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ABSTRACT

The Use of Surface Enhanced Raman Spectroscopy (SERS) for Biomedical Applications.
(December 2005)
Mustafa Habib Chowdhury, B.S., Purdue University;
M.S., California State University, Long Beach

Chair of Advisory Committee: Dr. Gerard L. Coté

Recent advances in nanotechnology and the biotechnology revolution have
created an immense opportunity for the use of noble metal nanoparticles as Surface
Enhanced Raman Spectroscopy (SERS) substrates for biological sensing and diagnostics.
This is because SERS enhances the intensity of the Raman scattered signal from an
analyte by orders of 10° or more. This dissertation deals with the different aspects
involved in the application of SERS for biosensing. It discusses initial studies performed
using traditional chemically reduced silver colloidal nanoparticles for the SERS
detection of a myriad of proteins and nucleic acids. It examines ways to circumvent the
inherent aggregation problems associated with colloidal nanoparticles that frequently
lead to poor data reproducibility. The different methods examined to create robust SERS
substrates include the creation of thermally evaporated silver island films on microscope
glass slides, using the technique of Nanosphere Lithography (NSL) to create
hexagonally close packed periodic particle arrays of silver nanoparticles on glass

substrates as well as the use of optically tunable gold nanoshell films on glass substrates.
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The three different types of SERS surfaces are characterized using UV-Vis absorption
spectroscopy, Electron Microscopy (EM), Atomic Force Microscopy (AFM) as well as
SERS using the model Raman active molecule trans-1,2-bis(4-pyridyl)ethylene (BPE).
Also discussed is ongoing work in the initial stages of the development of a SERS based
biosensor using gold nanoshell films for the direct detection of B-amyloid, the causative
agent for Alzheimer’s disease. Lastly, the use of gold nanoshells as SERS substrates for
the intracellular detection of various biomolecules within mouse fibroblast cells in cell
culture is discussed. The dissertation puts into perspective how this study can represent
the first steps in the development of a robust gold nanoshell based SERS biosensor that
can improve the ability to monitor biological processes in real time, thus providing new

avenues for designing systems for the early diagnosis of diseases.
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CHAPTER1

INTRODUCTION

Traditional dispersive Raman spectroscopy is an inefficient modality for the
detection of bioanalytes. This is due in part to the relatively low number of Raman
scattered photons compared to Rayleigh scattered ones (typical Rayleigh scattering cross
sections of molecules are in the range of 6 = 10%° ¢m” and typical Raman scattering
cross sections are in the range of 6 = 10’ cm?”)." The scattering cross section of a
particle is defined by relating the rate of photons striking a molecule to the rate of
scattering in all directions.' Hence it can be viewed as an area presented by a molecule
for the scattering of incident photons and will be described in detail in a later section of
this dissertation. Broadband fluorescence signals of much higher intensity than the
Raman signals are often generated by the molecule of interest as well as other
surrounding molecules (typical fluorescence cross sections of molecules is in the range
of 6 =10"" ¢cm? )." These factors demand the use of highly sophisticated equipment in
order to use Raman spectroscopy for analyte detection at trace levels.

Surface Enhanced Raman spectroscopy (SERS) is a technique developed more
recently which has been used quite successfully to enhance the Raman signal of a

2-11

molecule by factors of 10° or more.”"" This is done by using low to medium powered

lasers to excite vibrational transitions in molecules adsorbed on a rough metallic surface.

This dissertation follows the style and format of the Journal of Biomedical Optics.



The metallic surface can be in the form of a thin layer of the metallic island film on an
electrode or glass slide, or in the form of aqueous colloidal nanoparticles. Typical
metals used for SERS are gold, silver and copper. The exact nature of the enhancement
of Raman signals through SERS is not fully understood but appears to be caused by two
contributing mechanisms of enhancement, namely the electromagnetic mechanism and
the chemical mechanism. These will be discussed in greater detail in the appendix
section of this dissertation. SERS is an attractive tool for biomedical applications
because it has several advantages over competing optical techniques. They are: (i)
minimal sample preparation required for SERS tests; and (i1)) weak Raman scattering of
hydroxyl groups which means that water and silica do not manifest themselves as serious
sources of background noise. As a result, biological samples can be tested in aqueous
media using commercially available glass substrates.

SERS has been used for the development of ways to study biologically relevant
molecules and events. One of the most widely used substrate for SERS has been water
based silver and gold colloidal nanoparticles. This is primarily the case as they are
relatively easy to prepare. Silver colloidal particles prepared by reduction of silver
nitrate with sodium borohydride and sodium citrate respectively according to the
protocol prescribed by Lee and Meisel '? has been used as SERS substrates to study a
variety of aromatic and aliphatic amino acids in order to determine the specific Raman
bands associated with these molecules in physiologically relevant conditions.'*"” Others
have used aqueous gold colloidal nanoparticles as SERS substrates to study the effects of

changes in pH on the adsorption of solutions of amino acids and their polymers to the



colloids and to monitor the strength and variation of the SERS signal with pH.'®"” This
gives insight into the nature of attachment of the amino acids and their corresponding
polymers to the colloidal surface and hence provides insight on conformational changes
that the molecules undergo under different pH conditions. Aqueous metal colloidal
nanoparticles have also been used extensively to study the SERS spectra of various
proteins as well the nature of interaction of drugs with different proteins such as the

18-22

interaction of the antiretroviral drug hypericin with serum albumins. This biomedical

application for SERS has the potential to be of crucial importance in the development of
new drugs for curing a variety of fatal diseases.”'

Colloidal metal nanoparticles have also been extensively used as SERS
substrates for the characterization and detection of individual nucleosides,
oligonucleotides and nucleic acids at physiologically relevant concentrations.”’
Graham ef al. have been able to use modified DNA and novel aggregating agents for
silver colloids to detect DNA down to concentrations of 8 x 10™° M.*® The increased
sensitivity of this SERS detection technique offers two advantages: first it circumvents
the need for any amplification step which is a marked improvement when compared to
traditional fluoresence and polymerase chain reaction (PCR) amplification based DNA
detection techniques. Secondly the sharp peaks associated with the SERS spectra are
easier to detect and analyze when compared with broadband fluorescent signals and thus
opens the road for a greater degree of multiplexing.”® Kneipp et al. have also been

successful in using colloidal gold and silver clusters as SERS substrates in conjunction

with various statistical algorithms to detect single molecules of the base adenine and its



nucleotide.”>" Others have used metal colloidal nanoparticles as SERS platforms to
study the differences in structure and nature of adsorption of intrinsically “straight”,
“bent” and “kinked” oligonucleotides.’' There have been several studies that report the
use of colloidal gold nanoparticles to detect native chemical constituents of cells such as

32-33

various DNA and protein constituents inside cells as well as the use of novel

aggregated gold nanoparticle coated SiO, chips to detect various strains of Gram-
positive and Gram-negative bacteria.”*
SERS have also been used for the creation of microarray type gene probes for the

. 35-3
detection of cancer >’

as well as in a variety of ELISA (enzyme-linked immunosorbent
assay) like techniques for the detection of mouse IgG ** and the enzymes prostaglandin
H synthatase-1 and -2 in normal human hepatocytes and human hepatocellular
carcinoma (HepG2) cells.”” These techniques adapt a regular ELISA type assay by
replacing the chromogenic read out of the enzyme reaction with nanoparticle based
SERS detection. Another group of studies reported the application of a novel class of

SERS active nanostructures for biodetection.***?

These studies use an initial gold
nanoparticle bound to both a Raman reporter molecule (giving signal specificity) and a
protein (which acted as the bioreconition element). After binding of this conjugate with
the target analyte, electro-less deposition techniques were employed to develop a silver
shell around the gold seed in a process termed ‘silver enhancement’. The gold seed is
used as it generally binds well many biological molecules via oxidation of the surface

thiol groups thus giving the necessary specificity for the secondary silver layer. This

silver layer possessed the required size and nanoscale surface roughness to provide



efficient SERS enhancement from the reporter molecule. This seeded growth method has
been used for nucleic acid detection as well as extended to protein detection in cell and
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tissue. Innovative application of SERS have been reported by Mulvaney et al. ** and

Doering et al. **

which used nanoparticles bound to a Raman reporter molecule like
Rhodamine 6G and encapsulated by silica in multiplexed bioassays. The encapsulated
particles were stable in the presence of high salt (common in biological buffers) because
the silica protected the nanoparticles from the environment as well protected the
environment from the potentially toxic reporter molecule. This review of current
literature goes to show the tremendous potential for the application of SERS in
biomedical research.

The major contribution of this dissertation to the field of biomedical
science/engineering is an attempt to investigate ways in which SERS can be applied to
solve biomedically relevant problems. This includes both the fabrication and
characterization of several SERS platforms for potential use in biosensors. It also deals
with using one such SERS active substrate (gold nanoshells) for the development a
biosensor for the direct detection of B-amyloid proteins as well as the intracellular
detection of cell constituents.

This dissertation will begin with early work done in the Optical Biosensing
Laboratory at Texas A&M University using chemically reduced colloidal silver
nanoparticles for the detection of differences in SERS spectra between o-helical and -
sheet proteins, single stranded DNA and double stranded DNA and two different forms

of human integrins that are present in vascular smooth muscle cells (VSMC). This work



was done as proof of concept preliminary studies with the ultimate goal of developing
biosensors for certain proteins and DNA using silver colloidal particles. Although the
colloids were successful in generating unique SERS spectra of the target analytes of
interest, the reproducibility problem due to the need for their aggregation to provide the
necessary plasmonic conditions for optimal SERS enhancement was quickly revealed.
That set off the search for the development of robust SERS platforms with plasmonic
properties that are not based on any aggregation mechanism. It was this search that led
to the work that forms the fundamental basis of this dissertation. This dissertation
explores ways to circumvent the aggregation problem by fabricating and characterizing
solid phase SERS substrates of nanometer scale silver island films deposited on glass
substrates via thermal evaporation. It also reports on early work done by using the
technique of Nanosphere Lithography (NSL) to create ordered periodic particle arrays of
silver nanoparticles on glass substrates with controllable morphological and optical
properties. It will then report on work done in simulating the optical properties of the
NSL based silver surfaces. Another solid phase SERS substrate that this dissertation
characterizes is the gold nanoshell film on glass substrates that has been fabricated by
Nanospectra Biosciences Inc (Houston, TX), a collaborator with the Optical Biosensing
Laboratory (OBSL) at Texas A&M University. Nanoshells are unique particles made of
a dielectric core and an outer metallic shell layer. It has the unique property of having a
highly tunable surface plasmon resonance wavelength from the visible through the near-
infrared and thus can be potentially useful for biomedical sensing and therapeutics. This

tunability is achieved by varying the ratio of the core diameter to the shell thickness. The



dissertation will discuss the theoretical principles behind the nature of gold nanoshells.
The dissertation then proceeds to report on work done in laying the foundation for the
creation of a novel SERS based biosensor using gold nanoshell films for the direct
detection of beta-amyloid proteins (the causative agent of Alzheimer’s disease) in
physiological buffer. Currently there is no definitive diagnosis for the detection of beta
amyloid proteins. Most of the current methods that are being developed to test for beta
amyloid involve several indirect imaging modalities and other complex detection
techniques which are not definitive to beta amyloid. In many cases they also involve
several intermediate amplification steps which are cumbersome, unreliable and
technically demanding. This makes it unsuitable for implementation in a normal clinical
setting. It is hoped that the research presented in this dissertation will lead to the
development of a definitive SERS based biosensor for beta amyloid which can be
implemented in a normal clinical setting without the need of highly qualified staff to use
the biosensor. This dissertation will also report on the novel use of gold nanoshells for
the detection of various intracellular components in mouse fibroblast cells in cell culture
This work is expected to play a crucial role in laying the foundation for the creation of
SERS based intra-cellular biosensors which can be functionalized and engineered to

probe specific cell organelles and/or target specific intracellular biochemicals.



CHAPTER 11
SERS BIOSENSING WITH COLLOIDAL SILVER

NANOPARTICLES

Introduction

The intent of this early work using metal colloidal nanoparticles for the detection
of several different proteins and nucleic acids was for proof of concept to see if SERS
could indeed be used to detect these bioanalytes under physiological conditions. In the
following experiments, citrate reduced silver colloidal nanoparticles prepared according
to a modified version of the Lee and Miesel method '* were successfully used to obtain
SERS spectra of native and thermally denatured bovine serum album (BSA), which
served as model molecules for a-helical and B-sheet proteins. The long term goal was to
be able to develop a biosensor for pathological proteins such as prions which have a
highly [B-sheet structure. Prion proteins are thought to be the causative agent in
transmissible spongiform encephalopathies (TSEs), a group of fatal neurodegenerative
diseases that include chronic wasting disease (CWD) and bovine spongiform
encephalopathy (BSE) in animals, and Creudzfeld Jakob disease in humans.* Until
definitive methods of treatment or prevention of the disease have been established, the
best hope of preventing the spread of TSEs is through surveillance of animals and
animal products including foods and pharmaceutical materials. The diseases are highly

contagious in certain species, with transmission from animals to humans thought to be



possible, at least for BSE.*> Most biorecognition molecules like antibodies that are used
in biosensors have a globular structure with high a-helical content. In order for the
sensor to be effective, the SERS spectra of the target analyte would have to be distinct
from that of the biorecognition molecule, as both would be in close proximity to the
metal surface and thus be subjected to the SERS effect. A second goal was to develop a
biosensor for the detection of presence of pathogens in food products by detecting the
presence of the DNA of the pathogen. One such pathogen is the Listeria bacteria. In this
regard, the unique SERS spectra of double stranded and single stranded DNA were also
obtained where the single stranded DNA served as the model for the biorecognition
element and the double stranded DNA served as the model for the DNA probe/target
hybrid.

The third and final goal of these early studies were to detect two forms of human
integrins that are present in Vascular Smooth Muscle Cells (VSMC) using silver colloids
and SERS. This is because integrins are class of cell surface proteins that are involved in
various vital physiological functions such as blood clotting, regulation of blood pressure,
tissue blood flow, wound healing, gene expression and vascular remodeling.**>* The key
to integrin functionality is its ability to mediate force transmission by interacting with
the extracellular matrix and cytoskeleton. In addition, they play a role in signal
transduction via their connection with the proteins in focal adhesion points (FA).*** In
order to understand this complex mechanism of cell-cell and cell-extracellular matrix
(ECM) adhesion that is responsible for these diverse biochemical interactions, it is

necessary to identify the integrins on cells and monitor their interaction with various
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ligands. It is hoped that such SERS information, when coupled with force measurements
currently obtained using Atomic Force Microscopy (AFM), would hold promise toward
helping to elucidate the mechanism of integrin-ligand interactions in vascular smooth
muscle cells and could be potentially extrapolated to understand other similar

interactions of physiological importance.

Materials and Methods

BSA was purchased from Sigma-Aldrich Inc(St. Loius, MO), and stock solutions
of concentration 10 mg/ml (167 uM) were prepared by adding 100 mg of BSA in 10 ml
distilled deionized water (18 megaohm/cm). Heating aqueous BSA at 90°C for 6 minutes
produced the denatured samples. DNA samples were purchased from Sigma Chemicals,
Lot 21K9000, Product No: G2526. The samples were Lambda DNA EcoR I Digest, with
a stock concentration of 400 pg/ml. The Storage buffer consisted of 0.1 M EDTA and
0.5 % (w/v) sodium lauryl sulphate (SDS) at a pH of 8.0. The DNA samples were
thawed and then roughly 100 pl of the thawed DNA sample was denatured by heating it
up to 100 °C for ten minutes in a test tube immersed in a water bath. The integrin
samples tested were purified human integrin VB3 and a5f1 (Cat. # CC1021 and
CC1027 respectively, Chemicon International, Temecula, CA) in 25 mM Tris-HCI, 150
mM NaCl, ImM MgCl,, 0.1 mM CaCl,, 100 mM Octyl-B-D-Glucopyranoside buffer,
pH = 7.4. Citrate reduced silver colloids were prepared according to a modified protocol
found in the literature.'? All glassware (a 250 ml Pyrex Erlenmeyer flask, a 500 ml Pyrex

glass flask with a plastic cap, Pyrex 100 mL and 10 mL graduated cylinder) were
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rigorously cleaned with aqua regia (3:1 v/v HCI, HNOs3) under a fume hood, and then
rinsed with distilled water, scrubbed with soapy water followed by a final rinse with
distilled water. The extinction spectra of the final colloids were taken using a Beckmann
DU 640 spectrophotometer in the range of 350 nm — 800 nm using a standard 1 cm path
length disposable polystyrene cuvette (VWR International Inc., West Chester, PA). All
SERS spectra were collected using a Renishaw System 1000 Raman Spectrometer
coupled to a Leica DMLM microscope. The laser used was 514.5 nm Ar' laser (Spectra
Physics Model 263C) delivering approximately 4.50 mW power to the sample and the
SERS data were collected in 180 ° backscattered geometry. A block diagram of the
system is shown in Figure 2.1. It involves the incident laser first passing through a beam
expander (in order to increase its size so as to fill the microscope objective lens for
creating a tighter focus), followed by reflection from a series of mirrors to the first notch
filter (NF 1). The notch filter is designed to reject the incident laser line and serves a
dual purpose in both reflecting the incident beam to the microscope as well as also
rejecting the Rayleigh scattered light in the back reflected beam from reaching the
detector. After reflection from notch filter 1, the incident beam then travels through a
tunnel connecting the spectrometer to the microscope and strikes the sample. The back
reflected light that is scattered from the sample travels via the same path back to the
spectrometer to hit notch filter 1 again. As mentioned earlier, the NF 1 rejects the
Rayleigh scattered light. The rest of the back reflected beam then passes through a
second notch filter (NF 2) which further rejects any Rayleigh scattered light that might

have bled through NF 1. The remaining light then passes through a series of lenses and
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mirrors to strike a diffraction grating which diffracts the light and then the diffracted

light proceeds to strike a thermoelectrically cooled CCD camera.
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Figure 2.1: Block diagram of the Raman system used to obtain all SERS data presented in this
dissertation.

The silver colloidal particles prepared above were activated prior to the addition
of the analyte by adding 100 ul of 1M NaCl to a glass test tube containing 1 ml of the
original colloid. Immediately after this, 500 pl of both the regular and denatured BSA
solution was added to the colloid separately bringing the final concentration of the BSA
samples to 52 uM. The forming colloidal complex was allowed to sit for approximately
5 min and then 30 pl of this complex was transferred onto a microscope glass slide setup

and then the SERS studies were performed.
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Samples of the DNA-colloid complex were prepared in a method almost identical
to that done previously with the BSA protein, the only difference being that 50 pl of the
citrate reduced silver colloid was first activated by 5 pul of 1M NaCl, followed by the
separate addition of 20 pl of both the regular and denatured DNA to the colloid bringing
the final concentration of the DNA samples to 106 pg/ml. These newly formed
complexes were allowed to sit for approximately 5 minutes and then approximately 30
ul of this complex was transferred into a custom built well which consisted of a delcron
block into which individual wells were patterned attached on top of a microscope glass

slide which acted as a support. The SERS studies were performed with the analytes in

these wells.

The samples for the integrin SERS tests were prepared by adding 5 ul of 1M
NaCl to 50 ul of the Ag colloid in order to activate it. After uniform mixing, 5 pl of
aVPB3 integrin and a5P1 integrin of various concentrations were added respectively to
separate aliquots of activated Ag colloid mixtures. These newly formed complexes were
allowed to sit for approximately 5 minutes and then approximately 50 pl of this complex
was transferred into a custom built well and the SERS studies were performed. The
highest concentration of the a5B1 and aVP3 integrin tested was 131 nM and 122 nM

respectively.

Results and Discussion
Of the many colloids available, the citrate reduced silver colloids was the most

attractive one primarily due the long term stability of the colloids and the presence of a
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layer of citrate ion on the surface of the particle, that controls protein adsorption and
prevents any denaturization of the protein once adsorbed on the silver particle.” Typical
citrate reduced silver colloids are polydispersive, containing spherical, spheroidal and
other polygonal three-dimensional structured particles. The silver colloids used in the
studies were activated for aggregation prior to the addition of the target analyte with 1M
NaCl. Figure 2.2 shows the extinction spectra of the colloidal silver nanoparticles before
the addition of salt and after 1 minute, 5 minute and 20 minutes on addition of the salt.
The extinction spectrum before addition of salt has a maximum located at 415 nm
(spectrum A). The figure clearly shows the change in the profile of the silver
nanoparticle once aggregation commences on the addition of salt. It is clearly seen that
the value of the extinction at 415 nm drops with time along with the appearance of a new
red shifted peak/shoulder. The peak at 415 nm is due to the surface plasmon resonance
of single spatially isolated silver colloidal nanoparticles, which occurs due to the
collective oscillations of the conduction band electrons in the silver nanoparticle while
the red-shifted peak/shoulder is the result of the surface plasmon resonance of
aggregated clusters of much larger size. The formation of aggregated clusters translates
into a different light scattering/absorption profile of the nanoparticles according to Mie
scattering theory and causes the appearance of the new red shifted peak/shoulder.'®>* It
is worth noting that while the 415 nm peak decreases in magnitude with time (spectra A-
D), the new red shifter peak/shoulder increases in magnitude with time from 0 - 5
minutes (spectra A-C) and then drops in magnitude (spectrum D). This is because

somewhere between 5 and 20 minutes the size of the aggregated cluster become too



15

large to remain suspended in water. As a result it starts to settle to the bottom of the
cuvette thus leading to an overall drop in the extinction value. It should be noted that the
value of the extinction at 514.5 nm (the wavelength of the incident laser for the SERS
studies) increases with the extent of the colloidal aggregation between 0 — 5 minutes.
This will correspond to greater SERS enhancement and thus 5 minutes was chosen as the
time required keeping the samples mixed with the aggregated colloid prior to obtaining

any SERS spectra.
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Figure 2.2: Extinction spectra of native silver colloid (A) and at various times after inducing
aggregation. Note the magnitude of extinction at 514 nm increases with time on addition of salt.
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Figure 2.3(A) shows the SERS spectra of regular BSA (spectrum A), denatured
BSA (spectrum B) and the background scan which consists of aggregated colloid only
(spectrum C). Bovine serum albumin (BSA) in its native form has a conformation which
is approximately 55% o-helix and 45% random coil.”> A comparison of the spectra in
Figure 2.3(A) with other published SERS spectral data for various amino acids,
polypeptides and proteins strongly suggests that the sharp peak observed at 1004 cm™
for regular BSA stems from phenylalanine (Phe)."®" A possible source which
contributes to the appearance of the peak at 1162 cm™ for regular BSA could be the
aromatic amino acid tyrosine (Tyr)."> Denatured bovine serum albumin (BSA) should in
all likelihood loose its native stable conformation, thereby, the highly a-helix order of
the molecule should be drastically reduced. The absence of any discernable peaks in the
1004 cm™ area at all for denatured BSA suggests that heating indeed brought about a
conformational change in the protein structure. The peak located at 960 cm™ might
remotely be a weak indication of a B-sheet structure or quite simply a random coil
effect.'™® The denatured BSA spectra also shows the appearance of fresh new bands at
1042 cm™ and 1087 cm™. These are due to changes in protein conformation of either the
polypeptide backbone or may also stem from side chain residues. Another source for
these peaks could well be the C-C and C-N single bond stretching vibration of the -
sheet backbone.’® The peaks appearing at roughly 215 cm’ for all three spectra comes
from the Ag colloid and shows consistency of the data, thus serving as an internal

standard."
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Figure 2.3(A): SERS spectra of regular BSA(A), denatured BSA(C) and background colloidal
silver(B).

Regular DNA in its native form is known to have a double stranded helical
structure. Once denatured by heating, this highly ordered conformation breaks down into
a single stranded random coil structure. Figure 2.3(B) shows the SERS spectra of double
stranded regular DNA (spectrum B) and single stranded denatured DNA (spectrum A)
on silver colloid as well as the background (spectrum C). Most of the discernable peaks
and shoulders in the spectra of the regular double stranded DNA shown in the figure
were sitting on top of native colloid spectra. Of these the notable peak and shoulder
located at 1393 and 1342 cm™ respectively likely stems from the vibration and stretching

modes of the guanine ring. *> The small peak at 1015 cm™ could be due to dioxyribose-
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phosphate vibrations, which provides information on the helical double stranded
backbone of the DNA.>” This is a common region for backbone structural information.
The SERS spectrum of denatured DNA showed remarkable differences from that of the
spectrum of regular DNA. The strong peak at 733 cm™ indicates the transition from a
double helical structure into a disordered single stranded structure at the silver surface

24,29
k.7

and represents the classic adenine pea The appearance of the strong peaks at 656,

962 and 1467 cm™ can be attributed to the ring vibrating and stretching modes of

2426 The band at 1570 cm™ and the shoulder at 1379 cm™ can be a result of

guanine.
guanine and/or adenine and adenine and/or thymine respectively.”’ This is probably due
to the denaturization of the DNA, which has lead to more accessible sites on the single
stranded molecule for binding onto the metal substrate, thus yielding a large number of
strong peaks in the spectra. Of the various bands present in the SERS spectrum of DNA,
it is known that bands due to the vibrations of the bases show highest enhancement.”
This is due to the presence of double bonds and m-electrons in the rings of the bases,
which are more highly polarizable than electrons involved in the single bonds that
constitute the bulk of the backbone dioxyribose-phosphate structure. A higher
polarizability translates into a stronger SERS enhancement. It seems that guanine
generally dominates most of the strong peaks that occur in the SERS spectrum of

denatured DNA. This might have something to do with the surface potential of the

colloidal silver favoring guanine adsorption over the other bases.?
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Figure 2.3(B): SERS spectra of regular DNA(B), denatured DNA(A) and background colloidal
silver(C).

