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ABSTRACT

Recent progress in substrate nanofabrication has led to the development of Ag nanorod arrays as
uniform, reproducible, large area SERS-active substrates with high signal enhancement. These
novel nanostructures fabricated by oblique angle vapor deposition (OAD) offer a robust platform
for the rapid detection of biological agents and open new perspectives for the development and
integration of biomedical diagnostic for clinical and therapeutic applications. Ag nanorod arrays
have been investigated as SERS-active substrates for the label-free optical detection of
nucleotide complexes by monitoring the surface-enhanced Raman spectra of the oligonucleotide
probe-viral target complex. The assays presented in this work consist of oligonucleotide-based
arrays immobilized on the surface of a SERS-active substrate that allow binding of viral
nucleoprotein constituents of the viruses contained in a commercially available split-virion

inactivated influenza vaccine, as well as detection of various influenza RNA strains containing a



gene mutation coding for a viral protein associated with high virulence of influenza. Multivariate
statistical methods were employed to confirm statistically significant differences between the
spectra of the DNA probes and their complexes after binding to the viral targets. These results
provide the first evidence for the use of oligonucleotide-modified SERS substrates as diagnostic
tools for influenza virus detection in a complex biological matrix. The findings demonstrate that
bio-nanotechnology combined with vibrational spectroscopy has the ability to enhance both
detection and diagnosis of emerging viral infections while allowing point-of-care testing in
clinical applications to rapidly determine disease risk and the appropriate course of action to

reduce its spread.
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CHAPTER 1

Introduction to Raman Spectroscopy

The purpose of this chapter is to introduce the reader to the theory and basic principles of Raman
spectroscopy, the vibrational spectroscopic technique employed in this work. A retrospective of
the discovery of the Raman effect is provided, as well as a brief description of the origin of the
fundamental vibrations observed in Raman. Also included in this chapter are a short summary of
the components making up a Raman spectrophotometer followed by an overview of the early

Raman studies conducted on a variety of samples with an emphasis on biological samples.

1.1.  Discovery of the Raman Effect

In 1928, Chandrasekhara Venkata Raman and Kariamanickam Srinivasa Krishnan reported the
results of their studies on the scattering of light entitled “A New Type of Secondary Radiation”
in the scientific journal Nature.(1) In their paper, their described a modified scattered radiation of
degraded frequency resulting from irradiation of atoms or molecules by a powerful illumination
source and discovered what is now referred to as the Raman effect. Raman received the Nobel
Prize in Physics in 1930 for the discovery of the scattering of light and his contribution to the
development of the technique. The Raman effect was designated an American Chemical Society
National Historical Chemical Landmark in 1998, demonstrating the significance of the

discovery.



Raman is a spectroscopic technique based on inelastic scattering of monochromatic light, usually
from a laser in the visible, near infrared, or near infrared range.(2) When light is scattered from a
molecule or atom, most photons are scattered with the same frequency as the incoming light
source. This phenomenon is deemed an elastic or Rayleigh scattering event. However, Sir Raman
and Sir Krishnan discovered that about one in a million photons is inelastically scattered at a
different frequency than that of the incident photons. Upon irradiation of the sample with the
light source, the frequency of the reemitted photons is shifted up or down in comparison with the

original monochromatic frequency, which is called the Raman effect.

Figure 1.1 shows the energy level diagram that represents the Stokes and Anti-Stokes transitional
schemes. When monochromatic laser light with a particular frequency excites atoms or
molecules, it creates oscillating dipoles that emit light of three different frequencies. In the case
where a photon is scattered from an atom or molecule as a result of their excitation from the
ground vibrational state, v = 0, to a virtual state designated by j with the same frequency as the
incoming frequency vy, the photon is said to be elastically scattered or Rayleigh scattered.
However, when a photon is scattered off a molecule in a ground vibrational state, a momentary
change in the energy state of the molecule corresponding to the virtual state takes place. Atoms
or molecules in the ground state may absorb a photon corresponding to an energy of hve and
emit a photon with a change in energy represented by h(vo- vy). In this case, part of the photon’s
energy is transferred to the Raman-active mode with frequency v, and the resulting frequency of

scattered light is reduced to vy - v,. This is referred to as a Stokes shift and written as v;.
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Figure 1.1. Energy level diagram for the Stokes and Anti-Stokes transitional schemes.



Conversely, atoms or molecules in an already vibrationally excited state, v = 1, scatter and return
to their ground state by emitting a photon with energy corresponding to h(vo-+v,). In this case,
excessive energy of the excited Raman-active mode is released as the molecule returns to the
basic vibrational state and the resulting frequency of scattered light goes up to vg+vy. This

Raman frequency is called anti-Stokes shift and written as v,.(3)

The absorption of energy (Stokes) results in a red shift in the Raman spectrum, whereas a loss in
energy (anti-Stokes) results in a blue shift. According to the Maxwell-Boltzmann distribution
law, the population of atoms or molecules at v = 0 is much greater than that at v = 1. It follows
that the red shifted Stokes lines are about thirteen times greater in intensity when compared to
the blue shifted anti-Stokes lines when the system is at equilibrium. The intensity of anti-Stokes
shifts increases when the system is at an elevated temperature, increasing the population of

vibrational excited molecules in the system.(2-4)

Raman scattering is representative of the rotational, vibrational, or pure electronic transitions of
the molecules. Figure 1.2 presents the full spectrum of scattered light for carbon tetrachloride.
The most intense band at wavenumber 0 corresponds to the Rayleigh scattering. The bands
present at higher (Stokes) and lower (anti-Stokes) frequencies correspond to the Raman shifts for
carbon tetrachloride. The Raman shift is a value associated with the bonds in the system and is
expressed in cm™, referred to as wavenumbers. Raman vibrational bands are not characterized by
their absolute wavenumber value, but rather, by the magnitude of their wavenumber shift from

the incident excitation energy. This value is representative of variation of energy and is used to
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Figure 1.2. (a) Spectrum of a mercury arc in the region of 4358.3 A (435.83 nm, v; =22,938 cm’
Y. (b) Rayleigh and Raman spectra of carbon tetrachloride (liquid) excited by mercury arc
radiation, v; =22,938 cm™. (¢) Rayleigh and Raman spectra of carbon tetrachloride (liquid)
excited by an argon ion laser, v; =20,487 cm™ (4 879.9 A, 487.99 nm) and recorded directly. The
spectra in (a) and (b) are facsimiles of spectra reported by Raman and Krishnan (1929) and were

photographically recorded.



account for any variation in the shift with a change in excitation wavelength. In other words,
using wavenumber shifts for Raman vibrations insures that these bands are always plotted the

same, independent of the particular laser excitation energy used in the experiment.

1.2.  Polarizability and Raman Selection Rules

A simple classical electromagnetic field description of Raman spectroscopy may be used to
explain many of the dominant spectral features of Raman band intensities. The dipole moment,
P, induced in a molecule by the external electric field, E, from the laser beam, is proportional to
the field:

P=aE (1)

The proportionality constant a is the polarizability of the molecule. Polarizability is the ability of
a charge distribution, such as an electron cloud of an atom or a molecule, to be distorted from its
original shape by an external electric field.(5) When a molecule is placed in an electric field, it
suffers distortion since the positively charged nuclei are attracted towards the negative pole, and
the electrons towards the positive pole. This charge separation polarizes the molecule and
produces scattering of light, which is associated with the oscillation of an electric dipole moment
induced by the electric field of the laser beam. The induced dipole emits or scatters light at the
optical frequency of the incident light wave. The direction of the induced dipole is depending on
both the molecule and the direction of the electromagnetic wave. The fundamental selection rules
established by quantum mechanics stipulate that a vibration is Raman-active when there is a net

change in the polarizability of the molecule during the course of the vibration of the bonds.
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Raman scattering occurs because a molecular vibration changes the polarizability of the
molecule. This change is characterized by the polarizability derivative, do/dQ, where Q is the
normal coordinate of the vibration. The selection rules for a Raman-active vibration states that
there must a change in polarizability during the course of the vibration.(3-5) Mathematically, this
statement may be described as follows:

do/dQ # 0 (2)

The Raman selection rule is analogous to the more familiar selection rule for an infrared-active
vibration, which states that there must be a net change in the dipole moment during the course of
the vibration. From group theory, it is straightforward to show that if a molecule has a center of
symmetry, vibrations that are Raman active will be silent in the infrared, and vice versa. Note
that the scattering intensity is proportional to the square of the induced dipole moment, i.e., to the
square of the polarizability derivative. The degree of polarizability of a molecule also determines
the vibrational Raman cross section. The cross section of a molecule is characteristic of the area
available for interaction with the electric field of the incident monochromatic laser light. It
follows that the larger the Raman cross section, the more likely the molecule will produce a

strong Raman spectrum.

1.3. Vibrational Modes and Intensities

A molecule may absorb and emit energy by interacting with photons that may excite molecules
to higher vibrational states. These vibrations are quantized and are called the normal modes of

the molecule. A linear molecule with N atoms has 3N-5 normal modes, whereas a non-linear
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molecule has 3N-6 normal modes. The motions that characterize each normal mode may be: (i)
bending motions between three atoms connected by two bonds, (ii) stretching motions between
two bonded atoms, and (iii) out-of-plane deformation modes that change an otherwise planar
structure into a non-planar one. The vibrational spectrum of a molecule is composed of bands
representative of some active normal vibrations characteristic of the molecule. The spectrum
depends on the masses of the atoms in the molecule, the strength of their chemical bonds and
their atomic arrangement.(6) In addition, Raman vibrational bands are characterized by their
frequency (energy), intensity (polarizability), and band shape (environment of bonds). Since the
vibrational energy levels are unique to each molecule, Raman spectra provide a “fingerprint” of a
particular molecule. The frequencies associated with these molecular vibrations depend on the
masses of the atoms, their geometric arrangement, and the strength of their chemical bonds. Note
that the frequency of the laser is independent of the frequency of the vibration but that scattering
intensity in general is dependent on the frequency of the excitation source to the fourth power.(4,
5) Additionally, Raman spectra provide information on molecular structure, dynamics, and

environment of the molecule of interest.(6)

1.4. Raman Spectroscopy Instrumentation

In common with most instrumental techniques, instrumentation for Raman spectroscopy has
evolved over time. Conducting Raman experiments requires a variety of elements of
instrumentation that have evolved over the years with the advancement of technology. Typically,

a Raman spectrometer consists of a laser source, a cell to hold the sample, a wavelength selector,



a radiation transducer and the appropriate signal processor, and a detector or read-out device.

Figure 1.3 presents a schematic of these components. A detailed description of each follows.

Laser Source

The sample to be analyzed is normally illuminated with a laser beam in the ultraviolet (UV), visible (Vis)
or near infrared (NIR) range. The laser source is generally a He-Ne, Ar’, or Kr" laser delivering different
wavelengths. He-Ne lasers emit a highly collimated beam of light at a wavelength of 632.8 nm; Ar" lasers
emit wavelengths at 488.0 and 514.5 nm, and Kr" lasers emit wavelengths at 530.9 and 647.1 nm.(3)
Bandpass filters or pre-monochromators are usually needed to filter out the extra (atomic) laser plasma
lines for these ion lasers. Diode lasers emitting in the near-infrared region (NIR) are also commonly used
for Raman spectroscopy and are typically used for biomedical applications to minimize potential
problems with sample fluorescence and sample damage. The most commonly used emission wavelengths
produced by diode lasers for Raman studies are 785 nm and 830 nm. The incident wavelength must be
chosen carefully, as many samples undergo photodecomposition at shorter wavelength. Additionally,
some samples fluoresce and others absorb the incident radiation or the Raman scattered Radiation.
Ideally, the optimum wavelength for a system would result in high intensities, low photodecomposition,
low fluorescence, and low absorbance.(2) Solid-state lasers such as Nd: YAG (Neodynium-doped Yttrium
Aluminum Garnet) lasers may also be used to collect Raman measurements. Nd: YAG is a crystal that is
used as a lasing medium for solid-state lasers. It is the neodymium ion that allows the lasing activity in
the crystal and provides the emission wavelength at 1064 nm. Frequency doubling or second harmonic
generation (SHG) may be achieved using a Nd: YAG laser in combination with a doubling crystal to
produce a wavelength that is one-half of the fundamental wavelength of the laser (532 nm in the case of

the Nd: YAG laser). Pulsed lasers have also been implemented in a variety of Raman studies to optimize
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Figure 1.3. Schematic representation of the components making up a Raman spectrometer. The
components include a laser source, a sample cell, a wavelength selector (filter), a radiation transducer

(diffraction grating) and the appropriate detector (CCD).

10



the excitation wavelength. These lasers typically generate high peak power which may damage and/or
induce photochemistry on the sample. However, these lasers have found usefulness in a variety of studies

where short pulses allow for time-resolution techniques to reject background fluorescence.

Sample Cell

Raman measurements may be conducted on gas, liquid, and solid samples. Sample handling for
Raman spectroscopic measurements is simpler than for infrared spectroscopy where glass may
not be used for windows, lenses, and other optical components of the system. In Raman
spectroscopy, both the exciting and scattered radiation is in the visible region, and therefore glass
and quartz may be used as sample chambers. However, glass chambers may produce a high level
of fluorescence background at certain excitation wavelengths and therefore indium tin oxide
(ITO) glass is usually preferred. In the most recent Raman systems, the laser source is easily
focused on a small sample area using a set of objectives and lenses and the scattered radiation
efficiently focused on a slit. Consequently, very small samples may be investigated. For liquid
analytes, an ordinary melting point capillary is typically used as a sample holder.(3) Since water
is a weak Raman scatterer, the solutions may be analyzed in an aqueous environment. This
advantage is particularly important for both inorganic and biological samples. Analysis of solid
samples requires very little sample preparation. Raman spectra of solid samples are often
acquired by filling a small cavity preferably with a fine powder of the sample. The solid may be
mounted with the laser beam and not dot required to be in a special sample holder. For Raman
analysis of gaseous samples, a higher powered laser is usually required and a specially designed

sample cell is needed to contain the gas.
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Radiation Transducer

The use of a wavelength selection device is critical to conduct Raman measurements. Since
Raman scattering is intrinsically very weak, the main challenge is to collect Raman spectra with
a high degree of resolution (usually less than 5 cm™) in order to separate the intense Rayleigh
line from the weaker Raman lines. To obtain better resolution, a number of monochromators may
be utilized. Presently, holographic diffraction gratings are the dispersive elements of choice to
improve the resolution in comparison to the ruled gratings used previously.(3) A diffraction
grating is an optical element with a fine periodic structure of lines used to split and diffract light
into its constituent wavelengths. A holographic dispersion grating consists if equally spaced
parallel grooves with characteristic groove spacing formed on a reflective coating surface. The
dispersion arises from the wavefront division and interference of the incident radiation from the
periodic structure of the grating. The dispersed light in then re-imaged by the spectrograph and

the required wavelength range is directed to a detection system.

Detector

Historically, Raman spectrometers were equipped with photomultiplier tubes as detecting
devices. Recent technological advances allowed replacement of photomultiplier tubes by photon
counting systems. The inherent properties of photo counting systems offer improvement of
signal to noise ratio of the weak Raman signal and its residual background. Additionally, photon
counting systems are robust and provide accurate results even at high photon intensities.(3)

Currently, the state of the art detectors are linear diode arrays and CCD detectors. Linear diode
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arrays produce a voltage when light energy is detected. This voltage is amplified, multiplexed,
and converted to a digital signal. Unlike linear diode arrays, CCD detectors are integrated
circuits etched onto a silicon surface forming light sensitive elements called pixels. Initially
designed as memory devices, CCD detectors are becoming the read-out devices of choice in
Raman spectroscopy due to their fast readout speed, wide dynamic range and high quantum

efficiency.

1.5.  Applications of Raman Spectroscopy

Although the Raman effect was demonstrated in 1928, it took several years for Raman
spectroscopy to become a routine analytical tool. The main reason behind this lack of utility is
the inherently weak nature of the Raman scattering effect; that is, only a small fraction of light
(less than one photon in a million) impinging upon a sample is scattered inelastically. Thus,
intense monochromatic light is required to ensure that sufficient scattered light is produced to
allow detection. As a result, development of applications of Raman spectroscopy has become
feasible with significant improvement of instrumentation. Development of the laser allowed
stimulation of the Raman effect as detectable levels. Later, the development of methods for
microscopic sampling represented a major advance for the emergence and development of
Raman spectroscopy in the biological field. The following sections highlight the initial
development of Raman spectroscopy as an analytical tool and present a brief introduction of the

early Raman-based studies for bioanalytical applications.
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Early Development

Since the discovery of the Raman effect, Raman spectroscopy has become one the principal
methods of nondestructive chemical analysis for both organic and inorganic compounds. In the
years following the discovery of the effect, Raman spectra of many diatomic, linear, and
symmetric top polyatomic molecules were investigated. The unique spectrum of Raman scattered
light acquired for these molecules initially served as a “fingerprint” that could be used for
quantitative analysis, even in a mixture of materials. These initial studies laid the ground work
for the development and confirmation of the theory of the Raman effect in molecules. Initial
work by Placzek and Teller aimed to elucidate the theory of the Raman effect established the
rotational structure of Raman bands.(7) Following this achievement, very little further work,
either experimental or theoretical, was done on this subject. In the early 1950’s, developments in
instrumentation such as the water-cooled mercury arc lamp and the introduction of photoelectric
recording spectrometers have invigorated the field into a new spurt of activity. Shortly after, the
invention of the laser in 1961, especially the argon ion laser in 1964, offered the availability of a
high power, continuous-wave (CW), coherent and monochromatic light source that gave Raman

spectroscopy a re-birth in terms of its applicability as an analytical technique.

Initial Raman Studies

Shortly after the early stages of experimental and theoretical development of the technique,
Raman spectroscopy established itself as the analytical method of choice for the study of a

variety of sample analytes. The intrinsic capabilities of Raman spectroscopy to probe structural
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and electronic characteristics of molecules opened a new door for the study of molecular
structure. Due to its non-invasive properties, Raman spectroscopy could be applied not only to
liquids, but also to gases and solids. Unlike many other analytical methods available at the time,
Raman spectroscopy was also applicable to the analysis of aqueous solutions. Gas-phase Raman
spectroscopy was also extensively studied using Raman in the mid 1900’s.(8-16) The recording
of a Raman spectra of gases was not straightforward and limited due to experimental limitations.
First, the spectra of molecules in the gas phase, predominantly due to spontaneous or incoherent
scattering, were limited in terms of resolution by the width of the exciting line or, if narrow line
laser sources were used, by Doppler and pressure broadening of the transition.(17) Even with the
largest grating spectrographs available at the time, the best resolution attained was never better,
i.e., smaller, than ca. 0.05 cm™. Second, the low number density of molecules in the gaseous or
vapor state made it difficult to acquire Raman spectra due to the inherently low intensity of the
scattered radiation. In spite of these shortcomings, however, a large amount of useful data was

obtained using spontaneous Raman spectroscopy.

Raman spectra of a number of simple molecules in the gaseous phase have been collected. A few
examples are methane,(18) inorganic halogenides,(19) oxygen,(20) carbon disulphide,(21)
carbon dioxide,(22) and methylamine.(23) Raman spectra acquired in gaseous state were also
compared to the spectra obtained in the liquid state. In the study of methylamine, the spectral
bands acquired in both phases varied in both intensity and shift in wavelength. For example, the
magnitude of the band representative of the N-H shift due to hydrogen bonding between NH,
groups in the liquid phase did not take place to an appreciable extent at the lower pressure

15



conditions required in the gas phase.(23) In spontaneous (or linear) Raman spectroscopy of
gases, commercial Raman spectrometers with a high resolving power may be used, but dedicated
spectrometers have been constructed to achieve the required specifications.(6) The resolution is
limited by the slit width of the spectrometer and the half-width of the exciting line. Typically,
analysis of gaseous samples required a powerful light source and a fast spectrograph. Careful
precautions must be taken in the studies of gaseous sample to eliminate stray light. Confinement
of the gaseous sample is usually accomplished using a glass chamber. Columnation of the
scattering beam is usually required to avoid scattering by the glass chamber holding the gas

itself.

Analysis of Biological Samples

Up until the 1970’s, little has been made of Raman spectroscopy for the study of biomolecular
interactions in aqueous media. The applications of Raman spectroscopy for the investigation
biological molecules became possible shortly after the advent of commercial photoelectric-
recording instruments of high performance. Additionally, the development of the laser allowed
stimulation of the Raman effect at detectable levels routinely, resulting in the first laser Raman
spectrum of a protein in 1970.(24) Of particular importance is the development of near-infrared
lasers, which allowed stimulation of the Raman effect with reduced or even abolished
contributions from fluorescence from biological molecules. Furthermore, the development of
methods for microscopic sampling was crucial to the emergence of Raman spectroscopy in the
biological arena. In particular, the instrumentation designed by Delhaye and Dhamelincourt in

1975,(25) which allowed Raman microscopic imaging to be performed, represented a major
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advance for the induction of Raman spectroscopy as a technique for biomedical applications.
However, the application of Raman spectroscopy to study biological samples really made major
strides with the integration of the charge coupled device (invented in the 1970’s) into Raman
imaging systems as the imaging element, allowing detection of the extremely weak Raman effect

with high sensitivity.

Raman studies have been performed on a variety of biological elements. The molecular
specificity of Raman spectroscopy is such that it offers a sensitive probe for many biomolecular
interactions of interest, i.e., hydrogen bonding, isomeric changes, tautomeric equilibria, etc.(6)
For example, receptor binding induced conformational changes have been studied using Raman
spectroscopy.(26-32) One study looked into the secondary structure of the cAMP receptor
protein, referred to as CRP.(27) Raman spectra of CRP in solution and CRP cAMP cocrystals
were acquired and compared. More specifically, two amide regions of the spectra, Amide I 1630
- 1700 cm™ and Amide III 1220 - 1300 cm™, were compared for varying concentrations of CRP
in solution. In this study, the distribution of conformations appeared to be the same for all
solutions despite buffer and CRP concentration. In contrast, comparison of the spectra acquired
on the CRP-cAMP cocrystals to spectra of CRP alone showed spectral differences in the two
amide regions, suggesting conformational changes in the secondary structure upon cAMP

binding to CRP.
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Oligonucleotides

Raman studies of other biological molecules such as oligonucleotides have been carried in the
early 1950’s. The recent progress in Raman instrumentation at the time provided the ability to
study samples in solution, hydrated fibers or films, polycrystalline and crystalline states. Raman
spectroscopy allowed correlations to be made between structures determined in the solid state by
X-ray crystal diffraction and in solution by NMR.(33, 34) Thus the structural conclusions
obtained by single-crystal studies could be extended (or otherwise) to aqueous solutions simply
by comparing the corresponding Raman spectra. For example, the combination of X-ray and
Raman techniques using the same DNA or RNA crystals has allowed sets of marker Raman lines
to be obtained, characteristic of different geometries in solid state and further detected in
amorphous (hydrated fibers and films) and solution states.(35, 36) For early Raman studies of
DNA, bulk samples were required, typically in solid form or concentrated aqueous solutions.
Otto and co-workers studied aqueous solutions of individual DNA bases to establish the spectral
bands associated with each base.(37) In this study, the DNA bases were devoid of their
phosphate backbone or sugar moiety. Other studies have emphasized on the structural changes of
DNA oligonucleotides.(38-45) In these studies, the characteristics of B-type conformations of
DNA were monitored based on the Raman intensities of the Raman bands. One particular study
focused on eight oligonucleotide strains, four of which having varying GC content and the other
four simply being periodic DNA polymers.(43) The results from this study correlated the spectral
variations in the region of 800 - 850 cm™ to the GC content of the DNA strains as well as the
base pair sequence within those strains. Additionally, bands attributed to A-family and B-family

at 809 and 835 cm™, respectively, were observed, indicating that DNA was in both
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conformations in solution. These initial protein and DNA-based studies built the ground work for
the structural characterization of biomolecules and their change in conformation. The
development of Raman spectroscopy in the early 1960’s for biological analysis has proven
effective for the advancement of spectroscopy-based biomedical applications. These early
investigations allowed determination of the biomolecular structure of important biological
molecules by Raman spectroscopy and paved the way for future work in the field using

vibrational spectroscopy.

Raman spectroscopy involves the study of the interaction of electromagnetic radiation with
molecular vibrations and provides viable means to elucidate the molecular structure of a number
of sample types. Raman spectroscopy is an excellent technique that has a broad range of
applications and provides solutions to a host of important and challenging analytical problems.
As a vibrational technique, Raman spectroscopy may be carried out from a simple identification
test to an in-depth, full spectrum analysis and allows for rapid, accurate qualitative and

quantification of a wide range of analytes.
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CHAPTER 2

Surface-Enhanced Raman Spectroscopy (SERS)

The purpose of this chapter is to introduce the reader to surface-enhanced Raman spectroscopy,
the detection technique predominantly used throughout this work. A retrospective of the
discovery of surface-enhanced Raman spectroscopy is provided, as well as a thorough
description of the mechanisms responsible for the observed signal enhancement. Also included
in this chapter is a short review of the common fabrication methods currently in use to produce
SERS-active substrates followed by a summary of the applications of SERS in bioanalytical

sensing.

2.1. Discovery of Surface-Enhanced Raman Spectroscopy

Raman spectroscopy arises from the vibrational frequencies of molecules and provide a
“molecular fingerprint” that is particularly valuable in chemistry.(2) However, the inherent low
sensitivity of spontaneous Raman scattering makes it a very weak technique in nature and limits
its applicability as an analytical technique.(3-5) Conventionally, special measures are to be taken
to distinguish it from the predominant Rayleigh scattering. As previously noted, about 99.999%
of all incident photons in spontaneous Raman undergo elastic Rayleigh scattering. Consequently,
only about 0.001% of the incident light produces inelastic Raman signal with frequencies v+ vy.
This type of signal is useless for practical purposes of molecular characterization. It was not until

1974 that the first surface-enhanced Raman spectroscopy (SERS) experiment was
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serendipitously performed.(46) SERS is a phenomenon in which the Raman scattering intensity
from molecules adsorbed or interacting with finely divided metal surfaces, typically gold (Au) or
silver (Ag).(47, 48) Sensitivity enhancement by SERS has resulted in more widespread
applications, especially in surface chemistry where the environmental sensitivity of vibrational
spectra reveals how molecules interact with surfaces. Under ideal conditions, the Raman
scattering intensity of molecules is enhanced by a factor of about 10° compared to standard
Raman scattering.(49) The following sections include an introduction of the first experiments
leading to the discovery of surface-enhanced Raman scattering as well as the initial

characterization of the phenomenon responsible for the observed enhancement.

Adsorption of Molecules on Metallic Electrode Surface

In 1974, Fleishmann and co-workers studied the absorption of molecules at metallic electrode
surfaces using Raman spectroscopy.(46) In their experiment, pyridine at a silver electrode
surface was investigated to study monolayer adsorption of molecules at electrode surfaces. Silver
was chosen as the metal due to its electrochemical properties and pyridine due to its strong
Raman scattering cross section as well as its ability to readily absorb at the solid-gas
interface.(50, 51) The working electrode was subjected to cyclic linear potential sweeping in the
electrochemical cell for 15 minutes at 0.5 V/sec between + 200 and -300 mV in preparation for
studies. The formation and reduction of silver chloride during each cycle resulted in substantial
etching of the silver interface, resulting in an increase in surface area of approximately an order
of magnitude. Spectroscopically, Raman spectra acquired on pyridine adsorbed to the electrode

surface differed considerably when compared to those acquired using acidic oxide surfaces as the
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substrate.(50, 51) Spectra acquired at the electrode showed Raman bands at 1008, 1025, and
1036 cm™ whereas those acquired in aqueous pyridine exhibited bands at 1005 and 1037 cm,
respectively. Interestingly, the band at 1025 cm™ decreased with potential in the cathodic
direction, indicative of pyridine coordinating to the metallic surface through the nitrogen atom.
The results showed surprisingly strong and potential-dependent Raman signals from the pyridine
adsorbed on the silver electrode that had been electrochemically roughened in potassium chloride
aqueous electrolyte. However, the spectra of pyridine adsorbed on the roughened silver electrode
were very intense. The intensity of the spectra was initially attributed to an increase in molecular
packing on the surface, which (due to successive oxidation and reduction cycles) had an
increased surface area. Further research showed that this increased packing density alone could
not account for the intensity increase observed at the silver electrode and in 1977, two
independently developed theories explaining that the increase in intensity was due to an intrinsic
surface enhancement.(52, 53) The enhancements observed in these two separate studies were in
the magnitude of 10°-10° in comparison to bulk material, marking the birth of a new technique

that is now known as surface-enhanced Raman spectroscopy (SERS).(54)

Observation of Pyridine Adsorbed on a Roughened Silver Electrode

Albrecht and Creighton first expanded on Fleishmann’s studies in 1977.(52) In a similar fashion,
they acquired and compared Raman spectra of pyridine adsorbed to a silver electrode before and
after a single oxidation-reduction cycle. Following a single voltage sweep, the spectral bands
recorded at the end of the electrochemical cycle showed a drastic increase in intensity.

Specifically, the bands at 1000, 1036, 1218, and 1605 cm™ were nearly five times more intense
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when compared to those in the spectra acquired before the sweep. The Raman spectrum acquired
for the bulk pyridine solution after removal of the electrode was devoid of the 1025 cm™ band,
confirming that this band was due to pyridine adsorbed at the surface of the silver electrode.(46)
Calculations of the surface area due to electrochemical roughening established a 10-20%
increase when compared to an electrode prior to the cycle.(55) Further estimations performed by
Fleishmann showed that the increase in pyridine adsorbed at the electrode surface could not
account for the observed increase in intensity.(46) Albrecht and Creighton suggested that a
surface effect may account for the increased molecular Raman scattering cross sections observed
in their studies.(52) Previously, a study conducted by Haarer and co-workers had suggested the
existence of a broadening of the electronic energy levels for molecules in proximity to roughened
metallic surfaces.(56) Based on this observation, it was proposed that an interaction between the
molecules and the surface plasmons at the roughened metallic surface may be responsible for the

intensity increase in the Raman spectra.(57)

Investigation of the Observed Enhanced Raman Signal

In addition to Albrecht and Creighton, Jeanmaire and Van Duyne both independently studied
pyridine adsorbed on a roughened silver electrode.(53) They set out to validate and expand on
previous studies that employed Raman scattering to investigate species adsorbed on electrode
surfaces.(58, 59) In previous studies, the Raman intensity was dependent upon the method of
preparation of the electrode.(53) When the pyridine solution was held at a potential of -0.6 V in
relation to the SCE, the signal was roughly one order of magnitude higher than pyridine in

solution. In their investigation, Jeanmaire and Van Duyne carried out anodization in the presence
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of pyridine, the signal increased up to a factor of 50. Addition of pyridine post anodization
provided similar results. In addition, spectra of adsorbed pyridine acquired at a silver electrode
lead to the appearance of a new band at 3067 cm™' corresponding to a C-H stretch that was
obstructed in aqueous solution.(53) As expected, bands at 1008 and 1036 cm™ were observed at
higher intensity when compared to the spectra acquired in aqueous solution. This observed
increase in Raman intensity prompted a systematic investigation to determine the factors
influencing the intensity using pyridine as the probe molecule. Jeanmaire and Van Duyne
attempted to draw a direct correlation between the increased intensity and the number of
molecules occupying the surface of the electrode. A pyridine molecule occupies 38 A” in a flat
configuration, and 25 A” in a standing orientation, respectively.(60) Based on these dimensions,
as well as the parameters of the Raman experiment, i.e., the sampling diameter of the laser
source, the number of molecules sampled on the electrode surface was approximately 3 x 10"
The recorded standard Raman spectra of pyridine adsorbed on the electrode was 5 to 6 orders of
magnitude higher than those acquired in aqueous solution, suggesting that the electrode surface

was indeed acting to enhance the signal.(53)

Further studies at various excitation wavelengths showed that the response was not due to a
coupling mechanism of the scattering process with an electronic transition of the adsorbed
molecule. This phenomenon is typically observed with molecules such as crystal violet and
methyl orange where the electronic transition of the analyte is in resonance with a specific
wavelength, leading to an increased Raman signal. Through continued experimentation,

Jeanmaire and Van Duyne concluded that an increase on signal only occurred when the AgCl at
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the electrode surface was indeed reduced, creating a roughened or etched surface. Upon further
investigation, it was demonstrated that etching the surface did not create a large enough surface
area increase to give rise to the observed enhancement. Hendra and co-workers determined that
electrochemical etching the surface could only increase the surface area by a factor of ten. Since
the observed signal increase was 50 fold, the surface area increase could not account for the
observed enhancement alone. Jeanmaire and Van Duyne suggested that the observed
enhancement was originating from the formation of active sites on the surface as a possible
explanation in addition to the increase in surface area. In their subsequent publication, Jeanmaire
and Van Duyne clarified the degree of Raman signal enhancement in the pyridine-on-silver
system and both proposed enhancement mechanisms based on electromagnetic and chemical

effects, respectively.

2.2. Surface Enhancement Mechanisms

Albrecht and Creighton as well as Jeanmaire and Van Duyne hinted that the observed
enhancement could not be solely attributed to the increase surface area on the silver electrode.
They rather suggested the existence of a surface mechanism responsible for the observed
enhancement. Albrecht and Creighton proposed the existence of a mechanism based on
resonance from electronic states(52) whereas Jeanmaire and Van Duyne proposed an electric
field enhancement mechanism present on the surface of the silver electrode.(53) Parts of each
proposed mechanism, were in fact, correct. Over the years, the observed surface enhancement
has been attributed to two different mechanisms. The details of these two proposed mechanisms

of the surface enhancement remain a matter of debate.
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The SERS enhancement has been amply described in the literature and is primarily thought to be
the result of two distinct mechanisms: a long-range classical electromagnetic (EM) and a short-
range chemical enhancement (CE).(61) It is considered that the first proposed mechanism, the
“Electromagnetic Model” (EM) operates in the majority of cases, although the second proposed
mechanism, the “Chemical Enhancement” (CE) or “Charge Transfer Enhancement” is also often
involved. As Raman scattering is governed by the relationship P =a E (1),then SERS must
involve an increase in either or both of the terms E (amplitude of the electric field), and o
(molecular polarizability).(48) The EM theory essentially addresses the enhancement of E, and
the CE model is concerned with the enhancement of a. One common feature between these two
theories is that they both require surface roughness for the surface enhancement to take place.
The following sections describe the contribution of each of the two proposed mechanisms and
shortly address the close distance dependence required between the analyte and the metallic

surface with the appropriate morphologies for the spectral enhancement to occur.

