quantification of on-wire
microscopy images is also shown (B), where the background signal (that of the sample lacking
template) corresponds to the primer set used. The best specificity is observed in the SARS-1 and
WNV-2 samples, which showed on-wire extension in the amplification plot. ** p value < 0.01
when compared to signal from complementary template; ns indicates p value is not significant.
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Table 2-2. Properties of immobilized primers used to
amplify Armored RNA template sequences during PCR
Immobilized Primer

TM

Length

GC

SARS-1

60.1

27

40.7

WNV-1

59.4

31

35.4

WNV-2

59.5

31

38.7

SARS-2

56.3

32

31.2

103
SARS-2

Figure 2-13. Secondary structure of immobilized primer used to amplify SARS-2 template
(which resulted in nonspecific amplification) with a G of -5.4, analyzed with the following
parameters: 25 oC, sodium concentration of 50 mM and magnesium concentration of 2.5 mM.
Other immobilized primers did not show significant secondary structure (none showed
complementarity with primers of the same sequence). Mfold assistance from Kristin Cederquist.
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Figure 2-14. Amplification plots for single-plex PCR in solution and on-wire for SARS (A) and
Norwalk (B) Armored RNA samples. On-wire amplification is slower than solution phase
amplification, indicated by the higher CT, and generates less amplicons, as shown by the lower
plateau phase. A threshold level of 0.1 Delta Rn (background subtracted fluorescence intensity
data shown in all amplification plots) was chosen to eliminate any contribution from the
remaining background signal (visible here due to performing the log function on the slight
fluorescent intensities still present).
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Figure 2-15. Images shown are of single-plexed on-wire PCR of Norwalk Armored RNA
samples, where the reflectance images are used to identify the barcode pattern and thus the DNA
sequence, and the fluorescence images are used to quantify wire-bound fluorescence due to
amplification. Scale bar is 10 μm.
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Figure 2-16. Bar graphs showing the on-wire fluorescence for single-plexed on-wire PCR
samples quantified using the software NBSee for the complementary, noncomplementary, and no
template samples for both SARS (A) and Norwalk (B) Armored RNA samples. *** p value <
0.001 verses fluorescence signal of complementary sample.
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Figure 2-17. Quantified on-wire fluorescence data for multiplexed on-wire PCR using SARS
and Norwalk Armored RNA.
Inset shows background subtracted, normalized data.
*** p value < 0.001, and * p value < 0.05, between signals generated from complementary and
noncomplementary wire:probes within the same multiplexed sample.
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Figure 2-18. Background fluorescence signal generated when glass-coated wires were
thermocycled in the presence of PCR Master Mix containing Sybr Green intercalating dye. Both
the TEOS glass normally used and TEOS-OEG hybrid glass were tested; the fluorescence was
similar between the two and did not account for the large background signal observed in on-wire
PCR microscopy images. Glass-coated wires prepared by Stacey Dean.
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Figure 2-19. Scheme of possible non-ideal on-wire amplification morphologies, which may lead
to the formation of a mat of nonspecific amplification products. Three possible undesired
enzymatic products are shown here: 1) short amplicon generated by the enzyme dissociating
from the hybridized DNA before reaching the end of the template, 2) primer dimer generated by
the interaction of wire-bound primers, 3) subsequent amplicon that is not the same sequence of
the original template generated by serial nonspecific hybridization events. The exponential
amplification would increase the amount of nonspecific amplicon with each thermocycle.
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Figure 2-20. Photo of agarose gels taken with a phosphorimager. PCR product (both in solution
and on-wire) were digested with the restriction enzyme Dra I. Gel electrophoresis was used to
separate the enzymatic products in both the digested and undigested samples. The lanes contain
these samples: 1) low molecular weight DNA ladder, 2) solution phase digested complementary
PCR product, 3) solution phase undigested complementary PCR product, 4) solution phase
digested noncomplementary PCR product, 5) low molecular weight DNA ladder, 6) solution
phase undigested noncomplementary product, 7) on-wire digested complementary PCR product,
and 8) on-wire undigested complementary PCR product, 9) on-wire digested noncomplementary
PCR product (highlighted), 10) on-wire undigested noncomplementary product. Inset shows
contrast enhanced bands for on-wire PCR samples lanes 7 through 10. Ladder bands (from the
top) are: 766, 500, 350, 300, 250, 200, 150, 100, 75, 50, and 25 base pairs long. Digested halves
of the amplicon are approximately 50 and 80 bases (end bound to wire) long, the amplicon is
approximately 130 bases long, and primers are 17 bases long. Gel run with the assistance of
Melissa Mullen.
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On-Wire Fluorescence
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Figure 2-21. Enzymatic extension of thiolated oligonucleotides bound to metallic nanowires via
gold thiol bonds. No thermocycling was performed, as this was a single step extension at 37 o C,
which may be the cause for the increased specificity of the reaction. Data from Jihye Kim.
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Figure 2-22. (A) Diagram of a Receiving Operating Characteristic curve illustrating examples of
three different levels of discrimination between signal generated in the presence vs. absence of
the target, where the first case of complete discrimination is represented by the green line in the
ROC curve, the moderate level of discrimination the blue line, and the lack of discrimination the
red line. A ROC curve showing complete discrimination between correct and false results will be
composed of two straight lines, the first vertical along the y axis and the second horizontal along
the value of 1 on the x axis, indicating a perfectly specific assay. (B) A ROC curve for the singleand multiplexed on-wire PCR fluorescence data shown previously in Figure B. The ROC curve
shown here demonstrates the moderate specificity of the on-wire PCR assay. Figures plotted by
Kristin Cederquist.

Chapter 3
Ligase Chain Reaction Performed on Barcoded Nanowire Surfaces for
Pathogen Sequence Detection

Abstract

Ligase Chain Reaction (LCR) has been performed on nucleic acids bound to the surface
of a barcoded nanowire for multiplexed pathogen sequence detection. The barcode pattern of the
nanowire provides for template sequence identification and the exponential addition of
fluorescently tagged sequences to nanowire-bound probes in the presence of a complementary
template allows for quantifiable detection of template sequences. Several parameters, such as the
ligase used and the enzyme concentration, were optimized to achieve improved amplification and
reaction specificity. Probe strands designed for detection of four different respiratory virus
sequences were attached to nanowires having a different striping pattern. One- and four-plexed
on-wire LCR data using double stranded short oligonucleotide or longer (up to 200 bases long)
templates is shown. Selectivity for 3 of the 4 sequences was very good, with a detection limit for
the Swine Flu H1N1 sequence of 0.1 nM. The detection of longer templates resulted in decreased
on-wire fluorescence, indicating less surface bound amplification.

Introduction
Ligase Chain Reaction (LCR) is an enzymatic chain reaction capable of amplifying the
nucleic acids of pathogens present in a rapid fashion. LCR, when detecting for sickle cell anemia
or human papillomavirus, has achieved routine detection at approximately the attomoles (~106
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molecules) range, and achieved a limit of detection at approximately a few hundred molecules.1
Ligases link together two adjacent DNA sequences, one with a 3' hydroxyl and the other with a 5'
phosphate, hybridized to the same template, shown in Figure 3-1. Ligase Chain Reaction (LCR)
exponentially increases the amount of template DNA present, as the product of one reaction cycle
is used as the substrate in the next reaction cycle, much the same as in Polymerase Chain
Reaction (PCR). Ligase Detection Reaction is also possible, where a linear amplification of
template DNA is achieved, as only one side (the sense or antisense strand) is present in a form
capable of ligation. Because respiratory pathogens are difficult to diagnose by symptoms alone,
sequences of respiratory pathogens were used as templates in these studies, illustrating on-wire
LCR's applicability in a clinical setting.
In a study performed by Winn-Deen et al., direct fluorescence measurements of LCR
products that were captured post amplification on a microtitre plate were not sufficiently sensitive
due to the detection limit of the plate reader (10 nM), and so enzyme immunoassays that were
chromogenic, fluorogenic, or luminogenic were investigated to boost the detectable signal
produced post LCR; this method also suffered from signal variations due to the plate properties.2
Solution phase LCR products are most often directly detected by running radiolabeled DNA
through gel electrophoresis,3-5 or indirectly (after capturing the ligation product on a particle) by
performing a sandwich immunoassay, which uses a secondary enzyme subsequently linked to the
ligation product to generate its own detectable fluorescent product.5-10

Fluorescence

measurements have been recorded using a laser scanning sequencer, but this requires that the
ligation products first be run through a sequencing gel;2,

11

Southern blotting12 and dedicated

instrumentation such as capillary electrophoresis13 have also been utilized for detection, but all
three of these methods are time consuming and labor intensive.
There have been few publications on the use of enzymes for exponential amplification of
nucleic acids when primer or probe sequences were immobilized to a surface. Most literature,

115
while stating that it is a surface phase reaction, instead captures the post enzymatic amplification
product on a surface, but does not perform the amplification on bound nucleic acids, as is the case
with the Abbott LCx system, where post LCR product is captured on the surface of a bead.5-9, 14, 15
Most reported ligation reactions that are performed on a surface, whether it is a bead,16-18 a quartz
crystal microbalance,19 an electrode,20 or an array,21-23 do not perform amplification reactions as
there is no thermocycling involved. When thermocycling was incorporated, ligase detection
reaction (LDR) was performed, generating a linear DNA amplification.24

Alivisatos and

coworkers performed LCR on nucleic acids bound to colloidal particles, but to our knowledge
this has been the only mention of LCR on a surface performing exponential amplification, which
was used for nanoarchitecture design and not detection purposes.25 PCR has been combined with
a ligation reaction for the detection of Single Nucleotide Polymorphisms (SNPs) using barcoded
nanowires as surface substrates26, however, the enzymatic chain reaction was not performed on
the nanowires, which introduces the possibility of cross contamination.
The use of barcoded nanowires for sequence identification precludes the need for
radiolabeled or differing fluorescently tagged sequences, differing amplicon (post amplification
product) lengths, or the use of indirect quantification, as the nanowire pattern is used for
identification, which increases the number of possible sequences detectable in one assay. When
each nanowire pattern is functionalized with probes of a different sequence, multiplexing LCR is
feasible (see Figure 3-2). To image the LCR product an optical microscope is all that is required,
enabling clinical facilities that already possess microscopes, but do not possess to other
instrumentation such as a fluorimeter or a capillary electrophoresis system to perform this assay.
Figure 3-2 shows the sandwich hybridization assay created when the oligonucleotide
probe captures a template strand, and the template strand also captures a fluorescently tagged
oligonucleotide (with a 5' phosphate). The adjacent probe and tag strands are covalently bound
by the ligase, which results in the fluorescent tagging of the associated barcoded nanowire only in
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the presence of sequence-specific template. As the opposite strand is present for ligation in
solution, there is an exponential increase in fluorescently labeled barcoded nanowires specific for
the pathogen sequence of interest. On-wire LCR has the same advantages of multiplexing and
sequence identification as on-wire PCR, but has the added benefit that where the polymerase has
to perform an enzymatic reaction for the addition of each base, the ligase has to perform only one
enzymatic reaction to link the entire tag to the probe sequence. This decreases the overall number
of required enzymatic reactions per nanowire and increases the specificity of the reaction, as three
strands need to hybridize before ligase association and activity, as opposed to only two strands
needed to hybridize before polymerase activity. On-wire LCR faces the same difficulty of
increased steric hindrance over solution phase amplification that on-wire PCR faces, and
optimization to overcome this issue is discussed, however, no evidence for the generation of a
mat of DNA on the surface of the nanowire was seen when using ligases in place of polymerases.
We report here the use of on-wire LCR for the rapid, multiplexed detection of pathogens
utilizing the enzymatic chain reaction amplification of oligonucleotides immobilized onto
encoded particles, here barcoded nanowires, which are used for identification of nucleic acid
sequences of interest.

Materials and Methods

Materials
Nanowires were either purchased from Oxonica Inc. or made in house as previously
described.27-34

Tetraethoxysilane

(TEOS)

was

purchased

from

Gelest

Inc.

Aminopropyltrimethoxysilane (APTMS) was purchased from either Gelest Inc. or TCI. Water
was purified to 18.2 M using a Barnstead nanopure system and all water and buffer solutions
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were autoclaved prior to used. Dithiothereitol (DTT) and buffer salts for phosphate buffered
saline (PBS) and N-Cyclohexyl-2-aminoethanesulfonic acid (CHES) were purchased from Sigma
Aldrich, and ammonium hydroxide was purchased from EMD. Sodium Chloride was purchased
from

VWR.

Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-

SMCC) was purchased from Pierce Protein Research Products (Thermo Scientific). All DNA
sequences were analyzed using Mfold software35, 36 with the assistance of Kristin Cederquist and
synthesized by Integrated DNA Technologies Inc. Ligases were purchased from New England
Biolabs Inc. DNA sequences used in this work are listed in Tables 3-1 through 3-5.

Cleaving Thiolated DNA
A CentriSpin 10 column (Princeton Scientific) was vortexed for 15 seconds to remove air
bubbles, then left to sit for 30 minutes after the addition of 650 μL H2O. A 100 mM DTT
solution was made and 50 μL of this was added to 50 μL of a 100 μM thiolated DNA solution.
The mix was left to sit for at least 30 minutes. The spin column (with caps removed) was placed
in a flat bottom wash tube and centrifuged for 2 minutes at 750 g. The bottom wash tube with the
water was thrown away and the spin column was placed in a centrifuge tube. The DNA/DTT
solution was placed on the column and the column was spun at 750 g for 2 minutes. The cleaved
DNA was in the centrifuge tube and its concentration was determined by measuring its
absorbance at 260 nm using a Hewlett-Packard 8453 diode-array UV Visible spectrophotometer.

Nanowire Coating
To glass coat nanowires, 300 μL nanowires were mixed with 160 μL water, 10 μL
ammonium hydroxide, and 490 μL 200 proof ethanol (Pharmo-Aaper).37

Nanowires were
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sonicated to mix, then 40 μL Tetraethoxysilane was added and the solution was immediately
sonicated (with water cooling) for one hour. Nanowires were rinsed once at 300 g for 30 seconds
in ethanol, and then three times with 300 μL ethanol, spinning for 1 minute 7700 g. Nanowires
were imaged using a Transmission Electron Microscopy (by myself, Jiyhe Kim, Stacey Dean,
Ben Smith, or David Kirby) to ensure good glass coating. A JEOL JEM 1200 EXII TEM
instrument was used with a high resolution Tietz F224 digital camera at an accelerating voltage of
80 kV.
To attach DNA to nanowires, 13.3 μL nanowires of one glass-coated barcode pattern
were mixed with 26.6 μL ethanol and 4.4 μL APTMS, and vortexed for 30 minutes. They were
rinsed 3 times with 44.4 μL ethanol and 3 times with CHES buffer (10 mM, pH 9.0). A solution
of 1 mg Sulfo-SMCC in 400 μL CHES buffer was made. The nanowires were resuspended in 8.8
μL of CHES buffer and 8.8 μL Sulfo-SMCC solution was added; they were then vortexed for one
hour. The nanowires were rinsed in 13.3 μL CHES buffer 3 times and PBS buffer (0.3 M NaCl,
10 mM phosphate, pH 7.0) 3 times. Thiolated, cleaved DNA was added to a final concentration
of 1 μM, and the total volume was brought to 33.3 μL with PBS buffer; the nanowires were
vortexed for 2 hours. The nanowires were then rinsed 3 times in 33.3 μL PBS buffer and
transferred to a new PCR tube. They were placed in a Perkin Elmer Gene Amp PCR System
2400 thermocycler and heated to 95oC for 10 minutes and then 25oC for 10 minutes, and then
rinsed in 33.3 μL H2O. The nanowires were resuspended in 13.3 μL H2 O, transferred to a new
PCR tube, and stored at 4oC until the following morning. If required, these procedures were
scaled up to accommodate more samples per experiment.
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Ligase Detection and Chain Reaction

After coating nanowires with the oligonucleotide probe, 3.28 μL nanowire were mixed
with 1 μL of 0.05 μM of each side of the complementary or noncomplementary oligonucleotide
template (or water in no template samples). They were also mixed with 2.5 μL of 20 μM of the
solution phase probe, and both the nanowire-bound (phosphorylated and fluorescently tagged)
and solution phase (phosphorylated) tag oligonucleotides. When adding in the solution phase
tags and probes in samples shown in Figures 3-3, 3-4, and 3-5, 2.5 μL of 0.2 μM solution phase
oligonucleotides were used; when adding in solution phase tags to the samples shown in Figures
3-6, 3-7, 3-8, and 3-9 (performed after optimization), 2.5 μL of 0.002 μM were used. Ligase was
added, 0.37 μL 9oN. The solution was brought up to 50 μL with the Enzyme Reaction Buffer in
Figures 3-3, 3-4, and 3-5; samples shown in Figures 3-6, 3-7, 3-8, and 3-9 had 5 μL Enzyme
Reaction Buffer added and were brought to 50 μL with water. In LDR reactions, the solution
phase probe, template, and tag were not added. The tubes were quick spun and then mixed with a
pipetter; two 19 μL aliquots of each sample were placed in wells of a 96 well plate.