The baseline corrected and background subtracted SERS spectrum of 131 nM
a5B1 integrin is shown in Figure 2.4(A) with the major SERS peak locations marked. A
survey of existing literature reveals the bonds that are responsible for the appearance of
the SERS peaks. The high correlation between the structural properties of the protein
molecule and the location of its SERS peaks makes this technique a powerful tool for the
detection of protein structure. The 1645 cm™ peak is the amide I band of the o-helix
structure and the 1306 cm™ peak lies in the region of the amide III band for the a-helix
structure, thus suggesting that the 5B 1 integrin is adsorbed on the colloidal Ag particles

in an o-helix region.'™"” Amide I and III are the peptide backbone modes. The amide I
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mode generally has a high contribution from the carbonyl stretching vibration. On the
other hand, the amide III mode generally consists of C-N-H in plane bending and C-N

19-5% The peak located at 1569 cm’ originates from tryptophan and the

stretching modes.
1507 em™ peak is from either phenylalanine or histidine.'® ' The peak located at 1359
cm™ can be attributed to tryptophan vibration which is sensitive to the environment of

the indole rings.'®'"®

The fact that this band is so pronounced is indicative of the
existence of a hydrophobic environment around the indole rings that is created by the
aggregated Ag colloids.'® The peak located at 1177 cm™ is the result of either tyrosine or
phenylalanine and the 1127 cm™ peak can be assigned to the C-N bond stretching
vibration."*'®?° The 771 cm™ peak can be attributed to either tryptophan or histidine and
the 608 cm™ peak can be attributed to phenylalanine.'*"

The corrected SERS spectrum of 122 nM VB3 integrin is shown in Figure
2.4(B) with the major SERS peak locations marked. Most of the SERS peaks of aVp3
are identical to that of o531 except the four peaks marked in large bold letters located at
1618 cm™, 1439 cm™, 908 cm” and 802 cm™ respectively. The 1618 cm™” peak
originates from either of the aromatic amino acids tryptophan, tyrosine or phenylalanine
and the Co-C-N vibration at 908 cm™ along with the location of its amide I and amide
III peaks indicates the presence of o-helical structure in VB3."®" The 1439 cm™ peak
results from the C-Hj stretching vibrations and the 802 cm™ band also seems to originate

from the protein backbone as has been observed previously.'”**>? This shows that these

two separate integrins adsorb with a different orientation on the surface of the silver
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colloid and thus lends credibility to the idea that the two integrins are different in

structure.
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Figure 2.4(A): SERS spectrum of 131 nM 531 integrin.
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Figure 2.4(B): SERS spectrum of 122 nM aV[33 integrin.
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The SERS results in Figures 2.3(A) - 2.4(B) clearly demonstrate the ability of
silver colloidal nanoparticles to provide strong enhancements of Raman signals from
bio-molecules adsorbed on its surface. It also shows the ability of the colloidal
nanoparticles to distinguish subtle differences between various forms of proteins and
nucleic acids. This shows its potential as a powerful tool for the generation of SERS
signals from biological molecules. Figure 2.2 however, demonstrates one of the inherent
limitations of metal colloidal nanoparticles that compromise their robustness as SERS
substrates. The need for aggregation to create the necessary plasmonic conditions for the
generation of significant SERS enhancement runs the risk of compromising the
reproducibility of SERS data obtained using colloidal nanoparticles. This is because
once aggregation commences, the kinetics of the process becomes uncontrollable and
sometimes even unpredictable. These limitations make chemically reduced colloidal

metal nanoparticles unattractive for potential implementation in biosensors.
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CHAPTER 111

UNAGGREGATED SERS SUBSTRATES FOR BIOSENSING

Vapor Deposited Silver Island Films on Microscope Glass Slides

Introduction

One way to overcome the problems with colloidal based systems is to develop
SERS substrates via vapor deposition of silver onto ultra clean microscope glass
slides.®®® This is done by the thermal deposition of vaporized silver under high vacuum
onto microscope glass slides. The glass slides have to be pretreated to make it extremely
clean in order to prevent any particles on it to react with silver and form nucleation sites
for silver aggregation. This technique is relatively simple and can be used to produce
silver island films of varying amount of thickness. Control of deposition rate, deposition
geometry, temperature, post deposition annealing, quality of glass substrate and the
rigorousness of the cleaning process are factors that control reproducibility of substrate
preparation.®*%

The purpose of this study was to develop vapor deposited silver island films onto
glass substrates and then characterize their structure and optical properties using UV-Vis
absorption spectroscopy, Atomic Force Microscopy (AFM) and SERS. In the case of the
SERS studies the strong Raman active molecule trans-1,2-bis(4-pyridyl)ethylene (BPE)
was used to study the variability of SERS response in different areas of the silver

covered slide as well as to observe the overall responsiveness of the substrate to

increasing BPE concentrations.
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Materials and Methods
Materials

Silver powder 5-8 um (99.9+%) was used for preparation of the island films and
potassium hydroxide (KOH) was used for the slide cleaning step. These items and BPE
powder (97%) were purchased from were purchased from Sigma-Aldrich (St. Louis,
MO). The microscope glass slides were purchased from VWR Scientific (West Chester,
PA).
Microscope Slide Precleaning

The microscope slides were rigorously cleaned by washing them in a 3M KOH
solution for at least 90 minutes followed by sonication in deionized water for 5 — 10
minutes. This was followed by sonication in methanol for 5 minutes. A final sonication
step in deionized water was performed on the slides. The slides were dried at 110 © C an
hour before silver deposition and allowed to cool for 20 minutes before introduction into
the vacuum deposition chamber.
Thermal Deposition of Silver Island Films Under High Vacuum

Silver island films of 5 nm thickness were deposited onto the glass slides using
an Edwards Auto 306 Vacuum Coating System in a Class 100 Clean Room at the
Materials Characterization Facility at Texas A&M University. The silver deposition rate
was controlled by current passing through a molybdenum boat carrying the silver
powder. The deposition rate of 0.1 A/sec (0.01 nm/sec) was established prior to exposing
the glass slides to the source. The slow deposition rate allowed the formation of a

relatively uniform silver layer. The vacuum inside the metal coating chamber was
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maintained in the range of 5 x 10°® — 1 x 107 Torr during the deposition process. The
thickness of the deposited layer was monitored by an MTM-20 quartz crystal
microbalance which was a part of the Metal Deposition chamber. The slides were
allowed to cool down for 20 minutes after the end of the deposition process before the
vacuum seal was broken with air.
UV-Vis Absorption Studies

The UV-Vis absorption studies were performed using a converted CCD based
spectrometer (Spectra Pro 150 Imaging Dual Grating Monochromator/Spectrograph
containing a Roper Scientific/Princeton Instruments HAM 256 x 1024 CCD camera)
delivering incident light via a Imm core fiber optic (Thorlabs, Newton NJ) to the sample
held in a delron sample chamber built in-house as depicted in Figure 3.1. The collection
fiber was a 400 um core fiber. The light source used was a tungsten halogen lamp (Oriel
Systems). Extinction spectra were collected with an integration time of 5 seconds
between 360 — 830 nm. A normal clean microscope glass slide was used as a blank for

the study.
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Figure 3.1: Setup for collection of UV-Vis absorption spectra.

Atomic Force Microscopy (AFM) Studies

All AFM studies were done using a Digital Instruments Nanoscope IIIA (Digital
Instruments) microscope in tapping mode operation at the Materials Characterization
Facility at Texas A&M University. Commercial SisNs cantilever tips (Digital
Instruments) with spring constants of approximately 0.12 nm™ were used. The tips were
pyramidal in shape with a cone angle of 70° and an effective radius of curvature of the
tip Rc =20 — 40 nm. The images presented are raw unfiltered data.
SERS Studies

All SERS spectra were collected using a Renishaw System 1000 Raman
Spectrometer coupled to a Leica DMLM microscope. The laser used was 514.5 nm Ar"
laser (Spectra Physics Model 263C) delivering approximately 4.50 mW power to the
sample. The Raman active molecule BPE was used to characterize the silver island films.

This was done by dip coating the slide for 1 minute in a solutions of 5, 50 and 500 uM
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BPE in acetone and then letting the slides dry for several minutes before obtaining SERS
spectra.  All SERS spectra were collected with the diffraction grating centered at 1500
cm " and with an integration time of 5 seconds. The final spectra presented are SERS
spectra of BPE with the background (spectra of slide dip coated in acetone only)
subtracted upon which a baseline correction routine was performed. The baseline
correction routine used was a GRAMS/32 based routine (Galactic Industries Corporation,
Salem, NH) which was a built-in feature of the WiRE™ software (version 1.2) that
controlled the Raman spectrometer. The BPE studies were also repeated with a set of
regular clean microscope slides (with no silver) in order to verify if SERS was actually

taking place.

Results and Discussion

Figure 3.2 represents the extinction spectrum of a 5 nm silver coated slide. The
spectrum was collected with a 4 second integration time. It can be seen that the
extinction maximum (Am.x) is located at approximately 514 nm. This shows that the
surface plasmon resonance of 5 nm silver island films match exactly with the
wavelength of the laser used and is thus optimal for SERS studies. This plasmon
resonance wavelength is the result of the collective oscillation of the conduction band
electrons of the spatially isolated silver islands and red shifts with increasing thickness
of deposition. It was seen that above a thickness of 10 nm silver, the extinction spectrum
showed a loss of the appearance of an extinction maximum as well as the loss of SERS

60-62

properties (data not shown). This has also been observed by other groups and is a
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result of the silver island films beginning to merge together to form a continuous film at

high thicknesses leading to the substrate behaving like bulk silver.
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Figure 3.2: Extinction spectrum of 5 nm silver island film on a microscope glass slide.

Figure 3.3 shows a 500 nm x 500 nm AFM image of silver island films on a
microscope slide. The image shows that the surface is composed of distinct well
separated spherical particles of various sizes. It has been suggested that the shapes and
sizes of these islands are dependent upon the migration of the metal atoms on the
surface.”  An independent migration time is associated with each metal atom as it

approaches the surface. The structure of the island films is a function of the arrival rate
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of atoms on the substrates, which is a function of the deposition rate.®” Thus, slow
deposition rates leads to the formation of well separated isolated metal islands that grow
in height. For higher deposition rates this leads to the formation of aggregates of lesser
height and particles that are interconnected in a quasi-continuous state.®> The roughness
analysis shows the mean diameter of these islands to be in the range of 60 nm with a
mean height of approximately 5.50 nm. A box analysis has also been performed which
analyzes the image roughness in the range of roughly 180 X 180 nm. The results of the
box analysis are in accordance with the roughness of the entire image. As is clearly
demonstrated in the figure, the silver islands are neither uniform in size, shape nor
spacing. It is impossible to control these parameters via this technique. This distribution
of size, shape and interparticle spacing can at best be minimized by control of the quality
of reagents and experimental protocol.

Another inherent limitation of this technique in producing uniform silver island
films is depicted in the AFM image of Figure 3.4 which spans a scale of 50 um x 50 pm.
In the image several macroscopic silver aggregates are observed that span the range of 2-
5 wm. These silver aggregates can form as a result of several causes, namely dust
particles that were not successfully cleaned from the glass slide and the unevenness in
the surface of the glass slide. The surface quality of commercially available microscope
glass is inhomogeneous with the presence of micrometer sized valleys and pits. These
pits and valleys strongly affect the attachment and migration of silver particles on the

glass surface and hence also influence the local optical properties.®”®* Thus the lack of
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uniformity at the 500 nm scale and the presence of macroscopic silver aggregates leads

to a lack of reproducibility of SERS signals from analytes on such slides.
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Figure 3.3: Roughness analysis performed on an AFM image of vapor deposited silver island
film on a microscope glass slide. Scale of image is 500 nm X 500 nm.
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Figure 3.4: AFM image of vapor deposited silver island film on a microscope glass slide. Size of
image is 50 wm X 50 um showing the formation of macro-aggregates.

All of the SERS characterization studies were performed as mentioned above by
dip coating the silver coated slides for one minute in varying concentrations (5 uM, 50
uM and 500 uM) BPE solution in acetone and then taking SERS spectra at several spots
throughout the slides. Since acetone is quite notorious for the presence of various
impurities in it, a background sample was created by dip coating a silver coated slide in
similar conditions in the acetone used to make the BPE solution. The spectrum obtained
from this sample was then subtracted from all the BPE SERS spectra to get the final
BPE spectra.

Shown in Figure 3.5 is a structure of the frans-1,2-bis(4-pyridyl)ethylene (BPE)
molecule. BPE is well know as a highly Raman active molecule which has pronounced
Raman bands at 1635 cm ™' and 1605 cm ' due to (C-C) stretching modes, 1201 cm ™

due to both stretching and rocking modes of (C; - Cy) where C; is a ring carbon attached
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to a bridging carbon and Cy is a bridging carbon and 1013 c¢cm ' due to both (C-C) and

(C-N) stretching modes.*
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Figure 3.5: Structure of trans-1,2-bis(4-pyridyl)ethylene (BPE).

Figure 3.6(A) shows the SERS spectrum of 50 uM BPE on a silver coated
microscope glass slide showing that the major BPE peaks at 1638 cm 11607 cm
1200 cm ' and 1015 cm ' are clearly visible. Figure 3.6(B) shows the spectrum of 50
uM BPE on a clean uncoated microscope glass slide that was dipped in the same BPE
solution and dried as in the previous case. There are no BPE peaks at all. This shows it is
indeed the presence of the silver island films that is responsible for the generation of the
SERS signal from the BPE molecules. Figure 3.7 shows the spectrum of a silver coated
slide dipped in the acetone used to make the BPE solutions. It is believed that the peaks
observed in this spectrum are the due the presence of a myriad of organic impurities in
acetone which were adsorbed on the surface of the silver once the slide was dipped in
the acetone. As a result, the SERS spectra of the various concentrations of BPE are
background subtracted to remove the contribution of the peaks from impurities in

acetone.
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Figure 3.6(A): SERS spectrum of a silver covered microscope glass slide dip coated in 50 pM
BPE solution.
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Figure 3.6(B): SERS spectrum of a clean uncoated microscope glass slide dip coated in 50 pM
BPE solution. This shows the need for the presence of the silver island films to elicit a SERS
response.
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Figure 3.7: Background SERS spectrum of a silver coated slide dipped in acetone.

Shown in Figure 3.8 are the spectra of 5 uM (A), 50 uM (B) and 500 uM (C)
BPE on silver coated slides showing a concentration dependent response of the SERS
signal. The spectrum at each concentration level is the result of an average of 30
different spots on the slide. The figure clearly shows that the silver coated slides gives
SERS signals whose intensity directly correlates to the concentration of the target

analyte on its surface. The spectra were intentionally separated for purposes of clarity.



35

10000 |
—c

8000 -
5
s
2 6000 - —A: 5uM
g —B: 50 uM
IS = C: 500 uM

4000 -

B —»
2000 |
M
0 T \L \‘-_— T T — T 1—3
790 990 1190 1390 1590 1790 1990

Raman Shift (cm -1)

Figure 3.8: SERS spectra of 5 pM (A), 50 uM (B) and 500 uM (C) BPE on silver coated slides
showing a concentration dependent response of the SERS signal. The spectrum at each
concentration level is the result of an average of 30 individual spectra taken from various spots
on the slide.

An inherent limitation of the SERS substrate made by the vapor deposition of
silver island films on glass slides is the inability to have proper control of the
morphology of the island films in terms of control of their shape, size, interparticle
spacing and reduction in the formation of aggregated complexes. The rigorous control of
glassware cleansing procedure, silver deposition rate and geometry can at best give only
nominal control of the morphology of the silver films deposited. This leads to the
generation of inconsistent SERS signals at various locations on the slide. Figure 3.9

illustrates this problem. The data presented in this figure were obtained by averaging the
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SERS spectra of five individual spots approximately Sum apart in two distinct regions of
a silver coated slide dipped in 500 uM BPE solution. These two distinct regions were
approximately 3 cm apart from one another. The major BPE peaks sometimes show as
much as 100 % increase in intensity from one region to another. Such variability was
obtained for slides dipped in all the concentrations of BPE mentioned in this study. This
kind of variability is unacceptable in SERS substrates if they are to be incorporated in a
biosensor as it would compromise the robustness, reproducibility, sensitivity and

response time of the sensor.
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Figure 3.9: SERS spectra of 500 uM BPE on a silver coated slide showing variability in the
intensity of the SERS signal at two different regions of the slide separated by 3 cm. The
spectrum within each region is the result of an average of 5 individual spectra taken at spots 5
um apart.
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Use of Nanosphere Lithography (NSL) for the Fabrication of Controllable SERS

Substrates

Introduction

Recent advances in nanotechnology have lead to a number of fabrication
methods for creating substrate bound nanostructures with potential for use as SERS
platforms. The Ileading nanotechnologies for sub-optical (between 10-200 nm)
fabrication are electron-beam lithography (EBL) ”"° and X-ray lithography (XRL).”""*
In EBL, the desired pattern is serially produced by exposing a thin layer of photo-resist
on a substrate to high energy electrons usually in an EBL writer connected to a Scanning
Electron Microscope (SEM), followed by chemical development and thermal deposition
of the noble metal. This is followed by a mask removal step that leaves the noble metal
in the nanometer sized structures that were initially drawn on the substrate. '
Although EBL has outstanding resolution which can yield features in the range of 1 — 2
nm in the best of cases, it is quite an expensive procedure and its serial processing
format is a limitation to achieving commercial acceptable throughputs of 1 cm™s™.”
XRL is similar to photolithography but uses X-rays photons instead of UV and deep UV
photons to create the pattern of interest. The wavelength of interest in XRL is 0.5-1.5
nm.”"”7 This is because at these wavelengths scattering is negligible thus overcoming the

severe problem of proximity effects that generally plague EBL.”""* Although the parallel

processing capabilities of XRL permit simultaneous fabrication of large numbers of



38

nanostructures, XRL resolution is limited by photoelectron range and diffraction effects
to 20 — 50 nm.”"”

An alternative approach for the large scale fabrication of surface bound
nanoparticle arrays with morphological and optical properties that can be tightly

75-85

controlled is Nanosphere Lithography (NSL). NSL is generally an efficient

fabrication technique to inexpensively produce nanoparticle arrays with controlled shape,

size and interparticle spacing.75'85

The NSL mask is created by the self-assembly of
size-monodispersed polystyrene nanospheres of diameter D to form a two-dimensional
colloidal crystal mask on a myriad of substrates such as fused silica, borosilicate optical
glass and SF-10 glass among others. As the solvent in which the nanospheres were
originally dispersed evaporates, capillary forces draw the nanospheres together and the
nanospheres crystallize together to form a hexagonally close packed pattern on the
substrate. In areas where the nanospheres formed a uniform monolayer, the hexagonal
close packing pattern contains uniformly shaped gaps between adjacent nanospheres
where a metal or any other material can be deposited via thermal evaporation, electron
beam deposition, or pulsed laser deposition. In areas where the nanospheres formed a
uniform bilayer the holes between adjacent nanospheres are themselves also hexagonal
in shape. In higher ordered structural alignments of the nanospheres all holes are covered
up. After the metal deposition step, the nanosphere mask can be removed by sonicating
the substrates in methylene chloride or ethanol. This dissolves the nanospheres leaving

behind just the deposited metal in the form of surface confined nanoparticles with

triangular-like or hexagonal footprints (called periodic particle arrays PPL). As in all
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naturally occurring crystals, nanosphere masks include a variety of defects that arise as a
result of nanosphere polydispersity, site randomness, point defects, slip dislocations and
grain boundaries. Typical defect free domains are in the range of 10 — 100 pm.””™
Schematic diagrams of single layer (SL) and double layer (DL) nanosphere masks and

the corresponding periodic particles array surfaces are shown in Figure 3.10.”
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Figure 3.10: Schematic diagram of nanosphere masks and corresponding nanoparticle periodic
particle arrays. (A) Single layer nanosphere mask and (B) its corresponding periodic particle
array (B). (C) Double layer nanosphere mask and (D) its corresponding periodic particle array.
Reprinted with permission from J.C. Hulteen and R.P. Van Duyne, "Nanosphere lithography: A
materials general fabrication process for periodic particle array surfaces," J. Vac. Sci.Technol. A
13(3), 1553-1558 (1995). Copyright 1995, American Institute of Physics. "
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Figure 3.10(A) shows the single layer nanosphere mask with the triangular-like
interparticle gaps where metal can be deposited. Figure 3.10(B) shows the corresponding
periodic particle array shape that would emerge after metal deposition followed by mask
removal. Here the “truncated tetrahedron” metal footprints arranged in a hexagonal
pattern is clearly observed. Similarly Figure 3.10(C) shows the double layer nanosphere
mask with the hexagonal interparticle gaps where metal can be deposited. Figure 3.10(D)
shows the corresponding periodic particle array shape that would emerge after metal
deposition followed by mask removal. Here the hexagonal metal footprints arranged in a
hexagonal pattern is observed.

There are three crucial parameters for each of the metal nanostructures that will

control its optical properties, namely its height which is controlled by the deposition

geom

depth, its in plane particle diameter ag;’,, and the interparticle spacing d;°¢/’ ,, , both of
which are a function of the diameter, D, of the nanospheres used to create the colloidal

geom

crystal mask. For the single layer case the in plane diameter af,*" and the interparticle

spacing d ;" are given by the following equations:”

ag™ = %(\/5 —1—LJD =0.233D

NE)

Eq. 3.1(A)

eom __ D _
dipsi = ﬁ =0.577D Eq.3.1(B)

geom

For the double layer case the in plane diameter a7 and the interparticle spacing

d;p are given by the following equations:”
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Jeom 1
asm = (ﬁ_ 1 —EJD =0.155D Eq. 3.2(A)
dzm = p Eq. 3.2(B)

For the purposes of this study the focus will primarily be on single layer
structures. The aim of this study was to develop silver periodic particle arrays as
described for use as substrates for SERS. Although such work is currently in its insipient
stages at the Optical Biosensing Laboratory, it is believed that this technique will allow
for the fabrication of SERS substrates with optical properties that can be controlled as
well as modeled with relative ease. The long term goal of this project is the
incorporation of these substrates in a future biosensor. The work presented here was
done in collaboration with Dr. Raymond E. Schaak and his students Rob Cable and Eric

Hendrickson from the Chemistry department at Texas A&M University.

Materials and Methods
Materials

600 nm carboxyl functionalized polystyrene nanospheres (5% CV) were
purchased from Interfacial Dynamics Corporation (Portland, OR). All other chemicals
were identical to those described in the materials section in page 24.
NSL Mask Preparation

Glass substrates were cut from microscope glass slides to a size of 1 cm” and
were cleansed by immersion in piranha solution (3:1 concentrated H,SO4: 30% H,0,) at

80 °C for one hour. After cooling, the substrates were rinsed repeatedly with millipure
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deionized water (18 MQ/cm) and then sonicated for 60 minutes in 5:1:1

H,0:NH4OH:30%H,0, solution. 5 pl of the nanosphere suspension as received (in water)
was dropped onto each of the substrates where they self-assembled into a hexagonally

close-packed 2D colloidal crystal mask as the water evaporated. These substrates then

acted as the deposition mask.

Scanning Electron Microscopy (SEM)

SEM images of the colloidal crystal masks were taken at the Microscopy and
Imaging Center at Texas A&M University using a JEOL-JSM 6400 SEM operating at 15
kV with magnification between 5,000 X and 20,000 Xx.

