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ABSTRACT OF THE DISSERTATION

Chemical Resonance Effects in Surface-enhanced Raman Scattering of Nucleic Acid-

Silver Composites

by

Lindsay M. Freeman
Doctor of Philosophy in Chemical Engineering

University of California, San Diego, 2016

Professor Yeshaiahu Fainman, Chair

Professor Donald Sirbuly, Co-Chair

Although surface-enhanced Raman spectroscopy (SERS) has been a valuable
tool for chemical detection, the understanding of the contributions of the chemical
enhancement effect in nucleic acid-silver composites remains limited. Nucleic acid-
silver composites have unique optical properties such as fluorescence and enhanced

Raman generation, and thus need to be further analyzed and characterized.
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In this dissertation, the static polarizability chemical effect is used to determine
the preferential binding sites of nucleic acids to silver nanoparticles. The binding
configuration dictates the optical properties, so it is imperative to determine which
atoms are binding to the silver structures. Time-dependent density functional theory
simulations are used to calculate the Raman frequencies of several systems and are
then quantitatively compared to experimental measurements. The approximate
composition of the binding sites for each nucleic acid to silver films is determined
using the simulated Raman correlation spectroscopy process.

In the second part of the dissertation, the charge-transfer effect in nucleic acid-
silver composites is harnessed in order to selectively enhance or reduce the SERS
signals via wavelength selection. Depending on the molecular properties of the nucleic
acids, the optimal excitation wavelength shifts from visible to near-infrared. The
properties can be taken advantage of to better control the systems under study. The
charge-transfer effect is further understood by utilizing a thin film of aluminum oxide
to prevent electron transfer from occurring, and thus enabling the calculation of the
order of magnitude of the charge-transfer effect.

The characterization of nucleic acid-silver composites is imperative to fully
understanding the unique and exciting properties that these systems provide. While
SERS has been limited in terms of DNA detection or sequencing, the restrictions have
been caused by insufficient information. This dissertation offers additional
information on the systems and explains the discrepancies seen in previous

measurements of nucleic acid-silver composites.
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Chapter 1

Introduction



1.1. Plasmonics

The field of nanoscience, arising from the intersection of chemistry, material
science, and engineering, has become incredibly well-studied in the past 20 years and
contributed to vapid growth in the areas of biosensing [1-3], energy storage [4,5],
telecommunications [6,7], and light manipulation [8,9]. Biosensing, which has been
previously dominated by traditional methods such as enzyme-linked immunosorbent
assay [10] and fluorescence probing [11], has experienced a surge in interest of
alternative methods as researchers have looked for sensitive and specific detection
techniques that do not rely on fluorophores or other bulky labels. Nanoengineered
materials and devices offer tremendous potential in the advancement of novel
biosensing and chemical detection methods.

A particularly intriguing field under study for the advancement of sensors is
plasmonics, in which surface plasmons generate strong, localized electromagnetic
fields on the surface of nanometallic structures [12]. Surface plasmons are electron
oscillations at the interface of a dielectric (e.g. air) and metal (e.g. gold, silver) with
the systematic properties, such as dielectric constants and geometrical shape,
determining how the surface plasmons move. The discovery of surface plasmons and
thus the field of plasmonics has generated significant interest due to the ability to
control and manipulate light [9]. In terms of biosensing, plasmonics has led to the
exploration and implementation of surface plasmon resonance (SPR) sensing [13,14]
and surface-enhanced Raman spectroscopy (SERS) [15,16], two applications that have

had a tremendous impact on chemical detection. In this dissertation, we explore the



chemical enhancement effect of SERS as it pertains to nucleic acid-silver composites.
Nucleic acid-silver composites have demonstrated unique and exciting optical

properties [17], and here we seek to further understand their tremendous potential.
1.2. Motivation

The foundation for plasmonics and its application of SERS has been steadily
built the past 40 years, with interest in SERS skyrocketing the past 20 years as more
efficient nanoscale materials are designed specifically for SERS [18]. SERS was
discovered in the late 1970’s when electrochemically roughened metal electrodes
generated massive Raman scattering enhancement [19-21], paving the way for
improved Raman signal detection. Because Raman scattering is the inelastic scattering
of light when photons interact with molecules, the resulting signal is inherently weak
and difficult to detect. The identification of Raman enhancement in SERS
immediately became of great interest due to its potential, eventually demonstrating
single-molecule detection [22,23] and real-time biological sensing [24]. However, the
field of SERS has always been immersed in some controversy due to the various
enhancement effects present in the phenomenon, including the electromagnetic [25]
and chemical enhancement effect [26]. Because of the various parameters and factors
that affect the enhancement of the Raman signal, there has been extensive discussion
on the multiple enhancement mechanisms and how they are interrelated.

While the majority of SERS publications are focused on the electromagnetic
enhancement effect caused by the localized surface plasmons, a smaller subset of

SERS research is on the chemical enhancement effect. The electromagnetic effect is



responsible for the most significant order of magnitude enhancement (~10%-10%), while
the chemical enhancement effect, less impactful at order of magnitude enhancement
(~10-10%), has often been overlooked due to its complexity. Despite the favoritism
towards studying the electromagnetic enhancement effect, the chemical enhancement
effect is incredibly important due to its dependence on the molecular and electronic
structure. Thus, fully understanding the consequences of the chemical enhancement
effect is crucial to realizing the complete potential of SERS.

When SERS was first initially observed, the cause of the Raman signal
enhancement was not immediately identified. During the 1980’s, two theories
predominantly emerged: the electromagnetic enhancement and the chemical
enhancement. The electromagnetic enhancement theory is based on the knowledge of
surface plasmons and explains the massive Raman signal enhancement as a result of
the localized electromagnetic fields confined within nanoscale metallic structures. The
chemical enhancement is an increase in the Raman signal caused by chemical effects,
including charge-transfer, molecular resonance, or static polarizability. Upon further
review, it became known that both effects have a considerable impact on the resulting
Raman signal, with the electromagnetic effect leading to greater enhancement.
However, the chemical effect is still very important because the chemical effect
selectively increases or decreases the Raman signal depending on the molecule, and
thus can be harnessed to gain a greater understanding of the system under study. This
important realization has led to many developments in utilizing the chemical

enhancement effect to its full abilities, such as when metal-molecule-metal



nanosystems were fabricated to enable tunneling of the charge-transfer to achieve
maximum overall SERS enhancement [27].

The importance of the chemical enhancement has led to several advancements
in the past decade. Researchers have been interested in understanding how the
chemical enhancement varies among system to system, and how the individual
chemical enhancement effects (charge-transfer, static polarizability, and molecular
resonance) determine the experimental outcomes. Some notable, recent advances
include the work of Sun et al. who visualized the charge-transfer mechanism in SERS
and tip-enhanced Raman spectroscopy (TERS)[28] and of Schatz et al. who
calculated the approximate static chemical enhancement for benzene functionalized to
silver and gold [29]. Another exciting area is analyzing the chemical enhancement
effect during single-molecule SERS (SM-SERS) experiments. Salvarezza et al.
recently showed the dependence of the SM-SERS signal on the reduction and
oxidation electrochemical cycles and discussed the effect of changing the electron
tunneling distance [30]. The chemical enhancement effect can yield a tremendous
amount of essential information, and its potential is now being realized.

As discussed, the chemical enhancement effect plays a critical role in
experimentally measured Raman signals. Of particular interest in this dissertation is
the chemical enhancement effect of nucleic acid-silver composites (NA-Ag). These
systems are extremely interesting due to their unique optical properties in the visible
range. For example, silver nanoparticles that have been functionalized with DNA

strands have fluoresced at visible excitation wavelengths despite DNA strands having



fluorescence absorption and emission in the ultraviolet range [31,32]. The
fluorescence is caused by the charge-transfer between the molecular orbitals of the
nucleic acids and the silver particles, generating new electronic transitions in the
visible range. The modulation of these electronic properties are of interest in the
application of SERS, in which the excitation wavelength can have a unique interaction
with the NA-Ag systems that leads to enhanced or reduced Raman intensity modes.
The focus of this dissertation is to exploit the optical and electronic properties of these
systems and understand how the chemical enhancement of SERS can be implemented

to further advance the knowledge of such systems.
1.3. Outline of Dissertation

This dissertation begins with a review of Raman scattering and an elaborate
description of the multiple effects of SERS in Chapter 2. The fundamentals of Raman
scattering are explored with a Jablonski diagram. The electromagnetic effect is
explained in terms of the Mie scattering theory, with a detailed outline of Maxwell's
equations. The chemical enhancement effect is categorized by charge-transfer, static
polarizability, and molecular resonance and each are further explained. A brief
description of previous work on SERS of NA-Ag systems is provided.

Chapter 3 begins with an explanation of the static polarizability effect of SERS
and how the polarizability of the system has an impact on the resulting Raman signal.
The chapter introduces time-dependent density functional theory (TD-DFT) as it
pertains to Raman mode intensity calculations. The importance of the Raman static

polarizability as it pertains to NA-Ag systems is highlighted by simple simulations.



Several NA-Ag systems are then analyzed for each nucleic acid (adenine, cytosine,
guanine, and thymine), with multiple binding sites of each nucleic acid selected to
bind to a silver nanoparticle structure. Raman frequency mode calculations are
performed and shown for each system and are directly compared to experimental
Raman measurements of nucleic acids functionalized to silver films.

The simulated Raman correlation spectroscopy (SRCS) process is introduced
in Chapter 4, in which the TD-DFT Raman simulations are quantitatively compared to
experimental measurements. The Raman data are applied in order to determine the
composition of the preferential binding sites for each system. The SRCS process is
described in detail and demonstrates excellent correlation when applied to NA-Ag
systems.

Beginning in Chapter 5, the charge-transfer effect is implemented to generate
differing chemical enhancement factors for two systems: Cytosine-Ag and Guanine-
Ag. Two excitation wavelengths are experimentally used for Raman measurements to
preferentially enhance the Raman signatures of one system over the other. The
generation of the electronic transitions is confirmed by absorption spectroscopy
measurements and the corresponding simulations.

Chapter 6 further demonstrates the effect the charge-transfer effect has on NA-
Ag systems, in which an atomic layer of aluminum oxide is used to eliminate electron
transfer from occurring. The prevention layer removes the chemical enhancement for
the systems, and supports the findings in Chapter 6 that there is a wavelength

dependence on NA-Ag systems.



Chapter 7 concludes the dissertation with a discussion of the research findings
and the future direction of this work. Areas of interest for future work include
implementing the SRCS process for understanding binding dependence on

concentration and using the charge-transfer resonance to analyze DNA strands.



Chapter 2

Background on Raman Spectroscopy
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2.1. Raman Spectroscopy

There is an array of methods that exist for chemical analysis, including
fluorescence microscopy [33-37], ultraviolet visible spectroscopy [38-42], infrared
spectroscopy [43-46], and Raman spectroscopy [47-51]. While fluorescence and
ultraviolet visible spectroscopy offer strong signals with high signal-to-noise ratios
and ease of data acquisition, the extremely broad full width half maximum (FWHM)
of the signals limits the accuracy of the identification. Infrared absorption
spectroscopy has narrow mode profiles and thus is better for chemical identification,
but is dependent on the dipole of the molecule and thus cannot identify diatomic
molecules [52]. Raman spectroscopy offers a highly accurate method of chemical
analysis with unique molecular fingerprint identification [53]. With the discovery of
plasmonic enhancement for SERS [19-21], Raman spectroscopy began to fulfill its
potential as an informative spectroscopy method. In this chapter, the background of
Raman spectroscopy and SERS is discussed, followed by an explanation of the
electromagnetic and chemical enhancement effects and their relation to nucleic acid-
silver composites.

Raman scattering is a phenomenon caused by inelastic light scattering off of a
molecule, in which photons interacting with the molecule either lose (Stokes) or gain
(Anti-Stokes) energy based on the molecular structure. Raman scattering was
discovered by Nobel Laureate C.V. Raman in 1928 when he demonstrated that violet
light scattering with liquid emits both violet light (Rayleigh scattering) and green light

(Raman scattering) [54,55]. The vast majority of photons, when interacting with the
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liquid droplets, were elastically scattered at the same incident wavelength. However, a
small portion of the photons, approximately one in ten million, were inelastically
scattered at a different wavelength. Raman recognized that the shift in wavelength is
dependent on the molecular composition of the liquid droplet, and thus information
could be extracted by monitoring this energy change. Eventually, this powerful tool
was harnessed in order to identify chemicals in the form of Raman spectroscopy, as
the photonic interaction with molecules and corresponding inelastic scattering yields
powerful information about the molecule of interest.

The Raman effect can be described by a Jablonski diagram as shown in Figure
2.1. As incident light interacts with the molecule, the molecule is excited to a virtual
state. Generally, the molecule relaxes back down to the ground state and thus emits
photons at the same incident wavelength. However, the molecule can also relax to a
rotational and vibrational energy state that is higher than the ground state level, and
thus emits photons with longer wavelengths (Stokes shift). Additionally, the molecule
can occasionally be in a higher rotational and vibrational state before excitation, and
the interaction with photons excites the molecule to a virtual state and then relaxes to
the ground state level. In this case, energy is gained from the higher vibrational state to
the ground state and the molecule emits photons with shorter wavelengths (Anti-
Stokes shift).

The changes in energy contain unique and rich information pertaining to the
molecular structure, as the change can be measured as a frequency shift from the

incident energy. Molecules have several unique vibrational frequency modes
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depending on the molecular bond lengths, strengths, and angles, and so measuring
these changes in frequency yields a molecular fingerprint that can be used for
chemical identification. Raman scattering is dependent on the induced dipole, in which
the dipole moment (u) can be defined as:
U= ak (2.1)

where « is the polarizability of the molecule and E is the applied electric field. As an
electric field is applied to a molecule, the electrons surrounding the atoms can be
distorted and cause an induced dipole. When a molecule is then excited by an incident

electromagnetic field, the induced dipole scatters light at an optical frequency

A
-,
%ﬂ hv, hvyt+ho,
5 | hwo hv, ho, hvg-ho,
Y .
Eytho,
2
E,
Rayleigh Raman Raman
Scattering Scattering Scattering

(Stokes) (Anti-Stokes)

Figure 2.1. Jablonski Diagram of Rayleigh and Raman scattering. Energy diagram
showing Rayleigh (elastic) scattering and Raman (inelastic) scattering. The two types
of Raman scattering, Stokes and Anti-Stokes, are shown.
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dependent on the polarizability and internal motion of the molecule, generating
additional frequencies. The change in polarizability during the vibration can be

defined as:

da

where Q is the normal coordinate of the vibrational mode i. Thus, for a vibrational
mode to be Raman active, there must be a change in the polarizability of the frequency
mode. The intensity of an active Raman band is a function of the polarizability
derivative, in which a greater change in the polarizability of the mode produces a

higher Raman intensity. Thus, the Raman signature is a description of the various

RBM

SSM

RSM

Raman Intensity (a.u.)

.

600 800 1000 1200 1400 1600 1800
Raman Shift (cm™)

Figure 2.2. Raman frequency modes of adenine. Raman spectrum of bulk adenine
powder with the ring breathing mode (RBM), single stretching mode (SSM) and ring
stretching mode (RSM) labeled.
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Raman frequency modes and their corresponding intensities. As an example, the
normal Raman scattering (NRS) spectrum for bulk powder of adenine can be found in
Figure 2.2.