All

thermocycling of ligase samples was done on a Applied Biosystems 7300 Real Time
thermocycler. The plate was thermocycled with an extended procedure of 30 cycles of 94oC for 1
minute and 65oC for 4 minutes. The samples shown in Figure 3-7 contained twice as much Swine
wire tag as SARS wire tag, and were thermocycled for 30 cycles of 94 oC for 1 minute and 65 oC
for 6 minutes. Nanowires were transferred to PCR tubes and rinsed once or twice with PBS
before imaging.

When increasing concentrations of certain parameters in order to increase

fluorescence intensity, 10 enzyme or wire tag were used, and 2 nanowire:oligonucleotides
were used.
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Imaging Parameters

Nanowire samples were imaged on a Nikon inverted TE 300 microscope equipped with a
Lambda LS Xenon 300 Watt light source coupled to a liquid light guide. A plan apo 60  oil
immersion objective (NA 1.4) was used. A reflectance cube with a half-silvered mirror paired
with a 430/60 nm long pass filter was used to take reflectance images; a Lambda 10-2 optical
filter changer (Sutter Instruments) controlled filter and shutter movement. A Cy 5 fluorescence
cube (Chroma set number 41008) with excitation filter HQ620/60 nm, emission filter HQ700/75
nm, and dichroic 660 nm long pass, was used to take fluorescence images. Images were acquired
with a 1500 ms exposure time using ImagePro 7.0 and captured on an HQ Coolsnap digital
camera from Photometrics. Samples were prepared by first sonicating and mixing samples with a
pipetter, then dropping 10 μL onto a cover slip, onto which a glass slide was placed. The
software program NBSee was used to take linescans of nanowires and compile average
fluorescence intensities for each nanowire pattern.

Results and Discussion
Several factors were important in the optimization of the on-wire LCR assay that are
discussed below. These factors include: which ligase was used and its concentration, other
reagent concentrations such as the fluorescently labeled tag DNA and the nanowire:probe
conjugates, the ratio between the different DNA strands present in the reaction mixture, the
thermocycling protocol, and the length of the template. After parameter optimization, both
single-plexed and multiplexed on-wire LCR was performed, the data for which is analyzed
below.
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On-Wire Ligase Chain Reaction and Optimization

Initial reaction parameters were based on ligase reaction guidelines recommended by the
manufacturer and modified in order to optimize them for use in on-wire ligase chain reaction, i.e.
to overcome the detrimental steric hindrance without reducing the fidelity of the system. On-wire
Ligase Chain Reaction (LCR) was performed using one of two enzymes: Taq or 9o N ligase, as
they are very thermostable and were recommended for use in thermocycling. While neither
enzyme generated extremely specific amplification, the 9o N ligase performed better on-wire,
generating more fluorescence signal, which was interpreted as increased surface-bound
amplification product in the presence of the complementary template, as shown in Figure 3-3.
This may be due to the fact that Taq enzyme requires a higher salt concentration than the 9o N
ligase, which is not as ideal in the on-wire system. Fluorescence intensity was found to be
statistically significant (* p value < 0.05) for the on-wire fluorescence signal in the presence of
the complementary template versus the signal in the presence of the noncomplementary or the
lack of template samples when either Taq or 9o N was used; because of the increased
amplification produced with 9o N than Taq, this ligase was chosen for all future LCR
optimization experiments.
On-wire LCR was optimized by altering the concentrations of several reagents in the
reaction. In on-wire LCR the nanowire-bound probe is ligated to the fluorescent tag when the
complementary template hybridizes, bringing the probe and tag in close proximity for ligase
activity.

Complementary sequences are also present in solution, where a probe and

(nonfluorescent) tag are present in solution and are ligated after template hybridization and
enzymatic activity. The resulting ligated sequence can act as a template in the on-wire ligation,
creating an exponential amplification, but may also act as a competing enzymatic substrate as it is
more sterically favorable than the nanowire-bound substrate. The ratio between the nanowire-
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bound sequences and the solution phase sequences is one aspect of the on-wire LCR that was
optimized in order to balance conditions that were favorable for the enzyme as well as the
surface-bound nucleic acids.
Figure 3-4 shows the result of adding into solution 1 μM (a common concentration used
in solution phase LCR) of either: the solution phase probe sequence, or both the solution phase
and the nanowire-immobilized probe sequences for SARS.

The graph shows on-wire

fluorescence when solution phase probes and tags (complementary to nanowire-bound probes and
tags—the green and blue strands in Figure 3-2) were added to LCR reactions; the resulting ligated
strand acted as a template in the on-wire LCR, providing for exponential amplification. The
graph also shows on-wire fluorescence when strands both complementary to, and the same
sequence as (the orange and purple strands in Figure 3-2), the nanowire probes and tags were
added into solution; the solution phase strands compete with nanowire-bound strands for
enzymatic activity, decreasing the overall complementary on-wire ligation. The samples with
only the solution phase probe sequence in solution maximized on-wire enzymatic amplification
and showed vastly better specificity in on-wire microscopy. A range of concentrations of the
solution phase SARS probe and tag oligonucleotides was also investigated in the LCR assay (data
not shown). A final solution phase probe and tag concentration of 0.1 nM was gave the most
overall amplification and the best discrimination between samples containing complementary or
no templates (and performed better than LDR), and was used in future experiments.
In addition to altering the solution phase probe concentration, the nanowire:probe
conjugate, the fluorescently labeled wire tag oligonucleotide, and the enzyme concentrations were
also altered in the LCR assay detecting SARS template. Figure 3-3 shows the use of a 2
nanowire:probe concentration, and 10 wire tag and enzyme concentrations (in comparison with
1 concentrations of all three reagents, shown in Figure 3-4). The 2 wire:probe conjugate

123
concentration provided the opportunity for more overall ligation reactions without allocating so
large a percentage of the volume available to particles that they would create a large pellet. A
10 enzyme concentration was chosen in order to increase the amount of enzyme available to
ligate the nanowire-bound oligonucleotide (and therefore the occurrence of ligation), but not to
increase it to the point of generating nonspecific amplification. The amount of wire tag available
was also increased to drive the ligation reaction but not so much that it would drive incorrect
reactions. Increasing the concentration of nanowire:probes and wire tag both decreased the
specificity of the assay. The increase of the enzyme concentration resulted in an increase in
specificity from 27 (Figure 3-4) to 32 times more fluorescence for complementary than for no
template samples. Due to these findings, a range of enzyme concentrations was investigated, the
results of which are shown in Figure 3-6.

The 1 enzyme concentration represents the

concentration recommended by the manufacturer for solution phase LCR assays.

The 10

enzyme concentration gave the most specific microscopy results for the detection of SARS (and
performed better than a Sandwich Hybridization Assay—SHA) and was used for all future
experiments.
Thermocycling parameters were also examined to ensure ample time for enzymatic
activity on-wire without allowing for nonspecific activity. The extension time was increased to
as much as 8 minutes per cycle, the number of cycles ranged from 15 to 30, and the extension
temperatures of 45 and 65 oC were tested. An optimal thermocycling protocol of 20 cycles of 94
o

C for 1 minute and 65 oC for 6 minutes (a total thermocycling protocol time of approximately 3

hours) was found to yield the most ligation and the most specific ligation on-wire, as indicated by
on-wire microscopy results after rinsing
minutes).

(where imaging each sample took approximately 15

The on-wire fluorescence results for an LCR assay utilizing this thermocycling

protocol are shown in Figures 3-7, 3-8, and 3-9.
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Single- and Multi-plexed LCR On-Wire

Microscopy images from single-plexed on-wire LCR samples generated using synthetic
oligonucleotide templates of SARS and Swine Flu H1N1 are shown in Figure 3-7. In the singleplex samples, nanowire:probes were exposed to complementary, noncomplementary, and no
template, each in an individual sample tube. In the corresponding multiplexed samples, multiple
nanowire:probes conjugates—each with their own barcode

pattern and bound nucleic acid

sequence (SARS—0011111111, and Swine Flu H1N1—0000001010, where 0 is gold and 1 is
silver), were exposed to template sequence(s) complementary to one, none, or both of the probes
bound to the wires in solution.

The graphs in Figure 3-8 represent fluorescence intensity

measured on-wire, which for multiplexed samples was background subtracted and normalized
(where the signal from the sample without template is subtracted out and the fluorescence values
are normalized to the complementary intensity).

Significant discrimination between

complementary and noncomplementary samples is seen (*** p values < 0.001) for both singleand multi-plexed samples. This is a general improvement over the multiplexed on-wire PCR,
indicating that on-wire LCR is more specific.
A Receiving Operating Characteristic (ROC) curve can be used to discriminate actual
positive and negative results from false positive and negative results determined by an assay.38, 39
The diagram shown in Figure 3-9 illustrates examples of three different levels of discrimination
between signal generated in the presence vs. absence of the target, where the first case of
complete discrimination is represented by the green line in the ROC curve, the moderate level of
discrimination the blue line, and the lack of discrimination the red line. A ROC curve showing
complete discrimination between correct and false results will be composed of two straight lines,
the first vertical along the y axis and the second horizontal along the value of 1 on the x axis,
indicating a perfectly specific assay and a complete lack of overlap between signal in the
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presence vs. signal in the absence of the target. A ROC curve was generated using the on-wire
fluorescence intensities of the single- and multiplexed samples shown in Figure 3-8. The curve
shown in Figure 3-9 is very close to the model of complete discrimination between true and false
positives and negatives, confirming the specificity of the on-wire LCR assay. The percentage of
the area under the curve can be used to quantitatively compare the accuracy of differing assays.
For single-plexed LCR samples, SARS wire:probes generated an area of 100 %, while Swine Flu
H1N1 wire:probes generated an area of 98 %. For multiplexed LCR samples, the area under the
curve when exposing nanowire:probes to SARS template was 94 %, while the area under the
curve when exposing nanowire:probes to Swine Flu H1N1 template was 91 %. This indicates a
small decrease in accuracy for the on-wire LCR assay when moving from single- to multi-plexed
assays, but this is an improvement over the accuracy for on-wire PCR, where single-plexed
samples generated areas of 90 % and 93 %, and where multiplexed samples generated areas of 89
% and 64 % for SARS and Norwalk Virus, respectively. This is most likely due to the need for 3
strands to hybridize before enzymatic association and activity in LCR (as opposed to only 2 in
PCR), as well as the need for only one enzymatic reaction per bound oligonucleotide, reducing
the likelihood of nucleic acid mat formation on the nanowire surface when using a ligase.
Single- and multi-plexed LCR was also performed with ultramer templates, synthetic
sequences of up to 200 bases in length. While the steric hindrance was increased when using
ultramer templates, as opposed to oligonucleotide templates, specific amplification was still seen
in both single- and multi-plexed LCR samples, as shown in the fluorescence quantification in
Figure 3-10, and the images and their quantification in Figures 3-11 and 3-12, respectively.
Single-plexed

samples

comparing

LCR

performed

with

complementary

versus

noncomplementary templates for sequences of SARS, Swine Flu H1N1, RSV A, and RSV B
were found to be statistically significant (*** p values < 0.001). Multiplexed samples were also
tested using all of the sequences listed. Analyzing the raw data resulted in p values < 0.001 for
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all four sequences permutations of all three combinations of signal comparisons. These include
comparing nanowire:probes exposed to complementary template, to signal from either other
nanowire:probes exposed to the same template within the same sample or the same
nanowire:probes exposed to different templates in other multiplexed samples, as well as the same
nanowire:probes exposed to no template in a separate multiplexed sample. The only exception
was a less significant p value of < 0.05 generated when comparing the complementary RSV A
signal to the noncomplementary Swine Flu H1N1 signal in the same multiplexed sample. This
may be due to undesirable association of the Swine Flu H1N1 wire tag sequence with the RSV A
template sequence hybridized to the nanowire-bound RSV A probe strand, which could be
reduced in the future by optimizing the design of the Swine Flu H1N1 wire probe to reduce
interactions with the noncomplementary RSV A template. Background subtracted, normalized
signals for the multiplexed samples are also shown in Figure 3-12, and more clearly show the
difference between complementary and noncomplementary samples. LCR has been shown here
to specifically detect oligonucleotides and ultramers of pathogen sequences in a multiplexed
format and shows promise for future assays.
Serial dilutions of the Swine Flu H1N1 ultramer template were tested in a multiplexed
LCR assay also containing nanowire:probes for SARS (for generation of a noncomplementary
signal), shown in Figure 3-13. The p values for samples with template concentrations of 1 nM
and 0.1 nM were both < 0.001. The confidence levels that the signals were statistically different
drop off relatively quickly after those samples, however, to non-significant values. This is most
likely due to the sterics of the enzyme association to the sandwich hybridization occurring
between the DNA strands on the surface of the nanowire inhibiting ligation of template strands
present in low concentrations.40 The sensitivity of the reaction was therefore 0.1 nM, which is
significantly less sensitive than solution phase LCR that has a routine detection limit at the
attomolar range,1 however, the sensitivity of other bead or array based ligation assays ranges from
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nanomolar to attomolar detection,16,

18, 19, 21

most likely due to the use of pre- or post-ligation

amplification steps to achieve lower limits of detection. There is room for future optimization of
the on-wire LCR system in order to increase the sensitivity of the LCR reaction, perhaps by
increasing the probability of ligase association to nanowire-bound oligonucleotides, which may
be accomplished by altering parameters such as probe surface coverage, or use of an oligo
ethylene glycol linker instead of DNA bases between the thiolated end of the probe and the
segment of sequence that hybridizes to the template.40

The detection limit when using

oligonucleotides as opposed to longer synthetic sequences will most likely improve, as the steric
hindrance is reduced.

While altering parameters such as these did not assist in on-wire

amplification performed by polymerases, this may be due to the enzyme-specific interaction with
the bound oligonucleotides in the generation of a mat of DNA on the surface, which can be
circumvented with the use of ligases for DNA amplification.