Periodic Particle Array (PPA) Formation

After successful creation of the deposition mask, the substrates were loaded
inside the chamber of an Edwards Auto 306 Vacuum Coating System in a Class 100
Clean Room Facility. The details of the deposition procedure have been discussed in the
earlier section. Substrates with 20 nm, 40 nm and 80 nm silver deposition depth were
sequentially made by thermal evaporation of silver. The silver deposition rate in each
case was maintained at 1 nm/sec. After the silver deposition was complete, the
nanosphere mask was removed by sonicating the entire substrate in methylene chloride
(CH2Cly) for 2 minutes. This dissolved the polystyrene nanospheres leaving behind an
array of triangularly shaped silver nanoparticles in a closed hexagonal pattern on the

glass substrate.
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Atomic Force Microscopy (AFM) Studies

All AFM studies were done using a Digital Instruments Nanoscope IIIA (Digital
Instruments) microscope in tapping mode operation. The details of the AFM imaging
procedure have been discussed in the earlier section.
UV-Vis Absorption Studies

All UV-Vis absorption spectra were collected using an identical setup as
described in page 25. The only difference was the spectral window of interest which was
from 560 — 1020 nm.
SERS Studies

All SERS studies were carried out using a similar experimental setup as
described in the previous section. The SERS spectra were collected between 1700 — 900
cm™ with a 240 sec integration time and using a 785 nm SDL High Powered Diode
Laser delivering approximately 1.40 mW power to the sample surface. The spectra were
collected using the 50x air objective (NA = 0.75). All SERS data were processed as
described previously. As in the previous section the strongly Raman scattering molecule

BPE was used to characterize the SERS capability of the substrates.

Results and Discussion

Figure 3.11(A) shows an SEM image of the nanosphere colloidal crystal mask
taken at a magnification of 5,000 X. Here several lattice defects are clearly observed.
There are several cases where point defects (holes due to absence of nanosphere) are

seen. Along with that several slip dislocations (thin dark lines where there was slight
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lattice mismatch between spheres) and grain boundaries (thick dark lines which form
individual areas of nanosphere deposition) are also observed. Figure 3.11(B) shows
another SEM image taken at a higher magnification of 20,000 Xx. This higher
magnification image clearly shows the orderly hexagonal packing of the individual
nanospheres and also shows the presence of polydispersity in the size of the nanospheres.

Here the dark lines represent gaps due to slip dislocations in the lattice.

Figure 3.11(A): SEM image taken at 5,000 X magnification of the self-assembled colloidal
crystal mask showing point defects, grain boundaries and slip dislocations.
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Figure 3.11(B): SEM image taken at 20,000 X magnification of the self-assembled colloidal
crystal mask showing slip dislocations. The field of view is too small to observed grain
boundaries. Note the close hexagonal packing of the 600 nm polystyrene beads and also
polydispersity of their size.

The results of the AFM analysis performed on the substrates after silver
deposition and the subsequent mask removal step are shown in Figures 3.12(A) -
3.12(D). The sample used in obtaining these set of images had 40 nm silver deposited on
it. Figure 3.12(A) shows an image in the range of 30 pm X 30 um. Here the periodic
particle array of silver nanoparticles are clearly seen arranged in a hexagonally closed
packed pattern on the glass substrate. The lattice defects that were observed in the
previous SEM images manifest themselves here as continuous patches of silver
deposited in the gaps within slip dislocations as well as large circular deposits of silver

in areas where there were point defects (absence of nanosphere) in the mask lattice.

Figure 3.12(B) is a blowup of Figure 3.12(A) with an image size of 10 um X 10 pum. It
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has been presented for purposes of increased clarity. Here the triangular shape of each
silver nanoparticle is seen with the usual slip dislocations. Figure 3.12(C) is again a
blowup of Figure 3.12(B) with an image size of 2 um X 2 um. This has been presented to
capture the silver nanoparticles that were formed in the gaps between a group of seven
adjacent nanospheres arranged in a hexagonally packed shape. Figure 3.12(D) performs
a section analysis on the silver nanoparticles in Figure 3.12(C). Here the dimension of
the in plane diameter of the silver nanoparticles and the vertical height of the particles

are measured along the line that has been drawn through the nanoparticles. The in plane

geom

diameter a3 " of the nanoparticle is measured to be approximately 244 nm and the out

of plane height b is measured to be approximately 42 nm. Although the out of plane

height b is in agreement with the deposition silver height of 40 nm, the in plane diameter
ag”" dimension from the AFM image (244 nm) is misleading as equation 3.1(A)

predicts it should be approximately 140 nm (0.233D where D is 600 nm). This is the
result of in plane feature size broadening which is a common problem associated with
AFM studies.””®® When this occurs, the results of the AFM image reveals a
consistently larger size of structures in the x and y plane (in plane parameters) due to the
convolution of the real surface morphology with the AFM tip function. Several
deconvolution algorithms exist in the literature (which are non trivial to implement) to
recover the correct feature size from the experimental AFM images.”” *** The tip
functions used for these deconvolution algorithms are derived from tip specifications
obtained from the AFM tip manufacturers. No such algorithm has been developed here

to extract the real feature size from this set of AFM images and hence the disconnect
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exists between the theoretical and experimental in plane diameter values. This tip
convolution problem however does not exist when measuring features in the z-axis (out
of plane features). Figures 3.13(A) and 3.13(B) illustrates how the tip convolution
problem occurs when measuring in plane features and how is does not pose a problem

when measuring out of plane features.

o 10.0 20.0 30.0
110}

Figure 3.12(A): 30 um x 30 pum AFM image of the surface of a substrate created by Nanosphere
Lithography (NSL). Image was obtained after removal of colloidal crystal mask showing silver
nanoparticles arranged in a hexagonally packed array. Lattice defects such as point defects and
slip dislocations can be seen.
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Figure 3.12(B): Sum X 5um AFM image of the surface of a substrate created by Nanosphere
Lithography (NSL). Image was obtained after removal of colloidal crystal mask and shows silver
nanoparticles arranged in a hexagonally packed array. Lattice defects such as point defects and
slip dislocations can be seen.

(L]

Figure 3.12(C): 2um X 2um AFM image of the surface of a substrate created by Nanosphere
Lithography (NSL). Image was obtained after removal of colloidal crystal mask showing two
groups of silver nanoparticles arranged in a hexagonally packed array. This zoomed in image is
presented to show the detailed morphological structure of a group of adjacent silver periodic
particle arrays.
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Figure 3.12(D): Section analysis performed on the silver nanoparticle arrays of Figure 3.12(C)
showing the dimension of the in plane diameter and out of plane height.
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Figure 3.13(A): Schematic showing in plane line broadening of features measured in the x and y
axes in an AFM image due to convolution of the AFM tip shape function with the real surface
morphology.
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Figure 3.13(B): Schematic showing no increase in size of features measured in the z- axis in an
AFM image as there is no convolution of the AFM tip shape function with the real surface
morphology.

Figure 3.14(A) shows the raw extinction spectra of silver nanoparticle substrates
fabricated with the Nanosphere Lithography technique. The three substrates were all
made with the 600 nm diameter nanosphere mask and had an out of plane height of 20
nm, 40 nm and 80 nm respectively. The figure shows a distinctive blue shift in the
location of the extinction maximum (Amax) With increasing thickness of the deposited
silver layer. The Ay, were at 850 nm, 835 nm and 710 nm for an out of plane height of
20 nm, 40 nm and 80 nm respectively. This pattern is in agreement with data obtained by
other groups.*® Each truncated tetrahedron has two parameters that are used to describe
its aspect ratio: they are the in plane diameter a and out of plane height . The in plane
diameter has been described previously and the out of plane is just the thickness of the
thermally deposited silver layer. Assuming the in plane diameter of the silver
nanoparticles in each of the substrates remains constant (which is a function of only the

diameter of the nanosphere mask) we define the aspect ratio of the individual silver
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nanoparticles R as a/b. The extinction maxima data presented thus far is in agreement
with the case of a theoretically determined formula for the dependence of the peak of the
plasmon absorption band of gold nanorods A, as a function of their aspect ratio R and

the dielectric constant of the surrounding medium ¢,, which was derived by

Link et al.:>*!

A =(33.34R—46.31)e, +472.31 Eq. 3.3

This formula shows that for a constant value of ¢,,, the location of the extinction
maxima A, increases linearly with aspect ratio R. Figure 3.14(B) shows a plot of the
location of the extinction maximum with increasing out of plane height of the silver
nanoparticles (for a constant in plane diameter). The data portrays the red shift of the
extinction maximum wavelength with decreasing height of silver (i.e. increasing aspect
ratio). A linear fit to the data is included with an R* value of 0.945. The slope of the
linear fit approximates a 2.4 nm change in the extinction maximum for a 1 nm change in

height of the silver nanoparticles.
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Figure 3.14(A): Extinction spectra of silver periodic particle arrays on glass substrate with (A)
80 nm, (B) 40 nm and (C) 20 nm deposition depth.
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Figure 3.14(B): Plot of the location of the plasmon resonance peak of various silver periodic
particle arrays with a constant in plane diameter and differing height of deposition. The decrease
in height corresponds to an increase in aspect ratio of the particles.
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The SERS characterization studies were done by pipetting 10 pl of 50 pM BPE
solution (in acetone) on each of the substrates and allowing them to dry before locating
relatively good spots on the sample via regular brightfield microscopy before striking the
sample with a 785 nm laser for performing the SERS studies. SERS spectra were taken
at ten different spots on each of the substrates between 1700 — 900 cm™ with a 240 sec
integration time. The raw spectra were then background subtracted from the background
spectrum and then baseline corrected before averaging them to obtain the final SERS
spectra of BPE for each substrate that is presented in Figures 3.15(A). Before presenting
the SERS data it is necessary to mention a few observations on the extinction spectra of
the nanoparticles that are presented in Figure 3.14(A). The quality of the SERS signal
from an analyte molecule adsorbed on the surface of the silver nanoparticles is directly
proportional to the extent of defect free lattice structure of the silver nanoparticle array.
Defects in the nanosphere mask such as variations in packing morphology, and
insufficient or overabundant quantities of nanospheres result in defects in the metal
nanoparticle array structure.”” These defects manifest themselves as perturbations in the
extinction spectra as well as low magnitude of SERS signals. A lack of reproducibility of
SERS signals within approximately £20 um of a particular spot can also allude to defects
in the lattice structure. In the case of localized surface plasmon resonance (LSPR) of the
silver nanoparticles manifested as a maximum in the extinction spectrum, wide
bandwidths in LSPR (specially for particles within the Rayleigh size limit) can indicate

the presence of heterogeneous structures within the spot size and hence can allude to the
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presence of large areas of lattice defects i.e. the wider the bandwidth, the more the
density and severity of the nature of defects.

Thus Figure 3.14(A) shows that the nanoparticles with an out of plane height of
80 nm has the broadest FWHM of the plasmon resonance peak. This indicates a
contribution of multipole resonances in addition to the dipole resonance (as 80 nm in the
axis of silver deposition is outside the Rayleigh range of nanoparticles — mutipole
resonances occur at a shorter wavelengths than the dipole resonance and hence their
superposition appears to broaden the dipole resonance peak), and large extent of lattice
defects. In addition the broadband spectra also had very high extinction values which
results from high scattering from macroscopic silver structures (it is commonly observed
that large silver islands form in gaps where there were not sufficient packing of the
nanospheres). The presence of the large macroscopic silver structures are shown later in
this section. This along with the fact that its plasmon resonance peak at 710 nm is
farthest away from the incident laser wavelength (785 nm) indicate that the SERS signal
from this substrate is expected to have poor quality. The FWHM of the extinction
maximum of the 40 nm height sample is narrow and together with the magnitude of the
plasmon resonance peak, it indicates areas with fewest lattice defects. This along with
the location of the plasmon resonance at 835 nm indicate that the 40 nm sample will give
SERS signal of high quality. Although the magnitude of the extinction maximum of the
20 nm height sample was the lowest of the three samples considered, the shape of the

plasmon resonance peak indicates areas of normal distribution of nanoparticles.
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Figure 3.15(A): Average SERS spectra of 50 uM BPE collected from 10 different spots on silver
periodic particle arrays. Heights of the nanoparticle are (A) 20 nm, (B) 40 nm and (C) 80 nm.
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Figure 3.15(B): Plot of the magnitude of the major SERS peaks of 50 uM BPE on silver periodic
particle arrays. Heights of the nanoparticles are (¢) 20 nm, (m) 40 nm and ( A) 80 nm.
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The average of ten scans obtained in each of the three substrates with 50 uM
BPE is presented in Figure 3.15(A). The spectra have deliberately been separated from
each other for reasons of clarity of presentation. These spectra indicate that the substrate
with 40 nm out of plane height of the nanoparticles provide the strongest SERS
enhancement. This is followed by silver nanoparticle with a height of 20 nm and lastly
80 nm. It is expected that the substrate with plasmon resonance maximum closest to 785
nm (the incident laser wavelength used for the SERS studies) would give the strongest
SERS enhancement and this is corroborated by the experimental data. Figure 3.14(B)
however reveals that a substrate with a height of approximately 50-55 nm would provide
optimal SERS enhancement as its plasmon resonance peak would roughly lie at 785 nm.
It may be speculated that in addition to the location of the plasmon resonance peak, the
presence of high areas of lattice defects in the 80 nm sample also contributed to the
deterioration in the quality of SERS signal from that substrate. Figure 3.15(B) plots the
average height of the major BPE SERS peaks from ten spectra obtained from each
substrate. The error bars represent the standard error in the data. It is clear that the peaks
at 1200 cm™ and 1638 cm™ are the two strongest BPE peaks obtained and the intensity
of each of the peaks follow closely to both the optical properties and surface morphology
of the nanoparticle substrate.

Figures 3.16(A) - 3.16(C) depict how a region in the substrate with 40 nm out of
plane nanoparticle height was deemed to be a “good area” with regular arrays of
hexagonally packed nanoparticles structures before it was chosen for SERS analysis.

This was done through regular brightfield imaging of the substrates under white light in
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the Raman microscope (upright microscope with imaging done in 180° backscattering
geometry). Figure 3.16(A) is an image of the substrate obtained using a 5x air
immersion objective (NA = 0.12). Here we see grey areas which are areas where there is
regular packing of silver periodic particle arrays (i.e. “good area”). The bright white
areas are areas where there are large deposits of continuous silver. These are areas where
there were no packing of the nanospheres and hence were left open to direct silver
deposition. The high concentration of silver in these areas makes them highly reflective
and hence they appear white in the back-reflected image. The area of the image which is
circled is the area that was “zoomed” in with the 20X air immersion objective (NA =
0.40) shown in Figure 3.16(B). An interesting pattern is seen in Figure 3.16(B) which
are the white lines streaking across the surface of the substrates. These are areas of
lattice defects (grain boundaries) where gaps in the nanosphere mask due to lattice
domain misalignment allow the deposition of large quantities of silver and hence their
high reflectivity. The circled area was again “zoomed” in with the 50X air immersion
objective (NA = 0.75) shown in Figure 3.16(C). This figure reveals the presence of both
grain boundaries (thicker white lines) along with slip dislocations (thinner white lines)
which result due to slight misalignment of adjacent nanospheres in the mask. These gaps
are generally smaller in size than those in grain boundary defects and hence allow the
deposition of smaller quantities of silver leading to a lower reflectivity in the back-
reflected image and hence a thinner white line. In addition there are also numerous other
smaller lattice defects that cannot be optically resolved and hence does not appear in

these brightfield images. It is generally the presence of all these lattice defects that leads
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to broadening of the extinction spectra of these substrates and which also compromises

the quality and reproducibility of the SERS signal that is obtained from such substrates.

Figure 3.16(A): Brightfield image of silver periodic particle arrays obtained with 5x air objective
(NA = 0.12) showing the morphology of the substrate. The grey areas are areas where there was
good monolayer formation of the colloidal mask whereas the bright white areas are areas where
there are large deposits of silver as no mask formation had occurred. The encircled area was
zoomed in as shown in Figure 3.16(B)



59

Figure 3.16(B): Zoomed in brightfield image of silver periodic particle arrays obtained with 20x
air objective (NA = 0.40) showing the morphology of the substrate. The grey areas are areas
where there was good monolayer formation of the colloidal mask whereas the bright white areas
are areas where there are large deposits of silver as no mask formation had occurred. Here grain
boundaries and point defects are visible. The encircled area was zoomed in as shown in Figure
3.16(C).

Figure 3.16(C): Zoomed in brightfield image of silver periodic particle arrays obtained with 50x
air objective (NA = 0.75) showing the morphology of the substrate. Here grain boundaries point
defects, and slip dislocations are clearly visible. All of the SERS studies were done focusing the
incident laser beam in the “good” grey areas.
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Simulation of Optical Properties of Silver Nanoparticles Using Discrete Dipole

Approximation (DDA)

Introduction

Since exact solutions to Maxwell’s equation only exist for particles with
spherical shape, the need to calculate the scattering and absorption properties for any
other arbitrary geometries requires approximate methods to solve Maxwell’s equation.
The Discrete Dipole Approximation (DDA) is one such method. It is a flexible and
powerful technique for computing the extinction, scattering and absorption by targets of

9293 Recent advances in the development of efficient algorithms and

arbitrary geometry.
computing power has made the DDA an attractive choice for solving many light
extinction problems. The technique was first introduced in the field of astrophysics by
Purcell and Pennypacker % and has since undergone a number of theoretical
developments.

Fundamentally the DDA algorithm works by replacing the solid particle (target)
of interest of volume V by an array of N point dipoles of polarizability ¢; located at

positions r; . The lattice spacing d of a target of volume V described by N dipoles is

represented as:”
d:(V/N)1/3 Eq.3.4
Each dipole has an oscillating polarization in response to both the incident wave Ejo;

and the electric field due to all of the other N-/ dipoles in the array. The solution to the
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dipole polarizations can be obtained as the solution to a set of N coupled complex vector
equations of the form:”
P = a,-(Em,,- 5 A{/ij Eq.3.5

j#i
where Ej; is the electric field at position r; due to the incident plane wave with
amplitude Eo and wave vector k and is represented as:

Eq. 3.6

E. . =E,expli(k-r —ax)]

loc, i
and the polarizability « is related to the dielectric constant of the target (g;) and that of
the embedding medium (&) through a factor ¢, = (g/&9) according to the following

: 93
expression:

Eq. 3.7
3d° Y e, -1 a
a=|—
4z \ € +2

In Eq. 3C.2, the term —A;P; represents the contribution to the electric field at position r;

that is due to the dipole P; at location r; which also includes retardation effects. Each

element A;; is a 3 x 3 matrix defined by: *°

y—J 3 2
T i

AP, = M{k%j x(r, X P, )+ (l_ik""f)[r;Pj ~3r,(r, P, )]} Eq.3.8

where rjj=r;-r;and k= || k || . Defining A;; = 0471 helps to reduce the extinction problem
to finding the polarizations P; that satisfy a system of N inhomogeneous linear complex

. 95
vector equations:

Eq. 3.9
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Once the above equation is solved for the unknown polarizations P; , the extinction Ce ,

absorption Cys, and scattering cross sections Csc, is evaluated from the optical theorem”®

to glve 92, 95,96, 97
7y .
=Wzlm(Emc,,- P) Eq. 3.10(A)
0

ﬁ:{ [P ") ] k|P|} Eq. 3.10 (B)

|E | i=1
The scattering cross section Cs., = Cey - Cups can be directly evaluated once the

polarizations P; are computed.

Materials and Methods

Colloidal gold (Au) nanoparticles particles with a mean diameter of 15.5 nm and
a coefficient of variation of 10% were purchased from Ted Pella, Incorporated (Redding,
California). The complex mathematical operations described above were performed
using the publicly available DDSCAT.6.0 program written by Draine and Flatau ***
which uses the fast Fourier transform (FFT) and complex-conjugate gradient (CCQ)
methods to solve the DDA algorithm described above. The DDSCAT program allows
the flexibility of user defined targets which were exploited to compute the extinction
cross sections of silver nanoparticles with a “truncated” tetrahedron shape that is formed
by the use of Nanosphere Lithography (NSL). These cross section calculations are

computationally intensive and require considerable amount of computing power and

time. As a result they were performed on the COSMOS supercomputer at Texas A&M
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University. COSMOS is an SGI Altix 3700 supercomputer, which consists of 128
Itanium-2® processors, and 256 gigabytes of main memory (DDR SDRAM). It is based
on a Distributed Shared Memory (DSM) architecture, where memory is physically
distributed among 32 Computation-bricks (*'C-bricks"). Each C-brick consists of two
pairs of 1.3GHz Itanium-2 64-bit p-processors, locally attached memory, cache-
coherence logic and interconnection fabric. The operating system of COSMOS is the IA-
64 version of Linux with several SMP and NUMA-aware enhancements provided by
SGI and the OSS community.

There are two criteria for the validation (convergence) of the DDA as
implemented by DDSCAT.6.0. The first one is that for each point in the calculation,
|m|kd < 1 where m is the complex wavelength dependent refractive index of the target, d
is the lattice spacing between dipoles used to describe the target and is a parameter
governed by the number of dipoles N used in the calculation and k& is 2n/A. This means
that the lattice spacing d needs to be small compared to the wavelength of a plane wave
in the target material so that “phase” of the incident wave varies less than ~ 1 radian
between dipoles. The second criterion (related to the first) emphasizes that the lattice
spacing d must be small enough (N must be large enough) to describe the target shape
satisfactorily.”® *>*** Another parameter used by the program to characterize the target is
its “effective radius” which is represented by a.¢r and defined as the radius of a sphere of
equal volume V' to the target being described in the particular application. It is

represented as:”’

a. =0V /41)" Eq.3.11
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Results and Discussion

The ability of the DDSCAT program to accurately predict the extinction
spectrum of nanoparticles was first tested by simulating the extinction spectrum of 15.5
nm diameter spherical gold nanoparticles and comparing it with the experimental
extinction spectrum obtained from commercially purchased 15.5 nm colloidal gold
nanoparticles. The simulated and experimental spectrum are presented in Figures 3.17(A)
and 3.17(B) respectively. The simulation was performed using 7500 dipoles and 20
discrete points between 400 and 800 nm. It should be noted that DDSCAT.6.0. outputs
the result as the extinction efficiency factor Qcxt = Cexi/Tt aeffz, where Cy; 1s the extinction
cross section and 7 aeffz is the physical cross sectional area of the target. This helps to
normalize the output data between particles of various shapes and sizes.”” Here |m|kd < 1

for each point in the simulation was well below 0.2.

0.4

0.35

0.3 -

0.25 ¢

o
N
I

Extinction efficiency

o

-

)]
L

o
=
|

0.05

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 3.17(A): DDSCAT simulation of the extinction spectrum of 15.5 nm diameter spherical
gold nanoparticles using 7,500 dipoles at 20 discrete points between 400 and 800 nm. Note the
location of the plasmon resonance peak (An,) at approximately 510 nm.
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Figure 3.17(B): Experimental extinction spectrum of 15.5 nm diameter spherical gold
nanoparticles between 400 and 800 nm. Note the location of the plasmon resonance peak (Apay)
at approximately 520 nm.

The results shown in Figures 3.17(A) and 3.17(B) show good agreement between
simulated and experimental data. The slight differences in plasmon resonance peaks
between the simulated data (Ap.x at approximately 510 nm) and experimental data (Amyax
at approximately 520 nm) can arise due to errors in the dielectric functions of gold that
was used in the simulation. These values were obtained from Palik '® and are only
approximations obtained from experimental analysis of bulk gold. The experimental data
also had a wider bandwidth than that of the simulated data. This can be the result of two
factors: (i) inhomogeneity in particle sizes in case of the experimental data as it is
extremely difficult to create uniform sized colloidal particles through chemical reduction.
In case of the simulation, only one particle size was used; (ii) the gold nanoparticles

studied were 15.5 nm in diameter which is well below the mean free path of a
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conduction band electrons in gold (= 42 nm at room temperature).'”' In this size regime
the conduction electrons interact significantly with the nanoparticle surface which
changes its bulk collision frequency and thus also alters the dielectric constant of the
metal. This phenomenon results in broadening of the plasmon resonance bandwidth.'”!
The DDSCAT program uses values of refractive index of gold from Palik ' (input by
the user and in turn converted by DDSCAT to dielectric constant) which are obtained
experimentally from bulk metal that does not take into consideration the electron surface
scattering phenomena.”*™

The next set of simulations presented in this study are that of silver nanoparticles
in a “truncated” tetrahedron shape fabricated using the technique of Nanosphere
Lithography (NSL) with masks made of 600 nm diameter beads. The different sizes of
these substrates were made with various heights of silver deposited. They were 20 nm,
40 nm and 80 nm respectively. The in plane diameter of each of these tetrahedrons were
kept constant at 250 nm according to the results of the section analysis studies of Figure
3.12(D). The silver nanoparticles thus had a volume of 7.3 X 10 um3 (aese= 0.056 um),
1.1 x 107 pm?® (aegr= 0.065 pm) and 2.0 x 10 pm® (ae= 0.078 pm) respectively. These
nanoparticles were modeled with approximately 7500 dipoles with extinction spectra
computed at 16 discrete wavelengths between 500 nm to 1100 nm. Each of the
computation required approximately 30 hours of CPU time and 22224 kb of physical
memory. The limited amount of CPU time allocated to each individual account by the
Supercomputing Center at Texas A&M University restricted the number of dipoles that

could be used to describe the target. The value of |m|kd for all the different sized targets
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used at each specific wavelength was well below 0.5 and thus the convergence of the
DDA algorithm can be expected.