Electromagnetic Enhancement (EM)

The electromagnetic enhancement (EM) model deals with E, the electric field of light (a
molecule independent factor) and stipulates that enhancement is due to the structure of the
surface, and interaction of adsorbed molecules with surface plasmons.(62, 63) The overall
excitation of conduction electrons i.e., electron band, within a material, such as a metal, is
referred to as a plasmon; when confined to a surface, it is deemed a surface plasmon. Surface
plasmons are oscillating electromagnetic fields which exist at interfaces and decay exponentially

on each side of the interface.(47) Their amplitude may be resonantly enhanced by radiation of a
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suitable wavelength.(48, 63) The external electric field of the radiation provides an excitation
causing conduction electrons in the metallic surface (typically gold or silver) to oscillate
collectively, leading to a surface plasmon resonance (SPR).(49) Figure 2.1 depicts a schematic
representation of a surface plasmon confined to a spherical metal particle (represented by a blue
sphere). Metals commonly employed include, but are not restricted to silver, gold, and copper
due to their ability to support a surface plasmon.(64-67) The external electric field of the incident
radiation (represented by the blue arrow) provides an excitation causing the conduction electrons
in the metal surface to oscillate collectively, leading to a surface plasmon resonance (represented
by the orange sphere). On smooth surfaces, plasmon excitation energy is lost as heat, whereas
roughed surfaces allow a portion of the plasma energy to be radiated. If the scale of the surface
roughness is small in comparison to the wavelength of the incident radiation (L), then a dipolar
plasmon will radiate.(48) If this radiation is resonant with the Raman and Rayleigh scatter of a
molecule on the surface, then the scatter will become substantially amplified. Using the spherical
particle model,(68-70) molecules located within the external electric field experience an induced

electric field Einguced corresponding to:

Einduced = [ €1 ((D) - 82/ €1 ((D) + 2 5%) ] Elaser (3)

In the above equation, &(®) is the dielectric function of the metal, ¢, is the relative permittivity
of the environment, and Ej, is the applied external field from the laser. From this equation, it

results that excitation of the surface plasmon significantly increases the local electric field

27



Electric field

Metal sphere - _

v

Electron cloud

Figure 2.1. Schematic representation of surface plasmons confined to a spherical metal surface.
Upon excitation from an external electric field, the conduction electrons in the metal collectively
oscillate leading to a surface plasmon resonance. The interaction of the incident laser with the
surface plasmon on these metal surfaces is responsible for the electromagnetic enhancement

mechanism for SERS.(48, 63)
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experienced by the molecule on the surface. With a small increase in the local field, the Raman
scattering is greatly enhanced. Typically, the electromagnetic field due to the generation of
localized surface plasmons at nanostructured metallic surfaces results in an EM enhancement on
the order of E*. An additional E* EM enhancement arises from the Stokes-shifted Raman
scattering due to the induced dipole of the surface-adsorbed analyte molecule, thus leading to a
total SERS EM field enhancement at the nanoparticle surface that scales as E4.(71) The
interaction of the incident electric field of the incident laser with the surface plasmon of metallic

surfaces makes up the electromagnetic enhancement mechanism for SERS.

Chemical Enhancement (CE)

Measured enhancement factors are usually in good agreement with values calculated using the
EM model, but in some cases it is apparent that the EM alone is not enough to account for the
magnitude of the enhancement. For example, spectra acquired on CO and N, differ greatly in
intensity by a factor of 200 even though the polarizabilities are comparable and the experimental
conditions were held constant.(49) This observation was difficult to explain with strictly an
electromagnetic enhancement and led to believe in the existence of a second mechanism
contributing to the observed intensity differences. The chemical enhancement (CE) is based
around the principle that an adsorbed molecule may, under specific conditions, interact with a
metal surface in such a way that there is a large increase in molecular polarizability, a.(72)
Specifically, the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the adsorbed scatterer are symmetrically placed energically in

relation to the Fermi level of the metal.(49) When this condition is met, charge transfer reactions
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occur between the surface-adsorbed analyte molecule and the metal through the formation of
localized adsorbate electronic resonances or metal-to-adsorbate charge-transfer complexes.
These charge transfer reactions occur at half the energy of the molecular vibrations intrinsic to
the adsorbate. In this scenario, the metal is irradiated by the incoming radiation source to create
an electron-hole pair, hence creating a negatively charged excited molecule. The molecular
geometry of this excited molecule differs greatly from that of the neutral species. This charge
transfer induces a nuclear relaxation within the excited molecule which results in a transfer of
energy to the analyte molecule through its bonds connecting it to the metal surface and the
emission of a wavelength shifted (Raman) photon from the analyte molecule. Chemical
enhancement required chemisorption of the Raman scatterer directly on the surface.(73)
Evidence of this has been reported where metal-molecule stretching modes have been
observed.(74) Additional evidence was demonstrated in a separate study where pyridine was
adsorbed on different metals and the intensity of the Raman bands intrinsic to pyridine greatly
differed in relative intensity from one metal to the other.(75) It was later determined that a
change in the polarizability of the scattered due to charge-transfer of chemical bond formation
between the metal surface and the molecule contributes to this mechanism. The enhancement
requires that an overlap between the adsorbate and the metal substrate exist and scales at
approximately E*.(53) While the existence of the CE enhancement is itself not in doubt, the level

to which it contributes to SERS signals is still a matter of debate.

In systems where both the chemical and electromagnetic enhancements come into action, the

mechanisms are multiplicative.(49) Estimations regarding the overall enhancement per molecule

30



for the contribution of both chemical and electromagnetic enhancement mechanisms, scales on
the order of 10° — 10°.(52, 53) It is commonly thought that the EM enhancement contributes the
greater extent (~10*-10°) to the signal enhancement observed in SERS while the CE
enhancement is thought to contribute to a smaller extent (~10-10%) to the overall
enhancement.(76, 77) Although calculation of the enhancement factor is both substrate and
molecule dependent, a simple generic expression has been developed for any particular substrate

and molecule.(78) This expression is as follows:

EF = (SERS Intensity / # of molecules) / (Raman Intensity / # of molecules) (4)

Note that the integration time used in the measurements must be considered when calculating the
signal intensities. Likewise, both incident surface power and beam dimensions must be taken
into consideration when computing the number of molecules excited when comparing SERS and
standard Raman intensities.(79) Taking these parameters into consideration, the SERS surface

enhancement factor (SSEF) may be determined using the following expression:

SSEF = (Isgrs/UmpsAm) / (Irs/CrsHerr) (5)

In the above expression, Isgrs and Irs are the SERS and standard Raman intensities, respectively.
pum is the surface density of the individual nanostructures, i is the surface density of molecules
on the substrate surface, Ay is the surface area of the metallic surface, Crsis the concentration of

the solution used, and Hesr is the effective height of the scattering volume. Using the above
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expression, enhancement factors of up to 10'* have been reported for single molecule

detection.(80, 81)

Distance Dependence

Characterization of the SERS enhancement has been amply described in the literature and is
primarily thought to be the result of the two distinct aforementioned mechanisms: a long-range
classical electromagnetic (EM) and a short-range chemical enhancement (CE). As previously
stated, the electromagnetic enhancement (EM) is a long range effect that does not require the
adsorbate to be in direct contact within but within a few nanometers of the metallic surface.(54,
73) In contrast, the chemical enhancement (CE) is short-ranged and requires the adsorbate to be
chemisorbed directly to the surface. Gersten and Nitzan investigated the distance dependence of
hemispheroids of varying dimensions.(82) In their study, the enhancement ratio was plotted as a
function of distance from the surface for the particles and it was observed that the enhancement
was greatest at the surface and fell off with increasing distance away from the particle surface.
The hemispheroid shape of the particle played a role in the severity of the intensity fall off where
a less eccentric particle had a more gradual fall-off of intensity with “significant” enhancement
factors out to a larger distance than more eccentric spheroid particles. Essentially, a more
spherical particle will have less severe distance dependence, whereas an ellipsoidal particle will
have more significant distance dependence. Gersten proposed that this effect was due to the
image enhancement effect previously discussed, a contributing factor to the overall
electromagnetic enhancement mechanism.(82) Recently, Dieringer and co-workers studied the

effect of nanoparticle distance on the overall SERS enhancement.(83) In their study, atomic layer
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deposition (ALD) was sued to fabricate a spacer of a controlled distance from the roughened
metal surface. ALD was used to deposit layers of aluminum oxide (Al,03)(84, 85) at varying
thicknesses ranging from 0.0 nm to 4.8 nm. Ag film over nanosphere (AgFON) substrates (a
detailed description of these substrates is provided in section 2.3 of this chapter) were used as the
base substrate for SERS studies. Studies of pyridine on AgFON with increasing Al,O3 showed
that when the spacer distance was 2.8 nm away from the surface, the enhancement decreased by
an order of magnitude. The acquired data was plotted and compared to Equation 3 and was
almost a perfect fit, showing that little to no enhancement at a distance of 4.8 nm from the
surface was observed. Previously, Equation 3, explained by the dipole decay law, had been used
to correlate the fall-off of SERS intensity with distance from the surface for a monolayer of
molecules. Other studies have also shown that the large electromagnetic field produced by the
plasmons at the surface of a nanoparticle is approaching a zero value at a distance of over 10 nm

away from the surface.(86)

2.3. Fabrication Methods of SERS-Active Substrates

Since the discovery of the SERS effect, a wide variety of fabrication techniques have been
utilized to produce SERS-active substrates. The strongest SERS enhancements are observed with
coinage metals (silver, gold, and copper) due to their ability to support a surface plasmon;(64-67)
however the effect is expected for all metals with outer shells of (n-1)d'’ns'.(48, 53, 66, 87, 88)
In addition to composition, the shape of the substrate plays a crucial factor in the surface

enhancement.
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In recent years, advances in nanofabrication have led to the emergence of a number of novel
nanostructures of various composition, morphology, size and shape that have proven to be
successful SERS substrates. SERS enhancement theory stipulates that the creation of a high
electromagnetic field is dependent on the metallic surface morphology.(48, 89) For example, the
electromagnetic (EM) field is at maximum for regions with high curvature.(90, 91) Evidence of
this has been reported by Murphy and co-workers on isolated silver and gold nanoparticles of
various aspect ratios.(92) As a result, experimental conditions that affect the geometry and size
of the particles must be carefully defined and controlled for generation of optimum EM
enhancement. The following sections summarize the various nanofabrication techniques used to

produce SERS-active substrates.

Chemical and Electrochemical Methods

Original fabrication of SERS-active substrates was based on chemical and electrochemical
methods such as electrochemical oxidation-reduction cycles (ORC),(93) chemical etching,(94)
and metal island films.(95) ORC is an electrochemical method in which Ag is subjected to
successive oxidation-reduction cycles that create nano-roughened, SERS-active substrates.
Chemical etching has also been widely used to produce roughened metallic substrates. This
method consists of immersing a metallic substrate into a highly concentrated acidic solution
(typically HNOs) for a short period of time to chemically etch the metallic surface. The resulting
roughened surface may then be used for SERS characterization. Metal island films are another
form of specific nanostructures with high aspect ratios that have been developed as SERS

substrates. They consist of vapor-deposited Ag film on a suitable surface to produce
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discontinuous island-like particles that may act as SERS substrates. Although these methods
allow production of large surface area substrates, they provide relatively low SERS

enhancements and suffer from poor reproducibility.

Lithographic Techniques

Other nanofabrication techniques have been investigated to produce substrates for SERS
applications. High aspect ratio nanostructures have been fabricated using lithographic techniques
such as electron beam lithography (EBL),(96) nanosphere lithography (NSL),(97) as well as
other approaches such as template(98) and hybrid methods.(99) Substrates produced by e-beam
lithography are particularly beneficial for SERS because of the stringent control over the
localized surface plasmon resonance (LSPR) that may be modified by varying the spacing and
aspect ratios of the particles produced. EBL is a mask-less semiconductor fabrication technique
that is routinely used for the growth and patterning of nanometer-scale features. Typically,
SERS-active substrates produced by EBL produce an array of highly ordered structures produced
by a focused beam of electrons capable of drawing patterns over the resist wafer in a serial
manner with nanometer resolution.(96) Briefly, a beam of electrons focused across
approximately 100 kV potential (beam current = 0.5 — 1.0 nA) is directed onto an electron resist-
coated support. Regions of the resist film impacted by the focused electron beam are structurally
modified to have an increased solubility in alcohol solutions (e.g., methyl isobutyl
ketone/isopropyl/isopropyl alcohol). Following vapor deposition with the noble metal (i.e., gold
or silver), the remaining metal-coated resist film is removed by a subsequent wash with N-

methylpyrrolidone. This final wash typically yields an array of size-controlled, precisely placed
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nanostructures constituting a spatially uniform, highly reproducible SERS-active substrate with

the potential of providing large calculated SERS enhancements.

Nanosphere lithography (NL) is another lithographic technique that has shown to produce large-
enhancement substrates. Particles arrays produced by NL have been experimentally
demonstrated to provide enhancements up to 10°. These substrates are created by vapor
deposition of metal through a template created by the self-assembly of polystyrene nanospheres.
Substrates fabricated by NSL typically consist of arrays of well-ordered nanospherical structures
produced by vapor deposition of metal through a template usually consisting of a self-assembly
of polystyrene nanoparticles.(100, 101) Lithographic techniques are reproducible, flexible and
easily implemented to a large variety of templates and hence may produce numerous types of
nano-features with different plasmonic properties; however, EBL methods suffer from high cost

and the need for specialized infrastructure.

A monodispersed population of nanoparticles may be fabricated and confined to a surface using
nanosphere lithography.(97, 102, 103) Specifically, a suspension of nanospheres are coated onto
a base substrate and allowed to self-assemble into a hexagonally closed-packed colloidal crystal
serving as a deposition mask. Once the colloidal crystal deposition mask if formed, Ag films of
various thicknesses are deposited over the nanosphere mask. Van Duyne and coworkers deemed
these structures film over nanosphere (FON) substrates. Specifically, they employed silver over
silica nanospheres (AgFON) as the SERS-active substrate for a variety of SERS-based studies.
These substrates proved to be thermally stable, SERS-active, and suitable for use in ultrahigh
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vacuum (UHV) conditions.(103) AgFON have also been used to study the localized surface
plasmon properties of nanostructures,(62, 71, 86) distance dependence of the SERS
electromagnetic enhancement mechanism,(85) detect single molecules, and detect

biomolecules.(104-109)

Template and Hybrid Methods

The lithography techniques discussed provide efficient methods of controlling the formation of
specific nanostructures that are otherwise relatively expensive to produce. Another way of
producing ordered structures is with template self-assembly of colloidal nanoparticles, a process
pioneered by Velev and coworkers.(110, 111) Similar in structure and morphology to the
substrates produced by lithographic techniques, SERS-active substrates produced by template
methods consist of an array of nanostructures onto which Ag or Au is deposited via an
electrochemical patterning method.(98) This procedure results in the formation of metallic
nanorod arrays of high aspect ratios capable of supporting surface plasmons. These substrates
show long term stability, allowing for continuous sampling experiments. They are very easily
produced, inexpensive, and fabricated without any complex equipment. Likewise, the hybrid
method results in the formation of a variety of nanostructures capable of producing EM hotspots.
These substrates are produced by depositing metal particles onto nanoporous scaffolds such as
porous silicon, nanowire arrays, and highly ordered pillars or toroids that may sustain plasmonic
behavior for SERS applications.(99) These nanofabrication techniques allow stringent and
rigorous control over the growth of the various nanostructures and hence have demonstrated

enhancements up to 10°. While these relatively simple methods provide inexpensive and flexible
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ways of producing highly sensitive SERS-active substrates, they have not proven to be scalable

to large surface areas.

Nanoshells

Metallic nanoshells typically consist of a dielectric core with a metallic shell of nanometer
thickness, whose optical resonance may be optimized by varying their fabrication in a controlled
manner. By tailoring the dimensions of the core and shell material in relation to one another, the
optical resonance of these nanoparticles may be varied by over hundreds of nanometers in
wavelength across the visible and into the infrared region of the spectrum.(112-115) Nanoshells
are usually synthesized by reduction of HAuCly by the reducing agent Na,S in aqueous solution.
Combining these two reagents results in a shift of the extinction coefficient as the nanoshells
form in solution.(116) The progress of the reaction may be monitored by UV-visible
spectroscopy from 400 to 1050 nm. Mercaptoproprionic acid is then added to halt this shift and
stop the growth of the nanoshells when the extinction peak is centered around 1050 nm. The
nanoshell solution is then brought to pH 10.5 by adding NaOH, centrifuged at 3000 RPM for 20
minutes four times, and stored at 4°C. Nanoshells exhibit long term stability and provide strong
Raman enhancements. Halas and co-workers have developed these metallic nanospheres as
SERS-active substrates for various biomolecular applications.(113, 114, 117, 118) Specifically, a
silica core is used as a base and a gold shell is deposited around the outside of the nanoshell to
serve as the SERS-active portion. Strongest Raman enhancements have been reported when
enough gold is deposited on the silica cores to form a nearly complete metal shell, creating a

consistent electromagnetic enhancement throughout the surface of the particle.(113)
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Nanoparticles

Perhaps the most widely used method of producing ordered nanostructures for SERS is by self-
assembly of colloidal nanoparticles.(119) Silver and gold nanoparticles are the most frequently
used SERS substrates due to their ease of preparation, relatively low production cost, and well
characterized SERS properties.(61, 89, 120-123) Metal nanoparticles are composed of suspended
particles that have defined diameter size. The dispersive colloidal aggregates are readily prepared
by reducing a dilute solution of metal salts. Silver nanoparticles are usually produced by
reduction of a silver salt (typically silver nitrate) by reducing agents such as sodium citrate,(124)
EDTA, or sodium borohydride.(125) Nanoparticles produced from citrate or EDTA reduction
tend to be more stable over time and are thus the preferred reducing agents.(126) Gold
nanoparticles are made in a similar fashion as silver. Typically, chloroauric acid is reduced by
reducing agents such as sodium citrate,(127) tetraoctylammonium bromide (in an organic layer
such as toluene),(128) or hydroquinone.(129) For the same reason as silver, the citrate reduction
is usually the most common and stable method of preparation. The size of the nanoparticles may
be controlled based on the amount of the metal used in comparison to the amount of reducing
agent. Junctions between the nanoparticles where electromagnetic fields may overlap generate
large enhancements and may even allow single molecule detection.(80, 122) These fields are
generated by the localized surface plasmon resonance of the nanoparticles and may be tuned
based on the size, shape, and degree of aggregation of the nanoparticles.(130) Through
controlled aggregation, the “hot spots” created by the electromagnetic field overlap may be taken
advantage of.(131, 132) Additionally, nanoparticles may be used in combination with other

metal surfaces where both metal surfaces contribute to the SERS enhancements.(133, 134)
39



Despite the simplicity of nanoparticle preparation, undesired experimental effects remain as
metal colloids tend to aggregate into macroscopic clusters and precipitate from solution
following the addition of an adsorbate. The variation in aggregation of the particles results in

discrepancy of the resulting SERS intensity.

Commercial Substrates

Commercial available Au substrates are also available for SERS sensing. Among several
companies, Renishaw Diagnostics (Glasgow, UK) has commercialized the Klarite® (and more
recently the Klarite Plus®) substrates designed from silicon surfaces made of regular inverse
pyramidal pattern arrangements coated with Au.(135, 136) The Klarite® substrates are designed
from silicon surfaces with a regular arrangement of inverse pyramid patters that have been
coated with gold. The plasmonic bands generated by this substrate permit a variety of
wavelengths to be used for spectroscopic interrogations. The company Real Time Analyzers
produces sol-gel based SERS substrates in solution, microplate, or capillary form. These
patented sol-gel SERS substrates may be applied to any type of glass or plastic surface. The
ability to coat many different surfaces gives sol-gel SERS a big advantage over other techniques
like colloid SERS and lithographic substrates. Figure 2.2 presents SEM and macroscopic (inset)

images of six of the aforementioned substrates.
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Figure 2.2. SEM and macroscopic (inset) images of six of the aforementioned substrates. (a)
silver deposited colloids, (b) gold deposited colloids, (c) gold film over nanospheres (FON), (d)

Klarite®, (e) silver nanorods, and (f) gold nanoshells.(137)
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2.4. Applications of SERS

Since its discovery in the 1970s, surface-enhanced Raman spectroscopy (SERS) has become a
powerful analytical technique that provides identification and quantitative information about a
variety of molecules with a high degree of sensitivity and specificity. The inherent chemical
specificity of Raman spectroscopy offers a number of attractive features for detection and
identification of a wide variety of samples. Raman provides a unique, chemically specific
molecular fingerprint for each analyte, which eliminates the need for indirect detection via
conjugated synthetic fluorophores.(138) Raman has inherently narrow spectral lines that enable
multi-component analysis without special experimental techniques or multi-fluorophore
approaches. For the SERS method, in particular, the phenomenon is due to the nanoparticle
physics of the substrate and not the chemistry of a fluorophore; thus, photobleaching and
quenching are of minor concern. In particular, SERS distinguishes itself from other analytical
techniques by its tremendous structural fingerprint capabilities with highly resolved band (0,1
nm), which is advantageous for multiplexed detection.(139) The following sections present the
capabilities of SERS for single molecule detection as well as its application in bioanalytical
sensing, and more specifically for SERS-based detection of bacteria, viruses, and

oligonucleotides.

Single Molecule SERS (SMSERS)

Single molecule detection has been accomplished in a variety of ways using SERS. For instance,

Kneipp and co-workers have reported NIR-SERS-based detection of single molecule of crystal
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violet in a solution of silver colloids.(80) In their study, a water immersion lens was used to
provide direct contact of the laser beam with the solution while acquiring spectra. Prior to the
experiment, they pre-determined the ratio of molecules to colloid to be 0.6 in order to ensure that
less than one molecule was adsorbed on a single colloid. Experimentally, spectra were acquired
every second and plotted for comparison as molecules were likely to come in and out of the
sampling volume of solution interrogated by the laser beam. Single molecule detection was
claimed based on the fact that the majority of the spectra were void of spectral bands associated
with crystal violet. However, a few spectra exhibited bands corresponding to crystal violet.
Based on the experimental conditions, Kneipp and co-workers concluded that the rare
appearance of the crystal violet bands was due to the detection of single molecules at the silver

colloid surface.(80)

Nie and co-workers also investigated single molecule SERS around the same time as
Kneipp.(81) Individual silver colloidal nanoparticles were used to enhance the spectral signature
of adsorbed rhodamine-6g (R6G) molecules. Raman enhancement factors on the order of 10" to
10"° were reported, constituting much larger enhancements when compared to the ensemble-
averaged values derived from conventional measurements. The magnitude of these
enhancements provided the first evidence of vibrational Raman signals being more intense and
more stable than single-molecule fluorescence. Van Duyne and co-workers have also reported
detection of single R6G molecules on silver nanoaggregates.(62) In this study, SERS spectra
were collected from individual and ensembles of R6G molecules as a function of excitation

frequency. Single molecule detection was achieved by measuring the molecular resonance of
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R6G using a tunable excitation source. This study demonstrated the first surface-enhanced
Raman excitation profiles (REDs) of R6G on Ag surfaces by combining both single-molecule

detection of R6G and excitation across the molecular resonance of the molecule.(62)

Bioanalytical Sensing

SERS has been used as a biosensing platform to detect a variety of biomolecules. This technique
is particularly valuable for studying biological samples since it has a fluorescence-quenching
effect that is extremely useful when examining microorganisms, which often exhibit a high
fluorescence background under excitation in the near-infrared to visible regions of the
electromagnetic spectrum.(139) Moreover, since excitation is in this part of the electromagnetic
spectrum, there are no drawbacks associated with photochemical degradation of the sample. For
example, over the last few years, nanoparticles coupled with SERS have been applied for the
detection of infectious diseases(140-143) and therapeutic drugs.(144-147) Nanoparticles coupled
with SERS have been used to detect a variety of biomolecules. Specific examples include, but
are not limited to proteins,(148-152) whole cells, bacteria,(153-156) and oligonucleotides.(133,
157-163) Nanoparticles aggregation has also been employed to study biomolecular interactions.
A few examples include antibody-antigen,(164, 165) and streptavidin/biotin binding
interactions.(166, 167) Additionally, adenosine,(168) glucose,(169) and toxic ions such as
lead,(170) lithium,(78) and cadmium(170) have been studied using ligand-based aggregation of
nanoparticles. Aptamers have also been exploited as biological recognition elements in the
detection of a variety of biological analytes. Aptamers are single-stranded DNA or RNA

oligonucleotides that are selected through an in vitro combinatorial selection process with high
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affinity and specificity.(171, 172) Aptamers have been developed against a wide array of targets
ranging from proteins(173) to whole cells,(174) and have been integrated in a variety of
biosensors.(175, 176) They have also proven valuable in a variety of fundamental virology

studies, including genome replication, gene expression, and virus entry.(175-177)

Pathogens Detection: Bacteria and Viruses

SERS has recently been shown to be a potentially powerful whole-organism fingerprinting
technique and is attracting interest for the rapid identification of bacteria.(178) The unique
biochemical specificity inherent to vibrational spectroscopy had led to the development of
SERS-based methods for detection of bacteria and other micro-organisms. A number of studies
have been performed using SERS with a variety of substrates: in situ silver(179-181) or
gold(182) colloids, silver(183-192) or cold colloids(193) added post cell growth, silver
coatings,(179) silver nanoparticles with antibodies,(194) and biofilms.(195) Zeiri and co-workers
performed SERS with a sodium borohydride-reduced silver colloid at 514.5 nm excitation.(179)
Perhaps surprisingly, they noted very little difference between SERS from the surface of
chemically diverse Gram-positive and Gram-negative bacteria. The features on the SERS spectra
acquired revealed the presence of of one molecule, flavin adenine dinucleotide. In another study,
Culha and co-workers used a gold SERS-active substrate with 785 nm excitation to investigate
the individual components of bacteria and concentrated their analysis on the study of the spectral
features of nucleic acids, amino acids, and peptides.(193) However, they stated that SERS

spectra obtained from bacteria under these conditions will take their major contribution from cell
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surface biochemistry but omitted to analyze the carbohydrate components associated with the

outer cell membrane present in the SERS spectra.

The main challenge associated with the detection and identification of bacteria lies in
distinguishing the protein and carbohydrate components present along the outside of the bacterial
cell, which is characteristic to a specific cell line and different between bacterial strains. This
change in composition has been investigated by SERS in various reports. Notably Goodacre and
co-workers have focused on the detection of various bacterial strains and species using silver
colloids prepared by citrate reduction.(178, 185, 186) In their study, they analyzed the SERS
spectra of bacteria acquired at 785 nm excitation and used multivariate statistical techniques such
as discriminant function analysis (DFA) and Hierarchical Cluster Analysis (HCA) to
differentiate the organisms based on their spectra fingerprints. Methods for bacteria detection
have also been employed using Raman with optically trapped bacteria,(196) optically trapped
bacteria coupled with confocal Raman,(197) as well as studies performed using confocal Raman

alone.(183, 184, 198, 199)

Recently, there have been several reports for the use of SERS for virus detection. Direct virus
spectroscopic detection has been accomplished by recording spectral signatures of an intact
virus. Specifically, virus specimens have been identified using very small sample volumes and
without pre-treatment of the virus.(200) A SERS-based study showed that enveloped and non-
enveloped viruses could be distinguishable using intrinsic SERS spectra.(201, 202) Indirect
detection of viruses was also accomplished using virus biomarkers.(203) Additionally, a
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“sandwich” assembly using more than one metal surface has also been reported for the SERS-
based detection of viruses.(204-206) Using the sandwich structure, Hepatitis B virus surface
antigen has been detected using murine monoclonal antibodies. To improve the limit of detection
of the virus surface antigen to 0.5 pg/mL, a silver staining step was incorporated into the
immunoassay as well. The SERS-based detection of feline calicivirus has also been
demonstrated by Porter and co-workers.(204) In this study, the measurements were carried out
using a second capture antibody immobilized on a organothiol SAM-coated Au surface, a key
point being that the assay is apparently enhanced by optical coupling between the metal
nanoparticle and the macroscopic Au surface; making the measurement somewhat more
complicated than with most SERS-based detection of labeled biomolecules. In addition, because
these particles are not encapsulated, one assumes that the SERS signal generated could be

influenced by variation in ambient conditions, including pH, temperature, etc.

Oligonucleotides

The very first SERS-based study focusing on detection of oligonucleotide was performed by
Otto and co-workers in 1986 on a silver electrode surface.(37) In this study, SERS spectra were
acquired for single nucleotide bases using both Raman and SERS and the spectral band locations
were compared directly. As a comparison, the standard Raman spectra were also acquired on
these oligonucleotides. Comparison of the spectra revealed a significant shift in spectral lines as
well as new bands between standard Raman and SERS. Otto and co-workers concluded that the
appearance of the new bands in the SERS spectra originated from the active modes resulting

from the interactions between the metal substrate and the oligonucleotides adsorbed on it. The
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same observations were made by Moskovits and co-workers the same year.(207) In this study,
they reported the SERS spectra of nucleotide bases adsorbed on silver and acquired using a 514.5
nm excitation. Aditionally, they acquired SERS spectra of adenine, cytosol, and uracil obtained
in D,0 colloid solution. Therefore, the SERS spectra acquired correspond to the N-deuterated
adenine, cytosine, and uracil. As a result, they observed a red shift in the resulting SERS spectra
due to the deuteration of nitrogen atoms of the ring. Overall, these studies yielded detailed
information regarding the disposition and mode of bonding of oligonucleotides adsorbed on
appropriate metal surfaces. In another study, Mirkin and co-workers used nucleotide induced
aggregation of gold nanoparticles for detection of DNA hybridization.(161) Specifically,
nanoparticles functionalized with a probe oligonucleotide were forced to aggregate upon addition
of nanoparticles functionalized with the complementary DNA strand. The spectral signatures
resulting from the formation of the hybrid were enhanced due to the spatial location of the
oligonucleotide between two particles.(161, 165, 208) Halas and co-workers have employed gold
nanoshell structures(112-115, 117, 118, 152, 157, 209-212) to detect DNA hybridization. In a
similar fashion to Mirkin and co-workers, one nanoshell solution was functionalized with a probe
oligonucleotide and another with the strand complementary to the probe. Hybridization of the
DNA probe to the complementary oligonucleotide sequence target was monitored using SERS
after combining the two nanosphere solutions. Hybridization of DNA located within the
nanometer-sized gap between the two nanospheres, i.e. within the “hot spots”, was suggested as
the basis for the observed enhancement of the spectral bands observed corresponding to the

vibrational modes of the nucleotide bases.(157, 213)
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The use of thermal cycling of the oligonucleotide was reported by Halas and co-workers prior to
deposition of the DNA probes onto the gold nanoshell surface as a way to allow DNA to pack
more tightly at the nanoshell surface.(213) This thermal pre-treatment was shown to lead to
better signal-to-noise ratio (S/N) as well as less spectral variability from substrate to substrate.
Additionally, the thermal pre-treatment was allowed more efficient hybridization of the DNA
probes to the complementary oligonucleotide. It is important to note, however, that no distance
dependence was observed or reported for DNA ranging from 20 to 70 bases in any of the studies.
Adenine bands were visible in the spectrum regardless of concentration or distance the base was

located from the surface.

Green and co-workers have developed a silver toroid SERS-active substrate for DNA
detection.(159) In this study, SERS spectra were acquired on 18-mer oligonucleotide in
combination and alone. The results showed that the relative intensity changed with composition
and the ratio between the adenine band at 731 cm™ and the cytosine band at 790 cm™ was used to
compare the different sequences to one another. In addition, DNA hybridization was investigated
and single bade mismatches were identified with no distance dependence noted in a label-free
fashion. Graham and co-workers have performed numerous studies using nanoparticle
aggregations and assemblies for detection of oligonucleotides using Raman dyes for
detection.(158, 214-218) Specifically, they employed nucleotides in combination with a Raman
label for DNA hybridization. Since changes in nucleotide sequence are often difficult to
distinguish, a Raman reporter molecule is coupled to the DNA probe to ensure that hybridization

has taken place. Specifically, silver nanoparticles were functionalized with single stranded DNA,
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complementary to a fluorescently tagged oligonucleotide in solution. Upon successful
hybridization, the fluorescent label was enhanced by the silver surface and its spectral signature

appeared in the resulting Raman spectrum.

A crucial aspect of DNA hybridization assays is the orientation of the DNA on the substrate
surface. X-ray photoelectron spectroscopy (XPS) has been used to investigate the conformation
of thiolated and non-thiolated DNA at gold surfaces.(219, 220) In these studies, the XPS spectra
were monitored for the response associated with the nitrogen atoms in the base for both thiolated
and non-thiolated oligonucleotides consisting of only thymine bases. Additionally, the formation
of a complete monolayer was monitored based on the nitrogen response and correlated to the
surface coverage. Results from this study suggested that thiolated DNA, when allowed to form a
complete monolayer, was standing up off the surface. The contribution from the nitrogen ring of
the thymine base was no longer present in the XPS spectra upon monolayer formation. In
addition to XPS, electrochemical methods have been employed to investigate the conformation
of DNA electrode surfaces.(221-225) One study looked into the surface density of DNA at a gold
electrode surface to evaluate hybridization efficiency as a function of monolayer coverage.(223)
Specifically, the number of nucleotide phosphate residues was calculated using the amount of
cationic redox marker measured at the electrode surface. Based on the electrode response
observed, monolayer coverage of thiolated DNA was estimated. The results of this study showed
that hybridization was the most successful when a spacer was implemented in the assay to allow

room for the complementary strand of DNA to bind to the probe for in situ studies.
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SERS is a sensitive and viable means for detecting analytes at the surface of a roughened
metallic surface. The coupling of both an electromagnetic and chemical enhancement
mechanisms produces enhancement factors up to 10" relative to standard Raman, thus allowing
for single molecule detection. Additionally, SERS may be used for biomolecule detection since
the resulting SERS spectrum contains spectral bands unique to the molecule being investigated, a
multiplex advantage often referred to as “whole-organism fingerprinting” and more recently

coined “metabolic fingerprinting”.(178)
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CHAPTER 3

Introduction to Oblique Angle Vapor Deposition (OAD)

The purpose of this chapter is to introduce the reader to the fabrication technique employed to
produce the silver nanorod array SERS-active substrates used in this work. A broad background
of the physical vapor deposition technique is provided, as well as a thorough description of the
various processes leading up to the use of oblique angle vapor deposition to fabricate the silver

nanorod arrays.