Conclusions and Future Directions
On-wire multiplexed LCR using oligonucleotide or ultramer templates has been
reproducibly performed and found to be specific. The increase of ligation enzyme concentration
and the addition of the solution phase probe and tag strands increased the fluorescence intensity
generated on-wire and the specificity of the amplification. An optimal concentration of the
solution phase probe and tag was found to be 0.1 nM, and the optimal concentration of the ligase
was found to be 10 . 9o N was determined to be the best ligase for on-wire LCR and optimized
thermocycling conditions for this system were determined. ROC curves were generated, which
confirmed the specificity of the on-wire LCR in single and multiplexed environments. Up to four
templates were analyzed simultaneously in multiplexed experiments and serial dilutions of the
template in multiplexed experiments were performed. There has been very limited use of Ligase
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Chain Reaction coupled with any surface;5-9,

14, 25

this demonstrates the first known use of

multiplexed LCR performed with a surface bound oligonucleotide probe. In the future, analysis
of clinical samples may be performed; this will be discussed in the future directions section at the
end of the dissertation. In short, successfully performing an enzymatic amplification reaction
such as LCR on oligonucleotides bound to the surface of an encoded particle has great promise in
the detection of multiple different types of pathogens at concentrations lower than currently can
be detected without labor intensive and lengthy processing.
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Figure 3-1. Representation of solution phase sandwich hybridization assay, ligase detection
reaction, and ligase chain reaction. The red and black lines represent the sense and antisense
strands of the template, the green and orange lines represent probe strands, and the blue and
purple lines represent tag strands that have 5' phosphate groups. Ligase detection reaction
amplification is linear, and ligase chain reaction amplification is exponential.
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Figure 3-2. On-wire Ligase Chain Reaction, where each barcode pattern is paired with a probe
oligonucleotide of a pathogen-specific sequence. The green and blue lines represent the wire
bound strands and the orange and purple lines represent the strands in the solution of the reaction
mix.

CAT CCA ACG GAG CAC AGG A
Phos – TCC TGT GCT CCG TTG GAT G – Alexa 647

Thiol – taa cat tTT CTG CAC ATC ATA ATT AGG AGT
ATC AAT ACT ATC
CAT CCA ACG GAG CAC AGG AGA TAG TAT TGA TAC
TCC TAA TTA TGA TGT GCA GAA
TTC TGC ACA TCA TAA TTA GGA GTA TCA ATA CTA
TCT CCT GTG CTC CGT TGG ATG
AGA TCA ACT TCT GTC ATC CAG CAA ATA CAC CAT
CCA ACG GAG CAC AGG AGA TAG TAT TGA TAC TCC
TAA TTA TGA TGT GCA GAA
TTC TGC ACA TCA TAA TTA GGA GTA TCA ATA CTA
TCT CCT GTG CTC CGT TGG ATG GTG TAT TTG CTG
GAT GAC AGA AGT TGA TCT
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RSVA Wire Probe

RSVA Oligonucleotide
Template

RSVA Oligonucleotide
Complement Template

RSVA Ultramer Template

RSVA Ultramer
Complement Template

Comp to soln
probe and tag

Comp to wire
probe and tag

Comp to soln
probe and tag

Comp to wire
probe and tag

Bound to wire

RSV A sequences code for respiratory syncytial virus A, Accession number X00001.1, adapted from reference 41. Lower case
letters indicate bases used as spacers, which are not part of the hybridized sequence. Italicized letters indicate primer binding
regions. Complementarity between probe & tag strands and the corresponding oligonucleotide or ultramer template are indicated
by the same font color. Phos abbreviation symbolizes phosphate functionality, thiol abbreviation symbolizes thiol functionality.
Alexa 647 symbolizes fluorescently tagged strand.

A

Ligated to soln
probe

Phos – GAT AGT ATT GAT ACT CCT AAT TAT GAT
GTG CAG AA

RSVA Soln Tag

Ligated to wire
probe

Comments

Sequence (5 to 3)

Name

Table 3-1: RSV A Sequences used in LCRA
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Phos – AGA CAC TAT AAA GAT ACT TAA AGA TGC TGG ATA
TCA
GCT ATG TCC AGG TTA GGA AGG GA
Phos – TCC CTT CCT AAC CTG GAC ATA GC– Alexa 647
Thiol – taa cat tTG ATA TCC AGC ATC TTT AAG TAT CTT TAT AGT
GTC T
GCT ATG TCC AGG TTA GGA AGG GAA GAC ACT ATA AAG ATA
CTT AAA GAT GCT GGA TAT CA
TGA TAT CCA GCA TCT TTA AGT ATC TTT ATA GTG TCT TCC
CTT CCT AAC CTG GAC ATA GC
AAG ATG CAA ATC ATA AAT TCA CAG GAT TAA TAG GTA TGT TAT
ATG CTA TGT CCA GGT TAG GAA GGG AAG ACA CTA TAA AGA
TAC TTA AAG ATG CTG GAT ATC A
TGA TAT CCA GCA TCT TTA AGT ATC TTT ATA GTG TCT TCC CTT
CCT AAC CTG GAC ATA GCA TAT AAC ATA CCT ATT AAT CCT
GTG AAT TTA TGA TTT GCA TCT T

RSVB Soln Tag

RSVB Soln Probe

RSVB Wire Tag

RSVB Wire Probe

RSVB Oligonucleotide
Template

RSVB Oligonucleotide
Complement Template

RSVB Ultramer Template

RSVB Ultramer
Complement Template

Comp to soln
probe and tag

Comp to wire
probe and tag

Comp to soln
probe and tag

Comp to wire
probe and tag

Bound to wire

Ligated to wire
probe

Ligated to soln
probe

Comments

RSV B sequences code for respiratory syncytial virus B, Accession number DQ780569.1, adapted from reference 41. Lower case letters
indicate bases used as spacers, which are not part of the hybridized sequence. Italicized letters indicate primer binding regions.
Complementarity between probe & tag strands and the corresponding oligonucleotide or ultramer template are indicated by the same font
color. Phos abbreviation symbolizes phosphate functionality, thiol abbreviation symbolizes thiol functionality. Alexa 647 symbolizes
fluorescently tagged strand.

A

Sequence (5 to 3)

Name

Table 3-2: RSV B Sequences used in LCRA
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Bound to wire
Comp to wire
probe and tag
Comp to soln
probe and tag
Comp to wire
probe and tag

GCA GCA TTG TTA TTA GGA TTG CGG GTG CC
Phos – GGC ACC CGC AAT CCT AAT AAC AAT GCT GC – Alexa 647

Thiol – taa cat tGG AGC CTT GAA TAC ACC CAA AGA CCA CAT T
GCA GCA TTG TTA TTA GGA TTG CGG GTG CCA ATG TGG TCT TTG
GGT GTA TTC AAG GCT CC
GGA GCC TTG AAT ACA CCC AAA GAC CAC ATT GGC ACC CGC AAT
CCT AAT AAC AAT GCT GC
TTG TAG CAC GGT GGC AGC ATT GTT ATT AGG ATT GCG GGT GCC
AAT GTG GTC TTT GGG TGT ATT CAA GGC TCC CTC AGT TGC AAC
CCA TAC GAT GCC TTC T
AGA AGG CAT CGT ATG GGT TGC AAC TGA GGG AGC CTT GAA TAC
ACC CAA AGA CCA CAT TGG CAC CCG CAA TCC TAA TAA CAA TGC
TGC CAC CGT GCT ACA A

SARS COVNC Soln Probe

SARS COVNC Wire Tag

SARS COVNC Wire Probe

SARS COVNC Oligonucleotide
Template

SARS COVNC Oligonucleotide
Complement Template

SARS COVNC Ultramer
Template

SARS COVNC Ultramer
Complement Template

Comp to soln
probe and tag

SARS CoVNC sequences code for severe acute respiratory syndrome nucleocapsid. Primer sequence were recommended by the Armored RNA
manufacturer, Asuragen. Lower case letters indicate bases used as spacers, which are not part of the hybridized sequence. Italicized letters indicate
primer binding regions. Complementarity between probe & tag strands and the corresponding oligonucleotide or ultramer template are indicated by
the same font color. Phos abbreviation symbolizes phosphate functionality, thiol abbreviation symbolizes thiol functionality. Alexa 647 symbolizes
fluorescently tagged strand.

A

Ligated to soln
probe

Phos – AAT GTG GTC TTT GGG TGT ATT CAA GGC TCC

SARS COVNC Soln Tag

Ligated to wire
probe

Comments

Sequence (5 to 3)

Name

Table 3-3: SARS CoVNC Sequences used in LCRA
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CCA GTC ACA ATT GGA AAA TAG AGT TTA AAC AGA T
Phos – ATC TGT TTA AACTCT ATT TTC CAATTG TGA CTG G – Alexa 647
Thiol – ttt ttt ttt tCG GGA TAT TCC TTA ATC CTG TGG C

CCA GTC ACA ATT GGA AAA TAG AGT TTA AAC AGA TGC CAC AGG ATT
AAG GAA TAT CCC G
CGG GAT ATT CCT TAA TCC TGT GGC ATC TGT TTA AAC TCT ATT TTC
CAA TTG TGA CTG G
ATT TAG GTG ACA CTA TAG AAG TGC TAT AAA CAC CAG CCT CCC ATT
CAG AAT ATA CAT CCA GTC ACA ATT GGA AAA TAG AGT TTA AAC AGA
TGC CAC AGG ATT AAG GAA TAT CCC GCC CTA TAG TGA GTC GTA TTA
TAA TAC GAC TCA CTA TAG GGC GGG ATA TTC CTT AAT CCT GTG GCA
TCT GTT TAA ACT CTA TTT TCC AAT TGT GAC TGG ATG TAT ATT CTG
AAT GGG AGG CTG GTG TTT ATA GCA CTT CTA TAG TGT CAC CTA AAT

SWH1 Soln Probe

SWH1 Wire Tag

SWH1 Wire Probe &
Reverse Primer Thiolated

SWH1 Wire Oligonucleotide

SWH1 Soln Oligonucleotide
(Complement)

SWH1 Positive Control
Ultramer

SWH1 Positive Control
Ultramer Complement

Comp to soln
probe and tag

Comp to wire
probe and tag

Comp to soln
probe and tag

Comp to wire
probe and tag

Bound to wire

Ligated to wire
probe

Ligated to soln
probe

Comments

SWH1 Control sequences code for Swine Flu H1N1 using the sequences indicated by the CDC.42 Lower case letters indicate bases used as spacers,
which are not part of the hybridized sequence. Italicized letters indicate primer binding regions. Complementarity between probe & tag strands and the
corresponding oligonucleotide or ultramer template are indicated by the same font color. Phos abbreviation symbolizes phosphate functionality, thiol
abbreviation symbolizes thiol functionality. Alexa 647 symbolizes fluorescently tagged strand.

Phos – GCC ACA GGATTA AGG AAT ATC CCG

SWH1 Soln Tag

A

Sequence (5 to 3)

Name

Table 3-4: SWH1 Control Sequences used in LCRA
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Phos – CAT ATT TTG GAC ATT CTC CAA TTG TGA CTG
GAT GTA TAT T
CCT TAATCC TGT GGC CAT TCT CAGTTT AGT ACT
TTT TA
Phos – TAA AAA GTA CTA AAC TGA GAA TGG CCA
CAG GAT TAA GG – Alexa 647
Thiol – taa cat tAA TAT ACATCC AGT CAC AATTGG
AGA ATG TCC AAA ATATG
CCT TAA TCC TGT GGC CAT TCT CAG TTT AGT ACT
TTT TAC ATA TTT TGG ACA TTC TCC AAT TGT GAC
TGG ATG TAT ATT
AAT ATA CAT CCA GTC ACA ATT GGA GAA TGT CCA
AAA TAT GTA AAA AGT ACT AAA CTG AGA ATG GCC
ACA GGA TTA AGG

Swine H1 Soln Tag

Swine H1 Soln Probe

Swine H1 Wire Tag

Swine H1 Wire Probe

RSVA Oligonucleotide
Template

RSVA Oligonucleotide
Complement Template

Comp to soln
probe and tag

Comp to wire
probe and tag

Bound to wire

Ligated to wire
probe

Ligated to soln
probe

Comments

Swine H1 sequences code for a highly virulent form of swine flu, Accession number GQ484355.1. Lower case letters indicate
bases used as spacers, which are not part of the hybridized sequence. Italicized letters indicate primer binding regions.
Complementarity between probe & tag strands and the corresponding oligonucleotide or ultramer template are indicated by the
same font color. Phos abbreviation symbolizes phosphate functionality, thiol abbreviation symbolizes thiol functionality. Alexa
647 symbolizes fluorescently tagged strand.

A

Sequence (5 to 3)

Name

Table 3-5: Swine H1 Sequences used in LCRA
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Figure 3-3. Quantification of on-wire fluorescence after on-wire LCR performed with one of
two enzymes: 9oN or Taq. Inset shows enlarged view of signal generated from Taq ligase. * p
value of < 0.05 versus signal from complementary template. At least 30 nanowires are used per
fluorescence measurement to generate the mean intensity and error bars represent the 95 per cent
confidence interval (in all on-wire fluorescence graphs).
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Figure 3-4. Quantification of microscope images for on-wire LCR performed with SARS
sequence oligonucleotide template. The graph shows on-wire fluorescence when solution phase
probes and tags (complementary to wire-bound probes and tags) were added to LCR reactions
and when strands both complementary to and the same sequence as the wire probes and tags were
added into solution.
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Figure 3-5. Quantification of microscopy images taken of on-wire LCR performed with
variations in three parameters: 2 wire:probe conjugate, 2 wire tag, and 10 enzyme
concentration. For comparison, 1 concentrations of all variables are shown in Figure A.
Increasing the wire:probe and wire tag concentrations both decreased the specificity of the
reaction, but an increase in specificity was observed with increased enzyme concentration, which
was further investigated (shown in Figure D).
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Figure 3-6. On-wire LCR performed over a range of enzyme concentrations. A concentration of
10 enzyme was chosen for future experiments as it gave the most amplification and also retained
its specificity between complementary and no template samples. (Samples lacking enzyme are
sandwich hybridization assays—SHA’s).
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Figure 3-7.
Contrast adjusted reflectance and fluorescence microscope images for
complementary and noncomplementary single-plexed SARS LCR assay. Scale bar indicates 5
μm. Data is quantified in the next figure.