Figure 3.18(A) shows the results of the DDSCAT simulation of the three silver
nanoparticles with constant in plane diameter of 250 nm and out of plane heights of (A)
80 nm, (B) 40 nm and (C) 20 nm. These simulation show the location of the extinction
maximum to red shift from 820 nm for spectrum A (80 nm Ag) to 860 nm for spectrum

B (40 nm Ag) and finally to 960 nm for spectrum C (20 nm Ag).
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Figure 3.18(A): DDSCAT simulation of the normalized extinction efficiency spectra of silver
periodic particle arrays on a glass substrate with various deposition depths. They are (¢) 80 nm,
(m) 40 nm and (A) 20 nm deposition depth. Each simulation was done with approximately
7,500 dipoles and 16 discrete points between 500 nm to 1100 nm.
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The plot of the change in location of extinction maximum with increase in height
of silver deposited (decreasing aspect ratio) is shown in Figure 3.18(B). This monotonic
increase in the wavelength of the extinction maximum with increase in aspect ratio of

the nanoparticles is in agreement with similar work done by Link et al. ***'

on gold
nanorods and is in qualitative agreement with the experimental variations in extinction
maximum locations as observed in Figure 3.14(B). The careful examination of Figure
3.18(A) reveals that the plasmon resonance bandwidth increases with increasing depth of
silver deposition. This can be explained as a result of higher order multipole resonances
occurring for the larger particle sizes as the dimension of the particle in the axis of silver
deposition crosses the Rayleigh limit (= 30-40 nm). These multiple resonances occur at
shorter wavelengths to the dipole resonance and increases in magnitude with particle
size. Hence the superposition of the higher order multiple resonances with the dipole
resonance results in an overall broadening of the bandwidth of the extinction peak. This
can be seen in the appearance of a shoulder at 740 nm for the 80 nm silver sample. A
more detailed explanation of dipole and multipole resonances is provided in the
following section of this dissertation.

The three data points in Figure 3.18(B) gives a linear fit according to the
equation provided in the inset. The linear fit implies that a change of 1 nm in particle
height leads to approximately a 2.1 nm change in location of the plasmon resonance
peak. The low R? value of the linear fit occurs because while there is a 40 nm shift of the

extinction maximum location between the 80 nm and 40 nm of out of plane height silver

nanoparticles, the change in extinction maximum location between the 40 nm and 20 nm
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out of plane height silver nanoparticles is 100 nm. This discrepancy might be due to size
of the lattice spacing d used to describe the target. Since the number of dipoles for each
simulation was held constant at 7,500, d had a progressively larger value from the 20 nm
to the 80 nm sample respectively. This discrepancy might be accounted for by varying
the number of dipoles (V) used to define each target so that the value of d for each target
remains the same. This variation in dipole number must be done within the restrictions
of CPU time that is allocated for each individual account by the Supercomputing Center

at Texas A&M University.
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Figure 3.18(B): Plot of the location of the plasmon resonance peak of silver periodic particle
arrays as a function of height with constant in plane diameter simulated using DDSCAT.
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A comparison of Figures 3.18(A) and 3.18(B) with Figures 3.14(A) and 3.14(B)
shows that the location of the extinction maximum for the simulations are always at a
longer wavelength when compared to the experimental data for all the sizes of
nanoparticles considered. There is however a qualitative agreement between the two
cases which both show a monotonic red shifting of the extinction maximum with
increased aspect ratio of the nanoparticles. This observation is also in agreement with

previous work of Schatz and Van Duyne.” '%*

This discrepancy between experimental
and simulated data can occur for a number of reasons: (i) The simulations only take into
consideration one nanoparticle whereas in the experimental case, there is the interaction
of hundreds of thousands of nanoparticles within the beam spot size; (ii) The
experimental case also involves the presence of lattice defects which influence its optical
properties which is not accounted for in the simulation; (iii) The presence of an oxide
layer coating on the silver nanoparticles in the experimental case (not accounted for in
the simulation) which is inevitably produced during fabrication of the nanoparticle. This
oxide layer can alter the optical properties of the silver nanoparticle; (iv) The simulations
also do not take into account the presence of the glass substrate that the silver
nanoparticles are attached to; (v) There might also be other chemical interactions

between the highly reactive silver and its surroundings that are not accounted for in the

simple dielectric environment model used in the simulations;
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Gold Nanoshell Theory and Substrate Characterization

Introduction

Metal nanoparticles display a wide range of interesting and useful optical
properties which makes them a primary focus of current research. Fundamentally, metal
nanoparticles bridge the gap between the bulk and the atomic level, and thus exhibit
properties that are unique to this particular size regime. Recent advances in
nanotechnology has allowed the precise fabrication of a wide range of metal
nanostructures with well characterized optical properties that have been functionalized

. o . 85,103-104
for incorporation into devices.™”

These advances in fabrication techniques have
also helped reduce nanoparticle size distribution, thus improving the morphological and
optical properties of the nanoparticles by reducing the inhomogeneity problem.

The most ubiquitous of these exploited optical properties of metal nanoparticles
is the optical plasmon resonance which is associated with the collective oscillation of
conduction band electrons that are confined in nanoparticles. The resonance in nanoscale
metallic structures is determined by the size, shape and dielectric properties of the
nanoparticle as well as its local chemical environment thus making it an attractive
phenomenon to exploit in the design of optically based biological or chemical
sensors. 1?17 The plasmon resonance phenomenon is also responsible for large local
field enhancements at the surface of the metal nanoparticles which can also be exploited

in surface enhanced Raman scattering (SERS) based applications.108 A qualitative

explanation of plasmon resonance can be presented in the simplest case of a spherical
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metal nanoparticle as depicted in Figure 3.19.'%

When a small spherical metallic
nanoparticle is irradiated by light, the oscillating electric field causes the conduction
electrons to oscillate coherently. When the electron cloud is displaced relative to the
nuclei, a restoring force arises from Coulombic attraction between electrons and nuclei
that results in oscillation of the electron cloud relative to the nucleus.'” This oscillation
frequency is governed by four parameters namely, the density of electrons, the effective
electron mass, and the shape and size of the charge distribution. The collective
oscillation of the electrons is called the dipole plasmon resonance of the particle. For
larger particles, higher modes of plasmon excitation can occur, such as the quadrupole
mode where half of the electron cloud moves parallel to the applied field and half moves
antiparallel.''® For noble metals like silver and gold which have completely filled d-
orbitals and half filled s-orbitals, the plasmon frequency is also influenced by the
electrons in the d-orbitals. The plasmon frequency can be related to the metal dielectric

constant, which is a property that can be measured as a function of wavelength for bulk

101, 109
metal. "
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Figure 3.19: Plasmon oscillations in spherical metal nanoparticles showing the displacement of
the conduction electron charge cloud relative to the nuclei. Diagram adapted from Kreibig
Vollmer.'"'

As mentioned earlier, a convenient way to study the optical properties of metal
nanoparticles is via metal nanospheres. In this regard Mie theory is of paramount
importance.”® This is because Mie presented an exact solution to Maxwell’s equations
that describes the extinction spectra (extinction = absorption + scattering) of spherical
particles of arbitrary size.***!'"® This was of importance because most of the early
standard metal colloidal preparation techniques that were used to fabricate metal
nanoparticles resulted in approximately spherical structures whose optical properties
were investigated and characterized by probing a large ensemble of these particles.
Hence Mie theory allowed for the design and execution of insightful theory-experiment
studies.

96

Following the famous notation of Bohren and Huffman, the extinction,

scattering and absorption cross sections of metal nanoparticles when excited by
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electromagnetic radiation can be calculated from Mie theory by series expansions of the

involved fields into partial waves of different spherical symme‘[ries:%’101
A7 &
0, = WZ(M +1)Refa, +5, } Eq. 3.12(A)
L=1
2T X 2 2
L=1
O-abs = O-ext - O-sca Eq 3 12(C)

with a; and by are the “Mie coefficients” following from the appropriate boundary

" . 96,101
conditions and can be described as: "

7 (mx)y, (x) =y, (m0)y, (x) Eq. 3.13(A)

my, (mx)n, (x) =y, (mx)n, (x)

b, VLR () =y (e () .
y, (mx)n, (x) —my, (mx)n, (x)

where m =n/n, , where n denotes the complex index of refraction of the particle and

n, the real index of refraction of the surrounding medium. & is the wavevector and x =
|k| R the size parameter. yi(x) and 77(x) are Riccati-Bessel cylindrical functions. The
prime indicates differentiation with respect to the argument in parentheses. The
summation index L gives the order of the partial wave, as described by the vector
spherical harmonic functions for the electric and magnetic fields and so represents the
order of the multipole excitations in the nanoparticle. Hence L = 1 corresponds to the
dipole field, L =2 corresponds to the quadrupole field, L = 3 the octupole fields and so

96,101

on The scattering cross section of a particle is defined by relating the rate of
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photons striking a molecule to the rate of scattering in all directions shown by the
equation:'

P ook Eq. 3.14(A)

where P is the rate of scattering form a molecule in all directions (in W), and Ej, is the
irradiance of incident light (W cm™). The units of the scattering cross section, o are in
cm?. The rate of scattering in all directions (P,.) can be calculated from the scatter

intensity (/s): !
P, =2z[1,.(6)cos(6)d6 Eq. 3.14(B)
0

The scattering cross section can thus be viewed as an area presented by a molecule for
the scattering of incident photons.! The absorption and extinction cross section are
likewise defined as an area presented by a molecule for the absorption of incident
photons and an area presented by a molecule for absorption and scattering of incident
photons respectively.

A simple way to explain the optical properties of metal nanoparticles is to
consider the interaction of light with a spherical particle that is much smaller than the
wavelength of light. Under such circumstances, the electric field of the light is assumed
to be spatially constant (but still time dependent), and hence the interaction is governed
by electrostatics rather than electrodynamics. This is often called the quasistatic
approximation and the solution to the quasistatic approximation of Mie theory employs
only the dipole term (L = 1) and the wavelength-dependent dielectric constant of the

. . . 101,108,109
metal particle, ¢;, and of the surrounding medium, ¢,.
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Suppose an electromagnetic wave described by E,= Ej;x where E, is the

electric field and x is the unit vector in the direction of the field, is incident on a
spherical metal nanoparticle of radius a. The electromagnetic field surrounding the

particle can be described by solving LaPlace’s equation which forms the fundamental
basis of electrostatics, V?¢ =0, where ¢ is the electric potential and the field E around
the particle is related to ¢ by E =-V¢@. The solution to this problem requires the
application of two boundary conditions to the quasi static approximation of Mie theory:
(1) @ is continuous at the sphere surface and (ii) the normal component of the electric

displacement D is also continuous where D is defined as D = ¢E (E is the electric field

109

and ¢ is the dielectric constant of the metal) . Restricting the solution to only L = /

term (the dipole term only), it has been previously shown that the resulting ¢ can be

solved to determine the field outside the metal nanosphere Ey: 109

3
Em=Eﬂ—aE{§~7§QX+yy+ﬂﬂ Eq.3.15

where Eq x is the incident wave, a is the metal sphere polarizability and x, y, and z are

the usual Cartesian unit vectors. Hence the first term in the right hand side of Eq. 3.15 is
the applied incident electromagnetic field and second term is the induced dipole field
that results from the polarization of the conduction electron density.

It has been shown that for a metal nanosphere with a frequency dependent

dielectric constant, the LaPlace equation gives the metal polarizability as:'"”

o=g.a’ Eq. 3.16(A)
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where:

_&~¢& Eq. 3.16(B)
8q4 =
£ +2¢,

here ¢; is the complex frequency dependent dielectric constant of the metal (¢; (w) = e
(w) + g (w).....where &;z and ¢g;; are respectively the real and imaginary portions of the
metal dielectric constant) and gy is the dielectric constant of the embedding medium
which is taken to be a dielectric material (i.e. with a constant real component and zero
imaginary component of its dielectric constant in the visible and near-infrared region of

the electromagnetic spectrum) 101,109

. Using the dipole field equation terms of the Eq.
3.15 and Eq. 3.16(A-B), the extinction and scattering efficiencies of the metal

109
nanosphere has been expressed as:

0., =4xIm(g,) Eq. 3.17(A)

8
O, = g)f‘lgdl2 Eq. 3.17(B)

where Qe and Qs are the extinction and scattering efficiencies respectively and x =
271'61(80)1/ 2/2. Both Qex and Oy, are can be related to the metal and embedding medium
dielectric constant in the following manner:

1
(€ +26,) +€,° Eq. 3.17(C)

Qext & QSCH o<

The absorption efficiency is then computed as Qups = Qext — Osca-  The extinction or
scattering efficiency is simply the ratio of the extinction or scattering cross section to the
geometric cross section of the metal nanoparticle za”. It is important to note the key role

played by the term g4 in determining the wavelength dependence of the cross sections.



78

This is because the metal dielectric function ¢; is strongly dependent on wavelength.
Hence strong resonance conditions occur when the polarizability and extinction shows a

maximum at wavelengths where the magnitude of €, +2¢, (i.e. the denominator of Eq.

3.17(C)) is minimum. This occurs when ¢;z = -2¢p.and ¢;;1s small.

The equations derived above apply to particles in the quasi-static regime where
only the dipole oscillations contribute to the extinction, scattering and absorption cross
sections. In the case of larger particles higher multipoles (L > 1), especially the
quadrupole term (L = 2) become important in the extinction and scattering spectra.
Retaining the same notation as the dipole equations above and including the L = 2
quadrupole term in the LaPlace equation solution, the resulting field outside the sphere

Eout can now be expressed as:'%

. x 3x
E . = E0x+1kE0(xx+ zz)— oE O{rT_r_S(XXJF vy + ZZ):| -
xXx+zz 5z
,BEO[ < ——7(x2x+y2y+xzz)} Eq. 3.18
r r

where o is the dipole polarizability as described by Eq. 3.16(A) and £ is the quadrupole

polarizability described by:'"

f=ga Eq. 3.19(A)
where

E —E&
g =—"% Eq. 3.19(B)

£ +3/2¢,
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Using the above terms and using a similar derivation like the dipole only case, the
(dipole + quadrupole) expressions for the extinction and scattering cross section

. 109
efficiencies can be represented as:

x2 x2
_ 4yl £ -1 Eq. 3.20(A
Qext x m|:gd 12 gq 30( ):| q ( )
4
- X le -1
0., = {Igd : 40\gq\ so0le 1 } Eq. 3.20(B)

An important point to note when comparing Eq. 3.16(B) and Eq. 3.19(B) is the
condition required for dipole plasmon resonance is ¢; = -2 &, and that for the quadrupole
resonance is &; = -3/2 .. For noble metals in the visible and near infrared region, the real
part of the dielectric constant decreases (becomes more negative) with increasing
wavelength (it approaches -« at infinite A) and thus for a constant embedding medium
the location of the dipole resonance will always be at a longer wavelength than that of
the quadrupole resonance.

Metal nanoshells are a unique class of nanostructures with controlled
nanoparticle geometry that provide new and tunable optical properties that solid metal

II-128 Netal nanoshells consist of a nanometer-sized

nanoparticle do not possess.
dielectric core with radius ; surrounded by a thin metal shell of thickness 7, - . These
structures have the unique feature of a highly tunable plasmon resonance wavelength

that can be achieved by the geometric tuning of the ratio of the core radius to the total

radius (71/ ;). The tunable range extends from the visible region of the electromagnetic
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spectrum to the near-infrared.''*'*® Although a theoretical description of the optical

properties of metal nanoshells based on Mie scattering theory has existed for

129-130

sometime, such nanostructures have only been realized in recent times through

advances in nanofabrication techniques. A schematic of the nanoshell geometry is

provided in Figure 3.20 and the discussion of its optical properties will follow.'"

Figure 3.20: Nanoshell geometry. Here ¢; (i = 1, 2, 3) are the dielectric functions of the core,
shell and embedding region respectively. r; is the core radius and r, is the total particle radius
with the metal shell thickness = r, — 7.

The optical properties of metal nanoshells in the quasi-static regime (only L = 1
dipole term) can be derived from Mie scattering theory in manner similar to that of the
solid metal nanoparticles described above. It involves one additional step where the
boundary conditions described for the solid metal nanoparticles is applied to one

additional interface i.e. the dielectric core — metal shell interface. As shown in Figure



81

3.20, region 1 is the area of the dielectric core with dielectric function ¢; (with radius 7),
while region 2 is the area of the metal shell with dielectric constant &, (shell thickness is
ry — r; where r, is the total particle thickness). Finally region 3 is the area of the
embedding medium (such as air or water) with dielectric constant &3. It has been shown
that adding the necessary boundary condition to the electric potential in each region and
115, 130

solving for the electric field in each region using the LaPlace’s equation results in:

9
E =——2 _F (cosfr sin6@) Eq. 3.21(A)

e,e, +2¢e8,

E 3¢, [(51 +26,)+ 208 &) (rl/r)3]E0 cos 6r
, =
£2€, + 2658 [(51 +2¢,) (6 &)n /r)3 ]EO sin 60 Eq. 3.21(B)

_ 3
E; = [2 €284 = €38 r23 +1JEOCOS fr +

E,E, + 2&5E, 1
( €284 ~ €384 r{ - 1}150 sin 68 Eq. 3.21(C)
E,E, +2€5€, ¥
where
£, =& (3-2P)+2¢e,P Eq. 3.22(A)
& =€P+&,(3-P) Eq. 3.22(B)
P=1-(r/r,) Eq. 3.22(C)

where E; (where 1 = 1, 2, 3) represents the position dependent complex electric vector
fields in the core, shell and surrounding medium respectively, Ej is the magnitude of the
incident beam and P represents the ratio of the shell volume to the total particle

volume. !> 13¢
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The induced dipole field in the region outside the shell can be represented as a

dipole with effective moment p = &30E( where the polarizability o can be expressed

115
as:

I L L Eq. 3.23

3

o = 4me,r
072

g,6, +2¢e58,

where & is the permittivity of free space and equals 8.85 x 10 ™'* F/m.

The absorption and scattering cross sections of the metal nanoshells has been

computed from the polarizability and scattering theory and are:''> '
1 K| |z_1287r5 5 6| €,6, &8, |2
O sea 672 a Yol ‘Szga n 25381,‘ Eq. 3.24(A)
8 2
o = )= Ve o lm 2fa 6 Eq. 3.24(B)
&, &¢e, T 266,

The extinction cross section can then be represented as . = Ogq T Oups.
Equations 3.24(A) and 3.24(B) uses the quasi-static approximation of Mie theory to
describe both the scattering as well as absorption cross sections as a function of the ratio
of the core radius to the total particle radius (incorporated in the ¢, and ¢, terms). Using
equations 3.24(A) and 3.24(B) with gold sulfide (Au,S) as the dielectric core, gold (Au)
as the shell layer and using &3 = 1.78, Averitt et al.'” calculated the extinction cross
sections of gold nanoshells with a 2 nm shell thickness and with total radius », at 4, 10
and 17 nm (increase in core diameter) and compared them with the results obtained from
more complex complete Mie theory calculations which used ten multipole terms (L =

1.....10). The results are shown below in Figure 3.21 where circles represent calculations
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using the quasi-static approximation and solid curves represent the calculations using
generalized Mie scattering theory.'"” These results show that for a given shell thickness
ry, a larger particle size (larger core i.e. larger core/shell ratio) will yield a plasmon
resonance that is shifted to longer wavelengths. The results also show good agreement
between the two calculations thus justifying the use of quasi-static approximation for

particles in this size regime.'"”
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Figure 3.21: Results of calculations of the total extinction cross section vs. wavelength for gold
nanoshells with a 2 nm shell thickness. The total particle radius », is 4, 10 and 17 nm from left to
right. Circles represent calculations in the quasi-static limit and solid lines represent calculations
using generalized Mie scattering theory. Reprinted with permission from R. D. Averitt, S. L.
Westcott, and N. J. Halas, "The linear optical properties of gold nanoshells," J. Opt. Soc. Am. B
16(10), 1824-1832 (1999). Copyright 1999, The Optical Society of America.'”

http://www.osa.org/.

Equation 3.23 shows that the resonance condition for a metal nanoshell is

obtained when the real portion of the denomination goes to zero i.e. when Re(e; g, + 2¢;3
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e») = 0. Since the core and dielectric medium are dielectrics with Im(g;) =0 (i = 1, 3), the
following expression for the resonance condition as a function of wavelength has been

. 115
derived.

1/3

. e (A)e, + 2¢.)

o z[s W -, )e, +e)+ Enes — L )

Eq. 3.25

This expression shows the ratio of the core radius to the total particle radius that
is required to design a metal nanoshell with plasmon resonance located at specific
wavelengths. This expression shows the geometric tunability which is an inherent
property of metal nanoshells. Although the derivations above are accurate when limited
to particles in the quasi-static size regime, they do provide a qualitative appreciation of
the underlying principles that govern the optical properties of metal nanoshells of all
sizes.

The goal of this study was to characterize the structure and optical properties of
gold nanoshells immobilized on microscope glass slides as a thin film using UV-Vis
absorption spectroscopy, Atomic Force Microscopy (AFM) and SERS. The
characterization was aimed at studying the efficacy and feasibility of using gold
nanoshell films as potential platforms for the development of SERS based biosensors for
the detection of a myriad of bioanalytes. Although the gold nanoshells films are
fabricated by immobilizing individual gold nanoshells via a linker layer on the surface of
microscope glass slides, their optical properties (e.g. plasmon resonance wavelength) are
still governed by the nature of the individual nanoshells used in the fabrication. It has

been shown by Jackson ef al.'*® that the extinction spectra of nanoshell films contains
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two important features: the plasmon resonance band arising from the isolated single
nanoshell resonance and the nanoshell aggregate resonance that appears at longer
wavelengths (> 1600 nm) which increases in magnitude as the density of packing
increases. The increase in density of nanoshell packing also simultaneously increases the
magnitude of the single nanoshell resonance.'*® The nanoshell films were provided for
this research by Nanospectra Biosciences Inc. (Houston, TX), a collaborator with the
Optical Biosensing Laboratory at Texas A&M University. The strong Raman active
molecule trans-1,2-bis(4-pyridyl)ethylene (BPE) was used to study the variability of
SERS response by the nanoshell films at different areas of the film as well as to observe

the overall responsiveness of the substrate to increasing BPE concentrations.

Materials and Methods
Gold nanoshell films were fabricated at Nanospectra Bioscience Inc. according to

the procedure described by Jackson et al. '**

where ultra clean microscope glass slides
were submerged in a 1% solution in ethanol of Poly(4-vinylpyridine) (PVP) for
approximately 12 hours. The PVP acted as a linker molecule to attach the gold
nanoshells to the glass surface. After removing and rinsing the PVP coated slides with
ethanol, they were submerged in an aqueous gold nanoshell suspension. The nanoshells
used for these experiments were approximately 200 nm in diameter (180 nm diameter
silica core and 15-20 nm gold shell thickness). The nanoshell deposition time on the

PVP coated slide was in the range of 15 — 20 hours to obtain adequate nanoshell density

on the glass slide after which the slides were removed and rinsed with water, dried and
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shipped to the Optical Biosensing Laboratory. The nanoshell films came in the form of
eight separate wells on each individual glass slide.

The UV-Vis absorption characterization studies were done with the identical set
up as shown in Figure 3.1. The only unique parameters were the integration time which
was 20 seconds and the location of the diffraction grating which was centered at 800 nm
and thus had a window between 560nm and 1020nm. Here too a clean microscope glass
slide served as the blank.

The AFM studies were done with the same microscope and tip as mentioned in
page 26. The SERS studies were performed by dropping a 10 pl solution of 5, 50 and
500 uM BPE solution (in acetone) on separate wells and allowed to dry before obtaining
SERS spectra. The SERS studies were performed with the same Renishaw system as
described previously. In this case SERS spectra were obtained for each BPE
concentration at 24 different locations on two gold nanoshell film coated slides with
each spectra collected between 500 — 2000 cm™ with a 30 second integration time. All

data analysis were performed as described in pages 31 and 32.

Results and Discussion

Figure 3.22 shows the extinction spectrum of the gold nanoshell films which
were collected with a 20 second integration time. Here it is clearly seen that the
extinction maximum (An,y) is located at approximately 700 nm. Although the nanoshells
film was originally intended to have its extinction maximum located at 785 nm (to match

the wavelength of the laser used for the SERS studies), it is possible that defects in the
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original nanoshell suspension used to create the films as well as problems with the film

formation procedure caused this deviation.
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Figure 3.22: Extinction spectrum of a gold nanoshell film on a glass substrate showing an
extinction maximum located at approximately 700 nm.