In this Raman spectrum for adenine, the spectral peaks represent the unique
molecular frequency modes. The intensities of each mode correspond to the strength
of the frequency mode, with mode enhancement dependent on factors such as
polarizability. For adenine, strong frequency modes include the ring-breathing-mode
(RBM, ~725 cm™), the single stretching mode (SSM, ~1335 cm™) and the ring
stretching mode (RSM, ~1485 cm™). The intensity of these modes provide the
molecular fingerprint for adenine, and enables the characterization of adenine by
analyzing this spectrum.

The necessity to understand molecular structure has enabled consistent growth
in the field of Raman spectroscopy, as the spectroscopic method led to significant
scientific findings including the characterization of diamond films [56,57],
understanding of phonon interactions in graphene [58,59], and detection of
chemicals [60,61]. However, while this technique offers many benefits, Raman
spectroscopy has remained limited due to the stringent experimental requirements.
When photons interact with a molecule, the majority are elastically scattered at the
same energy as the excitation light resulting in extremely low signals that were
difficult to detect and required expensive equipment. Due to the difficult nature of

Raman signal acquisition, the technical field experienced significant friction and
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became underutilized until the discovery of surface-enhanced Raman spectroscopy

(SERS).
2.2. Surface-enhanced Raman Spectroscopy

Surface-enhanced Raman spectroscopy (SERS) was discovered in the late
1970's [19-21] as an improved version of Raman spectroscopy, in which nanoscale
metallic materials that support surface plasmons enable massive field enhancement of
the local electromagnetic field [25]. The first demonstration of SERS was on
roughened metal surfaces, in which massive Raman signal enhancements of pyridine
were found on silver electrodes [62]. While the original mechanism of SERS was not
immediately well understood, the interest in Raman spectroscopy experienced a
dramatic increase as measurable Raman signals on low concentrations became
realized. The discovery reduced the need for idealistic and expensive experimental
equipment and simplified the process for measuring Raman signals. The SERS
spectrum of guanine, in comparison to the normal Raman spectrum (NRS) of the
isolated molecule, is shown in Figure 2.3.

Though the highly impactful findings of SERS generated great interest in the
field, the mechanism behind SERS was not initially clearly understood. Thus, various
groups sought to fully understand the physical phenomenon causing the Raman signal
enhancement and explain the dramatic increase in photons that were being measured.
Two mechanisms were proposed: electromagnetic enhancement and chemical

enhancement. The electromagnetic enhancement is caused by the surface plasmons
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Figure 2.3. SERS and NRS of guanine. The surface-enhanced Raman spectrum on
and normal Raman spectrum of guanine, showing enhancement caused by the
electromagnetic enhancement of silver island films.

propagating on the nanometallic devices, in which matching the plasmonic frequency
localizes the collective oscillations of surface plasmons [12]. By focusing the intensity
of light into a very small volume at the location of the molecules, the inelastic
scattering signals can be greatly enhanced without increasing laser power.
Additionally, researchers discovered a chemical enhancement caused by the
charge-transfer effect. The charge-transfer effect is when electrons transfer from the
metallic surfaces to the orbitals of the molecule, creating electronic transitions that can
be excited when the energy is resonant with the band gap [63]. The energy difference

between the highest occupied molecular orbital (HOMO) and lowest unoccupied
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molecular orbital (LUMO) is relatively high for isolated molecules (~4 eV), and thus
needs ultraviolet light to excite the electronic transition. However, the interaction
between the HOMO and LUMO of the molecule with the Fermi level of the metal
surface creates a new electronic transition that requires less energy to excite, leading

to a resonance effect in the visible to near-infrared wavelength range.
2.3. Electromagnetic Enhancement

Plasmonic devices offer many unique and beneficial attributes, including their
ability to generate the electromagnetic enhancement in SERS experiments. The
original SERS experiments were performed on roughened electrodes [20,64,65],
which are surfaces that support localized surface plasmon resonances (LSPR) due to
their nanoscale metallic features. Additional SERS substrates include silver or gold
nanoparticles [66-68], bowties [69], metacoaxial nanoantennas [70], and spherical
nanoshell structures [71]. Here, we detail the mechanisms responsible for the
electromagnetic enhancement effect in SERS experiments and how the dielectric
constants and geometrical structures determine the localized field.

The electromagnetic enhancement is a result of the plasmonic resonance in
nanoscale metallic materials, in which incident light excites localized surface
plasmons on the surface of the metal. To support surface plasmon excitations, the
metal must have specific dielectric properties which are commonly found in coinage

metals such as silver and gold. The dielectric function is defined as:
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where € is the dielectric function of the metal, €., is the dielectric function of the
surrounding material, w is the excitation frequency, w, is the plasmon resonance
frequency, and y, is the damping coefficient. The real and imaginary parts of the

dielectric function can be defined as:
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To match the plasmon resonance frequency, the ideal conditions are to have a
negative large real dielectric function and a small imaginary dielectric function
(Imag[e(w)]~0). Thus, gold and silver are ideal plasmonic materials because, in the
visible wavelength range, they have a large, negative real part of the dielectric
function and a small imaginary dielectric function. In addition to gold and silver, the
metal aluminum can support surface plasmons in the ultraviolet excitation range due
to its dielectric properties. In addition to the dielectric properties, the size of the
features dictates whether or not the material supports surface plasmons, in which the
size of the sphere must be smaller than the excitation light wavelength. Thus,
nanoscale gold and silver devices are ideal SERS substrates for optimal
electromagnetic enhancement.

The other factor for determining electromagnetic field enhancement for
optimal surface plasmon propagation is geometrical shape. There are two main
geometrical features that promote the highest localized field: the coupling effect and

lightening rod effect. The coupling effect is caused by multiple nanometallic shapes
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that couple light in between each other, with the electric field scaling with a decrease
in the gap between the two shapes. The other effect, the lightening rod effect, is
caused by plasmons localizing at sharp and narrow tips of nanoscale materials.

Based on the electromagnetic field enhancement mechanisms, ideal SERS
substrates have sharp, narrow features and closely packed arrays. The bowtie
structure, in which two triangles couple between each other in a bowtie formation,
have shown to detect single molecule fluorescence based on their massive signal
enhancement. Silver island films, as shown in Figure 2.4, have similar features in

which triangular prisms couple photons between each other.

Figure 2.4. SEM of AglFs. Scanning electron microscope image of silver island
films that have high electromagnetic field enhancement.

These SERS substrates have paved the way for exciting and revolutionary
discoveries, including using SERS to map the electromagnetic enhancement of metal
films [72], detect self-assembled monolayers (SAMs) [73], and image cancer

cells [74]. The electromagnetic effect of SERS has had a profound impact on the field
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of Raman spectroscopy, enabling significant advancement in chemical sensing and
biodetection. Despite the many accomplishments in the field, research is still on-going
to find more effective and efficient SERS substrates that are easily fabricated and offer

consistent enhancement.
2.4. Chemical Enhancement

While the majority of research in SERS has been focused on the
electromagnetic effect, there is an additional chemical effect that generates
enhancement by exciting the electronic transitions formed by the transfer of electrons
between the metal and the molecules. Because the chemical effect leads to an
enhancement of approximately 10 to 10° compared to the electromagnetic
enhancement of 10* to 10° [25,75], the chemical resonance has often been overlooked.
However, the chemical enhancement becomes particular important because of its
dependence on molecular structure as the electromagnetic enhancement is chemically
non-selective. For example, the SERS enhancements of nitrogen and carbon monoxide
gas adsorbed to identical metal surfaces have been reported to differ by a factor of
200. Therefore, the chemical enhancement can be utilized to further understand the
systems under study when controlling and accounting for the electromagnetic
contribution.

The enhancement generated by chemical attributes is composed of three
effects: the charge-transfer effect, static polarizability, and molecular resonance. The
processes provide cumulative chemical enhancement to reach an order of magnitude

up to 10°. The charge-transfer effect is the resonance effect occurring when the
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excitation wavelength matches the resonance of the electronic transitions generated by
the transfer of charge between the molecules and metal. The static polarizability effect
IS a nonresonant mechanism that is dependent on the molecular adsorption
configuration to the surface. The molecular resonance is similar to the charge-transfer
effect, but rather is when an excitation wavelength matches the inherent molecular
resonance of the molecule.

The charge-transfer effect is the most commonly cited chemical enhancement
effect and has taken the majority role in SERS research. The effect is caused by the
electron transfer between the molecular orbitals of the metal and of the molecule of
interest [63,76,77]. The electron transfer modulates the bandgap of the system,
generating electronic transitions in the visible or near infrared range. By exciting the
system with energy resonant with the charge-transfer electronic transitions, a chemical
enhancement is produced. The effect has been utilized to detect the Raman signal of a
single molecule by fabricating a geometry in which a single molecule is functionalized
in between a gold film and gold nanoparticle. The charge-transfer enhancement
occurred only for the isolated molecule, while the other molecules remained inactive
from the charge-transfer resonance. Thus, the SERS signal was a product of a single
molecule caused by the charge-transfer resonance [78].

The static polarizability chemical enhancement effect, in which the molecular
orientation of a molecule designates Raman modes to either be amplified or reduced,
has also been studied in SERS research. The static polarizability effect is dependent on

the adsorption properties of the molecule to the metal and determines the resulting
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enhanced Raman signal. Previously, this effect has been employed to detect the
chemical transformation of para-Aminothiophenol functionalized to silver electrodes,
as the measured SERS signal was sensitive to the surface reaction of the
electrodes [79]. Similarly to the charge-transfer effect, the chemical enhancement of
10 to 10° is dependent on the molecular properties of the system and can be tuned
accordingly.

The third chemical effect is based on the inherent properties of the molecule,
such that an excitation energy is selected to excite the natural molecular resonance of
the molecule itself. Termed surface-enhanced resonance Raman spectroscopy
(SERRS), the process consists of molecules with strong absorption in the visible and
near-infrared range, such as dyes, that are able to produce massive Raman signal
enhancement when the excitation wavelength is tuned to match the absorption of the
molecule. SERRS has been responsible for achieving extremely high enhancement
factors when detecting dye molecules, as dye molecules such as Rhodamine 6G can be
excited by visible light [80].

2.5. SERS Chemical Effect for Nucleic Acids

Nucleic acids are of particular interest in SERS, as SERS has long been
expected to be a label-free identification probe of nucleic acid sequences given that a
large number of SERS substrates with consistent local field enhancements for
improved chemical detection have been designed and fabricated (metal
nanoparticles, [23,81,82] nanoplasmonic resonators, [83-85] etc.). Additionally,

researchers were able to detect a single molecule of adenine with SERS in 1998 [86],
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demonstrating label-free single molecule detection with single molecule SERS (SM-
SERS). In addition to the work of SERS of nucleic acids and DNA strands, there has
been a significant amount of research on nucleic acids functionalized to silver
nanoparticles. Nucleic acids bound to nanoscale metallic devices have produced
unique and interesting plasmonic properties that make them ideal SERS systems to
study in this dissertation.

Initial interest in nucleic acids functionalized to silver nanoparticles was
generated by the discovery that the systems produced fluorescence, despite neither
isolated silver nanoparticles or nucleic acids inherently having fluorescent properties.
By attaching DNA strands to silver nanoparticles, researchers found that the
fluorescence was dependent on the DNA sequence and that the emission could
identify a single mutation within the DNA strand [87,88]. Eventually, it was
determined that the fluorescent properties are caused by the electronic transitions
generated between the molecular orbitals of the nucleic acids and the silver
nanoparticles, in which the transition can be excited by an incident resonant
wavelength and lead to fluorescence generation.

At the same time as the fluorescence discovery of nucleic acids or DNA
functionalized to silver, SERS studies on nucleic acid-silver composites suggested that
the Raman signals of nucleic acid fluctuated based on experimental design and
substrate fabrication, as independent results displayed significant variance. The
experimental outcomes in SERS experiments have been discouraging as the four bases

of DNA (adenine, cytosine, guanine, and thymine) gave far different Raman intensity
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signals [89] and adenine was the only base that demonstrated single molecule
SERS, [86] making Raman sequencing seemingly impossible. More importantly,
signal domination from bases have changed from experiment [90] to experiment, [91]
with different excitation wavelengths showing extreme variance of the measured
Raman intensities and the Raman intensity never correlating to the concentration of
the bases. [92]

Multiple explanations had been provided for these discrepancies, ranging from
the magnitude difference of the Raman cross-sections of the bases [93] to the
orientation of the molecules on the substrate leading to non-resonant
enhancement. [92] The conclusion was drawn that determining a DNA sequence with
SERS was unrealistic due to this inability in accurately measuring the SERS signature
of nucleic acids. Although there are many challenges we face before realizing a
Raman based DNA sequencing method, such as spatial resolution and poor signal-to-
noise ratio, we must first resolve why there have been inconsistencies in SERS
measurements of the DNA bases. As no confident conclusion has been developed to
explain the inconsistent SERS amplification of nucleic acids or DNA bound to silver,
this dissertation seeks to explain the discrepancies of the SERS signals of nucleic acid

bound to silver nanoparticles.
2.6. Structure of Chapters
The SERS chemical effect can be classified into multiple categories. Of

interest to this thesis, the static polarizability (Chapters 3-4) and charge-transfer effect

(Chapters 5-6) are the focus of thiswork.  The static polarizability offers unique
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insight into the molecular orientation of the system. Depending on how nucleic acids
bind to the silver structures, Raman modes are either enhanced or reduced based on
the polarizability of the system. Thus, the static polarizability offers information on
the geometrical properties of the system. The charge-transfer effect plays a different
role in this study, as the charge-transfer effect causes a chemical resonance effect that
enables chemical enhancement based on the excitation energy used and can thus be
harnessed to selectively enhance specific nucleic acids. By tuning the excitation
wavelength to match the electronic transitions of various systems, the systems can be
discriminated against by switching the wavelengths. In this dissertation, we use the
static polarizability effect to determine the preferential binding atoms of nucleic acids
to silvers. Then, we show how we can take advantage of the charge-transfer between
nucleic acids and silver to selectively enhance or reduce the SERS signatures based on

excitation wavelength.
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3.1. Introduction

In this chapter, we begin our study on the static Raman polarizability effect as
it pertains to nucleic acids functionalized to silver nanoparticles. The static Raman
polarizability effect is critical to the understanding of molecular orientation and
geometrical chemisorption binding properties as the polarization of the system is
expressed in the Raman signatures measured. The Raman signal is dependent on the
molecular structure of the system, in which bond lengths and angles can yield
information on the stress and strain of the system and describe the molecular
coordinates.