145
A

120

Comp
NonComp
No Template

On-Wire Fluorescence

On-Wire Fluorescence

100

B

80

60

40

200
Swine H1
SARS

150

100

***

50

20
***

***

***

***

0
SARS

Swine H1N1

***
0
SARS Only Swine H1 Only

Wire Probes Added (Single Plex)

Normalized On-Wire Fluorescence

C

None

Both

Targets Added (Multiplex)

200

SARS
Swine H1N1

150

100

50

0
SARS Only Swine H1N1 Only

Both

Targets Added (Multiplex)

Figure 3-8. Quantification of microscope images for single- (A) and multiplexed (B) on-wire
LCR samples using oligonucleotide templates. (C) Multiplexed samples background subtracted
and normalized. *** p value < 0.001 versus signal from complementary template.
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Figure 3-9. (A) Diagram of a Receiving Operating Characteristic curve illustrating examples of
three different levels of discrimination between signal generated in the presence vs. absence of
the target, where the first case of complete discrimination is represented by the green line in the
ROC curve, the moderate level of discrimination the blue line, and the lack of discrimination the
red line. A ROC curve showing complete discrimination between correct and false results will be
composed of two straight lines, the first vertical along the y axis and the second horizontal along
the value of 1 on the x axis, indicating a perfectly specific assay. (B) A ROC curve for the singleand multiplexed on-wire LCR fluorescence data shown previously in Figure E. The ROC curve
shown here demonstrates the high specificity of the on-wire LCR assay. Figures plotted by
Kristin Cederquist.
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Figure 3-10. Quantification of microscope images for single-plexed on-wire LCR samples using
ultramer templates. *** p value < 0.001 versus signal from complementary templates.
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Figure 3-11. Contrast adjusted reflectance and fluorescence microscope images for multiplexed
SARS & RSV B LCR assay. Scale bar indicates 5 μm. Data is quantified in the next figure. The
respiratory virus sequence that the wire-bound probe captures and its corresponding nanowire
barcode pattern are also indicated. Orange ovals indicate complementary nanowire:probes, blue
ovals indicate noncomplementary nanowire:probes.
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Figure 3-12. Quantification of microscope images for multiplexed (A) on-wire LCR samples
using ultramer templates. Multiplexed samples are background subtracted and normalized in (B).
*** p value < 0.001 versus signal from complementary wire:probes within the same multiplexed
sample, versus signal from the same wire:probes within other multiplexed samples, and versus
signal from no template samples with the same wire:probes. * p value < 0.05 versus the RSV A
complementary wire:probes within the same multiplexed sample for only the Swine Flu H1N1
noncomplementary signal.
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Figure 3-13. Multiplexed detection of serially diluted Swine Flu H1N1 template using the LCR
assay. The noncomplementary signal was generated from SARS sequence probe:nanowires
exposed to Swine Flu H1N1 strands in the multiplexed environment. *** p value < 0.001 when
compared to signal from complementary nanowire:probes; ns indicates p value is not significant.

Chapter 4
DNA Patterning via Microcontact Printing
This work was collaborative with the lab of Dr. Paul Weiss. Daniel Dewey and T. J.
Mullen both contributed microcontact printing expertise, and I contributed biomolecule expertise.
Daniel Dewey also contributed to portions of writing.

Abstract
The work discussed here paves the way for patterning DNA using microcontact insertion
printing, where DNA molecules are inserted into a preexisting self assembled monolayer,
generating spatially encoded isolated DNA molecules; these surfaces could be used to perform
single DNA molecule studies.

Planar substrates were encoded using polydimethyl siloxane

stamps to transfer DNA sequences onto gold (or glass) surfaces in a process called microcontact
printing. Several parameters were tailored to generate specific substrate patterning, including
stamp functionalization and signal transduction methodologies. DNA was shown to ink the
stamp, to transfer from the stamp to the substrate, and to be available for complementary strand
hybridization on the substrate.

Introduction
Soft lithography is a low-cost method of arraying that uses elastomeric materials to apply
ink over an entire substrate at once by contact instead of spotting. In soft lithography, an even
inking of the stamp should result in even deposition to the substrate, eliminating problems that
occur when spotting without the use of surfactant additives in the spotting solution.1 Also, the
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flexible stamps used for soft lithography can print over a wider range of substrates and inks than
those used in contact methods such as supramolecular nanostamping.2, 3 Microcontact printing
(μCP) is one patterning method that has been utilized in forming surfaces functionalized in
certain spatial arrangements. Developed in the 1990’s by the Whitesides lab,4 μCP involves
casting an elastomeric stamp in bas relief of a master, coating the stamp with ink, and bringing
the stamp into conformal contact with a substrate to transfer the ink in the design of the raised
sections of the stamp, as shown in Figure 4-1. This general method has been expanded into
several alternative methods, such as microcontact insertion printing (μCIP) where the ink is
inserted into a preexisting self assembled monolayer (or SAM) in order to isolate the transferred
molecules. μCP has been used to configure metallic coatings or particles, epoxy, and small
molecules such as alkanethiols.5,

6

Microcontact displacement (CDP) and insertion printing

(CIP) are two similar methods that apply the host matrix prior to printing.5 In CDP, the host
layer is highly labile and rapidly exchanged by ink with higher intermolecular attraction.7 In
CIP, the host layer is less labile, and only molecules at defect sites in the existing layer are
exchanged.8
Printing methods have been applied to the patterning of biomolecules, as this is a gentle
method, which does not detrimentally disrupt the structure of proteins.6, 9 μCP has been used to
print proteins such as bovine serum albumin (BSA) and proteins that promote cell adhesion and
growth.10-14 Printing capture proteins or molecules, followed by adsorbing proteins or cells from
solution has been performed by several different research groups.11, 15, 16 These techniques are
often used to elucidate the mechanisms for the ways in which cells interact with synthetic
surfaces and how this affects their subsequent competency and growth. DNA has also been
patterned using μCP techniques;14,

17

it can be patterned from one surface to another by

hybridizing complementary DNA to the strands bound to the stamp surface, bringing this DNA
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into contact with the substrate, and dehybridizing the complementary DNA so that it may remain
bound to the substrate through its thiolated functionality.3 When using stamps coated in DNA ink
to transfer the macromolecules, increased hybridization efficiency was found as compared to
traditional microarray patterning using robotics, due to increased accessibility.9
Biomolecules such as DNA18 or serotonin19 attached to a surface can be used as scaffolds;
these scaffolds can specifically incorporate particles18 or macromolecules such as antibodies20.
Some possible functions for these ordered scaffolds include, but are not limited to, increasing
efficiency of catalysis by placing certain moieties near each other, biosensing applications in
microfluidic devices or microarrays, and nanomaterial design, where nanoparticles or other
functional moieties can be oriented in a certain way.5, 18 In addition to being able to pattern and
sense for biomolecules, stamping molecules onto a surface also has use in altering film properties,
in providing a reversible chemical modification, and in controlling the spacing of deposited
molecules.10, 20, 21
Contact printing can be used to pattern pre-synthesized probes.19 Fabricating patterns of
fully synthesized probes is performed with three general surface attachment types: ionic
interactions, affinity interactions, and covalent bonding. Ionic interactions use a positively
charged surface (typically amine terminated) to bind the negative phosphate groups present on
nucleic acid structures.4,

22

Affinity interactions are typically used for protein and antibody

binding, and use oligohistidine and nickel-chelate or biotin and streptavidin interactions, but have
also been used for nucleic acids.22-24 Surfaces functionalized with ketones, epoxys, and Nhydroxysuccinimidylesters are used for attachment to glass slides.22,

25, 26

Another surface

chemistry that is well studied for application in this area is the gold-thiol bond. Self-assembled
monolayers (SAMs) created by gold-thiol chemistry can also reduce steric hindrances via dilution
of the probe molecule in a matrix layer. The matrix layer can be formed by backfilling, insertion,
and coadsorption (diagrams of backfilling and insertion are shown in Figure 4-1);5 and a variety
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of molecules can be used depending on the application. Designing functional arrays requires
control over the coverage, wetting properties, and other aspects of molecules at the surface and
their surrounding environment.19, 21 The versatility of the gold-thiol system enables applicationmotivated adjustments to be made more readily.
Another method for the creation of microarrays, which does not utilize soft lithography,
is the spotting of pre-synthesized sequences. Microarray spotting equipment can vary in quality
and price, ranging from $20,000 to $200,000. While microarray spotters are capable of rapidly
producing arrays at up to 200 spots per second, a common problem observed is uneven drying.
Due to transport at the air/water interface, a ring forms as the sample dries with a thick layer of
ink on the edges, and low coverage in the center.1 This has been observed to reduce sensitivity,
likely from steric hindrance.17 The addition of surfactants to the ink solution is one method for
controlling drying defects.1 Microarrays of nucleic acids are used for high throughput parallel
sample analysis. Microarrays may be fabricated by attaching fully synthesized probes or by
synthesizing the probes on a reactive surface.22 Nucleic acids are synthesized on the surface by
activating select portions of the surface with UV light using either a mask or an array of mirrors.22
The activated portions are then subjected to solutions of nucleotides in sequence. Photolabile
protecting groups are used on each nucleotide to so that only activated areas react with the
nucleotides. This technology has reached product level and is employed by companies such as
Affymetrix and NimbleGen.
Soft lithography was combined here with gold-thiol chemistry as a potential lowoverhead method of microarray fabrication.9, 19, 27 An overview of the methods considered in this
project is found in Figure 4-1. With the backfilling method used here, a pattern is initially created
by contact printing, and then a different molecule is applied to the whole surface that fills the
unpatterned areas.7 This technique has been used extensively for small molecules, and 1-octane
thiol (C8-SH) and mercaptodecanoic acid (MHDA) were used in earlier experiments as a control.
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When Au surfaces functionalized with DNA are backfilled, DNA that has non-specifically
adsorbed or is laying flat on the surface, is pushed off the surface, increasing its hybridization
efficiency.28, 29 In the preliminary investigations described here, the backfilling method was used
in order to maximize DNA transfer so that visualization and optimization would be more
straightforward.
Polydimethyl siloxane (PDMS) is predominantly used for soft lithographic stamps
because of its mechanical properties (Young’s Modulus = 1 MPa) and low reactivity.6 As PDMS
is authofluorescent at lower wavelengths, mostly due to the crosslinking moiety,30, 31 detection of
transferred DNA using fluorescence must be at higher wavelengths, such as 650 nm, shown in
Figure 4-2.

Stamp surface functionalization is often necessary to ink PDMS with polar

compounds, because the native surface is incompatible with polar solvents.
reaction with silanes was used to functionalize the surface.13,

32, 33

Oxidation and

Primarily, 2-[methoxy-

(polyethyleneoxy)propyl] trimethoxy silane (MPPTS) (Figure 4-3) was used in functionalization,
but aminopropyl trimethoxy silane (APTMS) has also been considered. MPPTS contains an
oligo ethylene glycol (OEG) moiety, which predisposes the surface to be extremely hydrophilic.
The stamp surface was characterized by contact angle measurements and confocal microscopy.
With these methods work has been done in a stepwise progression toward a system where
DNA may be patterned to a surface by soft lithography and exist in a tailored environment that
promotes binding and is characterized via fluorescence microscopy. Using these findings in the
future, progress can be made in patterning DNA molecules by μCIP into a preexisting SAM for
single molecule studies, which to our knowledge would be the first case of μCIP of DNA
molecules.
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Materials and Methods

Chemicals

Silanes used for this experiments were MPPTS and APTMS and were obtained from
Gelest, Inc.

DNA sequences were obtained already functionalized from IDT, Inc.

Thiols,

including 1-octane (C8) and mercaptodecanoic acid (MHDA), and were obtained from SigmaAldrich. Ultra pure water and 200 proof ethanol were used. Water was purified to 18.2 M
using a Barnstead nanopure system and all water and buffer solutions were autoclaved prior to
use.

200 proof ethanol was purchased from Pharmo-Aaper. CentriSpin 10 columns were

purchased from Princeton Scientific.

Dithiothereitol (DTT) and buffer salts for phosphate

buffered saline (PBS) were purchased from Sigma Aldrich. Phosphate buffered saline: 0.3 M
sodium chloride, 10 mM phosphate, was made in house. The thiolated OEG backfill molecule
used was 2-(2-(2-(11-mercaptoundecyloxy)ethoxy)ethoxy)ethanol (SPT-0011) was purchased
from Sensopath Technologies Inc.

Substrates
The Au substrates were prepared by electron beam evaporation (Kurt J. Lesker) on
Si{100} wafers with a 100 Å Chrome adhesion layer and 1000 Å of Au. The Au substrates were
cleaned by hydrogen flame annealing prior to use. Glass slides used as stamping substrates were
immersed in a 10 % sodium hydroxide solution overnight and then washed with water, a 1 %
hydrochloric acid solution, water, and ethanol. They were then immersed in a 3 % APTMS
solution for 30 minutes while on an orbital shaker. Then they were rinsed with ethanol and water,
dried under N2, and baked at 110 oC for 15 minutes. Positively charged gold substrates were
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formed by exposure of Au on Si substrates to a 1 mM mercaptoethylamine solution for one hour
at 80 oC. The substrate was then rinsed with ethanol and water, dried with Nitrogen, and baked
for another 15 minutes at 80 oC. Stamping on charged surfaces was performed immediately after
baking.

Stamp Fabrication
Stamps were formed over a functionalized Si wafer master to create 25 m posts. A ratio
of 9:1 base to curing agent of PDMS was cured at 70 °C for 1 week. After curing, stamps were
removed and cut into ~1 cm squares, then rinsed in hexanes 4 times for 1 hour with shaking and
dried at 70 °C for 1 week. Stamps were then hydrophilized by exposing them to O2 plasma at 10
W for 10 seconds and subsequent ~1 minute exposure to 1 mM MPPTS, followed by ethanol
rinse and N2 drying. Before any treatment or experiment, stamps are rinsed with 50:50 DI water
and ethanol and mild sonication, and dried with ethanol and N2.

Stamping Press
Two home-made stamping presses were assembled to give more reproducible stamping
results with long stamping times. The base was a machined L-shaped platform (aluminum or
Delrin). A miniature laboratory jack was attached to the bottom platform. A hinge, locally
obtained, was used to lower a machined ~55 g weight with a stamp attached at the bottom via
adhesives.
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Cleaving Thiolated DNA

A CentriSpin 10 column (Princeton Scientific) was vortexed for 15 seconds to remove air
bubbles, then left to sit for 30 minutes after the addition of 650 μL H2O. A 100 mM DTT
solution was made and 50 μL of this was added to 50 μL of a 100 μM thiolated DNA solution.
The mix was left to sit for at least 30 minutes. The spin column (with caps removed) was placed
in a flat bottom wash tube and centrifuged at 750 g for 2 minutes. The bottom wash tube with the
water was thrown away and the spin column was placed in a centrifuge tube. The DNA/DTT
solution was placed on the column and the column was spun at 750 g for 2 minutes. The cleaved
DNA was in the centrifuge tube and its concentration was determined by measuring its
absorbance at 260 nm using a Hewlett-Packard 8453 diode-array UV Visible spectrophotometer.

Inking
All DNA sequences are presented in Table 4-1. The stamp was cleaned by sonication in
an ethanol/water solution for 5 minutes. Inking by submersion was accomplished by placing the
entire patterned surface of the stamp into the ink in a small vial overnight (Figures 4-5, 4-6, and
4-8) or for one hour (Figures 4-9 and 4-10).

The stamp was inked with 7 μM Alexa647

conjugated DNA. The 1 mM SAM was made in one minute after stamping and rinsing with
water.

Stamping
Before the inked stamp was used, the stamping press was aligned using a stamp from the
same batch, and a waste substrate. Two aspects must be aligned. First, the z-direction is aligned
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by adjusting the laboratory jack height to account for changes in substrate and stamp thickness.
Second, markings on the weight and laboratory jack surface can be made to ensure contact in the
X-Y plane. After alignment, inked stamps where placed on the weight of the stamping press
using weak adhesives, and the stamp was brought to the substrate. The stamp was placed into
contact with the substrate for a designated amount of time (overnight for Figures 4-6 & 4-7, and
10 minutes for Figures 4-5, 4-8, & 4-10) and the surfaces were then rinsed with DI water or PBS
and dried with a gentle N2 stream. When DNA was hybridized to the stamped probe sequences
(Figure 4-10), 2 μL of each the target (either complementary or noncomplementary to the probe)
and the complementary tag strands were added to 198 μL of PBS and deposited onto the substrate
surface. The substrates were then rotated on an orbital shaker overnight.