Figures 3.23(A) and 3.23(B) show a 10 um X 10 pm and a 5 pm X 5 pm sized
AFM images taken of the gold nanoshell films respectively. These images show
spherical gold nanoshells on the glass surface. The nanoshells do not pack in any ordered
shape and seem randomly distributed throughout the surface. This contrasts with the well
ordered hexagonally close packed uniform packing of nanoparticles using Nanosphere

Lithography (NSL). The introduction of some sort of lithographic mask in the
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fabrication process might help enhance control of surface uniformity. It is quite possible
that the areas in the glass that did not have any gold nanoshell coverage could be due to
insufficient coating of the PVP linker layer or due to insufficient density of the deposited
gold nanoshells. The gold nanoshell density problem can be mitigated by increasing the
amount of time that the PVP coated slide remains submerged in the aqueous nanoshell
suspension. The gold nanoshell density might also be increased by the addition of (a
higher concentration) of sodium chloride midway during the gold deposition step as this
helps to neutralize the nanoshell surface charge and increase nanoshell packing

128 Figure 3.24 shows a section analysis performed on the 5 pm x 5 pm AFM

density.
image. The results of the section analysis reveals that the vertical height of the
nanoshells are approximately 230 nm which is in good agreement with the size of the
nanoshells mentioned earlier (=200 nm). Figure 3.24 also reveals that the horizontal size
of the nanoshells to be approximately 440 nm. This is however misleading as spherical
nanoshells should have a size of approximately 200 nm in all dimensions. This is the
result of in plane feature size broadening which is a common problem associated with
AFM studies and have been discussed in page 46 for AFM analysis on silver periodic

particles array formed using Nanosphere Lithography.79’ 86-89
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Figure 3.23(B): 5 pm X 5 um AFM image of gold nanoshells on a glass substrate.
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Figure 3.24: Section analysis performed on a 5 pm X 5 um AFM image of gold nanoshells on a
glass substrate.

The results of the SERS characterization studies performed with BPE on the gold
nanoshell films are shown in Figures 3.25(A) and 3.25(B). Figure 3.25(A) shows the
SERS spectrum resulting from averaging 24 spectra collected at separate locations on
the gold nanoshell film coated with 50 uM BPE. The four distinct BPE SERS peaks
located at 1633, 1608, 1200 and 1000 cm™ are clearly seen. Figure 3.25(B) shows the
average height of these four major BPE peaks in the 24 location along with the standard
error in the data. The data shows very low variability in the height of the peaks at 24

different locations. Figure 3.26 shows the average of 24 scans at different locations in
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the gold nanoshell films coated with 5, 50 and 500 uM BPE respectively. This figure
shows excellent response of the gold nanoshell films to increasing concentrations of
BPE. It can however be said that the 5 uM BPE spectrum was approaching the detection
limit of the experimental system (at 30 sec integration time). The strength of the 5 uM
BPE spectrum could be increased by increasing the integration time for the scans, but
this was leading to saturation of the CCD camera for the case of the 500 uM BPE
samples. This would not allow for a fair concentration response study and hence 30 sec

integration for each scan was accepted as the consensus.
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Figure 3.25(A): Average SERS spectrum collected from 24 separate locations on a gold
nanoshell film coated with 50 uM BPE.
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Figure 3.25(B): Average intensity of the major BPE SERS peaks from spectra collected at 24
separate locations on a gold nanoshell film coated with 50 uM BPE. It includes the standard
error showing the spread in the data. The data shows good consistency between different
locations.
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Figure 3.26: Average SERS spectra from 24 different locations each on gold nanoshell films
showing the response of the films to increasing concentration of BPE. The spectra are for 500
UM (A), 50 uM (B) and 5 pM (C) of BPE and are purposely separated for reasons of increased
clarity.



93

CHAPTER 1V
DEVELOPMENT OF A SERS BASED BIOSENSOR FOR THE

DETECTION OF B-AMYLOID

Significance and Pathology of Alzheimer’s Disease and Current Methods for -

amyloid Detection

Alzheimer’s disease (AD) is a progressive neurodegenerative disease that affects
16 million people worldwide and is characterized by memory loss and cognitive

. . 106-107, 131-136
impairment. 7

It is the leading cause of dementia in people over 65, affects
over 4 million Americans and is characterized by various pathological markers in the
brain such as: (a) large numbers of amyloid plaques surrounded by neurons containing
neurofibrillary tangles, (b) vascular damage from extensive plaque deposition and (c)

neuronal cell loss. %6107 136

These plaques are composed primarily of fibers of the
amyloid B-protein fragments (AP). The AP molecule is a 39-42 amino acid peptide, part
of which forms the hydrophobic transmembrane domain in the COOH terminated
portion of the larger amyloid precursor protein (APP)."*® It is derived by the proteolytic
processing of APP within acidic intracellular compartments such as the early endosome

135

or distal Golgi complex. > Although AP is actually a normal component of neuronal

cells and is found commonly in cerebrospinal fluid (CSF), it is believed that AD is
linked to chronic elevations in brain levels of AB which can be related with familial risk

factors such as mutations in APP or other risk factors such as head trauma.’>* *7 At
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such elevated conditions, thermodynamic stability of the relatively unstable A favors
its self-association into oligomers such as amyloid-B-derived diffusible ligands (ADDL)
followed at higher concentrations by further self-association into higher ordered

106-107,134-137 It is these

structures such as protofibrils and the macroscopic fibrils.
macroscopic fibrils which are highly -sheet in structure and are an essential part of the

senile plaques that are commonly associated with AD. The different assembled states of

AP obtained from synthetic preparation from monomers is shown in Figure 4.1.

Figure 4.1: AFM images of different assembled states of amyloid B (AB). The assembled forms
were obtained from incubation of synthetic AB. Scale bar is 200 nm. Reprinted from Trends in
Neurosciences, 24(4), W.L. Klein, G.A. Krafft, and C.E. Finch, “Targeting small A} oligomers:
the solution to an Alzheimer’s disease conundrum,” 219-224, Copyright (2001), with
permission from Elsevier."**

The symptoms of the disease begin with mild cognitive impairment that cannot
be distinguished from other more benign forms of age-related dementia. Even as the
disease progresses, an affirmative clinical diagnosis of the disease is not always

successful. There is still no definitive diagnosis of the disease other than postmortem
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identification of senile plaques and neurofibrillary tangles in the brain,'°*?7 131132138

Work is currently underway to develop a definitive pre-mortem detection method for
AD using a wide variety of modalities. These include in-vivo brain imaging using
Magnetic Resonance Imaging (MRI) and Positron Emission Tomography (PET)."**"'4!
Although these techniques have been able to detect neuronal cell atrophy as well as
alteration in patterns of brain activity in patients with AD when compared with aged
matched control patients, no proof has been established that can correlate such
irregularities definitively with AD. Hence the possibility of false positive results
emerging when diagnosing a patient for AD using such techniques looms large.
Pietschke et al. have used Fluorescence Correlation Spectroscopy (FCS) to detect
amyloid PB-protein aggregates in cerebrospinal fluid of patients with AD.'** This
technique involved the use of an exogenous fluorophore (Cy2) labelled synthetic AP
peptides for aggregation around AP multimers in CSF of patients with AD which acted
as “seeds” for polymerization. Although this technique showed promising results for
detection of the presence of native A multimers in CSF of AD patients, it is limited by
the use of an exogenous fluorophore as well as the use of synthetic Af monomers. The
functionalization of peptides in many cases can affect its binding/polymerization
capability and hence can limit the efficiency of such a system. This technique also
involved the use of the surfactant Sodium Dodecyl Sulfate (SDS) to keep the synthetic
AP peptides in solution. The use of surfactants is not optimal for any bio-analyte
detection scheme as it is a physiologically unnatural molecule and hence does not allow

the detection of the target analyte in its native state.
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There are have been several notable advances in the use of nanotechnology for
the development of techniques for the detection of the AP oligomers ADDL'’s.
Georganopoulou et al. used a novel assay called the bio-barcode amplification assay to
measure the concentration of ADDL’s in the CSF of patients with Alzheimer’s

Disease.131'132’143'144 This

assay uses magnetic particle probes (MMP Probe)
functionalized with Monoclonal Antibodies (mAbs) that recognize and bind to ADDL’s.
The ADDL’s are then sandwiched with a nanoparticle probe (NP) that is functionalized
with a polyclonal anti-ADDL Antibody (pAb) and a double stranded DNA, one strand of
which is the barcode DNA. After repeated washing steps while using a magnet to
immobilize the MMPs, the barcode DNA strands for each ADDL binding event are then
released via a dehybridization step. The released barcode DNA (if necessary is also PCR
amplified) are then captured by immobilization on a capture DNA modified glass slide
and a silver enhanced gold nanoparticle based light scattering technique is then used to
indirectly quantify the captured barcode DNA. This is then correlated to the initial
amount of ADDL’s in the test sample.””'** Although this technique boasts an
impressive sensitivity in the range of 100 aM (100 x 10™® M), it is also quite
complicated requiring the need of several kinds of nanoparticles and multiple
intermediate steps. This complexity requires highly trained personnel to perform the
assay adequately and thus does not make it favorable for use in clinical settings. It is also
an indirect quantification of ADDL’s and hence susceptible to false positives.

Haes et al. have recently reported the development of a localized surface

plasmon resonance based nanosensor for the detection of ADDL’s in both brain extracts
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and CSF of patients with AD.'*'*”  This technique exploits the change in the localized
surface plasmon resonance (LSPR) condition on anti-ADDL pAb’s functionalized silver
nano-structures fabricated by the process of Nanosphere Lithography upon binding of
ADDL’s. This binding event causes a change in the refractive index in the area
surrounding the silver nanoparticle and thus alters the nature of its interaction with an
incident electromagnetic wave. The change in the condition is manifested as a red shift
in the extinction spectra of the silver nanostructure surface when illuminated with white
light in transmission geometry. This technique also involves a signal amplification step
with a sandwich assay where a secondary anti-ADDL pAb is used to bind to the
immobilized ADDL on the primary anti-ADDL pAb. This causes a further change in the
refractive index around the silver nanostructures and thus an increase in the red shift of
the LSPR wavelength. Although this study claims to successfully detect differences in
ADDL concentrations in human brain samples and CSF between patients with AD and

aged matched control patients, the data presented is not convincing.
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This is because the sensitivity of the system in terms of the red shift in the LSPR
wavelength does not change with the use of mAb’s instead of pAb’s on the silver
nanoparticles. It is well established that mAb’s have higher affinity for an antigen than
pAb’s and hence its use should increase the amount of ADDL captured on the silver
nanostructure leading to an increase in the red shift of the LSPR wavelength. Thus the
assay based entirely on pAb’s is prone to false positives. This suspicion is validated by
the fact that the LSPR shift caused by ADDL’s in the CSF of patients with AD lies
outside the biologically relevant range (> 100 nM). In addition it is also outside the

range when the model used to characterize the system breaks down.

Indirect SERS Based Detection of B-amyloid Using Congo Red

Introduction

Congo Red (CR) binding as monitored by a yellow green birefringence under
cross polarization has been used as a diagnostic test for the presence of amyloid fibrils in
tissue sections for decades. In some cases this test also has been used for characterizing
in vitro amyloid fibrils.'*">° In addition to its use for the detection of fibrils, several
groups have also shown that CR binding can be used as an inhibitor of amyloid
formation by stabilizing the monomeric form of AP and preventing the peptide from
forming insoluble oligomers in cell culture.””' As a result CR was investigated as a
possible biorecognition element for use in the development of a SERS based biosensor

for the detection of AB. An initial study was conducted to test for CR specificity for Af.
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In this study the change in the extinction spectra and SERS spectra of CR in phosphate
buffer upon binding to AP and a confounder molecule (Bovine Serum IgG) was
monitored to determine the specificity of CR binding to AP.

Figure 4.2 shows the structure of the Congo Red molecule. It is suggested that
the binding of CR to proteins occurs through a combination of hydrophobic and
electrostatic interactions and is related to its characteristic molecular structure: two
amino substituted napthalenesulfonic acid moieties connected by azo linkages to a
central biphenyl group.'*"“° Studies on the binding of CR with amyloids have revealed
that the sulfonic groups as well as the central conjugated rings are involved in the

interaction of CR with highly B-sheet structured amyloid proteins.'*°

NH2 NHz
OO
S503Ma 503NMa

Figure 4.2: Structure of the Congo Red molecule.

Materials and Methods
Materials
Congo Red powder and Bovine Serum IgG was purchased from Sigma Alrich

(St. Louis, MO), AP as above, Potassium Phosphate used to make Phosphate Buffer was



100

purchased from Sigma-Aldrich (St. Louis, MO). Silver coated glass slides were created
via thermal evaporation as described in page 24.
UV-Vis Absorption Studies

20 pl of (60 uM stock) CR (dissolved in 70 mM phosphate buffer, pH = 7.2) was
mixed with 180 ul of (100 uM stock) AP, Bovine Serum IgG, leucine and buffer
respectively. These were then separately pipetted into a semi-micro quartz cuvette
respectively and their extinction spectra were obtained by a Beckman DU 640
spectrophotometer. The ranges of wavelengths monitored were from 400 nm to 700 nm.
The final concentration of CR in samples were 6 uM and that of each of the other
analytes tested were 90 uM.
SERS Studies

5 ul of each of the samples prepared above were pipetted onto the surface of a
silver coated microscope glass slide and the water was allowed to evaporate for
approximately 40 min until a thin solid crust of the sample remained on the surface of
the silver coated slide. The slide was then placed in a Renishaw Raman microscope with
2.3 mW excitation power from the 514.5 nm Ar' laser delivered to the sample. The
SERS spectra were collected with the diffraction grating centered at 1400 cm™ and
integration time of 2 sec. All SERS spectra processing was done using the GRAMS/32
based routine (Galactic Industries Corporation, Salem, NH) which was a built-in feature

of the WiRE™ software (version 1.2) that controlled the Raman spectrometer.
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Results and Discussion

Figure 4.3 shows the results of the extinction spectra of CR in phosphate buffer
(A), CR with leucine (B), CR with IgG (C) and CR with AP (D). The extinction
maximum of 6 UM CR in phosphate buffer is at 490 nm (A). This maximum remains
practically unchanged when CR interacts with leucine (B). The situation however is
quite different when CR interacts with IgG (C). Here we see a red shift in the extinction
maximum from 490 nm to 496 nm. In addition we see an increase in the magnitude of
the extinction maximum. This indicates that CR is binding with the IgG. A similar
situation arises when CR reacts with AR (D). Here we see a further red shift of the
extinction maximum to 505 nm along with the appearance of a shoulder at 543 nm. An
increase in the magnitude of the extinction spectra also accompanies this red shift. This
again indicates a binding event with the AP and agrees with the results of other groups
that have studied CR interaction with amyloids.'*#®!*® It is believed that an expansion
of the conjugated n-electron system of CR due to a conformational change in the CR as a

result of the binding event may be responsible for the red shift.'*°
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Figure 4.3: UV-Vis absorption spectra of CR in phosphate buffer (A), CR with leucine (B), CR
with IgG (C) and CR with AP (D).

Figure 4.4 shows the results of SERS spectra taken from CR in buffer (A), CR
with leucine (B), CR with IgG (C) and CR with AB (D) when a 5 pul drop of each was
allowed to dry on a silver coated microscope glass slide. Since the laser used to excite
the samples was at 514.5 nm, it resonantly excited the CR and hence the large CR signal
drowned any signals from the rest of the analytes which were not resonantly excited.
Hence at this particular excitation wavelength CR experienced SERRS (Surface
Enhanced Resonance Raman Scattering). The major CR peaks that are observed in
Figure 4.4 are the 1599 cm™ peak of CR due to the C=C stretching vibrations of the

naphthalene and benzene rings, the peaks between 1350 cm™ and 1450 cm™ which are
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due to the N=N stretching modes (azo-mode frequencies) and the peak at 1155 cm™ N-C
stretch of the phenyl rings. 1% 1#51%

Although the SERS spectra themselves are heavily dominated by CR features, an
interesting phenomena is revealed in the peaks centered around 1599 cm™. This is
revealed in greater clarity when the 2™ derivative of the SERS spectra is analyzed in
detail around 1599 cm™. The SERS peak locations appear as minima in the 2" derivative
spectra and hence makes it more conducive as a peak locating tool.'*” The 2™ derivative
of the SERS spectra are shown in Figure 4.5(A). Figure 4.5(B) represents a blowup of
the 2" derivative spectra centered around 1599 cm™ and clearly reveals that the 1599
cm™ undergoes a 7 cm™ blue shift when CR binds with both Rabbit IgG and AB (1599
cm” to 1592 cm™). This shift is not seen in the case of the interaction of CR with

leucine. This blue shift again signifies a binding event that leads to a change in nature of

the phenyl ring bands that are responsible for the 1599 cm™ band.
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Figure 4.4: SERS spectra of a silver coated microscope slide with CR in phosphate buffer (A),

CR with leucine (B), CR with IgG (C) and CR with AB (D).

=A: CR+Phos
=—B: CR+Leucine
= C: CR+IlgG
—D: CD+AB

1200
D
1000 - —
800 -
Cc
]
'% 600 -
2
I
a
T 400 B
N
200
A
0 ~AA A N AA A ) A ’\.NA'A ’\“}v ———
ol 1500 VY W
700 900 1100 1300 500 1700 1900
-200

Raman shift (cm -1)

Figure 4.5(A): 2™ derivative of the SERS spectra of a silver coated microscope slide with CR in
phosphate buffer (A), CR with leucine (B), CR with IgG (C) and CR with AB (D).
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Figure 4.5(B): Blowup of the 2™ derivative of the SERS spectra around the 1599 cm™ peak of a
silver coated microscope slide with CR in phosphate buffer (A), CR with leucine (B), CR with

IgG (C) and CR with AB (D).

The results of the extinction spectra along with the SERS spectra indicates that
Congo Red indeed binds to both Rabbit IgG and AP. These results conclude that CR
does not have exclusive binding selectivity to AP and is in agreement with conclusions
reported by Khurana e al.'*® Hence it does not hold much promise to act as the
biorecognition molecule in a biosensor for the detection of AD. Based on these results,
the possibility of false positives due to CR binding to any number of proteins present in
cerebrospinal fluid makes it an unattractive candidate for implementation in such a

biosensor.
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Feasibility Studies for Direct SERS Detection of B-amyloid Using Silver Enhanced

Gold Nanoparticles

Introduction

The investigations on using Congo Red as the biorecognition molecule for AB
were shown to be non-specific. Hence it was necessary to turn elsewhere for this
research. There is currently active interest in developing a myriad of structure specific

antibodies for detection of disease associated Ap.">*'>*

However, it may be possible to
create other biorecognition molecules with antibody like affinity for AP which are of
smaller molecular size, and hence may be more suited for the demands of a SERS based
biosensing system. A variety of evidence indicates that B-amyloid may bind to cells via
an interaction with surface glycolipids or glycoproteins, and that the affinity of this
interaction increases when the gangliosides or sialic acid molecules on the cell surface
are clustered.””*'® Based on this evidence, it was decided to develop a novel
biorecognition molecule for AP based on a sialic acid modified generation 4.0 PAMAM
dendrimer that would attempt to reproduce the clustered sialic acid structure of the cell
surface, with the aim of recreating the AP binding seen to occur on neuronal cell
membranes. Before proceeding with this idea, it was imperative to design preliminary
studies to determine two key issues. The first was whether AB would give an acceptable
signal through SERS. The second was to determine if the signal from the recognition

unit (dendrimer) would interfere with the signal from the A.
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Materials and Methods
Materials

The AP (1-40) was synthesized and purified by BioSource International
(Camarillo, CA). The sequence is DAEFRHDSGYEVHHQKLVFFADVGSNKG-
AIIGLMVGGVYV. Molecular mass and purity were confirmed by mass spectroscopy
and reverse phase HPLC (MW = 4356, >95 % purity). Bovine serum albumin (BSA)
was purchased from Fisher Scientific (Fairlawn, NJ). The IODO-beads, G-5 desalting
columns, 1-ethyl-3-[3-dimethylaminopropyl]carbodimide hydrochloride (EDC), and
sulfosuccinimydyl-3-(4-hydroxyphenyl) propionate (sulfo-SHPP) were purchased from
Pierce Biotechnology, Inc. (Rockford, IL). The G-25 Sephadex were purchased from
Amersham Biosciences/GE HealthCare (Piscataway, NJ.). Disialyllacto-N-tetraose
(DSLNT) was purchased from V-labs, Inc. (Covington, LA). Sulfo-N-Hydroxy-
Succinimido-Nanogold (sulfo-NHS-nanogold) and silver enhancing reagent were
purchased from Nanoprobes (Yaphank, NY). All other materials and chemicals were
purchased from Sigma-Aldrich Corporation (St. Louis, MO).
Gold Labeling and Silver Enhancement of Generation 4.0 PAMAM Dendrimer

The procedures for the attachment of sulfo-NHS-nanogold to primary amines on
the dendrimer were performed according to the peptide labeling procedure provided by
Nanoprobes without modification.'™ The silver enhancement was performed according
to the silver enhancement of nanogold for EM procedure from Nanoprobes without

modification.'” These set of experiments were performed by Dr. James Henry in the lab
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of Dr. Theresa Good at the Chemical and Biochemical Engineering department of the
University of Maryland, Baltimore County (UMBC).
UV-Vis Absorption Spectroscopy Studies

500 ul of each the samples (1 = Au-Ag-dendrimer, 2 = Au-Ag-dendrimer-Af)
were pipetted into a quartz cuvette respectively and their absorbance spectra were
obtained by a Beckman DU 640 spectrophotometer. The ranges of wavelengths
monitored were from 250 nm to 800 nm.
Collection of SERS Spectra

30 ul of each of the samples (sample 1 = Au-Ag-dendrimer, sample 2 = Au-Ag-
dendrimer-Af) were pipetted onto the surface of a microscope glass cover slip (22x22
mm, Fischer Scientific Co.) and the water was allowed to evaporate for 30-45 min, until
a thin solid crust of the sample remained on the surface of the cover slip. The cover slip
was then placed onto the stage of the Leica DMLM microscope that was coupled to a
Renishaw System 1000 Raman spectrometer. The laser used for the SERS studies was
the 514.5 nm line of an Ar" laser (Spectra Physics Model 263C) with approximately 5
mW of laser power delivered to the sample. The laser beam was incident on the sample
via the 50X air objective (NA =0.75) of the microscope. The SERS spectra were

collected with the diffraction grating centered at 900 cm™ and integration time of 90 sec.
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Results and Discussion
UV-Vis Absorption Spectroscopy Studies

The UV-Vis absorption spectra of the samples (A = Au-Ag-dendrimer, B = Au-
Ag-dendrimer-Af) are shown below in Figure 4.6. As can be seen in the figure, both the
samples have an appreciable absorbance value at 514 nm with the dendrimer-amyloid
sample having a more pronounced shoulder at this particular wavelength. This allowed
the successful use of the Ar' laser to excite the surface plasmon resonance of the large

silver enhanced gold clusters for the SERS studies.
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Figure 4.6: UV-Vis absorption spectra of Au-Ag-dendrimer (A) and Au-Ag-dendrimer —amyloid
(B).
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SERS Studies

The SERS spectra of the samples are provided below in Figure 4.7.
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Figure 4.7: SERS spectra of Au-Ag-dendrimer only (A) and Au-Ag-dendrimer —amyloid (B).

A detailed search of the existing literature provided information that has been
used to propose Raman band assignments to many of the peaks seen in the spectra in
Figure 4.7. For the Au-Ag-dendrimer sample, the peak at 1230 cm™ is indicative of the
amide III band which consists of the C-N-H in plane bending and C-N stretching
modes.'” The peak at 1016 cm™ is indicative of the C-C stretching band.”® The peak

1457 cm™ might indicate the CH, scissoring band and there is a slight possibility that the
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peak at 1386 cm™ might point to a CH, bending or twisting.”® The source of the peaks at
435 cm™ and 520 cm™ are unknown.

