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Abstract
DEVELOPMENT OF SERS NANOPROBES FOR
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James Otieno Nyagilo, PhD

The University of Texas at Arlington, 2012

Supervising Professor: Digant P. Dave

Importance of cancer diagnosis and staging through molecular biomarker
detection is evident in the increasing number of molecular biomarkers being discovered
that are associated with specific cancers types with their role in disease severity and
progression being elucidated. Molecular imaging modalities capable of simultaneously
detecting multiple molecular biomarkers combined with high resolution anatomical
imaging techniques can potentially deliver a cancer diagnostic imaging platform with
superior resolution and sensitivity. Nanotechnology, specifically in the form of
functionalized metal nanoparticles exhibit unique chemical and electromagnetic
properties that may be exploited to develop targeted multimodality contrast agents for
combined molecular detection and structural imaging platforms.

The main objective this research was the development of nanoprobes that would
enable sensitive and targeted multiplexed molecular detection of cancer biomarkers
coupled with whole body anatomical imaging of tumors. The nanoprobes were composed
of gold nanoparticle cores which enhanced Raman active molecules (Raman reporter)

adsorbed on them by upto seven orders of magnitude through the process called surface



enhanced Raman scattering (SERS). Multiple Raman reporters are distinguishable in
mixture due to the molecular specificity the Raman spectrum allowing for multiplex
detection. SERS nanoprobes enabled multi-modality imaging by combining contrast for
optical imaging and computed tomography (CT) in one probe. Targeted detection was
achieved by conjugating high affinity ligands (antibody and peptides) to the nanoprobes.
A modular Raman instrument was designed and fabricated that could be
integrated with a microscope or used as a stand-alone instrument for detection of SERS
nanoprobes in vitro or in small animals respectively. Eleven colors of SERS nanoprobes
with distinct Raman spectral signature were developed using a quasi-spherical gold
nanoparticles (diameter 65.646.4 nm) which yielded the highest SERS signal from a size
range of 16.7 — 114nm synthesized gold nanoparticles. A subset of these nanoprobes
was selected for target molecular imaging (in vitro and in vivo). In vitro studies were
conducted using glioblastoma astocytic (U87-MG) cells and prostate cancer cell lines
(C4-2 and PC-3). SERS nanoprobes evaluated for target specific detection of cancer
biomarkers displayed specificity. Cells labeled with targeted SERS nanoprobes recorded
signal intensities up to one order of magnitude more than cells labeled with non-targeted
SERS nanoprobes. Quantitative evaluation of four simultaneous detected SERS
nanoprobes was demonstrated in U87-MG cells. Longitudinal in vivo studies were
conducted in xenograft tumor model and an orthotropic tumor model to evaluate SERS
nanoprobes for multimodality SERS/CT imaging. SERS nanoprobes displayed significant
X-ray attenuation and were detectable subcutaneously and in excised tissue using SERS
spectroscopy. Taken together, the results obtained suggest that SERS nanoprobes are
versatile and robust contrast agents usable for multiplexed, multimodality molecular

imaging of tumor.
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Chapter 1
Introduction
Motivation

In cancer research, molecular substances that indicate the presence of cancer in the
body are referred to as cancer biomarkers[1]. Numerous biomarkers have been elucidated for
diagnosis and prognosis of cancer including prostate specific antigen (PSA) for prostate
cancer[2, 3], alpha-fetoprotein (AFP) for Hepatocellular cancer[4, 5], cancer antigen 125 (CA
125) for ovarian cancer[6] and cancer antigen 19-9 (CA 19 — 9) for pancreatic cancer [7]. Over
1261 proteins have different expression levels in human cancer tissue compared to normal
tissue [8] and there is potential for increasing the number of cancer biomarkers significantly
given the large number of proteins in the body that may act as indicators of biological state
(over 10 000 in blood alone)[9]. A limitation of cancer biomarkers is that they do not detect all
individuals with cancer because of the complex, progressive and heterogenic nature of cancer
cells. In addition, presence of cancer is sometimes indicated when none is present because
biomarkers are not unique to tumors[1]. Identification of an ensemble of biomarkers to enable
clinical sensitivity and specificity in cancer diagnosis and therefore a modality with potential for
simultaneous detection of multiple biomarkers is required. Combining such a modality with high
resolution anatomical imaging techniques can have the added advantage of localization of
tumors.

Compared to other imaging modalities, optical techniques have the potential to probe
tissue morphology with higher resolution and functional status with higher sensitivity. In the
past decade a number of optical modalities have been developed for cancer imaging,
particularly for cancer screening and margin detection. Thus far, implementation of optical
imaging for in vivo cancer imaging has so far met with mixed results. Optical techniques probe
cancer related abnormalities that affect tissue morphology, molecular composition or functional

status by implementing some form of spectroscopy, interferometry or microscopy. Modalities



such as light scattering spectroscopy [2-3], confocal microscopy [4-6], and OCT [7-11] provide
information about changes in tissue microstructure. OCT and confocal microscopy generate
depth resolved images whereas light scattering spectroscopy techniques measures the average
morphology of cell nuclei but do not provide an image. Fluorescence [12-13] and Raman [14-17]
spectroscopies can potentially detect changes in molecular composition of tissue due to tumor
genesis. A drawback of using light for tissue imaging is the limited penetration of photons in
tissue due to scattering and absorption. Despite higher resolution and sensitivity, optical
techniques thus so far have not gained wide clinically acceptance for cancer imaging.
Improvement of optical contrast and combining them with other imaging modality will
significantly improve utility of optical techniques for diagnostic cancer imaging.

CT is a widely used imaging modality for various clinical diagnostic applications. Hard
tissues have higher X-ray attenuations than various soft tissues whereas the contrast between
soft tissues is inherently poor, which limits the sensitivity with which diagnosis of pathologies
such as cancer can be made. Currently, iodine based compounds are used to enhance contrast
of CT which have the limitations of short imaging window due to rapid clearance by kidneys and
renal toxicity. Recognizing the weak endogenous optical contrast in cells and tissues, a major
research focus area in the past decade has been the development of targeted exogenous
agents to dramatically improve molecular and morphological contrast for cancer imaging. In this
regard metal nanoparticles are very promising not only for optical imaging but also for
established imaging such as ultrasound, CT and MR. Nanoparticle based CT contrast agents
have been demonstrated for vascular imaging, which include, bare gold nanoparticles, polymer-
coated gold nanoparticles, gadolinium-coated gold nanoparticles and polymer-coated Bi,S3.[28-
35]. Molecular CT imaging of cancer using targeted AuNPs in cell culture has been
demonstrated by Popovtzer et. al. [30]. X-ray absorption of gold nanoparticles is higher than
iodinated compounds used as CT contrast agents. In addition, metal nanoparticles exhibit

unique optical properties due to their size that is not exhibited by their bulk counterpart. For



example, Raman scattering of certain dyes in contact with nanoparticles can be enhanced by a
factor 10" to enable single molecule detection [18-21]. Toxicity is a critical issue that needs to
taken into consideration for in vivo use of any type of nanoparticles. Gold nanoparticles are
considered less cytotoxic compared to fluorescent dyes, quantum dots and carbon nanotubes.
Gold provides a facile surface for bioconjugation using the well-established thiol chemistry.
These advantages make gold nanoparticles a robust platform for developing functionalized
contrast agent to be used for diagnostic molecular imaging applications.

SERS nanoprobes are comprised of metallic core nanoparticle encoded using Raman
active molecules (Raman reporters) whose Raman spectrum provides the signal for the SERS
nanoprobes. Specificity of the SERS nanoprobes to a target is achieved by conjugating a
ligand onto the gold surface of the encoded nanoparticle. The gold nanoparticle core imparts
the SERS nanoprobes with X-ray attenuation resulting in a dual SERS/CT contrast agent.
Simultaneous detection of multiple analytes (multiplexing) results from the high spectral
resolution the Raman signal typically composed of peaks with bandwidths as low as 1 nm [10]
at full width and half maximum compared to bandwidths of 30 — 50 nm for quantum dots and ~
150 nm for molecular fluorophores [11]. These narrow bandwidths minimize peak overlap in
multiplex spectra allowing identification of individual SERS nanoprobes colors [12-17]. In
literature, simultaneous detection of up to 6 DNA molecules in a micro-array format coated with
silver film [13], identification of 5-10 SERS nanoprobes mixed together in solution [18-20] have
been demonstrated. It is estimated that as many as 100 SERS nanoprobes may be
theoretically detected in solution compared to 1-3 fluorophores and 3 — 10 quantum dots[21].
Thus the potential of multiplexing offered by the nanoprobes promises the capacity to
simultaneously detect numerous pathological conditions with just one sample.

Objective of the Project
The main objective of the proposed research was the development of multiple-color

SERS nanoprobes for cancer diagnosis. A SERS nanoprobe consist of a gold nanoparticle



core encoded with a Raman reporter and encapsulated using poly(ethylene) glycol. Targeted
SERS nanoprobes were those nanoprobes to which high affinity targeting ligands were
conjugated. The SERS nanoprobes were designed to serve as contrast agents for
differentiating between cancerous lesions and normal tissue at a molecular level. The overall
objective of the project was accomplished by following specific aims.
Aim 1: Construct and calibrate multiple wavelength modular Raman spectroscopy systems.
Aim 2: Synthesis and evaluation of nanoprobes
Aim 3: Validation of targeted nanoprobes in biological systems
Scope and Organization

This dissertation describes the development of multi color SERS nanoprobes with dual
SERS and CT contrast and proof-of-principle demonstrations of their in vitro and in vivo cancer
detection capacity. The dissertation includes descriptions of tools developed for measurement
and analysis of SERS signal namely a modular Raman instrument and quantitative analysis
algorithm respectively. A short description of each chapter appears infra (table 1.1).

Table 1-1 Scope and organization of the dissertation described chapter by chapter

Chapter Description

Chapter 1 Cancer diagnosis is defined as the medical area of interest. The promise of
earlier and more specific cancer diagnosis through multiplex multimodality
platforms in explained and SERS nanoprobes are introduced as contrast agents
that offer dual multiplex SERS and CT detection capacity

Chapter 2 | SERS based nanoprobes are described beginning with a literature review of the
current progress in development of SERS nanoprobes for imaging. A theoretical
mechanism of SERS is explained and the modular Raman instrument designed
for SERS detection is described

Chapter 3 | The design and synthesis of the SERS nanoprobes is described. The description
includes synthesis of the gold nanoparticle which acts as the SERS substrate,
encoding and functionalization of the gold nanoparticle to prepare SERS
nanoprobes and finally characterization of SERS nanoprobes.

Chapter 4 | An algorithm (eigenspectra algorithm) designed identify and quantify of different
colors of SERS nanoprobes in a multiplex signal is described.




Table 1-1—Continued

Chapter

Description

Chapter 5

Chapter 6

Two in vitro demonstrations of targeted SERS nanoprobes detection in cancer
cells are described. First prostate cancer cell lines are used to determine specific
targeting by SERS nanoprobes. Quantitative attachment of SERS nanoprobes is
then described in glioblastoma multiforme cell lines.

In vivo studies are described that separately evaluate SERS nanoprobes for dual
SERS/CT detection and for transdermal delivery. Evaluation of dual SERS/CT
detection is described subcutaneously and using an orthotropic tumor model.
Transdermal delivery of SERS nanoprobes is described in two studies using
xenograft mouse models. In the first study uptake of SERS nanoprobes at
tumors site is confirmed and in the second study accumulation and clearance of
SERS nanoprobes is investigated.




Chapter 2
SERS Nanoprobes Applications, Theory And Instrumentation
SERS Nanoprobes in Biomedical Applications

Raman scattering is an inelastic process of light scattering by a molecule yielding a
vibrational spectroscopic signal called Raman scattering signals [22]. Raman spectroscopy
which involves measurement and analysis of Raman scattering signals is one of the most
sensitive techniques for chemical analysis given the unique spectral fingerprint of every
chemical compound. It is widely used as an analytical tool in pharmaceutical and chemical
research. A major weakness of Raman spectroscopy is the poor efficiency of Raman scattering
which has limited its use in bioimaging and biosensing. Raman cross-section (10" to 10"
cm?) are significantly smaller that fluorescence cross-sections (~10"° cm?) which have emerged
as the dominant optical contrast agents for molecular imaging for a wide variety of in vitro
applications.[23]. Efficiency of Raman scattering can however dramatically increase
(enhancement factor - 10° to 1014) when a molecule of interest is in close proximity to a
nanosurface [22-28]. This enhancement is possible due to a phenomenon known as Surface
Enhanced Raman Scattering (SERS)[23]. With such large enhancement of Raman scattering
the use of SERS for biomolecular sensing is an attractive alternative to fluorescence. SERS
provides three additional advantages. (i) The full width at half maximum (FWHM) of Raman
peaks are about 2-3 nm making them 10-100 less that the FWHM peaks of quantum dots and
fluorescent dyes. This property increases the multiplex capacity of Raman spectroscopy [17,
21, 23]. (ii) A single excitation source can be used for multiple analytes since the condition for
enhancement requires the excitation source to be matched to the local surface Plasmon
resonance condition of the nanoparticle and not the excitation wavelength of the analyte. (iii) No
noticeable photobleaching has been observed with SERS nanoprobes increasing the potential

for quantification with SERS nanoprobes [23].



Metal nanoparticles specifically gold nanoparticles have been the subject of research
seeking to develop targeted exogenous agents that dramatically improve molecular and
morphological contrast for cancer imaging. The use of nanobioconjugates in biomedical
applications began with description of immunogold labeling by Faulk and Taylor[24, 25].
Electron rich metal nanoparticles have excellent reflective and scattering properties, plasmonic,
magnetic, absorption and electromagnetic properties and therefore form contrast agents for
multiple modalities. In addition nanoparticles, because of their amenability to immunosensing
techniques have featured prominenty in cancer diagnosis/detection. Toxicity is a critical issue
that needs to taken into consideration for in vivo use of any type of nanoparticles. Gold
nanoparticles are considered less cytotoxic compared to fluorescent dyes, quantum dots and
carbon nanotubes. These advantages make gold nanoparticles a robust platform for developing
functionalized contrast agent to be used for diagnostic molecular imaging applications. In the
past few years (2008) groups at Georgia Tech-Emory [26] and Stanford [27] have independently
demonstrated the potential of in vivo cancer biomarker detection using SERS. These results
along with work done by others [27] including results presented in this dissertation demonstrate
the potential and promise of SERS for in vivo cancer imaging. To realize the potential of SERS
for in vivo imaging will require a systematic study which involves synthesizing and testing multi-
color SERS nanoprobes that not only give a large SERS signal but also have desirable
biodistribution properties.

Mechanisms of Raman Scattering and SERS
Raman scattering

Energy of photons incident on small particles may be converted to some other form of
energy (absorbed) or it may be radiated in directions different to the incident direction of the
light (scattered). A vast majority of the scattered photons retain the same energy as the
incident photons (Elastic or Rayleigh scattering) however, about 1 in 108 photons are scattered

such that the energy of scattered photons are either gain or lose energy to the vibrational or



rotational modes of the molecule[23] (inelastic or Raman scattering). The wavelength of the
Raman scattered light is therefore either blue shifted (anti-Stokes Raman scattering) or red

shifted (Stokes Raman scattering) compared to the incident light wavelength (Fig. 2.1).

Incident
light Anti-Stokes Raman
scattering

Rayleigh
scattering

)

Stokes Raman
scattering

Figure 2-1 lllustration of light scattering by a molecule. Incident light with wavelength longer
than the size of a molecule is either elastically or in-elastically scattered by the molecule.
Elastically scattered light will have the same energy as the incident light and is called Rayleigh
scattering. However the energy of in-elastically scattered light also called Raman scattered light
is either more than energy of the incident light (anti-Stokes Raman scattering) or less (Stokes
Raman scattering)

The energy of the Raman scattered light is usually represented using wavenumber [cm’
1] units called Raman shifts representing the shift in energy of the scattered light compared to
the incident light. The positions of numerous sharp peaks of that compose a Raman spectrum
provide molecular structural information while the intensity of the peaks depend on temperature,
abundance of molecule and pH making Raman spectroscopy a versatile tool for probing
molecular properties. A typical Raman scattering spectrum consists of narrow peaks shifted with

respect to the incident excitation wavelength (Fig. 2.2).
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Figure 2-2 Typical Raman scattering spectrum. The x-axis designates the energy of scattered
photons relative to the energy of the incident wavelength. Most of the scattered photons are
scattered at the same wavenumber as the incident photon (Rayleigh scattering). Stokes and
anti-Stokes Raman scattering are red and blue shifted respectively with respect to Rayleigh
scattering. At room temperature, Stokes Raman scattering is more likely to occur than anti-

Stokes Raman scattering and therefore has greater intensity than anti-Stokes Raman
scattering.