By attaching nucleic acids to silver nanoparticles or other plasmonic structures,
the optical properties of such systems can be tuned in order to modify the function of
these systems. Thus, certain characteristics can be either attenuated or amplified by
understanding and controlling the way in which nucleic acids bind to the surface, as
experienced when detecting the chirality of DNA strands grown on silver
nanocrystals [94] and controlling the plasmonic properties of silver nanoparticles
incubated with nucleic acids [95]. While there have been reports of finding the
preferred binding sites of nucleic acids to silver, such as adenine binding to silver via
the amino group [96], N1 [97], N3[98], or N7 [99] atoms, the reports are often
inconclusive, contradictory, and limited to qualitative analysis. There exists a need to
quantitatively analyze the multiple potential binding sites of nucleic acids to silver,
while also exploring the favorable optical properties that such systems provide

When nucleic acids bind to silver, the orientation of the molecule with respect
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to the metal surface determines the polarizability of the system, leading to either
enhanced or reduced Raman signal frequency modes depending on the molecular
orientation with respect to the silver surface [29]. Therefore, by analyzing the
calculated Raman signals of various atoms of nucleic acids bound to silver and
comparing to experimental measurements, the preferred binding composition can be
found and the nucleic acid silver system can be characterized quantitatively. In this
chapter, we examine 18 simulated nucleic acid-silver composite structures (5 Adenine-
Ag, 4 Cytosine-Ag, 5 Guanine-Ag, and 4 Thymine-Ag) and discuss the qualitative
comparison between single binding site simulated Raman spectra to experimental

Raman measurements [100].

3.2. Time-Dependent Density Functional Theory (TD-DFT)

Simulations

To calculate the Raman frequency modes of molecular systems, we employ
time-dependent density functional theory simulations (TD-DFT). TD-DFT simulations
have become relevant in the field of SERS during the past 15 years, as advancement in
computational power and memory have provided researchers the ability to simulate
the vibrational frequencies of complex systems. Specifically, researchers have used
TD-DFT methods to study the effects on Raman signatures of benzenethiol bound to
silver clusters [101] and to measure the factor of static chemical enhancement of
benzene bound to gold nanoparticles [29]. The TD-DFT method is based on density
functional theory (DFT), in which the quantum system can be described by the density

of the system. TD-DFT is an ab initio technique, derived purely from theoretical
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principles and not requiring any experimental data input for calculations. The method
has been commonly employed for estimating SERS chemical enhancement as it can be
used to described excited state systems.

The 20 atom silver tetrahedral (Ag20) model has been the standard TD-DFT
model for the past 10 years when representing silver nanoparticles. The model has
three potential binding sites: the surface (S), the vertex (V), or the edge (E). The
surface and edge represent the face-centered cubic (111) lattice and the vertex
represents the adatom site. Due to the size of the silver films used in our experimental
work, the adatom site is an unrealistic model for this system and thus will not be used.
The nucleic acids can then bind to either the surface or the edge, with the surface
being the common preferential binding site with the minimum energy geometry. To
start, a preliminary TD-DFT study on adenine functionalized to the 20 atom silver
tetrahedral structure is shown in section 3.3. The simulated Raman spectra for the 18
systems under study can be found in section 3.4, followed by experimental
measurements in section 3.5. The available binding sites for each nucleic acid are
determined by the presence of the most stable tautomers of adenine, cytosine, guanine,

and thymine in water.
3.3. Static Polarizability Effect on Raman Signatures

In this section, we discuss the static polarizability effect on Raman signatures
for nucleic acid-silver composites. We begin with a simple study to compare the TD-
DFT simulations of two similar systems that yield significantly different results. For

example, in the case of adenine, the molecular configuration bound via the N1 atom
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results in significant changes in the Raman signature compared to the case of adenine

bound via the N3 atom, as shown in Figure 3.1.
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Figure 3.1. TD-DFT comparison of A-N1 and A-N3. Optimized geometrical
structures for (a) adenine bound via N1 to silver (A-N1), (b) adenine bound via N3 to
silver (A-N3). (c) The simulated Raman spectra of A-N1 and A-N3 with the ring
deformation mode labeled as X and the ring stretching and amino deformation mode
labeled as Y.

Here, we see that the ring deformation mode (~625 cm™) for N1 is
significantly enhanced compared to the ring deformation mode of N3 based on the
geometrical configuration. Alternatively, the ring stretching and amino deformation
mode (~1550 cm™) for N1 is reduced compared to that mode for N3. By analyzing the
Raman signatures of nucleic acids functionalized to silver nanoparticles, information
regarding the binding configurations of atoms to silver can be extracted by studying
the static polarizability effect. In this chapter, we study the simulated Raman spectra
calculated from various configurations of nucleic acids to silver nanoparticles.

To determine the molecular orientation and polarizability, we use TD-DFT to
geometrically optimize the structures and calculate the electronic transitions and

vibrational frequencies. The geometry optimization repositions the atomic structure of
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the system to reach an energy minimum, the electronic transition calculations apply an
external potential and compute the change in charge density, and the vibrational
frequency calculations vary the induced energy of the system and output the
coordinates of the atomic vibrations for each frequency mode. As an example,
depending on the adenine atom (N3, N7, or N9) that binds to the surface of the Ag20
tetrahedral surface (Figure 3.2a), the simulated Raman signal (Figure 3.2b),

ultraviolet-visible absorption (Figure 3.2c) and circular dichroism (Figure 3.2d)
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Figure 3.2. Variation of optical signals dependent on binding sites. (a) Optimized
geometrical structures for 3 systems: A-N3 (green), A-N7 (blue), and A-N9 (orange)
using TD-DFT calculations. The red arrows demonstrate the force displacement
vectors for the ring-breathing-mode. (b) Simulated Raman spectra of the three
systems for the ring-breathing-mode. The geometrical strain on the systems cause
slight shifts in the location of Raman modes. (¢) UV-VIS absorption (d) and circular
dichroism simulated spectra for the 3 systems, demonstrating modulation of
absorption dependent on binding site.
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spectra demonstrate differing results due to the change in the polarizability, density of
states and molecular orbitals of the systems, respectively. Although the UV-VIS
absorption spectra are fairly similar, there are small changes in the intensity of the
oscillator strength and bandwidth of each system. Circular dichroism spectroscopy
simulations, used to study the chirality of molecules with polarized light, indicate
significant changes in the optical properties caused by the change in geometrical
structure and electron density of the systems. Thus, nucleic acids functionalized to
silver composites induce distinct and notable transformations to the optical
characteristics compared to isolated nucleic acids or silver nanoparticles.

As seen in this section, the different binding properties of nucleic acids to
silver can have a significant impact on the Raman signatures of our systems. Thus, we
want to utilize the simulated and measured Raman spectra to understand how the
nucleic acids are binding to silver. Using TD-DFT simulations, we calculate the
Raman frequencies for the 18 unique systems and then perform experimental Raman
measurements of nucleic acids functionalized to random silver films. The results are

qualitatively analyzed in section 3.6.

3.4. Simulated Raman Spectra of 18 Nucleic Acid-Silver
Composite Systems
For the simulated Raman spectra, we use TD-DFT to first geometrically

optimize our 18 systems under study. By considering every possible tautomer of each

nucleic acid found in water [102-105], there are 18 potential nucleic acid-silver
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Figure 3.3. TD-DFT optimized geometries. Optimized geometrical structures of (a)
adenine, (b) cytosine, (c) guanine, and (d) thymine bound to the Ag20 tetrahedral
structure for each binding site.

configurations that undergo TD-DFT geometrical optimization and Raman frequency

simulations (5 for A-Ag, 4 for C-Ag, 5 for G-Ag, and 4 for T-Ag). In accordance with
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our previous simulations, the TD-DFT calculations are performed using Gaussian
09 [106] software on the Gordon supercomputer at the University of California, San
Diego [107]. The 18 structures under study are geometrically optimized using the
B3LYP method [108] and LANL2DZ [109] basis set. B3LYP is chosen as the density
functional theory method as it uses both generalized gradient approximations and the
local-density approximation and has been shown to be an accurate model for
molecules attached to the Ag20 structure. LANL2DZ is used to account for the silver
atoms. A very tight convergence criterion is used and a super fine grid of 150,974 and
225,974 is required for the nucleic acid atoms and silver atoms, respectively. Once
optimized, each structure is confirmed to have no negative frequency, showing
successful convergence. The optimized geometrical figures are shown in Figure 3.3.

The electronic transitions and Raman frequencies are calculated via Gaussian
09, using the same basis set and method as the geometric optimization. The electronic
transition calculations apply an external potential and compute the change in charge
density and the vibrational frequency calculations vary the induced energy of the
system and output the coordinates of the atomic vibrations for each frequency mode.
TD-DFT calculates Raman optical activities for each mode, which are converted to
Raman intensities using the following relationship [110]:
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Where o is the Raman cross-section, Q is the depolarization ratio, vg is the frequency
of the incident light, v is the frequency of the vibrational mode, S; is the Raman
scattering factor, a is the polarizability, y is the anisotropic polarizability, and Qj is the
normal coordinate. An incident wavelength of 785nm and a temperature of 293K are
used to match experimental conditions. The simulated Raman spectra is plotted by
applying a Lorentzian fit for each Raman intensity mode, using a total of 3000 points
between 400 cm™ and 4000 cm™ with a full-width half maximum of 10 cm™. Because
TD-DFT overestimates the location of the frequency mode due to the neglect of
electron correlation and anharmonicity [111], a scaling factor of 0.9891 for 600 cm™
to 1000 cm™ and of 0.9568 for 1000 cm™ to 1800 cm™ is used, as determined for the
B3LYP method and LANL2DZ basis set [112]. Simulated Raman spectra are obtained
for each of the 18 systems and can be found in Figure 3.7, in which they are directly

compared to experimental measurements.

3.5. Experimental Silver Nanoparticles and Raman

Measurements

The SERS substrates used for experimental measurements, represented best by
the Ag20 model, are random silver films (RSFs) in which an electron beam
evaporation system is used to deposit 30 nm of silver onto a silicon substrate. At this
thickness, the silver nanoparticles merge together to become irregular shaped islands
(Figure 3.4). The resulting SERS substrates generate a fairly consistent

electromagnetic field enhancement across a broad excitation wavelength range. The
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silver films have a face centered cubic (111) surface which is represented by the silver
20 atom tetrahedral structure surface (S) side.

The random silver films adopt the face-centered cubic (111) surface [113] and
demonstrate a consistent electromagnetic field enhancement effect at an excitation
wavelength of 785 nm. The extinction spectra of random silver films with thicknesses
of 30 nm have shown to have weak to non-existent surface plasmon resonance at
excitation wavelengths of 785 nm [114], so the electromagnetic enhancement does not
factor into the experimental Raman spectra. As studied previously, the surface of a 20
atom silver tetrahedral surface is the model system to use in TD-DFT simulations
when representing the fcc (111) surface [115], and thus random silver films are the
ideal substrate to use for our experimental measurements.

Random silver films have a broad extinction profile in the visible range which
has a weak surface plasmon resonance in the near-infrared range. Thus, the
electromagnetic effect has a minimal effect on the measured Raman spectra. The
extinction profile for silver films is shown in Figure 3.5, in which two excitation
wavelengths (514 nm and 785 nm) are displayed with their corresponding Raman
frequency modes. While an excitation wavelength of 514 nm shows a slight increase
in the 1335 cm™ mode compared to the 720 cm™ mode, the frequency modes excited
by the 785 nm wavelength show consistent enhancement based on the extinction
profile. So, Raman modes measured with an excitation wavelength of 785 nm have

consistent Raman mode enhancement across the spectral range.
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Figure 3.4. SEM of random silver films. Scanning electron microscope image of
random silver films.
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Figure 3.5. Extinction spectrum of silver films. Extinction spectrum of silver films
showing two excitation wavelengths and the corresponding Raman shifts.

To further demonstrate the consistency of the electromagnetic field

enhancement across the substrate, Raman maps are acquired of 1 mM of adenine
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dissolved on random silver films at excitation wavelengths of 514 nm and 785 nm. An
area of approximately 50 microns by 50 microns was analyzed via a raster scan with
spot sizes of approximately 10 by 10 microns. For analysis, the peak intensity ratio of
the single stretching mode (~1335 cm™) to the ring breathing mode (~720 cm™) was
calculated at each spot and a colored Raman map based on the intensity ratio was
plotted. Figure 3.6 shows the resulting Raman maps for 514 nm (blue) and 785 nm
(red). The Raman maps show consistent peak intensity ratio at each spot along the
map for both wavelengths, with an average 1335 cm™ to 720 cm™ ratio of 0.29 (¢ =
0.020) for 514 nm and 0.23 (¢ = 0.019) for 785 nm. Thus, the electromagnetic field

enhancement effect is fairly consistent across the substrate.

(a)

Figure 3.6. Raman map of silver films. Raman map of 50 microns by 50 microns
area of adenine functionalized on random silver films for excitation wavelengths of
(@) 514 nm and (b) 785 nm.

To emulate the simulated Raman calculations we performed in section 3.4 and
ensure the accuracy of our experimental results, nucleic acids are dissolved in water
and functionalized to silver films to permit the formation of multiple tautomers that

could bind to the silver surface. For the experimental nucleic acid Raman data, silver
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films are fabricated by depositing 300 A of silver using an e-beam evaporator
(Temescal BJD, UCSD Nano3 Cleanroom) on a silicon wafer. Nucleic acids are
deposited at a concentration of 1 mM and are incubated on the silver films overnight.
Before measuring the Raman spectra, the samples are rinsed with H,O to remove any
large particles. The Raman measurements are acquired using a Renishaw Raman
spectrometer at a wavelength of 785nm. The sample is imaged using a 40x objective
and the spectra are recorded with the hyperSpec program. A 60s acquisition time is
used with a Raman spectral range of 550 cm™ to 2000cm™. Baseline subtraction is
performed to ensure all spectra are aligned with the x-axis. The experimental Raman
measurements are then compared to the simulated Raman calculations in section 3.6 in

Figure 3.7.

3.6. Simulated and Experimental Raman Measurements

Comparison

The Raman spectra for the simulated Raman frequencies of the 18 nucleic-acid
silver composites and the experimental Raman measurements can be found in Figure
3.7, followed by a brief qualitative comparison between the experimental
measurements and corresponding simulated Raman spectra. The complete results of
the Raman frequency modes for all nucleic acid-silver composites can be found in the

appendix (Tables A.1to A.4).
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Figure 3.7. Raman spectra of 18 NA-Ag systems and experimental results.
Experimental Raman spectrum measurements (black) of the 4 nucleic acids (A -
adenine, C - cytosine, G - guanine, T - thymine) attached to silver and simulated
Raman spectra of binding atoms (red, green, blue, orange, magenta) of the 18
systems under study.

The prominent features of adenine's surface-enhanced Raman spectrum include
the ring-breathing mode (720 cm™), stretching modes of carbon atoms to the NH,
group and N3 and N9 atoms (1125 cm™), stretching modes of carbon to N1 and N7
atoms (1310 cm™), and the scissor mode of NH, (1485 cm™). The most similar
calculated Raman spectra to the experimental measurement is A-N3. In this spectrum,
the ring-breathing mode, carbon stretching modes to N atoms, and the scissor NH;
modes are enhanced. Modes including the deformation mode of the ring structures
(625-697 cm™), C-H wag mode (938 cm™) and NH, rock mode (980-1081 cm™) are
fairly weak in comparison, agreeing well with experimental results. The other

potential binding sites (A-N1, A-N7, A-N9 and A-NH,,N7) show differences with
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respect to the experimental spectrum. The A-N1 spectrum has a strongly enhanced
ring deformation mode (625 cm™). The A-N7 spectrum shows a weaker ring-
breathing-mode (713 cm™) and a stronger C-NH, wag mode (991 cm™). The A-N9
spectrum shows several similarities to the experimental measurements, including a
strong ring-breathing-mode (708 cm™) and weak C-H wag (940 cm™) and NH, (993
cm™) rock modes, but it also shows weak stretching modes of C-N atoms (1041 cm™).
The A-NH,,N7 spectrum also shows dramatic differences with the NH; scissor mode
(1591 cm™) greatly enhanced in the simulation.