The Au-Ag-dendrimer-AB sample shows some very distinctive protein SERS
bands. The peak at 245 cm™ is a result of the (Ag-N) interface vibration. This suggests
that the sample attached to the Ag through the N atom (the same case also holds true for
the peak at 245 cm™ peak on the Au-Ag-dendrimer sample)."” The peak at 1264 cm™ is
an amide III band that can represent either an o-helix or random coil structure.'®"'"
The peak at 1294 cm™ is a distinctive amide III band from a B-turn and thus points to the
presence of P-sheet structure in the sample.'® The fact that this peak is large in
magnitude indicates the presence of large amounts of B-sheet structures. The peak
located at 1401 cm™ results from the COO™ symmetric stretch of the acidic side chains
(Asp and Glu).'® The peak at 1121 cm™ probably is a result of the C-N bond vibration
of the backbone or from the side chains Val or Ile.'® The 1352 cm™ peak might arise
form the C-H bend or C-C stretch and/or CH, twisting vibrations.'® It is crucial to note
here that the SERS spectra of the amyloid proteins only arises from the moieties that are
in close contact with the Ag surface. It is well established that AP(1-42) fibrils have
heavy B-sheet structures.'® The presence of the amide III band at 1264 cm™ that is in the
range of either an o-helix or random coil structure only points to the fact that these
structures were in close proximity to the Ag surface that is causing the SERS effect and

does not indicate a predominance of that form in the AP(1-42) fibrils. These results

indicate that the SERS spectra of AB-dendrimer is quite different from that of the spectra
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of dendrimer. The presence of many extra peaks exclusive to AP indicates that

dendrimers can indeed be used as biorecognition elements for the detection of AP using
SERS.

Although this technique gave strong SERS spectra for both dendrimer and
dendrimer-Af, it had one major limitation. This limitation was the lack of signal
consistency obtained as the laser spot scanned though various areas of the thin film crust.
There were only two spots (of 20 spots scanned) in the entire crust of approximately 7
mm diameter that showed strong SERS signals. It can be speculated that the two “good”
spots were areas were the silver nanoparticles settled to form localized “hot spots” i.e.
areas of strong plasmonic activity that lead to enhanced -electromagnetc field
enhancement. The formation of “hot spots™ is a function of the shape and structure of the
silver nanoparticle layer, the viscosity of the samples and control of experimental
technique, parameters which are non trivial to control. This inconsistency of data
although acceptable for qualitative proof of concept studies, would provide a major

limitation for performing quantitative studies.
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Development of a Gold Nanoshell Film Based SERS Sensor for 3-

amyloid Detection

Introduction

Based on the promising results of the feasibility studies of the last section, it was
decided that the new biosensor using a sialic acid modified dendrimer as the
biorecognition molecule would be implemented on a gold nanoshell film platform
supplied by Nanospectra Biosciences Inc. (Houston, TX). It was thought that this would
give the advantage of a robust SERS platform with well characterized optical properties
and the added advantage of high optical tunability. The first step in developing such a
biosensor involves the use of a Self-Assembled Monolayer (SAM) to attach the
dendrimer to the gold surface. This is because gold alone does not bind well to the
dendrimer and hence would compromise the robustness of the sensor. The monolayer
used, had the following general form: HS-R-COOH, where R = (CH;),, (CH»);, or
(CHy)y6. It is the thiol group (-HS) that is critical for binding to the gold surface. The
next step would be to attach the dendrimer to the SAM via EDC chemistry to form the

final biorecognition element to capture the Af.
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Materials and Methods
Materials

Most of the material used in this study were identical to those described
previously except the gold nanoshell films which were supplied by Nanospectra
Biosciences Inc. (Houston, TX).

Formation of Self-Assembled Monolayer (SAM)

The experiments involving the formation of the sensor chemistry were performed
by Dr. Theresa Good and her student Dr. James Henry, at the Chemical and Biochemical
Engineering department of the University of Maryland, Baltimore County (UMBC). All
monolayers were formed using the same procedure. The monolayer material was
dissolved in ethanol to form a 2mM solution. The slide was submerged in the
monolayer (in ethanol) solution and allowed to react for 24 hours at room temperature.
The slide was then removed from the solution and rinsed thoroughly with ethanol and
dried under nitrogen. The monolayer materials used all had the following general form:
HS-R-COOH, where R = (CH;),, (CHy);1, or (CHy)16. Figure 4.8 depicts how the self-
assembly occurs.””* Fourier Transform Infrared Spectroscopy (FTIR) and SERS were
used to confirm the assembly of the monolayer and the results are presented in the

following section.
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Figure 4.8: Schematic of the self-assembly process. The monolayer compound floats freely in
solution until coming in contact with the metal surface (Ag, Au, or Ni usually). Upon contact,
the thiol reacts with the surface, covalently binding the molecule to the surface. This layer is
fluid in nature and will move around and continue to assemble until a tightly packed structure is

formed. This creates the lowest energy state for the system and completes the self-assembly

process. 134

Stability of SAM Monolayer in Air Using a Fluorescein Marker

A fluorescein monolayer was developed by creating 11-MUDA monolayers as
previously described on Au nanoshell surfaces. The fluorescein was attached using
standard EDC chemistry. The basic technique of EDC chemistry will be described in
greater detail in one of the later subsections as it is the same technique used to attach
dendrimers on the SAM layer. Immediately after the fluorescein attachment, the slides
were kept in nitrogen to prevent oxidation of the thiol group and detachment of the SAM
layer. The samples were then tested using SERS immediately after removing the samples

from nitrogen as well as in five consecutive days. The magnitude of 1186 cm™ peak of
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fluorescein was used to monitor the detachment of the SAM layer from the gold surface
with time. The SERS spectra were collected between 1800 — 1000 cm™ with a 60 sec
integration time and using a 785 nm SDL High Powered Diode Laser delivering 1.60
mW power to the sample surface. The spectra were collected using the 50X air objective
(NA =0.75).
Effect of Distance from Surface on SERS Signal

The extent of the electromagnetic field (that is primarily responsible for the
SERS phenomenon) from the surface of the Au is of critical importance in the design of
the proposed biosensor. This was investigated by attaching aniline (a strong Raman
active molecule) to the ends of three different monolayers of varying sizes (3-MPA, 11-
MUDA, and 16-MHDA) using EDC chemistry and then using SERS to monitor the
magnitude of the 1000 cm™ aniline peak. The SERS spectra were collected using the 785
nm diode laser delivering approximately 2 mW at the sample. The spectra were collected
between 1800 — 400 cm™ with 60 sec integration time. The tests were performed with
the 50x air objective (NA = 0.75).
Attachment of Dendrimer to Carboxy-Terminated Monolayer

The dendrimers were attached to the SAM terminated gold slide using EDC

! with minor modifications. These

chemistry as described by Pierce Biotechnology '°
modifications were the concentrations used (since the surface concentration of
monolayer could not be known). The 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide

hydrochloride (EDC) was added to the dendrimer solution (both having a concentration

of 10 mg/mL) in a container containing the Au/SAM slide and the mixture was allowed
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to react overnight. Upon completion, the slide was rinsed thoroughly with deionized
water and dried under nitrogen for storage. Figure 4.9 shows the mechanism for EDC

chemistry.'>*

Figure 4.10 represents a cartoon of the gold surface that is expected with
successful attachment of both the SAM layer and the dendrimer.™* The results of the

FTIR analysis used to ascertain the presence of the dendrimer on the surface of the SAM

and gold nanoshell is shown in the next section.
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Figure 4.9: Schematic of EDC chemistry. The carboxylic acid-terminated compound reacts
with EDC to form an amine-reactive intermediate. This intermediate then reacts with the amine-
terminated compound to create an amide bond leaving only the spent EDC."**
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Figure 4.10: Schematic of the dendrimer surface. The figure depicts a generation 4.0 amine-
terminated dendrimer attached to a carboxylic acid terminated surface (11-MUDA) via EDC
chemistry. This leads to the formation of amide bonds."**

Results and Discussion
Formation of Self-Assembled Monolayer (SAM)

The FTIR spectrum shown in Figure 4.11(A) is the result of growth of the 11
carbon (11-MUDA) self-assembly onto the surface of the gold nanosehell layer.154 The

results show the characteristic 1700 cm™ carboxylic acid peak (COOH) of 11-MUDA
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along with the doublet at 2849 cm™ 2917 cm™ that are due to the CH, group of 11-
MUDA. This spectrum proves successful assembly of 11-MUDA on the gold nanoshell
surface. Figure 4.11(B) demonstrates the SERS spectrum of 11-MUDA on Au nanoshell
film. The spectra shows a large peak at 1085 cm™ which is representative of the C-C
bonds present in 11-MUDA and the peak at 1177 cm™ is representative of a C-H

162
h.

bending stretc These figures help conclude that the self-assembly process of 11-

MUDA on gold nanoshell surface was indeed successful.
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Figure 4.11(A): FTIR spectrum of 11-MUDA SAM on the Au nanoshell surface.'
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Figure 4.11(B): SERS spectrum of 11-MUDA SAM on the Au nanoshell surface.

Stability of SAM in Air Using a Fluorescein Marker

The results of SAM aging study was monitored using SERS and are presented in
Figures 4.12(A) and 4.12(B). Figure 4.12(A) shows the SERS spectrum of fluorescein
on 11-MUDA after subtraction of the 11-MUDA spectrum. The figure distinctly shows
the strong 1185 cm™ SERS peak of fluorescein which was used to monitor the stability
of the SAM layer with increased exposure in air. Recent studies indicate that the
monolayers used in these experiments are unstable in the presence of oxygen.'® This is
due to the reaction of oxygen with sulfur at the metal surface (the sulfur is part of the
original thiol group on the SAM’s). This causes the formation of sulfates thus breaking

the bond holding the SAM to the gold surface.
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Figure 4.12(A): SERS spectrum of fluorescein on 11-MUDA on the Au nanoshell slide.

The aging study was carried out by exposing the sample in air for the required
amount of time, rinsing off the sample surface with copious amount of deionized water
in order to remove all the SAM molecules that had undergone oxidation and detached
themselves from the gold surface, and then allowing it to dry before obtaining SERS
spectra from its surface as described previously. Figure 4.12(B) shows the intensity of
the 1185 cm™ fluorescein SERS peak averaged for 32 different spots on the sample
surface for each exposure event. The error bars represent the standard error in the data

collected. The data clearly shows a decay in the fluorescein signal over time. The
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maximum decrease in signal appears to occur somewhere between 24 to 48 hours after

exposure to air after which this decay process appears to reach equilibrium.
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Figure 4.12(B): Intensity decay of the 1185 cm™ fluorescein SERS peak with aging the sample in
air.

Effect of Distance from Surface on SERS Signal

The extent of the electromagnetic field (that is primarily responsible for the
SERS phenomenon) from the surface of the Au is of critical importance in the design of
the proposed biosensor. The current design of the biosensor involves the SAM layer

bound directly to the Au surface followed by the dendrimer layer. It is expected that any
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AP captured by the sensor on the successful completion of an assay will end up in
contact with the dendrimer layer. Therefore the distance between the captured AP and
the Au surface which is responsible for generating the SERS signal is critical to the
sensor sensitivity. This was investigated by attaching aniline (a strong Raman active
molecule) to the ends of three different monolayers of varying sizes (3-MPA, 11-MUDA,
and 16-MHDA) using EDC chemistry and then using SERS to monitor the magnitude of
the 1000 cm™ aniline peak. The results of the study is presented in Figure 4.13 where
each point represents the average of five spots on each sample and the error bars
represent the standard error in the data. The figure shows a monotonic decay in the
magnitude of the 1000 cm™ aniline peak with increasing chain length of the spacer layer.
Figure 4.13 shows that the aniline still provides an appreciable signal when separated by
a distance of approximately 2.1 nm from the gold surface. This distance is approximately
in the range of the size of a Gen 2 PAMAM dendrimer (2.9 nm).'** These tests show
promising results that a Gen 2 PAMAM dendrimer when attached to the gold surface by
a small SAM layer (such as 3-MPA) could provide the necessary sensitivity for detection

of a captured AP using the current biosensor design.
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Figure 4.13: Variation in the intensity of the 1000 cm™ SERS peak of aniline when
attached via varied chain length alkanethiol SAM’s to the Au nanoshell surface.

Attachment of Dendrimer to Carboxy-Terminated Monolayer

Figure 4.14 shows the results of FTIR analysis on a slide with 11-MUDA SAM
layer before and after attachment of Gen 4 PAMAM dendrimer using EDC chemistry.'**
The thick solid line is the FTIR scan of 11-MUDA only and the thin dashed line is the
FTIR scan obtained after dendrimer attachment to the 11-MUDA. It appears that the
strong dendrimer spectrum obscures features that might result from the formation of an
amide bond between the SAM layer and the dendrimer. This is because the dendrimer
molecule itself has many secondary amide bonds within it. There is however a decay in

the 1700 cm™ carboxylic acid peak (COOH) in the spectra of dendrimer attached to 11-
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MUDA indicating a loss of carboxylic acids groups. This can be attributed to the

formation of amide linkages via the COOH group of 11-MUDA and the terminal NH»

groups of the dendrimer.
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Figure 4.14: FTIR spectra of 11-MUDA (thick, solid line) and 11-MUDA/Den 4.0 (thin,
dashed line) on the Au surface.'™
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CHAPTER V

SERS FOR THE DETECTION OF INTRACELLULAR
CONSTITUENTS USING GOLD NANOSHELLS AND COLLOIDAL

GOLD NANOPARTICLES

Introduction

Biological systems such as cells are extremely complex environments where a
myriad of organelles and molecules are involved in a complex hierarchical ordered
network of interactions in order to maintain viable living conditions. Thus a key to
unraveling the mysteries of cellular functionality involves the chemical detection of both
cellular components as well as the products of the various cellular biochemical processes.
This understanding of cellular functionality would be critical for the development of
more efficient medical care. Although current methods of cell component detection such
as fluorescence based confocal and multiphoton microscopy allow the detection of many
cell components, the need to label these components with exogenous fluorophores which
can photobleach is a complication which limits the sensitivity of such methods. '®°
Other Raman microscopy based methods used to study microbial cells resulted in weak
Raman spectra of the cells and required the use of complex multivariate statistical
analytical techniques such as principal component analysis (PCA), discriminate
functional analysis (DFA), hierarchical cluster analysis (HCA), constrained principal
162, 166-167

factor analysis and other peak fitting algorithms to analyze the complex spectra.

Another disadvantage of using regular Raman spectroscopic methods for analyzing cells
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is the need of high incident laser power delivered to the sample (typically in the range of
hundreds of milliwatts) which leads to the problems of sample composition change or

162,166,168 This is because Raman

complete sample damage due to local heating effects.
scattering is an inefficient process.' Surface Enhanced Raman spectroscopy (SERS) is a
technique developed more recently which has been used successfully to enhance the
Raman signal of a molecule by factors of 10° or more.”” Hence the signal enhancement
properties of SERS can potentially be exploited in cellular biosensing. SERS studies
have previously been carried out using cells, but these have either used thin films of

3234 The studies of Abrahamson et al. and

noble metals or noble metal nanoparticles.
Feld et al successfully demonstrated that gold nanoparticles can be introduced into
lymphocytes and endothelial cells respectively without detrimental toxicological effects
and that some of the nanoparticles can form in situ aggregates which have plasmonic
activity suitable for collecting SERS spectra. Since this aggregation is an uncontrolled
process, not all nanoparticles in a cell form Raman active aggregates and the surface
plasmon resonance wavelength at which these aggregates are excited, is not tunable.
Another major disadvantage in using a colloidal aggregation based SERS surface is the

323% This is because the colloidal aggregation takes

lack of reproducibility in the data.
place inside the cells due to high salt and other analyte concentration. This aggregation
process is inherently uncontrollable and hence compromises the robustness of such a
detection technique.

This study aims to overcome the disadvantages of colloidal aggregation based

SERS detection of intracellular constituents via the use of novel gold nanoshells.
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Nanoshells are a unique class of metal nanostructures that consist of a dielectric core
surrounded by a thin noble metal shell. Typically the core consists of silica and gold and

silver have been used to form the outer shell layer.''#!13!1>-116

Nanoshells are unique as
their plasmon resonance wavelength is tunable from the visible though the near-infrared
region of the electromagnetic spectrum and the strength of the electromagnetic field on
the metal nanoshell surface is also controllable. This is achieved by varying the ratio of
the dielectric core to the thickness of the outer metallic shell layer,''*!'3115- 11618 Thjg
tunability of their plasmon resonance makes nanoshells extremely useful for use as
SERS substrates for intracellular component detection. This is because they can be tuned
to match the wavelength of any incident laser (as long as it lies in the visible through the
infrared region of the spectrum). This has two advantages namely, maximizing the
electromagnetic SERS enhancement by tuning the nanoshells to the incident laser
wavelength and overcoming the aggregation problem since each individual nanoshell is
tuned to the laser wavelength thus negating the need for any aggregation of these
particles. Nanoshells have previously been used to achieve SERS enhancements of up to
10'* when measuring spectra from organic molecules.''*® Since they do not require
aggregation in order to form SERS active particles (in contrast to metal colloids) they
serve as attractive agents to probe the local chemical environment within a cell.
Although gold nanoshells have been targeted for use in thermal therapy to kill tumor
cells, no attempt was made to place the nanoshells inside the cells. Instead the nanoshells

reached the tumor through its vasculature, and cell-surface interactions along with local

heating effects created by the incident laser was used to kill the tumor.'®
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This study reports the successful introduction of gold nanoshells into mouse
fibroblast cells through fluid phase uptake (pinocytosis) without inducing cell death
during a 24 hour incubation period. The results obtained demonstrate that nanoshells can
act as a suitable SERS substrate with which to detect intracellular components
throughout a cell. Without nanoshells, no Raman scattering was observed in the
experimental conditions. By traversing the laser spot through a cell, a variety of SERS
signals were obtained which can be ascribed to different cellular components. Finally
this study also performs a second set of identical experiments with classical colloidal
gold nanoparticles and compares the two sets of results to demonstrate that gold
nanoshells can provide comparable sensitivity to colloidal gold nanoparticles for the
detection of intracellular cellular constituents while having the advantage of having

highly tunable plasmonic properties thus circumventing the need for aggregation.

Materials and Methods

Materials

The gold nanoshells used were fabricated by Nanospectra Biosciences, Inc.
(Houston, TX) and had a 125 nm silica core and a 11 — 14 nm gold shell thickness. The
nanoshells were optimized to have an extinction peak at approximately 810 nm in water.
The gold nanoshells had an initial concentration of approximately 4 x 10’ particles per
ml. 60 nm colloidal gold particles were obtained from Polysciences Inc. (Warrington,

PA). Adenine powder was purchased from Sigma-Aldrich (St. Louis, MO). All culture
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flasks, centrifuge tubes, serological pipettes and transfer pipettes used for cell culture

were purchased from VWR International (West Chester, PA).

Cell Culture

Mouse NIH/3T3 (ATCC, Manassas, VA) cells were incubated at 37 'C in 5%
CO; and 95% humidified air in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco,
St. Louis, MO) supplemented with 4 mM L-glutamine, 4.5 g/L glucose, 1.5 g/L sodium
bicarbonate, 10% bovine calf serum (BCS, Gibco), and 100 U/ml penicillin, 100 mg/ml
streptomycin (Sigma, St. Louis, MO). For SERS studies, cells were grown to confluence
in a T25 tissue culture flask. The cells were detached by addition of 0.25% (w/v)
trypsin/0.13% (w/v) EDTA (Sigma, St. Louis, MO) solution followed by incubation at
37°C for 3 minutes. The flask was agitated to dislodge all cells and the suspension
pipetted to a centrifuge tube, a further 3 ml of growth medium was then added to the
tube in order to quench the trypsin activity. The cells were spun at 1600 rpm for 6
minutes, the supernatant removed and then resuspended in 5 ml of growth medium. The
suspension was pipetted onto two cover slips (38 x 26 mm?) in the bottom of separate
petri dishes (2.5 ml each). These cells were incubated at 37°C for 2.5 hours and their
adhesion to the cover slip checked using phase contrast microscopy. A suspension of
gold nanoshells in growth medium was then added (2.5 ml) at a concentration of 3000
nanoshells per cell. The control sample received only 2.5 ml of growth medium. The
cells were incubated for 20 hours in order to allow uptake of nanoshells and the cover

slips checked intermittently for cell adhesion and general cell health using phase contrast
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microscopy. The medium was then removed from the petri-dishes, the monolayers
washed twice with phosphate buffered saline (PBS) and buffered formalin added for 15
minutes to fix the cells. Fixation in buffered formalin was used since this method has
previously been found to maintain Raman features as well as cell morphology. The cells
were then washed a further four times in deionized water to remove excess fixative and
allowed to dry before being used. These steps were then repeated for a second set of

experiments using colloidal gold nanoparticles.

SERS Microscopy

All SERS Raman spectra were collected using a Renishaw System 1000 Raman
Spectrometer coupled to a Leica DMLM microscope. The laser used was a 785 nm
(SDL-8530 Wavelength Stabilized) High Power Laser delivering approximately 2.0 mW
to the sample. A 50 X air objective (NA = 0.75) was used to focus the laser on discrete
areas within the cell. The SERS spectra presented were collected between 500 cm™ and
1800 cm™ (relative to laser wavelength) with a 120 sec integration time. The final
spectra presented in the following section are SERS spectra of the Au nanoshell and Au
colloid incubated cells with the silica fluorescent background subtracted, upon which a
baseline correction routine was performed. The baseline correction routine used was a
GRAMS/32 based routine (ThermoGalactic) which was a built-in feature of the WiRE™
software (version 1.2) that controlled the Raman spectrometer. Raman spectra from
fibroblasts which had not been incubated with either nanoshells or colloidal gold were

collected in an identical manner and none of these spectra showed any Raman features.
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Transmission Electron Microscopy (TEM)
Cell cultures treated with gold nanoshells were fixed for 1 hr in 2.5% (vol/vol)

glutaraldehyde in DMEM at 37° C. The cultures were then washed three times with

DMEM, followed by post fixation overnight at 4° C with 1% (wt/vol) osmium tetroxide
in DMEM. The cultures were washed with DMEM, then dehydrated with methanol
(20% steps: 20-100%) and infiltrated and embedded in epoxy resin.

Ultra thin sections were taken parallel to the bottom of the culture dish using a
diamond knife. The sections were placed on grids and post stained with 2% aqueous

uranyl acetate followed by Reynolds lead citrate.'”

The grids were examined and
photographed at an accelerating voltage of 100kV in a JEOL 1200EX transmission

electron microscope at the Microscopy and Imaging Center at Texas A&M University.

Results and Discussion
Nanoshells were introduced into the fibroblast cells by “cellular drinking”
(pinocytosis). Pinocytosis is a process by which cells uptake nutrients through the

formation of an invagination at the plasma membrane.'”"

Pinocytosis is generally limited
to particles less than 150 nm in diameter and so should allow cellular uptake of single
individual nanoshells. It is believed that aggregated nanoshell complexes would be too
large in size to enter cells via pinocytosis. Figure 5.1 shows the extinction spectra of
gold nanoshells in deionized water (A), DMEM in deionized water (B) and gold

nanoshells in DMEM (C) in conditions that were identical to those when incubating the

cells. This is presented to ascertain the aggregation state of the gold nanoshells during
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incubation of the cells. As observed from the figure, there is only a slight 12 nm red
shift of the plasmon resonance peak of the Au nanoshells from water to DMEM
(Amax(water) = 814 nm; Apax(DMEM) = 826 nm). This level of red shift of the plasmon
resonance peak along with a slight decrease in its magnitude is in agreement with
previously documented behavior of the surface plasmon waves of noble-metal
nanoparticles in complex biological media of higher refractive index than water and does
not indicate aggregation of the nanoshells in DMEM growth medium.'”? As mentioned
in the materials section of the paper, DMEM growth medium has a high salt content, and

contains antibiotics, glutamine, phenol red (pH indicator) and calf serum and thus has a

higher refractive index than water.
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Figure 5.1: Extinction spectra of Au nanoshells in water (A), DMEM in water (B) and Au
nanoshells in DMEM (C).



134

TEM analysis was done on a second set of fibroblast cells which were treated
under the same conditions as those used for the SERS studies in order to ascertain that
the nanoshells actually entered the cells and were not just attached only to the cells
surface. The results of the TEM study are presented in Figure 5.2. The top right image in
Figure 5.2 shows three fibroblasts containing a number of Au nanoshells. The nanoshells
can be seen in a variety of locations: adjacent to the nucleus, mitochondria and also in
vesicles merging with the cell cytoplasm. In some of these locations, the nanoshells have
formed small aggregates. This is the result of the complex biological conditions within
the cell and the nature of cells to group together particles that enter it via endocytotic
vesicles. Hence a certain degree of aggregation is unavoidable. However, there are
several instances where single nanoshells can be seen. It is believed that these aggregates
formed only after cellular ingress of individual nanoshells via pinocytosis since the
collective diameter of any aggregated nanoshell complex would be over 200 nm. This
size would not be conducive to pinocytosis and so any aggregated complexes would be
unable to enter cells. The top left image in Figure 5.2 shows two small groups of
nanoshells in a vesicle adjacent to the cell nucleus (seen in the left of the image). The
bottom right image in Figure 5.2 shows a group of four nanoshells emerging from a
vesicle adjacent to a mitochondrion. The bottom left image in Figure 5.2 shows a small
group of three nanoshells along with two single ones in a vesicle adjacent to a
mitochondrion. The contrast of this image has been adjusted so that the core/shell

structure of the nanoshells can be clearly seen. The silica dielectric core being less
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electron dense than the gold shell layer appears lighter in the TEM image when

compared to the outer gold shell layer.