The Raman scattering effect was first reported by C.V. Raman in 1928 [26] and
independently confirmed in the same year by G. Landsberg and L. Mandelstam of Russia [27].
Raman focused sunlight using two lenses, an 18 cm diameter, 230 cm focal length telescope
lens and a 5 cm focal length lens on to a scattering material usually a liquid purified several
times through distillation in a vacuum. Two complementary optical filters were used in the set
up. First a filter was used to block all incident light except blue—purple light. After excitation, the
scattered blue-purple light was blocked by a filter that only allowed yellow-green light through.
Green light observed after excitation [26] [27] meant that when a light beam interacts with a
chemical compound a small fraction of that beam emerges from the compound at right angles to

and different in wavelength from the incident beam. The potential for Raman scattering



spectroscopy in chemical analysis led to a rapid early development however this development
fell into a silent period chiefly because of limitations in equipment that would allow for
convenient measurement of the Raman spectrum. The invention of the laser, holographic filters
and sensitive detectors has in the recent times led to a resurgence of Raman spectroscopy for a
variety of biological applications.

When photons having energy E; = hv, interact with a molecule, the molecule is excited
from vibrational ground state v, to virtual state (Fig 2.3a). Most of the time the molecule relaxes
and back to the same vibrational ground state emitting a photon with energy E; = E;. Raman
scattering occurs when the molecule does not relax to the same vibrational ground state it was
before excitation. Stokes Raman scattering describes the event when the molecule relaxes to a
vibrational mode of higher energy than the vibrational ground state (Fig 2.3b). In this case
energy of the scattered photon is less than the incident photon energy E; < E; and has a red
shifted wavelength and hence wavenumber. Alternatively, the molecule may already be in an
excited vibrational mode when it interacts with the incident photon. This excitation is typically
the result of thermal energy which can be related to temperature using Boltszman’s constant
(kg) i.e. Er = kgT. If such a molecule relaxes to the vibrational ground state the scattered
photon will have more energy than the incident photon E; > E, resulting in anti-Stokes Raman
scattering. Rayleigh and Raman scattering are quantum phenomena as illustrated using
Jablonski diagrams (Fig. 2.3). However the quantum explanation of these phenomena does
easily yield to generalization of Raman scattering to the SERS phenomenon. Therefore,

classical mechanics is generally used to model the Raman effect.

10



(a)  Rayleigh scattering (b) Stokes Raman o Anti-Stokes Raman

scattering scattering
Sl s1 s1
Virtual energy level Virtual energy level Virtual energy level
____________________ m———— e
T b L
E. : : E, ! | E 1 :
\ | | I‘ | I
N
: : “yi 1 T \ oy
. \ E.=E, 1 | E<E_ | : E>E,
1 I 1
V=2 — v=2 - v=2 -
1 I ! 1
= ' : = ! ¥ = 1
v=1 — s, VAl ; s, V=l : S,
_ v _ ! _ v
V=0 =0 V=0

Figure 2-3 Simplified Jablonski diagrams (a)Rayleigh scattering, (b)Stokes Raman scattering
and (c)anti-Stokes Raman scattering. Scattering is viewed as an instantaneous process in
which molecules are excited to a virtual energy state by an incident photon. Upon relaxing the
molecule radiates a photon of energy equal to incident photon (Rayleigh scattering), greater
than incident photon (anti-Stokes Raman scattering) or less than incident photon (Stokes
Raman scattering).

From the classical view point, light is an electromagnetic (EM) wave with an electric

field E(wL), oscillating with angular frequency w,; in a direction perpendicular to the propagation

of the wave. If monochromatic light is incident on a molecule, the incident electric field E(wL)
causes charge redistribution in the molecule inducing a dipole that oscillates with same angular
frequency w; as the incident electric field. The dipole moment is given by
P0L) = @(@L) " E(@L) e, 2.1
Where linear polarizability a(w;) of the molecule is a measure of how responsive the
electrons in the molecule are to external pertubation.  Polarizability may be considered linear
since perturbations are small relative to the equilibrium of the molecule. The oscillating induced

dipole in turn causes a pertubation in the electric field associated with it resulting in the emission
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of radiation with the same energy as the incident EM wave. The differential power of the
radiated wave is given by
(A)L4

dPrq - 3 2 .
d_Qd[W YA 1] = M|P(G)L)| sm29 ............................................................ 2.2

Where €, = 8.854 x 107 12F - m~! is permittivity of a vacuum and c is the speed of light.
The differential power is a function of direction Q = (6, ¢) where 0 < 6 < m is the colatitude and
0 < ¢ < 2m is the longitude using spherical co-ordinates. It also has a sin?6 dependence which
implies that the radiated wave has a two lobed pattern. Thus, Rayleigh scattering may be
described as the process where an incident oscillating electric field induces dipole whose
moment oscillates at the same frequency as the oscillating electric field. The oscillating dipole
in turn radiates an EM wave at the frequency of its moment which is the frequency of the
incident oscillating electric field[22].

However since incident electric field is modulated by vibrations of the molecule,
polarizability for a single vibrational mode is also dependent on the physical vibrational co-
ordinate. This implies that the induced dipole moment oscillates both at the frequency w, of the
incident electric field and also at frequencies slightly greater than or less than w; [16]. Thus for
a particular molecular vibrational mode of energy hw, the dipolar frequency of the Stokes
Raman scattering process is given by w; = w; — w,. The Stokes Raman dipole moment for this

particular mode is then given by

ﬁ(wR) = a(w;, w,) -E(a)L) ............................................................................ 2.3

The differential power of the radiated wave is given by

dPrqd i 11 _ wL4 - 2 2
ﬁ[W Sr ]—W|P(wR)| 4 2 - 2.4

In the case of a molecule with multiple vibrational modes on which
monochromatic light is incident, each of those modes emits radiation at a different wavelengths
based on their particular vibrational mode energy and in the case of Stokes Raman scattering,

the wavelengths are right shifted with respect to the Rayleigh scattering of the molecule. Hence
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unlike Rayleigh scattering, Raman scattering reveals the chemical structure of the molecules
being probed. For example the Raman scattering spectrum of acetaminophen (Fig. 2.4), a
chemical commonly used in the manufacture of pain killers, reveals the chemical groups in
acetaminophen can be deduced from the positions of their vibrational and rotational modes.
The energies of these vibrational and rotational modes are represented using Raman shifts
[em™1] given by

Ak = (%‘%)“0_7 ...................................................................................... 2.5

o v

Where 1,[nm] is the wavelength of the incident radiation, and A,[nm] is the

wavelength of the Stokes Raman scattered vibrational mode
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Figure 2-4 Molecular structure of Acetaminophen and the Raman spectrum of Acetaminophen
measured using 785 nm incident laser light. Since each vibrational mode is Raman scattered at
a slightly different position (Raman shift). The positions correspond to known vibrational modes

that can be used to deduce the chemical structure of a compound.
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Localized Surface Plasmon Resonance
Optical responses in metals such as gold and silver originate from the presence
of free electrons (plasma) in the conduction bands of these metals. When EM radiation is
incident on such a metal, the photons interact with these free-electron plasma forming photon-
plasma modes called plasma-polaritons. For nanoparticles, these interaction occurs at the
metal dielectric interface and are therefore referred to as surface plasma-polaritons (SPP),
however since the SPP do not propagate they are refered to as localized surface plasma-

polaritons (LSPP or simply LSP).

Electric
Field

Gold
nanoparticle

OGO O/
Electromagnetic

Radiation

G ( ) -
Electron". - OO0 |
cloud & o

Figure 2-5 Free electrons (plasma) of a gold nanoparticle are uniformly perturbed by incident
electromagnetic radiation whose wavelength is much greater than the diameter of the
nanoparticles. The quasi-quantum particle formed from this interaction is called a localized
surface Plasmon. When the incident radiation frequency the natural frequency of the free
electrons a resonance condition called localized surface Plasmon resonance is fulfilled. Light at
this frequency is scattered most efficiently

The optical response of the metals can be described using the relative dielectric

function e(w) which can be derived from Drude model and is given as
€(w) = &(w) — €

Where w is the angular frequency of the incident radiation,
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€, (w) are inter-band transitions that co-exist with the electrons in the electron bands
(i.e. bound electrons that are excited to higher energy levels),
€. is the constant background dielectric function of the positive ions in

the crystal,

2
w, = /mzee is natural oscillation frequency of the free-electron plasma also called the
0o+t

plasma frequency and corresponds to 1, = 2rc/w,,
m is mass of the electron in kilograms,
n [m~3] is the number of free electrons per unit volume and
e is the charge of the electron.
The dielectric function e(w)is a complex function and may be written in terms of

its real and imaginary parts (for simplicity the contribution of the inter-band transitions is

ignored).
@ 2
Re(e(w)) = € (1 - F”ygz) ......................................................................... 2.7
And
eoowpzy0
Im(e(w)) = (@ gy 2.8

Since y, < w the plasma frequency can be found by equating the real part of

the dielectic function to zero. e(w) may also be written in terms of the real and imaginary parts

e(w) =€, (w) — {Re(e(w)) + ilm(e(a)))} .......................................................... 2.9
Or
e(w) = ¢,(w) — {em (1 - w;’fyzoz) + i;"("wwz’f:)} .................................................. 2.10

Considering a nanosphere in a dielectric medium of dielectic constant, €, on
which a electromagnetic wave with an electric field is incident. Since it is much smaller than the

wavelength of light, the nanosphere can be considered to be in a uniform electric field , E; .
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The electric field inside the nanosphere is therefore constant and proportional to the incident

field and can be given by

Ei = o B e, 2.11

T e+ 2em

From this equation, if e(w) = —2¢,, then the intensity of E;, would be very large. This
condition is met at the w where e(e(w)) ~ —2¢€, . Absorption which is characterized by the
imaginary part of e(w) is small (i.e Im(e(w)) = 0) and the inter-band transitions occur at higher
energies than the plasma frequency. This is the resonance condition for a nanosphere also
referred to as localized surface Plasmon resonance (LSPR).

For gold nanoparticles, however, presence of inter-band transitions at energies near the
region where Plasmon resonances are expected increases Re(e(w)) in that region and shifts
the resonances to longer wavelength positions (fig 2.3a). In addition, optical absorption in
region 1 < 600nm is very high. In Figure 2.6 the optical response of 60 nm gold nanospheres
characterized by extinction, scattering and absorption coefficients is plotted against wavelength.
These optical characteristics are modeled based on Mie scattering for gold nanoparticles in air
(A) and water (B). The extinction coefficient which is typically used to determine the position of
the LSPR is derived from the absorbance and scattering characteristics of the nanoparticle.
Scattering and absorbance characteristics are both wavelength dependent however they do not
follow the exact same plot. In gold nanosphere the scattering coefficient peaks at a longer
wavelength than the absorbance coefficient. Scattering is related to Ein and therefore while
absorbance dampens the energy in the Plasmon. In addition, the effect of dielectric constant of
the environment is seen in the increase and red-shifting of the peaks for all the plots for

nanospheres in water compared to to nanospheres in air.
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Figure 2-6 Optical properties of 60 nm gold nanoparticle in (A) air and (B) water. The extinction
coefficient Q. (blue line) combines the scattering properties of the gold nanoparticles
represented by the scattering coefficient Qqc, (green line) and the absorption coefficient Qgps.
The resonance condition can be seen to be wavelength dependent. In addition a change in
dielectric constant results in a change in the LSPR position

Surface Enhanced Raman Scattering

SERS effect results from two mechanisms: an electromagnetic mechanism and a
chemical mechanism[28, 29]. Chemical enhancement (CE) mechanism is thought to occur
through charge transfer mechanism that occurs when the electrons of the nanoparticle interact
with the adsorbed molecule resulting in an increase in the Raman cross-sectional area of the
molecule[21, 22, 30]. Although CE mechanism it thought to account of enhancement of 2
orders of magnitude, the enhancement may actually vary from substrate to substrate[31]. The
electromagnetic (EM) enhancement has been more thoroughly studied and more clearly
explained. In this mechanism, enhancement is attributed to dual interactions of the LSPR field

with the incident EM field and Raman scattering field resulting in four orders of magnitude
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enhancement [22]. In this dissertation, the EM enhancement was used as a tool to intuitively
understand SERS and to design the nanoparticle cores of the nanoprobes.

SERS enhancement occurs as a result of two simultaneously occurring interactions of
whose actors include the incident electric field E;, the electric field induced in the nanosphere
Epy, and the electric field induced around the molecular analyte through the Raman scattering
process E,. When an EM wave is incident on a nanosphere, the incident electric field E;
induces polarization in the nanosphere. The polarization is equivalent to the surface charge
and can be considered as a point dipole about the centre of the sphere with dipole moment Py,
given by Py, = «, E;. The induced dipole moment of the nanosphere in turn creates an electric
field around the sphere named Ep), .

The expression of o«; may be found using the equation for E;,, and from Maxwells
equations and takes into the account geometric values of the nanosphere. Epy is added to the
incident electric field E;, so that the total electric field around the nanosphere is given as

Bt = B b B D et 212

E,.: , which is much larger than E; especially at the resonance, interacts with a
molecular analyte adsorbed on the nanosphere inducing a Raman dipole moment P, =« E;

(refer eq. 2.1). The magnitude of this dipole moment is therefore enhanced by a factor equal

to% The resulting energy from this process is proportional to |P;|?> and therefore is
L
2
enhanced by% This process is the local field intensity enhancement. The energy
L

produced in the local field intensity enhancement is not radiated to free space but instead
simultaneously couples with the LSPR field of the nanosphere. This interaction is called

VEout (@RI

radiation enhancement and results in the energy being enhanced by a factor e
L

Assuming shift is small, w, =~ wg, the |E|* enhancement for EM mechanism commonly quoted

in literature is obtained.

|Eout @)I?  |Eoue @R)I® _ 1Eoue (@)1
ERS EF ~ . R o e 2.1
SERS |ELI? |EL|? |EL|* 3
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Figure 2-7 Electromagnetic mechanism of SERS of a molecule adsorbed on the surface of a
gold nanoparticle. Enhancement occurs through two processes. The incident electric field is
couple with and is enhanced by the local field that is due to the oscillating Plasmon. Therefore
the molecule experiences an enhanced electric field. The Raman scattered light is therefore
also enhanced. The electric field component of this light interacts again with the local field and
is further enhanced
Instrumentation
Introduction
Raman spectroscopy instrumentation may be used to measure the SERS signal. The
basic components of the Raman system include the excitation laser, optics to direct laser to the
sample and collect scattering from the SERS signal and a spectrometer/detector to measure
record the spectrum. Specific considerations to be made in the design of a Raman system to be
used for SERS measurement for biological application include the choice of excitation laser
wavelength as well as the focusing optic. The laser wavelength is important because (1) the
dielectric function of the nanoparticle, which is a function of excitation wavelength, affects the
resonance of the nanoparticle and therefore the intensity of the SERS signal. It is important to
match the laser wavelength to the wavelength peak of scattering while avoiding absorption. (2)
Light-tissue interaction is also wavelength dependent and therefore merits consideration.

Specifically, tissue will heavily auto fluoresce at visible light wavelengths therefore near infra-red
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wavelength are preferred for biological applications. A Raman modular instrument was
designed and fabricated that would probe both in vitro and in vivo samples. Modular
construction could be used as a standalone instrument for measurements involving small
animals or integrated into a microscope for interrogating in vitro samples. Integration with a

microscope would also allow for fluorescence microscopy confirmatory measurements.

r

igure 2-8 Modular Raman instrument used as stand along instrument (left) or incorporatd
into a microscope (right). Mounting the cells on a microscope allows for dual DIC or
Fluorescence imaging with Raman spectroscopy which is useful for in vitro studies. For in vivo
studies the module can be mounted as a stand alone instrument allowing for direct
measurement of Raman spectrum from a small animal placed underneath the module
Optical Setup of Raman Modular Instrument
Modular Raman construction was accomplished using a cage system. The optical
setup (Fig 2.9) allows the instrument to operate in reflectance geometry. Laser light from the
source is transmitted to the module using a multimode fiber (step index multimode fiber of core
diameter 600 pm, 0.39 NA, transmittance >99% in the visible region). The light exiting the
multimode fiber is transmitted through a neutral density filter (Thorlabs, 0.5) and a collimating
lens before it is reflected by a dichroic onto an objective lens. The objective lens plays the dual
role of focusing the laser excitation on to the sample as well as collecting the back scattered
light. The back scattered light comprises of Rayleigh scattered light as well as Stokes and anti-

Stokes Raman scattered light. The dichroic and an edge filter are used to filter out most of the
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Rayleigh scattered light and the anti-Stokes Raman scattered light while they transmit Stokes
Raman scattering which is coupled in to a second multimode fiber. The multimode fiber

transmits the light to a high resolution spectrometer for analysis.