3.1.  Physical Vapor Deposition (PVD)

Physical vapor deposition (PVD) is a process used to deposit thin films by condensation of a
vaporized form of the desired metallic film sputtered at an atomic level onto a surface at
nanometer to micrometer thicknesses. PVD encompasses a number of deposition methods that
are used for a variety of applications in research and development as well as in industry. PVD
processed are carried out under vacuum conditions in a sealer chamber and typically involve four
steps: evaporation, transportation, reaction, and deposition.(226-229) Figure 3.1 depicts the PVD
process schematically. During evaporation, the metal source in a crucible is bombarded with a
high energy source such as an electron beam or an ion beam. This bombardment results in the

dislodgment of single atoms or atom clusters from the surface of the metallic target as it is
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Figure 3.1. Schematic representation of the physical vapor deposition (PVD) process. A target
material is bombarded with an electron beam and atoms are dislodged and transported towards

the substrate surface. The material is in vapor form prior to depositing on the substrate surface.
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irradiated by the beam. Some source materials required a high degree of heating, which in turns,
required a lengthy cooling period upon completion of the evaporation.(228) Following
evaporation, vaporized atoms move from the metallic target to the substrates held on a substrate
holder located directly above the crucible. The low pressure environment inside the vacuum
chamber promotes a linear path of the vaporized atoms towards the substrates. During an atom
transport, reaction steps may occur depending upon the nature and partial pressure of the gas
present in the chamber during the evaporation process. For examples, reactive gases such as
nitrogen, methane, acetylene or oxygen may be introduced into the vacuum chamber during
metal deposition to create various compound coating compositions. The atoms of the metal react
with the appropriate gas during the transportation stage. Likewise, the evaporated material may
undergo chemical reactions prior to the atoms depositing on the surface of the substrate. This
generally occurs when depositing metal oxides, nitrides, carbides and other such materials are
used as the source materials. However, chemical reactions do not take place in PVD processes
where the metal source alone is the desired material.(226, 227) The final step of the deposition is
the evaporation. This step results in the coating of the substrate by the vaporized metal atoms to
the desired thickness. Deposition rates are typically slow to ensure even distribution of material

as well as lower temperatures at the substrate surface.(226, 228)

Sputter Deposition

Sputtering is form of PVD for depositing thin films onto a substrate surface. This substrate

fabrication process relies on the generation of a gaseous plasma under vacuum produced to
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accelerate ions from the plasma into the metal source. Vaporization of the coating material is
typically accomplished by ion bombardment of the source electrode to generate the vapor phase
composed of vaporized metal atoms.(230) Figure 3.2 depicts a schematic representation of
sputtering deposition. For sputtering to occur, a high energy source (RF, DC) is required to
generate and sustain the gaseous plasma. The gaseous plasma is produced by introducing the gas
to the electric field generated by the high energy source. The excitation of the reactive gas
molecules results in a partially ionized medium that will generate the gaseous plasma. Upon
collision with the metal source, material is eroded away and atoms of a neutral charge are ejected
towards the substrate. This process results in continuous deposition of the source material onto
the substrate surface. This energy source is kept steady in the chamber to maintain the plasma
state throughout the deposition process. However, the deposition rate may be controlled by
varying the applied power and the size of the source electrode. An advantage to sputtering
deposition in comparison to filament evaporation is that high melting point materials are easily
sputtered without the concern f system heating. Consequently, sputtering deposition is used to

deposit metal oxides that required a high melting temperature to vaporize.(231)

Thermal Evaporation

Sputtering evaporations differ from resistive evaporation in that a heating element is the energy
source responsible for vaporizing the material as opposed to an ion source. In sputtering systems,
heat is typically produced by applying a high current through a resistive element. Small metallic
pellets are usually heated within an aluminum oxide crucible where the metal vaporizes and

ultimately condenses of the substrate surface.(227, 232) Low pressures in the order of 10 to 107
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Figure 3.2. Schematic representation of the sputtering deposition process. During this process,
argon gas ions Ar' (represented by the green circles) are causing atoms of the target material
(represented by the yellow circles) to dislodge and evaporate towards the substrate surface.
During sputtering deposition, a sputtering gas is flown in using the inlet and purged via the outlet

to keep to keep the deposition chamber at a low pressure environment.

56



are used throughout the evaporation to prevent vapor atoms from colliding within the
plume.(232) Liquid nitrogen may be used to maintain vacuum and cool down the chamber to
reduce the water pressure of water.(232) Sputtering of the atoms results in the formation of a
metallic plume that vaporizes onto the sample surface in a linear fashion to form a thin metallic
film. The sample thickness is usually controlled by varying the deposition rate and the chamber
pressure. Careful control of these parameters is critical in sputtering evaporation since a high
degree of heat is required to melt the metallic pellets, causing the chamber to reach a high
temperature. As a result, meticulous regulation of the chamber pressure and temperature results

in formation of a smooth and homogeneous film on the substrate surface.

Electron Beam Evaporation

Electron beam (e-beam) evaporation is the most common PVD method used to deposit metals.
This technique relies on the bombardment of a source material to heat the metal and generate a
plume in a high vacuum chamber.(230) In this method, the metal source is heated using an
electron beam as opposed to sputtering evaporation where direct heating is employed to vaporize
the metallic sample. The quality of the deposited film is highly dependent of the vacuum inside
the chamber. Ultra high vacuum is commonly used in electron beam evaporation to generate
high quality films. The pressure inside the chamber is kept sufficiently low enough (10 to 107
Torr) so that the flux undergoes a nearly collisionless transport to the substrate surface.(228, 229)
In such conditions, the mean free path of the vaporized atoms usually equals or exceeds the
vacuum chamber dimensions so that the metallic particles travel essentially in straight lines from

the evaporation source towards the substrate.(227)
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An electron beam evaporator consists of a few key components. A hearth holds the metal source
in crucible at the bottom of the chamber where the electron beam may be focused in a small
region. Focus of the electron beam is accomplished by applying a magnetic field during the
evaporation.(227) A rotating hearth with multiple pockets is commonly used to allow sequential
depositions with a single pump-down.(226) This is a crucial advantage over resistive
evaporation. The hearth holding the rotating crucibles is typically water cooled to reduce the
amount of heat given off upon melting the ingot. A mechanical shutter is used to prevent flux
from reaching the substrate surface during initial stages until the optimal temperature and
pressure levels are reached within the chamber. When these conditions are reached, the shutter is
opened and the flux of atoms is deposited onto the substrate surface at a constant evaporation
rate. The deposition rate and thickness measurements are controlled by a quartz crystal
microbalance (QCM) located inside the chamber and positioned at normal incidence to the vapor
source. Generation of the electron beam usually required between 1 to 10 kW of electrical power
to ensure steady vaporization of the metal atoms. During the ramping step, a higher power is
used to initially melt the metal while a slightly lower power is used during the deposition

process.(227)

Plume Characteristics

During evaporation, the vaporized atoms form a plume of vapor inside the evaporation, the
vaporized atoms form a plume of vapor inside the evaporation chamber.(233) The distribution of
particle density within the plume during the deposition is represented in a schematic diagram in

Figure 3.3. The inner, dark blue regions are representative of denser atomic regions whereas the
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Figure 3.3. Schematic representation of the particle density within the evaporation plume during
deposition. The darker blue depicts regions with higher particle density whereas the lighter blue
represents regions with lower particle density. The arraows on the x and y axis indicate the
increasing distance from the source material. Typical ranges for high to low particle density are

in the order of 10" to 10'° particles/cm’.(233)
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outer, light blue regions are representative of lower particle densities. As seen in Figure 3.3,
there is a higher particle density directly above the source material (dark blue regions) and the
particle density decreases with distance away from the source in both a horizontal and vertical
direction (light blue regions). Therefore, careful control of the placement of the substrate within
the chamber is critical to fabricate reproducible thin films.(233) Additionally, the angle at which
particles strike the surface also changes with distance because of the dimensions and trajectory of
atoms in the plume. Upon rotation of the substrate, the vaporized atoms still follow a linear path
but will deposit on the substrate surface at a non-normal incidence. As a result, the features at the
surface of the substrate are directly affected. Based on vapor plume characteristics, a longer
throw distance is desired for some processes. Increasing the distance between the metal source
and the substrate will result in a decreased particle density since the deposition rate also
decreases with distance. These conditions ultimately lead to fabrication of substrates with better

reproducibility and surface uniformity.

3.2.  Glancing Angle Deposition (GLAD)

GLAD is a physical vapor deposition method where the deposition flux is incident onto a
substrate with a large angle with respect to the surface normal. During thermal evaporation, the
substrate is typically oriented in such a way that the flux material strikes the substrate surface at
an angle of incidence of 0°. However, during the GLAD process, the substrate is rotated to a
glancing angle at some point during the evaporation to allow growth of columnar structures
through the effect of shadowing during the film growth.(234) During GLAD, the deposition rate

not only has a vertical component (with respect to the substrate surface), but also a lateral
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component. The lateral growth rate contributes to the shadowing effect, which gives rise to two
major advantages of GLAD over other PVD methods: the self-alignment effect and the lateral
sculpturing effect. These benefits allow fabrication of thin films consisting of unique structures.
Since GLAD is a physical vapor deposition technique, it possesses many advantages in terms of
controlling the growth of nanostructured thin films. First, GLAD allows natural formation of
nano-column array. The porosity of the film may be controlled by simply changing the incident
angle. GLAD also has the advantage of self-alignment due to the shadowing effect. In addition,
there is virtually no restriction on materials since the growth process is a thermal evaporation.
These advantages make GLAD very promising for the fabrication of nanostructures of various

shapes and forms.(234)

Early investigations on the use of GLAD as the PVD technique consisted of evaporation of metal
vapors onto substrates at non-normal, or oblique angles.(235-240) Analysis of the thin films
produced in these early studies showed that the grains grew towards the metal source, a detail
later confirmed by Nieuwenhuizen and Haanstra.(241) More specifically, Konig and Helwig
observed an increase in the atomic-scale shadowing, now referred to as “self- or ballistic
shadowing” during deposition of the metal vapor at these oblique angles.(242) An important
feature of GLAD is that the incident flux coupled with limited atom diffusion at the substrate
surface results in a film with columnar-like microstructures oriented towards the metal
source.(243) Rotation of the substrate along the azimuthal axis during the evaporation process
may be used to sculpt columns of various shapes. A schematic of the experimental set-up for

GLAD is depicted in Figure 3.4.
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Figure 3.4. Schematic representation of the GLAD process. A motor is typically used to rotate

the substrate (line labeled as ¢, rotation angle). The tilt angle (line labeled as a, flux angle) is

presented as well.
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Columnar Structure Formation

Physical vapor depositions result in fabrication of thin films whose morphology may be
controlled during the growth. During this process, the metal source being vaporized undergoes a
phase transition from a vapor state to solid state at the substrate surface.(228) The phenomenon
of nucleation initiates when growth regions begin to form upon condensation of the flux of metal
atoms.(244-246) The plume of vapor provides a constant flux of metal atoms incident on the
substrate that create nucleation sites once they reach the surface and diffuse. These adsorbed
atoms either re-evaporate off the surface (or detach from existing nucleates) or join other atoms

and form nuclei.

Nucleation

The latter phenomenon is usually favored once large nucleation sides have formed on the
substrate surface.(234) Figure 3.5 shows a scanning electron micrograph (SEM) of nucleation
sites that typically form at the start of the deposition. The image depicts a number of nucleates of
various sizes. It should also be noted that nucleation is random and that the nucleates are
polycrystalline in nature. During the nucleation process, atoms bound more strongly to the
substrate surface grown in a monolayer type manner, a growth process referred to as Frank-van
Merwe growth.(247, 248) In contrast, if binding of the vaporized atoms to the substrate surface is
stronger between the atoms themselves, three dimensional nanostructures result, a growth

process referred to as island or Volmer-Weber growth.(248) A combination of these two growth
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Figure 3.5. Top-view SEM micrograph (40K) showing nucleation on the substrate surface at the
beginning of a silver deposition. In this particular image, the incident flux angle was 86°. The

scale bar represents 200 nm.

64



processes may occur as well and are deemed layer plus island or Stranski-Krastanov
growth.(247-250) These nucleation sites form regardless of the angle of the incident flux in most
PVD methods. However, the Volmer-Weber growth mechanism is the most dominant growth

process observed in GLAD.(249, 250)

Ballistic Shadowing

Ballistic shadowing refers to the process by which one particle blocking the region directly
behind if from a second particle. The principle behind ballistic shadowing in GLAD relies on
nucleation of the evaporated material on the substrate surface at the beginning of the deposition
process (see Figure 3.5). At an early stage of the deposition, the nucleation sites present of the
substrate surface are an important factor for the subsequent growth of the three-dimensional
nanostructures. As the evaporation proceeds, regions directly behind these nucleation sites are
blocked from the incident vapor. This phenomenon promotes deposition and accumulation of
material on the nucleation sites, eventually resulting in creation of micro-column structures.(234)
Additionally, since atoms favorably deposit onto these nucleation sites, columnar structures form
the direction of the flux material. A few factors may affect the process of ballistic shadowing.
Since this process is heavily influenced on the linear vapor trajectories of the incident flux,
increasing the distance between the metal source and the substrate surface is desirable for
improvement of the collimation of the vapor material. Upon collision, particles do not travel
towards the substrate surface along the original path and may deposit in shadowed regions. This
effectively decreases with particle columniation at the substrate surface as well as formation of

columnar structures. Consequently, careful control of the chamber temperature and pressure are
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essential to prevent this from happening. Likewise, a large working distance between the metal
source and the substrate surface is advantageous in GLAD. Those are a few reasons why e-
beams and sputterers are preferred tools for GLAD.(234) Resistive evaporators are not
commonly used due to excessive heating of the system which tends to degrade the surface of the

three-dimensional nanostructures.

Column Development

During the initial growth, micro-columns are symmetrical about the growth axis. As the
evaporation proceeds, atoms deposit in such a way that they begin to fan out from the center,
resulting in a loss of symmetry of the columnar nanostructures. As a result, continued growth is
an anisotropic process where growth is parallel to the incident flux.(251) In other words, there is
no restriction on the lateral growth of the structure. Consequently, columns will continue to
broaden until they become wide enough to merge with neighboring structures.(239) Column
growth is overall competitive process, and due to ballistic shadowing, smaller micro-columns
may exist in the shadowed region behind a larger structure.(252) A turning point of the
evaporation process is when the growth of these shadowed columns ceases and when the larger
columns begin to dominate the thin films. As this growth goes on, the columns become larger

and decrease in number. This growth process is a distinguishing factor in the GLAD process.

Structure Control: Seeding

An additional aspect of the GLAD process that may be controlled is the periodicity of the three-
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dimensional nanostructures surface. The initial nucleation process is a random event that makes
the grown structures aperiodic.(253, 254) The continued growth of the nucleation sites results in
unordered nanostructures with inconsistent spacing. Control of the growth of these
nanostructures may be accomplished in a variety of ways. For example, an additional step may
be used prior to the evaporation; the substrate may be pre-patterned in order to dictate the precise
location of the growth of the columns.(255) This patterning step helps in controlling the
nucleation at the sample surface, and in turn the shadowing effect. As a result, nucleation at the
beginning of the deposition is mimicked and the presence of the pattern on the surface promotes
the growth of periodic structures consisting of single, evenly-spaced columns. Uniform and
periodic columns usually result from this pre-patterning process. Another way of controlling the
growth of the nanostructures consists of a post-fabrication step that etches undesired growth of
the sample or to create new structures within the thin film to change the surface
morphology.(256-260) This process effectively changes the height and width of the structures

but will not result in a change of the spacing or location.

Structure Control: Angles and Rotations

Tait and co-workers established a relationship between the incident flux angle, a, and the
columnar growth angle, 3, of the nanostructures comprising he thin films. In their studies, they
investigated the effect that changing a had on B.(251) Figure 3.6 shows the relationship between
a and P along with the Tait equation. Based on this equation, the desired growth angle may be
achieved through the deposition at the corresponding flux angle. For example, a flux angle of 0°

will allow formation of a dense array of columns whereas a large, or oblique, flux angle around
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Figure 3.6. Schematic of the flux angle, o, and the growth angle, B, for GLAD. Because of self-

shadowing during deposition, the flux angle determines the growth angle. Both angles are

measured from the substrate normal.(261) Also included in the Tait equation showing the fixed

relationship between o and B.(251)
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80° will result in a more porous array of columnar nanostructures.(261) Since the array density
varies with the flux angle, the range of nanostructures attainable is limited using a conventional
single source deposition. The capability of the GLAD method to simultaneously implement
multiple metal sources while changing the amount of flux material coming from different angles
results in constant porosity while altering the growth angle. GLAD also allows variation of the
location of the source material relative to the substrate. As a result, the growth angle is
maintained throughout the deposition. In addition to porosity, the physical nature of the grown
structures within the array may be controlled. Column broadening due to atomic shadowing was
previously described in section 3.2 of this chapter. The rotation of the substrate during the
deposition reduces the column broadening phenomenon. Rotation in a normal incidence relative
to the substrate, ¢ rotation, allows for the flux to deposit equally from all azimuthal directions
and keep o constant (refer to Figure 3.6).(243) Rotation using an angle of 0.2° may be utilized to
account for slight movement of the sample holder during the deposition and hold the substrate at
the same position throughout evaporation.(262) An additional technique was developed to
control the growth of the structures at the surface. This technique, also known as serial
bideposition, consists in depositing material at oblique angles then abruptly rotating the substrate
holder by 180° every few nanometers.(263) This process typically results in a reduction of the
overall anisotropy of the thin film as a result of the column broadening phenomenon and tilting

mechanisms performed inside the chamber.
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3.3. Applications of Substrates Fabricated Using GLAD

GLAD may be used to produce a wide variety of substrates with a high degree of anisotropy
dependent upon the deposition parameters. The resulting nanostructured produced by GLAD
may be used as platforms to accommodate a variety of applications. The following sections

provide an overview of the practical applications of the substrates fabricated by GLAD.

Optical Components

Optical materials are specifically engineered to provide characteristic refractive indices and
usually consist of coatings with specific transmission and reflection properties.(264) The
refractive index of thin films fabricated by GLAD may be varied using a single source material
in a controlled fashion by adjusting the vapor flux angle throughout the deposition. The
refractive index may also be varied by tailoring the porosity of the thin films. Since the
nanostructures are uniform in nature, light passes through the arrays in a homogeneous fashion
due to the small structure sizes.(265) However, the refractive index of the thin films may be
altered upon appropriate manipulation of the structural elements. As a result, careful control of
the thin film growth allows fabrication of nanostructures with refractive index profiles desirable
for optical elements such as interference filters, broadband anti-reflection coatings and
birefringent omnidirectional reflectors.(266-271) In addition, improvement of the sensitivity to
environmental changes of optical coatings may be attained by tailoring the nanostructures
produced by GLAD.(272) For example, functionalization of hydrophilic GLAD-based fibers

with hydrophobic self-assembled monolayers (SAMs) was shown to result in optical filters
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insensitive to ambient water pressure.(273) Furthermore, thin films fabricated by GLAD may be
purposely created with defects to allow narrow bandpasses whose spectral location may be easily
tracked as a function of humidity and therefore used as humidity sensors. For example, the peak
resulting from the increase in humidity shifts to longer wavelengths within the stop band.(265,

272)

Optical Sensors

The formation of columnar nanostructures during GLAD results in a drastic increase of the
surface area of the produced thin films. This increase, however, depends heavily on the material
and deposition conditions. It has been reported that the maximum surface enhancement in
relation to a flat surface is achieved with a flux angle of 70°.(274) The results of this study
showed that the increase in surface area was the bi-product of an increase in column size coupled
with a decreased in the number of columns resulting from an increased spacing between adjacent
columns. Consequently, the resulting surface area increase may accommodate a larger number of
analytes to adsorb onto the surface. This is particularly advantageous in sensing applications
where the limit of detection of chemicals adsorbed on the surface may be drastically improved.
An example of this is with titanium dioxide (Ti0;), commonly used for dye sensitized solar cells
(DSSCs).(275) Essentially, the greater number of dye molecule bound directly to the metal
electrode increases the efficiency of this sensor. This method has been used by Kiema and co-
workers specifically using GLAD to fabricate the TiO; structures.(246) Solid oxide fuel cells

have also been constructed using GLAD.(276) Yttria-stabilized zirconium columns were back-
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filled with cerium oxide (CeO,) using a sol-gel, making a high interface density electrode

structure. This technique has been shown to enhance the efficiency of the reaction.

Gas Sensors

Substrates fabricated by GLAD have also been used as gas sensors. Since the nanostructures
grown are porous in nature, gaseous analytes may be introduced easily. Diffusion of the gases
through the column structures typically results in a change of the dielectric constant. For
example, thin films of oxides, specifically silicon monoxide (SiO), TiO,, and aluminum oxide
(Al,O) may be utilized as gas sensors. Their hydrophilic nature causes capillary condensation of
water vapor within the array.(257) Because of the free flowing nature of gases, molecules are
able to adsorb and desorb rapidly. The response time achieved for the detection of the various
gas analytes studied was an improvement when compared to other techniques. Currently, a
response time of 42 ms has been reported.(277) In this study, thin films consisting of less porous
arrays resulted in a lower sensitivity to humidity changes when compared to those with a denser
array because of the decreased pore size. With this knowledge, the porosity and morphology of

these sensors may be tailored for a specific process.

Chemical Reactions

Additionally, GLAD substrates have been employed to monitor chemical reactions at the surface
of the nanostructures. Specifically, platinum helical columns have been used to detect the

catalysis of oxidation for automobile exhaust species such as CO, CsHg, and C3Hs.(259) The
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results of this study showed that the conversion was not as efficient as other methods. However,
the broad applicability of this sensor system may be advantageous for future applications.
Another use of TiO; thin films has been shown in monitoring the photo catalysis of the
degradation of organic compounds bound to the surface. The GLAD nanostructures were
analyzed by changing the flux angle and monitoring photobleaching of the methylene blue
dye.(278) The results showed that the sensor response was optimal at a flux angle of 75°, close to
angle at which the surface area is the greatest. Functionalization of metal oxide GLAD thin films
has also been studied.(279, 280) In these studies, the column structures became targets for
siloxane-based chemical reactions following hydroxyl functionalization of the sensor surface.
Based on the treatment method, vapor or solution based, it was shown that the wettability of the
surface may be controlled. Based on this pre-functionalization method (vapor or solution-based),
the results showed that pre-treatment of the columns may be a promising approach for

chemically tuning a surface.(234)

Multifunctional Patchy Particles

Pawar and Kretzshmar used GLAD to fabricate multifunctional patchy particles consisting of
nanostructures of various dimensions.(281, 282) They coined the structural characteristics of
these particles with various morphologies of “patchiness”, “branching”, and “chemical
ordering”. The substrates in this study were fabricated using a “bottom up” approach by
combining GLAD with a stamping technique used to isolate particles that allowed access of the
entire particle surface during the deposition. The size of the patch on each particle was carefully

controlled by changing the glancing angle throughout the deposition. In this study, the thin film
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was deposited in close-packed colloidal monolayers on pre-cleaned glass slides using

a convective assembly method. The microspheres were coated with 5 nm of titanium followed by
20 nm of gold inside the evaporator maintained at a pressure of 10 ° mbar. Particles with patches
of sizes ~25% and ~~ 11% of the total particle surface area were fabricated at an angle of metal
deposition (adjusted by tilting the sample inside the evaporator) of 30° and 10°, respectively.
This process was performed so that the nanoparticles facing the incident flux to achieve varying
degrees of anisotropy on the same particle, producing “patches”. Although the particles have
varying patch geometries (originating from different monolayer domain orientations), the total
patch size on each particle is identical for a fixed angle of metal deposition. This technique
allows for the production of particles with varying anisotropic dimensions. These particles have
found applications in electrical connectivity applications where they are used as colloidal motors

due to the electrical contacts resulting from metal overlap on the particle surface.(283)

Silver Nanorod Arrays

Recently, a nanofabrication technique called oblique angle deposition (OAD), a slight variation
of GLAD, has been developed that allows the growth of aligned silver nanorod arrays for high
sensitivity SERS application. OAD, a slight variation of GLAD, is a physical vapor deposition
technique in which the substrate is rotated to a specific angle such that the vapor from the metal
source is incident on the substrate close to the grazing angle. The two phenomena controlling the
growth of the silver nanorod arrays during OAD are the shadowing effect and surface diffusion.
These conditions result in preferential growth of cylindrical, irregularly shaped rods that are

randomly, yet uniformly, distributed on the surface. The growth of the nanorods arises from
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initial metal nucleation sites in the direction of vapor deposition. The nanorods produced by
OAD are cylindrical in shape but encompass a variety of random protrusions and irregularities.

Figure 3.7 displays a scanning electron micrograph (SEM) of a silver nanorod array.

3.4. Silver Nanorod Arrays as SERS-Active Substrates

Recently, silver nanorod arrays have proven to be excellent substrates for use in surface
enhanced Raman scattering (SERS) experiments.(284-303) These SERS-active substrates have
been shown to be highly uniform in structure, easy to fabricate, reproducibly made, and provide
strong, highly reproducible, SERS signal enhancements. This high SERS signal enhancement
observed with silver nanorod arrays results from the chemical and/or chemical electromagnetic
enhancement mechanisms previously discussed in Chapter 2.(52, 53) Enhancements associated
with high curvature regions have been deemed the “lightning rod effect” and contribute to the
high enhancement factor observed for molecules at the tips of the nanorods or in pores.(304-306)
It has been determined that oscillations of the localized surface plasmon take place along the
width (transverse plasmon band) and the length (longitudinal plasmon band) of the
nanorods.(307) The overlap of both the longitudinal and lateral plasmon bands is primarily
responsible for the strong electromagnetic (EM) enhancement at the tips of the nanorods. As a
result, the maximum SERS intensity observed for these Ag nanorod arrays is in the polarization
direction perpendicular to the long axis of the nanorods.(308) The high aspect ratio of the Ag
nanorods results in a blue shift to below 400 nm of the transverse mode (TM) of the plasmon
resonance in the nanorods and a red shift to above 1000 nm of the longitudinal mode of the

resonant wavelength. However, the two waves may be tuned accordingly based on the aspect
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ratio of the nanorods to produce the enhanced signal observed in SERS. Based on these effects,
the large SERS enhancement observed on Ag nanorod substrates may be attributed to either a
plasmon mode in the gap between two adjacent nanorods or a multimode plasmon resonance.
Theoretical calculations on these localized plasmon modes and previous experiments are in
agreement with these observations.(131) Overall, the electromagnetic field contributing to the
electromagnetic enhancement is theorized to be at a maximum for points with high curvature,
further supporting the use of nanorod arrays fabricated by OAD as SERS-active substrates.
Figure 3.8 shows the electric field distribution of a Ag nanorod array calculated by Finite-
Difference Time-Domain (FDTD) at 785 nm. In Figure 3.8.a and 3.8.b, the E-field distribution in
the xz and yz plane was calculated under p-polarization incidence, whereas in Figure 3.8.c and
3.8.d, the E-field distribution in the yz and xz plane was calculated under s-polarization
incidence. Further details on silver nanorod fabrication, characterization, and cleaning will be

provided in Chapter 4.

GLAD is a physical vapor deposition technique that offers a number of advantages for
fabricating nanostructures. Using this technique, vertically aligned nanorods may be formed
naturally by simply varying the incident angle of the substrate relative to the metal source. As a
result, GLAD is superior to most of the conventional chemical vapor deposition (CVD) or vapor-
solid-liquid (VLS) techniques where a great deal of effort has been made to fabricate aligned
nanowires. Unlike any other nanostructure fabrication methods, provides the ability to control
the size and density of the nanorods by adjusting the vapor incident angle. Additionally, there is

virtually no materials limit, i.e., as long as the material may be evaporated, it may form vertically
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Figure 3.8. The E-field distribution of a Ag nanorod array calculated by FDTD under A = 785
nm: (a, b) the E-field distribution in the xz and yz plane under p-polarization incidence and (c, d)

the E-field distribution in the yz and xz plane under p-polarization incidence.
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aligned nanorod structures. The shape, alignment, porosity, and orientation of the nanorods may
be easily tailored by changing the deposition and rotation procedures. These nanostructures have
been extensively used for a variety of sensing applications. Specifically, silver nanorod arrays
fabricated by OAD have been used as SERS-active substrates for detection of a variety of
analytes. The focus of the work presented in this dissertation is based on the use of these silver
nanorod arrays as SERS-active substrate. The following chapters will introduce the reader to the

use of these silver nanorods for a variety of sensing and bioanalytical applications.
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CHAPTER 4

Removal of Surface Contamination and Self-Assembled Monolayers (SAMs)

from Silver (Ag) Nanorod Substrates by Plasma Cleaning with Argon

The purpose of this chapter is to introduce the reader to a simple and versatile cleaning procedure
developed to eliminate surface contamination present on the surface of the Ag nanorod arrays.
This mild physical-chemical method consists of short exposure of the OAD fabricated SERS
substrate to ionized Ar gas plasma under low pressure conditions and is aimed to remove
detectable background contamination such as carbonaceous contamination and small organic
molecules as well as thiolate SAMs from Ag nanorod. The results of this investigation are
presented in this chapter and include: (i) a thorough investigation on the Raman band intensities,
(i1) a description of the nanorod morphology following the cleaning procedure, as well as (ii1) a
study of the surface hydrophobicity as a function of exposure time of the Ag nanorod arrays to

the Ar’ plasma.

4.1. Introduction

The fabrication of uniform, reproducible nanoparticles with high surface enhancements is the
key feature for the use of SERS as a practical analytical technique. To date, many
nanofabrication techniques have been developed to produce SERS-active substrates for various
applications. Such techniques include, but are not limited to, roughened electrodes by oxidation-
reduction cycles (ORC), Ag film electrodes via electrocrystallization, Ag island films, Au or Ag

80



nanorod arrays, Au or Ag colloids and nanoshells, and nanoparticle lithography.(97, 101, 309-
313) A thorough description of these various nanofabrication techniques was previously
presented in section 2.3 of Chapter 2. Recently, our laboratories demonstrated that oblique angle
vapor deposition (OAD) is an easily-implemented, reproducible SERS nanofabrication method,
and showed that the Ag nanorod arrays that result from this fabrication technique exhibit

uniformly high SERS enhancements over large substrate areas.(287, 288, 291)

Irrespective of the nature of the fabrication method, the presence of carbonaceous contamination
on SERS-active substrates affects the reproducibility of measurements and is a limitation to the
analytical utility of SERS. While there have been numerous attempts to remove organic
contamination from SERS-active metallic surfaces under ambient conditions, none have been
uniformly successful at eliminating background contamination on SERS substrates.(314-317)
For example, electrochemical cleaning of graphitic carbon contamination on Ag surfaces has
been one method employed as a surface cleaning protocol.(317) Other published electrochemical
cleaning protocols have demonstrated removal of surface-confined carbon contamination on
mechanically polished Ag surfaces but were ineffective at completely removing monomolecular
layers.(318) Unfortunately, a side result of some electrochemical desorption techniques may be
the introduction of surface defects where the carbon contamination was present or highly

oxidized surfaces due to the high chemical reactivity of Ag.(319, 320)

A number of methods have been developed to chemically remove adsorbed self-assembled

monolayers (SAMs) from the underlying substrates as an economical way of re-using substrates.
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Examples include immersing SAMs in 0.5 M NaBH4 solution, application of suitable surface
potentials to induce desorption, and photooxidation, in which thiolate SAMs undergo oxidation
upon exposure to ultraviolet (UV) radiation in air and ion bombardment.(321-325) Another
chemical cleaning procedure for removing SAMs from SERS-active surfaces consists of
submerging the substrate in chemical oxidants such as concentrated acids.(326) These methods
appear to be effective for cleaning substrates but have the disadvantage of causing oxidation,
with increased probability of substrate corrosion. Alternative methods such as ozone cleaning or
plasma cleaning with air result in a high degree of oxidation of the Ag surface and hence yield

poor SERS-active substrates.(327)

In addition to physical/chemical methods of cleaning SERS substrates, several authors have
reported on the use of self-assembled monolayers (SAMs) adsorbed onto SERS substrates as a
way of displacing “adventious material” from the metal.******** SAMs have been widely used in
the areas of interfacial phenomena, biological processes, electrochemistry,
photoelectrochemistry, photoactivity and molecular interaction.(315, 327, 328) Many of the
long-chain alkyl disulfides and thiols have been shown to form SAMs at noble metal
surfaces.(329, 330) These complex coatings are strongly anchored to the surface and only
desorb under strongly acidic or basic conditions.(331) Unfortunately, the results of the
investigations into the use of SAMs for displacing surface contamination suggested that adsorbed
alkanethiols do not completely displace contaminants. Impurities were still observed despite

multiple efforts at alkanethiol adsorption. It is likely that the original carbonaceous surface
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species remained sequestered within the SAM film and affected structural order, orientation, and

packing of the alkanethiol.(316)

In this study, a milder physical-chemical method for removing surface contamination from Ag
substrates is introduced. The cleaning procedure consists of exposing the Ag nanorod array
substrate to ionized Ar gas plasma for 4 min under low-pressure conditions. The efficiency of
Ar" plasma cleaning on Ag nanorod substrates was observed by monitoring the SERS intensity
of a conventional SERS-active reporter molecule, 1,2-bis(4-pyridyl)ethylene (BPE) before and
after exposure. We also investigated the broader applicability of this plasma cleaning technique
as an effective method for removing SAMs from SERS-active Ag substrates, using 1-
propanethiol as the model SAM presented here, but also longer chain thiols such as 1-
hexanethiol, C¢SH, and 1-dodecanethiol, C;,SH (data not shown). SERS, scanning-electron
microscopy (SEM) and contact angle measurements were used to characterize the cleanliness

and morphology of the Ag substrates.

The results of this study show that for short time periods (<4 min), Ar’ plasma cleaning
essentially eliminated any detectable organic contamination from Ag nanorod substrates and did
not substantially change their morphology. After this short At plasma exposure, SERS
intensities for re-adsorbed molecules decreased, but to acceptable levels for spectroscopic
purposes. However, a large decrease in SERS intensity was observed upon longer time exposure
(>10 min) to the Ar" plasma. This decrease in intensity was associated with distinct

morphological changes observed on the SEM images of the aligned Ag nanorod arrays as well as
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a decrease in their hydrophobicity as measured by static contact angle. The results presented
here suggest that Ar" plasma cleaning is an efficient process for removing carbonaceous and
organic contamination as well as SAMs from SERS-active Ag surfaces, as long as the cleaning

conditions and exposure times are carefully controlled.

4.2. Methods and Materials

Materials and Reagents

I-propanethiol (CsSH, >99%), 1,2-bis(4-pyridyl)ethylene (BPE) (99.9+%), and EtOH (100%)
were purchased from Aldrich. All other chemicals were of analytical grade and used without any

further purification.

Preparation of Ag Nanorod SERS Substrates

SERS-active Ag nanorod array substrates were prepared from 1 x 1 cm glass substrates using an
oblique angle vapor deposition (OAD). Prior to deposition, the glass substrates (Gold Seal Cat.
3010) were cleaned using Piranha solution (4:1 mixture of conc. HySO4: 30% H,0,) for 15
minutes, rinsed with copious amounts of deionized water and dried under a gentle stream of
nitrogen gas. SERS-active Ag nanorod substrates were fabricated by OAD using an electron-
beam/sputtering evaporation system. First, a 20 nm layer of Ti (99.99%, Kurt J. Lesker
Company, Clairton, PA) was deposited onto the cleaned glass substrates at a rate no greater than
1.0 A/s for adhesion and stability purposes for the subsequent Ag layer. Next, a 500 nm layer of

Ag (99.99%, Kurt J. Lesker Company) was deposited on the substrates at a rate of 3.0-4.0 A/s.
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Previous studies have demonstrated that the addition to the Ag layer prior to the growth of the
Ag nanorods enhances the SERS signal compared to growing the nanorods directly to the
underlying Ti layer.(291, 332) After deposition of the Ti:Ag underlayer, the substrate was rotated
to 86° relative to the incident vapor. Ag nanorods were then deposited at a constant rate of 2.5-
3.0 A/s to a final nominal thickness of 2000 nm, as monitored by a quartz crystal microbalance
(QCM) placed inside the deposition chamber and positioned at normal incidence to the vapor
source. The growth of the metallic layers was performed in a background deposition pressure
maintained at less than 5 x 10 Torr. After deposition, the substrates were allowed to cool down
to room temperature in vacuum before they were removed from the chamber. The SERS-active
substrates were stored in a nitrogen purge type glove box to avoid any surface contamination or

deterioration of the surface condition due to temperature or atmospheric humidity.

Solution Preparation

10 mL of a 10™ M solution of C3SH was prepared by mixing 0.9 uL of 1-propanethiol in 10 mL
of EtOH. 10 mL of a 1 M solution of BPE was prepared by dissolving 1.8223 g of BPE in

EtOH. Serial dilutions were made to obtain a 10° M BPE solution.

Monolayer Preparation

The procedure for preparation of BPE-covered or C;SH-covered substrates consisted of soaking

the 1 x 1 cm Ag nanorod substrates in the relevant solution. The concentration of the C3SH

solution was 1x10 M in EtOH; the concentration of the BPE solution was 1x10° M in EtOH.
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In both cases the nanorod substrates were immersed for 12 hours. The substrates were then
removed from the solution, rinsed carefully with copious amounts of 100% EtOH, and allowed

to completely dry prior to analysis.