Figure 5.2: TEM images of fibroblast cells incubated with Au nanoshells.
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The successful introduction of gold nanoshells into the fibroblast cells allowed
their use in probing the complex intracellular environment using SERS. Figure 5.3(A)
shows spatially resolved SERS spectra (spectra a — d) obtained at various locations
within a fibroblast cell. The approximate locations in the fibroblast where the SERS
spectra were collected are depicted in the corresponding brightfield image in Figure
5.3(B). In Figure 5.3(A), the 673 cm™ peak is the major peak in spectrum a and can
originate from the in plane ring vibration of the nucleic acid constituents thymine and/or
guanine.167 This might imply that location a might be inside or around the nucleus or in
proximity to ribosomes. Spectrum b on the other hand has several major SERS peaks.
The peak located at 880 cm™ can either originate from a C-C-N" symmetric stretch or a

73174 The 1000 cm™ peak lies in the typical region of a symmetric

C-O-C ring vibration.
ring breathing mode of phenylalanine.'”'” The 1117 ¢cm™ can originate from a
DNA/RNA O-P-O stretch.'” The large 1254 cm™ peak lies in the classic protein amide
I stretching region.'®'**'!"* The wide peak between 1300 — 1500 cm™ probably
results from the sum of several closely located peaks. Although specific individual peaks
are not recognizable without the application of complex peak fitting algorithms, this
region is typical of CH deformation bands, CH3; deformation and DNA/RNA in plane

. g 162,167,174
ring vibrations.'>'¢7!”

Thus the presence of such protein and nucleic acid SERS bands
in spectra b implies that this location would be expected to be in or near a nucleus of the
cell or possibly even the endoplasmic reticulum. The spectrum from location ¢ was

collected with the laser spot focused approximately 2 pm to the right of location b.

Spectrum ¢ has several peaks in similar locations to that of spectrum b such as 1286 cm’
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(amide I1I), 1105 cm™ (PO2 stretch), 1002 cm™ (phenylalanine), 877 cm™' (C-C-CN+ or
C-O-C).!B12I6TI1 1 addition, spectrum ¢ has several major peaks which are
different from spectrum b such as the 1588 cm™ adenine/guanine vibration band, the
1388 cm "' DNA in plane ring vibration band, the 1338 cm™ pyrole ring vibration band,
and the 831 cm™ DNA backbone O-P-O stretching band which also overlaps with a

d.!8-16216717 The SERS peaks in spectrum ¢ suggests

tyrosine in plane ring vibration ban
a mixture of nucleic acids and proteins and thus indicates that the gold nanoshells
responsible for generating this spectra were either inside or in close proximity to a
nucleus. This also indicates that there are different groups of nanoshells present in
various areas inside the cell which are probing a wide variety of molecules. The TEM
images in Figure 5.2 also corroborate this. Spectrum d from Figure 5.3(A) was obtained
by moving the laser spot approximately 3 um directly in front of location ¢ and shows
several interesting SERS peaks. The small peak at 654 cm™ probably originates from C-
C twist of tyrosine, the strong 850 cm™ SERS peak is possibly a tyrosine ring breathing
peak, the 890 cm’ peak is a possible DNA backbone stretch, the peak at 988 cm’
possibly originates from C=H bends of lipids and the 1556 cm™ probably is a C=C

162,167,173,174 p.: - - S
AOTITI This mixture of SERS peaks from proteins, nucleic acids

stretch from lipids.
and lipids indicate that location d might lie in very close proximity to the nuclear

membrane.
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Figure 5.3(A): SERS spectra of fibroblast cell 1 incubated with Au nanoshells.

Figure 5.3(B): Brightfield image of fibroblast cell 1 incubated with Au nanoshells showing
approximate locations where SERS spectra were collected.
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A new set of SERS spectra collected from a second fibroblast cell incubated with
gold nanoshells is shown in Figure 5.4(A). Similar to Figure 5.3, the approximate
locations in the fibroblast cell where the SERS spectra were collected are depicted in the
corresponding brightfield image in Figure 5.4(B). Spectra form locations a — ¢ show
major SERS peaks in regions typical for proteins (the 626 cm™’ C-C twist of
phenylalanine, 1089 ¢cm™ C-N protein backbone stretching band, 1261 ¢cm™ amide III
stretching band, 1366 cm™ porphyrin vibration band, 1415 cm™ COOH vibration band,
1448 cm™ CH deformation band, 1523 cm™ amide II stretching band and the 1596 cm™
aromatic amino acid band) '#'%12167- 173175 a4 nucleic acids (832 cm™ O-P-O stretch
band, the 1089 cm™” phosphodioxy group PO, vibration, and the 1484 cm’

i ine i i ; : 18-19,162,167, 173-175
guanine/adenine in plane ring vibration band).'®'%1621¢7. 173-17

The peaks present suggest
that the location of these spectra contain a metalloprotein such as a cytochrome. This
indicates that the laser spot might be around mitochondria. The split and movement of
the 1366 cm™ peak to 1378 cm™ (from spectra a to ¢) suggest that over the course of
three scans in close proximity two different oxidation states of the protein were being
imaged.'’®!'”” Traversing the laser through the cell, location d reveals an interesting

combination of major SERS peaks. They are the 1006 cm™ phenylalanine ring vibration,

1129 cm™ C-N protein backbone stretch/C-C lipid stretch, 1240 cm™ amide III protein
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band, 1376 cm™ porphyrin vibration, and the 1549 cm’ lipid band. '8! 162167.173-175 phege
peaks indicate that the gold nanoshells that lie within the laser focal volume at location d
reside near mitochondria. The spectra from location e - # show marked differences from
that of spectra from locations a — d. The spectra from location e — /4 contain a mixture of
protein bands (the 609 cm™ phenylalanine band, the 934/945 cm™ C-C protein backbone
stretch, 1292 cm’! amide III stretch and the 1630 cm™ and 1598 cm™ aromatic amino
acid ring breathing modes) and nucleic acid bands (676 cm™ thymine/guanine ring
breathing mode, the 796 cm™ O-P-O stretch and the 1485 cm™ guanine/adenine ring

- 18-19,162,167,173-175
breathing mode).'*'*1621¢7173-17

This mixture of protein and nucleic acids again
suggests that the gold nanoshell in the laser focal volume in the regions e — / lie either
within or in very close proximity of the nucleus. In Table 5.1, the major SERS peaks in
the spectra of fibroblast cells incubated with gold nanoshells are tentatively assigned in a
concise manner to the biological macromolecules responsible for such peaks and where
possible even the particular bonds involved have also been included. It is worth noting
that many of the SERS peaks can have several different overlapping biochemical

contributions and this is quite common in the complex biological environment inside

cells.
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Figure 5.4(A): SERS spectra of fibroblast cell 2 incubated with Au nanoshells.
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Figure 5.4(B): Brightfield image of fibroblast cell 2 incubated with Au nanoshells showing
approximate locations where SERS spectra were collected.
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Table 5.1: Tentative band assignments for major SERS peaks in spectra of mouse
fibroblast cells incubated with gold nanoshells.

SERS peak Biological macromolecule responsible for peak along with
frequency actual vibrational bonds
(cm™)

562 (S-S) — (Protein)

621 C-C twist of Phe (Protein)

641 C-C twist of Tyr (Protein)

676 A, T, G (DNA/RNA)

796 O-P-O str (DNA/RNA)

832 0O-P-O asymmetric str (DNA/RNA) ; Tyr ring br. (Protein)

850 Tyr ring br. (Protein)

874 C-C-N" sym. Str. (Lipid) ; C-O-C ring (Carbohydrate)

934 C-C str. a-helix (Protein) ; C-O-C glycos. bond (Carbohydrate)

988 C-C head groups (Lipid)

1002 Sym. Ring br. of Phe (Protein)

1089 PO, (DNA/RNA); C-N backbone (Protein) ; Chain C-C (Lipid) ; C-O
& C-C str (Carbohydrate)

1129 C-N backbone (Protein) ; C-C (Lipid)

1240 Amide III B-sheet (Protein)

1254 Amide III B-sheet (Protein) ; T, A in plane (DNA/RNA)

1261 Amide III B-sheet (Protein) ; CH def. (Lipid)

1291 Amide III a-helix (Protein) ; CH def. (Lipid)

1303 CH, twist (Lipid)

1338 A, G in plane ring (DNA/RNA) ; CH def. & pyrrole (Protein)
1364 CHj; sym. str. (Lipid) ; Porphyrin (Protein)

1376 Porphyrin oxidized (Protein)

1388 in plane ring vib. (DNA/RNA)

1415 COOH (Protein)

1485 G, A, CH def. (DNA/RNA) ; CH def. (Protein); CH def. (Lipid)
1523 Amide II (Protein)

1549 C=C (Lipid)

1564 C=C (Lipid); (N-C-C-C) (Protein)

1588 G, A in plan ring vib. (DNA/RNA)

1598 Trp, Tyr (Protein)
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Gold nanoshells are thus shown to remain as a stable suspension without
significant aggregation in DMEM growth medium and were effectively introduced into
mammalian cells by pinocytosis. Over the 24 hour timescale required for cellular uptake,
the gold nanoshells did not induce cell-death and were used to measure SERS spectra at
discrete cellular locations. With a gold nanoshell of diameter 138 nm, and assuming that
the local electromagnetic field enhancement on the surface of the gold nanoshell that is
responsible for the generation of SERS spectra extends to within 10 nm of the surface of
each nanoshell, a probing a volume of 3.27 x 10" L can be estimated. Estimating the
mean volume of a cell to be 1 pL, average protein content of 7.5 x 10" grams of

protein/cell '

and an average weight of a protein molecule as 60 kDa it can be
estimated that 240 protein molecules lie in the SERS volume of the nanoshell. The laser
spot size used in the experiments is 3 um at the focal point, hence it can be concluded
that multiple nanoshells may lie in the focal volume of the laser during any given scan.

The TEM images of Figures 5.2 revealed that each fibroblast cell can uptake
several gold nanoshells. From the myriad of molecular SERS signatures observed, it is
shown that gold nanoshells from multiple cellular locations in a wide variety of complex
environments can give rise to SERS signals with good signal to noise ratio (SNR). This
coupled with the fact the laser spot size at the focal point is 3 pm leads credence to the
conclusion that the SERS spectra collected on moving the laser to different locations
within a cell are generated by multiple nanoshells.

The study thus demonstrates the ability of gold nanoshells to spectroscopically

characterize biomolecules in various cellular locations. The sensitivity of the approach
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allows the observation of the oxidation of a metalloprotein such as cytochrome-c within
the cell. Cytochromes are found mainly in mitochondria and are responsible for energy
processing in the cell. To collect spectra of cytochromes, a nanoshell must be in very
close contact with a mitochondrion, as shown in Figures 5.2. It is possible that the heme
oxidation in this case is the result of laser excitation. Photo-induced local generation of
H,0, in fibroblasts has been previously reported using a low power 647 nm laser,'”” and
the mechanism for oxidation of cytochromes by H,0, is well established.'”

A second set of identical experiments were performed using commercially
purchased 60 nm colloidal gold nanoparticles. Figure 5.5 shows the extinction spectra of
colloidal gold in water (a), DMEM growth medium in water (b) and colloidal gold in
DMEM (c) in conditions that were identical to those when incubating the cells. In these
three spectra the blank used to calibrate the spectrophotometer was deionized water. The
colloidal gold nanoparticles have an extinction peak located at 533 nm. Since the
DMEM growth medium itself has a high absorbance peak at 560 nm (due to the presence
of the pH indicator dye phenol red), this drowns the absorbance signal from the colloidal
gold when it is added to DMEM growth medium. An extinction spectrum of colloidal
gold in DMEM growth medium was obtained by using DMEM as the blank to calibrate
the spectrophotometer instead of deionized water (spectrum d). This spectrum reveals
the familiar extinction profile of colloidal gold with a slight red shift in its extinction
maximum (Apax(water) = 533 nm; Apnax(DMEM) = 540 nm). Similar to the case of the
gold nanoshells, this level of red-shift of the plasmon resonance peak is in agreement

with previously documented behaviour of the surface plasmon waves of noble-metal



145

nanoparticles in complex biological media of higher refractive index than water and does
not indicate aggregation of the nanoshells in DMEM growth medium.'”* Thus it is seen
that there is no aggregation of the colloidal gold nanoparticles when added to DMEM
growth medium. As a result it can be concluded that the 60 nm colloidal gold
nanoparticles being in their natural unaggregated state in DMEM growth medium, will

be conducive to pinocytosis by cells on incubation.
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Figure 5.5: Extinction spectra of colloidal Au nanoparticles in water (a), DMEM GM in water (c)
and colloidal Au nanoparticles in DMEM (c). These spectra were collected with deionized water
as the blank sample for calibrating the spectrophotometer. Spectrum (d) is of colloidal Au
nanoparticles in DMEM using DMEM as the blank for calibrating the spectrophotometer.
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Figure 5.6(A) shows the SERS spectra taken at four different locations in a
fibroblast cell that was incubated with the 60 nm colloidal gold nanoparticles. The
approximate locations in the fibroblast where the SERS spectra were collected are
depicted in the corresponding brightfield image in Figure 5.6(B). Spectrum « in figure
5.6(A) consists of major peaks at 631 cm™ and 648 cm™ which originate from the C-C
twist of phenylalanine and tyrosine respectively, 676 cm™ due to thymine/guanine in
plane ring vibration, 713 cm™ due to C-C-N" symmetric stretch of lipids, 780 cm™ due to
either uracil, cytosine or thymine ring breathing, 826 cm™ due to either an O-P-O stretch
of the DNA overlapped with an out of plane ring breathing mode of tyrosine.'>'¢7!"*
This mixture of SERS signal from proteins and nucleic acids suggest that the colloidal
gold nanoparticles in the laser focal volume at location a reside in close proximity to a
nucleus. Spectrum b in Figure 5.6(A) was obtained by focusing the laser spot in the cell
within 3 um of location a. In addition to the peaks that are similar to those in location a,
location b gives rise to a number of other major peaks at: 1017 cm™ due to C-O
stretching mode in nucleic acids, 1076 cm™ due to C-N stretching band of proteins with
a possible overlap C-C stretch from lipids, 1095 cm™ due to PO, nucleic acid stretch
overlapped with a C-N stretch of a protein backbone, 1128 cm” due to C-N protein
backbone stretch with a possible overlap C-C stretch from lipids, 1177 cm™ due to C-H
in plane bend of tyrosine, 1231 cm™ due to amide III stretch of proteins, 1363 cm™ due
to CH;3 symmetric stretch of lipids, 1420 cm™ due to a protein pyrole ring vibration
overlapped with a DNA/RNA in plane ring vibration, 1456 cm™ due to C-H deformation

from either proteins, nucleic acids or lipids, 1543 cm™ due to lipids, 1606 cm™ due to
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C=C vibration from either phenylalanine or tyrosine, 1633 cm™ also from the aromatic
amino acids and 1653 cm™ from the amide I stretch of proteins with a possible C=C

.. 18-19,162,167,173
stretch from lipids,'®'*10%1¢717

This mixture of SERS signal from proteins, nucleic
acids and in particular lipids suggest that the colloidal gold nanoparticles in the laser
focal volume at location b reside either in close proximity to a nuclear membrane or are
in close proximity to the rough endoplasmic reticulum. Spectra from location ¢ and d
show major differences from that of locations a and b. They consist of major SERS
peaks located at 658 em’, 676 cm™, 716 cm™, and 1080 cm™ which are similar to those
at locations a and b. They also contain peaks at different locations such as those at: 8§78
cm™ due to C-C-N" symmetric stretch of lipids overlapped with an carbohydrate C-O-C
ring stretch, 1109 cm™ due to a C-N protein stretch and 1624 cm™ due to C=C bands

. . . 162,167,173
from aromatic amino acids. &L

The vibrational energy of the bonds responsible for
the SERS peaks at location ¢ and d might indicate that the colloidal gold nanoparticles in
the laser focal volume was in the proximity of glycoproteins and phospholipids and thus
might suggest the presence of golgi complex. In Table 5.2, the major SERS peaks in the
spectra the fibroblast cells incubated with colloidal gold nanoparticles are tentatively

assigned in a concise manner to the biological macromolecules responsible for such

peaks and where possible even the particular bonds involved have also been included.
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Figure 5.6(B): Brightfield image of fibroblast cell incubated with colloidal gold nanoparticles
showing approximate locations where SERS spectra were collected.



149

Table 5.2: Tentative band assignments for major SERS peaks in spectra of mouse
fibroblast cells incubated with colloidal gold nanoparticles.

SERS Biological macromolecule responsible for peak along with
peak actual vibrational bond

frequency
(cm™)

610 Phe (Protein)

648 C-C twist of Tyr (Protein)

676 A, T, G in plane ring vbr. (DNA/RNA)

713 CN'(CH;); sym. str. (Lipid)

780 U, C, T ring br. (DNA/RNA)

826 O-P-O str. (DNA/RNA) ; out of plane ring br. of Tyr (Protein)

878 C-C-N" sym. str. (Lipid) ; C-O-C ring (Carbohydrate)

1017 C-O (DNA)

1076 C-N str. (Protein) ; Chain C-C str. (Lipid) ; C-O str. (Carbohydrate)
1095 PO, str. (DNA/RNA)

1109 C-N str. (Protein)

1128 C-N str. (Protein) ; Chain C-C str. (Lipid) ; C-O str. (Carbohydrate)
1177 C-H in plane bend of Tyr (Protein)

1231 Amide III random coil (Protein)

1363 CHj; sym. str. (Lipid) ; backbone (Protein) ; in plane ring vbr.
(DNA/RNA)

1420 Pyrrole ring vbr. (Protein) ; in plane ring vbr. (DNA/RNA)

1456 G, A, CH def. (DNA/RNA) ; CH def. (Protein); CH def. (Lipid) ; CH
def. (Carbohydrate)

1543 (Lipid) ; (DNA/RNA)

1606 C=C of Phe, Tyr (Protein)

1624 C=C of Tyr, Trp (Protein)

1633 Trp, Tyr, Phe (Protein)

Since colloidal gold has generally been the traditional SERS substrates used to
incubate cells and detect intracellular constituents, a direct comparison with gold
nanoshells provides insight on the efficacy of this new method of gold nanoshell based
intracellular component detection. A comparison of the data provided in Figures 5.3, 5.4
and 5.6 and the ensuing analysis reveals that gold nanoshells provide comparable signal

strength and spatial resolution to that of the colloidal gold nanoparticles. Thus it is
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shown gold nanoshells do not compromise sensitivity when used to probe cells
intracellularly. The gold nanoshells also showed good signal variability from one
location of the cell to the other and thus allowed drawing conclusions on the nature of
the various cellular constituents/organelles that it was probing. This demonstration of
the utility of gold nanoshells in SERS imaging is important since it can potentially allude
to an advantage over the use of gold colloid as SERS contrast agents. It has been shown
that colloidal gold nanoparticles have poor intrinsic SERS qualities when they are
spatially isolated.””'® The SERS enhancement factor that for gold colloidal
nanoparticles under near infrared excitation can increase by as much as eleven orders of
magnitude when colloidal gold clusters are formed by aggregation of the colloids. '™
Hence they serve as useful SERS substrates when aggregated. *»'""'® This phenomenon
can be seen in Figures 5.7(A) and 5.7(B). Figure 5.7(A) shows the extinction spectra of
single isolated colloidal gold nanoparticles (in water) and aggregated gold colloid at
varying times after commencement of aggregation by the addition of sodium chloride. It
can be seen the isolated gold colloid has very low extinction value at 785 nm. It is only
after aggregation that colloidal gold attains a high extinction value at 785 nm. Figure
5.7(B) shows SERS spectra taken of 154 uM adenine with both isolated colloidal gold
(in water) and with aggregated colloid by addition of salt. Here the sharp 738 cm™ peak
of adenine only occurs when the gold colloid is aggregated thus lending credibility to the
belief that colloidal gold nanoparticles show appreciable SERS enhancement at 785 nm
only upon aggregation. Hence like in water, the SERS enhancement that gold colloid

provide inside cells can also be influenced by the kinetics of the aggregation process and
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the plasmonic properties of the aggregated clusters formed, which is a function of cluster
shape and size in addition to conditions inside the cell. In contrast, the use of metal
nanoshells where each individual nanoshell can be individually tuned to provide optimal
plasmonic activity in the wavelength of the laser used to probe cells can prove to be a
more efficient process for SERS based intracellular biomolecule detection. This can

potentially give optimal signal enhancements and reproducibility.
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Figure 5.7(A): Extinction spectra of 60 nm colloidal gold nanoparticles in water before
aggregation (A) and at various times after aggregation through the addition of salt (B-E).
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Figure 5.7(B): SERS spectra of aggregated colloidal gold (A), 154 puM adenine with
unaggregated colloidal gold (B) and 154 pM adenine with aggregated colloidal gold (C). Also
shown is the background corrected adenine SERS spectrum (D). All tests were carried out in
water.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

This dissertation deals with the various aspect of using metal nanoparticles as
SERS substrates in biomedical applications. It initially deals with the use of colloidal
silver nanoparticles for the detection of human integrins, bovine serum albumin and calf
thymus DNA. The results of these initial round of experiments indicate that while
colloidal nanoparticles are capable of generating significant SERS enhancement of
Raman signals from bioanalytes, the need to induce aggregation for providing the
required plasmonic conditions for optimal SERS enhancements compromises the
robustness of these nanoparticles for producing reproducible SERS signals. This makes
them undesirable options for implementation in any SERS based biosensor.

The need to circumvent the aggregation problem lead to the search for
fabricating and/or obtaining robust SERS substrates with plasmonic properties that are
not based on aggregation. One such substrate fabricated and characterized was via
thermal vapor deposition of silver onto ultra clean microscope glass slides under high
vacuum conditions. Although careful control of parameters such as the rigorousness of
the microscope slide cleaning process, silver deposition rate, deposition geometry,
temperature during silver deposition and quality of glass substrate helped the
reproducibility of substrate preparation, these substrates were always plagued with an
inherent problem that ultimately compromised their robustness as well. This was the

inability to control the shape, size and interparticle distance of the silver island films that
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forms on the glass surface as a result of the vapor deposition of silver. It is imperative
that the silver films be in the form of discontinuous islands to provide the necessary
nanometer scale roughness to get optimal SERS enhancement. Since the substrate
preparation process did not include the presence of any lithographic masks that could
control the morphology of the deposited silver (and thus also the optical properties),
there was no definite way to ensure control of the shape and size of the silver island
films. This lead to areas in the film with different packing density and size distributions
of the silver islands. In addition AFM studies revealed that there were also regions in the
film where large microscopic (as opposed to sub-microscopic) silver clusters formed.
This could be the result of imperfections in the microscope glass slides or drift in the
current used in heating silver powder in tungsten wells in the vacuum chambers which
leads to sudden bursts of large amounts of the silver vapor. This kind of drift is quite
common when depositing metals in a vacuum chamber. Again the absence of a
deposition masks allowed the formation of such microscopic silver clusters.