The most intense modes of the experimental Raman spectrum of cytosine on
silver films are the ring-breathing-mode (790 cm™) and the C-N3 and C-NH,
stretching modes (1290 cm™). In addition, there are some moderately expressed modes
including the ring deformation mode (975 cm™), the NH, rock and N1-C-H bend
modes (1248 cm™) and the NH, scissor mode (1648 cm™). Weakly expressed modes
include the C-H bend mode (1000 cm™) and the C=C stretching mode (1448 cm™).
The most similar simulated spectrum is when the N3 atom binds to the surface of
Ag20 (C-N3). This spectrum is dominated by the ring-breathing-mode (688-748 cm™)
and has a high contribution from the C-N stretching modes (1343-1351 cm™). The
spectrum has moderate Raman intensities for the ring deformation mode (998 cm™),
the C-N1 stretching mode (1100-1108 cm™), and the NH, scissor mode (1484 cm™).
The other three cytosine spectra show significant variance with respect to the
experimental spectrum. The C-N1 spectrum has an enhanced ring deformation mode

(1014-1021cm™) and a weak C-N stretching mode (1297cm™). The C-NH, spectrum
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shows an enhanced NH, scissor mode (1516cm™) and the C-O spectrum shows an
overly enhanced C-N stretching mode (1442cm™).

Of the 5 potential binding sites for guanine, multiple binding sites have been
proposed, with the double bond N ring atoms being suggested as the primary potential
binding sites. The spectrum of guanine attached to silver films, like adenine and
cytosine's, is dominated by the ring-breathing-mode (646 cm™). This is the strongest
Raman mode by a significant amount. There are some moderately enhanced modes,
including the 5-atom ring deformation mode (937 cm™), the C-N7 and C-N9 stretching
mode (1229 cm™), and the C=C, C-N2, and C-N3 stretching modes (1548 cm™). The
G-N3 spectrum has the most similar features to the experimental result. The ring-
breathing-mode is the most dominant mode (646-669 cm™) and stands as the only
strong Raman mode. There are some moderately enhanced modes, including the 5
atom ring deformation mode (986-996 cm™) and the C-N stretching modes (1265-
1288 cm™). The other spectra show many differences. The G-N1 spectrum shows a
moderate ring-breathing-mode (658 cm™) and an enhanced C-N stretching mode
(1255 cm™). The G-N7 spectrum is fairly similar to experimental spectrum with a
strong ring-breathing-mode (654-667 cm™), but has an overly enhanced C-N7 and C-
N9 stretching mode (1395 cm™). The G-N9 spectrum is the most similar to the
experimental measurement, second only to G-N3, but the deformation modes (1099
cm™ and 1273 cm™) are overly enhanced. The G-O spectrum is very inconsistent, with
the C-N stretching mode (1394 cm™) dominating over the ring-breathing-mode (657-

696 cm™).
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The experimental spectrum of thymine functionalized to silver films shows a
strong ring-breathing-mode (735 cm™), C-CHj stretching mode (1348 cm™), and C=0
stretching mode (1656 cm™). There is also a moderate contribution from the ring
deformation mode (795 cm™) and C=C stretching mode (983 cm™). There is
significant variance in the simulated spectra of the four potential binding atoms. The
T-N1,02 spectrum has a strongly enhanced ring-breathing-mode (742 cm™), but that
mode is weaker than the ring deformation mode (808 cm™). The C=0 stretching mode
is also weaker (1564-1601 cm™). The T-N3,02 spectrum has a weak deformation
mode (799 cm™) and an overly enhanced CH3 wag mode (1458 cm™). The T-O2
spectrum results in an overly enhanced deformation of C-CH3 mode (617 cm™). The
T-O4 spectrum has a very strong dominant C=0O stretching mode (1607-1698 cm™),

but has a weak ring-breathing-mode (744 cm™).

3.7. Conclusion

The simulated Raman spectra calculated in this chapter show clear deviations
from the experimental measurements that were recorded. Thus, it is necessary to
quantitatively evaluate the data. In the next chapter, we detail the simulated Raman
correlation spectroscopy (SRCS) process in which we apply an algorithm to estimate
the percent composition of preferential binding sites of nucleic acids to silver
composites.

This chapter is, in part, a reprint that the dissertation author was the principal

researcher and author of. The material appears in Scientific Reports. (L.M. Freeman,
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A. Smolyaninov, L. Pang, Y. Fainman, "Simulated Raman correlation spectroscopy

for quantifying nucleic acid-silver composites” Scientific Reports, 6, 23535, 2016.)
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4.1. Introduction

While there have been many publications regarding comparison between
experimental Raman measurements and TD-DFT vibrational frequency analysis, the
published results have neglected to include quantitative analysis and have instead been
supported by qualitative statements [65,101,103,115,116]. Additionally, we see from
chapter 3 that qualitative analysis is insufficient for making conclusions about the
preferred binding sites. Here, we demonstrate the development of a quantitative
comparison method for directly contrasting the simulated Raman spectra with the
experimental Raman measurements of nucleic acids functionalized to silver
nanoparticles.

We begin with determining the correlation between the experimental
measurement and the simulated Raman spectrum of a single binding site. Due to the
poor correlation between the experimental data and the Raman frequencies of a single
binding site, we implement the simulated Raman correlation spectroscopy (SRCS)
analysis in which we statistically compare the simulated Raman spectra of several
binding configurations with experimental measurements of nucleic acids on silver and
then implement the SRCS method. The SRCS method optimizes the coefficient of
determination between the simulated and experimental measurements by calculating
the ideal weighted composition of binding configurations that results in the highest
correlation. We perform the SRCS process for the four nucleic acids, demonstrating
that nucleic acids preferentially bind to silver as a combination of weighted

configurations, rather than by single binding sites.
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4.2. Raman Mode Assignment

Before performing the quantitative correlation calculations, the calculated
vibrational frequency modes are aligned with experimental measurements and are
normalized with respect to the total Raman intensities of the system. The intensity of
the Raman frequency modes are used rather than the location of the Raman frequency
modes due to the incomplete basis set and neglect of anharmonicity [117]. The
prominent Raman frequency modes are assigned discrete values by visualizing each
mode in GaussView. The computed vibrational frequencies are slightly off-set from
each other because the frequency modes for each system vary slightly in location
dependent on the orientation of the molecule with respect to the surface, as the
molecular strain changes the way in which the system vibrates and leads to small
shifts in the vibrational frequencies. As an example, the adenine silver systems (A-N1,
A-N3, A-N7, A-N9, A-NH,,N7) have different calculated frequencies for the ring-
breathing-mode (RBM) that are determined by the molecular vibrations. GaussView is
used to visualize the modes, display the force displacements and appropriately assign
each frequency value with the corresponding mode. The frequencies for A-N1, A-N3,
A-N7, A-N9, and A-NH,,N7 have RBM mode locations of 711 cm™, 698 cm™, 714
cm™, 708 cm™ and 716 cm™, respectively (Figure 4.1).

The minor variation between the vibrational frequencies for the RBM is caused
by the molecular strain of the system which modulates the bond force constants of the
structure. Thus, despite the difference in frequency values, the frequencies from 698-

716 cm™ are assigned to the RBM by visualizing the force displacements of the
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Figure 4.1. Raman RBM of A-Ag. The simulated Raman ring breathing mode
locations for A-N1 (red, 711 cm™), A-N3 (green, 698 cm™), A-N7 (blue, 714 cm™),
A-N9 (cyan, 708 cm™), and A-NH,N7 (magenta, 716 cm™) in comparison to the
experimental ring breathing mode location (black, 722 cm™)
modes. The experimental measurements have the RBM slightly red-shifted compared
to the simulated measurements due to the scaling factor used in the calculations, with
the experimental RBM band ranging from 715 cm™ to 743 cm™. The strongest 10 to
12 frequency modes for each nucleic acid, such as the RBM, are selected for analysis

using GaussView to visualize the force displacement vectors. The list of modes can be

found in appendix A (Tables A.1 to A.4).

4.3. Raman Mode Comparison for Single Binding Sites

To begin the quantitative comparison, we start with the simple case of
statistically comparing the normalized modal intensities of a single binding site to
experimental measurement in which the coefficient of determination for each single
atom binding site (e.g. A-N1 compared to experimental measurement) is calculated.

We assign the Raman frequencies into discrete modes for both the experimental
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spectrum and corresponding simulated binding site spectra, where the experimental
Raman spectrum mode for a nucleic acid NA and a mode of i is defined as EN and
the simulated Raman spectrum mode for a nucleic acid NA, a binding site of b, and a
mode of i, is defined as S{f’,;“(v). We consider the case of a nucleic acid that has an
experimental Raman spectrum, e¥4, and multiple corresponding simulated Raman
spectra, s)'4, in which the potential binding sites are described as b=1,2,...,.B and the
discrete frequency modes as m=1,2,...,M. The discrete frequency modes are extracted
from the continuous Raman spectra é¥4 and 8’4, in which the GaussView program is

used to visualize and assign the frequency modes to discrete values (section 4.2). We

®

denote the modal intensities of the experimental measured spectra eMN4 =
[eN4,...eN4,..eli"] and the modal intensities of the simulated spectra sh4 =
[s)E, .05, - sip], in which b designates the binding site (e.g., N1, N3).

We then normalize the Raman intensity of each frequency mode with respect
to the sum of the Raman modal intensities of the selected Raman mode for each
spectrum. The experimental Raman intensity of the frequency mode i is normalized to

EN4 with the following equation:

NA e
Ei" =S —wa (4.1)

Zm:l m

in which e4 is the experimental Raman intensity at a specific frequency mode i,

M_, eNA4 is the sum of the experimental Raman intensities of frequency modes from

1 through M, and EN4 is the normalized experimental Raman intensity for mode i. The
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normalized modal intensities for the experimental Raman measurement can be
designated as:
ENA = [ENA, . ENA, .. ENA] (4.2)
For the case of the simulated Raman intensities, assuming the simulated
spectrum is for a nucleic acid bound to silver via the binding site b, the normalized

Raman intensity for mode i is represented by the following equation:

NA _ SfoA
Sip (4.3)

Emlmb

in which s A is the simulated Raman intensity of a nucleic acid bound via binding site
b at a specific frequency mode i, Ym_; s; is the sum of the simulated Raman
intensities of a nucleic acid bound via binding site b from modes 1 to M, and S/ is
the normalized simulated Raman intensity mode of a nucleic acid bound via binding
site b for mode i. Thus, the normalized modal intensities for a simulated Raman
measurement can be designated as:

SpA =[S, SN o S (4.4)

The discrete mode assignment and normalization of the frequency modes are shown in

ANA

Figure 4.2, in which the continuous Raman spectrum $,“ is assigned discrete modes

spA = [s{'f, ... s{, ... sy ] and then normalized to generate S

To determine the correlation between EN4 and S)'4, we calculate the

coefficient of determination (r2) according to the following equation:

2

2 Zm 1ENASN[11; Zm 1ENAE SNA

r? = = - (4.5)
J{2%=1(E%A>2—(zm=1E%Aﬁ}{zm:l(sm{%,) ~EM_1 N4}
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Figure 4.2. Discrete mode analysis. The normalization procedure for each
spectrum, in which the continuous spectrum $)4 (top) is assigned discrete modal
values m=[1,2,...,M] and aligned with the corresponding experimental discrete
modes e™4, described as a vector s} (middle). The Raman intensity of each mode
is then normalized using equation 4.3 to generate S)4 (bottom).

Here, the coefficient of determination represents the correlation of the simulated
Raman spectrum of a single binding site to the experimental Raman spectrum, with a
value r2 = 1 constituting perfect correlation. The residuals for each mode are shown
in Figure 4.3, determined by the equation ¢ = |E,’,V1A — S,’)’lf},| for each mode m. The bar
plots represent the absolute deviation of the simulated mode with respect to the
experimental mode and the dotted line shows the mean of the absolute deviation. The
scatter plots display the relative deviation for each mode compared to the experimental
result (y=0) with the coefficient of determination (r2) displayed on the plot. The

coefficient of determination ranges from very poor (A-NH,N7, 0.022) to fairly strong
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Figure 4.3. Deviation of Raman modes. The absolute deviation of the simulated
normalized Raman mode intensities for (a) adenine, (b) cytosine, (c) guanine, and (d)
thymine. Each individual bar represents a mode, starting from the shortest (~600 cm’
1 to the longest (~1700 cm™) frequency mode. The dotted line represents the
average deviation for all modes in that system. Residual plots are shown for each
individual system with the coefficient of determination stated in the inset.

(G-N3, 0.78), with the N3 binding atom showing decent correlation for adenine,

cytosine, and guanine. Thymine is very ambiguous, with each atom showing a poor

coefficient of determination.

Despite the above average correlation for A-N3, C-N3, and G-N3, there are

still some simulated modes in these systems that show significant deviation from the

experimental values. For example, the C-N stretching mode for A-N3 is greatly
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enhanced in experimental measurements, but significantly reduced in the simulation
results. The C-NH, stretching mode for C-N3 is strong in simulations, but very weak
in the experimental spectra. Additionally, the C-NH; bending mode is absent in the C-
N3 simulations. These discrepancies reveal that there is more than one binding site
responsible for the Raman signatures in experimental measurements and that the
experimental measurements are superimposed spectra of the possible binding sites. To
improve the coefficients of determination, the SRCS process is performed in which the
coefficient of determination is maximized by finding the optimal weighted coefficient
constants for each nucleic acid. When comparing the simulated spectra to the
experimental spectrum for each nucleic acid (NA), we conclude that single binding
site simulations have deviations with respect to the experimental measurement, as
determined by linear regression analysis, and thus the experimental measurement

cannot be deduced to a single binding site.

4.4. Simulated Raman Correlation Spectroscopy (SRCS)

Process

When comparing the simulated spectra to the experimental spectrum for each
nucleic acid (NA), we conclude that single binding site simulations have deviations
with respect to the experimental measurement, as determined by linear regression
analysis, and thus the experimental measurement cannot be deduced to a single
binding site. Thus, SRCS is employed to determine the weighted composition of

binding sites by optimizing the calculated correlation. The SRCS process for each
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nucleic acid consists of 1) assigning the continuous Raman frequency spectral modes
to discrete values for the experimental spectrum and all simulated binding site spectra;
2) normalizing the Raman intensity of each frequency mode with respect to the sum of
the Raman modal intensities of the selected Raman modes for each spectrum, and 3)
calculating the weighted coefficients for each binding site that yield the optimal
coefficient of determination in terms of all binding sites, r* when comparing the
cumulative weighted simulated Raman spectra to the experimentally detected Raman
spectrum.