Raman Spectroscopy

Measurements were performed using a confocal Raman microscope (InVia, Renishaw, Inc.,
Gloucestershire, United Kingdom). Laser excitation was provided by a 785 nm near-IR diode
laser. The incident laser beam was delivered to the sample by epi-illumination through a 20x
(N.A. = 0.40) objective onto an automated sample stage. The laser illumination spot produced by
this system through this objective has a rectangle pattern that is approximately 4.8 x 27.8 um.
The laser power used was 0.1% (~0.72 mW) for C;SH, and 0.0001% (~5.5 uW) for BPE,
respectively, as measured at the sample. SERS spectra were collected from five different spots
on a given substrate using a 30 second acquisition time with one accumulation. Spectra were
collected between 2000 and 500 cm ™. For SERS mapping measurements, each of the 1 x 1 cm
aligned Ag nanorod array substrates was scanned over a 45,000 um” area (300 x 150 pm).
Spectral maps were recorded every 5 um from the previous laser spot horizontally across every 5
um vertical lines for a total of 1,891 collected data sets on each substrate. The spectral range
collected at each spot was from 2000 to 500 cm . The laser power was 5% and one
accumulation was used to collect the SERS spectra using a 1 second acquisition time. The

1604 cm ™' BPE peak intensity was used to quantify the SERS response for each Ag nanorod

array substrate. Off-line spectral manipulation and analysis, i.e., baseline correction, band
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height/band area and peak frequency determination, was performed using GRAMS 32/Al

Version 6.0 (Galactic Industries Corporation, Nashua, NH).

Scanning Electron Microscopy

Scanning electron micrographs were obtained using a Zeiss SEM Ultra60 scanning electron
microscope (Carl Zeiss SMT Inc., Peabody, MA). Images were acquired with an accelerating
voltage of 5 eV and at an incident angle of 0° relative to the surface normal. Images were
acquired at a magnification of 40K and 100K for comparison purposes. To minimize charging
artifacts, slides were attached to the holder using double-sided copper tape. Analysis of image

features was performed using Smart Tiff'™, a software tool made available by Zeiss.

Contact Angle Measurements

The wetting properties of the Ag nanorod array substrates were measured using a Kriiss GmbH
(Hamburg, Germany) DSA 100 Drop Shape Analyzer. 2 pL of molecular grade water was
dispensed by the needle tip of the direct dosing system using software control DS3210 on the
aligned Ag nanorod arrays surface mounted on the sample stage of the instrument. Calculations
of the static contact angles were performed using DSA3, an instrument software tool provided by
Kriiss, and the pictures were taken using illumination from a standard Kriiss camera mounted on

the instrument and protected against external influences in a housing unit inside the apparatus.
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Plasma Cleaning

The Ag nanorod array substrates were cleaned using plasma cleaner model PDC-32G (115V)
manufactured by Harrick Plasma (Ithaca, NY). The substrates were cleaned using the high RF
setting with a constant flow of Argon coming from an ultra-pure Argon tank (American Welding
and Tank). The high RF setting consists of 100 W input power, which corresponds to a DC
voltage of 720 V and a DC intensity of 25 mA (18 W) at the RF coil. The pressure gauge was
kept at 0.8 mBar during the course of the cleaning procedure. Exposure times were varied
depending on the experiment. The cleaning procedure consisted of placing the sample in the
reaction chamber evacuated using an oil free dry scroll pumping system with a minimum
pumping speed of 1.4 m’h™" (0.83 ft* min™') and an ultimate total pressure of 200 mTorr (0.27
mBar) or less. Ultra-pure Ar gas was flowed into the chamber at flow rates typically between 1-2
SCFH and at low-to-medium pressure (typically between 0.5 mBar and 1.0 mBar). Within the
chamber, the process gas was subjected to MHz-range RF electromagnetic radiation, accelerating
the ions in the gas and ionizing them to form an Ar’ plasma at near ambient temperature. The
Ar' plasma removes surface adsorbed molecules by mild ablation of the surface. The molecules
desorbed from the surface are then pumped away using a vacuum pump (Edwards, Model XDS-

5).
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4.3. Results and Discussion

Removal of Carbonaceous and Organic Contamination from Ag Nanorod

Substrates by Plasma Cleaning with Argon

Our previous studies have shown that OAD is a versatile and reproducible method of preparing
high sensitivity SERS-active substrates.(287, 288, 291, 332, 333) These previous studies have
also reported that impurities are common on these SERS-active substrates due to the highly
reactive nature of the Ag surface.(291) The surface contamination present on OAD-prepared Ag
nanorod arrays is mostly due to the presence of carbon, graphite, and hydrocarbons.(291, 315,
327) Figure 4.1.A shows the background SERS spectrum of the bare Ag nanorod substrate after
the fabrication process and before any analytes were deposited on the surface. The spectral
features present on the background SERS spectrum shown in Figure 4.1.A are in agreement with
the observation reported by Driskell and co-workers which attributed the bands to carbonaceous
material and organic contaminants adsorbed on the Ag nanorods.(291) The dominant features on
the SERS background spectrum in Figure 4.1.A are the three broad bands near 1133, 1340 and
1580 cm™. The 1340 cm™ band (D band) has been attributed to disorder in the graphite chains
while the 1580 cm™ band (G band) has been attributed to the in-plane stretching mode. In
addition, the absence of bands in the v(C-H) region is also a clear evidence of the presence of
graphitic carbon contamination on the SERS-active Ag substrate.(334) The other bands in the
spectrum are attributed to organic impurities originating from the out-gassing of the OAD

deposition chamber. Similar contamination peaks were observed from other spots on the same
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Figure 4.1. (A) Background SERS spectrum of uncleaned Ag nanorod substrate. (B) SERS
spectrum of 10° M BPE deposited on an uncleaned Ag nanorod substrate. (C) SERS spectrum
of Ag nanorod substrate with BPE from panel (B) after 4 min exposure to Ar' plasma. (D) SERS

spectrum of 10 M BPE deposited on Ag nanorod substrate from panel (C).
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substrate and from other substrates with minor changes in peak intensities but no differences in

band positions.

Figure 4.1.B shows the spectrum of a 10™ M solution of BPE deposited on a plasma-cleaned
nanorod substrate. The Raman modes of BPE seen in this spectrum are identical to previously
observed SERS spectra on Ag nanorod arrays.(288, 291) The assignments of these vibrational
modes have been previously reported in the literature.(335) Figure 4.1.C shows the SERS
spectrum of the BPE-coated substrate seen in Figure 4.1.B after a 4 min exposure to an Ar’
plasma. The spectrum is characterized by a noticeably flat baseline, indicating the absence not
only of the adsorbed BPE, but also of any original organic contaminant on the Ag nanorod
substrate. The insert (x100) shows the relatively low noise level on the spectrum after the
cleaning procedure. The SERS spectrum in Figure 4.1.C provides clear evidence that the Ar"

plasma has removed any adsorbate.

To characterize the SERS response of a plasma-cleaned substrate, a 10 M solution of BPE in
EtOH was spotted on the same Ag nanorod substrate. The SERS spectrum BPE re-adsorbed onto
the cleaned Ag nanorod substrate is shown in Figure 4.1.D. A comparison of Figure 4.1.B and
4.1.D shows that the plasma-clean Ag nanorod substrate (Figure 4.1.D) retained about 60% of
the BPE intensity when compared to the SERS spectrum of BPE measured on a fresh, non-
cleaned substrate (Figure 4.1.B). While a 4 min exposure in Ar' plasma cleaning has reduced
the observed SERS intensity of the Ag nanorod array, the cleaning procedure did not alter
bandwidths, frequencies or relative intensities in the SERS spectrum of the re-applied BPE.

91



Effect of Plasma Cleaning on Self-Assembled Monolayers (SAMs) Adsorbed on Ag

Nanorod Substrates

We investigated the effect of Ar" plasma cleaning on the removal of SAMs of alkanethiols
adsorbed onto Ag nanorod substrates. Figure 4.2.A shows the SERS spectrum of a SAM of 107
M C;SH adsorbed onto the Ag nanorod substrate. The spectral features observed in Figure 4.2.A

were found to be in agreement with the literature band assignments of C3SH.(336)

SAMs of alkanethiols have been shown to strongly adhere to Au and Ag surfaces. Attempts to
desorb SAMs from these surfaces have been shown to deteriorate the substrates when subjected
to harsh treatments. Alternative methods to remove SAMs from these surfaces have resulted in
oxidized (RSOx) sulfur species that either do not desorb completely from the SERS-active
surface or induce strong corrosion of substrates. In other cases, the SERS-active surface itself is
oxidized and the SERS enhancement is altered or inhibited by the presence of oxygen at the
surface of the substrate.(337) As a result, the local electromagnetic field enhancement produced
by both the excitation of the surface plasmon and the chemical adsorption of the analyte on
substrate’s surface is hindered by the presence of oxygen on the surface. Consequently, poor
SERS enhancement is observed when the Ag making up the nanorod array is oxidized by the

presence of oxygen.
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Figure 4.2. Spectral and structural parameters for Ag nanorod array substrates after Ar’ plasma
cleaning. Intensity counts obtained from the 1064 cm™ band in the SERS spectrum of BPE.

Nanorod dimensions obtained from SEM images.
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We investigated whether Ar' plasma cleaning is applicable for removal of thiolate monolayers
from Ag nanorods. In these experiments, the C;SH-covered Ag nanorod array was exposed for 4
min in an Ar" plasma in the same manner as described above for BPE-covered substrates. Figure
2B shows the SERS spectrum of the cleaned Ag nanorod substrate recorded immediately after
Ar" plasma cleaning. The absence of any features in Figure 4.2.B illustrates that a 4 min
exposure to the Ar" plasma was sufficient to completely remove the C;SH monolayer from the
Ag nanorod surface. The insert (x100) shows that the noise level is extremely low on the
spectrum, suggesting that the cleaning procedure is more efficient when alkanethiol chains are
adsorbed on the Ag nanorod surface. This plasma cleaning technique showed the same cleaning
effectiveness for longer alkanethiol chains such as 1-hexanethiol, C¢SH, and 1-dodecanethiol,
C1,SH (data not shown). These results support the applicability of Ar" plasma cleaning for

desorption of thiolate SAMs from Ag nanorod substrates.

To investigate whether the SERS response of the Ag nanorod substrate could be recovered after
the removal of the alkanethiol from the Ag nanorod surface by the plasma cleaning procedure, a
10> M solution of the molecular probe BPE in EtOH was deposited onto the plasma-cleaned Ag
nanorod substrate. Figure 4.2.C shows the SERS spectrum of BPE deposited, after Ar" plasma
cleaning, onto the substrate on which the SAM C;SH was originally formed. Similar to the
spectrum of BPE applied to a plasma-cleaned substrate in Figure 1D, the spectrum of BPE after
plasma cleaning of a Cs;SH-covered substrate (Figure 4.2.C) shows a comparable SERS intensity
to that of BPE measured on an unprocessed Ag nanorod substrate (Figure 4.1.B). The higher

intensity on the spectrum of BPE shown in Figure 2C also suggests that the Ar’ plasma cleaning
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procedure is more effective in retaining the substrate enhancement when alkanethiol chains are
adsorbed on the Ag nanorod surface, which is in agreement with the low noise level present on
the spectrum shown in Figure 4.2.B. Spectral features such as bandwiths, relative intensities and

S/N were unaltered between the two spectra, acquired under the same conditions.

Morphology and Structural Characterization of the Ag Nanorod Array SERS

Substrates upon Exposure to Ionized Argon Gas Plasma

The morphology of the Ag nanorods was investigated to determine what changes, if any,
occurred to the SERS-active substrates upon exposure to At plasma. The effect of exposing Ag
nanorods to Ar' plasma was evaluated using SEM images and contact angle measurements.

These measurements were correlated with the SERS response of the substrates.

Figure 4.3.A depicts a schematic side-view of the Ag nanorod arrays and includes the
approximate dimensions of the tilted parallel nanorods resulting from the shadowing effect
during the OAD deposition procedure. The tilted parallel alignment seen in Figure 4.3.A is due
to the shadowing effect encountered during the OAD deposition procedure when the substrate is

rotated to 86° with respect to the vapor incident direction.
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Figure 4.3. (A) Schematic of the Ag nanorod array with approximate dimensions. (B) Top-view

micrograph (40K) of a Ag nanorod array deposited onto a glass slide, using methods described in

the Methods and Materials section. The scale bar represents 200 nm.
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SEM images of Ag nanorod arrays were acquired as a function of Ar’ plasma exposure time
ranging from a control of 0 min to a maximum of 14 min in 2 min intervals. Scanning electron
microscopy (SEM) has been used to characterize Ag nanorod arrays. Figure 4.3.B displays the
top view SEM image of a Ag nanorod control substrate. The micrograph (40K) shows that the
Ag nanorods are randomly, yet uniformly, distributed on the substrate and preferentially aligned
along the vapor deposition direction. Ag nanorods produced by OAD are generally characterized
by protrusions, corrugations and bifurcations along the cylinder surface. These SERS-active
substrates consist of aligned Ag nanorod arrays with: 1) nanorod lengths of ~800-900 nm, i1)
diameters ~80-90 nm, iii) tilt angles of ~71° with respect to the surface normal, iv) nanorod
densities of 15-25 per pm?, and v) average spacing between two adjacent rods of approximately
150 nm. Minor variations in nanorod morphology, including length, diameter, and shape are
caused by the polycrystalline nature of the Ag nanorods. The preferential growth of the Ag
nanorods results in uniform, homogeneous and reproducible substrates. These attributes make
OAD-fabricated Ag nanorod arrays excellent sources of SERS substrates. The structures shown
in Figure 4.3.B are consistent with previously published results on OAD Ag

nanorods.(285, 287, 291, 333)

The polycrystalline nature of the Ag nanorods introduces some variation in their morphology,

including length, diameter, and shape. SEM images provided a qualitative assessment of nanorod
shape and quantitative measurement of nanorod length and density. Data obtained from the SEM
image of the Ag nanorods shown in Figure 4.3.B showed that the nanorods were aligned parallel

to each other at an angle of 70.8+3° with respect to the surface normal. The average spacing
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between two adjacent rods was approximately 169+15 nm with an average nanorod length of
875+103 nm and an average diameter of 104+23 nm. Additionally, the nanorod density was
determined to be 12.6+0.7 rods/um’. These values are collected in Table 4.1 and are consistent

with the aforementioned dimensions reported from previously published results.(287, 291)

Figures 4.4.A, 4.4.B and 4.4.C are representative SEM images of the Ag nanorod substrates after
0, 4 and 14 min exposure to the Ar" plasma, respectively. The morphology and heterogeneity of
the nanorods seen in Figures 4.4.A and 4.4.B is consistent with previously published SEM
images of the Ag nanorods prepared by OAD.(287, 291) Based solely on the shape and
morphology seen in the SEM micrographs in Figures 4.4.A (0 min exposure) and 4.4.B (4 min
exposure), it is difficult to discern any morphological or size changes of the Ag nanorods after a
4 min exposure to the Ar’ plasma. Although very slight variations in nanorod shape and
protrusion (i.e. welding of adjacent nanorods) are noticeable when comparing Figure 4.4.A and
Figure 4.4.B, these phenomena did not seem to be discernable qualitatively over the whole
substrate area imaged when comparing three SEM images acquired on the same substrate
subjected to a 4 minute exposure to the argon ion plasma. However, when comparing the SEM
micrographs in Figure 4.4.A (0 min exposure) and 4.4.C (14 min exposure), it is evident that the
nanorod array does change after 14 min exposure to the Ar’ plasma. Figure 4.4.C clearly shows
that the original nanorod shape and structure have altered. A comparison of Figure 4.4.A and
4.4.C indicates that long (14 min) exposure to the Ar" plasma changes the shape, length and

density of the Ag nanorods.
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Table 4.1. Spectral and structural parameters for Ag nanorod array substrates after Ar' plasma

cleaning. Intensity counts obtained from the 1064 cm™ band in the SERS spectrum of BPE.

Nanorod dimensions obtained from SEM images.

Exposure BPE Nanorod Nanorod Nanorod Spacing Between
Time Intensity Length Diameter Density Adjacent Nanorods
(min) (counts) (nm) (nm) (rods/pm?) (nm)

0 90,600 875+103 104423 12.6+0.7 169+15
+16,800
4 46,800 868+96 11331 11.4+0.6 182+11
+2,800
14 4,300 642+168 159456 6.8+0.3 319442
+500
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Figure 4.4. Top row: Top-view SEM micrographs (100K) of a Ag nanorod substrate: (A) after
0 min exposure, (B) after 4 min exposure, and (C) after 14 min exposure, to Ar’ plasma. Scale
bars in the images denote 200 nm. Middle row: SERS spectrum of BPE deposited on a fresh Ag
nanorod substrate. (D) after 0 min exposure, (E) 4 min exposure, and (F) after 14 min exposure,
toAr" plasma. (Bottom row) Contact angle picture of 2uL molecular grade water deposited on a
Ag nanorod substrate: (G) after 0 min exposure, (H) after 4 min exposure, and (I) after 14 min

exposure to Ar’ plasma.
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Quantitative measurements of Ag nanorod morphology upon Ar" plasma exposure were obtained
directly from the SEM images in Figures 4.4.A — 4.4.C. The average length of the Ag nanorods
decreased from 875+103 nm (0 min exposure, Figure 4.4.A) to 642168 nm (14 min exposure,
Figure 4.4.C). The nanorod average diameter increased from 104423 nm (Figure 4.4.A) to
159.4£56 nm (Figure 4.4.C). The average decrease in length and increase in diameter led to a
decrease in the density of the Ag nanorods on the surface, from 12.6+0.7 rods/um? (Figure 4.4.A)
to 6.8+0.3 rods/um? (Figure 4.4.C). The decrease in nanorod density is also reflected in the fact
that the average gap between the rods was found to increase from 169+15 nm to 319+42 nm.
These findings show that exposure of the Ag nanorod substrates to an Ar" plasma for >10 min
significantly changes the morphology of the Ag nanorods. Table 4.1 provides a listing of the

nanorod dimensions obtained for the substrates as a function of Ar" plasma exposure.

The large changes in nanorod structure observed with increasing exposure to the Ar’ plasma
should significantly impact the observed SERS response. Nanoscale irregularities on SERS-
active Ag nanoparticles are directly related to the generation of the electric field responsible for
the SERS-enhancement.(76, 130, 338, 339) Previous studies from our laboratory have
demonstrated a marked dependence of the SERS enhancement with the length of the OAD-
prepared aligned Ag nanorod substrates.(298, 307, 340) In addition to nanorod length, the unique
SERS enhancement properties of these Ag nanorod arrays are postulated to be caused by highly
localized plasmon modes created by strong electromagnetic coupling between adjacent metallic

nanorods. Therefore, changes in inter-rod dimensions should affect the observed SERS spectra.
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As expected, the change in nanorod structure upon long exposure times to the Ar’ plasma had a
direct effect on the resulting SERS intensity. This is easily seen when the spectrum of BPE is
compared to the SEM image of the nanorod array acquired after the same exposure time.
Figures 4.4.D, 4.4.E, and 4.4.F are the SERS spectra of BPE acquired after 0, 4 and 14 min
exposure to Ar’ plasma. These spectra were acquired using the substrates shown in Figures
4.4.A, 4.4B and 4.4.C, respectively. After 4 min Ar' plasma exposure, the intensity of the BPE
bands decreased by approximately a factor of 2 (55%, Figure 4.4.E vs. Figure 4.4.D). However,
after a 14 min Ar’ plasma exposure, the BPE SERS intensity decreased by approximately a
factor of 10 (95%, Figure 4.4.F vs. Figure 4.4.D). Table 4.1 provides a list of the average

intensity of the 1064 cm™ BPE band as a function of Ar” plasma exposure time.

Figure 4.5 further illustrates the evolution of the BPE SERS intensity as a function of Ar" plasma
exposure time. While there was no difference in the relative band intensities, bandwidths or
positions of the major BPE bands, there is clear evidence from Figure 5 that the morphological
changes in the Ag nanorods due to prolonged Ar" plasma exposure results in a decreased SERS

efficiency as the exposure time is increased.

To determine the evolution of the SERS response, the peak intensity (as measured from the CCD
detector counts) of the 1604 cm™ BPE band was plotted as a function of Ar” plasma exposure
time. The resulting plot is shown in Figure 4.6. The average integrated intensity of the 1604 cm™
BPE band are useful to quantify the decreased SERS response since this band is insensitive to

orientation on the surface.(327, 335) Figure 4.6 shows that any exposure to Ar plasma will
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Figure 4.5. Spectra of 10”° M BPE deposited on Ag nanorod substrates after various exposure
times. The spectra have been baseline corrected, plotted on the same scale, and offset for

visualization.
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Figure 4.6. Plot of Raman intensity at 1604 cm™ as a function of exposure time to the plasma
cleaner. Each data point represents the average intensity of the spectral map data at 1604 cm™
taken from 1,891 collected data sets on each substrate. The error bars represent the standard

deviation.
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decrease the observed BPE signal, however a 2 — 4 min exposure only decreases the observed
SERS intensity by approximately 55%. When exposure time is increased to over 10 min,
however, there is approximately an order of magnitude decrease in measured SERS intensity.
These results for longer time periods (approximately a 10x decrease) are consistent with those

intensity changes previously reported for thermally-annealed Ag nanorod arrays.(285)

We have also measured the static contact angle of the Ag nanorod substrates as a function of
exposure to an Ar' plasma. The contact angle of a drop on a flat homogeneous solid is given by

the classical Young's equation as follows:

Y €osO=yq —7g (6)

where 7, , 7V 7sv 5, ,and yg are the different surface tensions (liquid/vapor, solid/vapor,

and solid/liquid) involved in the system. By definition, the contact angle is highest when the
surface is hydrophobic and is reduced as the surface becomes more hydrophilic.(341) The main
parameter that determines the contact angle of a drop on freshly evaporated metallic films is the
nanoscopic surface morphology of the substrate onto which the liquid is dispensed.(328) In
general, the wetting behaviors observed on such nanostructured surfaces is highly depend on the

aspect ratio of the nano-array present on the surface.(342, 343)

Figures 4.4.G — 4.4.1 present static contact angle images obtained for water droplets on Ag

nanorod arrays as a function of Ar” plasma exposure. These images qualitatively support the
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conclusion that the control substrate is the most hydrophobic of the three substrates, with the
hydrophobicity of the substrate decreasing as the exposure time increased. This finding was
consistent with the interpretation that the presence of organic and carbonaceous contamination
leads to a hydrophobic surface, and that removal of this contamination results in an increase in

hydrophilicity.

The response of the static contact angle to At plasma exposure time is shown in Figure 4.7. The
form of the decrease in the contact angle with exposure time is similar to that of the Raman
intensity shown in Figure 4.6, that is, a sharp decrease (of contact angle or Raman intensity) after
initial plasma exposure, followed by a slower decrease with increasing plasma cleaning.
Although the most likely explanation for the decrease in contact angle is the increasing
hydrophilicity of the Ag surface after cleaning, additional mechanisms may also contribute. The
change in the nanomorphology of the Ag nanorod substrates shown in the SEM micrographs in
Figure 4.4.A — 4.4.C may be contributing to the hydrophobicity change as well. A recent paper
on the Lotus effect suggests that high contact angle droplets form on hydrophilic nanostructures
when the droplet size is comparable to the nanoscale roughness, however, the contact angle
decreases upon change in surface roughness.(344) This conclusion agrees with our observation
that the static contact angle decreases with the change in surface roughness and morphology of

the Ag nanorods.
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Figure 4.7. Static contact angles plotted as a function of exposure time to the plasma cleaner.
Each data point represents the average static contact angle taken from 10 different measurements

and the error bars represent the standard deviation.
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4.4. Conclusions

Significant progress has been made in the past few years in the development of reproducible
nanofabrication techniques for the preparation of highly sensitive SERS substrates. However,
one of the major drawbacks limiting the reproducibility and sensitivity of this measurement is the
presence of contamination on the SERS-active substrates. To overcome this issue, we have
developed a rapid procedure for cleaning SERS-active Ag nanorod substrates that utilizes a short
(4 min) exposure to Ar” plasma, which is successful in removing essentially all carbonaceous
and organic contamination present on the surface, see €.g. Figures 1 and 2. The use of Ar"
plasma to clean the Ag nanorod substrates does reduce the observed SERS response, as seen in
Figure 6. However, the decrease in intensity noted within the first 2-4 min of plasma cleaning,
approximately 2x, is an acceptable trade-off for a clean substrate, especially when compared to

the high SERS enhancements originally produced by the Ag nanorod substrates (~10%).

The principles behind cleaning via plasma generation rely on the ionization of an inert gas that
interacts with the material present on the substrate surface. Ar is used for its high ablation
efficiency and chemical inertness. Typically, the energy of the plasma electrons and ions is
sufficient to mechanically remove surface contaminants by both energetic electron and ion
bombardment. Increasing the pressure in the chamber results in reduced dissipation energy of the
Ar' plasma. The type of interaction between the plasma and the surface depends on parameters
such as the intensity and frequency of the RF power used to excite the plasma, the type of gas
that is ionized, the pressure and flow rate of the gas, the type of sample and the amount of time
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the surface is exposed to the plasma. Excess energy is usually dissipated throughout the substrate
through chemical and physical processes to attain a desirable surface modification without

changing the bulk materials properties of the substrate.

The findings presented here demonstrate that Ar” plasma cleaning works well even for analytes
having strong adsorption tendencies towards Au and Ag surfaces such as small organic analytes
and thiolate SAMs. Our findings show that, given short (2 — 4 min) Ar" plasma exposure,
contaminant materials and alkanethiols may be efficiently removed from the surface of Ag
nanorods without apparent deterioration of the substrate morphology and only a moderate
decline in their SERS response. However, our results also show that the optimum conditions for
plasma cleaning are very time-dependent. Longer (>10 min) exposure of the Ag nanorod
substrates to Ar” plasma results in significant changes to nanorod shape, length and density.
These large changes in nanorod morphology have a dramatic deleterious effect on the SERS
response. Thus, carefully controlling the plasma conditions and exposure time is critical for

successful cleaning of Ag SERS substrates.
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CHAPTER 5

Ag Nanorod Based SERS Applied to Bioanalytical Sensing

The purpose of this chapter is to introduce the reader to the applications of Ag nanorod arrays
fabricated by OAD as a sensitive SERS-active substrate for the rapid detection of biological
agents as well as a robust biomedical diagnostic platform for both clinical and therapeutic
applications. Presented in this chapter is a thorough review of the use of Ag nanorod substrates
for the SERS-based detection and identification of pathogens, including bacteria and viruses, as
well their chemical modification with oligonucleotides for quantitative detection of micro RNA

(miRNA) and sequence profiling.

5.1. Introduction

Since its discovery in the 1970s, surface-enhanced Raman spectroscopy (SERS) has become a
powerful analytical technique that provides identification and quantitative information about a
variety of biomolecules with a high degree of sensitivity and specificity.(138) SERS is a nano-
optical technique that has been applied to a wide array of bioanalytical problems, e.g. genetics
and proteomics,(345) medical diagnostics,(346, 347) biochemistry,(348) and the life

sciences,(349) and is emerging as a very powerful biochemical detection method.

SERS originates from molecules located in close proximity to a metallic (typically Au or Ag)

nanostructured surface that is capable of generating a localized surface plasmon (LSP).(47-49)
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The LSP results from surface electrons that oscillate in resonance with the frequency of the
incident radiation. For SERS, the optimum excitation frequency is provided by a visible/near-IR
laser whose wavelength is in close proximity to the maximum in the extinction profile of the
localized surface plasmon.(62) The SERS enhancement has been amply described in the
literature and is primarily thought to be the result of two distinct mechanisms: a long-range
classical electromagnetic (EM) and a short-range chemical enhancement (CE).(61) An EM
enhancement on the order of E* results from an increase in the electromagnetic field due to the
generation of LSPs at nanostructured metallic surfaces. An additional E* EM enhancement arises
from the Stokes-shifted Raman scattering due to the induced dipole of the surface-adsorbed
analyte molecule, thus leading to a total SERS EM field enhancement at the nanoparticle surface
that scales as E*.(71) The CE mechanism originates from the analyte-specific interactions
between the surface-adsorbed analyte molecule and the metal through the formation of localized
adsorbate electronic resonances or metal-to-adsorbate charge-transfer complexes.(350) In this
scenario, the metal is irradiated by the incoming radiation source to create an electron-hole pair
that results in a transfer of energy to the analyte molecule through its bonds connecting it to the
metal surface. The subsequent energy is transferred back into the metal, resulting in the emission
of the scattered light from the analyte molecule.(77) It is commonly thought that the EM
enhancement contributes the greater extent (~10*-107) to the signal enhancement observed in
SERS while the CE enhancement is thought to contribute to a smaller extent (~10-10?) to the

overall enhancement.(76)
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The inherent biochemical specificity of Raman spectroscopy offers a number of attractive
features for detection and identification of biological samples. Raman provides a unique,
chemically specific molecular fingerprint for each analyte, which eliminates the need for indirect
detection via conjugated synthetic fluorophores. Raman has inherently narrow spectral lines that
enable multi-component analysis without special experimental techniques or multi-fluorophore
approaches.(139) For the SERS method, in particular, the phenomenon is due to the nanoparticle
physics of the substrate and not the chemistry of a fluorophore; thus, photobleaching and

quenching are of minor concern.

SERS has proven itself to be highly adaptable as a bioassay platform for biomedical
sensing.(351) Routine sensitivity of SERS-based analytical methods rivals that of fluorescence,
with pico/femto/attomolar detection limits, and the ability to detect single molecules or binding
events.(80, 81) The SERS approach also has advantages over other label-free biosensing
methods such as surface plasmon resonance (SPR), in that SERS is molecule-specific, unlike
SPR, which relies only on a general signal response for any captured analyte. In addition,
detection, identification, classification and quantification of individual analytes are possible

using well-validated multivariate statistical methods.(352)

The unique analytical assets of SERS have enabled the development of a variety of diagnostic
applications requiring low detection levels and a high degree of specificity. However, despite the
remarkable advances in recent years, the overall sensitivity and reproducibility of SERS has been

constrained by non-optimized nanofabrication methods that result in variability in substrate
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nano-morphology. Since the LSP is dependent on nanoparticle morphology, stringent control of
feature size and inter-particle distance is vital to ensure high and reproducible enhancements.(89)
The successful transition of SERS to a practical biosensing methodology requires the
development of SERS substrates that may not only provide strong enhancement factors, but that
may also be fabricated easily, reproducibly, inexpensively, and with potential for long-term

storage.

Recently, a nanofabrication technique based on an oblique angle vapor deposition (OAD) has
been developed that offers a versatile, simple and inexpensive way of producing Ag nanorod
arrays for high sensitivity SERS applications.(287) OAD is a physical vapor deposition
technique that offers a reliable means of fabricating uniform, reproducible, large area SERS-
active substrates with high signal enhancement. Details regarding the fabrication and cleaning of
the Ag nanorod arrays are provided in Chapter 3 and 4, respectively. These Ag nanorod arrays
fabricated by OAD have been investigated as SERS-active substrates for the detection of
pathogens including viruses and bacteria, as well as to assess the potential of nucleotide-
modified Ag nanorod arrays for a variety of bio-recognition and biosensing applications. This
chapter provides a summary of the most recent uses of these substrates as applied to

bioanalytical sensing.

5.2. Advantages of SERS-Based Bioanalytical Sensing

Rapid and sensitive detection of pathogens is an essential tool in disease outbreak intervention

strategies. Current diagnostic methods available for the detection of pathogens rely on
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immunofluorescence tests and antigen-capture immunoassays such as enzyme-linked
immunosorbent assay (ELISA),(353-355) hemi-nested multiplex RT-PCR,(356-358) or
hemadsorption.(359, 360) Many of these assay techniques suffer from lack of sensitivity and
reproducibility or require the use of synthetic labels, species-specific reagents (genotyping
primers), or amplification of nucleic acid coupled with polymerase chain reaction (PCR). In
addition, most of the currently used biochemical assays are limited by the time required to grow
cell or bacterial cultures. Consequently, new diagnostic approaches for rapid and sensitive means
of detecting pathogens both in the laboratory and in the field are urgently needed to successfully

curb potential disease outbreaks.

The unique ability of SERS to provide an analyte-specific response has allowed the development
of this method for rapid bio-medical diagnosis of infectious diseases.(182, 203, 361) The
ultrasensitive, rapid, and label-free attributes of SERS seem to satisfy all criteria needed for
routine analysis of different species and strains of pathogens. As a label-free, molecularly
specific detection method, SERS allows detection of pathogens with a high degree of sensitivity
and specificity. In contrast with the other diagnostic methods previously noted, SERS offers
several advantages, including the ability to provide molecular vibrational information for both
in-vivo and in-vitro applications, hence allowing discrimination of subtle structural differences
and classification of pathogen types and species.(185, 186, 352, 362, 363) Another advantage of
SERS over fluorescent-based assays includes the multiplexed detection capabilities due to the

narrower SERS bands relative to broad fluorescent bands. In addition, the intrinsic detection
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mode of SERS eliminates the need for synthetic labels and enables the direct detection of the

spectral fingerprint of the whole organism.(178)

Over the last several years, Ag nanorod arrays have been evaluated as SERS-active substrates for
a variety of biosensing applications. The unique signal enhancement offered by Ag nanorod
substrates allows nondestructive detection and discrimination of pathogens at the strain level
with minimal sample or culture preparation. Ag nanorod arrays have been employed for the
SERS-based detection of a variety of bacterial and viral species to allow classification of
bacterial and viral types as well as discrimination between pathogen strains and pathogens
having single gene mutations. In addition, oligonucleotide-modified Ag nanorod arrays have
been used to directly probe sequence information and detect binding of complementary targets.
The following sections summarize recent applications of the use of these SERS substrates for
pathogen detection and provide an outlook on the future of Ag nanorod arrays for bioanalytical

and diagnostic applications.

5.3.  Ag Nanorod SERS Substrates For Bioanalytical Sensing

Detection of Bacteria

Bacteria are single-celled prokaryote microorganisms that contain neither a nucleus nor other
membrane-enclosed organelles like mitochondria and chloroplasts.(364) Rapid means of
detecting and identifying pathogenic bacteria play a pivotal role in medical diagnostics, food
safety, water quality, pharmaceutical production and biological warfare. Conventional detection

methods of bacteria range from immunological approaches(365) to nucleic acid-based
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assays.(366) These techniques may be cumbersome, time-consuming, and suffer from other
shortcomings such as lack of specific chemical information, and a high false positive rate. There
is an urgent need for rapid, sensitive and specific detection of pathogenic bacteria. As a
vibrational spectroscopic method, SERS provides specific chemical information about the

bioanalyte and presents real-time diagnostic capabilities for rapid species identification.