Imaging
Samples were attached to glass slides using double stick tape, facing downwards on
inverted microscopes. A Carl Zeiss, Inc. (Oberkochen, Germany) LSM-5 Pascal Laser Scanning
confocal microscope was used to generate all images, except those shown in Figure 4-7, which
was generated using an Olympus (Center Valley PA) Fluoview 1000 confocal microscope.
TAMRA was excited with a 543 nm laser, and Alexa 647 with a 633 nm laser, and PlanApochromat air objectives were used. Pascal, Fluoview, and Axiovision software were used.
Imaging by scanning electron microscopy (SEM) was performed on a Hitachi S-3000H SEM at
20 kV with 5.1 mm WD for Au colloid.
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Colloidal Detection
To make tag DNA:colloidal particle conjugates, 50 L 100 M DNA was added to 1 mL
of 50 nm colloid and put on a heat block for one hour at 37 o C.

PBS buffer, 25 L, was then

added. After 30 more minutes on the heat block, 25 L of PBS buffer was added. After 30 more
minutes, 100 L buffer were added and it was heated for an additional 30 minutes. PBS buffer,
150 L, was then added, the tubes were allowed to sit on the heat block for 30 more minutes, and
the last 128 L buffer were then added. The tubes were heated at 37 oC overnight, and then
rinsed by centrifuging at 8100 g for 15 minutes and resuspending in 100 L PBS. The colloidal
particles were rinsed two more times by centrifuging at 8100 g for 5 minutes. After the final
rinse, the particles were resuspended in 1 mL PBS and 20 L 20 M target DNA was added to
the solution. The tubes were put on a heat block at 47 oC for one hour, and then rinsed again
following the procedure above. After rinsing the particles were resuspended in 200 L PBS. The
stamp was inked with 7 μM probe DNA by the submersion method for one hour. The substrate
was stamped for 10 minutes using a slightly recovered stamp (discussed later). After backfilling
to make the SAM for 10 minutes, the substrate was rinsed with water and dried. The substrate
was placed on an orbital shaker and 100 μL of the colloid:target strand conjugate solution was
placed onto the substrate; the substrate was shaken overnight in the presence (within a closed
Petri dish) of a damp kimwipe to avoid evaporation. The substrates were rinsed with PBS and
imaged with SEM.

Results and Discussion
Initial work described here aimed to deconvolute the signal generated from the stamping
of fluorescently tagged DNA and that of the autofluorescence from transferred PDMS. Once
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overcoming the obstacle of PDMS interference, other parameters were investigated, specifically
the surface functionalization of the stamp. Control experiments were performed to confirm the
transfer of DNA from the stamp to the substrate, and to ensure signal transduction from stamped
oligonucleotides; hybridization assays were also performed.

Progress made in microcontact

printing of DNA described here will help to make CIP of isolated DNA molecules, and
subsequent single molecule studies, more feasible.
In order to confirm DNA printing, PDMS stamps were coated in DNA and brought into
contact with substrates, which were gold-coated Si {100} slides.

DNA patterning on the

substrates was then visualized using optical microscopy to detect fluorescently tagged
oligonucleotides.

When stamping was performed in duplicate with two different labeled

sequences, one with a TAMRA fluorophore and one with an Alexa 647 fluorophore, there was
pattern seen using the first, but not the second sequence, which may be due not to the selective
stamping of different DNA sequences, but rather due to the presence of PDMS and its
autofluorescence at lower wavelengths. Substrate patterning was seen when the substrate was
imaged using scanning electron microscopy (SEM) after the substrate was patterned with a stamp
not exposed to DNA (shown in Figure 4-4), indicating the transfer of PDMS itself. It has been
shown that the crosslinking moiety used in generating PDMS stamps is fluorescent across a range
of wavelengths.30 Because of the wavelength at which PDMS autofluoresces, (Figure 4-2)31 the
pattern observed was most likely due to the transfer of PDMS instead of the transfer of
fluorescently tagged DNA strands. This PDMS layer may also have been preventing DNA from
attaching to the gold surface. In order to prevent spectral overlap of the fluorophore (in this case
TAMRA) with that of PDMS, Alexa 647 (which emits at a higher wavelength) was used instead;
and in order to prevent PDMS transfer onto the substrate, stamping times were limited to 10
minutes.34, 35 Several other parameters were varied, including DNA concentration, inking time,
DNA submersion inking techniques, and rinsing techniques. To maximize the probability that if
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DNA were present it would be easily visualized, bifunctional strands were used, where both a
thiol and a fluorophore were present on each DNA strand, eliminating the decrease in efficiency
introduced when the fluorescently tagged sequences need to hybridize to the patterned DNA.
Substrates were also stamped with DNA and then backfilled with a SAM (instead of stamping
into a previously deposited SAM) in order to achieve a maximum possible concentration of DNA.
There were three possible steps where DNA may be lost during the stamping procedure:
1) after inking the stamp may not have retained DNA 2) the DNA ink was not transferred to the
substrate, 3) the DNA was present on the substrate, but the fluorescence signal was being
quenched by the surface. The success of DNA transfer was directly investigated after each of
these steps; while μCP of DNA molecules has been reported in the literature,14, 17 the optimization
of these procedures during μCP is applicable to microcontact insertion printing for possible future
studies of isolated DNA molecules, which to the best of our knowledge has not yet bee
accomplished. Controls such as imaging the inked stamps with confocal microscopy, stamping
onto positively charged glass substrates, and using colloidal particles as reporters instead of
fluorescent tags helped to confirm DNA inking and transfer, and led to changes in parameters
such as using stamps that have undergone O2 plasma oxidation and subsequent silanization and
then been allowed to recover some hydrophobic character. It has been observed (in our lab as
well as mentioned in the literature) that after oxidation and silanization the stamp slowly begins
go through a process of hydrophobic recovery as unfunctionalized, uncrosslinked PDMS migrates
to the surface of the stamp;13, 36-38 which can be observed by contact angle measurements.

DNA Inking Confirmation
To confirm that the stamp was being successfully inked with DNA tagged with Alexa
647, the parameters were changed to maximize the probability of the stamp retaining the DNA,
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this included increasing the DNA concentration, submersing the surface of the stamp in the
solution of DNA in water, and increasing the inking time to overnight. Native, hydrophobic
PDMS was forced into contact with the DNA solution by submersion and confocal microscopy of
the stamp surface was performed. (Figure 4-5). The surface was covered only partially with
DNA and both aggregates and halos were observed, indicating poor surface compatibility
between the hydrophobic PDMS and the hydrophilic aqueous DNA solution.

Freshly

functionalized stamps were then exposed to DNA and imaged after contact with the substrate.
These stamps were oxidized with O2 plasma and silanized with a one minute exposure to 1 mM
MPPTS (2-[methoxy-(polyethyleneoxy)propyl] trimethoxy silane—shown in Figure 4-3), a silane
containing an oligo ethylene glycol (OEG) moiety, and were therefore maximally hydrophilic.
This process created a glass-like layer containing OEG functionality at the surface of the stamp.
Imaging the stamp surface showed that while DNA was present, it was not uniform across the
surface (Figure 4-6). This may have been due to the generation of a shell of water molecules on
the surface of the stamp when it had the highest percentage of oligo ethylene glycol (OEG) silane
present.39 The stamps were resubmerged in the DNA solution for three days and imaged again on
the confocal microscope (Figure 4-7). The DNA solution was then uniform across the surface of
the stamps. Compared with the native PDMS stamps and the initially functionalized stamps, the
slightly recovered stamps gave a more uniform coating after inking.

This indicated that

successful inking resulted from accurate timing after functionalization; the inking was uniform
when performed approximately 3 days after the O2 plasma and silanization of the stamp. This
stamp recovery resulted from native PDMS migrating to the stamp surface and most likely
disrupting the water shell around the OEG SAM, enabling increased DNA adsorption to the
stamp surface.
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DNA Transferring Confirmation

After confirming the DNA was inking the stamp, further control experiments were
performed to determine if the DNA ink was being transferred to the substrate from the stamp, the
first of which was to stamp DNA onto positively charged silanized glass slides using
nonfunctionalized (no O2 plasma or silanization), or partly recovered functionalized stamps. The
lack of a metallic surface eliminated the possible problem of quenching; the slide was positively
charged with a silane to encourage DNA transfer in spite of the absence of gold. DNA pattern of
25 m squares was seen on the substrates stamped with the nonfunctionalized and the substrates
stamped with the partly recovered stamps. The fluorescence images of the sample where DNA
was transferred to the slide using the unfunctionalized stamp contained a bright dot in every
square, indicating a higher concentration of fluorescently labeled DNA in that area (as compared
to where the rest of the stamp post contacted the substrate), while there was no bright dot present
in the images of the sample where DNA was transferred to the slide using a slightly recovered
stamp (Figure 4-8). Transmitted images taken on the confocal of unfunctionalized stamps show a
raised dot present on each post; it is possible that the functionalization process also smoothes out
the top surface of the stamp posts, removing stamp defects and creating a more even ink
distribution.
As the DNA did transfer from the stamp to a positively charged glass slide, the stamping
was tested to see if it would transfer DNA to a positively charged gold substrate. The substrate
had some fluorescent spots present, but there was no pattern present, which may have been due to
quenching of the fluorophore by the gold substrate (not shown). In order to visualize the DNA
without using a fluorophore, the DNA was labeled with colloidal particles in a sandwich
hybridization, where the probe was stamped onto the substrate and exposed to a solution
containing hybridized target and tag DNA strands (tag sequences were already bound to a
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colloidal particle). A thiolated backfilling molecule containing an OEG segment was used to
reduce solution drying and nonspecific adsorption during the overnight exposure to the colloidal
solution. Pattern of 10 m square posts were seen in both duplicates exposed to complementary
target DNA. Patterning was confirmed to be due to colloidal particles by taking images at higher
magnification (shown in Figure 4-9). No pattern was seen in one of the two duplicates exposed to
noncomplementary target DNA; the other duplicate did present some faint pattern, indicating less
gold nanoparticles per square area. The presence of patterned nanoparticles proved that the DNA
was being transferred from the stamp to the substrate and that the sandwich hybridization
between the DNA strands had occurred.
Using the optimized parameters discussed above, such as using a slightly recovered
stamp, decreasing stamping time, generating a SAM with an OEG moiety, and increasing the
fluorophore excitation wavelength, the stamping procedure was repeated using a sandwich
hybridization method with a fluorescently tagged strand on gold substrates (see Figure 4-10).
There was no pattern seen in samples that were exposed to noncomplementary target. Those
samples that were exposed to complementary target DNA did have patterned areas, but were not
over as large an area of the substrate as when using particles for tags instead of fluorophores. The
pattern itself was more a series of dots instead of squares; this may be due to a lack of sufficient
conformal contact between the stamp and substrate in delivering the DNA to the surface. This
may also be due to the quenching of any diluted fluorescently tagged DNA strand that may have
folded closer to the surface in spite of the use of a spacer within the strand between the thiol and
the hybridizing bases. Future work may be done to elucidate the cause of this stamping of dots
rather than squares.
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Conclusions and Future Directions

Initial work has been performed in optimizing successful stamping of DNA patterns onto
substrates. It was determined that functionalized PDMS stamps can be inked with DNA, and that
DNA can be transferred to a positively charged glass surface as well as a gold surface. Slightly
recovered functionalized stamps work better than unfunctionalized or freshly functionalized
stamps for DNA inking and transfer, which is due to the optimization of the surface interactions
between the PDMS and MPPTS stamp surface with the DNA and water molecules present in the
inking solution. DNA on the surface was shown to be available for subsequent hybridization
events. The higher wavelength emitting fluorophore Alexa 647 is the better match with PDMS
than TAMRA to avoid autofluorescence of residual PDMS, and shorter stamping times (around
10 minutes) may be used to better avoid PDMS transfer from stamps.
The DNA’s fluorescent signal can be quenched by the gold substrate, and because of this
the optimal DNA concentration may change once optimization of its visualization on the gold
surface has occurred. This possible quenching problem could be addressed by increasing the
length of the host SAM, or using an alternative stamp silanizing molecule, to force the
fluorophore further from the quenching gold surface. Because of its positive charge, APTMS
could promote DNA multilayers on the stamp surface. Multiple layers of DNA would more
easily allow for DNA transfer without PDMS transfer from the stamp to the substrate. After
optimizing fluorescence signal visualization, further hybridization and capture experiments could
be performed. The findings described here pave the way for using microcontact insertion printing
to pattern isolated DNA molecules, which could be useful in single molecule DNA studies.
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B
A

Figure 4-1. (A) Method of inking stamp with bifunctional, thiolated, fluorescent DNA, and
subsequent transferring and backfilling onto substrate. The stamp is flipped after inking. (B)
General method of fabrication for backfilling and insertion methods to create surfaces with DNA
probes diluted in a tailored host matrix layer. Figure made by Daniel Dewey.
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Figure 4-2. (A) Structure of polydimethyl siloxane. (B) Graph displaying the fluorescence
intensity of a PDMS sample resulting from scanning through excitation and emission
wavelengths on a fluorimeter. The absorbance and emission spectra of several organic dyes in
relation to that of the autofluorescence of PDMS. TAMRA (green), and Alexa 647 (red) were
used in experiments discussed within the chapter. The z scale represents the fluorescence
intensity recorded at the combination of excitation and emission wavelengths intersecting at that
point. Modified from Cesaro-Tadic, S.; Dernick, G.; Juncker, D.; Buurman, G.; Kropshofer, H.;
Michel, B.; Fattinger, C.; Delamarche, E. High-Sensitivity Miniaturized Immunoassays for
Tumor Necrosis Factor a Using Microfluidic Systems. Lab on a Chip 2004, 4, 563-569 –
Reproduced by permission of The Royal Society of Chemistry.30 http://dx.doi.org/10.1039/
b408964b
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Figure 4-3. 2-[methoxy(polyethyleneoxy)propyl] trimethoxysilane (MPPTS) used to silanize the
stamp surface. Silanizing the oxidized stamp slows down the recovery of the stamp back to its
initial hydrophobic state, and replaces the native hydrophobic properties with those of the silane.
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Table 4-1: DNA sequences used in stamping work
Name
Sequence (5' to 3')
HIVSBiThiolTag647
Thiol – TGT CAC TTC
CCC TT – Alexa 647
Flu A Probe
Flu A Target
Flu A Tag
Flu B Target

Thiol – ttt ttt ttt tGA CCA
ATC CTG TCA C
TTC CCT TAG TCA GAG
GTG ACA GGA TTG GTC
CTC TGA CTA AGG GAA
ttt ttt ttt t – Thiol
AGG AAT GGG AAC
AAC AGC AAC AAA
AAA GAA

RSV A Probe

Thiol – taa cat tTT CTG
CAC ATC ATA ATT AGG
AGT ATC AAT ACT ATC

RSV A Target

CAT CCA ACG GAG CAC
AGG AGA TAG TAT TGA
TAC TCC TAA TTA TGA
TGT GCA GAA
TCC TGT GCT CCG TTG
GAT G – Alexa 647
CCA GTC ACA ATT GGA
AAA TAG AGT TTA AAC
AGA TGC CAC AGG ATT
AAG GAA TAT CCC G

RSV A Tag
Swine Flu H1N1 Target

A

CommentsA
Bifunctional strand

Sandwich hybridization
assay target for Flu A
For conjugation to gold
nanoparticle
Noncomplementary target
to Flu A

Noncomplementary target
to RSV A

lower case letters indicate spacer bases not participating in hybridization
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Figure 4-4. SEM image of substrate exposed to an uninked stamp, but still patterned with 25 μm
square posts, most likely due to PDMS transfer.
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Figure 4-5. Confocal microscope image of unfunctionalized stamp with 25 m square posts after
inking by submersion with bifunctional HIV DNA (with 5' thiol and 3' Alexa 647). Contrast
adjusted fluorescence (A), differential interference contrast (DIC) (B), and overlain (C) images
are shown.
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Figure 4-6. Freshly functionalized stamps with 25 m square posts inked with bifunctional HIV
DNA with 3' Alexa 647. Contrast adjusted fluorescence (A), DIC (B), and overlain (C) images
are shown. The ink is not uniform and is present in halos, indicating poor compatibility between
the DNA solution and the stamp surface properties.
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Figure 4-7. Overlain confocal image of stamps with 25 m square posts exposed to bifunctional
HIV DNA with 5' thiol and 3' Alexa 647. These stamps were exposed to the DNA and imaged
several days after functionalization, partial recovery of the surface resulted in more uniform
inking.
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A

B

Figure 4-8. Images of glass slides stamped with bifunctional DNA coding for HIV (containing 5'
thiol and 3' Alexa 647 fluorophore) inked using unfunctionalized (A) and slightly recovered (B)
stamps. Scale: 25 m square posts.
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Figure 4-9. SEM images of DNA detection with 50 nm gold nanoparticles, using Flu A
sandwich hybridization assay (Flu B noncomplementary template). Square 10 m pattern is
shown in the sample exposed to complementary template (A), but not in the sample exposed to
noncomplementary template (B). (C) Representation of sandwich hybridization with nanoparticle
tag for detection. (D) Magnified view of sample in (A); inset shows image taken at increased
magnification showing that pattern is due to colloidal particles.
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Figure 4-10. Confocal images of fluorescence of Alexa 647 on gold substrates stamped with
DNA complementary (A) and noncomplementary (Swine Flu H1N1) (B) to RSV A target strand
in sandwich hybridization assay. Stamp posts were 10 m across; scale bars also represent 10
m. Images were contrast enhanced equally.