Spectrometer Multimode fiber

Raman Module

i i
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1
: Edge Filter |
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Figure 2-9 Optical setup Raman modular instrument
Throughput

Throughput of the system was determined as a measure of the transmittance of the
collected light to the detector. A tungsten-halogen light source (200 nm — 1100 nm) was placed
at the sample position and its light was collected by the modular system and using a broad band
spectrometer (USB4000, Ocean optics) with spectral range from 200 nm to 900 nm. The
obtained spectra are then compared to spectrum obtained the source is connected directly to

the spectrometer.
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Figure 2-10 Throughput as a percentage of the source light measured for each wavelength for
the (A) 532 nm system and (B) 785 nm system. The modules were designed to measure
Stokes Raman shift. Therefore the spectrum of light measured needs to be of longer
wavelength than the incident laser. Using the dichroic and edge filters the light from Rayleigh
scattering is minimized and antistokes Raman is cut off

Spectral Callibration

The system was calibrated by measuring the Raman spectrum of
Acetaminophen, a commonly used ingredient in pain relieving/fever reducing medicine whose
spectrum has been completely analyzed in literature. The measured spectrum 785 nm and 70
mW is compared with Stokes Raman spectrum of acetaminophen obtained from RRUFF™
Project database. The obtained spectrum of acetaminophen spectra from the database is
quoted to be measured at 780 nm using Thermo Almega XR at 600mW (Fig. 2.11). Similarly
spectral accuracy of the 532 nm system is determined by comparing the Acetaminophen
spectrum downloaded from the RRUFF™ Project database measured at 532 nm excitation
using Thermo Almega XR 532nm at 150mW with the acetaminophen spectrum obtained using

the 532 nm module (Fig. 2.12).
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Figure 2-11 Comparison of Raman spectra of Acetaminophen measured using the 785 nm
modular system and data obtained from RRUFF™ project database. The RRUFF ™ project
database is a database created at the University of Arizona Geology department to provide data
for identification of mineral samples. The peaks of the measured sample compared with the
peaks of the sample obtained from the RRUFF™ project database indicating that the

spectrometer is well calibrated
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Figure 2-12 Comparison of Raman spectra of Acetaminophen measured using the 532 nm
modular system and data obtained from RRUFF™ project database. The peaks of the
measured sample compared with the peaks of the sample obtained from the RRUFF™ project

database indicating that the spectrometer is well calibrated.
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Signal to Noise Ratio (SNR)

SNR of the system was evaluated for the 1002.02 cm™ vibrational mode of a
polystyrene standard (40 x 40 x 2 mm) for different output power and integration time. The
signal intensity was measured as the intensity value of the specified peak as shown in figure
2.8. Noise was obtained by determination of the deviations of the raw spectrum values relative
to the mean intensity values obtained from the smooth spectrum at each point. The signal to

noise ratio was then determined using the formula

SN R = 2.14
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Figure 2-13 Raman spectrum of the 1030 cm™ transitional mode of methanol illustrating signal

and noise measurements. The noise level is limited by the inherent noise in the detector.

Signal to noise ratio was measured to minimize as much as possible the noise is the system to

that limiting value.
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Table 2-1 Signal to noise ratio of the Raman modular system

Experiment Value

Signal (counts) 1090.07+6.1
Noisegrus (counts) 9.11+0.8
SIN 120.1£10

Calculated Value

Signal (e’) using 1473.77+8.3
ADC conversion
NoiseRMs (e') 12.77
SIN 115.42+0.6
Summary

SERS nanoprobes are described as contrast agents for biomedical applications. SERS
nanoprobes combine Raman spectroscopy and nanotechnology to produce a contrast agent
that can be used for both Raman spectroscopy and CT. The narrow and distinct spectra of
Raman scattering signals of molecules act as molecular fingerprints that are detectable in a
mixture. Simulateneous detection of multiple SERS nanoprobes is therefore possible in solution
and is one of the chief advantages for SERs nanoprobes. A Raman modular instrument for
interrogation of in vitro samples and small animal measurements was designed and
constructed. The instrument was found to be spectrally accurate and have signal to noise ratio

comparable to commercial instruments.
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Chapter 3
Synthesis and Characterization Of SERS Nanoprobes
Design of SERS based nanoprobes

Designs of SERS based nanoprobes may be categorized into two distinct groups:
nanoprobes designed for label free or direct detection of analytes and encoded nanoprobes [21,
32]. Direct detection is the most common application of SERS and is typically carried out by
mixing plasmonic nanoparticle, usually gold or silver, colloidal solutions with small volumes of
analyte [12, 21, 33, 34]. The spectrum of the analyte is detected as it absorbs onto the metal
nanoparticle. This method has been used in numerous applications including detection and
characterization of RNA and DNA molecules[13], small proteins[35, 36], kinetic studies of single
enzymes[37] and drug interactions with specific receptors[38]. However, because of the
inherent complexity biological fluids, a separation step is usually required in direct sensing
applications making it difficult to probe living systems or to obtain real time results[33]. In
addition either aggregated or large amounts of single plasmonic nanoparticles are required
within a probe area for high quality measurement[12]. SERS nanoprobes comprising plasmonic
nanoparticles cores coded with organic Raman active molecules address this limitation[12, 17,
21, 33, 34, 39-42]. The Raman active molecules called Raman reporters lend the SERS
nanoprobes characteristic signatures that are detectable in solution. This basic design of SERS
nanoprobes was introduced by Rohr et al [41, 43-46]. The design employed here combined
traditional design of encoded nanoprobes with directional conjugation of targeting ligand[47]
(Fig 3.1). The large size of SERS nanoprobes (20 to 100nm) owing to the plasmonic core
compared to other labeling agents including enzymes, molecular fluorophores and quantum
dots[21] was advantageous in providing a large surface area for conjugation of both reporter

and ligand and allowed greater accessibility to the ligand by target molecules[12, 33].
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gold nanoparticle
= surface for conjugation
= enhance Raman signal
= inherent contrast

Polymer coating
« Steric stability
« further site for molecule
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Figure 3-1 Schematic design diagram of a single SERS nanoprobe showing its layered
compositional makeup. Single solid core gold nanoparticles are layered with Raman reporter,
polyethylene glycol, and target specific ligands. Adsorbed Raman reporter on the gold
nanoparticle surface provides a unique SERS signal that is dye specific. Using different Raman
reporters yields nanoprobes of different spectral signatures (colors) that are used for
multiplexing. PEG encapsulation of the gold nanoparticle provides steric stabilization and
biocompatibility for in-vivo applications. SERS probes are decorated with target specific ligands
that either are attached to the PEG layer or linked directly to the gold nanoparticle surface.

Synthesis of SERS nanoprobes involved three stages (Fig 3.2). First different sizes of
quasi-spherical gold nanoparticles ranging from 16 — 120 nm were synthesized and evaluated
for size and monodispersity using transmission electron microscopy (TEM) and dynamic light
scattering (DLS). Evaluation of the relation of nanoparticle size with SERS enhancement factor
identified 60nm gold nanoparticles as optimal for largest enhancement factors. Using 60 nm
gold colloid solutions, 14 different SERS nanoprobes each coded with a different Raman
reporter and referred to as colors of SERS nanoprobes were synthesized. 11 colors of SERS
nanoprobes gave distinct signals and 5 of the SERS nanoprobe colors were found to have high

enough intensity to be used in biomedical setting.
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Figure 3-2 Flow chart summarizing the process of SERS nanoparticle synthesis
Preparation of SERS substrate
Selection of the size of gold nanoparticle to use as a SERS substrates provided a
unique challenge. Whereas the size of gold nanoparticles that “supports the strongest Plasmon
resonances and therefore the largest enhancement” is the ideal size for SERS substrate [22]

the size of the gold nanoparticles is equally an important factor to consider in in vitro and in vivo
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applications. Generally, smaller sizes of gold nanoparticles are considered to approach the size
of various protein complexes allowing for more sensitive detection of protein expressions in
vitro. In vivo, pharmacokinetic studies show that smaller nanoparticles, with certain constrains
such as surface coating and charge, generally have longer half-lives in the blood stream which
increases the probability of active targeting. However smaller sized of gold nanoparticles
usually have smaller SERS EF. The goal for this section was to (1) determine the effect of
nanoparticle size on the SERS enhancement and (2) identify the size of gold nanoparticle that
resulted in the best SERS substrate.

Gold nanoparticles were prepared using two methods. Smaller gold nanoparticles (16 —
65 nm) were prepared by citrate reduction of gold ions[48, 49] and found to be monodispersed.
However, above 65 nm the nanoparticles formed vary widely in size and shape. A seed growth
method was therefore employed to synthesize larger (80 — 120 nm) gold nanoparticles[50].
Using these two method 6 sizes of gold nanoparticles ranging from 16 — 120 nm were
synthesized.

Evaluation of the gold nanoparticles as SERS substrates was accomplished by
determining SERS enhancement factor (SERS EF) for each size of gold nanoparticle. SERS
EFs were determined for gold nanoparticle encoded with cresyl violet and coated with methyl
capped thiolated polyethylene glycol (mPEG-SH) (Fig 3.3). The choice of this encoding and
encapsulation allowed for generalization of the SERS EFs to SERS nanoprobes preparation.
SERS EFs were determined to range from 5 — 7 orders of magnitude with 65.6 nm gold
nanoparticles giving the largest SERS EFs.

Raman
reporter ¥ 3 mPEG-SH
> * *

Au "% Au ¥
*
***

Figure 3-3 Schematic diagram showing stepwise preparation of SERS nanoprobes. Raman

reporter is first encoded on single gold nanoparticles followed by PEGlyation
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Method

To synthesize gold nanoparticles with size of about 65 nm, 500ul of 25 mM chloroauric
acid (HAuClyq) was added to 50 ml of boiling and stirring pure water in a redux setup. 500 pl
of 1% (w/v) of sodium tricitrate (Na3CeHs07.2H,04q)) Was then immediately added. Within the
first minute the color of the solution changed from pale yellow to blue black. After about 1.5 min
the color gradually changed again from the blue black to a wine red color. The reaction was
allowed to continue for 15 min before the nanoparticles were cooled at room temperature for at
least 20 min. Different sizes of gold nanoparticles were synthesized by controlling the amount of
sodium citrate solution added. Preparation gold nanoparticles with sizes of about 16nm, 40 nm
and 65 nm was accomplished by adding 1.75ml, 700yl and 500ul sodium citrate solutions
respectively while the concentration of chloroauric solution was maintained. Purification was
done by centrifugation at 4000g for 10 min. Larger gold nanoparticles were synthesized by
adding 16 nm gold nanoparticles (seed) synthesized by citrate reduction to a solution containing
2-mercatosuccinic acid (MSA) and chloroauric acid at fixed molar ration and under stirring. The
size of gold nanoparticle was controlled by the amount of seed nanoparticles was added. A
color change from pink to purple was observed and reflected the growth of gold nanoparticles.

Gold nanoparticles prepared were then encoded and peglyated before evaluation for
SERS EF. Encoding of the gold nanoparticles required two processes. First the optimal
concentration of the Raman reporter was determined then the determined optimal concentration
was used to encode the SERs nanoprobes. The optimal concentration of Raman reporter was
the concentration at which the maximum amount of Raman reporter was adsorbed onto the gold
nanoparticle without causing aggregation and was determined through an iterative process (Fig
3.4). Gold nanoparticles (1ml) were placed in a clean culture tube under stirring at 700 rpm
using a magnetic stir bar. Freshly prepared cresyl violet (10 yl and 5 yM) was added at 1 min
intervals to the gold nanoparticle solution until a color change is observed. The color change

was indicative of the onset of aggregation. The value of the cumulative volume V at which the
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color change was observed was noted. New batch of cresyl violet (concentration C = 0.05V
MM) would then be prepared and used to encode SERS nanoprobes. Encoding was done by
adding 100 pl of the cresyl violet dropwise under rapid mixing followed by a 15 min period to
allow for the reaction to occur. After this 200 pl of 10uM mMPEG-SH (5KDa) was added and the

solution left to stir for 30 min.

Set 1 ml of gold nanoparticles to spin at 700rpm
using magnetic stir bars

v

Add 10 pl of 5 pM freshly prepared Raman reporter |
and wait for Tmin

Record commutative volume of
Raman reporter added (V)

Does the AuNP
solution change color?

Prepare Raman reporter solution with concentration C = 0.05V UM

!

Encode AUNP using 100 pl of C UM freshly prepared
Raman reporter and peglyate ia

}

Evaluate AuNPs for aggregation Reduce concentration of Ra-
using UV-Vis spectroscopy man reporter. LetC=09C
A

Are AuUNPs
aggregated?

Qutput: Stable
SERS nanoprobes

Figure 3-4 Flow chart summarizing optimization of the encoding proc ess
The encoded and peglyated gold nanoparticles (refered to as SERS nanoprobes) were
then evaluated using UV-Vis spectroscopy to determine if aggregation had occurred. Presence

of aggregation, indicated by appearance of a broad peak in the 700 nm region, prompted a
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repeat of the encoding process with cresyl violet concentration at 90% earlier concentration.
The process was repeated until a monodispersed SERs nanoprobes solution was obtained.
Results and discussion

Size different sizes (16.7 £ 1.7 nm, 43.9 £ 3.8 nm, 51 £ 3.1 nm, 65.6 £ 6.4 nm, 83 £ 5.1
nm and 114 £ 7.9 nm) of gold nanoparticles as determined by TEM were synthesized using
citrate reduction(Fig 3.5 A-D) and seed growth method (Fig. 3.5 E-F). The sizes of the
synthesized gold nanoparticles determined using transmission electron microscopy (TEM) were
in close agreement to sizes determined using dynamic light scattering (DLS) (15.8 = 0.6 nm,
35.1+£2.2nm, 50.6 + 4.7 nm, 62.9 £ 4.5 nm, 81.9 £ 3.96 nm and 116.7 £ 14.47 nm) shown in
Figure 3.6. The gold nanoparticles were largely monodispersed and stable when stored in mild
citrate solution (0.1%) for at least two months. The reduction of gold ions is described in
equation 3.1.
2HAuCl,(chloroauric acid) + 3C¢HgO; (citric acid) - 2Au + 3CsHyO5 + 8HCL + 3CO, ......3.1

Gold atoms formed from the reduction process increase in concentration and eventually
reach a critical concentrate where the gold atoms spontaneously combine, or nucleate, forming
tiny particles of gold called nucleation sites. As the process continues, newly formed gold
atoms combine with the nucleation sites resulting in growth of these particles into nanoparticles.
As citrate ions are used up the rate of growth of the gold nanoparticles decreases (Fig 3.7).
The resulting gold nanoparticles are coated with negatively charged citrate ions providing them
with electrostatic stability. The observed colorimic changes mark the stages gold nanopatrticle
formation. The change of pale yellow color of chloroauric acid to blue black indicated the
formation of nucleation sites while the gradual change of color from blue black to wine red is

derived from the changes in optical properties of the gold nanoparticles as they grow.
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Figure 3-5 Solid gold nanoparticles of various sizes synthesized using citrate reduction method.

Transmission electrom microscopy (TEM) images of gold nanoparticles: (A) 16.7 + 1.7 nm, (B)
43.9+3.8nm, (C)51 % 3.1 nm, (D) 65.6 + 6.4 nm, (E)83+5.1 nmand (F) 114 £ 7.9 nm
Encoded gold nanoparticles were analysed using UV-Vis spectroscopy, TEM (Fig. 3.8)
and Raman spectroscopy (Fig. 3.9). A 3 nm red shift was observed when the encoded and
peglyated gold nanoparticles’ UV-Vis spectrum was compared to the UV-Vis spectrum of plain
gold nanoparticles (Fig. 3.8 A). The red shift was not observed when gold nanoparticles that
were only encoded with Raman reporter but not peglyated were interrogated. Therefore, it was
attributed to the polyethylene glycol layer providing a reliable indicator of pegylation[41]. It may
be explained by the change in dielectric constant expected in the environment immediately

surrounding the gold nanoparticle[22]. Such a change would in turn affect the real dielectric
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function of the gold nanoparticle resulting in a change in the local surface Plasmon resonance
peak. Additional evidence of PEGIyation was observed in the form of a 5 nm coating visually
discernible in TEM images (Fig. 3.8 B) of PEGIyated gold nanoparticles. The border of this
coating was not at all times consistent with the geometry of the nanoparticles thereby

discounting the possibility that the observed coating was an imaging artifact.
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Figure 3-6 Size distribution of synthesized gold nanoparticles of various sizes. Dynamic light
scattering (DLS) plots of synthesized gold nanoparticles: (A) 15.8 £ 0.6 nm, (B) 35.1 £ 2.2 nm,
(C)50.6 £4.7 nm, (D) 62.9 £ 4.5 nm, (E) 81.9 £ 3.96 nm and (F) 116.7 + 14.47 nm. The size
distribution shows that the synthesis process yields highly monodispersed nanoparticles which

is critical for achieving highly reproducible SERS signal.
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AuO0

Au+3

| Time
Addition of reducer

Figure 3-7 Schematic description of gold nanoparticle formation using the citrate reduction
method. Gold atoms are formed from the reducing action of the trisodium citrate on chloroauric
acid. The atoms increase in concentration until they exceed the saturation concentration.
When they are supersaturated, the gold atoms spontaneously bind together to form nucleation
sites. The remaining dissolved gold atoms bind to these nucleation sites resulting in the growth
of the nanoparticles. The size of nanoparticle is controlled by controlling amount of trisodium
citrate relative to chloroauric acid. (image source is

http://mrsec.wisc.edu/Edetc/nanolab/gold/index.html)
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Figure 3-8 Extinction plots and TEM images of SERS nanoprobe. A 3 nm red shift in the
extinction peak for both the PEGlyated gold nanoparticles (red line) and the SERS nanoprobes
(blue line) compared to plain gold nanoparticles (black line) was indicative of the localized
surface Plasmon . The film observed around the gold nanoparticles in the TEM image was
indentified as polyethylene glycol layer.