SERS substrates fabricated by OAD have been assessed as a potential analytical sensor for rapid
pathogenic bacteria detection. The first report on the bio-detection and identification of bacteria
by SERS reported the use of Ag nanorod arrays to detect and identify foodborne pathogenic
bacteria.(289) Principal Component Analysis (PCA) was used to analyze and identify the SERS
spectra of generic Escherichia coli (E. coli), E. coli O157:H7, Staphylococcus aureus,
Staphylococcus epidermidis, Salmonella typhimurium 1925-1 poultry isolate, E. coli DH 5a and
bacteria mixtures. A detailed description of PCA as a multivariate statistical technique is
provided in Chapter 6. This multivariate statistical method demonstrated the ability to distinguish
different bacterial species and allowed differentiation between viable and nonviable cells. The
results of this study also highlighted the potential of this technique to classify different bacterial
strains as well as the ability to differentiate pure cell samples from mixed cell samples of high

spectral similarity.

A separate study compared the SERS spectra of several bacterial species with commonly used
bacterial growth media.(300) The findings demonstrated that Raman spectra of various bacterial

growth media shared similarities with those of the bacteria themselves, suggesting that
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previously published reports on Raman detection of bacteria may have misattributed the spectral
features of the organisms with their background matrix. The findings of this study called for a re-
investigation of the current protocols used for SERS-based detection and identification of
bacteria and suggested development of new protocols for acquisition of SERS spectra on
bacterial samples so that the spectral bands specific to the bacteria’s structure and biomolecular

composition may be identified and differentiated from those of the growth medium.

Mycoplasma is a genus of small bacteria lacking a cell wall, which are unaffected by many
common antibiotics, and are a major cause of respiratory disease with an increasing threat to
human and animal health.(367) Detection of mycoplasma is typically achieved using serologic
tests including serum plate agglutination, hemagglutination inhibition, and enzyme-linked
immunosorbent assay (ELISA).(368) These assays are usually time-consuming, cumbersome,
expensive, lack sensitivity, and often yield false positives. Therefore, there is a critical need for a
new diagnostic platform to detect mycoplasmas with high sensitivity, specificity, and

expediency.

Ag nanorod arrays have been evaluated as a diagnostic platform for the SERS-based detection
and identification of different species of mycoplasmas. One of the first studies on the bio-
detection of Mycoplasma focused on the detection and differentiation of different strains of
Mycoplasma pneumoniae in culture and in both spiked and true clinical throat swab samples by
SERS.(295) Figure 5.1 shows (A) three sets of baseline corrected and offset raw SERS spectra of
M. pneumoniae strain FH collected from five random locations on three different Ag nanorod
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substrates as well as (B) three sets of first derivative spectra for strain FH from Figure 5.1.A.
Figure 5.1 illustrates the high degree of reproducibility of the data. Principal Components
Analysis (PCA), Hierarchical Cluster Analysis (HCA), and Partial Least Squares Discriminant
Analysis (PLS-DA) were used to analyze and identify SERS spectra of three M. pneumonia
strains (FH, II-3, and M129). A detailed description of PCA, HCA, and PLS-DA as multivariate
statistical methods is provided in Chapter 6. These multivariate statistical techniques allowed
robust differentiation of all three mycoplasma strains. In particular, the PLS-DA model generated
from 90 spectra (30 of each strain) classified FH, 1I-3, and M 129 with 93-100% sensitivity and
specificity. The limit of detection of M. pneumoniae was also assessed using spectra from the
serial 10-fold dilution of strain II-3, starting as a concentration of 1.8 x 10° CFU/mL. PLS
regression analysis revealed a lower limit of detection of 0.02 CFU/sample, a concentration

exceeding the sensitivity of standard PCR.

Simulated and true clinical throat samples were also evaluated using PLS-DA to assess the
performance of the assay in a biologically complex background. Spectra from individual and
pooled throat swab samples were spiked with M. pneumonia and analyzed against control throat
swab samples. A PLS-DA model was built with all dilutions and classification as positive or
negative for M. pneumoniae indicated >90% accuracy in cross-validated analysis, showing the
ability of Ag nanorod array SERS substrates to detect mycoplasma in a biologically complex,

clinically relevant background with 98.1% specificity and 95.2% sensitivity.
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Figure 5.1. Reproducibility of spectra. Raw spectra (A) of M. pneumoniae strain FH collected
from five random spots from three separate NA substrate wells, baseline corrected and offset. (B)

First derivative spectra for strain FH from Figure 5.1.A.
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In a more recent study, Raman spectral signatures of multiple strains of avian mycoplasma
species including Acholeplasma laidlawii, Mycoplasma gallinarum, Mycoplasma gallinaceum,
Mycoplasma synoviae, and M. gallisepticum, and vaccine strains 6/85, F, and ts-11 were
collected and processed by multivariate analysis to differentiate laboratory cultures of
mycoplasma species.(296) A PLS-DA model classified the spectra for all species with 93 to
100% sensitivity and with similar specificity for all species except Mycoplasma synoviae, which
was distinguishable with only 80% specificity. Table 5.1 summarizes the results from the PLS-
DA model for the discrimination of the avian mycoplasma species. The M. gallisepticum strains
Rlow, S6, and A5969 were examined under the same conditions and were able to be correctly
classified with 69 to 100% sensitivity and specificity using PLS-DA. The findings of this study
also revealed that when the vaccine strains 6/85, F, and ts-11 were included in the model, PLS-
DA was unable to correctly distinguish the strains with statistical significance. When the same
data set was examined according to virulence, differentiation of all members of each class

occurred with >96% accuracy.

M. gallisepticum samples were also analyzed based on their virulence in a biochemically
complex clinical background as part of a vaccine challenge study involving ts-11. Samples were
classified as positive or negative for M. gallisepticum based on serologic testing. PLS-DA
showed that samples from the positive field isolate and negative background/vaccine strain
classes could be accurately distinguished with 88% cross-validated sensitivity and 85% cross-
validated sensitivity. Moreover, the ts-11 vaccine strain and the ts-11-like field isolate K6216D
were discriminated with 90% sensitivity and 82% specificity with a 14% error rate using the
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Table 5.1. Specificity and sensitivity of NA-SERS discrimination of avian mycoplasma species

by PLS-DA.
Sensitivity Specificity ~ Class error
Modeled class” (CV’) (CV) (CV) RMSECV'
M. gallisepticum 0.944 0.951 0.053 0.246
M. gallinaceum 0.933 0.992 0.038 0.201
M. laidlawii 0.933 0.950 0.058 0.236
M. synoviae 0.933 0.800 0.133 0.287
M. gallinarum 1.000 1.000 0 0.033
Methanol 1.000 0.930 0.035 .238

9Six latent variables (n = 135), accounting for 77% of the captured x variance, were
used to generate the model.

b ¢V, cross validation by Venetian Blinds with 10% of the data.

€RMSECV, root mean squared error in cross validation.
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same multivariate statistical technique. Using the Ag nanorod arrays as the diagnostic platform,
the limit of detection for M. pneumonia was assessed on 10 serial 10-fold dilutions with a

starting concentration of 4.67 x 10° CFU/uL and was able to be detected down to 1 CFU.

The results suggest that Ag nanorod arrays for SERS-based detection constitute a promising
biosensing platform for rapid and sensitive detection of mycoplasma in various complex,
biological backgrounds with excellent sensitivity and specificity, and show similar, if not
improved, limits of detection when compared to standard molecular strategies. The results
demonstrate the potential of this technology for practical diagnosis of pathogens for clinical and

point-of-care applications.

Detection of Viruses

Viruses are microscopic infectious agents that may infect the cells of a wide variety of
organisms.(369) The current state-of-the-art viral diagnosis methods rely on antibody-based
methods such as immunofluorescent testing of isolated viral preparations,(370) enzyme-linked
immunosorbent (ELISA)(353), or PCR,(357) a method that amplifies genetic material fragments
for detection. Methods relying on antigen detection and serology are unable to discriminate
between virus species or strains of the same virus. Therefore, development of novel strategies to
overcome limitations of current viral detection methods is in the forefront of infectious disease

detection strategies.
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Ag nanorod arrays produced by OAD provide a flexible and sensitive method for SERS-based
detection of viruses. An early study demonstrated that SERS using Ag nanorod arrays could
detect and differentiate the molecular fingerprints of several important human pathogenic
viruses.(292) The spectral variations observed result from the differences in molecular
composition of the genomes and proteins of these pathogens as well as adsorption of these
components to the Ag surface. PCA and HCA were used to classify the four sample types
successfully based solely on their intrinsic spectra. These initial results demonstrated that SERS
could be used in combination with multivariate statistical methods for rapid identification and

classification of various infectious agents.

Ag nanorod arrays were also used to establish molecular fingerprints of several human
viruses.(201) SERS spectra of adenovirus, rhinovirus, and HIV virus were collected; the Raman
bands of the viral nucleic acid bases and protein amino acids were identified. The biological
media did not confound the viral spectra or prevent band assignments. The results demonstrate

that Ag nanorod arrays may readily detect viruses in a variety of biological media.

In a follow up to that study, PCA and HCA were used to classify four different strains of
respiratory syncytial virus (RSV).(202) The Raman spectra of RSV strains A/Long, B1, A2, and
AG were acquired. SERS spectra of different virus strains of influenza and RSV were collected
to determine if Ag nanorod arrays provide enough sensitivity to distinguish different strains from
a single pathogen. Analysis of the SERS spectra collected on the three strains of influenza A
(A/HKx31, A/WSN33, and A/PR/8/34) and the four strains of RSV (A/Long, B1, A2, and A2
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with gene deletion (AG)) suggests that although the spectra of each strain from a single pathogen
are very similar, distinct spectral differences between the spectra of the strains of each of the two
virus species exist and may be detected via SERS. Figure 5.2 shows the SERS spectra of the four
RSV strains examined in this study. The results suggested that SERS offers a high level of
sensitivity for the detection of viruses at extremely low concentrations and permits their rapid

and accurate identification, including differentiation of a single pathogen at the strain level.

The reproducibility of measurements in this study allowed distinction of the SERS spectra based
on the slight nucleic acid and protein composition differences between the four strains. PCA
clustered the three main virus strains (A/Long, A2, and B1) together into individual groups. RSV
strains A2 and AG clustered together due to their extreme similarity in biochemical composition.
HCA allowed classification of the RSV strains into their respective classes. SERS spectra of
RSV strains A/Long and B1 were identified with 100% accuracy, whereas 88% of the AG
spectra and 63% of the A2 were identified correctly using HCA. The mismatches accounting for
these percentages are due to their close molecular similarity resulting from G gene deletion

differences. Table 5.2 shows the results of the RSV virus strains classification based on HCA.

A SERS-based detection scheme has been developed to qualitatively identify eight rotavirus
strains and classify them according to genotype.(294) SERS spectra of each of the eight rotavirus
strains were collected on three different OAD-fabricated substrates to assess the reproducibility

of measurements and the variation in terms of substrate and sampling homogeneity. SERS
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Figure 5.2. SERS spectra of the RSV strains (a) strain A/Long (A/Long), (b) strain B1 (B1), (c)
strain A2 with a G gene deletion (AG), and (d) strain A2 (A2), collected from several spots on
multiple substrates and normalized to the peak intensity of the most intense band (1045 cm™) and

overlaid to illustrate the reproducibility on the Ag nanorod substrate.
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Table 5.2. Virus strain classification based on Hierarchical Cluster Analysis (HCA).

Viral Strain Correctly classified Falsely classified Also classified as Sensitivity” Specificity”
RSV A/Long 17 0 - 1.0 10

RSVB1 17 0 - 1.0 0.92

RSV AG 15 2 A2(2) 0.88 0.94

RSV A2 12 7 AG(3), B1(4) 0.63 0.96

*Probability of correctly classifying a SERS virus spectrum as belonging to the virus strain class (i.e., true positive)
®Probability of correctly classifying a SERS virus spectrum as not belonging to the virus strain class (i.c., true negative)
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spectra of rotavirus strains F45, RV3, RV4, RV5, S2, ST-3, Wa, and YO corresponding to either
G or P genotypes were analyzed in cell lysate, applied directly to the Ag nanorod array substrates
and allowed to dry at room temperature prior to SERS measurements. Figure 5.3 shows the
SERS spectra of the eight strains of rotavirus and the negative control MA104 cell lysate (left
panel), as well as the difference SERS spectra of the eight strains after subtraction of MA104
spectrum (right panel). The spectra collected showed a high degree of similarity among each
strain. Subtle structural differences inherent to antigenic variations between the virus strains
permitted discrimination of the strains, and differentiation of rotavirus positive and negative
samples was accomplishedusing PLS-DA with 100% accuracy. Overall, the model resulted in
>98% sensitivity and 100% specificity for G and P genotypes, as seen in Table 5.3. Partial Least
Squares (PLS) regression analysis was also used to quantitatively assess the detection limits of
these rotavirus strains. The PLS regression model predicted concentration based on intrinsic

SERS spectra to be accurate for concentrations > 10* pfu/mL.

Ag nanorod arrays have also been used for rapid genotyping of four separate measles virus
(MeV) genotypes (Mev A, D4, D9, and H1).(297) Analysis of the genetic sequences of the MeV
genotypes examined in this study determined that the four MeV genotypes exhibited >96%
genetic similarity. PCA analysis based on the SERS spectra of each genotype showed close
similarity between the genotypes, but effective identification of MeV genotypes and
differentiation of MeV from controls was possible. The dendrogram generated by HCA correctly
distinguished the spectra of the four MeV samples, the media controls, and the solvent
background, but neither PCA nor HCA could differentiate the SERS spectra of the closely
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Figure 5.3. Rotavirus SERS spectra. (A) Average SERS spectra for eight strains of rotavirus
and the negative control (MA104 cell lysate). Spectra were baseline corrected, normalized to the
band at 633cm™, and offset for visualization. (B) Difference SERS spectra for eight strains after

subtraction of MA104 spectrum.
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Table 5.3. Summary of the PLS-DA cross-validation results for classification according to three

different models based on the strain, G genotype and P genotype.

P genotype Classification

P8 P4 P6 neg ctrl
sensitivity 0.983 1.000 1.000 1.000
specificity 1.000 1.000 1.000 1.000
G genotype Classification
G9 G3 Gl G2 G4 neg ctrl
sensitivity 1.000 1.000 0.967 1.000 1.000 1.000
specificity 0.992 1.000 0.990 1.000 1.000 1.000
Strain Classification
Fa5 RV3 RV4 RV5 S2 ST-3 Wa YO neg ctrl
sensitivity 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
specificity 0.992 1.000 1.000 1.000 1.000 0.992 1.000 1.000 1.000
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related MeV-D4 and Mev-D9 genotypes. However, PLS-DA was able to correctly differentiate
between each of the four MeV genotypes and the negative controls with high accuracy. The
PLS-DA model demonstrated cross-validated sensitivities of >90% and specificities of >96% for
each MeV genotype. The results of this study demonstrated the accuracy these multivariate
statistical methods to effectively differentiate between four MeV genotypes, two media controls,

and a background with high sensitivity and specificity.

The results of these studies highlight the potential of Ag nanorod arrays for SERS-based
detection of important pathogenic viruses. This platform allows rapid and accurate identification
and classification of viruses at the species, strain, and genotype levels. SERS-based virus
detection appears to be a highly promising alternative to current diagnostic assays and has the

potential to be broadly applicable to a variety of viral targets.

Oligonucleotide-Modified Ag Nanorod Substrates for miRNA Detection and

Sequence profiling

The studies on SERS-based detection of bacteria and viruses established the proof of principle
that Ag nanorod SERS has the ability to directly probe biochemical information in a label-free
fashion. In addition to direct detection of whole organisms, chemical modification of Ag nanorod

substrates with oligonucleotides allows for specific detection of miRNAs.

MicroRNAs (miRNAs) have been studied using Ag nanorod substrates. miRNAs are non-

coding RNAs that play a key role in the regulation of gene expression and have been extensively
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studied as candidates for diagnostic and/or prognostic biomarkers.(371, 372) However, miRNA
detection involves a number of analytical challenges. First, miRNA are small (19-25
nucleotides), which makes it difficult for traditional DNA-based methods to sensitively detect
these sequences with any reliability. Second, current technologies for detection and profiling
miRNA expression may have limited specificity when closely related miRNA family members
exhibiting single base-pair polymorphism are analyzed. These drawbacks emphasize the need for
novel methods with high specificity that may discriminate between single nucleotide

mismatches.

miRNA profiling has been demonstrated using Ag nanorod of SERS-based array substrates.(373)
Five unrelated miRNAs having dissimilar sequences were examined, as well as eight members of
the hsa-let-7 family containing similar miRNA sequences, including sequences differing by a
single base mismatch. Analysis of the SERS spectra of let-7a reveals reproducible spectral
features that may be attributed to nucleic acid vibrations, with similar band position and shape
and with only slight variations in relative intensities. Figure 5.4 shows the average SERS spectra
of five unrelated miRNA sequences. PLS-DA classified the five unrelated miRNAs based on
unique SERS molecular signatures and correctly assigned each let-7a sequence in its correct
class, with 100% sensitivity and specificity. Figure 5.5 shows the PLS-DA Y predicted plots for
the 5 miRNA classes. The SERS spectra of the seven has-let-7a family members (having 71-95%
sequence homology) were classified with 100% sensitivity and 99-100% specificity, proving that
SERS may be used as a rapid, specific and sensitive miRNA detection technology without target
amplification.
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Figure 5.4. Overlaid average SERS spectra (n=18) for each unrelated miRNA. The spectra have

been baseline corrected and unit-vector normalized for visualization of spectral differences.
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Figure 5.5. PLS-DA Y predicted plots. Each plot predicts a sample as belonging to or not
belonging to the specified miRNA class. Let-7a (@), miR-16(l), miR-21 (A), miR-24a (V), and

miR-133a (©).
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Quantitative detection of miRNA sequences in multicomponent mixtures has also been
accomplished.(290) In this study, two-, three-, and five-component mixtures of miRNA were
prepared with the total miRNA concentration in the component mixtures held constant at 1.00
pg/mL while the relative ratios of each component varied from 6 to 150 uM. Plots of PLS cross-
validated predictions for each of the miRNA sequences in the mixtures for the calibration model
were generated for all three sample mixtures. The results indicated that the PLS regression model
was able to accurately detect and quantify individual miRNA sequences in multicomponent

mixtures in a label-free fashion.

The binding affinities of miRNAs in ssSRNA and dsSRNA:DNA duplexes have been evaluated,
both with and without thiol modification.(293) The findings from this study showed that
thiolated probes adsorb better than non-thiolated probes on the surface of Ag nanorod arrays.
Additionally, it was shown that a thiolated RNA:DNA solution complex does not bind to the Ag
nanorod substrate due to the rigid structure of the duplex. Following these observations, an assay
was designed for miRNA detection in which a constant concentration (500 nM) of let-7f probe
was mixed with various concentrations of let-7f and allowed to hybridize prior to incubation of
the mixture on the Ag nanorod substrate. As expected, the SERS intensity linearly decreased as
the concentration of the let-7f increased from 125 to 500 nM. Incubation of the let-7a probe with
a mismatched miRNA indicated no detectable hybridization. These results show that miRNA
sequences may be detected and quantified based on affinity of the probe to its complementary
target. Intrinsic SERS detection allowed detection of target miRNA by providing a molecularly

specific signal, thus offering the double advantage of multiplexed label-free detection.
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54. Conclusions

The ability of SERS to provide a unique, chemically specific molecular fingerprint with high
sensitivity and specificity offers a powerful diagnostic platform that is well-suited for a variety of
bioanalytical problems. Aligned Ag nanorod arrays fabricated by OAD have been investigated as
potential SERS-active substrates for the detection of a variety of pathogens and oligonucleotide-
based bio-recognition and biosensing applications. This novel biosensing platform has the
advantage to rapidly, accurately, and cost-effectively detect extremely low levels of virus and
bacteria, thus fulfilling a critical need for sensitive and reliable means of pathogens detection not
currently existing. The level of spectral reproducibility offered by the Ag nanorod arrays allows
acquisition of molecular fingerprints of pathogens and permits differentiation between
microorganisms or viral pathogens based on their inherent structural and biochemical

differences.

Of the current nano-based bioanalytical methods under investigation, SERS shows potential for
multiplexed detection and identification of the biochemical components of pathogenic
microorganisms with minimum sample preparation. The inherent attributes of SERS overcome
many of the limitations of current immunologic- or PCR-based diagnostic tests for pathogenic
microorganisms, most notably, the elimination of amplification and labeling steps. The results of
investigations conducted using Ag nanorod arrays as SERS-active substrates demonstrate the use
of spectral fingerprinting in biomedical vibrational spectroscopy may potentially: 1) provide a

unique spectral signature specific for a pathogen of interest, i1) facilitate identification through
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comparison with spectral libraries, iii) eliminate the use of species-specific monoclonal

antibodies, and iv) minimize false positives common to indirect methods.

Additionally, the high sensitivity of the SERS data coupled with the statistical method of data
opens new perspectives for the development and integration of ultrasensitive detection of
biorecognition events for early clinical diagnostic and biomedical applications. Ag nanorod
arrays also have the potential to be integrated into biomedical diagnostic platforms
accommodating a wide variety of biospecific recognition events in a label-free fashion. Overall,
the advantages of this biosensing platform open new perspectives for the development and
integration of ultrasensitive detection of pathogens for early clinical diagnostic and biomedical
applications central to human health. The attributes of Ag nanorod arrays as SERS-active
substrates open the door to various sensor applications and demonstrate the applicability of this
biosensing platform to a wide range of infectious agents for rapid medical diagnostics of

infectious diseases.
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CHAPTER 6

Direct Optical Detection of Viral Nucleoprotein Binding to an Anti-Influenza Aptamer

The purpose of this chapter is to introduce the reader to the use of Ag nanorod arrays for the
SERS-based, label-free optical detection of viral nucleoprotein binding to a polyvalent anti-
influenza aptamer. The assay consists of aptamer-modified Ag nanorod substrates that serve as a
biosensing platform for the detection of the nucleoprotein constituents of three virus strains
contained in a commercially available vaccine. The results of this investigation are presented in
this chapter and include: (i) SERS spectra demonstrating selective binding of the aptamer-
nucleoprotein complex and controls, (i1) detailed multivariate statistical analysis of the SERS
spectra, as well as (iii) AFM images confirming morphological changes consistent with

formation of the influenza aptamer-nucleoprotein complex.

6.1. Introduction

Influenza is a severe respiratory disease that induces epidemics of illnesses ranging from
symptomless infections through various respiratory syndromes, to acute primary viral and
secondary bacterial pneumonia.(374) This potentially fatal respiratory infection is the result of
several influenza viruses highly effective in human infection due to the ability of the surface
glycoproteins to mutate overtime, leading to epidemics and pandemics of diseases caused by re-
assortment between human and avian viruses.(375) Influenza remains a major source of

morbidity and mortality worldwide.(374) Severe outbreaks, such as the 1918 and 1957 flu
137



pandemics caused by the highly pathogenic avian influenza viruses, resulted in a ~60% mortality
rate. More recently, the 2009 influenza A (H1N1) outbreak reached a high pandemic alert
level.(376) The infectious nature of the virus poses a significant threat on healthcare due to its
continuous evolution and zoonotic potential. Current means of prevention are not entirely
satisfactory, as the vaccines do not offer complete efficacy and the anti-viral drugs are only
marginally effective.(377) As a result, surveillance methods are being implemented to track
outbreaks of current and emerging strains, as well as aid in the development of vaccine and

disease intervention strategies.

Current diagnostic tools available for routine laboratory diagnosis of influenza rely on the
detection of viral particles or typing of the viral genome.(360, 378, 379) These assays include
enzyme-linked immunosorbent assay (ELISA),(380, 381) hemadsorption,(360) and hemi-nested
multiplex RT-PCR.(378) However, these assays suffer from a lack of sensitivity and
reproducibility, or often require synthetic labeling or species-specific reagents. Additionally,
these methods require expensive equipment and appropriate laboratory facilities. As a result, new
approaches for rapid, reliable, and sensitive means of detecting influenza virus in clinical

diagnostics are urgently needed.

Aptamers are single-stranded DNA or RNA oligonucleotides generated through an in vitro
combinatorial selection process called Systematic Evolution of Ligands by Exponential

Enrichment (SELEX).(382) First reported in 1990, this method allows selection of aptamers
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specific for the molecules present on the targeted cell from very large populations of random
sequence oligomers (DNA or RNA libraries).(383) The high affinity and specificity of aptamers
for their molecular targets is given by their ability to undergo a conformational change upon
binding.(384) As a result, aptamers may incorporate small molecules into their nucleic acid
structure or integrate into the structure of larger molecules such as proteins. In comparison with
their equivalents of antibodies, aptamers possess several advantages that make them very
promising in therapeutic and diagnostic assays.(385, 386) First, they prevail over antibodies in
analytical applications due to their stability, robustness and in vitro preparation method which
prevent the need to infect host systems.(387) To that extent, the animal-free production of
aptamers allows receptors toward analytes that are toxic or nonimmunogenic to organisms,
prevents batch variation exhibited by polyclonal antibodies and enhances the purity of the overall
production.(388) Furthermore, the small size of aptamers and their ruggedness provide a critical
edge over antibodies; that is, a greater surface coverage of the receptor may be attained, and
hence multiple binding sites may occur.(382) Last, aptamer-based assays may be regenerated
more easily than antibody-based assays owing to their simple structure, their lack of

immunogenicity and stability against biodegradation and denaturation.

Aptamer have been developed against a wide variety of targets ranging from protein(173) to
whole cells(174) and bacteria,(389) and have been integrated in a variety of biosensors.(175,
176) The use of aptamers as biological recognition elements has also been largely exploited in
the detection of biological threat agents,(390) cancer biomarkers,(391) foodborn pathogens,(392)

as well as other important biological molecules such as cytokines, amino acids and
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peptides.(393) Aptamers have also been raised against a broad range of proteins such as
thrombin,(394) vasopressin,(395) immunoglobulin E,(396) HIV-1 Rev protein(397) and
influenza virus hemmagglutinin,(398, 399) as well as several other viral proteins.(400) They
have also proven valuable in a variety of fundamental virology studies, including genome
replication, gene expression, and virus entry and consequently have found a niche in applied
research areas such as gene therapy, antiviral drugs, biomolecule purification, and
biosensors.(175-177) These inherent characteristics of aptamers make them extremely attractive

for investigations such as diagnostic applications, diagnostic tools, and new drugs development.

The development of affinity biosensors for specific recognition and low-level detection of
analytes has been a major challenge for the advancement of bioanalytical science and accurate
understanding of specific biomolecular interactions.(401) Coincidently, the area of aptamer-
based molecular recognition assays has been a rapidly emerging field that is commonly
associated with other competitive applications such as biosensors, immunoassays, and other
analytical formats in use.(402) The integration of aptamers in biosensing assays has generated a
new breed of detection platforms exploiting various strategies to probe the binding affinities of
biomolecular interactions.(403) Often called “aptasensors”, these new sensing devices constitute
an unmatchable level of diversity and offer remarkable convenience in the design and the
modification of their structure, which has recently lead to the emergence of their use in
diagnostic and clinical settings.(404) To that extent, the design of novel affinity biosensors for
specific recognition and low-level detection of analytes constitutes a major challenge for the

advancement of bioanalytical science. As a result, aptamers have been integrated to a wide
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variety of platforms to probe their binding affinity to their specific targets. The conformational
change of aptamers upon binding of their molecular targets may be exploited to monitor a
molecular recognition event by coupling the aptamers to an appropriate sensing platform. Using
this strategy as a proof of principle, aptamers may be incorporated to new sensing platforms to

probe their binding affinity and to further capitalize on their change in conformation.

Raman and SERS have previously been used to directly probe sequence information in
DNA/RNA complexes.(159, 207, 405, 406) Recent reports demonstrated direct detection of
DNA/RNA sequences using SERS,(157, 159, 213, 407-410) including hybridization of target
sequences to oligo-modified substrates,(159, 213, 407) with detection of single nucleotide
polymorphisms possible.(159, 409) SERS spectra were reported sensitive to conformational
changes, molecular orientation and packing density in ssDNA and dsDNA oligomers upon

ligand binding.(157, 213)

Most of the Raman aptamer studies published to date have used surface-enhanced resonance
Raman (SERRS), a method that employs Raman-active synthetic labels. Using this principle,
aptamer-based detection of adenosine was reported by Chen and co-workers. In this study, they
used a dsDNA composed of both an adenosine aptamer strand and a partially complementary
short DNA strand with Raman reporter (TMR-labeled 12-mer complimentary DNA) to
demonstrate structure switching upon introduction of adenosine to the aptamer.(411) They
showed that the dSDNA probe adopted a stable adenosine-aptamer complex in the presence of

adenosine and that hybridization of the aptamer to the target allowed TMR to approach the active
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substrate, hence yielding a detectable signal for adenosine. Likewise, detection of cocaine was
also achieved by Chen and co-workers who reported the first cocaine-based aptasensor by
demonstrating that the addition of 1uM of cocaine caused the aptamer to fold into a rigid three-
way junction, resulting in close proximity of the Raman label (tetramthylrhodamine, TMR) to
Ag colloid film and enhancement of Raman scattering.(412) Detection of the protein thrombin
was achieved by Wang and co-workers using a SERS-based aptasensor.(413) In this study, an
aptamer-modified, Rhodamine 6G (R6G)-adsorbed AuNPs was used on a SERRS-active
substrate to capture targets. After depositing AgNPs on the AuNPs, the Raman scattereing of
R6G was enhanced for thrombin detection. Although sensitive and selective to their
complementary targets, these SERS-based aptasensors rely on the use of a Raman label which
often introduces complexity to the experiment and usually results in a reduced selectivity or

sensitivity.

To date, relatively few reports have appeared that focus on non-resonant SERS detection of
aptamer-target binding in a direct, label-free fashion. Such assays capitalize on the intrinsic
detection of aptamer-target binding affinity using the advantages of SERS in a direct, label-free
fashion. Recent work from Pagba and co-workers demonstrated the formation of a quadruplex
structure of a 15-mer DNA thrombin-binding aptamer using both Raman and SERS by
monitoring the characteristic bands associated with such structure.(414, 415) In another study by
Ochsenkiihn and co-workers, the ability to detect the binding between an aptamer and unlabelled
proteins was achieved by measuring the changes in the SERS signal of the aptamer caused by the

conformational changes which arises from the formation of the aptamer-protein complex.(416)
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These latter studies have established the proof of principle that aptamer-target binding may be

detected from the intrinsic SERS spectra of the complex.

The current study expands on these previous model studies and presents results showing that
intrinsic SERS spectra may detect the binding of a real diagnostic aptamer to its influenza target
in a complex biological matrix. The work presented here focuses on a commercial polyvalent
anti-influenza aptamer that was developed against the nucleoprotein constituents of the viruses
contained in a commercially available split-virion inactivated influenza vaccine. The intrinsic
SERS spectra provide direct spectral signatures for the aptamer-nucleoprotein complexes. This
chapter presents the results of this study and describes 1) two separate negative controls, ii)
detailed chemometric spectral analysis, and iii)) AFM imaging of the binding events, to
demonstrate the specificity of binding for the viral nucleoproteins to the influenza aptamer.
These results provide the first detailed evidence for the use of aptamer-modified SERS substrates

as diagnostic tools for influenza virus detection in a real, complex biological system.

6.2. Methods and Materials

Materials and Reagents

1-Mercaptoundec-11-y)tetra(ethyleneglycol) (95%) and [Arg®] -Vasopressin (>95%) were
purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals were of analytical grade and

used without any further purification.
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Preparation of Ag Nanorods and Microwell Array Fabrication

Aligned Ag nanorods used as SERS-active substrates were prepared by an oblique-angle vapor
deposition (OAD) technique using a custom-designed electron-beam/sputtering evaporation
system according to the procedures described in Chapter 3. Prior to their use, the SERS-active
Ag nanorods were cleaned for 4 minutes in an Ar" plasma using a plasma cleaner to remove any
surface contamination according to procedures described in Chapter 4. Following
nanofabrication and cleaning of the Ag nanorod substrates, a multi-well array was constructed
using a polymer molding process in which liquid polydimethylsiloxane (PDMS, Sylgard® 184
Silicone Elastomer Kit, Dow Corning, Midland, MI) is added to a mold and cured by low
temperature heating. The patterned substrate was produced according to previously published
procedures with slight modifications as follows.(332) A stainless-steel mold/substrate assembly
was pre-heated in a bench top oven (Fisher Scientific) at 55°C for 10 minutes prior to the
addition of a mixture of PDMS base, curing agent, and accelerator (20:2:1, w/w) through the
opening of the substrate/mold assembly. The mixture was allowed to cure on the SERS-active
substrate at 55°C for approximately 45 minutes, and cool down to room temperature for about 10
minutes. Finally, the well patterning plate was de-attached gently from the patterned substrate,
creating a uniform, 4 x 10 well PDMS-pattern SERS-active microwell array substrate. Figure 6.1
shows a picture of the well-patterning plate assembly as well as a photograph of the 4x 10 well

PDMS-pattern SERS-active microwell array substrate after removing from mold assembly.
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Figure 6.1. (A) Assembly of the well-patterning plate (1) mold with the SERS

substrate (2) with the SERS active surface of the substrate facing the well-patterning plate. The
PDMS is poured into the opening (3) between the substrate and well-patterning plate. The base
and top plates of the mold assembly have been left out for clarity. (B) A photo of a patterned

substrate after removing from mold assembly with well labeling scheme.
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Polyvalent Anti-Influenza Aptamer

The polyvalent 5’-C6-disulfide anti-influenza aptamer was provided by AptaRes AG,
Mittenwalde, Germany. The AptaRes polyvalent anti-influenza aptamer used in this study was
isolated against the nucleoprotein constituents of a commercially available inactivated influenza

vaccine using a cell-free, MonoLex ' combinatorial process.(417) The single-stranded DNA

aptamer consisted of 63 base pairs with a molecular weight of 25,987 Daltons. The as-received
lyophilized aptamer was dissolved in molecular biology grade water to a final concentration of

100 puM.

Influenza and RSV Virus Samples

The AptaRes polyvalent influenza aptamer used in this study was isolated against the nucleoprotein

constituents of the viruses contained in the commercially available Fluarix ™ Influsplit SSW™
2009/2010 split-virion inactivated influenza vaccine (GlaxoSmithKline, GmbH & Co., KG,
Munich, Germany). The AptaRes polyvalent influenza aptamer used in this study was isolated
against the nucleoprotein constituents of the viruses contained in the commercially available
Fluarix™ Influsplit SSW® 2009/2010 split-virion inactivated influenza vaccine
(GlaxoSmithKline, GmbH & Co., KG, Munich, Germany). The three monovalent split viruses
used in this vaccine are the 1) A/Uruguay/716/2007 NYMC X-175C, ii) B/Brisbane/60/2008, and
ii1) A/Brisbane/59/2007 IVR-148, influenza strains. The Robert Koch Institut (Berlin, Germany)

supplied the influenza nucleoproteins from these viruses in the form of purified, whole virus cell

146



lysates. These samples consisted of cell lysates from the three isolated monovalent influenza
virus strains contained in the Influsplit SSW® vaccine, and characterized as to their
hemagglutinin (HA) content. The sample provided were i) 100 pl of A/Uruguay/716/2007
NYMC X-175C, HA concentration of 172 pg/ml, i1) 100 ul of B/Brisbane/60/2008, HA
concentration of 207 pug/ml, and iii) 100 pl of A/Brisbane/59/2007 IVR-148, HA concentration

of 144 ug/ml.