Upon completion of steps 1 and 2, as described in sections 4.3 (equations 4.1-
4.4), and given the experimental discrete Raman mode intensities EN4, we assume that
there is a set of corresponding weighted constants that maximize the correlation of
EN4 with respect to a linear superposition of a set of weighted spectra S)'4, where
b=1,2,...B. We define the weighted superimposed simulated spectra S}¢ as:

Stot = Zb=1kp"Sy"  (4.6)
where each value of k)4 represents the weighted constants for the corresponding
simulated spectrum based on binding site b. The weighted constants are normalized as:
YhokbA=1  (@47)

Then, we vary the values of k)4 in equation 4.6 in order to optimize the correlation
between the weighted spectral modes Sj4,; of the simulated data Sf%¢ and the
measured spectral modes EX4 of the experimental data EN4 by using the following

equation for the coefficient of determination:
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=1 ENASE G oe—S0 1 ENA S 1 Shfor (4.8)
\/{Z% 1(ETI¥LA)2_(Zm 1Em )2}{2m=1(5m,tot) _(Zm=1511¥1f%0t)2}

The value of 2 is optimized by varying the weighted constants of k4 in equation 4.6
and calculating the value of SN4 (Figure 4.4). The coefficient of determination given
by 2 measures the linear correlation between an experimental spectrum EN4 and
weighted calculated spectrum SN4, with 72 = 1 corresponding to perfect correlation.
By applying signal processing techniques [118], the weighted constants k)4 which
produce an SN4 that maximizes r2 are calculated and represent the best possible
compositional analysis of experimental binding sites within the limits and numerical
accuracy of the simulated binding sites and determine how well the chosen weighted

spectra works as a least squares estimator for the experimental spectrum.

Initialize Loop Loop Body
n=0 fork;0to Calculate r?
ka for k; 0 to 1 . using

I 4 [ 4 Em
ki?o for k 0 to 1 S o
k=0 28 k=1 k= 1K e K k]
A
n=n+1
<
End loop afterall k from 0to 1

Loop Update

Figure 4.4. Schematic diagram of SRCS. Flow diagram describing the SRCS
process in which the values of k)4 are varied while calculating 2 using ENX4 and
Sh4o¢ given by equation 4.2 and equation 4.6, respectively.
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The SRCS process is applied to all four nucleic acids, in which approximately
175,000 iterations of varying k)4 to calculate SN4 and optimize r2 is conducted per
nucleic acid (Figure 4.5a), determining the optimized binding site compositions for
each nucleic acid (Figure 4.5b, Table 4.1). The r? value between the optimized,
weighted composition of the simulated Raman spectra in comparison to the
experimental measurement is higher for each nucleic acid when compared to the

single binding site values of 2.

Table 4.1. Optimized molecular composition and corresponding r®. Coefficients
of determination for 18 single atom binding systems and the 4 optimized weighted
composition binding site systems. The coefficient of determination increases when
accounting for a mixture binding sites for each nucleic acid, such as thymine which
went from a r” value of 0.52 (T-N1) to a value of 0.84 (48% T-N1, 14% T-N3, 9% T-
02, 29% T-04).

Binding Site | r” of Adenine | r” of Cytosine | r° of Guanine | r” of Thymine
N1 0.20 0.06 0.21 0.52
N3 0.73 0.71 0.78 0.44
N7 0.14 0.57
N9 0.62 0.55
NH, 0.02 0.16
02 0.11 0.28 0.45
04 0.41
Weighted
Mixture 0.85 0.81 0.91 0.84
37% N3 9% N1 32% N1 49% N1
Optimized 31% N7 63% N3 40% N3 13% N3
Compositions 30% N9 26% NH2 12% N7 9% 02
2% NH2 2% O 16% N9 29% 04
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Figure 4.5. Optimizing r? with SRCS. (a) The increase in the coefficient of
determination (r?) as the number of iterations increases, resulting in r near 1, for the
nucleic acids adenine (black), cytosine (red), guanine (green), and thymine (blue).
(b) The optimized percent composition of each binding site to silver at the maximum
coefficient of determination for each nucleic acid. Adenine shows the majority of
binding comes from N3, N7, and N9. Cytosine is primarily bound to silver via the
N3 atom. Guanine’s strongest binding atoms are N1 and N3. Thymine is strongly
bound via the N1 and O4 atoms.

To visually compare the effectiveness of the SRCS process, the individual
weighted binding site Raman spectra k)4SN4, the superimposed cumulative simulated
Raman spectrum SN4, and the experimental Raman spectrum EN4 are plotted (Figure
4.6). When comparing the superimposed simulated Raman correlation spectrum to the
experimental measurement, qualitative analysis clearly shows that the weighted
composition calculated spectrum (gray) for each nucleic acid is in good agreement
with the experimental Raman signature (black).

The high coefficients of determination and corresponding superimposed
spectra demonstrate the efficiency of the SRCS process as a method to discover the
preferential binding sites of each nucleic acid to silver. The preferential binding sites

of adenine to silver are N3, N7, and N9, with limited binding from NH, and none from
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Figure 4.6. Superimposed simulated and experimental Raman spectra. The
weighted simulated Raman spectra kj4S)4 for each binding site (top in A, C, G and
T; multicolored), the superimposed simulated Raman spectra SX4 for all the binding
sites (middle in A, C, G and T; gray), and the experimental measured Raman spectra
EN4 for each nucleic acid (bottom in A, C, G and T; black).

N1. For cytosine, the preferred binding site is N3 with moderate binding from NH;
and limited binding from N1 and O. The results of guanine demonstrate that there is
no binding via the O atom, with moderate bonding from N1 and N3 and limited
binding from N7 and N9. Finally, the N1 atom of thymine demonstrates the strongest
binding to silver with roughly half of the molecules binding via the N1 site, with
moderate bonding from O4 and limited bonding from N3 and O2.

To explain the preference of specific binding sites to nucleic acids, we examine
the physical existence of nucleic acid tautomers in water. Because nucleic acids exist
as several tautomers upon interaction with water, there are a significant number of
potential binding atoms available to bind to silver depending on the location of the

hydrogen atom for each tautomer. The tautomers determine the available binding sites,
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such as when the N9H adenine tautomer enables the doubly bonded ring nitrogens to
act as the preferential binding sites and electron donors, while prohibiting the N9 atom
from binding to the silver surface. Thus, the composition of the preferential binding
atoms is dependent on the prevalence of specific tautomers of the nucleic acids in
water. For example, in the case of cytosine, it can be deduced that the N3H tautomer is
present in a limited form in water because of the dominance of the N3 and NH; as
binding sites. This agrees well with a previous study, which determined that upon
cytosine hydration, the N1H tautomer formed much more frequently than the N3H
tautomer, enabling the doubly bonded ring nitrogen group on N3 to bind, while
prohibiting the N1H site to bind to silver [103]. Therefore, in addition to determining
the composition of binding sites of nucleic acids to silver, the SRCS method can yield
insight into the population of specific tautomers in water. Additional factors that can
determine preferential binding sites are the electron densities of the molecules and the

geometrical constraints caused by steric effects and will be addressed in future work.
4.5. Conclusion

In this chapter, we have developed and applied an SRCS statistical analysis
method for determining the composition of binding atoms of nucleic acids to silver
using a quantitative statistical analysis process that compares calculated Raman
spectra to experimental measurements. We have demonstrated that the SRCS method
can deduce the relative composition of binding sites and quantitatively determine that
certain sites (e.g. N1 in adenine, O in cytosine) do not play a significant role in

binding to silver, while others (e.g. N3 in adenine, N3 in cytosine), are the primary
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binding sites with additional, less active binding sites (e.g. N7 and N9 in adenine, N1
in cytosine).

Using a weighted simulated Raman correlation spectroscopy method, we have
developed a process to optimize the coefficient of determination for comparing
simulated Raman data to experimental measurements by adjusting the composition of
binding sites. By optimizing the composition of the potential binding sites, we show
that a mixture of orientations and configurations occur during experimental
measurements and provide a method to use for binding analysis. Additionally, we
demonstrate the efficiency of our method by comparing the experimental
measurements to the superimposed simulated Raman spectra, showing excellent
agreement and a high coefficient of determination. Finally, we compare the
composition of binding atoms to previously published results. This method lays the
foundation for using computational simulations to study the assembly and surface
chemistry of molecules on the nanoscale level and can be applied to many fields of
study, including near-field characterization of molecule alignment and configuration
of molecules with respect to metal surfaces.

This chapter is, in part, a reprint that the dissertation author was the principal
researcher and author of. The material appears in Scientific Reports. (L.M. Freeman,
A. Smolyaninov, L. Pang, Y. Fainman, "Simulated Raman correlation spectroscopy

for quantifying nucleic acid-silver composites” Scientific Reports, 6, 23535, 2016.)
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5.1. Introduction

While the static polarizability effect offers unique insight into the molecular
configuration of the nucleic acids binding to silver, the charge-transfer effect provides
information regarding the optical properties of the systems themselves and supplies
the explanation behind the Raman signature excitation energy dependence of nucleic
acids functionalized to silver. Because adenine, cytosine, guanine, and thymine have
unique molecular structures, the electron transfer between their molecular orbitals and
the molecular orbitals of silver varies depending on the properties of each nucleic acid.
Thus, the charge-transfer effect is wavelength dependent and can be optimized or
eliminated by selecting the appropriate excitation wavelengths. In this chapter, we
look at how the charge-transfer effect is dependent on two excitation wavelengths
(532 nm and 785 nm) and the corresponding impact the charge-transfer effect has on
the Raman signatures of cytosine and guanine.

Here, we report our findings on why there have been repeated discrepancies
regarding the surface-enhanced Raman signal of DNA bases. We hypothesize that the
differences in SERS nucleic acid intensities at different excitation wavelengths is
caused by the charge-transfer effect that leads to resonance Raman scattering in which
the excitation wavelength is resonant with the newly generated electronic transitions.
Using cytosine and guanine as examples, we first perform time-dependent density
functional theory (TD-DFT) calculations to determine the electronic transitions
created between silver atoms and cytosine and guanine, and observe a clear shift as the

absorption changes from the UV range for the base to the visible range for the base
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metal system. We then verify the new absorption spectra using optical absorption
measurements. [76] The resonance dependence on the electronic transition shift of
cytosine and guanine metal systems reveal strong wavelength-dependent behavior of
SERS signals. By matching plasmonic resonances of SERS substrates to the shifted
electronic transitions of cytosine and guanine conjugated to the metal surface, we
verify that the SERS signals can be modulated by selecting the appropriate excitation

wavelength.
5.2. TD-DFT of Silver Cytosine and Guanine Systems

To demonstrate the differing optical properties of nucleic acids, cytosine and
guanine are selected as the nucleic acids of interest. Cytosine, which has a single ring
structure from the pyramidine group, has a single six-membered ring consisting of
carbon and nitrogen. Guanine is composed of a double ring structure from the purine
group and has a six-membered ring fused with a five-membered ring, both containing
nitrogen and carbon atoms. Despite both being components of nucleic acids, they offer
unique differences in molecular structure that reveal themselves in SERS charge-
transfer measurements. By tuning the excitation wavelength, the Raman signature
enhancement of cytosine and guanine can be selectively attenuated by matching the
excitation wavelength with the electronic transitions of the respective systems.

Time-dependent density functional theory studies on the absorption properties
of metal atom clusters with attached molecules have been previously utilized for

understanding the charge-transfer effect that leads to a chemical enhancement when
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the excitation energy is resonant with the electronic transition. [119,120] The studies
that have been done on the chemical enhancement effect have used simple molecules
such as pyridine [119] or benzenethiol, [29] and TD-DFT studies on nucleic acids
primarily have been focused on geometrical adsorption studies with silver and
adenine. [116,121] In order to calculate what electronic transitions are created when
cytosine and guanine bind to silver atoms that lead to chemical enhancement in SERS,
we perform TD-DFT simulations to measure the electronic transitions and relate the
results to the chemical enhancement occurring in SERS experiments.

As previously discussed, TD-DFT simplifies density-functional theory to a
time-dependent situation in which the system is exposed to a time-dependent
perturbation, causing a change in the system's external potential. By measuring the
response of the charge density to a perturbation, the oscillator strengths and transition
energies can be calculated, in which the oscillator strength is defined as the probability
of absorption between the energy levels of the molecule. [122] TD-DFT energy level
calculations (Figure 5.1) are performed on cytosine, guanine, cytosine-silver (C-Ag),
and guanine-silver (G-Ag) using the Gaussian 09 software. Geometry optimization, in
which atoms are re-positioned until reaching an energy minimum, is performed on
each system before TD-DFT calculations are used to ensure the systems are stable
with no imaginary frequencies. [123] The silver cluster model chosen for the
calculations is the 20-atom silver tetrahedral structure, as this has shown to have
similar electronic properties as silver nanoparticles used in experiments [29,119,120]

and is previously reported on in chapter 4 of this work.
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Based on previous comparisons of simulations to experimental results, the flat
side of the structure is chosen in which the molecule binds to the (111) surface of the
Ag20 face-centered cubic (fcc) lattice structure. For TD-DFT simulations, B3LYP
(Becke, 3-parameter, Lee-Yang-Parr) [108] is chosen as the DFT method as it
employs both generalized gradient approximations and local-density approximations

that are suitable for molecule-metal systems. [66,124] Based on the molecular
(a) (b)
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Figure 5.1. TD-DFT calculations of NA and NA-Ag. (a) Cytosine and guanine
structures geometrically optimized, (b) C-Ag and G-Ag structures geometrically
optimized, (c) UV-VIS absorption spectra of cytosine and guanine, and (d) UV-VIS
absorption spectra of C-Ag and G-Ag. Cytosine and guanine have optical
absorptions in the ultraviolet range, as expected based on previous experimental and
simulation results. The addition of silver generates new electronic transitions in the
visible range, with maximum oscillation strengths at 472 nm and 609 nm for C-Ag
and G-Ag, respectively.
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structures, a 6-31G(d,p) basis set is used for the isolated nucleic acids and a split basis
set of 6-31G(d,p) and LANL2DZ is used for the nucleic acid molecules and silver
atoms, respectively, for the DNA base metal systems.

As expected, the UV-visible absorptions for both cytosine (Figure 5.1c, green,
with a peak at wavelength of 235 nm) and guanine (Figure 5.1c, red, with a peak at
wavelength of 263 nm) are in the ultraviolet range as these are the natural electronic
transitions of the molecules. However, when the nucleic acids are attached to the silver
cluster, the absorption shifts into the visible range for C-Ag (Figure 1d, green, with a
peak at wavelength of 472 nm) and G-Ag (Figure 1d, red, with a peak at wavelength
of 609 nm), respectively.

The change in the absorption maxima corresponds to a change in the electronic
transitions of the system, showing that new charge-transfer bands are created between
the Fermi energy level of the metal and the highest occupied molecular orbital
(HOMO) of the nucleic acids (Figure 5.2a). In order to confirm the calculated C-Ag
and G-Ag electronic transitions, optical absorption measurements are performed on
thin 20 nm Ag films with cytosine, guanine, and a mixture functionalized to the
surface (Figure 5.2b). The measured C-Ag CT band (green) and G-Ag CT band (red)
absorption intensity maxima occur at wavelengths of 566 nm and 662 nm,
respectively. A Mix-Ag CT is also recorded (black), and correlates well to when the
experimental measurements of C-Ag and G-Ag are combined (blue dotted line).