Encoding of the gold nanoparticle by the Raman reporter was confirmed by Raman
spectroscopy (Fig 3.9). Raman signals enhanced by 65.7 nm gold nanoparticles synthesized in
the laboratory and 60 nm gold nanoparticles obtained commercially. The concentration of
cresyl violet — the Raman reporter added to encode the gold nanoparticles - was 15 yM. Native
Raman signal of the cresyl violet at this concentration was not detectable using Raman
spectroscopy. However detection of SERS signal indicated adsorption of the Raman reporter
on the gold nanoparticle. SERS effect is not observed to occur for Raman reporters at
distances over 10 nm from the surface of the nanoprobes [30]. The enhanced Raman signal
was present even after purification of the nanoprobes by three times centrifugation. Spectral
differences were observed in the cresyl violet spectra from the two different types of
nanoparticles were used. The differences observed were in the relative intensities of the
vibrational modes while their positions remained identical. These differences were attributable

to the shape of the gold nanoparticles and the orientation at which most of the nanoprobes were
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adsorbed on the different nanoparticles. The gold nanoparticles synthesized in the laboratory
were largely quasi-spherical (Fig. 3.8) while the commercially obtained gold nanoparticles were

found to be spherical from TEM images.
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Figure 3-9 Raman spectra obtained from SERS nanoprobes synthesized using a commercially
available ~60 nm spherical gold nanoparticle (red) and the laboratory synthesized ~65 nm
quasi-spherical gold nanoparticle (black). The SERS nanoprobes are encoded with cresyl violet
Raman reporter. The SERS nanoprobes prepared with the laboratory synthesized quasi-
spherical gold nanoparticles have twice the SERS enhancement of spherical gold nanoparticles
measured at the 590.09 cm™ vibrational mode. The larger enhancement in quasi-spherical gold
nanoparicles is attributable to the asymmetrical shape.

Evaluation of Gold nanoparticle Size effect on SERS Enhancement Factor (EF)

The most widely used definition of SERS EF is

SERS EF = S sy 32
IRS/Nvol

Where Iszps is the intensity of the SERS signal for coded gold nanoparticles,
Ips is the intensity of the native Raman reporter used to encode the nanoparticles

Ny, is the average number of Raman reporter molecules adsorbed on the

nanoparticles in the scattering volume being measured and
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N, is the average number of Raman reporter molecules in the scattering volume of the
native Raman reporter solution.

Equation 3.2 presents a number of limitations for the experiment determination of SERS
EF. Measurement of Ny, (, the number of Raman reporter molecules adsorbed on the surface
of the gold nanoparticles is not a trivial. Additionally, the nature and orientation in which these
molecules are adsorbed whether, they form a monolayer or a multilayer would affect the value
of the SERS EF because SERS mechanism is distance dependent. Raman scattering signals of
the molecules near the surface of the gold nanoparticles would be enhanced at a different rate
than the molecules that are further away. Therefore, a simpler but more intuitive definition for

SERS EF called SERS analytical enhancement factor or SERS AEF [22, 51] was used.

SERS AEF = ISERS /OSaRS 3.3

IRs /CRs

Where Cgpps and Cgrg are defined as the Raman reporter concentration used in
encoding the nanoparticle and concentration of native Raman reporter solution respectively.

For equation 3.3, I;zrs and Izs have to be measured using the exact same parameters,
specifically the incident laser power, scattering volume and the collection efficiency have to be
fixed. This definition assumes that Is and I;zzs scale linearly with Crs and Cspps respectively.
Both assumptions hold true in most experimental investigations [52-54]. To experimentally
determine SERS AEF of the gold nanoparticles first a native Raman reporter solution is
prepared by adding 10 mg of cresyl violet to 3 ml of water and mixing gently but thoroughly
resulting in 9 mM solution of cresyl violet. Gold nanoparticles (1ml and 2.0 x 101°ml'1) were
then coded by adding 100 pl of ~15 uM cresyl violet followed by PEGlyation as described in
section 2.2.2. The concentration of the cresyl violet varied depending on the size of the gold
nanoparticle. Evaluation of SERS EF was determined using equation 3.2 by comparing the
intensities of Raman peak at 590.09 cm™ vibrational mode of cresyl violet (table 3.1). SERS EF
is shown to increase with reduction in nanoparticle size up till ~65 nm gold nanoparticles then

the SERS EF reduces with reduction in nanoparticle size. This observation of an ~65 nm gold
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nanoparticle as the optimal size for enhancement of Raman reporters using 785 nm laser
excitation concurred with literature[41].
Table 3-1 Table comparing the sizes of the gold nanoparticle and the SERS analytical
enhancement factors (AEF) associated with them. The greatest SERS AEF was recorded for

~65.6nm gold nanoparticle

Nanoparticle size (nm) SERS AEF
16.7 £ 1.7 1.85x10°
43.9+3.8 7.36x10°
65.6 + 6.4 2.83x10’

83 £5.1 2.94x10°
114 +7.9 1.13x10°

Conclusion

Size and shape of nanoparticles affect the optical properties of the nanoparticles[22, 55]
and thereby affect the enhancement that is expected from the nanoparticles during SERS. Six
sizes of gold nanoparticles (16.7 + 1.7 nm, 43.9 + 3.8 nm, 51 £ 3.1 nm, 65.6 £ 6.4 nm, 83 + 5.1
nm and 114 + 7.9 nm) were synthesized and evaluated as SERS substrates. The process of
evaluation involved encoding of the gold nanoparticles to form SERS nanoprobes using an
optimal concentration of cresyl violet for each size. An iterative process was used for
determination of the optimal Raman reporter concentration. SERS EF of the gold nanoparticles
range from 1.85 x 10° to 2.83x10". The largest enhancement was found using 65.6 nm size
gold nanoparticle.

Preparation of SERS Nanoprobe

Synthesis of multiple color of SERS nanoprobes required choice of Raman reporters
that would make “good” SERS probes[22]. Parameters considered when selecting Raman
probes included intrinsic parameters such as the Raman cross-section, Raman scattering

spectrum and fluorescence excitation wavelength of the Raman reporter. Raman cross-section,
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which provides a measure of the intensity of Raman scattering, is known to vary from molecule
to molecule. For instance whereas as some Raman reporters such as cresyl violet and 2
thiouracil were found to have easily detectable native Raman signals, others such as nile blue
were harder to detect. Raman cross-section is also particularly high for Raman reporters whose
electronic energy is near the energy of the excitation laser. The phenomenon that occurs in this
case is called resonant Raman scattering (RRS). Unique peaks in the Raman spectra of
particular reporters allow for identification of Raman reporters in mixture and therefore SERS
nanoprobes in a mixture. In addition to these intrinsic properties, the Raman reporter — gold
nanoparticle interaction determines if enhancement will occur. SERS is a distance dependent
phenomenon and therefore Raman reporters have to adsorb efficiently on the surface of the
gold nanoparticle. Surface of gold nanoparticles prepared by citrate reduction are known to be
negatively charged and have strong chemical affinity for the thiol functional group. Therefore
Raman reporters were chosen that had either thiol groups or were electostatically positive.
Method

A literature search based on these parameters resulted in a list of 14 potential Raman
reporters usable for preparation of SERS nanoprobes (Table 3.2). SERS nanoprobes with ~65
nm core and encoded with each of these 14 Raman reporters were prepared. Evaluation of the
SERS nanoprobes was done using Raman spectroscopy at 785 nm incident laser wavelength
and integration time of 10s.

Results and discussion

Optimal concentration for SERS nanoprobes encoding was determined for 11 of the 14
Raman reporters selected (Table 3.2). Three of the Raman reporters (4,4’-dipyridyl, 4-Azobis
and Rhodamine 6G perchlorate) did not yield a Raman spectrum despite continuous addition to

gold nanoparticle.
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Table 3-2 List of potential Raman reporters

Name of Dye Fluoresence Excitation Optimal concentration
Wavelength for encoding (UM)

2 Thiouracil -

5-(4-pyridyl)-1,3,4-oxadiazole-2-thiol -

4-tert-BulylBenzyl mercaptan -

4,4-dipyridyl - Not found
4-Azobis(pyridine) - Not found
Rhodamine 6G perchlorate 560 nm Not found
Rhodamine 6G tetrafluoroborate 560 nm 15
Crystal Violet 595 nm 15
Cresyl Violet 630 nm 15
Nile Blue 660 nm 15
DOTC lodide 725 nm 5
HITC iodide 790 nm 5
DTTC iodide 815 nm 5
IR 140 882 nm 5

SERS nanoprobes with 11 of the Raman nanoprobes produced discernable Raman
signatures and therefore constituted 11 Color SERS nanoprobes (Figure 3.10 and Figure 3.11).
SERS nanprobes signals shown were processed post acquisition to remove the background
using polynomial fit of n = 13 repeated over the data 11 times[56]. Raman reporters used
varied in excitation wavelengths. Three of the Raman reporters: 2 Thiouracil, (5-(4-pyridyl)-
1,3,4-oxadiazole-2-thiol and 4-tert-BulylBenzyl mercaptan were non-fluorescent dyes i.e. their
peak absorbance is in the UV region. These Raman reporters showed strong native Raman
scattering signal and are thiolated implying that adsorption onto the gold nanoparticle surface
would be by gold-thiol chemistry. However, the Raman signal obtained from these Raman
reporters was less in magnitude compared to the rest of the Raman reporters. Resonance
Raman effect was considered responsible for the highest SERS signals are observed from
SERS nanoprobes. Raman reporters for 2 color SERS nanoprobes (DTTC iodide and HITC
iodide) with highest signal had excitation wavelength in the NIR. Additionally the intensities
signals of the Raman reporters with excitation wavelength in the visible region: crystal violet,

cresyl violet, nile blue and rhodamine 6G tetrafluoroborate were comparable to the intensities of
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the non-fluorescent Raman reporters. The non-thiolated dyes used were all positively charged
and were therefore were thought to attach to nanoparticles via electrostatic attraction. Selection
of just any positively charged Raman reporter did not necessary result in enhancement.
Specifically, while SERS intensity was observed when the gold nanoparticles were coated with
rhodamine 6G tetrafluoroborate, no SERS signal was observed when the gold nanoparticles
were coated with rhodamine 6G percholate. SERS nanoprobes colors with the highest signal
intensities DTTC iodide (~2.4 x10* counts), HITC iodide (~3.9 x 10* counts), DOTC iodide
(~6000 counts), IR140 (~1800 counts) and cresyl violet (~3150 counts) at their highest peaks
were selected for in vivo and in vitro evaluations. Intensity counts for HITC iodide has been
corrected to reflect 8s intergration time.
Table 3-3 Raman reporter used for synthesis of SERS nanoprobes. The vibrational modes of

the Raman reporters are listed with Raman cross-sections for specific dominate vibrational

modes
Name of Dye Vibrational modes (cm™)
2 Thiouracil 214.79, 349.63, 511.54, 573.56, 678.64, 713.04, 923.98,

1002.99, 1065.83, 1168.15, 1222.2, 1379.42, 1441.43,
1569.23, 1640.05,1699.02
5-(4-pyridyl)-1,3,4-oxadiazole-2-  1032.45, 1220.21, 1348.94, 1398.34, 1491.32, 1544.07,
thiol 1578.17, 1611.91
4-tert-BulylBenzyl mercaptan 428.94, 511.54, 559.33, 641.6, 699.32, 744.88, 814.43,
847.64, 926.13, 1028.26, 1109.16, 1192.27, 1255.8,
1447.02, 1613.68, 2068.77
Rhodamine 6G tetrafluoroborate  301.8, 359.66, 608.9, 771.95, 998.77, 1182.24, 1307.24,
1358.49, 1504.79

Crystal Violet 206.57, 332.07, 419.11, 522.7, 722.17, 797.61, 1170.17,
1385.34, 1530, 1581.25, 1615.44
Cresyl Violet 276.4, 354.63, 455.85, 535.51, 545.95, 590.09, 599.51,

669.41, 735.81, 852.04, 949.79, 998.77, 1109.11,
1149.95, 1184.25, 1275.25, 1325.89, 1385.11, 1437.71,
1485.82, 1579.96, 1631.28

Nile Blue 196.84, 362.12, 436.3, 480.16, 545.05, 615.93, 664.79,
890.83, 9455, 1074.12, 1111.21, 1178.22, 1196.28,
1275.63, 1432.11, 1483.98, 1581.74, 1636.54

DOTC lodide 334.58, 377.07, 441.2, 504.32, 525.93, 592.45, 678.64,
749.4, 801.07, 880.54, 928.29, 964.77, 1005.11, 1080.33,
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Table 3-3—Continued

Name of Dye

Vibrational modes (cm™)

HITC iodide

DTTC iodide

IR 140

1092.72, 1123.49, 1267.58, 1285.18, 1396.45, 1450.73,
1478.46, 1576.39

299.26, 401.85, 501.91, 525.93, 554.58, 573.56,
634.62, 706.19, 747.14, 796.61, 930.45,
1017.75, 1038.73, 1084.46, 1121.45, 1234.09,
1271.5,1294.91, 1364.2, 1403.99, 1465.55,
1579.96

379.55, 431.4, 489.84, 530.72, 622.95, 778.69, 843.23,
990.3, 1015.65, 1074.12, 1100.95, 1129.61, 1232.11,
1287.13, 1327.81, 1405.87, 1460, 1518.71, 1578.17
537.89, 747.14, 863.03, 1036.64, 1086.53, 1135.73,
1174.2, 1238.05, 1308.5, 1432.11
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Figure 3-10 Six Raman spectral signatures of SERS nanoprobes synthesized with different Raman reporter encoding. A total of 11

different (colors) SERS nanprobes were synthesized encoded with Raman reporter dyes which include (A) 2 Thiouracil, (B) 5-(4-pyridyl)-
1,3,4-oxadiazole-2-thiol, (C) 4-tert-BulylBenzyl mercaptan, (D) Cresyl Violet, (E) Crystal Violet, (F) Rhodamine 6G tetrafluoroborate. The

SERS nanoprobes are measured at 785 nm and 8 — 10 s integration time
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time except for HITC iodide encoded nanoprobes which was measured at 4s integration time
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The linearity of the SERS nanoprobes in pure solution were tested at 1s integration
time. The response of the SERS nanoprobes was found to be linear and encompassed a
dynamic range of 300 fold. Figure 3.12 shows the dynamic range of DTTC SERS nanoprobes,
one of the SERS nanoprobes selected for imaging. Large dynamic ranges allow the SERS
nanoprobe to detect analytes over a wide concentration range therefore improving the potential

of the SERS nanoprobes to be used for quantification[57, 58].
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Figure 3-12 Dynamic range and sensitivity of the DTTC SERS nanoprobes. SERS signals of
successively diluted SERS nanoprobes were measured in solution and the intensity of the
489.84 cm™ vibrational mode plotted against concentration. SERS nanoprobes have a linear
dynamic range of at least 30 db and are discernable upto a concentration of 1.83 pM

Colloidal stability of the SERS nanoprobes was investigated by centrifugation and
resuspension of SERS nanoprobes in salt solutions, acidic solutions and in serum. In the
absence of PEGlyation, the gold nanoparticles were observed to aggregate when salt solution is
added to them. Aggregation of the gold nanoparticles was observed visually as a gradual
change in color of the nanoparticles from wine red to dark blue then to colorless. Aggregation
was also recorded using UV-Vis spectroscopy (Fig. 3.13 A). However, SERS nanoprobes

retain their color even when resuspended in goat serum, PBS and MES solutions. The

46



extinction spectra of SERS nanoprobes dispersed in these solutions were observed to be

similar to the extinction spectra of SERS nanoprobes dispersed in water (Fig. 3.13 B).
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Figure 3-13 Stability of SERS nanoprobes for physiological environments was evaluated in
comparison to plain gold nanoparticles using UV-Vis spectroscopy. A. The extinction spectrum
of gold nanoparticles changes significantly as PBS solution is added to the nanoparticles. After

addition of 400ul PBS solution, the gold nanoparticles have aggregated as evidenced by their
extinction spectrum. However, SERS nanoprobes (B) centrifuged and resuspended in different
solution do not aggregate. The extinction spectra retain the same shape with variations only in
amplitude which is attributed to changes in concentration during centrifugation and
resuspension process.