Respiratory Syncytial Virus (RSV) was used as a negative viral control. RSV strain A2 was
propagated using Vero cells maintained in Dulbecco’s Modified Eagles Medium (DMEM,;
GIBCO BRL Laboratories, Grand Island, NY) supplemented with 2% heat-inactivated (56°C)
FBS (Hyclone Laboratories, Salt Lake City, UT). Upon detectable cytopathic effect (three days
post-infection), RSV/A2 was harvested in serum-free DMEM followed by freeze-thaw cycles (-
70°C/4°C), after which the contents were collected and centrifuged at 4,000 x g for 15 minutes at
4°C. The virus titer was approximately 10’ PFU/mL as determined by immunostaining plaque
assay as previously described.(418) Lysis of RSV/A2 was performed by mixing 35 uL of the
virus sample with 140 uLL. AVL chaotropic lysis buffer (Qiagen, Valencia, CA). The lysate was
then subjected to buffer exchange on a zebra spin desalting column (Thermo Scientific,
Rockford, IL). Buffer exchange was accomplished by loading the column bed gel with 50 uL.
aliquots of the binding buffer and centrifuging at 1,000 x g for one minute at room temperature
to pass the binding buffer through the column resin bed. The procedure was repeated four times

to ensure complete pre-equilibration of the resin bed with the binding buffer. To complete the
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buffer exchange procedure, 140 uL of the RSV lysate was applied to the pre-equilibrated resin
bed and the column was centrifuged at 1,000 x g for two minutes at room temperature to collect
the sample. The sample was then diluted to a concentration of about 10° PFU/mL in the binding

buffer for the SERS experiment.

Use of 22-mer ss-DNA Sequence and Anti-Vasopressin Aptamer as Negative

Controls

A random 22-mer DNA sequence HS-C6H12-5ACT CCA TCA TCT AAC ATA TCA A3’ and

an anti-vasopressin aptamer HS-C¢H »-> TCA CGT GCA TGA TAG ACG GCG AAG CCG
TCG AGT TGC TGT GTG CCG ATG CAC GTA” were purchased from Integrated DNA
Technologies (IDT, Coralville, IA) and used without further purification. These DNA probes
were used as negative controls in the influenza binding experiments. The immobilization of the
22-mer DNA control sequence and the anti-vasopressin aptamer was accomplished using the
same experimental protocols that were employed for the immobilization of the aptamer, as
described above. Also, experiments to assess the binding of the influenza nucleoproteins on these
self-assembled, DNA functionalized surfaces used the same experimental protocols that were
employed for the capture and binding of the influenza nucleoproteins on the aptamer-coated

substrate, as described above.
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Binding Buffer

The buffer used in the binding experiments was prepared by dissolving 20 mM Tris HCI, 15 mM
NaCl, 4 mM KCl, 1 mM MgCl, and I mM CaCl; in molecular biology grade water at pH 7.3 and

stored at 4°C. The buffer and working tools were DNase free.

Aptamer Immobilization and Binding of Influenza Viral Nucleoproteins

The 5’ C6 disulfide anti-influenza ss-DNA aptamer was immobilized onto the Ag nanorod
substrate by addition of 20 pL of 1000 nM of the oligonucleotide solution to a patterned
microwell overnight at room temperature to yield a self-assembled monolayer (SAM). After 12
hours, the aptamer solution was removed from the substrate surface and the microwell was
rinsed three times with 20 pL aliquots of molecular biology grade water to remove any unbound
material. To promote the correct oligonucleotide conformation and minimize non-specific
binding of DNA or proteins to the Ag surface, 20 pL of 100 nM of the spacer molecule (1-
mercaptoundec-11-y)tetra(ethyleneglycol), HS(CH,),;(OCH,CH;);OH, was added to the
microwell at room temperature. After a 6 hour incubation, the solution of the spacer molecule
was removed from the substrate and the microwell was rinsed three times with 20 pL aliquots of
molecular biology grade water to remove any unbound spacer molecules. Following formation of
the aptamer-spacer complex, binding of the nucleoproteins of the virus samples to the aptamer-
functionalized Ag nanorod surface was accomplished by adding 20 pL of the individual virus
lysate diluted in the binding buffer to the aptamer-modified, Ag nanorod microwell. Each virus

sample was adjusted to a consistent concentration of 1 pg/mL HA content. The substrate was
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then incubated at 37°C for 8 hours in a humid environment to prevent dehydration of the samples
on the substrate surface. This was achieved by depositing small droplets (20 uL) of molecular
grade water around the SERS-active substrate in the Petri dish. The humidity was maintained by
covering the Petri dish with a Parafilm® sheet and sealing it with the cover of the dish.

After incubation, the virus solution was removed from the substrate, and any non-specifically
adsorbed virus components were removed by two washes with 20 puL aliquots of warm binding
buffer followed by one final rinsing step with 20 pL aliquot of molecular biology grade water to
remove the salts and chaotropic agents present in the buffer and virus samples. The substrate was
then allowed to dry for one hour in a clean and dry environment prior to analysis. Incubation of
the RSV control sample with both the aptamer-functionalized SERS-sensing surface and the 22-
mer ss-DNA probe was accomplished by adding 20 pL of the RSV virus solution in binding
buffer to the aptamer-modified, Ag nanorod microwell. The other binding conditions were kept

identical to those of the influenza nucleoprotein samples, as described above.

The immobilization of the 22-mer ss-DNA oligonucleotide probe and the anti-vasopressin
aptamer as well as the experiments to assess the binding affinity of the 22-mer ss-DNA probe to
the influenza nucleoproteins and the the influenza nucleoproteins and the [Arg®]-Vasopressin on
the anti-vasopressin aptamer-functionalized SERS substrate used the same experimental
protocols that were employed for the capture and binding of the influenza nucleoproteins on the

influenza aptamer-coated substrate, as described above.
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Raman Spectroscopy

Raman measurements were performed using a confocal Raman microscope (InVia, Renishaw,
Inc., Gloucestershire, United Kingdom). A 785 nm near-IR diode laser provided laser excitation.
The sample was illuminated through a 20x (N.A. = 0.40) objective resulting in a spot size of
approximately 4.8 x 27.8 um. The laser power used was ~0.36 mW, as measured at the sample.
SERS spectra were collected from ten different spots within a given microwell using a 30 second

acquisition time with one accumulation. Spectra were collected between 2000 and 500 cm ™.

Experimental Design and Reproducibility

In order to ensure reproducibility of results, the following experimental design was used. Twenty
(20) individual Ag nanorod substrates were used in this study. Each substrate was patterned in a
40-well format, as previously described;(332) at least 25-30 of those wells were used during the
course of each experiment. The anti-influenza aptamer was applied to the wells at concentrations

of between 1-1000 nM; each concentration of aptamer was added to a minimum of two wells.

In addition to a series of aptamer concentrations, we also studied a series of influenza samples
with HA concentrations ranging from 0.1 pg/ml to 10.0 ug/ml. Each combination of aptamer and
influenza sample, as well as the blanks and controls, was studied on each patterned substrate,
resulting in at least 40 replicates for each combination of concentrations. A minimum of 10

SERS spectra were acquired in each well. Therefore, we acquired a minimum of 400 SERS
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spectra for each specific combination of aptamer concentration with influenza nucleoprotein
sample, including blanks and controls. The spectra presented in Figures 6.2, 6.7, and 6.9 are an

average of 10 individual spectra for each particular type of sample.

Assay Sensitivity

The sensitivity of this SERS-based influenza assay was assessed against the standard ELISA
method of viral nucleoprotein detection using the anti-influenza aptamer as outlined in the
manufacturer’s literature supplied with the aptamer (www.aptares.net). The standard ELISA
method for detection of the influenza viral nucleoproteins is specified for a concentration range
of 6.0 — 0.06 pg/ml with respect to influenza HA. All the spectra shown in the manuscript were
acquired using influenza nucleoprotein samples adjusted to a concentration of 1.0 pg/ml, relative
to influenza HA. We also have obtained SERS spectra at 0.1 pg/ml HA concentration with
equivalent results. Therefore, the SERS-based influenza assay described here is at least as

sensitive as the standard ELISA assay used for aptamer-based detection of influenza.

Data Analysis

Off-line spectral manipulation and analysis were performed using GRAMS 32/AI Version 6.0
(Galactic Industries Corporation, Nashua, NH). Multivariate statistical analysis of the samples,
including Principal Components Analysis, Hierarchical Cluster Analysis, and Partial Least

Squares Discriminant Analysis,(419-421) was performed with PLS Toolbox version 6.2
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(Eigenvector Research Inc., Wenatchee, WA), operating in a MATLAB environment (R2011a,

The Mathworks Inc., Natick, MA).

AFM Measurements

Template stripped Ag nanofilms were used as AFM substrates and prepared according to
previously published procedures. AFM measurements were performed using an Agilent 5500
AFM system equipped with an inverted light microscope (ILM) system (Agilent, Chandler, AZ)
combined with an Agilent multi-purpose AFM scanner with a scanning area of 10 pm’.

Ag nanofilms substrates were prepared by vapor deposition using a custom-designed electron-
beam/sputtering evaporation system. A 300 nm Ag (99.99%, Kurt J. Lesker Company) layer was
deposited onto 2 cm % 3 cm mica sheets (Ted Pella, 25 mm % 75mm Highest Grade V1 Mica,
Cat. # 56) taped to the substrate holder at a rate of 3.0-4.0 A/s. 2 cm x 3 c¢m glass slides were cut
from standard 2.54 cm x 7.62 cm glass microscope slides (Gold Seal®, Becton Dickinson
Company, Franklin Lakes, NJ) and cleaned using Piranha solution (4:1 mixture of conc. H,SO4:
30% H,0,) for 15 minutes, rinsed several times with copious amounts of deionized water and
dried under a gentle stream of nitrogen gas. A small drop of two-part epoxy glue was mixed and
spotted on the clean 2 cm % 3 cm glass slide. Individual 2 cm % 3 cm Ag coated mica sheets were
gently pressed against the glass slide using a clean pair of tweezers to remove the air bubbles
between the mica sheet and the glass slide. The complex was allowed to dry for 10 minutes and
then stripped apart using a clean razor blade, leaving the Ag film glued to the glass slide with the
atomic roughness of mica to produce the bare template stripped Ag substrates used for AFM

imaging.
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The immobilization process and the binding affinity on the Ag surface were imaged in aqueous
solution using the following procedures. Silicon cantilever tips with a nominal spring constant of
about 0.1 N/m were used throughout the experiments. The detailed parameters for the image are
as follows: drive is approximately 46%, resonance gain is 2, resonance frequency is 12.95 KHz,
resonance amplitude is 1.68 V, and scan rate is 2.0 line/s. A custom-made flow-cell was used to
observe the real-time variation of surface topography in-situ. Briefly, the new medium or
solution was injected into the liquid cell by syringe passing while the imaging system monitored
the changes in surface morphology on the same surface area (500 nm x 500 nm) throughout the
whole imaging process, while the other syringe was in charge of drawing out the original
medium inside the liquid cell in order to prevent the overflow. The bare template stripped Ag
substrate was first imaged in molecular grade water, followed by the injection of the disulfide
anti-influenza aptamer at a concentration of 100 pM for a duration of 3 hours. Three flushings of
the flow cell with molecular grade water allowed removal of the non-adsorbed aptamer
molecules from the Ag surface. The same surface area was imaged again following the rinsing
steps. (1-Mercaptoundec-11-y) tetra (ethyleneglycol) was then injected into the flow cell at a
concentration of 10 pM for 3 hours. After the three flushing steps, the area was imaged again
followed by the injection of A/Uruguay diluted in the binding buffer to a concentration of 1
pg/mL (HA) content into the flow cell maintained at 37°C. After 3 hours, the solution was
flushed out and the surface inside the flow cell was rinsed three times with the warm binding

buffer to allow a final characterization of the surface morphology after binding.
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6.3. Results and Discussion

Experimental Design

The disulfide-derivatized anti-influenza ss-DNA aptamer was immobilized onto the individual
Ag nanorod microwells, resulting in the formation of self-assembled monolayers of DNA
oligonucleotides.(422) A second immobilization step added the spacer molecule (1-
mercaptoundec-11-y)tetra(ethyleneglycol), HS(CH;);;(OCH,CH,)4OH. The functionalized
microwells of the Ag nanorod substrate were then incubated with each of the three influenza
virus strains or controls. A schematic diagram of the overall procedure for aptamer
immobilization onto the Ag nanorod array, nucleoprotein binding, and detection strategy is
presented in Figure 6.2. The full experimental details related to the diagram are described in

section 6.2 of this Chapter.

SERS Spectra of the Aptamer Complex

Figure 6.3.a (top left) shows the SERS spectrum of the anti-influenza-spacer complex used in
this study, while Figure 6.3.b (middle left) is the spectrum of the blank control, i.e. the aptamer
complex incubated only with the binding buffer. Figure 6.3.b shows that no detectable spectral
changes are observed when the aptamer complex is treated with a blank control. The number and
position of the bands in Figure 6.3.a and 6.3.b are in agreement with those reported from SERS
studies of DNA bound to Ag and Au nanoparticles.(207, 423) The dominant features present in
Figure 6.3.a and 6.3.b are bands that are attributed to the motions of the oligonucleotide base

pairs (phosphate backbone motion, deoxyribose conformation, and ring stretching vibration).
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Figure 6.2. Schematic diagram of the overall strategy for aptamer immobilization onto the Ag

nanorod array, virus binding, and detection strategy. Immobilization of the disulfide anti-

influenza aptamer onto the surface of the Ag nanorod array (i), addition of (1-mercaptoundec-11-

y) tetra (ethyleneglycol) as the spacer molecule (ii), and incubation with the three influenza virus

samples (iii).
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Figure 6.3. (a) SERS spectrum of the anti-influenza aptamer (1000 nM) - PEG spacer (100 nM)
complex on a Ag nanorod substrate, (b) anti-influenza aptamer complex and binding buffer blank
control, (¢) anti-influenza aptamer complex and RSV (10° PFU/mL) negative control, (d) anti-
influenza aptamer complex and nucleoproteins from A/Uruguay, (e) anti-influenza aptamer
complex and nucleoproteins from A/Brisbane, and (f) anti-influenza aptamer complex and
nucleoproteins from B/Brisbane. Virus concentrations in (d) — (f) were adjusted to 1pg/mL
(relative to HA content). Each spectrum shown is an average of 10 individual spectra for each
particular sample. The dashed vertical lines in (a), (b), and (¢) indicate the characteristic
oligonucleotide bands for the influenza aptamer and its controls. The dashed vertical lines in (d),
(e), and (f) indicate the oligonucleotide bands that changed after binding of the nucleoproteins.
Asterisks indicate the presence of new bands in the aptamer complex corresponding to binding

of the protein target.
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The spectral features present in Figure 6.3.a and 6.3.b are bands primarily attributed to the
motions of the oligonucleotide base pairs (phosphate backbone, deoxyribose conformation, ring
stretching and side chain vibrations). The dominant features present of the spectra shown in
Figure 6.3 are the peaks at 731, 1265, 1332 and 1454cm™’. The bands at 731, 1265, and 1332 cm’
" are assigned to the ring stretching modes of adenine and the asymmetric out-of-plane
deformation of NH, in adenine, respectively.(37, 207, 332, 415, 424) These bands are in
agreement with the observation previously reported by Suh and co-workers, which attributed

bands to several vibrational modes of adenine adsorbed on silver colloid particles.(207)

Other prominent nucleic acid vibrations include the bands at 656 cm™ (G), and 793 cm™ (C, T),
while the band at 1045 cm' is attributed to the asymmetric out-of-plane deformation of NH, in
cytosine. We assign the band at 656 cm™ to the ring breathing mode of Guanine as reported by
Barhoumi and co-workers.(157, 213) This mode also shows a strong SERS signature present at
1454 cm™, as predicted by Suh and co-workers.(207) Stokes modes from ring vibrations of other
base pairs are also dominant features in the SERS spectrum of the aptamer shown in Figure
6.3.a. At 1558 cm™, another band is characteristic of a ring stretch of both adenine and
guanine.(416) In addition, a band at 687 cm™ is indicative of the C-S stretching vibration of the
thiol group, and confirms cleavage of the disulfide bond after adsorption and immobilization of
the aptamer to the Ag nanorod array.(425) A complete table of the observed SERS bands in the
spectrum of the anti-influenza aptamer, along with their assignments based on literature

precedent, is provided in Table 6.1.
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Table 6.1. Observed SERS vibrational bands with assignments in the spectrum of the anti-

influenza aptamer.

Wavenumber, cm™ Assignment
623 C-C-C ring in-plane bending of A
652 Ring breathing mode of G(426)
731 Ring breathing mode of A
736 & 1337 Skeletal vibrations of the A ring
742 C-H out-of-plane bending of A
793 Ring breathing mode of both C and T
956 C-C stretching vibration of the nucleic acids
1023 Amino group vibration of C
1045 Asymmetric out-of-plane deformation of NH, in C
1132 C-N and C-C stretching
1265 Asymmetric out-of-plane deformation of NH, in A
1275 Ring stretching and C-H bending of T
1299 Breathing mode vibration of C (skeleton vibration)
1307 & 1317 Ve vibration of A
1320 Mixed in-plane stretching motions of the 6-membered ring
1332 Ring stretching mode of A
1360 Breathing mode vibration of T (skeleton vibration)
1391 CH, deformation
1454 Ring breathing vibration of A
1496 C8=N7 vibration of the G ring
1506 External phenyl ring stretching of A
1558 Ring stretching mode of G and A
1631 External phenyl ring stretching of C
1640 Carbonyl stretching mode
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Surface Coverage and Reproducibility

The surface coverage of the disulfide aptamer on the Ag nanorod array was investigated by
varying the concentration of the aptamer and monitoring the A ring-breathing mode at 731 cm™.
This band is well-suited for characterizing the surface coverage of the aptamer since it is the
most intense band in the spectrum and has been shown to be concentration dependent. Figure
6.4.A shows a plot of the normalized SERS intensity of the 731 cm™ peak as a function of the
aptamer concentration in the range from 0.1 to 5000 nM. The plot in Figure 6.4.A displays a
sharp increase in SERS intensity in the concentration range 0.1 - 500 nM, followed by an
intensity plateau. Figure 6.4.B shows the same data plotted as a log-log plot of the absolute
SERS intensity of the 731 cm™ band as a function of the aptamer concentration. Figure 6.4.B
displays a sigmoidal increase over three orders of magnitude (10 to 10* mol) in the
concentration range 0.1 — 500 nM, followed by an intensity plateau. The error bars in Figure
6.4.A and 6.4.B indicate a high degree of reproducibility from spot-to-spot within a substrate as

well as between the substrates used in these experiments.

The band intensity plateau effect seen in both Figure 6.4.A and 6.4.B has been previously
observed in Ag nanorod SERS studies and is related to the saturation of the SERS signal with
increasing surface coverage. The surface density of the aptamer on the surface of the Ag nanorod
substrate was calculated by estimating the number of DNA molecules contained in the 20 pL of
a 1000 nM DNA solution deposited on the surface of a microwell. The surface density was found
to be ~3.7 x 10> molecules/um®. This estimate is comparable (within a factor of ten) with

previous s studies of the surface density of DNA SAMs on smooth Au films.
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Figure 6.4. (A) Normalized band intensity of the 731 cm™ peak in the SERS spectra of the
anti-influenza aptamer immobilized on a Ag nanorod substrate as a function of concentratioin
the range from 0.1 to 5000 nM. (B) Log-log plot of the absolute SERS intensity of the 731
cm’ band of the anti-influenza aptamer as a function of concentration in the range from 0.1

to 5000 nM.
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These results are also in agreement with previous surface density estimates of thiolated DNA on
metal films. Some variation in surface density should be expected in the present case due to the
differences in substrate composition (Au vs. Ag) and morphology (nanorods vs. smooth);

however, our results agree well with previously published reports on DNA packing density.

Nucleoprotein Binding to the Polyvalent Anti-Influenza Aptamer

Aptamer-target binding leads to addition of proteins to the aptamer-modified surface, as well as

changes in oligonucleotide secondary structure, both of which may be sensed via SERS. Since

Raman spectra are sensitive to both DNA secondary structure and the presence of surface-bound

proteins, we hypothesize that binding of the influenza nucleoproteins to the surface-bound

aptamer may be sensed via analysis of the SERS spectra of the aptamer-nucleoprotein complex

in comparison to that of the unbound aptamer.

Consistent with this hypothesis, distinct changes are seen in the spectra of the anti-influenza
aptamer after incubation with the cell lysates from the three monovalent influenza virus strains.
Figure 6.3.d shows the SERS spectrum of the aptamer and spacer on the Ag nanorod array
incubated for 8 hours at 37°C with 1 ug/mL (HA) content of the influenza virus strain
A/Uruguay. Major changes in bands attributed to the DNA aptamer are noticed upon
nucleoprotein binding. For example, bands attributed to the bands of the nucleic acid bases at

731 cm™ (A) and 652 cm™ (G) decreased in intensity whereas the band at 793 cm™ (C and T)
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increased in intensity. The shoulder at 623 cm™ in Figure 6.3.a became a sharp band in the
spectrum in Figure 6.3.d. Additional spectral changes include the decrease in the band intensities
at 1265 cm™ (asymmetric out-of-plane deformation of NH, in A ) and 1496 cm™ (C8=N7 G ring

vibration).

In addition to nucleic acid spectral features, bands present in the SERS spectra of the aptamer-
nucleoprotein complex are attributed to the nucleoproteins themselves. Prominent bands
indicative of protein binding in Figure 6.3.d are seen in the sharp band at 1004 cm™ due to
aromatic ring vibrations, as well as the band at 1034 cm™ assigned to the in-plane ring CH
deformation, both characteristic of Phe.(427-431) Binding of protein to the aptamer leads to the
appearance of the band resulting from the C-O-C protein stretching motion at 1132 cm™,(431)
the band at 1238 cm™ attributed to the amide III vibration,(35, 432) as well as the protein CH,
bending mode at 1440-1460 cm™ (35, 416, 432) Amino acid side chain vibrations appear in the
spectrum of the aptamer-nucleoprotein complex at 720, 960, and 1294 cm™.(427-431) Further
evidence of protein binding is shown in the appearance of two other bands at 1391 and 1602 cm
' (427-431) assigned to the symmetric and anti-symmetric CO, stretching from protein side
chains. A complete table of the observed SERS bands in the influenza nucleoprotein-aptamer

complex along with their literature-based assignments is provided in Table 6.2.

To test the polyvalent nature of the aptamer, the nucleoproteins from the influenza strains

A/Brisbane and B/Brisbane that are also contained in the split-virion influenza vaccine were
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Table 6.2. Observed SERS vibrational bands with assignments in the spectrum of the anti-

influenza aptamer-nucleoprotein complex.

Wavenumber, cm™
623
652
731
793
1265
1319
1496

-1
Wavenumber, cm

620

720
860 & 1610
960
1004
1034
1132
1238
1294
1391
1440-1460
1602
1612

Oligonucleotide Assignments (change from aptamer alone)
C-C-C ring in-plane bending of A (increased in intensity)
Ring breathing mode of G (decreased in intensity)
Ring breathing mode of A (decreased in intensity)
Ring breathing mode of both C and T A (increased in intensity)
Asymmetric out-of-plane deformation of NH; in A (decreased in intensity)
Ring stretching mode of A (shifted from 1332 cm™)

C8=N7 vibration of the G ring (present as a small shoulder)

Protein Assignments
Combined COO" wagging motion, ring C-C twist in amino acids, and
skeletal mode of Phe
COO' deformation of amino acid side chain
Symmetric ring vibration of Tyr
C-C stretch of amino acid side chain
Aromatic ring vibration of Phe and Tyr (small contribution)
In-plane ring CH deformation of Phe and C-N stretch of Gly
C-N and C-C stretch of amino acids
Amide III vibration
CH, wagging motion of amino acid side chain
Symmetric COO' stretching of amino acid side chain
CH,; bending mode
Anti-symmetric COO' stretching of amino acid side chain

Combined amide vibration in amino acids (Tyr and Phe)
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incubated with the aptamer-spacer complex in the same manner as the A/Uruguay strain. These
spectra are shown in Figure 6.3.e (A/Brisbane, middle right) and Figure 6.3.f (B/Brisbane,
bottom right). The identical spectral changes that are seen in the A/Uruguay complex (Figure
6.3.d) also occur in the complexes for the A/Brisbane and B/Brisbane strains, indicating a high
degree of reproducibility in the nucleoprotein binding of the split virion strains to the polyvalent

aptamer.

1** Negative Control: RSV Virus Incubated with Anti-Influenza Aptamer

A negative control virus was incorporated in this study to determine the specificity of binding of
the influenza nucleoproteins to the anti-influenza aptamer. Respiratory syncytial virus (RSV)
was used as the negative control virus. RSV is a single-stranded, negative-sense RNA virus that,
worldwide, is the single most important cause of acute lower respiratory tract illness.(433) RSV
is an important and ubiquitous respiratory pathogen, and as such is a good candidate to act as a
control virus for influenza. Incubation of the RSV control sample was accomplished by adding
20 uL of the lysed RSV virus solution to an aptamer-coated Ag nanorod microwell. The virus
sample was adjusted to a concentration of ~10° PFU/mL in the binding buffer, and the binding
conditions were kept identical to those used for the incubation of the influenza nucleoprotein
samples. Figure 6.3.c shows the spectrum of the RSV virus applied to the aptamer-modified
substrate. Only minor spectral intensity changes were observed in Figure 6.3.c after incubation of
the RSV virus sample, indicating no apparent binding of the RSV lysate to the anti-influenza

aptamer.
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This is readily apparent when comparing Figure 6.3.c to the aptamer spectrum in Figure 6.3.a
and the blank spectrum in Figure 6.3.b. The lack of binding of the RSV to the anti-influenza
aptamer is also apparent from comparing spectra on the left panel of the aptamer (Figure 6.3.a),
the blank (Figure 6.3.b), and the negative control virus (Figure 6.3.c) with the nucleoprotein -
aptamer complex spectra on the right panel (Figure 6.3.d, 6.3.¢ and 6.3.f). The SERS spectra in
Figure 6.3 show a high degree of specificity for the binding of only influenza viral

nucleoproteins to the polyvalent anti-influenza aptamer.

Chemometric Analysis of Influenza Aptamer-Nucleoprotein Spectra

Multivariate statistical analysis, including Principal Components Analysis, Hierarchical Cluster
Analysis, and Partial Least Squares Discriminant Analysis, was performed to establish
statistically significant differences between the SERS spectra of the samples and controls in
Figure 6.3 and was used to confirm the binding specificity of the aptamer to its viral
nucleoprotein targets. Multivariate statistical methods have previously been used to analyze
SERS spectra of pathogens for spectral identification and classification.(294-297) Two hundred
forty spectra, corresponding to 40 spectra in each sample category, were used to generate the
statistical models for both the positive and negative controls. Therefore, the data analysis was
performed on a total of 480 spectra. SERS spectra were first processed by taking the first
derivative of each spectrum (1% derivative, 2™-order polynomial, 15-point Savitzky-Golay) and
then normalized to unit vector length. The normalized first derivative spectra were mean-

centered and auto-scaled prior to analysis.
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Figure 6.5 illustrates the Hierarchical Cluster Analysis (HCA) of the spectra of the aptamer,
controls, plus influenza nucleoprotein samples. HCA is an unsupervised classification method
that calculates the inter-spectrum distance in Principal Component-space and forms clusters of
spectra based on their relative similarity, resulting in a two-dimensional dendrogram. The
aptamer spectra were clustered based on Ward’s linkage method for minimizing variance. The
vertical bars in the dendrogram specify which samples and classes are linked, while the

horizontal bars represent the distance between the linked classes.

Figure 6.5 was generated from the first Principal Component of the spectral data set, which
accounted for 92.19% of all the variability in the data. Figure 6.5 reveals two distinct clusters.
The first red cluster contains samples A, B and C, which include the spectra of the aptamer
complex (A), the blank control aptamer complex incubated only with the binding buffer (B), and
the aptamer complex after incubation with the negative control RSV virus (C). The second green
cluster encompasses samples D, E, and F, which refer to the spectra of the aptamer incubated
with all three influenza virus strains, A/Uruguay (D), A/Brisbane (E) and B/Brisbane (F). This
classification by HCA provides obvious separation between the SERS spectra of the unbound
aptamers and its controls with the aptamer-nucleoprotein complexes, and demonstrated that the
spectra of the influenza aptamer-nucleoprotein complexes could be differentiated from that of the

unbound aptamer control spectra with 100% accuracy.
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Figure 6.5. Dendrogram produced by Hierarchical Cluster Analysis (HCA) of the SERS spectra
shown in Figure 6.3 using Ward’'s method and label-coded as follows: (A) anti-influenza
aptamer, blank buffer, and RSV negative control, (B) anti-influenza aptamer incubated with
influenza nucleoproteins from A/Uruguay, A/Brisbane, and B/Brisbane. A total of 240 spectra
were used to generate this dendrogram, corresponding to 40 spectra in each of the 6 sample

categories.
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In addition to the Hierarchical Cluster Analysis method, other multivariate statistical tests were
used to analyze the spectra of the influenza nucleoprotein complexes. Both Principal Component
Analysis (PCA) and Partial Least Squares Discriminant analysis (PLS-DA) were employed to
confirm that the SERS spectra of the aptamer-target complexes may be differentiated from those
of the blanks and negative controls. Both PCA and PLS-DA confirm the findings of the cluster
analysis shown in Figure 6.5, i.e. that the SERS spectra of the influenza nucleoprotein complexes

may be completely distinguished from those of the blanks and negative control.

Principal Component Analysis (PCA) was first used to analyze spectra of the aptamer-target
complexes. PCA is a commonly used unsupervised multivariate statistical method that builds
linear models of complex data sets using orthogonal basis vectors called Principal Components
(PCs). This method reduces the dimensionality of the sample data matrix prior to displaying the
data in a PC scores plot. The primary use of PCA in spectroscopy is to reduce the large number
of data points (1500 data points collected at 1 cm™ increments between 500 and 2000 cm™) to a
smaller number of PC’s that depict the most statistically significant spectral variations within the
spectra, and that may be correlated to physical or chemical changes among the samples.(420)
Figure 6.6 shows the PCA scores plot of the second versus first Principal Components (PC 2
versus PC1) for the spectral data of influenza aptamer shown in Figure 6.3. Each data point in
Figure 6.6 is representative of a single SERS spectrum and each colored figure corresponds to a
group of spectrum according to the color code. A total of 240 spectra are represented in Figure

6.6, corresponding to 40 spectra for each sample category. As seen on the scores plot in Figure
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Figure 6.6. PCA scores plot of PC2 vs. PC1 computed for the SERS spectra of the influenza

aptamer-spacer complex (V) incubated at 37°C for 8 hours with the binding buffer (* ),
RSV (M), A/Uruguay (+), A/Brisbane (<), and B/Brisbane (A). Two hundred forty spectra,

corresponding to 40 spectra in each sample category, are represented in this plot.
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6.6, the data set clustered into two easily separable classes: (i) the unbound influenza aptamer
samples (aptamer, blank and RSV control) lie on the right, positive half of the PC1 axis, and (ii)
the bound aptamer-nucleoprotein complexes lie on the left, negative half of the PC1 scores axis.
Figure 6.6 illustrates that PCA may accurately separate SERS spectra according to spectral
features that may be correlated to a change in physical state of the aptamer as a result of binding

to the nucleoproteins.

PLS-DA was also used as an alternative chemometric method to determine statistically
significant spectral differences among the SERS spectra in a supervised fashion. Unlike PCA,
PLS-DA is a supervised method in which latent variables (LVs) are computed to maximize the
variance among different classes while minimizing the variance within each given class. This
method employs LVs in combination with a priori knowledge of the sample classes to build a
classification model and to establish class predictions based on that model for the SERS spectra
in the data set. PSL-DA has been widely used in spectroscopy and has proven to be a robust

statistical technique for identification, discrimination, and classification.

Figure 6.7 presents the result of PLS-DA analysis on the spectral data set containing the six
groups of spectra shown in Figure 6.3. The plot shown in Figure 6.7 illustrates the results of the
PLS-DA analysis, which results in calculated prediction values for each spectrum. A total of 240
spectra are represented in Figure 6.7, corresponding to 40 spectra for each sample category. The
PLS-DA model calculates a threshold value of prediction; spectra with predicted values above

the threshold level are determined to belong to a particular class, while spectra with predicted
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Figure 6.7. PLS-DA cross-validated prediction plot of the spectra of the influenza aptamer-

spacer complex (V) incubated at 37°C for 8 hours with the binding buffer (* ),RSV (H),
A/Uruguay (+), A/Brisbane (<), and B/Brisbane (A). Two hundred forty spectra, corresponding

to 40 spectra in each sample category, are represented in this plot.
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values below the threshold level are excluded from that class; the threshold value calculated for
the classification model in Figure 6.7 is 0.23. Figure 6.7 shows that the spectra of the anti-
influenza influenza aptamer-nucleoprotein complexes all classified together, i.e. they all belong
to the class of samples that are bound to the anti-influenza aptamer. In contrast, the control
samples, i.e., the spectra of the aptamer, blank, and RSV control, all have predicted values that
are excluded from this class of samples. The main conclusion from Figure 6.7 is that PLS-DA
may statistically identify and classify the spectra of the influenza aptamer-nucleoprotein
complexes from the spectra of the unbound aptamer and controls. The results indicate the PLS-

DA model was able to correctly classify each spectrum in its class with 100% accuracy.

Both PCA and PLS-DA confirm the findings of the cluster analysis shown in Figure 6.5, i.e. that
the SERS spectra of the influenza nucleoprotein complexes may be completely distinguished

from those of the blanks and negative control.

2" Negative Control: Nucleoproteins Incubated with 22-mer ss-DNA Probe

A second negative control negative control experiment was performed to investigate the binding
specificity of the influenza viral nucleoproteins. A 22-mer ss-DNA sequence was immobilized to
the Ag nanorod arrays, followed by addition of the spacer molecule and subsequent incubation
with the binding buffer and the cell lysates from the three monovalent influenza virus strains,
using the procedures described in section 6.2 of this Chapter. Figure 6.8 shows the representative

SERS spectra of the resulting complexes.
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Figure 6.8. SERS spectra of: (a) 22-mer DNA probe, (b) — (e): spectra of 22-mer DNA after
incubation with: (b) binding buffer, (c) A/Uruguay virus, (d) A/Brisbane virus, and ()

B/Brisbane virus.
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The interpretation of the spectrum of the random DNA probe-spacer complex in Figure 6.8.a
follows directly from the discussion of the anti-influenza aptamer in Figure 6.3.a. The bands
present in the spectrum of the random DNA probe-spacer complex shown in Figure 6.8.a are
characteristic of DNA bound to metallic surfaces. Figure 6.8.a shows no detectable changes in
the spectrum of the immobilized DNA probe after incubation with either the binding buffer
(Figure 6.8.b) or with any of the three influenza virus samples (Figure 6.8.c-6.8.e), indicating no
viral protein binding to the random DNA probe. The lack of binding of the three influenza virus
samples to the random DNA probe reinforces the high degree of specificity of the influenza viral

nucleoproteins to the polyvalent anti-influenza aptamer.