The experimentally measured absorption spectra show that the CT bands

corresponding to the experimental data are fairly consistent with the absorption spectra
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simulations (Figure 1c,d). However, there are some differences in the simulation
results and experimental measurements because only one adsorption configuration is
used for the absorption band calculations. First, the experimental measurements show
a red-shift of peak wavelength by 94 nm for C-Ag (simulation peak at wavelength of
472 nm, experimental peak at wavelength of 566 nm) and 53 nm for G-Ag (simulation
peak at wavelength of 609 nm, experimental peak at wavelength of 662 nm). Second,
using only one adsorption configuration results in narrower absorption bands
(FWHMc.ag = 161 nm, FWHMg.ag = 135 nm) as opposed to experimental results
(FWHMc.ag = 192 nm, FWHMg.ang = 204 nm). It is expected that additional
adsorption configurations, such as attachment of the nucleic acid atom to the vortex of
the silver atom cluster rather than to the surface face, or attachment via atoms other

than the nitrogen ring atoms, would lead to shifts in the absorption bands. The
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Figure 5.2. Fermi levels and experimental absorption measurements. (a) The
electronic transitions created during electron transfer between the HOMO of the
molecule and the Fermi energy of the silver. (b) Optical absorption measurements of
cytosine (green), guanine (red), and mixture (black) on 20 nm Ag thickness, with
values of 566 nm and 662 nm for C-Ag and G-Ag, respectively. The addition of C-
Ag and G-Ag measurements is represented by the blue dotted line. The Raman
excitation wavelengths (532 nm and 785 nm) are marked by the vertical dotted lines.
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convolution of the calculated absorption bands of all adsorption configurations would
lead to the simulation results matching the experimental measurements. For this
reason, the measured experimental results are assumed to be more representative of
the CT bands of the system as opposed to the simulation results.

The regions where the C-Ag and G-Ag show strong oscillation strength and
absorption intensities correlate to the new electronic transitions created by the charge-
transfer between the metal and nucleic acids. The optical absorption spectra have full-
width half maxima (FWHM) of ~250 nm, in which case there will be a chemical
enhancement mechanism occurring between approximately 441 nm to 691 nm for C-
Ag and 537 nm to 787 nm for G-Ag. From these results, we can substantiate our
hypothesis that the enhancement difference found between the two nucleic acids in
previously published results was caused by the induced Raman scattering in different
excitation wavelengths used in the experiments, rather than by the difference in

Raman-cross sections or orientation of the molecules.

5.3. Localized Surface Plasmon Resonance (LSPR) of Silver

Island Films

In order to demonstrate the effect charge-transfer bands have on enhanced
Raman signals when in resonance with the excitation wavelength, surface-enhanced
Raman spectroscopy is performed with nucleic acids functionalized on silver islands.
Due to experimental constraints, the laser wavelengths chosen are 532 nm and 785 nm
(marked in Figure 5.2b, vertical dotted lines). Based on optical absorption

measurements shown in Figure 5.2b, the 532 nm excitation wavelength will show
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strong chemical resonance of C-Ag and weak chemical resonance of G-Ag, while the
785 nm excitation wavelength will demonstrate no chemical resonance of C-Ag and
weak chemical resonance of G-Ag. The silver island films are fabricated in such a way
that their plasmonic resonance, which leads to a local electric field enhancement, is in
the same wavelength range as the Raman excitation wavelength. In this way, both the
plasmonic electromagnetic enhancement and charge-transfer chemical enhancement
will be resonant in the same wavelength range, offering the maximum possible
resonance Raman effect with the appropriate wavelength selection.

Silver island films (AglFs) are chosen as SERS substrates because they offer
highly controllable, uniform and reproducible surfaces that can be tuned for
electromagnetic enhancement at any wavelength using Nanosphere Lithography
(NSL). [125] Two substrates are designed: substrate #1 has a 300 nm bead mask (75
nm side length) and a 45 nm silver thickness and substrate #2 has a 500 nm bead mask
(135 nm side length) and a 60 nm silver thickness. The corresponding SEM images of
substrate #1 and #2 are shown in Figure 5.3a. Finite element modeling (FEM)
simulations are performed (COMSOL Multiphysics software package) to calculate the
local electric field enhancement of both substrates (Figure 5.3b). COMSOL
simulations with silver islands are modeled in an air environment (refractive index n =
1) on a silicon substrate (n = 3.5) with light propagation in the z-direction using
incident wavelengths of 532 nm (1) and 785 nm (2) and an initial unpolarized electric
field strength of 1 VV/m. A spherical perfectly matched layer (PML) with a radius of 1

pm and a thickness of 200 nm absorbs scattered light. The silver islands use extremely
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fine meshing. Simulations show strong field enhancement at the tips of the silver
islands.

For the silver island films to enhance the Raman signal, the two substrates
must support localized surface plasmon resonances (LSPR) that lead to local electric
field enhancement. The wavelength range in which the silver island films support the
LSPR depends on the size and shape of the silver particles and can be determined by
measuring the scattering of the particles with broadband excitation. Optical absorption
and scattering spectra are recorded using a broadband UV-visible fiber optic
illuminator and spectrometer (Ocean Optics HR4000). Spectra are normalized with

respect to the background silicon signal. Five spectra are taken for scattering

o
(o)

Scattering Intensity (a.u.)

200 4(|)0 . 6(|)0 8-(30 1000
Wavelength (nm)

Figure 5.3. SEM, COMSOL simulations, and extinction spectra of AglFs. (a)
SEM images of substrates. (b) COMSOL simulations of substrate #1 (300 nm bead
mask, 75 nm side length, 45 nm thickness) and of substrate #2 (500 nm bead mask,
135 nm side length, 60 nm thickness). (c) Localized surface plasmon resonance
scattering far field (FF) spectra of substrate #1 (green line, A spr = 569 nm) and
substrate #2 (red line, A spr = 679 NmM) and near field (NF) spectra of substrate #1
(green dashed line, Ang = 622 nm) and of substrate #2 (red dashed line, Ang = 763
nm). The excitation wavelengths for the SERS experiments are represented by the
green (532 nm) and red (785 nm) vertical dotted lines. Error bars represent the
scattering intensity deviation of the 5 LSPR measurements recorded.
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measurements and the mean intensity is plotted with respect to wavelength. Error bars
represent the standard deviation of the five intensity measurements. The scattering
spectra for the two silver island film substrates are shown in Figure 5.3c, with a larger
feature size for substrate #2 leading to a red-shift of the A, spr.

When we use the above fabricated silver island film as the substrates for DNA
(e.g., cytosine, guanine) Raman measurements, both the chemical enhancement from
the induced resonance Raman from C-Ag or G-Ag and the electromagnetic
enhancement from the LSPR would contribute to the total Raman scattering signal. By
measuring the intensity of the absorption of the nucleic acid silver systems
(Figureb5.2b) and the scattering of the LSPR from the pure silver island films (Figure
5.3c), the respective chemical enhancement and electromagnetic enhancement
contributions can be estimated.

For calculating the electromagnetic contribution, the near field intensity
distribution should be considered. The scattering results shown in Figure 5.3c in green
and red (solid lines) are actually far field measurements. Fortunately, it is known that
the far field spectra response deviates from the near field spectral distribution due to
internal and radiative damping,® in which the near field local intensity enhancement
maximum is red-shifted from the far field LSPR measurement. Using the model based
on damped harmonic oscillators,® we calculate the damping factor for substrates #1
and #2. The damping factor (B) is found using the relationship B=w/(2r), where w is
the full width at half maximum (FWHM) of the Lorentzian fit of the far field

measurements. The red-shifted near field ong is then calculated from (oNFZ(oooz-
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B%2)"2. The damping effect leads to near field resonant wavelengths of 622 nm and
763 nm from far field resonant wavelengths of 569 nm and 679 nm, for substrates #1
and #2, respectively. The shifted near field intensity spectra are shown in Figure 5.3c
(dashed lines).

The results of the chemical and electromagnetic contributions based on the
absorption intensities and LSPR intensities with near field red-shift corrections are
shown in table 5.1, with the intensities normalized to the maximum total contribution
(G-Ag on substrate #2 at 785 nm). For example, the absorption intensity for 532 nm
C-Ag is 203 a.u. and the scattering intensity is 164 a.u., resulting in chemical and
plasmonic contributions of 0.48 and 0.39, respectively. From the total contribution
estimation, we expect to see the Raman enhancement results at 532 nm to be C-Ag >

G-Ag and at 785 nm to be G-Ag > C-Ag.

Table 5.1. Chemical and plasmonic contributions. Chemical and plasmonic
contributions for the SERS excitation wavelengths of 532 nm and 785 nm, with the
intensities normalized with the total maximum of the two contributions

Chemical Plasmonic Total
Contribution Contribution
532 nm C-Ag 0.48 0.39 0.87
532 nm G-Ag 0.21 0.39 0.60
785 nm C-Ag 0 0.75 0.75
785 nm G-Ag 0.25 0.75 1
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5.4. Surface-enhanced Raman Spectroscopy Measurements

To demonstrate the dependence of the enhanced Raman signatures of cytosine
silver and guanine silver on the excitation intensity, surface-enhanced Raman
measurements of the systems are performed. Both the 532nm and 785nm wavelengths
are employed, in which the 532nm is expected to have a strong and moderate charge-
transfer effect for cytosine and guanine, respectively, while the 785nm is expected to
have a minimal and weak charge-transfer effect for C and G, respectively.

For SERS measurements, cytosine and guanine (VWR International) are
dissolved in H,O for resulting concentrations of 3 mM. This solution is then drop
coated on the 1 cm? silver island film substrates (substrate #1 and #2) and allowed to
be incubated overnight. The samples are then rinsed to remove bulk unattached
nucleic acids on the surface, leaving behind approximately a monolayer of adsorbed
cytosine or guanine molecules on the silver islands.

Raman spectroscopy is performed using a Renishaw Raman spectrometer at
the wavelengths of 532 nm and 785 nm. Spectra are recorded using the hyperSpec
program. The sample is imaged using a 40x objective, and the area which data are
acquired is confirmed to contain silver island films with nucleic acids by using
markers and SEM verification. The laser power of each wavelength is calibrated by
comparing the intensity of the 500 cm™ mode of a Si wafer. A 10 second acquisition
time is used with a Raman spectral range of 600 cm™ to 2000 cm™ to eliminate the 500
cm™ line from Si. Baseline subtraction is then performed to ensure that all spectra are

level with the x-axis.
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Raman spectroscopy is performed at 532nm and 785nm for C-Si, G-Si, C-Ag,
and G-Ag, where concentrated cytosine and guanine are functionalized on silicon for
SERS comparison to normal Raman scattering (NRS). For analysis, the ring-breathing
modes (RBM) of cytosine and guanine (~790 cm™ and ~650 cm™, respectively), the
single bond stretching modes (SSM) of cytosine and guanine (~1290 cm™ and ~1230
cm™, respectively), and the double bond stretching modes (DSM) of cytosine and
guanine (~1650 cm™ and ~1550 cm™, respectively) are selected for analysis as these
are the standard modes used for DNA Raman spectroscopy measurements. [92,93]

With an excitation wavelength of 532 nm on substrate #1 (Figure 5.4a),
cytosine (C-Ag) is shown to have a stronger surface-enhanced Raman signal than
guanine (G-Ag) based on the RBM, SSM and DSM. The bulk Raman signals of
cytosine (C-Si) and guanine (G-Si) functionalized on a clean silicon wafer are also
taken for comparison, showing that the NRS signals have consistent intensities
between the two nucleic acids at both wavelengths. The results are directly opposite
for an excitation wavelength of 785 nm on substrate #2 (Figure 5.4b), in which the
surface-enhanced signals of the RBM, SSM, and DSM for substrate #2 of G-Ag are
shown to be larger than that of C-Ag due to the signal enhancement caused by the
chemical enhancement, a resonance Raman effect. The NRS shows the RBM of C-Si
and G-Si to have approximately the same intensity, as expected, due to the absence of

silver and thus no charge-transfer resonance.
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Figure 5.4. SERS and Raman spectra of cytosine and guanine. (a) Raman spectra
of cytosine and guanine on Raman and SERS substrates with an excitation
wavelength of 532 nm using substrate #1, with NRS measurements on silicon
showing low Raman intensities and SERS measurements showing that C-Ag has a
greater intensity than G-Ag. (b) Raman spectra of cytosine and guanine on Raman
and SERS substrates with an excitation wavelength of 785 nm using substrate #2,
with NRS measurements on silicon showing low Raman intensities and SERS
measurements showing that G-Ag has a greater SERS intensity than C-Ag.

The ratios of the surface-enhanced Raman intensities (C-Ag, G-Ag) to the
normal Raman scattering intensities (C-Si, G-Si) for the RBM, SSM and DSM modes
at both 532 nm (green) and 785 nm (red) excitation wavelengths give quantitative
evidence that all modes are consistently higher for C-Ag at 532 nm and G-Ag at 785
nm. The measured ratios of the Base-Ag to the Base-Si for all modes and wavelengths
are shown in Figure 5.5. At 532 nm, C-Ag shows higher enhancement than G-Ag,
with a RBM intensity ratio over C-Si and G-Si to be 18.0 and 5.53, respectively. At
785 nm, the opposite is seen as the ratio of RBM intensity of C-Ag to C-Si and G-Ag
to G-Si are 4.38 and 19.1, respectively. The SSM and DSM results are also consistent

with these findings.
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We conclude that this change in Raman intensity magnitude of the RBM,
SSM, and DSM of the nucleic acids is caused by the presence of the nanoscale metal
substrate, as the normal Raman scattering (NRS) shows approximately equivalent
intensities of the RBMs for C-Si and G-Si at 532 nm (453 a.u. and 454 a.u.,
respectively, in Figure 5.4a) and for C-Si and G-Si at 785 nm (301 a.u. and 281 a.u.,
respectively, in Figure 5.4b). This further confirms that the discrepancy seen in
literature in which nucleic acids have varying SERS intensities at different
wavelengths while having the same NRS intensities at these wavelengths is caused by
the charge-transfer between the metal and nucleic acid, known as the chemical

enhancement effect of SERS.
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Figure 5.5. Bar graph of Base-Ag and Base-Si ratios. Bar graph displaying the
ratios of Ag-Base to Si-Base at 532 nm (green) and 785 nm (red) excitation
wavelengths for the guanine RBM (650 cm™), cytosine RBM (790 cm™), guanine
SSM (1230 cm™), cytosine SSM (1290 cm™), guanine DSM (1550 cm™), and
cytosine DSM (1650 cm™). The modes for cytosine have greater enhancement at 532
nm excitation and the modes for guanine have greater enhancement at 785 nm
excitation.
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5.5. Conclusion

Although SERS has previously been performed with nucleic acids, the
measured intensities for each nucleic acid have varied significantly depending on the
SERS substrate and excitation wavelength. We have demonstrated that the charge-
transfer (CT) mechanism, also known as the chemical enhancement of SERS, is
responsible for the discrepancies previously reported in literature. The electronic states
of cytosine and guanine attached to silver atoms are computationally calculated and
experimentally measured to be in the visible range, which leads to a resonance Raman
effect at the corresponding maximum wavelengths. The resulting SERS measurements
are in good agreement with the simulated values, in which silver cytosine shows
stronger enhancement at 532 nm and silver guanine shows stronger enhancement at
785 nm. These findings suggest the optimal SERS signal can be achieved by tuning
the excitation wavelength to match both the electromagnetic and chemical resonances,
paving the way for future single molecule detection of nucleic acids other than
adenine. In this next chapter, we further corroborate our findings using thin films of
aluminum oxide to eliminate the charge-transfer effect.