Chapter 5
Conclusions and Future Directions

Conclusions

This

thesis

described

progress

made

in

understanding

and

controlling

the

functionalization of surfaces (particulate and planar) with DNA and using these surfaces as
substrates in bioassays for sensing applications. Four projects related to this goal were covered.
The first was the use of barcoded nanowires as encoded substrates in immobilized Polymerase
Chain Reaction (PCR) for the detection of sequences of pathogens. Several parameters were
investigated and adjusted in order to increase the reproducibility of specific on-wire PCR
reactions. Sulfo-SMCC used with thiolated DNA and an aminated glass surface was shown to be
the most thermostable attachment chemistry. The need of a secondary labeling step used in most
PCR performed on surface bound nucleic acids in the literature negates the benefit of using
intercalating dye, as the assay can no longer be closed tube, which introduces the possibility of
contamination between samples, a great detriment in the clinical setting. Those assays performed
in the literature using secondary tags, however, seem as though they may be more specific than
the assays described in this thesis using intercalating dye as the reporter. This is most likely due
not to the specificity of one assay over another, but rather due to the intercalating dye fluorescing
in the presence of all amplification products in a non-sequence specific way. One example of an
assay that was performed with either an intercalating dye or a secondary tag hybridization step
showed that the intercalating dye did not give as satisfying a signal to noise ratio as did the
secondary tag.1 Unfortunately, no controls were performed in this report to confirm the cause of
this discrepancy, which may have been due to intercalating dye itself. It is likely that if on-wire
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PCR were performed without intercalating dye and then subjected to a secondary sequencespecific tagging step, that the specificity would more closely match that reported in the literature
using the same labeling method. Most likely due to the differing systems of each study, many
different factors have been identified as the key issue in obtaining quality surface bound
amplification. These range from reagent concentration to thermocycling protocol to volume of
reaction chamber.2-5 In order to maintain applicability to other systems performing surface bound
amplification reactions, several control experiments were run in this work. Control experiments
indicated that the background fluorescence was generated from the interaction of the intercalating
dye with the DNA and was specifically dependent on the sequence of the primers. The lack of
reproducibility and specificity was most likely due to the generation of a mat of DNA on the wire,
which would provide both a competing enzymatic substrate and an environment for the
intercalating dye to fluoresce. The second project used Ligase Chain Reaction (LCR) in template
detection, which provided for a more reproducible, specific assay, and bypassed the generation of
a mat of DNA on the wire surface. This increase in reproducibility of the ligase may have been
due to the need for only one enzymatic linkage reaction per amplicon (perhaps limiting DNA mat
generation), as opposed to polymerases, which need to perform an enzymatic linkage for every
base added. The increase in specificity of the reaction may have been due to the need for three
strands of DNA to hybridize, as opposed to only two strands in PCR, to generate an amplicon.
On-wire LCR shows a promising exponential amplification reaction alternative to on-wire PCR.
The next chapter of this dissertation covered surface functionalization and the stamping of
patterned DNA sequences onto a planar substrate as the first step in either multiplexed target
detection based on spatial encoding or further nanoarchitecture generation. It was determined
that PDMS stamps can be inked with DNA, and that DNA can be transferred from a PDMS stamp
to a positively charged glass surface as well as a gold substrate, and that slightly recovered
functionalized stamps work better than unfunctionalized or freshly functionalized stamps for
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DNA inking and transfer. The DNA’s fluorescent signal was most likely being quenched by the
gold substrate, or may have been attenuated due to poor conformal contact between the stamp and
the substrate. Further investigations into limiting substrate quenching of the fluorophore, such as
altering the spacer moiety between the thiol end of the DNA and the span of sequence used to
hybridize to the target, as well as altering the backfilling molecule to increase the distance
between the substrate and the fluorophore, may be investigated in the future. This methodology
may be applied to microcontact insertion printing for the generation of spatially encoded, isolated
DNA strands for use in single molecule studies.

Lastly, a general chemistry experiment

discussing properties on the nanoscale was developed, where students synthesized nanoparticles,
performed flocculation experiments, and observed slides with multilayers of colloid, which is
covered in the Appendix. This laboratory exercise was originally developed as a makeup lab for
use in the first two semesters of general chemistry and has since been incorporated into the
experiment schedule for the Materials emphasis laboratory class. Its purpose is to differentiate
between properties of the bulk material and nano-scale materials, as well as illustrate basic
concepts such as the light spectrum and physical vs. chemical changes.
This thesis described understanding gained in evaluating attachment chemistries, nucleic
acid interactions, and alternate enzymatic product permutations affecting immobilized
amplification efficiency. Different enzymes were optimized for nucleic acid manipulation and
multiplexed sequence detection was accomplished.

Surface modification and stamping of

patterned DNA sequences was performed. A general chemistry exercise covering nanomaterial
properties was also developed.
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Future Directions

In the future, on-wire LCR would ideally be used to analyze clinical samples for the
presence of respiratory pathogens. Clinical isolate samples have been sent to our lab after being
sampled from patients, cultured on Rhesus monkey kidney cells, and extracted, but preliminary
LCR experiments utilizing them as templates have not produced detectable signal. Quantified
microscopy data for single- and multi-plexed LCR using cDNA (or complementary DNA
generated during reverse transcription) produced from clinical isolate samples of Swine Flu
H1N1 and RSV B are shown in Figure 5-1. Fluorescence intensity resulting from the presence of
complementary clinical cDNA was extremely small and further investigation was done to
elucidate the cause. The results of these experiments guide the direction of the future work.
A sandwich hybridization assay was performed using sequences to detect for Swine Flu
H1N1 and RSV A, which was much the same format as LCR, but did not include any enzyme,
ligation, or amplification. The targets included oligonucleotide, ultramer, or post-PCR product of
the aforementioned clinical isolate samples (all sequences used are listed in DNA tables in
Chapters 2 and 3). The quantified fluorescence intensity on-wire is shown in Figure 5-2, and
while the Swine Flu H1N1 signal for both oligonucleotide and ultramer targets was significantly
larger than the RSV A signal, they were both orders of magnitude more intense than the signal
generated from the captured clinical isolate samples post-PCR product in this sandwich
hybridization assay, and in on-wire LCR using clinical isolate samples. This is partly due to the
increased steric hindrance in longer genomic strands (Swine Flu H1N1 oligonucleotide is 58
bases, the ultramer and PCR product are 135 bases, RSV A oligonucleotide is 54 bases, the
ultramer and PCR product are 84 bases), as longer ultramers produced less fluorescence signal
than their respective shorter oligonucleotides, but is also due to the significantly lower
concentration of the clinical isolate samples when compared to synthetic strands. Ultramer and
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oligonucleotide templates were added to make a final concentration of 1 M in the sandwich
hybridization assay, and a final concentration of 1 nM in the LCR assays. The Swine Flu H1N1
and RSV B clinical post-PCR products used in the LCR assay were analyzed in real time to
monitor amplification and then melting temperature, which are shown in Figure 5-3, and can be
used to approximate clinical template concentration.

By comparing with known ultramer

standards, the concentration was found to be approximately 0.08 pM; this is the same
concentration of the clinical template that was used in LCR experiments. In light of the current
0.1 nM limit of detection for the LCR assay, the clinical isolate samples used previously will not
be able to generate discernable signal with this procedure.
Clinical samples meeting different criteria may be able to produce specific signal in the
future. These criteria include ensuring a ratio of 1.5 or higher for a 260/230 nm measurement,
indicating a high ratio of RNA to protein remaining after extraction (the samples in this work
generated a 260/230 nm ratio of approximately 0.8), as remaining protein may inhibit the on-wire
amplification. RNA should be of a consistent, known concentration (preferably higher than pico
molar) and in good condition, i.e. not degraded. Once these conditions are met, on-wire LCR can
be optimized for detection of RNA template from clinical samples and work can be done to lower
the limit of detection.
Because the ligase does not generate the same lack of reproducible specificity that the
polymerase does, which seems to be due to the lack of the development of a nucleic acid mat on
the nanowire surface, parameters that did not help the optimization of the on-wire PCR may still
help the optimization of the on-wire LCR. In order to increase the specificity of the reaction, the
association of the enzyme onto the nanowire-bound probe needs to be made more favorable than
it currently is; this could be accomplished by making changes in parameters such as varying the
surface coverage of the bound probes or altering the linker used between the thiol and the section
of sequence on the probe that hybridizes to the template strand. These alterations may not only
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provide less steric inhibition to the association of the enzyme onto the hybridized DNA strands
bound to the nanowire, but may also decrease the sterics inhibiting the template from hybridizing
to the bound probe, especially if that strand is a longer ultramer or PCR amplicon.
By optimizing the interaction of the enzyme with the immobilized DNA strands, the onwire LCR sensitivity could be increased and the detection of clinical isolate template samples
could be achieved. As each on-wire amplification for different pathogen specific sequences will
have a differing efficiency, parameters such as probe concentration could be modified to generate
comparable signal across multiple detection sequences. Once on-wire LCR was optimized for the
detection of clinical isolates, other clinical samples could be used, such as RNA that has been
extracted from patients' clinical specimens, but that has not been cultured.

This process could

then be transferred to being performed solely in the diagnostic lab; wires with bound probes and
on-wire LCR reaction mix could be pre-made in a kit format so that laboratory technicians could
complete the assay without need for materials generation or optimization. If this kit could
successfully identify multiple possible pathogens present in clinical samples, then additional
experimentation to generate specific signal in the presence of possible contamination from the
sampling process could also be explored. On-wire LCR shows promise as a method for pathogen
detection in clinical settings and could streamline the currently labor intensive and time
consuming diagnostic process.
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Figure 5-1. Quantified on-wire fluorescence for single- (A) and multi-plexed (B) LCR assay
using Swine Flu H1N1 and RSV B cDNA from clinical samples as the template.
*** p value < 0.001 versus signal in the presence of complementary template.
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Figure 5-2. Single-plexed sandwich hybridization assay using oligonucleotide, ultramer, and
post-PCR products of clinical isolate samples as the templates, respectively, for both Swine Flu
H1N1 and RSV A sequences. Inset shows post-PCR product hybridization in more detail. The
ultramer and PCR amplicons share the same sequence hybridized to the wire-bound probe as the
oligonucleotides, however they have tens more bases protruding into solution.

190
10

Swine H1N1

Derivative Fluorescence Intensity

A
Delta Rn

1

0.1

0.01

0.001
10

20

30

40

0.5

Swine H1N1

0.4

0.3

0.2

0.1

0.0
70

Cycle Number

75

80

85

90

85

90

Temperature (C)

10

RSV B

Derivative Fluorescence Intensity

B
Delta Rn

1

0.1

0.01

0.001
0

10

20

30

0.5 RSV B

0.4

0.3

0.2

0.1

0.0

40

70

Cycle Number

75

80
Temperature (C)

C

Swine Flu H1N1

20

15
CT

CT

15
10
5
0
7.0

RSV B

20

10
5

7.5

8.0

8.5

9.0

9.5

Log (Starting Quantity, Copy Number)

10.0

0
7.0

7.5

8.0

8.5

9.0

9.5

10.0

Log (Starting Quantity, Copy Number)

Figure 5-3. Real time PCR amplification plots and dissociation curves for ultramer and clinical
sample Swine Flu H1N1 (A) and RSV B (B) templates. Each line in black shows ultramer
control amplification at different concentrations; hash marks represent 0.83 nM template, x’s 0.08
nM, triangles 8.3 pM, and squares 0.83 pM. The clinical samples are shown in red filled circles,
and are approximately 0.08 pM (found using the standard curve in C), which is the same
concentration used in LCR experiments.

Appendix
Introductory Chemistry Laboratory Experiment:
Gold Nanoparticles – Synthesis and Multilayering

High school teacher Seth Dougherty developed a laboratory exercise on multilayering
gold nanoparticles onto slides, which included movies on nanoscale concepts; this work is
complementary to that.

Abstract
This laboratory exercise was originally developed as a makeup lab for use in the first two
semesters of general chemistry and has since been incorporated into the experiment schedule for
the Materials emphasis laboratory class. Its purpose is to differentiate between properties of the
bulk material and nano-scale materials, as well as illustrate basic concepts such as the light
spectrum and physical vs. chemical changes.

Included here are all the files necessary to run this exercise, including:
The lab manual, complete with introduction and practice quiz
The pre-lab quiz
All necessary answer keys and the grade sheet
The pre-lab talk overhead and TA notes
The list of materials needed
The lab overview of concepts to study for the final
A post-lab quiz to evaluate the exercise’s success

This exercise has been revised several times after multiple trial runs with students. In the
future,

this

lab

may

be

submitted

to

the

Journal

of

Chemical

Education.
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Gold Nanoparticles: Synthesis and Multilayering
Sarah Brunker

Background

Nanoparticles have been used over a long period of time for a wide variety of
applications. They are believed to have been in use as far back in time as Ancient Rome and are
still in use today. Gold colloid was used both as a pigment to make stained glass windows as well
as a cure-all, and today can be used to stain tissue samples when bound to proteins. In this lab
you will be making gold colloid as well as observing its properties as its environment is changed.
Colloidal solutions are comprised of tiny particles (usually

V R

between 1 and 150 nm) that are suspended throughout another medium,
which do not fall out of solution due to Brownian motion, or collisions
with solvent molecules. Gold colloid can be made by adding sodium
citrate to a gold salt solution. The gold ions are reduced by the sodium
citrate and begin to “stick” to other gold atoms to form nanoparticles. By
stirring the colloidal solution, an even distribution of nanoparticle size

B

O
G Y

Color wheel demonstrating
complementary colors.9

results. The sodium citrate is absorbed into these particles and gives them a negative charge,
which results in the particles repelling each other, preventing aggregation. Aggregation is the
further clumping together of the nanoparticles, until they are so large that they crash out of
solution.
Colloidal solutions scatter light, but also absorb certain wavelengths, which depend on
the size of the particle. Gold colloid will absorb green light and thus looks red, since that is the
color transmitted. See the color wheel to visualize this “opposing” color relationship. If the
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colloidal solution is forced to aggregate, as the number of particles in the aggregates and the
diameter of the aggregates increases, the distance between the aggregates decreases.