Chemometric Analysis of the 22-mer ss-DNA probe-Nucleoprotein Spectra

In addition to direct spectral analysis, an objective statistical approach was used to illustrate the
lack of differences between the SERS spectra of the random DNA control and those of the
control probe incubated with the three influenza samples. Figure 6.9 shows the PCA score plots
for the spectral dataset of the random DNA probe used as the negative control for binding of the
viral nucleoproteins. The absence of defined clusters in Figure 6.9 is related to the absence of
spectral differences when the random DNA probe is incubated with the three influenza virus
samples. This observation is in agreement with the spectra shown in Figure 6.8. The lack of
clustering in the PC scores plot of Figure 6.9 is statistical evidence for the absence of binding
between the random DNA negative control probe and the influenza nucleoproteins from the virus
samples. The main conclusion of Figure 6.9 is that the incubation of the viral nucleoproteins to

the 22-mer ss-DNA control probes results in no statistically significant changes.
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Figure 6.9. PCA scores plot of PC2 vs. PC1 computed from the SERS spectra of the random

22-mer DNA complexes shown in Figure 6.8: (¥) random 22-mer DNA probe alone, (* ),
random 22-mer DNA probe incubated with the binding buffer (l),random 22-mer DNA probe
incubated with A/Uruguay, (+),random 22-mer DNA probe incubated with A/Brisbane (<), and

random 22-mer DNA probe incubated with B/Brisbane (A).
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3 Negative Control: Nucleoproteins Incubated with Anti-Vasopressin Aptamer

The binding specificity of the influenza viral nucleoproteins to the anti-influenza aptamer was
further investigated using a separate DNA oligonucleotide as a negative control. A 5’-C6-
thiolated anti-vasopressin aptamer was used for this purpose. This aptamer was developed to
bind and inhibit the neuropeptide vasopressin, a peptide hormone regulating the extracellular

fluid volume in the body secreted by the posterior lobe of the pituary gland.(395)

Incubation of the influenza nucleoproteins with the immobilized anti-vasopressin aptamer was
used to determine whether the binding of the nucleoproteins seen in Figure 6.3 is specific to the
anti-influenza aptamer. The 5’-Cé6-thiolated anti-vasopressin aptamer was immobilized onto the
Ag nanorod array substrate via the thiol group, and incubated with i) binding buffer, ii)
vasopressin and iii) all three influenza virus nucleoproteins, using the procedures described in
Supporting Information. Figure 6.10 shows representative SERS spectra of the SAM of the
immobilized anti-vasopressin aptamer. The interpretation of the anti-vasopressin aptamer
spectrum in Figure 6.10.a follows directly from the discussion of the anti-influenza aptamer in
Figure 6.3.a. The main features in the spectrum in Figure 6.10.a are the bands at 731, 793, 1454,
1506, and 1558 cm™. These bands are attributed to the ring vibrations of the nucleic acids A
(731, 1506, and 1454 cm™), T and C (793 cm™), as well as G and A (1558 cm™). Other dominant
bands attributed to nucleic acid vibrations in the spectrum shown in Figure 6.10.a include the
amino group vibration in C (1023 cm™), as well as the mixed in-plane ring skeleton stretching

vibration (1332 cm™).
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Figure 6.10. SERS spectra of the anti-vasopressin aptamer, controls, vasopressin, and influenza
nucleoproteins on a Ag nanorod substrate after incubation at 37 °C for 8 hours. (a) anti-
vasopressin aptamer (1000 nM) - spacer (100 nM), (b) vasopressin aptamer with blank binding
buffer control, (c) vasopressin aptamer with vasopressin (1ug/mL), (d) vasopressin aptamer with
nucleoproteins from A/Uruguay, (e) vasopressin aptamer with nucleoproteins from A/Brisbane,
and (f) vasopressin aptamer with nucleoproteins from B/Brisbane. Virus concentrations in (d) —
(f) are 1pug/mL (relative to HA content). Each spectrum shown is an average of 10 individual
spectra for each particular sample. The dashed vertical lines in (a), (b), and (c) indicate the
characteristic oligonucleotide bands for the anti-vasporessin aptamer. Asterisks indicate the

presence of new bands in the aptamer complex corresponding to binding of the protein target.
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Figure 6.10.b shows the SERS spectrum of the anti-vasopressin aptamer incubated with binding
buffer as a blank control. The binding times and conditions were kept the same as those of the
anti-influenza binding studies, as described above. Figure 6.10.b shows that no detectable
changes are apparent in the spectra of the anti-vasopressin aptamer incubated with the binding
buffer when compared to the aptamer alone, similar to that observed with of the buffer blank

with the anti-influenza aptamer in Figure. 6.10.a and 6.10.b.

The anti-vasopressin aptamer was treated with the nucleoproteins isolated from the three
monovalent influenza virus strains. Figure 6.10.d shows the SERS spectrum of the anti-
vasopressin aptamer on the Ag nanorod array incubated with the nucleoproteins isolated from the
influenza virus strain A/Uruguay. A comparison of the spectrum in Figure 6.10.d (top right) with
the spectra of the anti-vasopressin aptamer and blank (Figure 6.10.a and 6.10.b) shows that no
spectral differences are apparent, indicating a lack of influenza nucleoprotein binding to the anti-
vasopressin aptamer. This effect also occurs in the spectra that result from the addition of the
nucleoproteins from the influenza strains A/Brisbane (Figure 6.10.e, middle right) and
B/Brisbane (Figure 6.10.f, bottom right). Relative to the aptamer and blank spectra, no
discernable spectral changes are observed when any of the three types of influenza

nucleoproteins are incubated with the anti-vasopressin aptamer.

These conclusions are confirmed when the anti-vasopressin aptamer is incubated with 1 pg/mL

vasopressin. The spectrum of the vasopressin — aptamer complex is shown in Figure 6.10.c.
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This spectrum illustrates that the formation of a vasopressin-anti-vasopressin aptamer complex
resulted in characteristic protein and nucleic acid bands. Prominent characteristic features
attributable to protein binding to the aptamer are the sharp bands at 860 and 1004 cm™ assigned
to the aromatic ring vibration of Tyr and Phe, respectively. Further evidence for protein binding
is seen by the sharp band at 960 cm™ attributed to the C-C stretch of the amino acid side chains,
as well as the presence of two of the CH, motions of the amino acid side chain in the prominent
peak at 1294 cm™ (wagging) and the wide band at 1440-1460 cm’' (stretching). Another feature
characteristic of protein-aptamer binding is the small band at 1612 cm" attributed to the amide

vibration and/or the aromatic ring vibration of Tyr at 1610 cm™.

The formation of the aptamer-vasopressin complex also leads to changes in nucleic acid
vibrations. For example, band assigned to ring stretching modes of A originally observed at 731
cm’ in Figure 6.10.a shifted to 728 cm™ and increased in intensity by a factor of two in the
spectra of the vasopressin-aptamer complex in Figure 6.10.c. Table 6.3 shows a list of the SERS

bands in the vasopressin aptamer-vasopressin complex with their tentative band.

The presence of significant spectral changes upon the formation of a vasopressin — anti-
vasopressin aptamer complex, combined with the absence of any spectral changes upon
incubation of the three influenza virus nucleoproteins with the anti-vasopressin aptamer, strongly
suggests that selective binding of the influenza viral nucleoproteins occurs only with the anti-

influenza aptamer.
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Table 6.3. Observed SERS vibrational bands with assignments in the spectrum of the

vasopressin aptamer-vasopressin complex.

Wavenumber, cm™ Oligonucleotide Assignment (change from aptamer alone)
728 Ring breathing mode of A (shifted from 731cm™)
Wavenumber, cm™ Protein Assignments
620 Combined COO" wagging motion and ring C-C twist in amino acids
720 COOQO" deformation of amino acid side chain
860 & 1610 Symmetric ring vibration of Tyr
960 C-C stretch of amino acid side chain
1004 Aromatic ring vibration of Phe and Tyr (small contribution)
1294 CH, wagging motion of amino acid side chain
1440-1460 CH; bending mode
1612 Combined amide vibration in amino acids (Tyr and Phe)
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Chemometric Analysis of Negative Control Anti-Vasopressin Aptamer-

Nucleoprotein Spectra

Figure 6.11 shows the HCA dendogram calculated from the anti-vasopressin spectra described
above. The cluster analysis was calculated using Ward’s linkage algorithm. The first Principal
Component was used in these calculations, accounting for 93.27% of all the variability in the
data. As seen in Figure 6.11, the anti-vasopressin control spectra separated into three distinct
clusters. The bottom red cluster resulted from the spectra of the anti-vasopressin aptamer alone
(A) along with the spectra of the unbound aptamer treated with only binding buffer (B). The
middle green cluster (C, D and E) represents the spectra of the anti-vasopressin aptamer
incubated with the three influenza viral nucleoprotein samples (A/Uruguay, A/Brisbane, and
B/Brisbane, respectively). Finally, the top blue cluster (F) represents the spectra of the anti-
vasopressin aptamer incubated with vasopressin. The results indicate that cluster analysis
provides excellent (100%) statistical differentiation of the aptamer controls from the vasopressin
target. In particular, the spectra of the influenza nucleoproteins are completely distinguished
from that of the vasopressin complex and its controls, confirming the selectivity of binding of the

influenza nucleoproteins only to the anti-influenza aptamer.

Additional multivariate statistical tests were used to analyze the spectra of the vasopressin
negative controls. These include Principal Components Analysis (PCA) and Partial Least
Squares Discriminant Analysis (PLS-DA). Figure 6.12 shows the PCA scores plot of the first

versus second Principal Components (PC 1 versus PC2) for the spectral data of the
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Figure 6.11. Dendrogram produced by Hierarchical Cluster Analysis (HCA) of the SERS
spectra shown in Figure 6.10 calculated using Ward’s method and label-coded as follows: (A)
anti-vasopressin aptamer (1000 nM) - spacer (100 nM) complex, along with blank buffer control,
(B) anti-vasopressin aptamer complex and influenza nucleoproteins from A/Uruguay,
A/Brisbane, B/Brisbane, and (C) anti-vasopressin aptamer complex and vasopressin (1pug/mL). A
total of 240 spectra were used to generate this dendrogram, corresponding to 40 spectra in each

of the 6 sample categories.
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Figure 6.12. PCA scores plot of PC2 vs. PC1 computed for the SERS spectra of the

vasopressin aptamer-spacer complex (V) incubated at 37°C for 8 hours with the binding buffer

( * ), vasopressin (A), A/Uruguay (), A/Brisbane (), and B/Brisbane (¢). Two hundred forty

spectra, corresponding to 40 spectra in each sample category, are represented in this plot.
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vasopressin aptamer shown in Figure 6.10. A total of 240 spectra are represented in Figure 6.12,
corresponding to 40 spectra for each sample category. As seen on Figure 6.12, the PC scores
plot displays three separate clusters: (i) the unbound vasopressin aptamer samples (aptamer and
blank) lie in the bottom left, negative, quadrant on the PC1 axis, (ii) the vasopressin aptamer
samples incubated with the three influenza strains lie in the top left, negative quadrant on the
PC1 axis, and (iii) the bound aptamer-vasopressin complex samples lie centered along the PC2
zero axis in the right, positive half of the PC1 axis. The findings from Figure 6.12 demonstrate
that PCA may separate spectra into three distinct clusters and classify the spectra of the aptamer-

vasopressin complex apart from the others.

Further analysis of the vasopressin aptamer spectral data using PLS-DA is shown in Figure 6.13.
A total of 240 spectra are represented in Figure 6.13, corresponding to 40 spectra for each
sample category. The cross-validated PLS-DA prediction plot present in Figure 6.13 shows the
prediction made for the vasopressin data set from Figure 6.10. The model calculated a threshold
value of 0.17 and projected the spectra of the aptamer-vasopressin complexes to belong to bound
aptamer samples (samples above the threshold line), while spectra of the aptamer, blank, and
influenza controls did not belong to this class of samples. The findings shown in Figure 6.13
confirm that the spectra of the vasopressin aptamer bound to its target may be differentiated from
the spectra of the vasopressin aptamer incubated with the binding buffer (blank), controls, and

the influenza virus samples.
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Figure 6.13. PLS-DA cross-validated prediction plot of the spectra of the vasopressin aptamer-

spacer complex (V) incubated at 37°C for 8 hours with the binding buffer (* ),vasopressin (A ),
A/Uruguay (), A/Brisbane (+), and B/Brisbane (<). Two hundred forty spectra, corresponding

to 40 spectra in each sample category, are represented in this plot.
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The full chemometric analysis of the SERS data sets supports the interpretation of the spectral
differences described in the main article. Each of the multivariate chemometric methods of
spectral analysis used in this study, i.e. HCA, PCA, and PLS-DA, resulted in the same
conclusion; that is, the spectra of the aptamer bound to its target may be differentiated from the

spectra of the aptamer in its unbound state, as well as the appropriate controls.

Characterization of the Influenza Aptamer-Nucleoprotein Complex by AFM

Atomic force microscopy was used to follow the in-situ evolution of viral nucleoprotein binding
to the anti-influenza aptamer. A specially designed flow cell was used to image the
immobilization steps as the aptamer, spacer, and nucleoproteins were introduced to the cell. This
technique allowed imaging of the same surface area throughout the immobilization process

between the aptamer probe and the binding to its nucleoprotein target.

Figure 6.14 shows 1) two-dimensional AFM images, ii) surface roughness line scans, and iii)
three-dimensional AFM images, of the four steps in the surface immobilization of the influenza
nucleoproteins. The first column of Figure 6.14 (images 6.14.a and 6.14.e) illustrates the bare
Ag substrate prepared by template stripping. The Ag substrate has a homogeneously flat surface
with an average height of 1 nm and mean roughness of 0.5 nm. The second column of Figure
6.14 (images 6.14.b and 6.14.f) represents the same Ag surface after injection of the disulfide

anti-influenza aptamer at a concentration of 100 pM. These images were acquired after the
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Figure 6.14. (Top) 500 nm x 500 nm 2-D AFM images of (a) bare Ag nanofilm substrate, (b) Ag
substrate after injection of the disulfide anti-influenza aptamer at a concentration of 100 pM for

3 hours, (c) Ag substrate after injection of (1-Mercaptoundec-11-y)tetra(ethyleneglycol) at a
concentration of 10 pM for 3 hours, (d) Ag substrate after injection of A/Uruguay diluted in the
binding buffer to a concentration of 1 pg/mL (HA) content at 37°C for 3 hours.

(Middle) The plots show the surface roughness line scans corresponding to the green line on
each of the 2-D AFM images immediately above it in Panels (a), (b), (c) and (d).

(Bottom) Panels (e), (), (g), and (h) are the representative 3-D AFM images of the 2-D images in

(a), (b), (c) and (d), respectively.
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aptamer was allowed to interact with the Ag surface for 3 hours followed by flushing the cell
with molecular biology grade water. The resulting images show a distribution of aggregates with
an approximate average height of 6 nm, a mean roughness of 2.7 nm, and an average diameter of
50 nm, consistent with the changes expected upon formation of the self- assembly of flexible

thiolated aptamers.(434)

The third column in Figure 6.14 (images 6.14.c. and 6.14.g) are the images obtained of the
aptamer-modified surface following treatment with (1-mercaptoundec-11-y)tetra(ethyleneglycol)
at a concentration of 10 pM for 3 hours, followed by rinsing of the surface. The aggregate
features present in the images in Figure 6.14.b and 6.14.f are no longer apparent in panels 6.14.c
and 6.14.g. The addition of the PEG-like spacer molecule induced rearrangement of the aptamers
and produced a uniform distribution of the SAMs adsorbed on the Ag surface. As a result, the
average height and mean roughness of the imaged surface decreased to 0.8 nm and 0.3 nm,

respectively.

The last column in Figure 6.14 (images 6.14.d and 6.14.h) illustrate the aptamer-functionalized
surface after incubation with the influenza nucleoprotein A/Uruguay at a concentration of 1
pg/mL (HA) content for 3 hours. Incubation of the aptamer-modified surface with the influenza
virus sample resulted in surface topography changes and the appearance of bright spots on the

AFM images shown in Figure 6.14.d and Figure 6.14.h. Binding of the aptamer to the
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nucleoproteins is characterized by the formation of large features on the AFM images and with

an average diameter of about 150 nm.

These AFM images do not depict single binding events between the aptamer and the influenza
nucleoprotein targets on a molecular level, they do support the interpretation that the features in
Figure 6.14.d and Figure 6.14.h are due to the aptamer binding with its target. The variations in
average height (increase to 2.6 nm) and mean roughness (increase to 1.3 nm) is consistent with
the formation of an aptamer-nucleoprotein complex upon incubation with influenza virus lysate.
The dimensions of these features are smaller than expected for an intact influenza nucleoprotein
complex,(435) which exists in a polymerase complex (ribonucleoprotein) composed of multiple
(usually 10 or 12) monomeric nucleoproteins.(30, 436) However, it is likely that the
experimental conditions used here resulted in the dissociation of the polymerase nucleoprotein
complex, resulting in the attachment of monomeric nucleoproteins to the surface. This
hypothesis is supported by the fact that each individual aggregate shown in Figure 6.14.d and
Figure 6.14.h has similar dimensions, consistent with monomeric nucleoprotein binding to the

aptamer.

As a control experiment, another binding experiment was repeated by incubating the aptamer-
spacer complex with the binding buffer solution (data not shown). After extensive washing, no
change in the images of the aptamer-modified surface (Figure 6.14.c and Figure 6.14.g) could be

seen. This negative blank experiment further supports the interpretation that the images seen in
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Figure 6.14.d and Figure 6.14.h result from the binding of the influenza viral nucleoprotein to the

aptamer-covered surface.

The images in Figure 6.14 show that aptamer binding to nucleoprotein targets may be
characterized using AFM. The AFM images support the observations obtained from the SERS-
based studies that nucleoprotein binding may be sensed via direct, label-free spectroscopic

detection.

6.4. Conclusions

The first evidence of use of aptamer-modified SERS substrates as diagnostic tools for influenza
virus detection in a complex biological matrix was reported. In these studies, a commercially
prepared aptamer isolated against a commercial influenza vaccine was used. The results showed
that SERS provides a label-free optical method to detect the specific binding of the nucleoprotein
target to the anti-influenza aptamer. It was further demonstrated that selective binding of the
aptamer-nucleoprotein complex could be differentiated from that of the aptamer alone based
solely on the direct spectral signature for the aptamer-nucleoprotein complex. Multivariate
statistical methods, including Principal Components Analysis, Hierarchical Clustering, and
Partial Least Squares, were used to confirm statistically significant differences between the
spectra of the aptamer-nucleoprotein complex and the spectra of the unbound aptamer. Three
separate negative controls were used to evaluate the specificity of binding of the viral

nucleoproteins to this aptamer. In all cases, no spectral changes were observed that showed
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protein binding to the control surfaces, indicating a high degree of specificity for the binding of
influenza viral nucleoproteins only to the influenza-specific aptamer. Statistical analysis of the
spectra supports this interpretation. AFM images demonstrate morphological changes consistent
with formation of the influenza aptamer-nucleoprotein complex. These results provide the first
evidence for the use of aptamer-modified SERS substrates as diagnostic tools for influenza virus

detection in a complex biological matrix.
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CHAPTER 7

Rapid Detection and Identification of the Genetic Markers

of Highly Pathogentic Influenza A Viruses by SERS

The purpose of this chapter is to introduce the reader to the use of Ag nanorod arrays for rapid,
sensitive, and specific multiplexed SERS-based detection, identification and assessment of
virulence factors associated with pathogenesis in influenza A virus. The assay consists of
oligonucleotide arrays immobilized on the surface of a SERS-active substrate that allow
detection of various influenza RNA strains containing a gene mutation coding for the PB1-F2
protein associated with high virulence. The results of this investigation are presented in this
chapter and include: (i) SERS spectra and HCA of the high and low virulence DNA probes-
spacer complexes, (ii) SERS spectra and HCA of the DNA probes-spacer complex hybridized
with complementary and non-complementary synthetic RNA sequences, and (iii) SERS spectra
and PLS-DA of the DNA probes hybridized to complementary and non-complementary viral

RNA strains extracted from five H5N1 influenza viruses.

7.1. Introduction

Influenza A is a segmented, negative-strand RNA virus that circulates worldwide and infects a
wide range of species including poultry, swines, horses, seals, and humans.(437) Globally,
annual epidemics of seasonal influenza A virus cause between 3-5 million severe illness and

250,000 to 500,000 deaths worldwide, with approximately 35,000 of which take place in the
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United States alone.(438, 439) In particular, flu pandemics caused by influenza viruses were
responsible for 50 million deaths in 1918-1919 and 1 million deaths in 1956-1957,
respectively.(440) More recently, human infection with a HSN1highly pathogenic avian
influenza (HPAIV) virus was reported in Hong Kong and resulted in eighteen human infections
and six fatalities.(441, 442) HPAIV strains pose a significant burden on human health due to
their continuous evolution and zoonotic potential.(377) Current work on these viruses is aimed to
identify the virulence factors responsible for pathogenicity of influenza virus infection that lead

to the severe illness and sometimes death in human beings.(443-448)

The discovery of potential precursors contributing to an increase in influenza A pathogenicity is
of great concern due to the risk of future influenza pandemics and their burden on human health
and economy. Recent studies suggest that specific mutated proteins conserved among these
H5N1 HPAIV strains may offer a plausible mechanism of increased virulence contributing to
pandemics and as such, are considered as potential precursors for future influenza
pandemics.(449-451) To date, a number of mutations in influenza genes, specifically point
mutations, sequence additions, and deletions in the PB1, NA, and HA genes, have been linked to
virulence and pathology associated with infection.(452, 453) In particular, the proapoptotic PB1-
F2 protein has been shown to contribute to increase virulence in influenza A viruses. PB1-F2 is
an 87-amino acid mitochondrial protein that has previously been correlated with increased
pathogenicity in vivo by delaying the host defense mechanisms.(454) Initial studies revealed that
PB1-F2 induces alteration of mitochondrial membrane potential, promotes apoptosis by

specifically targeting macrophages, and reduces clearance of the virus from the host immune
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system.(451) The resulting delayed and debilitated acquired immune response generates more
infectious virions that increase transmission rates, hence down-regulating the host immune
response to infection. A subsequent study revealed a single amino acid mutation at position 66 in
the PB1-F2 sequence consistent among HPAIV, i.e., HSN1 (HK/97) and the 1918 influenza A
virus, that is likely contributing to increased virulence.(449) The increased pathogenicity
resulting from the amino acid mutation at position 66 was associated with higher levels of virus
and cytokines in the lungs, hence confirming that PB1-F2 contributes to pathogenicity in the

mouse model.

Current diagnostic tools for routine laboratory diagnosis of influenza virulence factors relies
entirely on sequencing and alignment of the PB1, NA, and HA genes. Nucleic acid-based assays
such as PCR have been developed to sequence isolates and identify virulent strains.(455, 456)
However, this technique is time consuming, suffers from high cost, low throughput, and is
limited by the number of isolates studied. Other common immunological approaches such as the
conventional microarray techniques have not been developed yet for analysis of HPAIV
virulence factors. As a result, there is a critical need for rapid, cost-effective, and multiplexed

new approaches for the detection of virulence factors in influenza A.

Recently, novel bioanalytical methods that leverage nanotechnology for direct, rapid, and
sensitive detection of biomolecules have shown great promises as a new generation of diagnostic
platforms. Of the nano-based bioanalytical techniques currently under exploration, surface-

enhanced Raman scattering (SERS) presents particular potential for the detection of virulence
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factors. SERS is a signal amplification technique based on electromagnetic enhancement
resulting from plasmon resonance excitation and enhancement in polarizability due to chemical
effects such as charge-transfer excited states.(47, 48) Enhancement of the scattered intensity by a
factor of 10° is routine, with 10'" or higher enhancement possible under well-defined
conditions.(73, 89) The advantage of SERS-based sensing is that Raman spectra provide a
unique chemically-specific molecular fingerprint, unlike other label-free methods, which rely on
a general signal response for the captured analyte. Based on these attributes, SERS has the
potential to overcome many of the limitations of current immunologic- or PCR-based diagnostic
techniques for pathogenic microorganisms, most notably, the elimination of amplification and

labeling steps.

Early literature on direct SERS observation of DNA/RNA complexes showed that each nucleic
base yields a unique spectral signature and that SERS has the ability to probe sequence
information.(207, 406, 457) More recent studies have shown that SERS possesses the following
attributes for detection of oligonucleotide sequences: 1) high sensitivity (<pM); 2) high
specificity; 3) good reproducibility; 4) reliable quantification; and 5) high throughput
multiplexing.(144, 162, 458-463) A number of recent reports have demonstrated direct detection
of DNA/RNA sequences using SERS.(157, 159, 213, 407-409, 464) For example, hybridization
of target sequences to oligo-modified SERS substrates was directly measured via SERS.(159,
213, 407) In these studies, intrinsic SERS spectra were demonstrated to be statistically unique
and sensitive to the hybridization of matched and mismatched target sequences, including single

nucleotide polymorphisms. Other reports demonstrated spectral features changes upon
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hybridization of the oligonucleotide probes to complementary targets where quantification of the
relative peak intensities due to A and C was achieved by comparing spectra of hybridized and
non-hybridized oligonucleotides for thiolated single stranded DNA (ssDNA) probes.(159, 465)
In addition, intrinsic SERS spectra were able to study molecular orientation and packing density
and to further monitor conformational changes in ssDNA and dsDNA oligomers upon ligand

binding.(213, 407)

Our research laboratories have previously demonstrated the use of Ag nanorod arrays to rapidly,
sensitively, and quantitatively detect gene sequences using SERS as the read-out method.(284,
290, 373, 466) The current work expands on these previous studies and presents results showing
that oligonucleotide-modified Ag nanorod arrays may be used for SERS-based multiplexed
profiling of RNA expression to identify the genetic mutations in the PB1-F2 protein related to
influenza virulence and pandemic potential without amplification or labeling. The gene-capture
assay consists of synthetic DNA oligonucleotide probes immobilized on the surface of the Ag
nanorod arrays. These 5’-thiol-modified ssDNA sequences are employed as probes to capture the
RNA target gene sequences corresponding to the PB1-F2 gene coding for the N66S mutation that

has been shown to cause increased virulence.(449)

In this study, hybridization of the DNA probes to their complementary RNA sequences was
probed using surface-enhanced Raman spectroscopy (SERS) and accomplished without
amplification or labeling. The results show that the spectral signature of complementary DNA
probe-RNA target hybrid resulting from their highly selective interaction may be differentiated
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from that of the immobilized DNA probes alone or the DNA probes incubated with RNA with a
single base pair mismatch based solely on their intrinsic SERS spectra. First, this study
demonstrates the proof of principle that DNA probes may be hybridized using a synthetic version
of the complementary RNA target gene sequence. The feasibility of this strategy is extended as it
is demonstrated that DNA probes may be hybridized using full, purified viral RNA samples
extracted from laboratory stocks of recombinant HSN1 influenza strains with and without the
PB1-F2 gene mutation. The validity of the SERS-based multiplexed assay is tested using five
influenza H5N1 viral RNA strains (three containing the N66S mutation and two without the
mutation) as well as a control influenza HSN1 viral RNA strain not containing the PB1-F2 gene
coding for the mitochondrial protein. Hierarchical Cluster Analysis (HCA) and Partial Least
Squares Discriminant Analysis (PLS-DA) were used as multivariate statistical tests to
differentiate the spectra of the complementary DNA probe-RNA target hybrid from those of non-
complementary sequences. The affinity of binding between the DNA probes to their
complementary RNA sequences was confirmed using enzyme-linked immunosorbent assay
(ELISA). These results provide the first evidence of the use of oligonucleotide-modified SERS
substrates as a diagnostic platform for the detection of influenza virulence factors and
demonstrate that bio-nanotechnology combined with vibrational spectroscopy has the ability to

enhance both detection and diagnosis of emerging viral infections.
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7.2. Methods and Materials

Materials and Reagents

6-mercapto-1-hexanol (MCH) was purchased from Sigma-Aldrich (St. Louis, MO). All other

chemicals were of analytical grade and used without any further purification.

Preparation of Ag Nanorods and Microwell Array Fabrication

Ag nanorod SERS-active substrates were fabricated using a custom-designed electron-
beam/sputtering evaporation system by an oblique-angle vapor deposition (OAD) technique
according to the procedures described in Chapter 3. Prior to their use, the SERS-active Ag
nanorods were cleaned for 4 minutes in an Ar’ plasma using a plasma cleaner to remove any
surface contamination and patterned with PDMS according to procedures described in Chapter 4

and Chapter 6, respectively.

DNA probes and Synthetic RNA Targets

The DNA probes and the synthetic RNA target sequences were purchased from Integrated DNA
Technologies (IDT, Coralville, IA). From the analysis of the PB1-F2 protein sequence, we
designed DNA probes corresponding to the minimal mitochondrial targeting sequence for both
the high and the low virulence strains.(449) The gene sequence targeted is comprised of 11
amino acids in the position 60 to 70 of the PB1-F2 protein sequence. Table 7.1 presents the
amino acid, RNA codon, complementary DNA and reverse DNA probe sequences for both the

high and low virulence genes. Note that five thymine (T) bases were added at the beginning of
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Table 7.1. Amino acid, RNA codon, complementary DNA and reverse DNA probe sequences

for both the high and low virulence genes.

High Virulence

PB1-F2 Sequence (Position 60-70)

Amino Acid
RNA Codon
Complementary DNA
Reverse DNA Probe
Thiolated DNA Probe

Complementary RNA Target

QWLSLKSPTQD
s-CAA UGG CUU UCC UUG AAG AGU CCC ACC CAG GAC-y
3-GTT ACC GAA AGG AAC TTC TCA GGG TGG GTC CTG-5
5-GTC CTG GGT GGG ACT CTT CAA GAA AAG CCA TTG-y
5-/5ThioMC6-D/TTTTT GTC CTG GGT GGG ACT CTT CAA GAA AAG CCA TTG-y

3-CAG GAC CCA CCC UGA GAA GUU CCU UUC GGU AAC-s

Low Virulence

PB1-F2 Sequence (Position 60-70)

Amino Acid
RNA Codon
Complementary DNA
Reverse DNA Probe
Thiolated DNA Probe

Complementary RNA Target

QWLSLKNPTQD
s-CAA UGG CUU UCC UUG AAG AAU CCC ACC CAG GAC-y
3-GTT ACC GAA AGG AAC TTC TTA GGG TGG GTC CTG-s
5-GTC CTG GGT GGG ATT CTT CAA GAA AAG CCA TTG-y
5-/5ThioMC6-D/TTTTT GTC CTG GGT GGG ATT CTT CAA GAA AAG CCA TTG-y

3-CAG GAC CCA CCC UAA GAA GUU CCU UUC GGU AAC-s
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each DNA probe sequence to provide more flexibility to the probe and promote hybridization of
the complementary RNA target sequences away from the surface of the Ag nanorods. Thymine

was chosen since it has the lowest Raman cross section of all bases.

The complementary RNA targets used for the ELISA experiments were purchased modified with
the fluorescent label TAMRA™ (Azide) at the 5° end of the RNA sequence. TAMRA™ has an

excitation wavelength of 546 nm and an emission wavelength of 579 nm.

Preparation of Synthetic DNA and RNA Samples

The 5° C6 thiolated ss-DNA probes were received lyophilized and dissolved in molecular
biology grade water down to a concentration of 1000 nM for the SERS experiments, and 10 pg/
mL (~1000 nM) for the ELISA experiments, respectively. The synthetic RNA target sequences
were received lyophilized and prepared in the binding buffer spanning the concentration range of
10>-10* nM at 1:10 increments for the SERS experiment. The TAMRA labeled RNA target
sequences were dissolved in the binding buffer for the ELISA experiment at varying

concentration (1000 nM to 0.1 nM).

Viral RNA Samples Preparation

HPAIV H5NI1 virus strains WH, WH N66S, WH A PB1-F2, A/Mute Swan/MS451072/06,
A/CK/PA/13609/93, and A/CK/TX/167280-04/02 were propagated using Vero cells maintained

in Dulbecco’s Modified Eagles Medium (DMEM; GIBCO BRL Laboratories, Grand Island, NY)
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supplemented with 2% heat-inactivated (56°C) FBS (Hyclone Laboratories, Salt Lake City, UT).
Upon detectable cytopathic effect (three days post-infection), the influenza virus strains were
harvested in serum-free DMEM followed by freeze-thaw cycles (-70°C/4°C), after which the
contents were collected and centrifuged at 4,000 x g for 15 minutes at 4°C. The virus titers were

approximately 10’ PFU/mL as determined by immunostaining plaque assay as previously

described.(418).

Lysis of the influenza virus strains was accomplished using the PureLink Viral RNA/DNA mini
Kit from Invitrogen (Carlsbad, California). Viral RNA extraction was performed by mixing 200
uL of each virus sample with 25 pL of Proteinase K in 1.5 mL a microcentrifuge tube. 200 uL of
1X PBS/0.5% BSA was added to each sample. The resulting solution was vortexed for 15
seconds. The lysate was then incubated at 56°C for 15 minutes. Each microcentrifuge tube was
briefly centrifuged to remove any droplets inside the lid. 250 puL of 96-100% ethanol was added
to lysate the viruses. The lysate was then vortexed for 15 seconds and allowed to incubate for 5
minutes at room temperature. The lysate was transferred onto the Viral Spin Column® and
centrifuged at 5,000 rpm for 1 minute. The flow-through was discarded and the spin column was
placed in a new collection tube. The washing step was repeated one more time with 500 uL of
the wash buffer. The collection tube was discarded and the spin column was transferred into a
new collection tube and spun at 13,000 rpm for 1 minute to dry the column. The column was
placed into a new recovery tube and 50 pL of sterile, RNase-free water was added to top the
column. The resulting solution was incubated for one minute at room temperature. The column

was then centrifuged at 13,000 rpm for 1 minute to elute the viral nucleic acids.
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Viral RNA samples were quantified by UV absorption using a Thermo Fisher NanoDrop 1000
UV-Vis Spectrophotometer. Table 7.2 summarizes the concentration of the six virus strains from
the UV absorption measurements, the value of their A260/A280 ratios, as well as the amino acid
sequence at position 66 from sequence analysis. Each RNA sample was then diluted to a

concentration of about 10 ng/puL in the binding buffer for the SERS experiments.

Binding Buffer

The binding buffer used in the hybridization experiments was prepared by dissolving 20 mM
Tris HCI, 15 mM NaCl, 4 mM KCI, I mM MgCl, and 1 mM CaCl, in molecular biology grade

water at pH 7.3 and stored at 4 °C. The buffer and working tools were DNase free.

Raman Spectroscopy

Raman measurements were performed using a confocal Raman microscope (InVia, Renishaw,
Inc., Gloucestershire, United Kingdom). Laser excitation was provided by a 785 nm near-
infrared diode laser. The incident laser beam was delivered to the sample by epi-illumination
through a 20X (NA = 0.40) objective onto an automated sample stage. The laser illumination

spot produced by this system through this objective creates a rectangular pattern of dimensions
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Table 7.2. Strain names, concentrations, A260/280 ratios and amino acid sequences at position

66 from sequence analysis of the six HPAIV H5N1 virus strains used in this study.

Virus Strain Concentration Ratio Amino Acid Sequence
(H5N1) (ng/pL) A260/280 at Position 66
WH 13.9 2.14 S66N
WH N66S 124 1.88 N66S
WH A PB1-F2 19.8 2.01 N/A
A/Mute Swan/MS451072/06 16.4 1.23 N66S
A/CK/PA/13609/93 13.9 1.82 S66N
A/CK/TX/167280-04/02 12.2 1.80 N66S
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4.8 X 27.8 um. The laser power used was 0.1% (~0.42 mW), as measured at the sample. SERS
spectra were collected from five different spots within a given microwell using a 30 s acquisition

time with one accumulation. Spectra were collected between 2000 and 500 cm™.