Colloidal stability was attributed to the polyethylene glycol coating which is known to
lend nanoparticles steric stability[41]. The gold-sulfur bond formed when gold reacts with thiol
groups on the mPEG-SH molecules are strong and are not easily displaced may many acids or
bases allowing for the SERS nanoprobes to be stable in biomedical environments.

Conclusion

From a list of 14 Raman reporters, optimal concentration for encoding was determined
for 11 which were used to encoded SERS nanoprobes. A total of 11 colors of SERS
nanoprobes were prepared. The SERS nanoprobes have varying intensity from color to color

ranging from 200 to 39000 intensity counts at 8s integration time. Five colors of SERs
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nanoprobes (cresyl violet, DTTC iodide, DOTC iodide, IR140 and HITC iodide) were selected
for in vivo and in vitro evaluation based on their intensities. In addition the SERS nanoprobes
displayed linear dynamic range and colloidal stability.
Functionalization of SERS nanoprobes

Conjugation of antibodies to SERS nanoprobes was done using carbonyl reactive
chemistry and involved two steps. Carbohydrate groups Fc region of the antibody were first
activated and then conjugated to a bifunctional Hydrazide-PEG-SH linker. The antibody-linker
complex was then adsorbed onto gold nanoparticles via thiol-gold chemistry. Conjugation of the
antibody via the Fc region ensured that the antigen binding sites in the Fab region were directed
away from the site where the antibody was adsorbed to the gold nanoparticle. Figure 3.14
illustrates the steps in the activation of the antibody. The adjacent carbon atoms that contain
hydroxyl groups (cis-glycol groups) in the carbohydrate were activated by converting them to
aldehyde groups through oxidation using sodium periodate (NalO,). NalO, cleaves bonds
between cis-glycol groups creating aldehyde groups. The aldehyde groups react readily with
the hydrazide groups to form a hydrazone bond which despite being a Schiff base is considered

sufficiently stable for protein labeling.

Figure 3-14 Two step carbonyl conjugation process of antibody to linker. First the cis-hydroxyl
groups are activated using sodium periodate, then conjugation of linker to antibody through
aldehyde-hydarzide bonding

Functionalization of the SERS nanoprobes using the activated antibody presented the
possibility of competition for sites. Optimal process for conjugation of ligand was therefore
investigated by exposing the nanoparticles to the antibody-linker molecule at different points

during the sequence of SERS nanoprobe preparation. The dual goals of the preparation were to
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ensure that the SERS nanoprobes remain coded with Raman reporter while also being
conjugated to the antibody-linker molecule. To confirm adsorption of antibody on the gold
nanoprobes and to determine reactivity of the SERS nanoprobes, the SERS nanoprobes were
conjugated with anti-rabbit IgG and used to target rabbit IgG in a direct binding assay. The
substrate of the binding assay was prepared using aldehyde commercially available glass cover
slips.
Method

Antibody concentrations of 1 mg/ml were used while NalO, is used at a concentration of
10mM. Sodium periodate oxidation is also light sensitive therefore the reaction were done in
the dark for about 30 min. Control of NalO, concentration and reaction time was important in
order to limit oxidation the adjacent hydroxyl groups of terminal carbohydrates in the antibody.
The linker molecules were added at 10 fold molar excess of the aldehyde groups in order to
ensure cross-linking. Four groups of SERS nanoprobes were prepared (Fig 3.15). The control
group (group 1) gold nanoparticles were peglyated using mPEG-SH and used as a reference for
during evaluation of the SERS nanoprobes. In groups two, three and four the antibody-linker
molecule was added after, with and before the Raman reporter respectively.

» DTTClodide

mPEG-SH
Group 1: - { Antibody-linker molecule

. Gold nanoparticle

e { mPEG-SH
Group 2: - 5 - -
>t d mMPEG-SH
Group 3: > e ——
A *e mMPEG-SH
Group 4: - - ® - -

Figure 3-15 Preparation of four groups of nanoprobes for optimization of carbonyl reactive

chemistry method for conjugation
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Each of the groups was then peglyated. Evaluation of the four groups was done using
UV-Vis spectroscopy and SERS spectroscopy. SERS nanoprobes were evaluated using UV-
Vis and Raman spectroscopy. Raman spectroscopy was done at 785 nm laser set and 70 mW
using a 10x, 0.25 NA collection lens (A-Plan, Zeiss). The spectra are collected at 2s integration
time using high resolution Raman spectrometer (QE 65000, Ocean optics) and processed using
Spectra Suite software. The signal was allowed to stabilize for about 10s then SERS
measurement was recorded for consecutive signals.

Results and discussion

The peaks of the extinction spectra of samples in all four groups were red shifted with
respect to the extinction maximum of plain gold nanoparticles (Fig 3.16). For group 1 the shift is
consistently 3 nm. This corresponded exactly with previous experiments and was the expected
shift resulting from peglyation [20, 41]. In group 2 and 4 red-shifts of 5 nm recorded both before
and after peglyation provided evidence of adsorption of the antibody onto the gold nanoparticle.
The extinction peaks for group three ranged from 4-5.5 nm indicating a less reproducible
process compared to processes in 2 and 4. DTTC iodide SERS spectra was observed group 2
SERS nanoprobes yielded signals that were 1-2 orders of magnitude greater than the groups 3
and 4 SERS signals (Fig 3.17). This implied the DTTC iodide molecules adsorbed on the gold
nanoprobe more efficiently when encoding is done before conjugation of antibody-linker
solution.

The glass cover slip is incubated with rabbit IgG at 37°C for 2h. Rabbit IgG readily
binds to the glass cover slip. After the binding, the glass coverslip was wash and blocked using
bovine albumen serum (BSA) before being incubated with the SERS nanoprobes at room
temperature for 1h. The cover glass is then incubated with SERS nanoprobes that are not
functionalized (control) and group 2 SERS nanoprobes. Each of the SERS nanoprobes is
incubated at a concentration of 2.0:10"°ml". After incubation the coverslips are washed to

remove unbound nanoprobes and interrogated using SERS spectroscopy. Figure 3.18 shows
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the SERS spectra obtained from the coverslips. SERS spectrum of DTTC iodide is observed in
the coverglass incubated with group 2 SERS nanoprobes whereas no signal is observed from

the control implying the anti-rabbit IgG remains active.
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Figure 3-16 Extinction spectra of (A) group 1 samples, (B) group 2 samples, (C) group 3
samples and (D) group 4 samples.
Conclusion
SERS nanoprobes functionalization by conjugating antibody using carbonyl reactive
chemistry was demonstrated. Conjugation was accomplished using the carbohydrate group in
the Fc region of the antibody making it more likely that the binding sites of the antibody were
exposed. Functionalization of SERS nanoprobes just after encoding and prior to PEGIlyation

was found to allow for retention of the greatest intensity of SERS signal while also ensuring
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repeatable conjugation of antibody. Functionalized SERS nanoprobes remain and were able to

selectively target anti-lgG antigen in a binding assay.
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Figure 3-17 SERS spectra of (A) group 1 samples, (B)group 2 samples, (C) group 3 samples
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Figure 3-18 SERS spectra of (A) group 1 samples, (B) group 2 samples, obtained from direct

binding assay
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Summary

SERS nanoprobes were developed for in vivo and in vitro evaluation. The optimum
size of core of the SERS nanoprobes, found by determining the SERS EF, was 65.6 + 6.4 nm.
An iterative process was used for determination of the optimal Raman reporter concentration for
11 out of 14 Raman reporters leading to the synthesis of 11 colors of SERS nanoprobes. Five
colors of SERs nanoprobes (cresyl violet, DTTC iodide, DOTC iodide, IR140 and HITC iodide)
were selected for in vivo and in vitro evaluation based on their intensities. SERS nanoprobes
functionalization was accomplished by conjugating antibody using carbonyl reactive chemistry.

Functionalized SERS nanoprobes remained reactive and retained their SERS signal.
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Chapter 4
Quantitative Analysis of Multiplex Signal
Introduction
The five colors of SERS nanoprobes chosen (encoded cresyl violet, DOTC iodide,
DTTC iodide, HITC iodide and IR140 respectively) have unique spectra distinguishable by their
peak positions (Fig 4.1). A spectral analysis was developed to achieve three goals: (i) identify
the SERS nanoprobes colors in a mixture, (ii) determine concentration of each SERS

nanoprobes color and (iii) minimize operator bias.
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Figure 4-1 Multiplexing potential of four colors of SERS nanoprobes coded with Cresyl Violet
(purple), IR140 (cyan), HITC iodide (red), DTTC iodide (green) and DOTC iodide (blue). Arrows
identify at least three different peaks for each spectrum that may be monitored in a mixture to
identify the SERS nanoprobes present.

Typically least square regression has been reported to accurately extract individual
spectra of SERS nanoprobe colors from a mixture spectrum [52, 59, 60]. Least square
regression relies on a priori knowledge of the individual color SERS spectra and background.

However, there is potential for the Raman spectrum of the SERS nanoprobes to undergo
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variations in its profile despite the vibrational modes retaining their specific positions in the
spectrum. Spectral analysis using eigenspectra regression offered a method of identifying the
colors of SERS nanoprobe. In Eigenspectra regression analysis the algorithm was first trained
by exposing it to a host of spectra containing different ratio of SERS nanoprobes. The algorithm
learns the profile of these mixture spectra storing them in a matrix called the regression
coefficient matrix. The ratios SERS nanoprobes and their source spectra are then determined
by applying the regression coefficient matrix to the mixture solutions.
Eigenspectra Algorithm

To develop the algorithm for quantitative analysis the Raman scattering spectrum of a
mixture of SERS nanoprobes plotted with intensity against Raman shifts was considered. The
spectrum was represented by a single row vector x; with N elements. Where the value of each
element was the intensity value of Raman scattering at a specific Raman shift and number N
equaled the discrete number of Raman shift positions of the spectrum. Assuming n different
mixtures of SERS nanoprobes were measured the signals obtained were represented by a
matrix X € R" *". The Raman spectrum of each mixture was considered as a combination of M
the number of different SERS nanoprobe colors mixed at a specific concentration. Since there
are n samples the matrix representing these concentrations are stored in matrix Y € ®"*" and
the matrix containing the source signals was defined as S € RY *™_ The first part of the problem
was to determine Y for an unknown mixed sample. By introducing a new matrix B € ®™ XV, an

equation for Y was written as

Where Ep, is the regression error and B is the regression coefficient matrix.
Er in equation 4.1 is minimized to find B for known values of Y and X such that for any
mixture x, unknown values of y may be determined by

yi = xib ....................................................................................................... 42
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To determine the value B, an eigenspectra algorithm developed by Shuo et al[61] was
used (Table 4.1).

Table 4-1 Pseudocode for Eigenspectra algorithm (obtained from Shuo et al[61])

Input: X Y, k
Output: B
1. XeX-—xX
2. YeY -y
3: Fori=0tokdo
4: if ||Y||< threshold or || X|| < threshold then
5: break;
6: end if
7. A=XyTyxT
8: Initialize w ; as one column of X
9: Repeat
10: w; = Aw;
11: normalize w; to make ||w;|| =1
12: until convergence of w;
13: u; = Xw;
14: P = Xu;/(uju,)
15: ¢ =Yu;/(ul'u)
16: X=X-pul
17: Y=Y -cul
18: end for

19: B =C(PTP)"'PT

In the algorithm X and Y were first processed to obtain their mean vectors. Since,
N > n for each set equations where y is the subject, there are always more unknown values of
b than there are equations. Therefore, x is mapped into a k dimensional subspace (k < N).

X = DU A Kt oo 4.3

Where u; the dimension score and p; is the dimension loading and X, ,; is the residual
matrix. Equation 4.3 can be rewritten

X = PUT A X ceeee e 4.4

Where P = (p4,p2, ---,Pr) and U = (uq, u,, ..., u;) may then be used to estimate X while
minimizing X, 1. U is the latent variable.

The latent variable U has to retain as close a relationship to Y as possible. Assuming

that U and Y have a linear relationship and that X and Y are both zero-mean matrices,
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Y = CUT A Vi ceeeee e, 45

Where C = (cq, ¢, ..., ¢i) is the coefficient matrix ¢; € RMand and Y,,, is the residual
matrix.

To obtain the value of u, the direction in X space onto which X is projected to get u can

be defined using unit vector w such that

In steps 7 to 12 an iterative method is used to find the value of w; for which the largest
component of X; is mapped onto u;.

For the i*" iteration,

D 7 T S 4.7

From equation 4.4. By making the residual matrices in equations 4.3 and 4.4 minimal,

the dimension loading p; and regression coefficient ¢; are determined as

Pi = XU /(UTU) oo 4.8
and
Ci = YU /(UIUY) oo 4.9

The matrices for the next iteration are then obtained by calculating the residual matrices

Xi+1 = Xi - plu{ ........................................................................................ 4 10
and
Yi+1 = YL - Ciuz‘ ......................................................................................... 4 11

The process stops when there is no more information in X or Y or after k iteration. Thus
equations 4.4 and 4.5 are calculated. From equation 4.4, the UT may be written as

Ul = (P P T P X e 412

Substituting for UT in equation 4.5

Y =GP  P) T P X A Y e, 413

Therefore the regression coefficient B is given as

B = ClP ) T P e, 414
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Validation of Eigenspectra Algorithm

Pure and mixture signals from cresyl violet and DTTC iodide encoded SERS
nanoprobes were used in the initial test and development of the eigenspectra analysis method.
Eleven different solutions were prepared of having different ratios of the DTTC iodide SERS
nanoprobes to cresyl violet SERS nanoprobes ranging from 0:100, 10:90, 20:80... 100:0. The
experiment was repeated five different times for each ratio. The raw spectra of the mixture
solutions for the five repetitions and the mean signal obtained from the five repetitions were
plotted in figure 4.2 A and B respectively. As the ratio of the mixture increased, the amount of
DTTC iodide SERS nanoprobes increased while the amount of cresyl violet SERS nanoprobes
reduced. The changes in relative concentrations of the two SERS nanoprobes were displayed
the relative intensities of the two SERS nanoprobes. The increase in background of the SERS
spectra with the increase in ratio can be traced to the fluorescence spectra of DTTC iodide
whose fluorescence excitation wavelength is 763 nm which was close to the incident laser
wavelength (785 nm).

A highly resolution Raman spectrum (QE65000, resolution ~ 0.48 nm) was used to
measure spectral range of -79.65cm™ to 2071.80 cm™ (1044 pixels). To minimize noise and
reject the measured Rayleigh scattering spectra between the 90" pixel value and the 990" pixel
value were extracted. The data extracted and the ground truth ratios were used to form the
mixture matrix X € R>°> %21 and the ground truth ratio Y € R>> %2,

Validation of the eigenvector algorithm was done using leave-one-out (LOO) method. A
single mixture is selected as test data while the 54 remaining signals were used as a training
data. Once trained, the algorithm was used to determine and quantify the test data. The
validation method was repeated until all mixture signals for each concentration of the SERS
nanoprobes was selected once as test data.