The

wavelength absorbed shifts and the aggregates look blue. This aggregation can be initiated by
adding charged particles to the solution (dissolved salt, for example). These charges “screen” the
particles’ charges from one another; their negative charges no longer repel each other, and they
begin to clump together and fall out of solution, or aggregate. The distance at which charge can
influence other charges is called the Debye length; by increasing the salt concentration of the
surrounding solution, the Debye length of the charged particles decreases and the charged
particles fail to repel each other, enabling particle interaction and eventual aggregation. Particles
interact due to van der Waals forces, or attractions that are not covalent or electrostatic, such as
those between dipoles, which are oppositely charged poles of a molecule or particle.
Included in this packet is a picture of a gold colloid solution that was prepared in the
same manner that you will prepare it in this lab. This image was acquired using a transmission
electron microscope, or TEM, which (instead of shining light on the sample) illuminates the
sample with electrons, allowing for much better resolution, or the ability to see very small
dimensions. The increased resolution of electron microscopy over optical microscopy is due to
the fact that photons, or light particles, oscillate with a certain wavelength, which produces
different colors of light. This oscillation limits the resolution of light microscopy to several
hundred nanometers (or nm); electron microscopy enables three orders of magnitude better
resolution. The particles shown in the TEM image are spherical and uniform, and approximately
13 nm in diameter. This small size is could not be distinguished with light microscopy, but by
observing the decreased transmission of electrons through the particles, which results in the dark
contrast of the particles, electron microscopy can provide an image of these tiny particles.
A flocculation assay will be performed on these nanoparticles, which means that a
substance will be added to purposefully aggregate the colloids. Aggregation depends on the
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substance added to the colloidal solution, as well as how much of it is added. The aggregation is
indicated with a color change, which can be observed using an UV/Vis Spectrophotometer, or by
your eyes. Two substances will be added to the colloid solution, which may or may not aggregate
the nanoparticles; they are sodium chloride and sucrose.

TEM Image of Gold Nanoparticles

200 nm
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It is possible to protect the nanoparticles from aggregating by coating them in compounds
such as enzymes, proteins, or small molecules, as well as other substances. In this experiment,
you will be coating your nanoparticles with a layer of surfactant, or a molecule with a hydrophilic
head group and a hydrophobic tail, which decreases surface tension. Surfactant molecules (a.k.a.
detergent molecules) can group together to form layers (known as monolayers) or spheres, which
are known as micelles. When a nanoparticle is exposed to a surfactant solution, van der Waals
forces physisorb (a type of adsorption—or sticking to the surface) the surfactant to the particle
surface, see the figure below. When a nanoparticle is coated with a surfactant, steric (or physical)
interactions prevent the gold nanoparticles from touching each other, therefore protecting them
from aggregating with one another. This is a physical interaction, there is no charge repulsion
between the Tween 20 molecules.

Even when ions are introduced to the system, and the

nanoparticles are screened from one another, they will not aggregate because the surfactant
molecules are in between them, preventing them from touching each other and crashing out of
solution.10

Left: Gold nanoparticles being coated with Tween 20 (symbolized by kinked lines).10
Despite being screened from each other, the nanoparticles do not aggregate due to steric
interference. Right: Schematic of Tween 20.
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You will also compare bulk properties, those of a material that has enough atoms to act as
a larger piece of the material, to nanoscale properties, where the size of the material is on the
nanometer scale. Although they may seem as though they should be the same, as you increase
the amount of substance present, often the properties change. This can be illustrated by slides
that have been made to each have a different number of layers of gold colloid. Eventually the
properties, such as reflectivity, resistance, and color will approach the properties of the bulk
material.
These slides started out as plain glass slides. These glass slides were derivatized with
APTMS (3-aminopropyltrimethoxysilane), which acts like glue between the glass and the gold
nanoparticles. The OH group on the glass reacts with the OCH3 group on the APTMS, and the
APTMS is bound to the slide. The slide is rinsed off with distilled water and methanol to make
sure there are no other particles or substances present, and then the colloid is exposed to the slide,
creating a layer of gold.

The slide is again rinsed with water, and then dipped in

mercaptoethylamine (MEA), which binds to the colloid at both the SH and the NH2 end, as well
as screens the colloid’s repulsive charges between layers. These rinses and dips in MEA result in
multiple layers of gold nanoparticles on a surface. The structures drawn below should help to
visualize this process, there will also be a short movie shown during the prelab discussion
demonstrating this process.
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Slide Reaction Diagram8

1. Continue with MEA
2. Au colloid
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Quiz Outline
Name 2 applications for gold nanoparticles in the past.

What is a colloidal solution?

Explain why gold colloid looks red.

What is a flocculation assay? What is aggregation?

What are some properties that may be different between nanoparticles and a bulk sample of the
same composition?

Draw a picture of how the multiple layers were placed on the glass slide (you may use chemical
abbreviations.)

What are the four types of reactions that were described in Experiment 7 in your Chemtrek?

How many grams of NaCl will you need to make up 15 mL of a 0.25 M NaCl solution?
(Na = 22.99 g/mol, Cl = 35.45 g/mol)

What is a physical change? What is a chemical change?

What compounds can be used to protect a colloid solution from aggregation?

What is a surfactant? What is physisorption?
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Sample Quiz

1. How many grams of sucrose (C12H22O11, or table sugar) would you need to make up 10 mL of
1.5 M sucrose solution? (C = 12.01 g/mol, H = 1.008 g/mol, O = 16.00 g/mol)

2. List the four types of reaction that were outlined in Experiment 7 of your Chemtrek.

3. Define colloidal solution.
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4. What was the chemical used to bind a layer of gold nanoparticles on top of another layer, and
how did it work?

5. What does a flocculation assay do to the sample?
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Section A: Making Colloid Solution
You should work with your lab partner. You will also need eye protection and nitrile gloves due
to the caustic nature of HAuCl4.

1. Clean the following glassware once with soap and rinse well with distilled water: two 10 mL
graduated cylinders, 2 small beakers, two 8 mL vials, two 20 mL vials, and a small Erlenmeyer
flask. Make sure you rinse your glassware with distilled water and not tap water.

2. Obtain 2 mL of 0.038 M Na3C6H5 O7 (sodium citrate) solution. Pour some solution into a
small beaker, and measure out 2 mL into the second beaker using the 1 mL pipetor. Take only
the second beaker back to your station. The excess sodium citrate solution may be dumped down
the drain with running water.

3. Place a magnetic stir bar (that has been rinsed with distilled water) into your flask. Measure
out 20 mL of the 0.001 M HAuCl4 solution into a graduated cylinder; you may use a plastic pipet
to achieve exactly the correct volume. Pour the 0.001 M HAuCl4 (gold salt) solution into the
flask. Take only this flask back to your station. Place the hot plate in front of the fume hood.
Bring the gold salt solution to a rolling boil on a hot plate while vigorously stirring the solution.

4. After the solution has begun to boil, add the 2 mLs of the Na3C6H5O7 solution. The solution
should continue to boil and be stirred. Watch carefully, several changes will occur.
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Q1: a) What did the solution look like before you added the sodium citrate solution to your gold
salt solution?
b) Record your observations of what happened immediately after you added the sodium
citrate solution.

5. As the water boils off, add distilled water to keep the volume at about 20 mLs. Heat on the
hot plate, and remove after 10 minutes. Then, remove the solution from the hot plate with tongs
or heat resistant gloves, and allow it to cool.

Q2: What other color changes occurred as you heated your solution?

Q3: a) Of the four types of reactions described in Experiment 7, what type of reaction just
occurred to create these nanoparticles?
b) Why was stirring the solution necessary?

Q4: What is a colloidal solution?

Q5: a) Evaluate the quality of your colloid solution.
b) Is it the color and consistency it should be?
c) Do you think the particles are uniform? (You may want to look at the TEM image of a
colloid solution prepared in this manner.)
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Section B: Flocculation Assay
You will observe the effects of adding different substances to your colloid solution, including
whether or not the nanoparticles aggregate and fall out of solution. You will also protect your
colloid solution using a surfactant.

1. Make up a 10 mL solution of 1.0 M sodium chloride in one of your 20 mL vials. Be sure to
wash your graduated cylinder thoroughly between solutions with distilled water and soap. (Na =
22.99 g/mol, Cl = 35.45 g/mol)

Q6: How many grams of NaCl will you need to make this solution? Make sure to show your
calculation in your notebook.

2. Make up a 10 mL solution of 1.0 M sucrose (C12 H22O11, or table sugar) in your other 20 mL
vial. (C = 12.01 g/mol, H = 1.008 g/mol, O = 16.00 g/mol)

Q7: How many grams of sucrose will you need to make this solution? Make sure to show your
calculation in your notebook.

3. You will need your two 8 mL vials for this step. Place 3 mLs of your colloid solution into
each of the two vials. Also, place 3 mLs of distilled water into the two vials. You should now
have a diluted colloid solution in each vial.
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4. With a pipet, drop 5-10 drops of the NaCl solution into the first vial of diluted colloid. Be
sure to observe the effects from above as well as from the side.

Q8: a) Record your observations.
b) How is the solution different from what it looked like before you added the salt?
c) Is this a physical or a chemical change, and why?
d) Draw a picture of what you think is going on at the microscopic level.

5. With a pipet, drop 5-10 drops of the sucrose solution into the second vial of diluted colloid.

Q9: a) Record your observations.
b) How is the solution different from what it looked like before you added the sugar?
c) Can you add enough sugar to achieve the same results as you did with the salt solution?

Q10: a) Why does adding the salt solution have a different effect than adding the sugar solution?
(Hint: think about dissociation and its effects.)
b) Why do the particles in solution not aggregate (come together to form larger particles)
before you add anything else to the solution? (Hint: don’t forget about the negatively charged
absorbed citrate ions).

6. Dump out your sucrose solution and wash the vial. Keep your other three vials of solution.
Place 3 mLs of your colloid solution, and 3 mLs of distilled water in the vial. Add three drops of
the surfactant Tween 20 directly from the dropper bottle to your vial. Shake the solution gently
and then let it sit for 20 minutes.
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Q11: a) What is a surfactant?
b) What is physisorption?

Q12: a) What is the purpose of adding the Tween 20 to your colloid solution?
b) What do you think will happen if you add your salt solution to the mixture?
c) Draw, on a microscopic scale, your prediction.

Q13: What are steric interactions and how do they prevent aggregation of gold nanoparticles?

7. Draw up some sodium chloride solution into a pipet and place the pipet into the solution below
the level of bubbles. Dispel some of the NaCl solution into the colloid/Tween 20 solution.

Q14: a) Record your observations.
b) Compare the colloid/Tween 20 solution (after NaCl has been added) to the two other
colloid solutions without Tween 20. How were the results of the three solutions similar and
different after the NaCl was added?
c)

Draw, on a microscopic scale, what actually happened to your colloid/Tween 20

solution after you added the NaCl.

8. When you dump your colloid solutions in the waste container, make sure to remove the stir bar
first.
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Section C: Observing Multilayered Gold-Covered Slides
At the front of the room there are glass slides that have been coated with gold outside of class.
The questions in this section pertain to these slides.

Q15: Before you begin, explain how the slides were made (including chemical names), you may
want to include a diagram.

1. Do not take the slides out of their containers. Look at the slide marked “1” straight on.

Q16: What does the slide look like? Draw a picture of the slide and label its colors.

2. Now, look at all the slides, 1-10.

Q17: a) Draw a picture of slide #10 and label its colors.
b) What are the differences between the slides?
c) What accounts for these differences?

3. Pick up the container holding slide #10. Angle the vial so that the light shines off the slide.
Now, pick up slide #1, and angle it so that the light hits it.

Q18: How do the two slides look different when light is shone on them?

4. In the eleventh container there is a piece of bulk gold. Look at this piece of metal both straight
on and from an angle.
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Q19: a) What does the piece of bulk gold look like, what color is it?
b) How does the piece of bulk gold look different from the glass slide that has 10 coatings
of gold on it?
c) Which do you think conducts electricity better, and why?
d) Why are the properties of these two substances so different?

Q20: a) If the slides were continued to be covered in layers of gold, what would they eventually
resemble?
b) How is it possible to put multiple layers of gold nanoparticles (which has a negative
charge) on the surface of the glass slides? (Do not just restate the procedure – explain how/why
the procedure works.)

5. Surface coverage is a property that describes how many small particles can fit on a larger
particle or material. We will calculate the maximum possible surface coverage (or number of
gold particles) for our 2.5 cm  0.9 cm slides. Assume that the diameter of one nanoparticle
sphere is 12 nm. Also assume that there is no empty space (don’t worry about how the particles
pack or that they may repel each other). You may imagine the edge of the colloid to be flexible,
where its shape may be altered to fit the available space, so long as the area taken up does not
change.

Q21: Calculate the “footprint” area of the nanoparticle sphere. (If you were looking down on
one colloid, what would you see, and how big would it be?)
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Q22: Calculate the maximum surface coverage the slides will have when covered with these
particles. Be sure to explain whether this answer is for one side or both sides of the slide.
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Name:
TA:
Date:

Pre Lab Quiz for Nanoparticle Makeup Lab

1. How many grams of NaCl will you need to make up 5 mL of a 0.75 M NaCl solution?
(Na = 22.99 g/mol, Cl = 35.45 g/mol)

2. What is a colloidal solution?
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3. Explain what aggregation is.

4. If I made a nanoparticle that was blue, what color would it be absorbing? What color
would be passed through it?

5. Give one example of each: a physical change and a chemical change. (They do not need
to be examples from today’s lab).
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Nanoparticle Makeup Lab Answer Key

Q1: a) What did the solution look like before you added the sodium citrate solution to
your gold salt solution? b) Record your observations of what happened immediately after you
added the sodium citrate solution.
(3 pts) A: a) Before the sodium citrate was added, the solution was boiling and yellow.
b) Immediately after the sodium citrate was added, the solution went clear, and then gray.

Q2: What other color changes occurred as you heated your solution?
(2 pts) A: As the solution was heated it turned purple; it finally became wine red.

Q3: a) Of the four types of reactions described in Experiment 7, what type of reaction
just occurred to create these nanoparticles? b) Why was stirring the solution necessary?
(2 pts) A: a) A redox reaction occurred. Gold colloid can be made by adding sodium
citrate to a gold salt solution. The gold is reduced by the sodium citrate and begins to “stick” to
other gold particles to form nanoparticles. The sodium citrate is absorbed into these particles and
gives them a negative charge, which results in the particles repelling each other, preventing
aggregation, or further clumping together and crashing out of solution. b) By stirring the
colloidal solution, an even distribution of nanoparticles size results.
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Q4: What is a colloidal solution?
(3 pts) A: Colloid solutions are comprised of tiny particles (usually between 1 and 150
nm) that are suspended throughout another medium, which do not fall out of solution due to
Brownian motion, or collisions with solvent molecules. Colloidal solutions scatter light, but also
absorb certain wavelengths, which depend on the size of the particle.

Q5: a) Evaluate the quality of your colloid solution. b) Is it the color and consistency it
should be? c) Do you think the particles are uniform? (You may want to look at the TEM image
of a colloid solution prepared in this manner.)
(3 pts) A: a/b) The colloid solution will be of good quality if it is wine red and not
clumpy. c) Yes, the particles are spherical (approximately 12-13 nm wide) and uniform as
demonstrated in the TEM image.