This chapter, in part, is a reprint that the dissertation author was the principal
researcher and author of. The material appears in ACS Nano. (L.M. Freeman, L.
Pang, Y. Fainman, "Maximizing the electromagnetic and chemical resonances for
surface-enhanced Raman spectroscopy of nucleic acids™ ACS Nano, 8, 8, 8383-8391,

Aug. 2014.)
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6.1. Introduction

To further understand the role the charge-transfer effect has on the chemical
enhancement in SERS for nucleic acid silver systems, we introduce aluminum oxide
as a material capable of preventing charge-transfer from occurring. By eliminating the
ability of electrons to transfer from the molecular orbitals of the molecules to the
silver, the generation of new electronic transitions does not occur and thus the
chemical resonance caused by the charge-transfer of electrons is reduced. Therefore,
we can extrapolate the effect the chemical resonance has on nucleic acids. In this
chapter, we use a thin layer of aluminum oxide to prevent electron transfer and thus
remove the resonance CT band, and then experimentally validate our results with
SERS measurements to predict the chemical enhancement factor

Multiple mechanisms have been proposed to not only prevent charge-transfer
from occurring, but to also measure the distance dependence of SERS as molecules
move further away from the localized electromagnetic field hot spot. Early research
utilized Langmuir-Blodgett monolayers, in which monolayers would be grown on the
surface of metal island films and the corresponding SERS signals of phthalocyanine
were measured [126]. As expected, the more spacer layers that self assemble onto the
surface leads to a decrease in SERS signal intensity as the molecules move further
from the electromagnetic field. Additionally, polymers[127] and self assembled
monolayers (SAMs) [128] can be used for the distance dependence measurements or
the elimination of the chemical enhancement. However, these can have strong Raman

signatures which can interfere with the detected SERS signals. In this chapter, we
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utilize aluminum oxide (Al,Os3) as our spacer layer that prevents the electron transfer
to occur and suspends the chemical enhancement effect measured in SERS.

In order to estimate this chemical enhancement effect, it is possible to sputter
an atomic layer of aluminum oxide via atomic layer deposition (ALD) on the metal
nanostructures that will prevent electron transfer between the metal and
molecules [15]. In this way, the chemical resonance effect would be removed as there
would be no charge-transfer bands created by electron re-distribution, causing a
significant drop in the SERS intensities. Although Al,O3 or other thin films might
cause a portion of the silver to oxidize and can be porous, researchers have
successfully utilized Al,O3 for the elimination of the charge-transfer effect as well as
for distance dependence studies, showing excellent correlation between simulations
and experimental results [129,130]. The layer of aluminum oxide, compared to
conventional thin film coatings, is actually highly stable to oxidation and temperature

changes.

Previously published results have demonstrated the efficacy of using Al,O3 to
measure the electromagnetic field decay as molecules move away from the surface. By
adding several layers of Al,O3, Van Duyne et al. monitored the SERS intensity decay
as the molecules were placed further away from the surface and experimentally
measured the electromagnetic field strength as a function of distance from the
surface [131]. In addition to the decrease caused by the distance between the
nanostructure and molecule, there will also be a LSPR shift that will change the LSPR

contribution. However, previous work has shown that only thick layers result in a
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substantial LSPR shift (~30 nm for 120 nm shift) [132], thus an ultrathin layer will
have a minimal impact on the LSPR shift. [129,133-135] Based on the successful
demonstrations of using Al,O3 as a spacer layer, a 1 nm thick layer of aluminum oxide
is assembled onto the substrates in order to eliminate the charge-transfer between the

metal and molecules.

6.2. Electromagnetic Field Reduction from Thin Film
Deposition

Aluminum oxide was selected as the electron transfer prevention material
because of its controllable deposition, compatibility with the substrates, and weak
Raman signal interference. Additionally, the aluminum oxide prevents silver oxidation
and has shown to have a minimal effect on reduction of electromagnetic enhancement.
Aluminum oxide is the ideal material to use for determining the impact the prevention
of the chemical enhancement effect and what order of magnitude the chemical
enhancement effect has in SERS.

To begin, we use COMSOL simulations to calculate the dampening of the
electromagnetic effect caused by a thin 1 nm layer of Al,O3 for silver island films
(Figure 6.1). COMSOL simulations with silver islands are modeled in an air
environment (refractive index n = 1) on a silicon substrate (n = 3.5) with light
propagation in the z-direction using incident wavelengths of 532 nm (1) and 785 nm
(2) and an initial unpolarized electric field strength of 1 VV/m. A spherical PML with a

radius of 1 um and a thickness of 200 nm absorbs scattered light. The silver islands
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Figure 6.1. COMSOL Simulations of AglFs. COMSOL result of silver island films
with the Al,O3 layer

and 1 nm thick layer of aluminum oxide use extremely fine meshing and all other
elements use fine meshing.

The 1 nm thick layer results in a decreased electromagnetic effect as the
molecules rest 1 nm away from the maximum localized electric field. The simulation
results show a decrease by 26.9% for substrate #1 and 23.0% for substrate #2,
meaning the dampened plasmonic resonance will cause a moderate dip in the
enhanced Raman signals due to the reduction of the electromagnetic field
enhancement. The simulation results agree well with previously published
experimental measurements of the electromagnetic field decay caused by spacer
layers. [130,131] Because the aluminum oxide prevents electron transfer and thus
prevents a chemical enhancement from occurring, we expect to see a much more
significant decrease in the Raman signals for substrates which previously
demonstrated strong chemical enhancement (Chapter 5, C-Ag at 532 nm, G-Ag at 785

nm).
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To determine the field enhancement decay experimentally, aluminum oxide is
sputtered onto silver island films. The fabrication process for the silver island films is
outlined in Chapter 5 for both substrates #1 and #2. After the fabrication process is
complete, aluminum oxide is sputtered onto the silver island films using ALD (Beneq
TFS200, Calit2 Nano3 Cleanroom, UCSD) to a thickness of 0.99 nm in order to
eliminate the chemical enhancement effect. Trimethylaluminum (TMA) and H,0
vapors are alternatively pulsed through the chambers at a temperature of 250° C with
an average rate of 0.9 A/cycle for 11 cycles.

To experimentally measure the effect aluminum oxide has on the
electromagnetic field enhancement, we use fluorescent dye to detect the intensity
decay between samples. Two samples are fabricated: silver islands without aluminum
oxide and silver islands with a 0.99 nm layer of aluminum oxide, both of which are
optimized for a 785 nm excitation wavelength (substrate #2 from Chapter 5). Alexa
Fluor 790 dye was used to measure the fluorescent intensity with an excitation
wavelength of 785nm using a standard fluorescent microscope.

Figure 6.2 shows the bright field images of the substrate with and without
ALD, as well as the corresponding fluorescence image. Under bright field, the bright
spots represent the areas where the beads did not dissolve and the dark areas are the
sections where the silver island films are located. The fluorescence measurements
display strong fluorescent intensities where the dark spots are in the bright field
images due to the presence of the silver islands. The fluorescent measurements of

Figure 6.2b and 6.2d are converted to grayscale values. The average pixel intensity is
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found after ignoring all dark spots (pixel intensity >5), with average values of 107 and
91 found for Figure 6.2b and 6.2d, respectively. Thus, the 1 nm thick layer of Al203
shows a ~18% decrease in the fluorescent intensity, agreeing well with the simulation

results.

(@) BF, no ALD (b) _

Figure 6.2. Field enhancement of AglFs with and without Al203. (a) Bright field
(BF) of silver islands without aluminum oxide layer, (b) corresponding fluorescent
measurement (FM) of silver islands without aluminum oxide layer, (c) BF of silver
islands with 1 nm layer of aluminum oxide, (d) FM of silver islands with 1 nm layer
of aluminum oxide, showing decrease in fluorescent intensity compared with a to b.

6.3. Elimination of the Charge-Transfer Effect for SERS

As reported previously, the oxidation caused by this process will lead to a

slight red shift of the A spr by ~13 nm, [135] which would slightly decrease the
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plasmonic resonance effect by roughly 10%. With the dampened plasmonic resonance
and LSPR shift, we expect to see a decrease of ~30% - 40% when there is no chemical
resonance present. If there is a chemical resonance, such as at 532 nm with C-Ag, we
expect to see a much larger drop as new electronic transitions are not formed by the
exchange of electrons. To measure the change in SERS intensity, 8 silver island film
samples are prepared; 4 for 532 nm (substrate #1) and 4 for 785 nm (substrate #2).
Two samples at each wavelength are sputtered with Al,O3 (1 with cytosine and 1 with
guanine) and two are left clean without an Al,O3 layer. The resulting Raman
measurements are shown in Figure 6.3.

From the 532 nm (substrate #1) results (Figure 6.3a), the clean cytosine sample
shows a high RBM magnitude. When a 1 nm thick Al,O3 layer is added to the surface,
this intensity decreases by 83.4% , which is a much higher drop than expected and is
caused by the elimination of the charge-transfer band that leads to a chemical
enhancement. However, for guanine, which sees a weak chemical enhancement at 532
nm, the 1 nm thick layer only causes a RBM Raman intensity decrease by 48.3%
compared to the clean guanine sample, which agrees well with the effect on the
plasmonic resonance caused by distance dependence and elimination of a weak
chemical resonance. For the 785 nm results (substrate #2, Figure 4c), the opposite is
seen as the guanine SERS measurement decreases by 84.7% compared to the clean
sample and the cytosine Al,O3 measurement decreases by 36.1% compared to the

clean sample. This confirms that cytosine does not have a strong chemical
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enhancement at 785 nm, while guanine does have some chemical enhancement at

785nm.
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Figure 6.3. SERS spectra with and without Al,O3, (a) SERS results of cytosine
and guanine at an excitation wavelength of 532 nm (substrate #1) with a clean
sample and a sample with an aluminum oxide coating. C-Ag shows a much larger
drop with the addition of the aluminum oxide layer. (b) SERS results of cytosine and
guanine at an excitation wavelength of 785 nm (substrate #2) with a clean sample
and a sample with an aluminum oxide coating. Unlike at 532 nm, G-Ag shows a
much larger drop than C-Ag after ALD.

A summary of the percent decrease for all Raman modes can be found in
Figure 6.4. The SSM and DSM of cytosine at 785 nm have the least amount of percent
change when adding the atomic layer of aluminum oxide because these modes lie
further from the excitation line (1290 cm™ and 1650 cm™). Based on the values in
Figure 6.4, the chemical enhancement appears to be less than 10, which correlates well
to previously published research results. [136] Although this value seems low, it leads
to a dramatic difference in Raman spectra, particularly because the plasmonic

resonance will always have the same order of magnitude effect on different molecules.
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Figure 6.4. Bar graph of decrease in Raman intensities. Bar graph displaying the
percent decrease in Raman intensities of the RBM, SSM, and DSM of cytosine and
guanine after addition of atomic layer of aluminum oxide. G-Ag modes show much
larger drops with the 785 nm excitation wavelength (red) and C-Ag modes show
much larger drops with the 532 nm excitation wavelength (green). This correlates
with our findings, as the atomic layer prevents electron transfer and leads to a more
dramatic decrease in Raman intensity for substrates that previously displayed strong
chemical resonances.

The chemical resonance, since it varies from molecule to molecule, can lead to drastic

differences in the SERS signal and thus can make some molecules undetectable.
6.4. Conclusion

We have shown that the charge-transfer mechanism has been responsible for
the failure to obtain accurate SERS measurements on DNA bases, as well as the
inability to perform SM-SERS measurements on nucleic acids other than adenine. We
have successfully demonstrated that new electronic states of nucleic acid silver

systems are created in the visible range and differ for different nucleic acid metal
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systems. We then experimentally verified the creation of new electronic transitions by
performing optical absorption measurements on cytosine and guanine attached to
silver. We showed that by tuning the excitation frequency, the enhancement of the
SERS signal for C-Ag and G-Ag will change based on the charge-transfer bands of
each molecule-metal system being resonant with the excitation frequency. These
results confirm that the variance of the SERS signal in nucleic acids comes from the
charge-transfer mechanism, rather than differences in the Raman cross-section or
orientation of the molecules. This chemical enhancement effect can vary dramatically
for two similar molecules, as seen with cytosine and guanine. By identifying the
reason of amplification differentiation, we believe that future work would enable all
nucleic acids to be measured using SERS by tuning the excitation wavelength. With
additional TD-DFT studies and optical absorption measurements on the other nucleic
acids in conjunction with these results, we predict that it will be possible to perform
SM-SERS when the excitation energy is appropriately optimized for the nucleic acid
in question.

Broadband SERS substrates or multi-resonances SERS substrates can be
utilized as tools for achieving the amplified SERS charge-transfer band intensities at
multiple wavelengths and thus will be the focus of our future work. Only two nucleic
acids were chosen for this work to simplify the results, so future work must also take
into account the other two nucleic acids (adenine and thymine). While there are many
challenges that remain for a Raman based sequencing method such as spatial

resolution and poor signal-to-noise ratio (SNR) which can be addressed by statistical



89

analysis, the issue of surface-enhanced Raman intensity can be resolved as being
wavelength dependent and caused by the charge-transfer resonances of the system.
This chapter, in part, is a reprint that the dissertation author was the principal
researcher and author of. The material appears in ACS Nano. (L.M. Freeman, L.
Pang, Y. Fainman, "Maximizing the electromagnetic and chemical resonances for
surface-enhanced Raman spectroscopy of nucleic acids™ ACS Nano, 8, 8, 8383-8391,

Aug. 2014.)
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Final Thoughts and Future Directions
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7.1. Summary of Contributions

In this dissertation, | have studied the static Raman polarizability and charge-
transfer effect of the chemical enhancement SERS mechanism as it pertains to nucleic
acid-silver composites. A method was developed to estimate the preferential binding
atoms of nucleic acids to silver by quantitatively comparing experimental Raman
measurements with simulated time-dependent density functional theory calculations of
Raman frequencies. The charge-transfer effect was then analyzed as it pertains to
nucleic acid-silver composites and determined that the chemical enhancement of
cytosine and guanine functionalized to silver is a function of the Raman excitation
wavelength.

After introducing Raman  spectroscopy, surface-enhanced Raman
spectroscopy, and the unique properties of nucleic acid-silver composites in Chapter 2,
the simulated time-dependent density functional theory Raman spectra of 18 nucleic
acid-silver composite systems are shown in Chapter 3. The TD-DFT plots are
complimented by experimental measurements of nucleic acids functionalized to
random silver films, which offer a minimal Raman electromagnetic effect at a
wavelength excitation of 785 nm. Thus, the experimental Raman signatures are
primarily a function of the static polarizability effect. The spectral features of each
plot were discussed in detail, and the conclusion that the simulated Raman spectra
varied from the corresponding experimental measurement was made.