Data Analysis

Off-line spectral manipulation and analysis, i.e., baseline correction, band height, and peak
frequency determination were performed using GRAMS 32/Al Version 6.0 (Galactic Industries
Corporation, Nashua, NH). Multivariate statistical analysis of the samples, including
Hierarchical Cluster Analysis and Partial Least Squares Discriminant Analysis, was performed
with PLS Toolbox version 6.2 (Eigenvector Research Inc., Wenatchee, WA), operating in a
MATLAB environment (R2012a, The Mathworks Inc., Natick, MA). Prior to PLS-DA, the raw
SERS spectra were derivatized (first-order derivative; 9-point, second-order polynomial
Savitzky-Golay algorithm), normalized to unit vector length, and mean-centered.(420, 421, 467)
These preprocessing steps eliminate spectral artifacts and other confounding contributions from
variations in the baseline or other heterogeneities in the substrate enhancement factors. All
pre-treatment steps of the data and the PLS analysis were performed using the aforementioned

software.

ELISA 96-Well Plate Functionalization and Measurements

Maleimide activates black 96-well plates were purchased from Thermo Scientific (Waltham,
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MA). Prior to use, the plate wells were washed three times with the binding buffer. 100 pL of
thiolated DNA probes were then added to each well at a concentration of 10 pg/mL (~1000 nM)
in the binding buffer (pH 7.3) and incubated overnight at 4° C. The next day, the DNA solution
was removed and the wells were rinsed three times with the binding buffer. 100 pL of cysteine
solution was added to each well at a concentration of 10 pg/mL in the binding buffer and
incubated for one hour at room temperature to inactivate excess maleimide groups, as suggested
by the vendor. After one hour, the cysteine solution was removed and the wells were rinsed three
times with the binding buffer. The fluorescent RNA target sequences were then added to each
well at varying concentrations (1000, 800, 600, 400, 200, 100, 50, 10, 1, and 0.1 nM) in the
binding buffer at 37°C for 2 hours. The RNA solution was removed and each well was rinsed

three times with the binding buffer prior to measurements.

Fluorescent measurements were performed using a POLARstar OPTIMA multidetection
microplate reader (BMG Labtech, Ortenberg, Germany). Excitation was accomplished at 544 nm
and detection of the emitted fluorescent signal was recorded at 590 nm. The instrument gain was
set to 95% for the wells containing the highest concentration of complementary RNA (1000 nM)
and 5% for the blank wells ( DNA probes incubated with the binding buffer only). Each plate
was read twice by the instrument, and the results presented in this report are averages of 4 plates

for a total of 8 measurements.
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7.3.  Results and Discussion

Experimental Design

The 5° C6 thiolated ss-DNA probes were immobilized onto the Ag nanorod substrates by
addition of 20 pL of 1000 nM of the oligonucleotide solution to a patterned microwell overnight
at room temperature to yield a self-assembled monolayer (SAM). After incubation, the DNA
solution was removed from the substrate surface and the microwell was rinsed three times with
molecular biology grade water to remove any unbound material. The surface was then blow
dried with N, before addition of the spacer molecule. 20 uL of a 100 nM solution the spacer
molecule 6-mercapto-1-hexanol (MCH) was then added to the microwell to i) prevent the
nitrogenous nucleic acid bases from interacting with the Ag surface, ii) promote the vertical
configuration of the oligonucleotide probes, and iii) to minimize non-specific binding of
DNA/RNA molecules on the Ag surface.(220) The spacer molecule was incubated for 6 hours at
room temperature before rinsing with molecular biology grade water and blow drying with N».
Following formation of the ss-DNA-spacer complex, hybridization of the RNA samples to the
oligonucleotide-functionalized Ag nanorod surface was accomplished by adding 20 puL of a 1
nM synthetic RNA solution diluted in the binding buffer. The substrate was then incubated at
37°C for 2 hours in a humid environment to prevent dehydration of the samples on the substrate
surface. Following incubation, the RNA solution was removed from the substrate, and any non-
specifically adsorbed RNA molecules were removed by thoroughly rinsing the microwell twice

with the binding buffer followed by a final wash with molecular biology grade water to remove
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the salts present in the buffer. The substrate was then dried under a gentle stream of N, prior to
analysis. Incubation of the viral RNA samples to the oligonucleotide-functionalized Ag nanorod
surface was accomplished by adding 20 pL of a 20ng/uL (~5 nM) RNA solution diluted in the
binding buffer. The binding conditions were kept identical to those of the synthetic RNA
samples, as described above. Figure 7.1 shows a schematic diagram that outlines the various

steps of the experimental design.

SERS Spectra of the DNA Probes

Figure 7.2A (top left) and 1B (top right) show raw, unprocessed SERS spectra of the high and
low virulence DNA probe-spacer complexes, respectively. In order to ensure reproducibility of
results, 10 spectra were collected in two different wells (5 spectra in each well) and on two
different Ag nanorod substrates for a total of 20 spectra for each DNA sequence. Figure 7.2A
and 7.2.B show a high degree of spectral reproducibility and present extremely similar spectral
features. The number and position of the bands in Figure 7.2.A and 7.2.B are in agreement with
those of thiolated DNA bound to Au nanoshell surfaces.(207, 423) The dominant features
present in the spectra shown in Figure 7.2.A and 7.2.B are the peaks at 1089 and 1332 cm™.(157,
423) These bands are assigned to the backbone phosphate stretching mode of nucleic acids (1089
cm™') and the mixed in-plane ring skeleton stretching vibration (1332 cm™), respectively. Other
prominent nucleic acid vibrations include the bands at 731 and 1454 cm™ (ring stretching modes
of A),(207, 424) 1275 cm™ (ring stretching and C-H bending of T),(37) 1496 cm™ (C8=N7
vibration of the G ring),(415) 1023 cm™ (the amino group vibration of C),(424) and 1045 cm™

(asymmetric out-of-plane deformation of NH; in C).(207) Other ring vibrations of other nucleic
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Figure 7.1. Schematic diagram of the overall strategy for DNA probe immobilization onto the
Ag nanorod array, addition of the spacer molecule -mercapto-1-hexanol, and detection strategy.
Immobilization of the thiolated DNA probe onto the surface of the Ag nanorod array (i), addition

of -mercapto-1-hexanol as the spacer molecule (ii), and incubation with the RNA samples (iii).
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Figure 7.2. (A) Unprocessed SERS spectra of the high virulence DNA probe (1000 nM) — 6-
mercapto-1-hexanol spacer (100 nM) complex on a Ag nanorod substrate, (B) low virulence
DNA probe-spacer complex. Twenty individual spectra are overlaid in Figures 7.2.A and 7.2.B.
Plots A and B show 20 individual SERS spectra collected on different wells on a substrate and
on different substrates and demonstrate the degree of reproducibility of spectral data collection
on the Ag nanorod substrates. (C) Dendrogram produced by hierarchical cluster analysis (HCA)
of the SERS spectra shown in Figure 7.2.A and 7.2.B and label-coded as follows: (A) high
virulence DNA probe-spacer complex shown in Figure 7.2A, (B) low virulence DNA probe-

spacer complex shown in Figure 7.2.B, respectively.
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acid bases appear as dominant features in the SERS spectrum of the DNA-spacer complexes
shown in Figure 7.2.A and 7.2.B, for example, the 793 cm™ combined ring breathing mode of C
and T(423), whereas the band at 623 cm™ is attributed to the ring bending mode of A and the ring
breathing mode of G.(37) Another band at 1558 cm’ is characteristic of a ring stretch of both A
and G.(425) The bands at 1506 and 1631 cm' are assigned to the external phenyl ring stretching
modes of A and G, respectively.(422) Finally, the band at 687 cm™ is indicative of the C-S
stretching vibration of the thiol group due to the adsorption and immobilization of the DNA
probe to the Ag nanorod array.(425) The observed SERS bands in the spectra of the high and low
virulence DNA probes-spacer complexes shown in Figure 7.2A and 7.2.B, with their

assignments based on literature precedent, is provided in Table 7.3.

Chemometric Analysis of the DNA Probe Spectra

Multivariate statistical analysis was used to establish statistically significant differences between
the SERS spectra shown in Figure 7.2.A and 7.2.B. Figure 7.2.C (bottom) illustrates the
hierarchical cluster analysis (HCA) dendrogram based on the 40 SERS spectra shown in Figure
7.2A and 7.2.B. The oligonucleotide spectra were clustered based on Ward’s linkage method for
minimizing variance. The vertical bars in the dendrogram specify which samples and classes are
linked, while the horizontal bars represent the distance between the linked classes. The
dendrogram shown in Figure 7.2.C reveals two distinct clusters. The first red cluster (B)
corresponds to the 20 SERS spectra of the low virulence DNA probe-spacer complex shown in

Figure 7.2.B and the second cluster (A) corresponds to the 20 SERS spectra of the high virulence
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Table 7.3. Observed SERS vibrational bands with assignments in the spectrum of the anti-
influenza aptamer.

Wavenumber, cm™ Assignment
623 C-C-C ring in-plane bending of A
687 C-S stretching vibration of the thiolated aptamer
731 Ring breathing mode of A
793 Ring breathing mode of both C and T
1023 Amino group vibration of C
1045 Asymmetric out-of-plane deformation of NH, in C
1089 Backbone phosphate stretching mode of nucleic acids
1275 Ring stretching and C-H bending of T
1332 Ring stretching mode of A
1454 Ring breathing vibration of A
1496 C8=N7 vibration of the G ring
1506 External phenyl ring stretching of A
1558 Ring stretching mode of G and A
1631 External phenyl ring stretching of C
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probe-spacer complex shown in Figure 7.2.A, respectively. The results provide evidence that
HCA may differentiate the subtle spectral differences in the SERS spectra of two DNA probes

that differ only by a single base pair polymorphism with 100% accuracy.

SERS Spectra of the DNA Probes-Synthetic RNA target Hybrids

Figure 7.3.A shows SERS spectra of the high virulence DNA probe-spacer complex alone
(Figure 7.3.A (1)) incubated with the complementary high virulence synthetic RNA target
sequence (Figure 7.3.A (ii)) and the non-complementary low virulence synthetic RNA sequence
(Figure 7.3.A (ii1)) at 37°C for 2 hours. The spectra in Figure 7.3.A show a high degree of
similarity. This spectral resemblance is expected upon hybridization of the DNA probe to its
complementary RNA target sequence since the target-probe hybrid is composed of the same four
nucleotide components as the probe sequence. Therefore, the SERS spectra of the DNA probes
before hybridization resemble those of the DNA probe-RNA target complexes after
hybridization. However, subtle spectral changes are expected upon full hybridization of the DNA
probe sequences complementary to the synthetic RNA target sequence due to their matching
sequence. Likewise, incubation of the DNA probes with the non-complementary RNA sequence
may result in minor spectral changes due to mismatched hybridization but overall, we expect to
observe a distinct SERS signature for complementary DNA probe-RNA target hybrids when
compared to the DNA probes alone or mismatched hybridization of the DNA probes with the

non-complementary RNA sequence.
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Figure 7.3. (A) Unprocessed SERS spectra of the high virulence DNA probe-spacer complex
alone (i) incubated with the complementary high virulence synthetic RNA target sequence (ii)
and the non-complementary low virulence synthetic RNA sequence (iii) at 37°C for 2 hours. (B)
Unprocessed SERS spectra of the low virulence DNA probe-spacer complex alone (i) incubated
with the complementary low virulence synthetic RNA target sequence (ii) and the non-
complementary high virulence synthetic RNA sequence (iii) at 37°C for 2 hours. Each plot
shows 20 individual SERS spectra collected on different wells on a substrate and on different
substrates and demonstrate the degree of spectral similarity of the various classes of DNA
probes-RNA samples.
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Figure 7.3.B presents SERS spectra of the low virulence DNA probe-spacer complex alone
(Figure 7.3.B (1)) incubated with the complementary low virulence synthetic RNA target
sequence (Figure 7.3.B (ii)) and the non-complementary high virulence synthetic RNA sequence
(Figure 7.3.B (iii)) at 37°C for 2 hours. The interpretation of the SERS spectra shown in Figure
7.3.B follows directly from the discussion of the spectra presented in Figure 7.3.A. The spectra
are highly similar and present no apparent spectral differences visible to the eye. The high
spectral similarity observed among the spectra shown in Figure 7.3 calls for the use of
multivariate statistical methods to detect minor spectral differences among the SERS spectra and

allow their differentiation based on intrinsic SERS signatures.

Chemometric Analysis of the DNA Probe-Synthetic RNA Target Complex Spectra

Figure 7.4 shows the HCA dendrogram generated using Ward’s algorithm and computed from
the SERS spectra of the DNA probe-synthetic RNA target complexes shown in Figure 7.3. One
hundred and twenty spectra, corresponding to 20 spectra for each of the six sample categories
pictured in Figure 7.3, were used to generate this dendrogram. As seen in Figure 7.4, the SERS
spectra separated into two distinct clusters. The bottom cluster resulted from the spectra of the
high (Figure 7.3.A (1)) and low virulence (Figure 7.3.A (i)) DNA probe-spacer complexes alone.
HCA further successfully differentiated the spectra of the high virulence DNA probe-spacer
complex (A) from the spectra of the low virulence DNA probe-spacer complex (B). The top
cluster represents the spectra of the two DNA probes incubated with both the high (Figure 7.3.A
(i1) and 7.3.B (ii1)) and the low virulence (Figure 7.3.A (iii) and 7.3.B (ii)) RNA targets. As seen

in the top cluster of the dendrogram, HCA was able to differentiate each of the four classes of
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Figure 7.4. Dendrogram produced by hierarchical cluster analysis (HCA) of the SERS spectra
shown in Figure 2 A (i), (i), and (iii) and Figure 2 B (i), (i1), and (ii1) and label-coded as follows:
(A) SERS spectra of the high virulence DNA probe-spacer complex alone, (B) SERS spectra of
the low virulence DNA probe-spacer complex alone, (C) SERS spectra of the high virulence
DNA probe-spacer complex incubated with the complementary high virulence synthetic RNA
target sequence, (D) SERS spectra of the low virulence DNA probe-spacer complex incubated
with the complementary low virulence synthetic RNA target sequence, (E) SERS spectra of the
high virulence DNA probe-spacer complex incubated with the non-complementary low virulence
synthetic RNA target sequence, and (F) SERS spectra of the low virulence DNA probe-spacer
complex incubated with the non-complementary high virulence synthetic RNA target sequence.
A total of 120 spectra were used to generate this dendrogram, corresponding to 20 spectra in

each of the 6 DNA probes-RNA samples categories.
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complexes. The SERS spectra of the high virulence DNA probe incubated with its
complementary RNA target (D) and non-complementary RNA (E), as well as the low virulence
DNA probe incubated with its complementary RNA target (D) and non-complementary RNA (F)
were respectively differentiated from the other classes and separated in their own sub-cluster.
These results demonstrate that cluster analysis allows statistical differentiation of the two DNA
probe-spacer complexes only in one cluster and the two DNA probes incubated with their
complementary and non-complementary RNA targets in a separate cluster. In particular, each of
the six classes was classified in its own sub-cluster, showing the accuracy and robustness of the
HCA classification model for differentiation of highly similar SERS spectra of DNA probes and

hybridized probe-target complexes.

Sensitivity and Limit of Detection of Synthetic RNA Target Sequences Binding to

Complementary DNA Probes

The binding sensitivity of the assay was further investigated by incubating the oligonucleotide-
modified SERS substrates with varying concentrations of the complementary RNA target
sequences. Following immobilization of the DNA probe-spacer complex on the surface of the Ag
nanorods, incubation of the complementary RNA target sequences was accomplished using the
aforementioned procedures. Ten SERS spectra from eight serial ten-fold dilutions (1000 nM to 1
pM) of complementary RNAwere acquired for each concentration and loaded into a PLS
regression model to assess the sensitivity of the SERS-based hybridization assay. PLS regression
is a recent technique that generalizes and combines features from Principal Components Analysis

and multiple regression.(421) This technique has been widely used to predict a set of dependent
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variables from a large set of independent variables. Figure 7.5 shows the PLS regression curve
for both the high virulence (Figure 7.5.A) and the low virulence (Figure 7.5.B) assays,
respectively. Each plot was generated using a total of 80 spectra (10 for each the 8
complementary RNA concentrations) and 4 latent variables. The PLS regression plots reveal a
correlation between the predicted complimentary RNA concentration for cross-validated samples
versus the true measured complimentary RNA concentration based on intrinsic SERS spectra. As
is evident, the PLS predicted model for the binding of synthetic RNA target sequences to
immobilized complementary DNA probes is accurate for concentration >10 nM of
complementary RNA for both assays. The plots positively deviate from the green predicted line
at concentrations lower than 10 nM, meaning that the PLS regression model may no longer
quantify hybridization of the DNA probes for concentrations of complementary RNA target
sequences lower than this value. As a result, the SERS spectra represented by the data points on
the PLS plots are falling off the green RNA predicted concentration line and merging along the
red line representing the true measured RNA concentration resulting from each concentration of
the serial dilution assay for concentrations lower than 10 nM. This observation is consistent for

both the high virulence (Figure 7.5.A) and the low virulent (Figure 7.5.B) assays.

Detection of Fluorescently Tagged RNA Target Sequences Binding to DNA Probes

by ELISA

Enzyme-linked immunosorbent assay (ELISA) was used to detect the binding affinity of
immobilized DNA probes to fluorescently labeled RNA target sequences. ELISA is one of the

most widely used diagnostic tools for serological detection and is commonly employed to
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Figure 7.5. PLS regression analysis of serial dilutions of complementary RNA target sequence
for (A) high and (B) low virulence assays, respectively. Serial 10-fold dilutions of
complementary RNA target sequences (1000 nM to 1 pM) incubated with the DNA probe-spacer
complex at 37°C for 2 hours were assessed by PLS regression for degree linearity in actual
intensity of the measured spectra plotted against the predicted intensity. In both plots, the green
line represents the RNA predicted concentration and the red line represents the true measured

RNA concentration.
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provide qualitative and quantitative information on the binding affinity and specificity of an
analyte to its specific target. ELISA has previously been used to detect antibody against avian
influenza viruses.(381) The high and low virulence thiolated DNA probes were immobilized on
the surface of the maleimide activated black 96-well plates via formation of stable thioether
bonds. Following functionalization of the plate wells, the fluorescently labeled synthetic RNA
target sequences corresponding to minimal mitochondrial targeting sequence of the PB1-F2
protein with and without the mutation at position 66 were added to the oligonucleotide-modified
wells at 37°C for 2 hours at various concentrations. The plate wells were then rinsed with
copious amount of the binding buffer and read on a microplate reader. Full details on the DNA
probes immobilization, RNA target sequences incubation, and fluorescent measurements are
provided in section 7.2 of this Chapter. Figure 7.6 shows the plots of the fluorescent intensity for
the high (Figure 7.6.A) and low (Figure 7.6.B) virulence assays recorded on the 96-well plates as
a function of RNA concentration. As expected, the fluorescent intensity increases with increasing
concentration of complementary RNA with the same order of magnitude for both the high and
low virulence assays. Both plots display a steady, quasi-linear increase in fluorescent intensity
over a concentration range of 10-1000 nM of complementary RNA target sequences (black
plots). Conversely, the fluorescent intensity is constant when the oligonucleotide-modified wells
are incubated with non-complementary RNA sequences that differ only by a single base pair
polymorphism (red plots). The fluorescent intensity for non-complementary RNA sequences
remains at a baseline level even for high concentration of non-complementary RNA, suggesting
that binding of DNA probes to RNA sequences only occurs for complementary sequences. From

this observation, the limit of detection of the ELISA assay was determined by subtracting the
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Figure 7.6. Fluorescent intensity recorded from oligonucleotide-modified 96-well plates

incubated with the complementary and non-complementary fluorescent RNA target sequences at

37°C for 2 hours for the high (A) and low (B) virulence assays. Each data point is an average of

8 measurements recorded on four different plates. Error bars represent the standard deviation of

measurements.

221



baseline level recorded from the non-complementary RNA signal to the fluorescent intensities
generated by each of the complementary RNA concentration. The lowest complementary RNA
concentration for which the intensity value is positive after subtraction is 100 nM, meaning that
concentrations of complementary RNA lower than this value may not be detected by ELISA.

The plots shown in Figure 7.6 support this statement for both the high and low virulence assays.

Hybridization of Viral RNA Samples to Complementary DNA Probes

The previous sections have established the proof of principle that oligonucleotide-modified Ag
nanorod arrays may serve as a detection platform for artificial RNA sequences in a label free
fashion. We further investigated the robustness of this biosensing platform by detecting the
binding affinity of the DNA-functionalized SERS substrates to full viral RNA samples extracted
and purified from whole H5N1 influenza virus strains with and without the PB1-F2 gene

mutation as described in section 7.2 of this Chapter.

Incubation of the full viral RNA samples to the oligonucleotide-modified Ag nanorod arrays was
accomplished in the same manner as the synthetic RNA target sequences. In this experiment, the
high and low virulence DNA probes were immobilized onto the Ag nanorod array substrates via
the thiolate group, followed by addition of the spacer molecule, and incubated with (i) the
binding buffer, (i1) the high synthetic RNA target sequence, and (iii) the low virulence synthetic
RNA target sequence, (iv) three high virulence viral RNA strains (WH N66S, A/Mute
Swan/MS451072/06, and A/CK/TX/167280-04/02), two low virulence viral RNA strains (WH

and A/CK/PA/13609/93), and (v) a negative control viral RNA sample from an influenza strain
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not containing the gene coding for the PB1-F2 protein (WH A PB1-F2). Twenty spectra were
acquired for each combination of DNA probe-viral RNA samples and used for analysis (data not
shown). The interpretation of the SERS spectra of the DNA probe-viral RNA hybrids follows

directly from the discussion of the DNA probe-synthetic RNA target complexes in Figure 7.3.

The SERS spectra of the DNA probes incubated with complementary viral RNA samples share a

high degree of similarity with the SERS spectra of the DNA probes incubated with non-
complementary viral RNA samples. However, upon hybridization of the DNA probes with the
33 complementary base pairs in the sequence of the full viral RNA, we expect subtle spectral
changes similar to those observed for the binding of DNA probes to complementary synthetic
RNA target sequences. These observations suggest the use of a supervised, multivariate
classification method to identify the spectral contributions of the SERS signature of
complementary DNA probe-viral RNA hybrids from those of the DNA probes incubated with

non-complementary viral RNA samples.

Chemometric Analysis of the DNA Probe-Viral RNA Target Complex SERS

Spectra

Partial Least Squares Discriminant Analysis (PLS-DA) was used to establish statistically
significant differences between the SERS spectra of complementary DNA-probe-viral RNA

hybrids and the spectra of the DNA probes incubated with non-complementary viral RNA

samples with a sequence mismatch of a single base pair. PLS-DA is a multivariate, full-spectrum

calibration technique that establishes the best fundamental relations between a descriptor matrix,

i.e., SERS spectra, and a class matrix, i.e., sample identities.(419) As a supervised classification
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method, PLS-DA employs latent variables (LVs) in combination with a priori knowledge of the
sample classes to build a classification model and to establish class predictions for the SERS
spectra in the dataset.(467) LV’s are generated by the model to maximize the variance of spectral
features among different classes while minimizing the variance of spectral features within each
given class.(468) In PLS-DA, the response vector Y is qualitative and is recorded as a dummy
block matrix where each of the response categories is coded via an indicator factor (either 0 or
1). This method provides a categorical response variable that is used to classify and discriminate

sample classes based on intrinsic SERS spectra.

Twenty SERS spectra were collected from two substrates for each combination of DNA probe-
RNA target sequence for both the high and the low virulence DNA probes as described above.
The spectra were pre-processed as described in section 7.2 of this Chapter. For analysis, each
dataset was further split into a training (calibration) and a prediction (validation) dataset to build
a classification model and determine whether the SERS spectra of complementary DNA probe-
viral RNA hybrids could be differentiate from those of the DNA probes incubated with non-
complementary viral RNA samples. The training (calibration) datasets consisted of the SERS
spectra of (i) DNA probe-spacer complex alone, DNA probe-spacer complex incubated with (ii)
the binding buffer, (iii) the high virulence synthetic RNA sequence, and (iv) the low virulence
synthetic RNA sequence. The prediction (validation) datasets consisted of the SERS spectra of
DNA-probe-spacer complex incubated with full viral RNA strains (v) WH N66S, (vi)
A/CK/TX/167280-04/02, (vii) A/Mute Swan/MS451072/06, (viii) WH, (ix) A/CK/PA/13609/93,
and (x) WH A PBI1-F2. Each spectrum in the training dataset was assigned a class rank (1 to 4)
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according to sample identity while all the spectra in the prediction dataset were assigned a class
rank of 0 for the purpose of being tested as unknown samples by the PLS-DA classification
model. The sample classes corresponding to the SERS spectra of complementary DNA probe-
RNA hybrids were assigned a value of 1 in the response vector Y while the remaining sample
classes were assigned a value of 0. In the current case, sample classes assigned a value of 1
correspond to samples that are expected to fully hybridize (DNA probes incubated with
complementary RNA target sequences) whereas other sample classes assigned a value of 0
correspond to samples that are expected to either not fully hybridize (DNA probes incubated
with non-complementary RNA samples) or not hybridize at all (DNA only or DNA incubated
with blank buffer). This binary numerical discrimination is used in PLS-DA to effectively build
the classification model using the spectra of the training dataset having a non-zero class rank as
reference spectra and test the remaining spectra making up the validation dataset with a class
rank value of 0 as unknown spectra to assess their classification accuracy. The PLS-DA model
was built using cross-validation (Leave One Out, 10 splits) which allows the SERS spectra
making up the validation test to be tested iteratively, for a total of 10 iterations, until each sample

1s withheld from the model and tested as an unknown.

Figure 7.7 shows the cross-validated predictions plots for each of the collected spectrum for both
the high virulence (Figure 7.7.A) and the low virulence (Figure 7.7.B) assays, respectively. In
Figure 7.7, each data point is representative of a single SERS spectrum. The first 80 colored data
points in each plot are representative of the training dataset and correspond to the SERS spectra
of: (i) represented by the red triangles, (i1) represented by the green stars, (ii1) represented by the
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Figure 7.7. PLS-DA cross-validated prediction plots for (A) high and (B) low virulence assays,
respectively. Each data point is representative of a single SERS spectrum. The colored signs are

representative of the SERS spectra of the DNA probe-spacer complex (V) incubated at 37°C for

2 hours with the binding buffer ( * ), the complementary synthetic RNA target sequence (), the
non-complementary synthetic RNA sample (+). The solid black dots are representative of the
SERS spectra of the DNA probe-spacer complex incubated at 37°C for 2 hours with full viral
RNA strains WH N66S (samples 80-100), A/CK/TX/167280-04/02 (samples 100-120), A/Mute
Swan/MS451072/06 (samples 120-140), WH (samples 140-160), A/CK/PA/13609/93 (samples
160-180), and WH A PB1-F2 (samples 180-200). Two hundred spectra, corresponding to 20

spectra in each sample category, are represented in each plot.
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blue squares, and (iv) represented by the turquoise crosses. The solid black dots are
representative of the validation dataset and correspond to the SERS spectra of DNA-probe-
spacer complex incubated with full viral RNA strains (v), (vi), (vii), (viii), (iv), and (x) as listed
in order above. The PLS-DA model generated an optimum threshold value of prediction for
sample classification that is represented in Figure 7.7.A and 7.7.B by the red dashed line. SERS
spectra with predicted Y values greater than the threshold value are classified as fully hybridized
complexes while those with Y predicted values lower than the threshold value are classified as
not fully hybridized complexes or not hybridized at all. Five latent variables were used in both
Figure7.7.A and 7.7.B to minimize classification error of the cross-validated samples. The
threshold values calculated for the high and low virulence classification models are 0.49 in

Figure 7.7.A and 0.47 in Figure 7.7.B, respectively.

As seen in Figure 7.7.A, the spectra of the high virulence DNA probe-spacer complex incubated
with the high virulence synthetic RNA target sequence represented by the blue squares classified
above the threshold line along with the spectra of the high virulence DNA probe-spacer complex
incubated with the three full viral RNA samples containing the N66S mutation associated with
high virulence (WH N66S, A/CK/TX/167280-04/02, and A/Mute Swan/MS451072/06). All the
data points that classified above the threshold line by the PLS-DA model in Figure 7.7.A
represent SERS spectra of high virulence complementary DNA- RNA hybrids that fully

hybridized.
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Likewise, the plot in Figure 7.7.B shows that the spectra of the low virulence DNA probe-spacer
complex incubated with the low virulence synthetic RNA target sequence represented by the
turquoise crosses classified above the threshold line along with the spectra of the low virulence
DNA probe-spacer complex incubated with the two full viral RNA samples not containing the
N66S mutation and considered as low virulence strains (A/Mute Swan/MS451072/06 and WH,
(ix) A/CK/PA/13609/93). In both cases, the PLS-DA model correctly identified all the solid
black dots as SERS spectra of high (Figure 7.7.A) and low (Figure 7.7.B) virulence DNA that
fully hybridized to complementary viral RNA target sequences as a result of the 33 base pairs
match. In contrast, the solid black dots that classified below the threshold line in Figure 7.7.A all
have predicted values that are excluded from this class of sample and represent SERS spectra of
high virulence DNA probes incubated with non-complementary viral RNA samples that did not
hybridize. In the same manner, the solid black dots below the threshold line in Figure 7.7.B
represent SERS spectra of low virulence DNA probes that did not hybridize to non-
complementary viral RNA samples. It is worth noticing that in both Figure 7.7.A and 7.7.B, the
SERs spectra of DNA probes incubated with the negative control viral RNA strain not containing
the gene coding for the PB1-F2 protein (WH A PB1-F2) classified as non-hybridized samples in
both assays, confirming the robustness of the PLS-DA model in classification accuracy. The
main conclusion from Figure 7.7.A and 7.7.B is that PLS-DA may correctly identify and classify
spectra of complementary DNA-viral RNA hybrids from spectra of non-complementary DNA-
viral RNA samples. The results indicate that the PLS-DA model was able to correctly classify

each spectrum in its class with 100% accuracy for both the high and low virulence assays.
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74. Conclusions

A rapid, label-free, SERS-based assay consisting of an array of oligonucleotides immobilized on
the surface of a Ag nanorod substrate was used to allow detection of various influenza RNA
strains containing a gene mutation coding for the PB1-F2 protein associated with high virulence.
In these studies, we demonstrate that SERS provides a label-free optical method to detect the
hybridization of the surface immobilized DNA probes to their complementary RNA sequence
targets without amplification. Statistical analysis of the data confirmed that the intrinsic SERS
spectra were able to differentiate DNA probe-RNA target hybrids from DNA probes incubated
with non-complementary RNA sequences. This was demonstrated using synthetic RNA
sequences as well as five full viral RNA samples extracted and purified from whole HSN1
influenza virus strains with and without the PB1-F2 gene mutation. In both cases, PLS-DA
confirmed statistically significant differences between the spectra of the DNA probes hybridized
with the complementary viral RNA sequence targets containing the point mutation from those of
the same DNA probes incubated with viral RNA sequences not containing the point mutation.
ELISA supported these results and reinforced evidence that DNA probes only hybridize to
complementary RNA target sequences. The results of these studies show that recent advances in
SERS-based diagnostic provide a new clinical tool to accurately define virulence potential for
early detection of the genetic markers in influenza A viruses associated with pathogenicity. The
development of this rapid and sensitive method for screening highly pathogenic influenza
virulence factors would significantly improve the ability to identify emerging strains with a risk
of high mortality, and allow public health professionals to effectively respond to prevent

widespread infection and/or death.
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CHAPTER 8

Conclusions

The goals of this work involved the fabrication of Ag nanorod arrays as SERS-active substrates
for use in detection of oligonucleotide complexes of influenza. Fabrication of Ag nanorod array
SERS substrates was accomplished by oblique angle vapor deposition (OAD) using a custom-
built electron-beam/sputtering evaporation system. Meticulous control of the evaporation settings
resulted in fabrication of SERS-active substrates with nominal variability in morphology and
SERS performance from substrate to substrate and batch to batch. Post fabrication, cleaning of
substrate was accomplished by exposing the Ag nanorod arrays to an ionized argon plasma for 4
minutes to remove the presence of carbonaceous and organic contamination. Patterning of the
substrates using a PDMS mold provided an increase in the number of assays performed from a
single batch of substrates. Using this method, the variability in SERS response was reduced to
6% across a single substrate, 25% down a substrate, 15% from substrate to substrate and 8%

from batch to batch.

Ag nanorod arrays were used for the label-free detection of viral nucleoprotein binding to a
polyvalent anti-influenza aptamer by monitoring the SERS spectra of the aptamer-nucleoprotein
complex. The SERS spectra demonstrated that selective binding of the aptamer-nucleoprotein
complex could be differentiated from that of the aptamer alone based solely on the direct spectral

signature for the aptamer-nucleoprotein complex. Multivariate statistical methods, including
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Principal Components analysis, hierarchical clustering, and partial least squares, were used to
confirm statistically significant differences between the spectra of the aptamer-nucleoprotein
complex and the spectra of the unbound aptamer. Two separate negative controls were used to
evaluate the specificity of binding of the viral nucleoproteins to this aptamer. In both cases, no
spectral changes were observed that showed protein binding to the control surfaces, indicating a
high degree of specificity for the binding of influenza viral nucleoproteins only to the influenza-
specific aptamer. Statistical analysis of the spectra supported this interpretation. AFM images
demonstrated morphological changes consistent with formation of the influenza aptamer-
nucleoprotein complex. These results provide the first evidence for the use of aptamer-modified

SERS substrates as diagnostic tools for influenza virus detection in a complex biological matrix.

Further studies related to this work include the development of a rapid, sensitive, and specific
multiplexed SERS-based assay allowing detection, identification, and assessment of virulence
factors associated with pathogenesis in influenza A virus. The assay consists of an
oligonucleotide-based array immobilized on the surface of a SERS-active substrate that allows
detection of various influenza RNA strains containing a gene mutation coding for the PB1-F2
protein associated with high virulence. Hybridization of the DNA probes to their complementary
RNA sequences was probed using surface-enhanced Raman spectroscopy (SERS) and
accomplished without amplification or labeling. The spectral signature due to their highly
selective interaction was differentiated from that of the immobilized DNA probes alone or the
DNA probes incubated with non-complementary RNA sequences based on their intrinsic SERS

spectra. Multivariate statistical methods were employed to differentiate the spectra of the
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complementary DNA probe-RNA target hybrid from those of the DNA probes incubated with
non-complementary sequences. This approach has the potential to provide scientific foundation
for the development of new screening methods critically needed for risk assessment in human
influenza infections. The results demonstrate that bio-nanotechnology combined with vibrational
spectroscopy has the ability to enhance both detection and diagnosis of emerging viral infections
while allowing point-of-care testing in clinical applications to rapidly determine disease risk and

the appropriate course of action to reduce its spread.

These studies suggested that oligonucleotide-modified Ag nanorod arrays may be used as a
SERS diagnostic platform for the rapid identification of diagnostic indicators of disease severity
and facilitate rapid implementation of disease intervention strategies. This approach has the
potential to provide scientific foundation for the development of new screening methods
critically needed for risk assessment in human influenza infections. These findings demonstrate
that bio-nanotechnology combined with vibrational spectroscopy has the ability to enhance both
detection and diagnosis of emerging viral infections while allowing point-of-care testing in
clinical applications to rapidly determine disease risk and the appropriate course of action to

reduce its spread.
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