The optimum value for k was determined by finding mean squared root of mean square

(MSRMS) of error between actual and estimated concentration given by
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1 1 ~
MSRMS = ; ]7-":1 \/;Zi‘/[:]_(yl,] _yi,j)z ............................................................ 415

Where J;; are the estimated concentrations and y;; are the actual concentrations at the
i and j column of matrix Y. A smaller value for MSRMS indicates a more accurate estimation

and therefore more optimum value for k.
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Figure 4-2 Raw Raman spectra (A) and mean Raman spectra (B) for twoplex SERS
nanoprobes coded with DTTC iodide and cresyl violet. The ratio of DTTC iodide SERS
nanoprobes to cresyl violet SERS nanoprobes ranged from 0:100, 10:90, 20:80 ... 100:0.
Raman spectra was observed to ride on the fluorescence background of DTTC iodide. Visual
observations of the spectra reveals that as the ratio of the dyes increases peaks of cresyl violet
(indicated by red arrows) reduce in intensity while those of DTTC iodide (indicated by black

arrows) increase in intensity.
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Results and discussion
Using algorithm 1, the eigenspectra for k = 1...12 are calculated. The magnitude of the
residual matrices |[X;;¢|| and ||Y;.1]| found using equation 4.10 and 4.11 reduce with each
iteration as predicted. The least value of MSRMS however was found at k = 5.
Table 4-2 Accuracy of the eigenspectra algorithm for different values of k measured using
mean square ratio of mean square (MSRMS). Lowest MSRMS (k = 5) implies minimal error

between actual and estimated values

k X1l MSRMS
1 0.0321 0.2919 4.6379
2 0.0175 0.1548 4.0753
3 0.0168 0.0743 1.6853
4 0.0155 0.0543 1.6606
5 0.0104 0.0412 1.2553
6 0.0069 0.0225 1.4994
7 0.0063 0.0102 1.4365
8 0.0062 0.0041 1.4103
9 0.0061 0.0016 1.3657
10 0.0060 0.0006 1.3907
11 0.0059 0.0002 1.3826
12 0.0058 0.0001 1.3820

The eigenspectra provided close estimation of the actual concentrations of both SERS
nanoprobes colors (Table 4.2 and Fig. 4.3). Average error was calculated at 3.8% and 2.22%
for CV and DTTC encoded SERS nanoprobes respectively. It is notable that the error for CV
encoded SERS nanoprobes increased with decrease in concentration while the error for DTT
encoded SERS nanoprobes was independent of concentration. The signal for CV encoded
SERS nanoprobes have notable less intensity than DTTC encoded SERS nanoprobes and may

be the cause of this variation in the trend of the errors of the two SERS nanoprobes.
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Table 4-3 Actual and estimated concentration of SERS nanoprobes colors encoded with cresyl

violet (CV) and DTTC iodide

Actual concentrations (ml™”) Average of estimated Error (%)
concentrations (ml'1)
CcV DTTC CcV DTTC cV DTTC
0 1.1x10" 1.3x10®  1.11x10" n/a 1.15
1.1 x 10° 9.9x10° 126 x10°  9.74 x 10° 14.36 1.60
2.2x10° 8.8 x 10° 239x10°  8.61x10° 8.75 2.19
3.3x10° 7.7x10° 3.12x10°  7.88x10° 5.59 2.40
4.4x10° 6.6 x 10° 457x10°  6.43x10° 3.79 2.51
5.5x 10° 55x 10° 536x10° 564 x 10° 2.62 2.62
6.6 x 10° 4.4x10° 6.67x10°  4.33x10° 1.03 1.54
7.7x10° 3.3x10° 7.73x10°  3.27 x10° 0.43 1.01
8.8 x 10° 2.2x10° 8.72x10°  2.28x10° 0.83 3.42
9.9x10° 1.1 x10° 9.86x10°  1.14 x 10° 0.42 3.78
1.1x10" 0 1.1x10"°  1.61x10’ 0.15 n/a
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Figure 4-3 Plots comparing actual and estimated concentrations of (A) Cresyl violet SERS

nanoprobes and (B)DTTC lodide SERS nanoprobes. Estimated concentrations were

determined using Eigenspectra regression algorithm
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Conclusion
Quantitative analysis of SERS nanoprobes colors was demonstrated using eigen
spectra algorithm based on principle component analysis. The eigen spectra algorithm does
not rely on source spectra but calibration is accomplished using actual mixture signals and
therefore in not affected by potential non-linear relationship between intensity and
concentration. The potential limitation of the algorithm is in for discerning concentrations for

SERS nanoprobes with weak signals.
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Chapter 5
Evaluation Of SERS Nanoprobes For In Vitro Applications
Introduction
Immunofluorescence assay protocols have been used to elucidate the presence,
distribution and localization of proteins in cells and tissue samples and are therefore well
established. By adapting this protocol, a method was developed to evaluate SERs nanoprobes
for detection of cell surface markers. Cells were cultured and divided into two groups (a control
group and a text group) which are treated with targeted and non-targeted SERS nanoparticles

respectively (Fig 5.1).

Case 1: Untargeted nanoprobes (control groups) SERS system

Untargeted
nanoprohes —_—
GBM cells e

- Washing

(e epe—

Cell Background signal

Case 2: Targeted nanoprobes (test groups) SERS system

Targeted £
nanoprobes —_—
GBM cells et

SERS signal of attached
Incubation T Washing "I nanoprobes

Intanaty in cousts

Figure 5-1 Scheme for evaluating SERS nanoprobes for in vitro application.Cultured cells are
divided into two groups and treated with non-targeted and targeted SERS nanoprobes
Targeted as well as non-targeted SERS nanoprobes may be uptaken by the cells
through endocytosis resulting in non-specific detection of SERS nanoprobes. None specific
ligands attached to the SERS nanoprobes as wells as limiting the incubation time minimize

uptake.
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Specific attachment of targeted SERS nanoprobes in cancer cells was demonstrated
using prostate cancer cell lines. Targeted SERS nanoprobes were evaluated for specific
targeting of prostate specific membrane antigen (PSMA) expressing cell lines. Only cells in the
test group tested positive for SERS nanoprobes indicating specific targeting of PSMA. Building
on this result, the capacity to detect four colors of targeted SERS nanoprobes was evaluated. A
second cell line, glioblastoma multiforme (U87 MG) cells were employed and four colors of
targeted SERS nanoprobes in mixture were used to target EGFr on the cell surface. All four
colors were identified from the mixed signal and quantified. Each of the colors of SERs
nanoprobes was identified and quantified. A summary of the studies is presented in table 5.1.

Table 5-1 Summary of In vitro studies

Objective Target | Cell line | Result

5.2 Evaluation of SERS nanoprobe | PSMA | Prostate | Targeted SERs nanoprobes
for targeted cell surface marker cell lines | specifically detect PSMA
detection positive cells

53 Evaluation of SERS nanoprobe | EGFr U87-MG | Four-plex SERS nanoprobes
for  quantitative multiplex were identified and quantified in
detection of cell surface U87-MG cells
markers

5.2 Evaluation of SERS nanoprobe for targeted cell surface marker detection
Cell model for targeted SERS nanoprobe

Determination whether targeted SERS nanoprobes specifically label molecules of
interest in biological environment was investigated by targeting prostate specific membrane
antigen (PSMA). PSMA is a type Il transmembrene glycoprotein expressed on prostate cancer
epithelial cells [62, 63]. In contrast other prostate cancer biomarkers such as prostate specific
antigen (PSA), PSMA is not secreted into circulation but is instead internalized when a ligand
conjugates to it [64]. PSMA is well established as a prostate cancer biomarker and is

expressed at all stages of prostate cancer [65]. PSMA has therefore been used as a prostate
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cancer biomarker in several [62, 66, 67]. On the other hand PC-3 prostate cancer cell lines
have are reported to be almost devoid of PSMA and are therefore a useful control[68]. SERS
nanoprobes where therefore evaluated for targeted labeling by targeting PSMA in C4-2 and PC-
3 prostate cancer cell lines. Two different colors of SERS nanoprobes were employed to
demonstrate the potential for multiplexing.
Cell culture and labeling

C4-2 and PC-3 cells were cultured in T-media supplemented with 5% fetal bovine
serum (FBS) and 1x Penicillin/Streptomycin. C4-2 cells express a prostate tumor specific
molecular biomarker known as prostate specific membrane antigen (PSMA) where as the PC-3
cells do not express PSMA and served as a control. Cells were labeled using the classical
immunocytochemistry method with the exception that SERS nanoprobes were used in the place
of primary antibodies. Specifically, PC-3 and C4-2 cells were cultured in micro volume (100 pl)
well plates made using PDMS stamps attached to treated no. 1 glass cover slips. Once
confluent, the cells were fixed and blocked before antibody conjugated (functionalized) SERS
nanoprobes were incubated in them for 2 h at room temperature and overnight at 4°C.
Antibodies conjugated to the SERS nanoprobes were anti-PSMA antibody used for targeting
PSMA and anti-lgG antibody used as control. A three times with 1x PBS wash ensured
unattached SERS nanoprobes were removed. Fluorescent secondary antibody was then added
to the cells and incubated for 1 hour followed by three times PBS wash.

Results and discussion

Figure 5.2 shows the fluorescence microscopic images of SERS nanoprobe labeled C4-
2 and PC-3. SERS nanoprobes were used to target PSMA that are expressed by C4-2 cells but
not by PC-3 cells. The cells were then further labeled using anti-PSMA secondary antibody
(green) and nuclear localized DAPI labeling (blue). PSMA was clearly identified in C4-2 cells
(Fig 5.2 B green color) while they were not detectable in anti-lgG functionalized SERS

nanoprobe labeled C4-2 cells or in PSMA negative PC-3 cells.
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Figure 5-2 Fluorescence images of protate cancer cell lines labeled with targeted and non-

targeted SERS nanoprobes. C4-2 cells (A and B) were labeled with non-targeted and targeted
SERS nanoprobes respectively and PC-3 cells (C) were labeled with targeted nanoprobes.
Targeted SERS nanoprobes were conjugated with anti-PSMA while non-targeted SERS
nanoprobes were conjugated with anti-IgG antibody. Cells were further stained with using
fluorescent anti-PSMA secondary antibody (green) and DAPI (blue). Green fluorescence was
only observed in panel B suggesting that targeted nanoprobes specifically bind to PSMA
positive C4-2 cells.

The cells were then visualized using DIC microscopy and using the 785 nm Raman
module incorporated into the microscope Raman spectra of regions of interest on cell surface
were interrogated. The experiment was repeated to two separate colors of SERS nanoprobes,
DTTC iodide and cresyl violet, as shown in Fig. 5.3 A and B respectively. The intensity of the
SERS signals detected in Raman spectra obtained from C4-2 cells targeted with anti-PSMA
antibody functionalized SERS nanoprobes suggest labeling of PSMA. In contrast the SERS
signals from controls where PSMA positive cells were labeled using anti-IgG functionalized
SERS nanoprobe were comparable to background and cells where PSMA negative cells are
labeled with anti-PSMA antibody were weak. The weak signals were attributed to non specific
binding. The results correlate exactly with the fluorescence results in Fig 5.2.

Conclusion
The experiments demonstrated specific targeting of cell surface markers using

functionalized SERS nanoprobes. Anti-PSMA antibody functionalized SERS nanoprobes
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exhibited specificity to PSMA positive prostate cancer (C4-2) cell lines. This specific attachment
occurs irrespective of the Raman reporter used to code the SERS nanoprobe. In a broader
picture, the result indicates that the SERS nanoprobes developed when targeted can be used to

detect more than one surface marker.
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Figure 5-3 Raman spectra recorded from cells labeled with (A) cresyl violet coded SERS
nanoprobes and (B) DTTC iodide coded SERS Nanoprobes. In each case the SERS signal
was detected in PSMA positive C4-2 cells labeled with anti-PSMA functionalized SERS
nanoprobes (red line). No SERS signal was observed in PSMA positive C4-2 cells labeled with
anti-IgG antibody functionalized SERS nanoprobes (green line) however slight signal was
detected in PSMA negative PC-3 cells labeled with anti-PSMA antibody functionalized SERS
nanoprobes. The slight signal was attributed to non-specific binding.

Evaluation of SERS nanoprobe for quantitative multiplex detection of cell surface markers
Cell model for targeted SERS nanoprobes

Glioblastoma astrocytoma cells (U87 MG) cell lines, originally derived from grade three
cancer patient, are astocytic glial cells found in the brain. These tumor cells overexpress
epidermal growth factor receptors(EGFr). Specifically, EGFR expression which is present in
normal tissue (40,000 to 100,000 receptors per cell) is multiple in cancer tissue (up to 2 million
EGFRs per cell in breast carcinoma) [69]. In Glioblastoma Multiforme about 40%-60% of the
tumor cells show over expression of EGFr [69-73]. Although EGFR has a number of

endogenous ligands including EGF, transforming growth factor-a (TGF-a), amphiregulin,

67



heparin-binding EGF (HB-EGF) and betacellulin[74], several monoclonal antibodies can be
used to target it.
Cell culture and labeling

Reactivity of targeted SERS nanoprobes was determined using U87 MG cells seeded in
48 well-plate. The cells were cultured DMEM media supplemented with 10% fetal bovine serum
and 10% Penicillin/Streptomycin. 24 h after seeding two groups of 12 wells were labeled with
targeted SERS nanoprobes and non-targeted SERS nanoprobes respectively while a third
group of 12 wells is left unlabeled. Targeted SERS nanoprobes and non-targeted SERS
nanoprobes respectively described nanoprobes to which anti-EGFr antibody or anti-IgG
antibody.

Four-plex labeling of cells surface markers was evaluated using four colors of targeted
and non-targeted SERS nanoprobes each encoded with a different Raman reporter: HITC
iodide, DTTC iodide, DOTC iodide and IR140. Targeted SERS nanoprobes were prepared by
conjugation to anti-EGFr antibody while the non-targeted nanoprobes were conjugated to anti-
IgG antibody. The SERS spectra of all the nanoprobes are recorded before incubation for
calibration. Mixed solutions of SERS nanoprobes were incubated in two groups of 12 wells
each in a 48 well-plate each seeded with U87-MG cells. The two group (test group and control
group) were seeded with targeted and non-targeted SERS nanoprobes respectively. After
incubation for 4 h at 370C the cells were washed three times using PBS to remove unbound
SERS nanoprobes and then detached using trypsin. The detached cells were enriched by
centrifugation before Raman spectroscopy was done to measure the SERS spectra.

Results and discussion

Raman spectra of SERS nanoprobes obtained from the test group of U87-MG cells
indicate presence of targeted SERS nanoprobes (Fig. 5.4 blue line). The signal from the
control has similar intensity to the background signal implying that the non-targeted SERS

nanoprobes did not attach to the cell (Fig. 5.4 red and green lines). Concentration of SERS
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nanoprobes from each group of cells (Fig. 5.6) was determined using calibration curve (Fig 5.5)

which shows a linear dynamic range (R? =0.96) . The results indicated that anti-EGFr

antibodies on the SERS nanoparticles remained reactive and are able to conjugate to EGF

receptors on cells while SERS nanoprobes functionalized with anti-lgG antibodies which are

specific to the U87-MG cells did not conjugate to the cells.
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Figure 5-4 SERS spectra of HITC encoded SERS nanoprobes from plain U87 MG cell
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Figure 5-5 Calibration curve of HITC encoded SERS nanoprobes for SERS nanoparticles with
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Figure 5-6 The intensity of 501.91 cm™ vibration mode of HITC iodide measured from test,

control and background groups of cells (n = 12).

Raman spectrum from U87 MG cells (Fig 5.7 E) to which four colors of targeted SERS
nanoprobes, encoded with DOTC iodide, DTTC iodide, HITC iodide and IR140 (Fig. 5.7 A-D)
were incubated was positive for all of the four SERS nanoprobes colors. Peaks from each of
the four SERS nanoprobes (shown by the arrows) were identified in the Raman spectra
collected test group cells. No such peaks were observed in cells labeled with non-targeted
SERS nanoprobes (Fig 5.8). Spectral analysis of the Raman spectrum from the test group
resulted in a non-uniform concentration for each of the SERS nanoprobes colors (Fig 5.9). This
was non-intuitive since each of the SERS nanoprobes was conjugated with the same target
ligand. The non-uniformity may be attributed to the replacement of the Raman reporter by the

targeting ligand in a non-uniform manner.
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Figure 5-7 Raman Spectra from U87 MG cell lines conjugated with multiple targeted SERS
nanoprobes. Raman spectrum of mixed SERS nanoprobes (E) obtained from U87 GM cells
labeled with targeted SERS nanoprobes encoded with DOTC iodide (A), DTTC iodide (B), HITC

iodide (C) and IR140 (D). Anti-EGFr antibody was used as the targeting ligand.
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Figure 5-8 Raman Spectra from U87 MG cell lines conjugated with multiple non- targeted SERS
nanoprobes. Raman spectrum of mixed SERS nanoprobes (E) obtained from U87 GM cells
labeled with non-targeted SERS nanoprobes encoded with DOTC iodide (A), DTTC iodide (B),

HITC iodide (C) and IR140 (D). Anti-lgG antibody was used as the targeting ligand
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Figure 5-9 Concentration of targeted SERS nanoprobes in the U87 MG cells. SERS
nanoprobes colors are identified by the Raman reporter used to encode the nanoprobes
Conclusion

Simultaneous detection of four color of targeted nanoprobes was demonstrated in
glioblastoma multiforme (U87 MG) cell lines. First reactivity of the anti-EGFr antibody
conjugated to the targeted SERS nanoprobes was determined using single color SERS
nanoprobes. Four-plex detection of SERS nanoprobes was then evaluated by labeling U87-MG
cells with targeted SERS nanoprobes each conjugated with anti-EGFr antibody. Conjugation
with a single antibody allowed for evaluation of the detected concentrations. Intutively, the
concentrations were expected to be similar however significant variation was observed in the
concentration of the SERS nanoprobes in the detected sample.