Q6: How many grams of NaCl will you need to make this solution? Make sure to show
your calculation in your notebook.
(4 pts) A: Want 10 mL of 1.0 M NaCl solution
M = mol/L

so: (M)(L) = mol

10 mL / (1000mL/L) = 0.01 L
(1.0 M)(0.01 L) = 0.01 mol NaCl
23 g/mol + 35g/mol = 58 g/mol NaCl
(0.01 mol)(58 g/mol) = 0.58 g NaCl needed
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Q7: How many grams of sucrose will you need to make this solution? Make sure to
show your calculation in your notebook.
(4 pts) A: Sucrose = C12H22 O11
Need 10 mL of 1.0 M sucrose
Need 0.01 M sucrose (same calc. as Q6)
(12 g/mol)(12 C) + (1 g/mol)(22 H) + (16 g/mol)(11 O) = 342 g/mol sucrose
(0.01 mol)(342 g/mol) = 3.42 g sucrose needed

Q8: a) Record your observations. b) How is the solution different from what it looked
like before you added the salt? c) Is this a physical or a chemical change, and why? d) Draw a
picture of what you think is going on at the microscopic level.
(7 pts) A: a/b) The solution turned from reddish to bluish. It looked wispy, and the
blue solution fell to the bottom of the vial (should be seen when observing the vial from the side).
c) This is a physical change because the particles are simply coming together, or aggregating.
There is no chemical reaction occurring.
d) The picture should show groups of particles coming together to form larger groups of
particles in the presence of ions. (Like diagram from video).

Q9: a) Record your observations. b) How is the solution different from what it looked
like before you added the sugar? c) Can you add enough sugar to achieve the same results as you
did with the salt solution?
(3 pts) A: a/b) The solution is still red, although there were some clear wispy currents
in the solution. c) No, with 60 drops of sugar solution added, the colloid solution is still red.

216
Q10: a) Why does adding the salt solution have a different effect than adding the sugar
solution? (Hint: think about dissociation and its effects.) b) Why do the particles in solution not
aggregate (come together to form larger particles) before you add anything else to the solution?
(Hint: don’t forget about the negatively charged absorbed citrate ions).
(6 pts) A: a) The salt solution completely dissociates into ions in solution, these ions
screen the particles from one another so that they don’t repel each other. The colloid then
aggregates. The sugar solution does not dissociate, and so does not create ions. The colloid
continues to repel itself. b) The particles in the solution don’t aggregate because they have
negatively charged citrate ions absorbed into them, which repel each other. The colloids never
come close enough to each other to aggregate.

Q11: a) What is a surfactant? b) What is physisorption?
(4 pts) A: a) A molecule with a hydrophilic head group and a hydrophobic tail, which
decreases surface tension, a.k.a. detergent. b) A type of adsorption—or sticking to the surface,
due to Vander Waals forces.

Q12: a) What is the purpose of adding the Tween 20 to your colloid solution? b) What
do you think will happen if you add your salt solution to the mixture? c) Draw, on a microscopic
scale, your prediction.
(6 pts) A: a) Tween 20 is added to act as a protecting agent for the colloid against
aggregation. It coats the surface in a monolayer and keeps the particles apart by steric
interference. b) If salt is added to the mixture, it will dissociate into ions, but they will not
aggregate the particles because, although they screen them from each other, the surfactant will
protect the colloid. c) The picture should look like the picture in the background section, but
there should also be Na+ and Cl- ions in the solution. There should be no aggregation.
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Q13: What are steric interactions and how do they prevent aggregation of gold
nanoparticles?
(2 pts) A: Steric (or physical) interactions prevent the gold nanoparticles from touching
each other, therefore protecting them from aggregating with one another. This is a physical
interaction, there is no charge repulsion between the Tween 20 molecules. Even when ions are
introduced to the system, and the particles are screened from one another, they will not aggregate
because the surfactant molecules are in between them, preventing them from touching each other
and crashing out of solution.

Q14: a) Draw up some sodium chloride solution into a pipet and place the pipet into the
solution below the level of bubbles. Dispel some of the NaCl solution into the colloid/Tween 20
solution. Record your observations. b) Compare the colloid/Tween 20 solution (after NaCl has
been added) to the two other colloid solutions without Tween 20. How were the results of the
three solutions similar and different after the NaCl was added? c) Draw, on a microscopic scale,
what actually happened to your colloid/Tween 20 solution after you added the NaCl.
(4 pts) A: a) After the NaCl is added to the colloid/Tween 20 solution, nothing should
happen. b) The results were the same as after the sucrose was added to the colloid solution.
There was no aggregation. The results were different from adding the salt solution to the colloid
solution without Tween 20 because there solution did not turn blue, there was no aggregation.
c) This picture should look like the answer to Q12 c’s answer.
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Q15: Before you begin, explain how the slides were made (including chemical names),
you may want to include a diagram.
(6 pts) A: These slides started out as plain glass slides. These glass slides were
derivatized with APTMS (3-aminopropyltrimethoxysilane), which acts like glue between the
glass and the gold colloid. The OH group on the glass reacts with the CH3 group on the APTMS,
and the APTMS is bound to the slide. The slide is rinsed off with distilled water and methanol to
make sure there are no other particles or substances present, and then the colloid is exposed to the
slide, creating a layer of gold. The slide is again rinsed with water, and then dipped in
mercaptoethylamine (MEA), which binds to the colloid at both the SH and the NH2 end, as well
as screens the colloid’s repulsive charges between layers
See also: slide reaction diagrams in background chemistry.

Q16: What does the slide look like? Draw a picture of the slide and label its colors.
(2 pts) A: The first slide should be rectangular, relatively transparent, not very
reflective, and pink. As the slides progress they get blue/gray/purple, sometimes a little splotchy,
and more reflective.

Q17: a) Draw a picture of slide #10 and label its colors. b) What are the differences
between the slides? c) What accounts for these differences?
(3 pts) A: a) Slide #10 should be reflective, opaque, and bluish purple. b) The color
from slide to slide is different. The color darkens as the number of layers of gold colloid
increases. c) The increasing amount of gold accounts the changing properties.
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Q18: How do the two slides look different when light is shone on them?
(2 pts) A: The reflectivity increases as the number of layers of gold colloid increases.

Q19: a) What does the piece of bulk gold look like, what color is it? b) How does the
piece of bulk gold look different from the glass slide that has 10 coatings of gold on it? c) Which
do you think conducts electricity better, and why? d) Why are the properties of these two
substances so different?
(5 pts) A: a) Bulk gold is gold in color, and very reflective. b) The bulk gold is more
yellow in color, the slide with 10 coatings of colloid is bluish in color. The bulk gold is also
more reflective than the slide. c) The bulk gold conducts electricity better; it is more reflective
and has a sea of electrons available to conduct electricity. The slide does not have as much gold
present, so it will not conduct electricity as well. d) The properties are so different because bulk
properties are not the same as nano-scale properties, the difference is between the amount of the
gold present.

Q20: a) If the slides were continued to be covered in layers of gold, what would they
eventually resemble? b) How is it possible to put multiple layers of gold nanoparticles (which
has a negative charge) on the surface of the glass slides? (Do not just restate the procedure –
explain how/why the procedure works.)
(3 pts) A: a) Eventually, the glass slide covered in gold colloid would resemble the
bulk gold in color and reflectivity, as well as conductivity. b) The mercaptoethylamine (MEA)
used to stick the layers of gold nanoparticles to each other screens the nanoparticles’ repulsive
charges between layers, allowing for them to get close enough that they bind to the MEA and
form multilayers.
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Q21: Calculate the “footprint” area of the nanoparticle sphere. (If you were looking
down on one colloid, what would you see, and how big would it be?)
(3 pts) A: Footprint area = surface area of a circle = r2
Diameter = 12 nm, radius = 6 nm = 6E-9 m
SA: (6E-9 m)2 = 1.13E-16 m2 (OR: 1.13E-12 cm2, OR: 113 nm2)

Q22: Calculate the maximum surface coverage the slides will have when covered with
these particles. Be sure to explain whether this answer is for one side or both sides of the slide.
(3 pts) A: SA slide = 2.5 by 0.9 cm = 2.5E-2 m by 0.9E-2 m
l times w = (2.5E-2 m)(0.9E-2 m) = 2.25E-4 m2
slide/footprint area: (2.25E-4 m2) / (1.13E-16 m2) = 1.989E12
approx. 2E12 particles for each side of the slide
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Chem 14 – 106 Makeup Lab
Gold Nanoparticles: Synthesis and Multilayering
Grade Sheet
Section A

Section B

Section C

Notebook Pages

Q1

3 points

________

Q2

2 points

________

Q3

2 points

________

Q4

3 points

________

Q5

3 points

________

Q6

4 points

________

Q7

4 points

________

Q8

7 points

________

Q9

3 points

________

Q10

6 points

________

Q11

4 points

________

Q12

6 points

________

Q13

2 points

________

Q14

4 points

________

Q15

6 points

________

Q16

2 points

________

Q17

3 points

________

Q18

2 points

________

Q19

5 points

________

Q20

3 points

________

Q21

3 points

________

Q22

3 points

________

15 points

________

Title, Date, TA Name, Sloppy
Miscellaneous

5 points

________

Lab Practice, Time Management
Total 100 points

________/100
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Pre Lab Quiz for Nanoparticle Makeup Lab – ANSWER KEY

1. How many grams of NaCl will you need to make up 5 mL of a 0.75 M NaCl solution?
(Na = 22.99 g/mol, Cl = 35.45 g/mol)

(2 pts) A: Want 5 mL of 0.75 M NaCl solution
M = mol/L

so: (M)(L) = mol

5 mL / (1000mL/L) = 0.005 L
(0.75 M)(0.005 L) = 0.00375 mol NaCl
23 g/mol + 35g/mol = 58 g/mol NaCl
(0.00375 mol)(58 g/mol) = 0.2175 g NaCl needed

2. What is a colloidal solution?

(2 pts) A: Colloidal solutions are comprised of tiny particles (usually between 1 and 150
nm) that are suspended throughout another medium, which do not fall out of solution due to
Brownian motion, or collisions with solvent molecules. Colloidal solutions scatter light, but also
absorb certain wavelengths, which depend on the size of the particle.
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3. Explain what aggregation is.

(2 pts) A: Aggregation is further clumping together of gold nanoparticles and crashing
out of solution. If the colloid is forced to aggregate, as the distance between the particles
decreases, and the diameter of the particles increases, the wavelength absorbed shifts and the
particles look blue. This aggregation can be initiated by adding charged particles to the solution
(dissolved salt, for example). These charges “screen” the particles from one another, their
negative charges no longer repel each other, and they begin to clump together, or aggregate.
The picture should show groups of particles coming together to form larger groups of
particles in the presence of ions. (Like diagram from video).

4. If I made a nanoparticle that was blue, what color would it be absorbing? What color
would be passed through it?

(2 pts) A: If a nanoparticle were blue it would be absorbing the color red or orange.
The blue color would be transmitted, or pass through it. This is illustrated in the color wheel,
with “opposing colors.”

5. Give one example of each: a physical change and a chemical change. (They do not
need to be examples from today’s lab.)

(2 pts) A: Physical Change: melting water
Chemical Change: burning a log in a fireplace
(Other examples are just fine).
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Prelab Talk Overhead

Gold Nanoparticles: Synthesis and Multilayering

Work in Pairs, be sure to answer the questions in your own
words.
Wear gloves and safety glasses. HAuCl4 is very caustic.
Half the lab should start with Section A; half the lab should
start with Section C.

Section A:
Make sure you clean your glassware between solutions.
Use distilled water, NOT tap water and Rinse Well.
The gold salt and sodium citrate solutions are up front.
Use the 1 mL pipetor to measure the sodium citrate solution.
Take only your measured solutions back to your seat.
Boil your gold salt solution in front of the fume hood.
Do not pick up the hot flask with your hands.
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Section B:
When you’re done, the sugar and salt solutions can go
down the drain.
Any solution with colloid or HAuCl4 must be put in the
waste container up front, be sure to remove the stir bar.
Tween 20 is a soap, it will drip from the pipets.

Section C:
Do NOT move the slides from their station.
Do NOT open the containers the slides are in.

We will watch 2 short movies. There will be questions on
them in the lab.
Leave your packet with me at the end of lab.
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Materials and Equipment/group (working in pairs):
Bolded items not in students’ C drawers

2 10 mL grad. cylinders
1 sm beaker
1 sm Erlenmeyer flask—not in C drawer
1 magnetic stir bar
1 heating/stir plate
neoprene or nitrile gloves
1 1-2 mL pipetor with tips
2 20 mL vials
2 8 mL vials
plastic pipets
Chem 15 M: brown, or foil-wrapped bottles

Solutions/Reagents:
2 mL sodium citrate solution
20 mL gold salt solution
Gold colloid
0.5 g NaCl with a scupula
3.5 g table sugar with a scupula
3 drops of Tween 20
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Whole class needs:
1 piece of bulk metal (prefer. Gold, cu ok)
Heat resistant gloves or tongs
Magnet to remove stir bars from solutions
TV/DVD player with remote
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TA Notes
Nanoparticles Chem 15 M Lab
Sarah Brunker 2/06

The purple Kimberly Clark nitrile gloves are the safest for this lab.
The TA will need to demonstrate how to use the pipetor, and that pipet tips are necessary
and disposable.
The HAuCl4 solid will eat through metal spatulas, plastic is recommended when working
with this.
Make sure to distinguish between the colloidal solution, and the actual particles, which
are gold nanoparticles.

It is more important that the students rinse their glassware well than use a lot of soap.
Make sure the students remove the magnetic stir bar before dumping their colloid
solution into the waste container.
The HAuCl4 solution should be heated at about 300oC and stirred enough that a small
funnel can be seen in the solution. When there are large bubbles in the solution,
then the sodium citrate can be added.
Do not add too much distilled water all at once or the solution with stop boiling.
The colloid solution is a good solution if it is wine red, is not cloudy, and has nothing
settled at the bottom of the flask.

While the students are waiting for the Tween 20 to coat the nanoparticles for 20 minutes,
they can move on to Section C. It doesn’t matter if the Tween 20 sits for more
than 20 minutes, but it must sit for at least 20 minutes before the NaCl is added.
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Gold Nanoparticles Lab Review

1) Be able to define aggregation and explain what you observed when the colloidal
solution aggregated.

2) Know how the Tween 20 protected the colloid from aggregation, and be able to draw
a picture of what happened on the microscopic scale.

3) Be able to explain the difference between nanoscale and bulk properties, and list
examples.

4) Explain how gold particles with negative sodium citrate ions on them can be layered
on top of each other to form multilayered slides.

5) Describe how you made the gold colloid solution, and what observations you made
during that process.
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Gold Nanoparticles Post Lab Quiz and Evaluation
1) Please rate your overall understanding of the topics covered in this lab (types of reactions,
materials chemistry, etc.) after completing the lab, as compared to your understanding before
completing the lab.

Much Improved

Slightly Improved

No Change

Slightly Confused

Greatly Confused

2) Please evaluate the quality of the lab (how it was written, the questions asked, etc.).

Enjoyable

All Right

No Opinion

Slightly Disliked

Greatly Disappointed

3) Is there anything you would like to see changed, added, or deleted from this lab? Please write
any suggestions for improvement here.
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4) Define aggregation and explain what you observed when the colloidal solution aggregated.

5) Give one example of each: a physical change and a chemical change.

6) Explain how gold particles with negative sodium citrate ions on them can be layered on top of
each other to form multilayered slides.
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