In Chapter 4, a new approach to analyzing the TD-DFT spectra with respect to

the experimental measurements was introduced. The simulated Raman correlation
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spectroscopy process was described in detail. For each system, the individual TD-DFT
spectrum was statistically compared to the experimental measurement, indicating poor
correlation. A weighted composition of the simulated Raman spectra was then
calculated by varying the weighted constants in order to optimize the coefficient of
determination of the superimposed spectrum with the experimental measurement. The
results are then shown, in which multiple binding sites for each nucleic acid are shown
to contribute to binding.

The charge-transfer effect is discussed in Chapter 5, in which a hypothesis is
made that the variation of nucleic acid Raman signals is caused by the new electronic
transitions generated when nucleic acids bind to silver. Silver island films are
fabricated that have an electromagnetic resonance with both the 532 nm and 785 nm
excitation wavelength. Cytosine and guanine are functionalized onto the substrates and
the SERS signals are measured, in which cytosine is shown to have amplification at
532 nm and guanine is shown to have amplification at 785 nm. The ratios of the ring
breathing mode, single stretching mode, and double stretching mode for the two
conditions are shown in the form of a bar graph.

The results of the charge-transfer effect for nucleic acid-silver composites are
further corroborated in Chapter 6, in which a thin film of aluminum oxide is
implemented to prevent electron transfer from occurring and isolate the chemical
enhancement effect. An approximately 1 nm thick film of aluminum oxide is
deposited on silver island films, and the effect on the Raman signal is measured. The

prevention of electron transfer from occurring eliminates the charge-transfer



93

enhancement and leads to a reduction in the Raman signal. Thus, the charge-transfer
effect on nucleic acid-silver composites is confirmed, in which the enhancement is

dependent on the excitation wavelength.

7.2. Future Work

The chemical enhancement effect reveals important information about nucleic
acid-silver composites that assists with characterization of the systems. For future
work, | am interested in measuring the Raman signatures of linearized DNA strands
on a smooth silver structure and detecting the dependence of the Raman signatures on
the excitation wavelength. Because the electron structure varies between the nucleic
acids, the charge-transfer effect will also change depending on the electron transfer. |
hope to identify the composition of nucleic acids within a DNA strand by acquiring
the Raman signature at multiple wavelengths and performing statistical analysis.
Preliminary results are shown in Figure 7.1, in which normal Raman spectra and
surface-enhanced Raman spectra for a DNA strand are shown.

Here, DNA strands of GACTGCGACCAACCTAGCCT is functionalized to a
silver film and Raman spectra are acquired at excitation wavelengths of 488 nm, 514
nm, 633 nm, and 785 nm. The NRS spectra show consistent Raman signatures at each
of the wavelengths. In contrast, the SERS spectra display significant differences with
the different modes being enhanced or reduced as the excitation wavelength changes.
However, these results are preliminary as | work to fabricate a uniformly smooth
substrate and appropriately linearize the DNA. The fabrication process for ultra

smooth silver films is being perfected, in which | use a germanium film to act as a
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nucleation layer [137]. For the linearization of the DNA, | am looking at using the

molecular combining process to extend and linearize the strands on the silver [138].
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Figure 7.1. NRS and SERS of DNA strand. (a) Normal Raman spectra and (b)
surface-enhanced Raman spectra of DNA strands at multiple excitation wavelengths.

7.3. Final Thoughts

As improvements and advancements are made for the field of plasmonics and
surface-enhanced Raman spectroscopy, the chemical enhancement effect needs to be
taken into account when analyzing Raman spectra. Particularly in the case of nucleic
acid-silver composites, the static polarizability and charge-transfer effect have a strong
impact on the resulting measurements. By fully understanding the impact the chemical
enhancement effect has on the Raman signatures of nucleic acid-silver composites,
additional information regarding nucleic acid composition of DNA strands can ideally

be extracted from the Raman data as a label-free method.



Appendix

Table A.1. Raman modes of adenine. Experimental and calculated frequency modes
(top row of each mode) and intensity ratios (bottom row of each mode) of adenine on
multiple binding sites

Mode Expt N1 N3 N7 N9 NH,
605-700 cm™
def R5 (sqz group 625 625-697 | 605-649 | 611-633 | 609-700 | 623-676
C5-N7-C8), R6 (sqz
group C4-C5-C6,
N1-C6-N10), rock 0.0559 0.143 0.0892 0.0439 0.140 0.0352
NH,
678-779 cm™ 721 710 678-779 | 713 708 716
ring-breathing mode | o 300 0.135 0.322 0.0890 0.354 0.196
777-935 cm™
def R5 (sgz group 899 886-935 853-921 777-796 890-914 819-854
N7-C8-N9, str C5-
N7, C4-N9), R6 (sqz
group N1-C2-N3), 0.0303 0.0276 0.0211 0.0617 0.0239 0.00862
bend N9-H
853-991 cm*
4 21 991 4 -974

wag C2-H, def RS 940 9 938 853-99 940 908-9
S roup N7-C8-
(Ng)zg up 0.0559 | 0.0615 00857 | 0.133 0.0296 0.0915
969-1081 crm’™ 1025 969 980-1081 | 1007-1040 | 993 997
rock NHy, bend C2-H | g 0224 0.00405 0.0147 0.0132 0.00575 0.0444
1003-1264 cm™
str C6-N10, N3-C4, | 1125 1003-1046 | 1198-1264 | 1051 1041-1073 | 1037-1110
C4-N9, bend N9-H,
EZ'H' N10-H11,C8- | g 0687 0.0352 0.0485 0.0951 0.108 0.0671
1109-1306 cm™
rock NH,, str C5-N7, | 1248 1140 1306 1124-1259 | 1109-1165 | 1193-1219
N1-C2, C2-N3, N7-
ﬁ& bend N9-H, C8- | 9 191 0.0439 0.0975 0.0494 0.0246 0.0372
1190-1349 cm™® 1310 1190-1235 | 1326 1301 1272-1332 | 1280-1349
Str C2-N3, C5-N7,
N1-C2, C5-C6 0.0288 0.114 0.0306 0.0411 0.105 0.131
1292-1416 cm™

1335 1292-1323 | 1342-1355 | 1340 1342 1416
Str N1-C2, C6-N1,
C4-C5, N3-C4, C5,
N7, C8-N9, bend NO-
H. C2-H, Ca-H 0.143 0.146 0.0327 0.207 0.0819 0.0134
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Table A.1. Raman modes of adenine, continued
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Mode

Expt

N1

N3

N7

N9

NH,

1352-1491 cm™

str C5-N7, C6-N10,
N1-C2, C6-N1, C8-
N9, N3-C4, bend
C2-H, N9-H, N10-
H12, C8-H

1370

1352-1388

1437-1475

1349-1424

1410-1430

1491

0.0440

0.0284

0.0804

0.0470

0.0602

0.0430

1433-1572 cm™
sciss NH,, bend C2-
H, N9-H, str C6-
N10, C6-N1, C2-N3,
N3-C4, C4-C5, C8-
N9, N1-C2

1485

1433-1454

1545-1583

1463-1497

1511

1514-1572

0.0967

0.225

0.173

0.0553

0.0199

0.0479

1524-1619 cm™
sciss NH,, str C6-
N10, C5-C6

1600

1524-1592

1619

1559-1596

1567-1610

1591

0.0335

0.0358

0.00528

0.0553

0.0469

0.357
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Table A.2. Raman modes of cytosine. Experimental and calculated frequency modes
(top row of each mode) and intensity ratios (bottom row of each mode) of cytosine on

multiple binding sites

Mode Expt N1 N3 NH, 0
636-810 cm” 790 781 688-748 | 636-810 | 711-799
ring-breathing-mode 0.358 0.232 0.264 0.220 0.257
858-959 cm’ 940 017-959 | 839-916 | 895-018 | 858-920
rock NH,, str C2-N1, C2-
N3 0.0221 | 0.246 00242  |0.0452 | 0.0393
975-1021 cm™ 975 1014-1021 | 998 1018 998-1001
def C5-H, Co-H, tor C5C8 1T 0501 | 0.158 00560 | 00124 | 0.0266
1000-1110 cm™ 1000 1075 1008 1029 1110
Bend C5-H, C6-H, tor C4-
5 00303 | 00498 |00167 |0.0444 | 0.0349
1100-1209 cm™ 1112 1167 1100-1108 | 1164 1209
bend C6-C5-H, strCONL - o262 00128 | 00340 | 0450 | 0.0589
?ggﬁdﬁ?&‘;N oo | 1248 1230-1265 | 1213-1261 | 1240 1261
str C6-N1 0.0720 0.0901 0.131 0.00773 | 0.234
1256-1351 cm™ 1290 1297 1343-1351 | 1256-1276 | 1341
str C2-N3, str C4-NH; 0284 0.00707 0.229 0.0926 0.0430
1316-1452 cm’” 1375 1368 1452 1316 1354
str C4-NH,, bend C5-C6-H 150 0200 00507 | 0.190 00178 | 0.0103
=)
it‘:zgi,‘\‘l‘:‘f N L cacs | 1448 1425 - 1433 1442
bend C4-NH, 0.0302 | 0.0152 0 0.175 0.216
éti‘é%%?%fgjmwm 1530 1464 1470 1495 1470
C4-N3, C5-C6,scissNHz | 90215 | 0.0967 | 0.00448 | 0.224 0.0629
1481-1648 cm”’ 1648 1507 1484 1516 1481
sciss NHz, str €2-O 00571  |0.0420 |00493 |0.00953 | 0.0170
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Table A.3. Raman modes of guanine. Experimental and calculated frequency modes
(top row of each mode) and intensity ratios (bottom row of each mode) of guanine on
multiple binding sites

Mode Expt N1 N3 N7 N9 o
6_46-296 Ckr]n'l ; 646 658 646-669 | 654-667 | 657-665 | 657-696
ring-preatnhing-mode
ng "9 0408 | 0130 | 0375 0.291 0.227 0.164
692-797 cm™ 710 716-769 | 692-769 | 692-780 | 699-764 | 698-797
def N3-C2-N1, N1-
C6-0 0.0243 | 0.0252 | 0.0597 0.0421 0.0303 0.0398
839-907 cm™ 846 839-873 | 842-883 | 850-907 | 836-887 | 852-889
def C4-N9-C8
0.0300 |0.0127 | 0.0248 0.0187 0.0619 0.0321
937-1053 cm™ 937 958-1032 | 983-996 | 998-1028 | 963-991 | 966-1013
def N7-C8-N9
0.103 0.0776 | 0.0558 0.0554 0.0319 0.0318
1045-1107 cm™ 1018- 1072- 1045- 1082-
str C2-N1, C2-N3, | 1047 1107 1053 1094 1059 1094
C2-NH 0.0186 |0.0113 | 0.0680 0.0177 0.0790 0.0152
1099-1224 cm™ 1083-
dof Co-H 1185 1152 1002 1220 1099 1224
0.0364 |0.0781 | 0.00686 | 0.0127 0.111 0.0339
1217-1268 cm™* 1217-
def NL.H. str Ca-N7, | 1229 1255 1218 1266 1955 1268
N9, C6-N1, C5-
ﬁ? 9 Co-NLC> 14 110 0.191 0.0134 0.0304 0.0738 0.138
1261-1300 cm™ 1264- 1279-
def C8-H. str C8-No, | 1261 1300 1288 1291 1273 1293
ﬁi’ce‘ CANCO 100314 |0104  |o0112 0.0308 |0.0551 | 0.0839
1306-1360 cm™ 1360 1327 1335 1331 1306 1328
str C2-N1, C4-N3,
C5-C6 0.0430 | 0.0667 | 0.0487 0.0103 0.0280 0.0328
1360-1395 cm™ 1384 1366 1392 1395 1360 1394
str C4-N9, C5-N7,
C8-N9 0.0430 |0.0196 | 0.0629 0.192 0.00444 | 0.200
1413-1442 cm™
dof NLH. str C2-N3. 1420 1417 1442 1431 1413 1423
C5-C6, C8-N9 00309 |00625 |0.0318 |0.00425 |0.0439 |0.0175




Table A.3. Raman modes of guanine, continued

Mode Expt N1 N3 N7 N9 o

T
oM |65 1457|1481 1404|1444 | 1491
e e % 00308 [0138 (000940 |00736 | 00310 | 00503
1509-1570 cm™ 1509- 1531- | 1522- | 1531-
defN1-H,sciss | 1998|1555 | 19101y5e7 11569 | 1562
NH,, str C2-N2,
C4-C5, C4-N9,
C6.0.N3.C2. 00730 |00707 |004% |0161 |0169 | 0.109
N3-C4

T
N sco. [1675 1583 |127F 1502|1620 | 1586
N1, C2-N

 C2N3 00178 |0.0124 |0.0826 |00603 |0.0532 | 0.0509
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Table A.4. Raman modes of thymine. Experimental and calculated frequency modes
(top row of each mode) and intensity ratios (bottom row of each mode) of thymine on

multiple binding sites

Mode Expt N1 N3 02 04
603-690 cm’” 603 612 603-657 | 617 647-690
def C5-CHs, wagCHs 50576 [ 0.0320 | 0.0927 | 0.193 0.0848
708-756 cm” 735 742 754 708-756 | 744
ring-breathing-mode 0.179 0.156 | 0254 0.128 0.0689
795-841 cm© 795 808 799 783-841 | 788
def C5-C6-N1 0.109 0.167 00780 | 0111 0.0879
892-953 o © 927 940 905 916-953 | 892
bend C-O 00319 |00163 |0.00312 |0.0408 |0.0493
944-1073 cm™ 1017-
G NLoaNg, strcs. | 983 978-1001 | 988-1073 | 1 - 944-1053
C6 00690 |0.0781 |0.0284 |0.0286 | 0.0525
1119-1200 cm™ 1137- 1126-
str C5-CH,, C5-C6, C6- | 1142 1119 1142 1139 1200
N1 0.0192 0.111 0.0371 0.0234 0.0321
1193-1262 et 1103- 1231-
rock CHs, tor CHs 1238 1228 1246 1209 1262
00222 |00588 |00416 |00210 |0.0725
1279-1349 o’ 1300- | 1279- 1332-
C5-CH, 1348 1326 1337 1344 1349
0.202 0172 | 00778 |0124 0.0598
1375-1429 cm™ 1387-
cond CE-CL b N3-H 1386 1385 1375 1389 Lo
0.320 00297 00222 | 000841 | 0.0404
1391-1452 cm’. 1403 1395 1391 1398 1452
bend C6-N1,rock CHs  "5'9354™ [0.0154 | 0.0442 | 0.00802 |0.0703
1410-1493 et 1431- 1471-
bend C5-CH, 1458 1452 1410 1424 1493
0.00935 |00462 |0.0653 |0.103 0.0103
1457-1520 e 1475 1503 1458 1457 1520
def C5-C4-N3, wag CHs 99158~ (00218 | 0.102 0.0253 | 0.0299
1464-1698 cm™ 1564- 1629- 1607-
str C2-02 1656 1601 1652 1658 1698
0.218 0.0920 |0.154 0.186 0.332
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