The lack of control of surface morphology in vapor deposited silver island films
lead to the need to fabricate lithographically based SERS substrates with the presence of
deposition masks which would govern the shape, size and distribution of the silver
nanoparticles on the surface of the supporting substrate. As a result the technique of
Nanosphere Lithography (NSL) was employed to create silver periodic particle arrays
arranged in a close hexagonally packed formation. This technique employed the use of
carboxyl functionalized latex polystyrene beads which self-assembled on the glass

surface to form a uniform monolayer which served as the deposition mask. Here the
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shape, size and distribution of the silver nanoparticles were governed by the size of the
individual polystyrene mask used to create the mask. These nanoparticle parameters in
addition to the depth of the silver deposition governs the optical properties of the
substrates in terms of both the location and magnitude of the surface plasmon resonance
as well as its full-width at half maximum (FWHM). This will govern the efficiency of
SERS enhancement that the substrate can induce on a Raman active analyte in contact
with it.  The results of the substrate fabricated and characterized indicate that the
technique can successfully create ordered silver particles in a hexagonally close packed
pattern. The AFM images obtained from the samples indicate that there are several
lattice defects that are created within at least every Spum. The most common lattice
defects are slip dislocations, grain boundaries and point defects. In addition, the
brightfield images indicate that the latex bead mask formed a uniform monolayer only in
certain areas of the substrates. Large patches of the substrate have continuous layers of
bulk silver which were deposited directly on the glass as there was no mask there. It is
important to locate a “good” area before performing any SERS analysis. The results of
both the UV-Vis absorption and SERS characterization of the substrates with 20, 40 and
80 nm Ag deposition reveal that the 40 nm Ag height substrate had the largest area of
uniform silver periodic particles arrays which is revealed by the sharp plasmon
resonance peak of the substrate. The strongest SERS enhancement BPE on the 40 nm
sample is the result of uniform sample morphology and the closet proximity of its
plasmon resonance wavelength (835 nm) to that of the incident laser wavelength (785

nm). The sample with 80 nm Ag deposition has an extremely broad plasmon resonance
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peak with high magnitude. This broad plasmon resonance peak can result from
contributions of multipole resonances (in addition to the dipole resonance) as 80 nm (in
the axis of deposition) is well out of the Rayleigh size limit and also from large areas of
lattice defects. The high extinction value indicates high scattering from large silver
clumps that were formed in areas with insufficient nanosphere mask packing. The low
strength of the SERS signal from BPE generated from the 80 nm sample is because its
plasmon resonance at 710 nm is farthest away from the incident laser wavelength (785
nm) and can also be due to poor lattice quality. Future work needs to focus on
optimizing the technique for nanosphere mask deposition so that fewer lattice defects
occur. Currently mask deposition is done by drop coating the nanosphere colloidal
suspension on the glass substrate. This can be improved by applying the process of
convective self-assembly to deposit the nanosphere mask. ’’ This technique involves
using a thin Teflon sheet connected to a microscope cover slip as a spreader which is
placed at a distance /4 above the glass substrate. The glass substrate itself is placed on top
of a programmable X-Y translation stage. By placing a drop of the nanosphere mask
solution at the edge of the substrate and moving the stage (and hence the substrate) at a
constant rate (around 0.035 mm/sec or so) the spreader can help create a more uniform
layer of the colloidal mask in a two dimensional array with fewer lattice defects. The
height of the spreader from the glass substrate along with the rate of movement of the
translational stage are parameters that can be optimized to produce the best quality of the

mask. The reproducibility of the nanosphere mask quality from batch to batch can also
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be increased by creating masks in environments with controlled temperature and
humidity.

Another SERS substrate with controllable optical properties that was used in this
dissertation is the gold nanoshell films on glass. Although the UV-Vis and SERS
characterization of these substrates revealed no major problems with morphological
structure, the AFM analysis showed that there is obvious room for improvement in the
formation of the nanoshell films. Future work should focus on creating gold nanoshell
films of higher packing density by increasing the amount of time the PVP coated glass
slide is soaked in the gold nanoshell solution and also through the addition sodium
chloride midway through the gold deposition step to neutralize the nanoshell surface
charge and increase nanoshell packing density.

Early work on the development of a gold nanoshell based SERS sensor for f3-
amyloid detection shows promise that SERS might be successfully employed as a
detection modality for B-amyloid. The distance dependence studies performed using
aniline bound to various chain length carbon molecules as spacers from the gold
nanoshell surface provides encouraging results that the electromagnetic field around the
gold nanoshells that is responsible for the SERS effect extends far enough for PAMAM
dendrimers to be employed as the bio-recognition molecule for f-amyloid. . It appears
that by labeling the dendrimer with sialic acid,'** it is possible to produce a molecule
that is both highly selective for Af (Kap > 1 x 10" M) and closely mimics the cell
surface structures (gangliosides). Future work needs to focus on continuing research on

minimizing dendrimer size without compromising its specificity for B-amyloid. Hence
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the efficiency of the final sensor is going to be heavily dependant upon the exact size,
selectivity, and binding capacity of the final recognition molecule employed. As far as
the SERS aspect of the sensor platform is concerned, future work needs to be heavily
invested in improving quality control issues in the fabrication of the nanoshell films.
Currently the nanoshell films alone have a large SERS background in the 500 — 1800
cm™ range which is a critical region for most biological Raman bands. Future work
needs to focus on diagnosing the chemical origins behind these bands and modifying the
film preparation technique to reduce or eliminate the use of any chemicals that might
cause the appearance of such unnecessary bands. Once the fabrication technique for the
gold nanoshell films have been optimized, the sensor will need to be implemented in an
assay to detect synthetic f-amyloid in buffer (which is relatively easy to make) in order
to study whether it has the required SERS sensitivity to detect B-amyloid in biologically
relevant concentrations. If no SERS signal is obtained from the B-amyloid or if signal
strength obtained is too weak, modifications have to be made to the sensor chemistry to
further reduce its size so that the captured B-amyloid is closer to the gold nanoshell
surface. Another modification to the sensor that might be employed is to have the [3-
amyloid capture chemistry on a regular glass slide instead of one coated with a nanoshell
film. Once the capture process is completed, a microscope cover slip coated with a gold
nanoshell film can be inverted on top of the captured -amyloid on the glass slide. That
way the gold nanoshell film will be in direct contact with the f-amyloid which might
enhance its SERS signal. Once the detection mechanism in buffer is optimized, future

work will then need to focus on performing and optimizing assays with cerebrospinal
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fluid and brain extracts of patients with Alzheimer’s disease along with age matched
normal control patients.

This dissertation includes ongoing studies which show that gold nanoshells can
be successfully introduced into living fibroblast cells without inducing cell death in a 24
hour incubation period and that they can be used to identify different biomolecules
within cells using SERS. The technique also has the required sensitivity to differentiate
between proteins, nucleic acids, lipids and other complex biomolecules that are present
within a cell. The ability of tunable gold nanoshells to generate strong intracellular
SERS signals has immense scientific potential. Future work needs to focus on
functionalizing the Au nanoshells and then implanting them in specific locations within
cells in order to use it for detecting specific cell organelles and/or monitoring specific
biochemical products. Another avenue that needs attention in future research is testing
the robustness and biocompatibility of such implanted Au nanoshells to investigate how
long cells can withstand the functionalized nanoshells without adverse effects. A full
toxicological analysis might require the use of RNA profiling to investigate whether the
cell recognizes the nanoshells as “foreign”. Efforts might then need to be made to
improve biocompatibility of such implanted biosensors. These results represent the first
steps in the development of a robust metal nanoshell based SERS biosensor that can be
engineered to probe specific cell organelles and/or intracellular biochemicals with the
goal of ultimately improving the ability to monitor biological processes in real time. This
opens new avenues for designing systems for early diagnosis of diseases by exploiting

any biochemical changes such diseases might force upon a healthy cell. The use of gold
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nanoshells to provide spatially-resolved Raman contrast obviates the need for
fluorescent labeling and can therefore avoid problems such as photobleaching. Another
useful aspect of SERS obtained by the nanoshells is that in comparison with
fluorescence signals, SERS signals are much sharper and hence are more advantageous
for multiplexing. Additionally, since most of the biochemical molecules that are
responsible for SERS enhancement are in contact or in very close proximity to the gold
nanoshell surface, any autofluorescence by such molecules will be quenched as a result
of the metal surface. This can help to improve signal to noise ratio. The ability to place
sensors in cells and to differentiate cellular components has potential to be a valuable
tool for systems biology. The molecular information gained by using such a nanoshell
based SERS biosensor can be highly complementary to the high content, but spatially
unresolved data gained through microarray experiments and thus improve the ability to
monitor biological processes in real time. Hence future work will need to focus attention
on developing innovative techniques to integrate the SERS signal obtained from Au
nanoshell biosensor with other modalities used for cell monitoring to get a complete

picture of biochemical processes within cells.
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When light is incident on matter (such as a biological cell or tissue), it can
interact with atoms and molecules in several different ways. The photons of the incident
light can be either absorbed directly or scattered by the target. Absorption of light occurs
when the incident radiation either causes excitation of vibrational modes in the target
molecule (IR-absorption) or causes excitation of the electronic transitions in the target
(UV-Visible Absorption). Sometimes electronic state excitation events are followed by
radiative emission of light by the target at longer wavelengths. This phenomenon is
called fluoresence and is exploited widely in biomedical research.

When light is scattered from a molecule, most photons are elastically scattered at
the same wavelength as the incident light. However, a small fraction of light is scattered
at optical frequencies different from the frequency of the incident radiation. This
inelastic scattering of photons is called Raman scattering. An energy transfer occurs as a
result of the coupling between the incident radiation and target molecule which can be
described by the following set of equations:

When a beam of radiation having a frequency V., is incident upon a target
molecule, the electric field £ of this radiation can be expressed by the following
equation:'®!

E=E,cos(2nv,t) Eq. A.l

where Ej is the amplitude of the wave. When the electric field of the radiation interacts
with an electron cloud of an analyte bond, it induces a dipole moment m in the bond that
is expressed as:'™!

m = aE = oF, cos(2nv  t) Eq. A2
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where « is a proportionality constant called the polarizability of the bond, and is a
measure of the deformability of the bond in a electric field. In order to be Raman active,
the polarizability « of a bond must vary as a function of the distance between nuclei

according to the equation:'™'
a=a,+(r-r, )@—“j Eq. A3
r

where ¢ is the polarizability of the bond at the equilibrium internuclear distance r.q and
r is the internuclear separation at any instant. The change in internuclear separation
varies with the frequency of vibration v, as given by:'*!

r—r,, =r, cos(2zv,r) Eq. A4

where 7, is the maximum inter-nuclear separation relative to the position. Substituting

Eq. A.4 into Eq. A.3 then gives:''
a
a=a,+ . r,, cos(2zv t) Eq. A5
r

By substituting Eq.A.5 into Eq.A.2 along with the judicious use of elementary
trigonometric identities, a final expression for the induced dipole moment m can be

obtained:'®!

E,

oo,

m=a,E, cos(2nv, 1)+ o

E, oa
7’371 5 COS[27T(V€X +Vv )t] Eq A.6

The first term in the above equation represents Rayleigh scattering which occurs at the

excitation frequency V. The second and third terms in Eq. A.6 correspond to the Stokes
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and Anti-Stokes frequencies of v,, - AE and v,, + v, respectively. Thus it is seen that the
excitation frequency is modulated by the vibrational frequency of the bond. Eq. A.6 also
displays another important point i.e. Raman scattering requires that the polarizability of
the bond varies as a function of distance i.e. do. /0r has to be greater than zero for Raman
lines to appear. It is important to note that the magnitude of the of the Raman shifts
(dependent only onv,) is independent of the wavelength of the incident radiation.
Generally Rayleigh scattering has a much higher probability of occurring than
Raman scattering because the most probable event is the energy transfer to molecules in
the ground state and re-emission by the return of these molecules to the ground state
(typical Rayleigh scattering cross sections of molecules are in the range of 6 = 102° cm?

and typical Raman scattering cross sections are in the range of 6 = 10 cm?)."'®! A

pictorial representation of Raman and Rayleigh scattering is as follows:'®'
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Rayleigh Raman Scattering
Co..__.__Scattering _______ E=hvzAE .
Virtual 3
States | F:_ o {’_‘{ ________________________________________
Incident Excitation Stokes, E = Anti-Stokes, E =
E=hv hv-AE hv+AE
Ground
electronic 4 A 4
state

0

Figure A.l: Pictorial description of Rayleigh and Raman Scattering. Diagram adapted from
Skoog et al. '*!

The heavy arrow on the far left in Figure A.1 depicts the energy change in a
molecule when it interacts with an incident photon from the source. The increase in
energy is equal to the energy of the photon hv, where 4 is the Planck constant of 6.62608
x 10* J s. This process is however not quantized and so depending on the frequency of
radiation of the source, the energy of the molecule can assume any of an infinite number
of values or virtual states between the ground state and first electronic state."'®! The
second upward arrow on the left depicts the situation that occurs when the molecule
encountered by the incident photon is already in the first vibrational level of the ground
state (for example at high temperatures). Generally at room temperature, this is quite a

rare event as most molecules at room temperature are in their lowest vibrational state.
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Hence the thin width of the arrow depicting this event shows its low probability of
occurrence. The set of arrows in the middle shows the changes occurring in the target
molecule that causes Rayleigh scattering. Here too the width of the arrows shows the
probability of the occurrence of the event. It is important to note that there is no loss of
energy during Rayleigh scattering events. As a result the collisions between the incident
photons and target molecule are termed elastic in nature. The changes in the molecule
that produces Stokes and Anti-Stokes Raman scattering are depicted by the two arrows
on the right of Figure Al. The two differ from the Rayleigh scattered radiation by
energies of = AE, which is the energy of the first vibrational level of the ground state. ™!
Generally at room temperature the intensity of the Stokes shifted Raman bands are
higher than the Anti-Stokes band. This ratio of intensities begins to change in favor the
Anti-Stokes band with increasing temperature as a larger fraction of a target molecule
are expected to be in the first vibrationally excited states under such circumstance.'®’

An interesting point to note is that for a Raman active bond which is also infrared
active, the energy of the IR absorption would also be AE. Hence the Raman frequency
shift and the infrared absorption peak frequency of such a bond would be identical. '
Although the Raman signature and the IR signature of a molecule are dependent upon
the same vibrational modes, they arise from processes that are mechanistically different.
IR absorption requires that a vibrational mode of a molecule have a change in dipole
moment or charge distribution associated with it. Only in such an event can radiation of
the same frequency interact with the molecule and promote it to an excited vibrational

181

state. Raman scattering on the other hand, involves a momentary distortion of the
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electrons distributed around a bond in a molecule, which is then followed by reemission
of the radiation as the bond returns to its normal state. In its distorted form the molecule
is temporarily polarized — i.e. it develops a momentarily induced dipole that disappears
upon relaxation. As a result of the mechanistic differences thus described, the Raman
activity of a given vibrational mode may differ markedly from its infrared activity. '
This difference is clearly illustrated in the case of homonuclear molecules such as
nitrogen or chlorine (N, or Cl,), which do not have dipole moments either in its
equilibrium position or when a stretching vibration causes a change in the inter-nuclear
distance. Thus the case for absorption of radiation does not exist and hence the bonds are
not infrared active. However, the polarizability of the bond between the atoms in such a
molecule varies periodically in phase with the stretching vibrations, reaching a
maximum at the greatest separation and a minimum at the closest approach of the two

81 A similar situation occurs in the case of

nuclei. Hence these bonds are Raman active.
the linear molecule carbon dioxide (O-C-O) where the symmetric stretches are Raman
active but infrared inactive because there is no change in dipole moment in symmetric
stretching but a change in polarizability when both the oxygen atoms either move toward
(decrease in polarizability) or away form the central carbon atom (increase in
polarizability). The asymmetric stretches in the molecule however are Raman inactive
and infrared active because when one of the oxygen atoms move toward the carbon and

other away from it, a change in dipole moment occurs as there is a net change in charge

distribution but no change in polarizability occurs because as the polarizability of one of
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the bonds increases as it lengthens, the polarizability of the other decreases as it

181
shortens.
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APPENDIX B
INTRODUCTION TO SURFACE ENHANCED RAMAN

SCATTERING (SERS)
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The relatively low efficiency of Raman scattering by molecules has always been
a major obstacle that compromised the widespread use of Raman spectroscopy in
scientific applications (typical Rayleigh scattering cross sections of molecules are in the
range of 6 = 10® cm” and typical Raman scattering cross sections are in the range of ¢ =
10% ecm?).! One of the techniques that has been used to increase the Raman signal from
a molecule is Surface Enhanced Raman Spectroscopy (SERS).>” SERS is a relatively
recent technique which has been used quite successfully to enhance the Raman cross
section of a molecule by factors of 10° or more.”” The enhancement is generally
achieved by using low to medium powered lasers to excite vibrational transitions in
molecules adsorbed on or in close proximity to a rough metallic surface. The metallic
surface can be in the form of a thin layer of the metallic film on an electrode or glass
slide, or in the form of aqueous colloidal nanoparticles or more recently metal nanoshells.
Typical metals used for SERS are gold, silver and copper. The exact nature of the
enhancement of Raman signals through SERS is not fully understood but appears to be
caused by two contributing mechanisms of enhancement, namely the Electromagnetic
Mechanism and the Chemical Mechanism.

The Electromagnetic Mechanism (EM) which is the dominant of the two
contributing mechanisms explains the enhancement process primarily due to localized
surface plasmon resonance, which is the excitation of the collective oscillation of the
conduction band electrons localized on a metal particle by the incident electromagnetic
radiation.”” The surface plasmon resonance effect causes the creation of a high energy

field at the metal particle surface which decays rapidly away from it. Therefore the
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incident electromagnetic field acting on an analyte molecule adsorbed onto the surface
of the metal particle is increased through the addition of this high energy field from the
metal particle.”” Thus the analyte in close proximity to the metal nanoparticle will
experience an increase in field intensity when compared to a molecule in free space (or
not in proximity to the metal surface). This increase in the field intensity experienced by
the analyte will lead to an increase in its Raman scattered signal. Figure B.1 shows a

simple schematic illustration the concept of the electromagnetic SERS enhancement:”

Raman active molecule

EM:E() +E9p

E)y 1s the field experienced by the
Raman molecule and is a
combination of the incident field E,
and the induced dipole field in the
metal nanoparticle £, which is:

_ 3 E—E, g 1

P e+2¢, "(r+d)
Metal

nanoparticle

r<< 7Linc

Figure B.1: Simple schematic illustrating the principles of the electromagnetic mechanism
behind SERS. Adapted from Kneipp ef al. *
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In the above schematic the SERS substrate is represented by a small metallic
sphere with radius » having a complex frequency dependent dielectric constant g(v) = €’
+ ie” where v is the frequency and €’ and €” are the real and imaginary portion of the
metal dielectric constant. The dielectric constant of the surrounding medium is
represented as €. The derivation of the expression in the simplest case assumes that the
diameter of the metal nanosphere is much smaller than the wavelength of light (2 << )
(quasistatic or Rayleigh limit). A Raman active molecule placed at a distance d away
from the surface of the metal nanoparticle is irradiated with an incident electromagnetic
wave with a field Ey. This incident electromagnetic field will induce a dipole moment in
the metal nanoparticle with a field of E,. Hence the Raman active molecule will
experience a field Ey; which is the superposition of the incident field and the field of the
dipole induced in the metal particle. This enhancement in the field experienced by the
Raman active molecule by virtue of its proximity to the metal nanoparticle surface is
represented by the field enhancement factor A(v) which is defined as the ratio of the field

at position of the Raman active molecule to the incoming incident field: *

A(v)=EM(V)~ 8_80( : f Eq. B.1
E,(v) e+2e,\r+d 45

Equation B.1 shows that the enhancement A4 (v) is the strongest when the real part
of ¢(v) equals -2¢y. In addition the imaginary part of ¢(v) also needs to be small (i.e.
metal has to be a non-absorber or poor absorber) for maximum enhancement. This
condition occurs during the resonant excitation of the surface plasmons of the metal

nanoparticle. The derivation assumes that the embedding medium does not have an
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imaginary portion to its dielectric constant (i.e. the metal nanoparticle is embedded in a
non absorbing medium).

It is not only the laser field that is enhanced by the metal nanoparticle. The
Raman scattered Stokes (or Anti-Stokes) field is also enhanced in a similar manner if it
is in resonance with the surface plasmons of the metal nanoparticle. Thus the metal
surface acts as an amplification “antenna” which both amplifies the incident field that
the Raman active molecule experiences as well as the Raman scattered field radiating off
it. Hence taking into account both these enhancement steps, the total electromagnetic
enhancement factor for the Raman signal intensity of a Raman band at frequency v, can
be defined as Gem(vé):3

| el)-e, [ e

|«
‘ +2€0‘ ‘8

v, | PR Eq. B.2
+280‘ (r+dj

where |A(VL)|2 and |A(VS)|2 express the enhancement factors for the laser at the
incident frequency (v;) and Raman scattered frequency (V;) respectively. Thus the total
intensity enhancement formula shows that the enhancement scales to the fourth power of
the local field of the metallic nanoparticle and it is strongest when both the excitation as
well as the Raman scattered fields are in resonance with the surface plasmons of the
metal nanoparticle. This occurs most efficiently for the low frequency Raman modes
(lower wavenumber shift and hence closer to the surface plasmon resonance of the
nanoparticle) and is one of the reasons behind the scattering powers of the Raman bands
in a SERS spectrum falling off with increasing vibrational energy.’ Although the

electromagnetic SERS enhancement does not require the direct contact between a
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Raman active molecule and the metal nanoparticle surface (d does not have to be zero),
it strongly decreases with growing distance described by the decay of the field of a
dipole over the distance [1/d]’ to the fourth power resulting in a [1/d]"* distance
dependence.’ Maximum values for the electromagnetic enhancement for isolated single
colloidal silver and gold spheroids are in the order of 10° to 107. > Strong
enhancement of electromagnetic fields for sharp features and large curvatures on metal

- 182-183
nanostructures have also been predicted.

It has been previously shown that the
electromagnetic SERS enhancement was as high as 10'" in “special” circumstances at
interstitial sites between particles in nanoparticle clusters and at locations outside sharp
surface protrusions in single nanopaurticles.183

Experimental observations, however, provide compelling evidence to conclude
that SERS is not an exclusively electromagnetic mechanism. If it were only an
electromagnetic mechanism, then it is expected that a strong SERS signal should exist
for any Raman active molecule in close proximity to an appropriate silver or gold
nanoparticle surface. This however, is not so and is illustrated in the case of methanol
which has a strong Raman signature but fails to show any SERS enhancement.’
Experimental results indicate that the SERS effect has strong molecular selectivity and
dependence on the chemical nature of the Raman molecule. These findings indicate the
existence of an additional ‘“chemical” SERS enhancement mechanism. Several
mechanisms have been proposed that can be grouped together to explain this “chemical”

effect of SERS. These include electronic coupling between the adsorbed Raman active

molecule and the metal and formation of an adsorbate-surface complex resulting in an
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increase in the Raman cross section of the adsorbed molecule, resonance Raman effects
which occurs due to shifted and broadened electronic levels in the adsorbate molecule as
a result of the influence of the metal, the direct charge transfer between the Raman
active molecule and metal and others.”” Of the different chemical mechanisms proposed,
the charge transfer mechanism is the most common and involves the following steps: (a)
an incident photon with energy given by frequency @ induces an intraband transition in
the silver or gold nanoparticle (an electron below the Fermi level undergoes a promotion
to the wise sp level over it, creating a hole in the place the electron comes from); (ii) this
new “excited” electron transfers from the metal to the lowest unoccupied molecular
orbital (LUMO) of the Raman active adsorbate via tunneling for physisorbed adsorbates
or via hybridization for chemiadsorbates; (iii) the electron with slightly altered energy
due to interactions with internal molecular vibrations in the molecule transfers from the
LUMO of the adsorbate back to the metal; (iv) the electron then recombines with the
hole below the Fermi level in the metal causing a photoemission at Stokes shifted
frequency.z'3

One common element that all the proposed chemical enhancement mechanisms
have is an alteration (temporary and/or permanent) in the actual Raman matrix element
of the adsorbed molecule by the metal surface (i.e. there is a change in the chemical
nature of the adsorbed Raman active analyte due to the influence of the metal surface).’
Thus the chemical enhancement contributes in altering the actual Raman scattering cross
section of the adsorbed analyte. The SERS enhancement caused by the chemical

mechanism is generally limited to those analyte molecules in the first monolayer that are
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in direct contact with the metal surface and thus is a shorter range enhancement process.
In general, the chemical SERS enhancement mechanisms contribute enhancement
factors on the order of 10-107. *

The Raman spectrum of a molecule is characterized by the frequency shifts, line
widths and relative intensities of the Raman lines. As a result of different enhancement
mechanisms for different Raman modes, a SERS spectrum can show some deviations in
relative intensities when compared with a normal Raman spectrum of the same molecule.
The direct interaction between molecule and metal in SERS can also cause the Raman
lines of an adsorbed molecule to be slightly shifted in frequency and changed in line
width when compared with a ‘free’ molecule. Often it is observed that the SERS spectra
of an adsorbed molecule is missing some of the peaks that occur regularly in a normal
Raman spectra of a “free” molecule. This can happen because the nature of the
adsorption of the molecule to the metal surface as well its relative orientation to the
metal can sometimes favor the selective enhancement of Raman scattering from bonds in
a localized area of the molecule as opposed to others.

The total SERS signal from a Raman active molecule adsorbed on a silver or

gold nanoparticle structure can be represented as:> >’

2

[PSERS (Vs ) — N'O-adS](VL )|A(VL )|2|A(Vs )

Eq.B.3

where |A(VL) | % and |A( Vs) | 2 express the electromagnetic enhancement factors at the
incident frequency (1) and Raman scattered frequency (V;) respectively, o4 describes
the increased cross section of the adsorbed Raman active molecule (due to the influence

chemical enhancement mechanisms), /(11) is the excitation laser intensity, and N’ is the
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number of analyte molecules involved in the SERS process. It can thus be seen from the
above equation that the SERS signal is directly proportional to the number of molecules

of the analyte in favorable proximity to the metal surface.
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