Summary

In this chapter, targeted SERS nanoprobes evaluated for in vitro applications were
found to specifically detect cell expression of interest.  Anti-PSMA antibody functionalized
SERS nanoprobes exhibited specificity to PSMA positive prostate cancer (C4-2) cell lines and
anti-EGFr targeted SERS nanoprobes exhibited specificity to U87-MG which overexpress EGFr.
Simultaneous detection of four colors of SERS nanoprobes was demonstrated in glioblastoma
multiforme (U87 MG) cell lines targeted with four-plex mixture SERS nanoprobes. In this proof-

of-principle study, SERS nanoprobes were demonstrated to attach were detectable.

72



Chapter 6
Evaluation of SERS Nanoprobes For In Vivo Applications
Introduction

In this chapter, SERS nanoprobes are evaluated for (i) multimodality SERS detection
and CT imaging and (ii) transdermal delivery (table 6.1). Selection of modalities for clinical
diagnostic imaging face a unique challenge. Modalities with high sensitivity such as optical
modalities and PET tend to have poor resolution, while those with high resolution like CT and
MRI have poor sensitivity[75]. SERS nanoprobes can be detected both by SERS spectroscopy
and by CT since their gold nanoparticle core attenuates X-rays. In addition non-invasive
delivery of diagnostic and therapeutic agents the subject of increasing interest in research [76,
77]. Transdermal delivery offers (i) miminal invasiveness including reducing pain during
treatment, (ii) improving pharmacokinetics and (iii) targeted delivery[78].

SERS nanoprobes were evaluated for dual SERS/CT contrast. X-ray attenuation of
SERS nanoprobes were was measured in comparison to iodine based CT contrast agents.
SERS nanoprobes were then evaluated for in vivo SERS/CT contrast subcutaneously and using
an orthotropic tumor model.

Separately, SERS nanoprobes were also evaluated for transdermal delivery. First,
uptake of topically applied targeted SERS nanoprobes into xenograph prostate tumor in nude
mouse was investigated. SERS monitoring suggested the SERS nanoprobes do not get
trapped at the application site but dynamically accumulate. A second study was then done to

confirm accumulation and clearance of SERS nanoprobes.
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Table 6-1 Summary of experiments evaluating SERS nanoprobes for in vivo applications.

SERS nanoprobes were evaluated for multimodality SERS/CT imaging and Transdermal

delivery
Study Objective Mouse model No of mice
6.2 | Dual Evaluate Combined SERS Nude mice 3
SERS/CT and CT Contrast of SERS Subcuteneously injected
constrast nanoprobe with SERS nanoprobes
Demonstrate dual SERS | Prostate cancer S
detection and CT orthotropic tumor
imaging model
6.3 | Transdermal | Transdermal uptake of Xenograft prostate tumor 3
Delivery SERS nanoprobes model (nude mice)
Accumulation and clearance Xenograft prostate tumor 6
of Transdermally delivered model (nude mice)
SERS nanoprobes

Dual CT/SERS multimodality
Introduction

Unlike conventional contrast agents, contrast from nanoparticles can be derived from
imaging moieties integrated with nanoparticles[79-81] as well as from inherent contrast
properties possessed by the nanoparticles themselves. In recent years metal nanoparticles
have been exploited to enhance contrast in whole body imaging modalities such as MRI [82-85]
and CT [86-89] as well as optical imaging modalities such as fluorescence and surface
enhanced Raman spectroscopy [18, 41, 90, 91]. Metal nanoparticles have also displayed
additional advantages including prolonged blood circulation half life, better controlled biological
clearance pathways and specific molecular targeting capabilities [92, 93].

In this study SERS nanoprobes were demonstrated to possess dual CT and SERS
contrast usable for multimodality CT imaging and SERS detection [89]. X-ray contrast is
derived from the high electron density and atomic number of the gold nanoparticle core [87, 94,

95] of SERS nanoprobes and can be exploited in CT imaging to provide contrast between soft
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tissues. Currently CT contrast between soft tissues is improved using iodine-based
compounds. However, iodine-based compounds have a high clearance rate providing a short
imaging window[20]. An ideal contrast agent capable of allowing for both global and specific
detection of a lesion has to be retained in the lesion long enough for preoperative and post
operative imaging. The SERS nanoprobes were characterized first in an in vitro for X-ray
attenuation and SERS signal. The SERS nanoprobes were then injected in vivo
subcutaneously in live mice and detected using Raman spectroscopy and CT imaging. Finally
an orthotropic model was employed. Results demonstrate that SERS nanoprobes remain
stable in vivo and possess dual SERS/CT contrast.
SERS nanoprobes and CT imaging

SERS nanoprobes with gold core size of 65.6£6.4 nm and 43.9+3.8 nm were used for
the study. The SERS nanoprobes were coded with DTTC iodide and protected by PEGlyation.
Raman spectroscopy is done using the 785 nm Raman module at 10s using 10x 0.25 NA lens.
Characterization of X-ray attenuation of the SERS nanoprobes and CT imaging of mice was
achieved using a Siemens Inveon PET-CT Multimodality System (Knoxville, TN). CT images
were obtained at 80 kV and 500 mA with a focal spot of 58 um. The total rotation of the gantry
was 360° with 360 rotation steps obtained at an exposure time of approximately 225 ms/Arame.
Under low magnification the effective pixel size was 103.03 um. CT images were reconstructed
with a down sample factor of 2 using Cobra reconstruction software. Reconstructed images
were analyzed using the Siemens Inveon research workplace (IRW) software.

CT Contrast of SERS nanoprobes

SERS nanoprobes with gold core size of 65.6£6.4 nm and 43.9+3.8 nm were evaluated
for CT contrast using a Siemens Inveon PET-CT scanner. 1.5 nm plastic vials filled with serially
diluted solutions of SERS nanoprobes and firmly attached on the imaging bed then scanned. X-
ray attenuation values measured by the scanner are plotted against molar concentration of the

nanoprobes (Fig 6.1). For comparison, x-ray attenuation of serially diluted solutions of lohexal
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(Omnipaque™, GE Healthcare) were similarly obtained. The nanoprobes were found to have
CT contrast that is linearly dependent on concentration. This CT contrast is also higher than

molar equivalent concentrations of lohexal reported by Xu et al[96].
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Figure 6-1 Measured x-ray attenuation of gold nanoparticles (40 and 60 nm AuNPs) and lohexol

as a function of their concentration. The three constrast agents display linear dynamic with the
gold nanoparticles displaying greater contrast than iohexal. The offset in the plots is due to the
x-ray attenuation in the plastic vials used to hold the solution for the measurements.
In vivo CT Contrast of SERS nanoprobes

In vivo CT contrast of the SERS nanoprobes was determined by CT imaging three
Balb/c mice injected with 65.64£6.4 nm gold core SERS nanoprobes pre and post injection. The
mice were fasted overnight then sedated using 2% isofluorine anesthesia before CT scanning.
Each mouse was then injected intravenously with 100ul of 12.5mg/ml of SERS nanoprobes.
Post injection scanning is done after 24 h. The spleen was clearly visible in the post injection
CT image (Fig. 6.2 B) compared with the pre-injection image (Fig. 6.2 A). Additionally,
measured CT attenuation of the spleen in the post-injection image was found to be 432 HU
which was significantly higher than the CT attenuation of the surrounding tissue (100 HU). The
CT attenuation values were determined by image quantification of the CT images. To further

confirm presence of the SERS nanoprobes in the spleen, the spleen is excised and imaged
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using TEM (Fig. 6.3). The SERS nanoprobes are clearly identified in the TEM image

surrounded by membrenes which suggest that they are uptaken by endosomes[97].

T‘ a-.' l .'/.F f |l [ [ ﬂ

Figure 6-2 Three dimensional Computed tomography (3D-CT) images of a mouse (A) pre
injection and (B) post injection with 100ul of 12.5mg/ml of ~65nm nanoprobes. The location of
the spleen is indicated by the yellow arrows. In the pre-injection image the spleen is not clearly

visible but in the post-injection the spleen is revealed due to the nanoprobes that are uptaken

into the spleen.

H

—
Figure 6-3 Accumulation of SERS nanoprobes in spleen tissue ((A) and (B)). Membrenes are

observed around the SERS nanoprobes suggesting that the nanoprobes are uptaken by

endosomes in the spleen cells.
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Combined SERS and CT Contrast of SERS nanoprobe using Subcutaneous model

Combined in vivo SERS and CT contrast was studied in mice injected subcutaneously
on the flank with 65.6£6.4 nm gold core size SERS nanoprobes (100ul, 12.5mg/ml) coded with
DTTC iodide. Nude mice (N=3) were first fasted overnight and then sedated using 2%
isofluorine anesthesia before injection. CT imaging of the mice and Raman spectroscopy
detection was carried out pre and post injection. Raman spectroscopy was done using the 785
nm laser at 10mW power and 8s integration time. A large working distance microscope
objective lens (10x 0.25NA) was used for focusing the laser and collection of the SERS signal.
CT imaging was then carried out for a period of 6 min following Raman spectroscopy. Figure
6.4 are representative CT images and SERS spectra obtained from the mice. The location of
the SERS nanoprobes was identifiable in the post injection CT images (Fig. 6.4 D) compared to
the pre injection images (Fig. 6.4 C) as shown by the red arrows. The localization of SERS
nanoprobes provided evidence of the in vivo CT contrast of the nanoprobes. The CT results
were also complementary to Raman spectroscopy results (Fig 6.4 A and B). Raman spectrum
of DTTC iodide was detected post injection in the region immediately surrounding the injection
site and corresponding to the position identified in the CT images (Fig 6.4 B). However, Raman
spectrum of DTTC iodide was noticeably absent in the pre-injected mice (Fig 6.4 A) and in the
regions far from the injection site. Figure 6.4A was enhanced six times post processing for
clearer observation of spectral features. The detection of SERS nanoprobes in the

subcutaneous region offered proof the SERS signal is detectable under the nude mouse skin.
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Figure 6-4 Combined Raman detection (A and B) and 3D CT imaging (C and D) of ~65 nm core

DTTC encoded SERS nanoprobes subcutaneously injected a nude mouse. (A) and (C) are
Raman spectrum and CT image respectively of the pre-injected mouse. (B) and (D) are Raman
spectrum and CT image of post-injected mouse. The red arrows in panels C and D indicate the
injection site. Raman signal of DTTC is revealed post injection and corresponds to the injection

site in D where the CT contrast is generated by the SERS nanoprobes.

Combined SERS/CT imaging in orthotropic tumor model

Five mice were injected with 20k DAB2IP knockout PC-3 cells per injection
orthotropically. Injection volume of 100 pl was used. After the injection of cells, the animals were
monitored daily for 1 week before in vivo imaging studies were carried out. DTTC iodide coded
SERS nanoprobes with nanoparticle core of 43.9 + 3.8 nm were prepared for the study. For
PET imaging 100 pL of 100 pyCi FDG solution were administered intraveneously after an
overnight fast. One hour later imaging was performed using the Siemens Inveon PET-CT
Multimodality System. Once the tumor metastasis was clearly denoted using by PEG imaging,

SERS nanoprobes (100 pl, 12.5 mg/ml) were injected intravenously via tail vein. CT scans were
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carried out for 3 days post injection. After imaging was completed mice were sacrificed and
tumor excised for SERS and TEM characterization.

Computed tomography (CT) images and FDG PET images overlaying the CT images in
axial, coronal and sagittal planes anatomically identified tumor metastasis and the location at
which SERS nanoprobes accumulated in the prostate (Fig. 6.5). The higher concentration of
18FDG in areas delineated by the red arrows as indicates higher metabolism consisted with
tumor metastasis in both pre and post SERS nanoprobe injection. In the same region, post
injection CT images show greater contrast than the prostate background. This increased
contrast is absent in the pre injection images indicating that SERS nanoprobes were uptaken by
the tumor. The uptake of non targeted SERS nanoprobes is thought to occur through the
enhanced permeability and retention (EPR) effect[98, 99].

The mice were then sacrificed and the prostate was excised for TEM and Raman
spectroscopy. Figure 6.6A was a slice of tumor tissue taken from mouse injected with SERS
nanoprobes. The magnified image (Fig 6.6B) shows structures that were identified as the gold
nanoparticle core of the SERS nanoprobes. The gold nanoparticles were observed to be
largely monodispersed suggesting that the SERS nanoprobes remain stable in vivo. The scales
for figure 5.6A and B are 1000nm and 100nm respectively. Interogation of the ex vivo tissue
using Raman spectroscopy resulted in detection of the SERS signal (red line in figure 6.7)
whose peaks corresponded with the peaks of the SERS nanoprobes in solution (green line)
positively identifying the nanoparticles in the tissue to be DTTC iodide coded SERS
nanoprobes. No such peaks were identified in the tumor tissue from mice which were not

injected SERS nanoprobes (Fig. 6.7).
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Figure 6-5 Axial, coronal and sagittal positron emission tomography images (PET) and
computed tomography (CT) of prostate tumor metastasis is a nude mouse. Images were taken
pre and 48h post injection with 100ul of 12.5mg/ml ~43 nm DTTC encoded SERS nanoprobes.
PET contrast was achieved using 18FDG. CT units are expressed in Hounsfield Units (HU) and
PET units are expressed in %ID/g. Tumor metastasis sites are indicated using the red arrows in

the coronal view of the images. Control images taken pre injection reveal PET contrast at the
tumor metastasis site but CT contrast greater than the prostate background is not visible. 48 h
post injection PET/CT images reveal CT contrast at the tumor metastasis site that corresponds

to the location of PET contrast indicating uptake of the SERS nanoprobes by the tumor.
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Figure 6-6 TEM images of ex vivo prostate tissue from tumor bearing mice. The scale bar in (A)

and (B) are 1000nm and 100 nm respectively. Presence of SERS nanoprobes in the tumor
tissue indicate that they are uptaken by the tumor. SERS nanoprobes were monodispersed

indicating in vivo colloidal stability.
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Figure 6-7 Raman spectra of DTTC encoded SERS nanoprobes (green), ex vivo prostate tissue

of tumor bearing mouse injected with SERS nanoprobes (red) and ex vivo prostate tissue of
tumor for tumor bearing with which was not injected with tissue (black). Raman spectra are
plotted with an offset along the y-axis to depict the signals. More than five Raman peaks of the
red colored spectrum match peaks from the SERS nanoprobes indicating presence of the

SERS nanoprobes in the tumor tissue.
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Conclusion

Dual contrast of SERS nanoprobes for SERS detection and CT imaging was
demonstrated. 65.616.4 nm and 43.9+3.8 nm that have been shown to display large SERS
enhancement also was demonstrated to display clinically sensitive CT contrast by comparing
their X-ray attenuation to clinical used iodine based CT contrast agent. However the magnitude
of dual contrast depends also on the amount of SERS nanoprobes that accumulate at the site of
interest.  Specific detection of lesions can be accomplished using immune-targeted gold
nanoprobes [94, 95] and better biodistribution properties are usually associated with smaller
gold nanoparticles. However, SERS enhancement factor also decreases with size of the gold
nanoparticle. Therefore a further study into these particles would involve more fundamental
studies of the mechanism of SERS to allow for increasing the SERS signal even as size of
nanoprobe is reduced.

Transdermal uptake of SERS nanoprobes
Introduction

Several studies have shown of rigid nanoparticles has been reported [100-103].
Nanoparticles are applicable non-invasively as gels or in emulsions. In addition they possess
large surface areas allowing for targeting and therapeutic agents to be attached to them.
Nanoparticles have also displayed better pharmacokinetic properties compared to traditional
diagnostic and therapeutic agents. SERS nanoprobes occupy a uniquely advantageous
position with regards to transdermal delivery. The core of the nanoprobes possess unique
electromagnetic qualities give them the potential to be used as therauptic agents in addition to
the diagnostic potential results from their ability to enhance Raman signal.

The capacity of SERS nanoprobes transdermal delivery was investigated. Longitudinal
studies were carried out in mice in which prostate cancer tumors had been implanted
subcutaneously. The mice were treated using a targeted SERS nanoprobes conjugated with

RGDyK peptide and pegyated SERS nanoprobes. Daily Raman spectroscopy monitoring
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indicated accumulation of the SERS nanoprobes at the tumor site. SERS signal intensity
indicated penetration of the SERS nanoprobes. Percutaneous penetration of the SERS
nanoprobes was confirmed using ICP-MS measurements. ~0.39% and ~0.23% applied dose of
nanoprobe per gram of tissue of targeted SERS nanoprobes and peglyated SERS nanoprobes
respectively were detected. Further, specificity and clearance were studied using the same
mouse tumor model in 6 new nude mice. The new set of mice were divided into two groups
(test group and control group). The groups were treated with SERS nanoprobes conjugated
with RGDyK peptide (targeted SERS nanoprobes) and SERS nanoprobes conjugated with anti-
rabbit IgG (non-targeted SERS nanoprobes) respectively. Accumulation and clearance of
SERS nanoprobes monitored using Raman spectroscopy was observed only in the test group
suggesting preferential uptake of the targeted SERS nanoprobes.
SERS Nanoprobes for in vivo study

Targeted and non-targeted SERS nanoprobes were synthesized using 65.6+6.4 nm
gold nanoparticles and encoded using HITC iodide. Targeted nanoprobes were conjugated
with commercially obtained HS-PEG-cyclic(RGDyK) peptide. The RGDyK peptide has a thiol
group allowing for thiol gold chemistry to be used in the conjugation. Briefly, after encoding with
HITC iodide, 100ul of 100ug/ml of RGDyK peptide was added to rapidly stirring gold
nanoparticles (~1.1 x 101°/ml) for 1h at room temperature followed by peglyation. SERS
nanoprobes were then purified by centrifugation and concentrated to form a pellet. 1.32 x 10"
SERS nanoprobes prepared in this way were then resuspended in 5mg of IcyHotTM gel.
Therefore the 5 mg SERS nanoprobe gel was composed of 0.167ug of SERS nanoprobes (1.32
x 1011 nanoprobes) and 4.833 mg of Icy—HotTM gel. PEGlyated SERS nanoprobes with no
ligand but prepared in similar proportions to the targeted SERS nanoprobes were used as

control. A second control was plain IcyHotTM gel.
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In vivo Xenograph Model
PC-3 cells were cultured in T-media supplemented with 5% fetal bovine serum (FBS)

and 1x Penicillin/Streptomycin. RGDyK peptide conjugated to the targeted SERS nanoprobes
are specific to ayf3; integrins expressed by PC-3 cells[104]. Cultured cells were harvested using
PBS and trypsin/EDTA and suspended in T-media before mixing with MatrigeITM. Three 6-8
week old nude mice were injected with the cell suspension (100ul of 2.5 x 10° cells per
injection) on each shoulder. After cell injection the mice were monitored every second day. The
tumor was allowed to grow for three weeks until palpable (3 — 5 mm) before imaging study was
began. Figure 6.8 A and B is a picture and an axial CT image of the mouse after tumor had

grown. A tumor is observed on both the shoulders of the mouse in both images.

Figure 6-8(A) Picture of re-injection Xenograph tumor model mouse and (B) axial view of the
mouse showing locations in which subcuteneous tumors were induced. Yellow arrows indicate
the tumor locations and the red arrow indicates possible tumor injection site. Tumor were
induced by injecting 2.5x10° PC-3 prostate cancer cell lines subcuteneous each shoulder of
eight mice

Topical application and SERS signal monitoring
The mice were anestherized using 3% isofluorene at room temperature. Once sedated
the tumor sites of each mouse was washed gently but thoroughly using a mild surfactant
solution and rinsed with water. Raman spectroscopy was used to monitor the surface and
subcutaneous region of each tumor. Monitoring was done using 785 nm Raman module with a

10x 0.25NA objective with a resolution of ~1.5 ym and spot size of ~ 3.6 ym.  While still
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sedated each mouse was treated with 5 mg of SERS nanoprobe gel applied by gentle over a ~1
cm? area at each tumor site providing a final dose of ~5mg/cm2 per tumor site. The application
was dried to minimize smearing before mice were allowed to wake up. The three different
applications of SERS nanoprobe gels were applied to the three different mice respectively.
Application was done daily over a 7 day period after which the mice were sacrificed and tissue
removed for evaluation using ICP-MS.

Figure 6.9 shows the Raman spectra for days 1, 2, 4 and 6 acquired from the tumor site
of the mouse on which targeted SERS nanoprobes. The signal labeled control was acquired
from mouse on which only gel was applied. Raman spectra for day 1 and 2 are similar to the
control signal however at day 4 the DTTC iodide Raman signature was detected and the signal
continued to be detected until day 7. Detection of the DTTC iodide spectrum suggested
accumulation of SERS nanoprobes at the tumor site. However, because of the thorough
cleaning and the absence of such a signal in the mouse with untargeted SERS nanoprobes the
SERS spectrum was attributed to accumulation of the SERS nanoprobes in layer of the skin just
under the surface or deeper. Suggesting penetration of the stratum corneum.
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Figure 6-9 Raman spectra for DTTC signal obtained from tumor on which targeted SERS
nanoprobes were applied. Raman spectroscopy measurements are taken 24h post application
for seven days after thorough wash of the application area. DTTC signal was clearly detectable

on day four and continues to be observed up to day 6.
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Samples of the liver, spleen, tumor and skin were extracted from each of the mice. The
extracted tissues were weight and dissolved in aqua regia before being measured using ICP-
MS for amount of SERS nanoprobes. The mass of applied SERS nanoprobes was also verified
using ICP-MS and percentage applied dose of nanoprobe per gram of tissue calculated using

equation 6.1.

mass of nanoprobes measured /mass of tissue

x 100%......6.1

% Applied dose ofnanoprobe/g =

mass of applied nanoprobes

The largest amounts of nanoprobes are collected in the skin (~0.42%) compared to the
spleen (~0.13%) and tumor (0.06%) (Fig. 6.10). However, since the surface of the skin was
washed thoroughly, the SERS nanoprobes were likely trapped in the layers of the epidermis of
the mouse skin. This result was similar to a number of studies into percutenous penetration of
nanoparticles into skin. A significant amount of the SERS nanoprobes are however detected in
the spleen and in the tumor suggesting that some of the nanoparticles penetrated into the
systemic regions of the body. Preference for targered nanoprobe over the non-targered

nanoprobe was also noted.
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Figure 6-10 Percentage dose per organ in selected tissue on which plain gel (control), targeted
nanoprobes and non targeted nanoprobes are applied. The nanoprobes were all dispersed in
gel prior to application. The largest amount of dose was detected on the skin indicating that

most of the nanoprobes remained trapped in the layers of the skin. Amount detected in spleen
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and tumor suggests transdermal delivery of nanoprobes. Preference for targeted delivery is
noted by the slightly greater dose of targeted nanoprobes in the organs investigated.

The Raman spectroscopy result as well as the ICP-MS result suggested that the SERS
nanoprobes accumulate at the tissue over time. Once the concentration of SERS nanoprobes
were within the dynamic range the signal were detectable. A dynamic process of accumulation
further suggests that clearance might occur. Knowledge about the dynamics of clearance is
important in designing application frequency]. Therefore, a further study was conducted to
determine whether the nanoprobes were usable in detecting clearance in live animals.

Accumulation and Clearance of SERS nanoprobes during Transdermal delivery

A new batch of targeted and non-targeted SERS nanoprobes were synthesized using
65.6£6.4 nm gold nanoparticles and encoded using HITC iodide. @5 mg Targeted SERS
nanoprobe gel composed of 0.167ug of SERS nanoprobes (1.32 x 10" nanoprobes) and 4.833
mg of Icy-HotTM gel was prepared. Non-targeted SERS nanoprobe gel was also similarly
prepared with the exception that anti-IgG antibody (Sigma-aldrich, R113) conjugated to a linker
molecule (Hydrazide-PEG-dithiol) was used to functionalize the SERS nanoprobes in place of
the RGDyK peptide. Introduction of a non-specific ligand on the non-targeted SERS
nanoprobes was introduced to mimic the case where several nanoprobes with different SERS
nanoprobes may be used to detect different targets.

Six 6-8 week old nude mice were injected with the cell suspension (100ul of 2.5 x 10°
cells per injection) on each shoulder. After cell injection the mice were monitored every second
day. The tumor was allowed to grow for three weeks until palpable (3 — 5 mm) before imaging
study was began. The mice were divided into two groups of three mice each: test group and
control group. Targeted SERS nanoprobes were applied to the test group mice while the non-
targeted SERS nanoprobes were applied to the control group mice. Application of SERS

nanoprobes was done daily on sedated mice at room temperature. Monitoring of the SERS
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signal using Raman spectroscopy was also done 24h post application after gentle but thorough
washing of the skin surface at the tumor site.

Figure 6.11 shows a series of SERS signals tracking accumulation of the applied SERS
nanoprobes over 7 days. The SERS signals were representative signals obtained from the
tumor site of a randomly selected mouse in the test group (Fig. 6.11 A) and the control group
(Fig. 6.11 B). Accumulation over seven day for the 6 mice was tracked by plotting the intensity
of 554.58 ¢cm™ vibrational mode from HITC iodide encoded SERS nanoprobes. The SERS
intensity of the test group show an increase in intensity starting from the fourth day while the
SERS intensity of the control group remains constant through the seven days (Fig. 6.12). This
suggests accumulation of the SERS nanoprobes over time. The wide signal variation of the
SERS nanoprobes was due to the uniform accumulation from mouse to mouse as well as from
point to point in the area interrogated and not as a result of signal variation from the SERS

nanoprobes themselves.
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Figure 6-11 Raman spectroscopy measurements obtained from mouse tumor in the (A) test
group and the (B)control group. The signals are obtained a randomly chosen mouse in each of
the groups and have been processed post acquisition to remove the background in order to
allow for peak intensity comparison. The signal of HITC iodide which was the encoding Raman
reporter, began to be visible at day 4 — 5 of monitoring in test mice and remained detectable

through day 10. The results show the first seven days.
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Figure 6-12 SERS intensity of 554.58 cm”™ vibratigxﬂl mode of HITC iodide tracked over seven
days for test and control group mice (n=6 for each group). SERS intensity was measured
everyday 24h post application of SERS nanoprobe gel and after washing with mild surfactant.
SERS signal was detected after day 3. Large variation in signal intensity was likely due to non-
uniform accumulation of SERS nanoprobes over the area of application.

Treatment of the mice with SERS nanoprobe gel was continued to day 10 during which
the last treatment was applied. SERS intensity was then monitored 24h and 48h post
application (Fig.6.13 and Fig 6.14). SERS signal in the test group was detectable 24h post
application (day 11) but at the 48h time point (day 12) the signal intensity dropped to
background levels of the system. However, in the control group no significant signal was
observed all time points. The drop of signal in the test group suggests clearance of the SERS
nanoprobes from the tumor site. It is noteworthy that the drop of the signal between day 11 and
day 12 was sudden mirroring the sudden jump of the signal between day 3 and 4 of SERS

nanoprobe accumulation.
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Figure 6-13. Raman spectroscopy measurements obtained from mouse tumor in the test group
(A) and the control group (B) to determine clearance of the nanoprobes. Signals are obtained
for the last day of application, 24h and 48h post application. The signal of HITC iodide was

visible 24h post application but was not detectable 48h post application.
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Figure 6. 1 SERS intensity of 554.58 cm™ vibrational mode of HITC iodide tracked over three
days for test and control group mice (n=6 for each group). Day 10 was the final day of
application for SERS nanoprobes. Intensity of SERS nanoprobes was observable 24h post

application but diminishes to background levels 48h post application.
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Conclusion

Selective accumulation of targeted transdermally delivered SERS nanoprobes in
subcutaneous tumors was demonstrated in two longitudinal studies. In the first study,
accumulation of SERS nanoprobes in the tumor is monitored using Raman spectroscopy and
confirmed using ICP-MS. While in the second study, the SERS nanoprobes accumulation and
clearance of SERS nanoprobes was monitoring. Targeted SERS nanoprobes were observed to
selectively accumulate at the tumor sites. The results further indicated that ~0.4% of the
applied dose penetrated the outer layers of the skin after 7 days of application. 75% of these
SERS nanoprobes remain in the skin while the rest were systemically delivered. The process of
delivery was shown to be dynamic simultaneously involving accumulation and clearance at the
tumor site.

Summary

In this chapter (i) multimodality SERS/CT cancer detection using SERS nanoprobes
and (ii) subcutaneous cancer detection via transdermally delivered SERS nanoprobes are
demonstrated. Multimodality SERS/CT nanoprobes were demonstrated in orthotropic prostate
tumor mouse model. Regions of tumor metastasis delineated using PET imaging also
displayed greater CT contrast and SERS spectroscopy of excised tissue confirmed presence of
SERS nanoprobes. Further developments of SERS nanoprobes specifically reducing the size
of the nanoparticle while maintaining or increasing the SERS signal would improve SERS
nanoprobes pharmacokinetic properties. Detection of subcutaneous cancer via transdermal
delivery was demonstrated in nude mice using prostate tumor model. The targeted SERS
nanoprobes displayed selective attachment to the tumor site. Experiment provided evidence
that attachment of SERS nanoprobes was a dynamic process involving accumulation and
clearance. Further studies into the dynamics of attachment would improve the dose and
frequency required for optimal detection. Additionally, delivery of the SERS nanoprobes can be

improved by investigation into the effect of the delivery vehicle.

92



Chapter 7
Conclusion

The main objective of this research was the development of multiple-color dual modality
SERS/CT nanoprobes for cancer diagnosis. The motivation for the research was the
opportunity presented by the increase in discovery and elucidation of cancer biomarkers whose
detection has the potential of improving cancer diagnosis, treatment and monitoring. In chapter
one the opportunities presented this progress in biomarker discovery was discussed and the
potential of SERS nanoprobes to significantly impact cancer diagnosis is introduced.

In chapter 2 the use of SERS nanoprobes as contrast agents for biomedical
applications was briefly reviewed. The advantage presented by SERS nanoprobes for
multiplexing was discussed as well as their potential as contrast agents for CT. Focus was
placed on the Raman scattering and SERS mechanism in order to understand the design of
both the Raman instrumentation and SERS nanoprobes. The Raman modular instrument,
which was design and fabricated to allow for in vivo and in vitro measurement was then
described.

In chapter three, SERS nanoprobes were described. The SERS nanoprobes consist of
gold nanoparticle core, encoded using a Raman reporter and coated with methyl capped thiol-
terminated polyethylene glycol for steric stability. The design combines two aspects of SERS
nanoprobes design: the encoding of nanoparticles using Raman active molecules and
directional conjugation of ligands to nanoparticles to functionalized SERS nanoprobes. Eleven
colors of SERS nanoprobes with a gold nanoparticle core size of 65.6 + 6.4 nm were
synthesized. Five of the eleven were selected based on their intensities for in vitro and in vivo
evaluation.

The method developed for quantitative analysis of multiplexed SERS nanoprobes
colors was described in chapter four. The method named Eigenspectra algorithm is based on

principle component analysis and does not rely on source spectra but calibration is
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accomplished using actual mixture signals and therefore in not affected by potential non-linear
relationship between intensity and concentration. The algorithm was tested using two-plex
mixture of two SERS nanoprobes and its capacity to determine the individual colors mixed and
their concentration was demonstrated.

In chapter four, SERS nanoprobes evaluated for in vitro applications. Using two
separate cell lines specific targeting of cell surface expression using SERS nanoprobes was
demonstrated. Prostate specific membrane antigen was detected using Anti-PSMA antibody
functionalized SERS nanoprobes in C4-2 cell lines, while epidermal growth factor receptors
(EGFr) was detected using anti-EGFr targeted SERS nanoprobes in U87-MG cell lines.
Simultaneous detection of four colors of SERS nanoprobes was demonstrated in glioblastoma
multiforme (U87 MG) cell lines targeted with four-plex mixture SERS nanoprobes. The in vitro
cells studies not only evaluated the SERs nanoprobes for in vitro applications but were also an
important step in determining if the SERS nanoprobes could be tested in a mouse model.

Evaluation of SERS nanoprobes was then demonstrated for two in vivo applications (i)
multimodality SERS/CT cancer detection using SERS nanoprobes and (ii) subcutaneous cancer
detection via transdermally delivered SERS nanoprobes. Multimodality SERS/CT nanoprobes
were demonstrated in orthotropic prostate tumor mouse model. Regions of tumor metastasis
delineated using PET imaging also displayed greater CT contrast and SERS spectroscopy of
excised tissue confirmed presence of SERS nanoprobes. Detection of subcutaneous cancer
via transdermal delivery was demonstrated in nude mice using prostate tumor model. Targeted
SERs nanoprobes selectively attach to the tumor site over a period of time suggesting the
importance of dose as well as frequency of application. When treatment was stopped the SERs

signal decays over time.
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