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Abstract

Raman spectroscopy is the collection of inelastically scattered light in which the spectra contain
biochemical information of the probed cells or tissue. This work presents both targeted and
untargeted ways that the technique can be exploited in biological samples. First, surface
enhanced Raman scattering (SERS) gold nanoparticles conjugated to targeting antibodies were
shown to be successful for multiplexed detection of overexpressed surface antigens in lung
cancer cell lines. Further work will need to optimize the conjugation technique to preserve the
strong binding affinity of the antibodies. Second, untargeted Raman microspectroscopy
combined with multivariate statistical analysis was able to successfully differentiate mouse
ovarian surface epithelial (MOSE) cells and spontaneously transformed ovarian surface epithelial
(STOSE) cells with high accuracy. The differences between the two groups were associated with
increased nucleic acid content in the STOSE cells. This shows potential for single cell detection

of ovarian cancer.
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Chapter 1
Introduction

1.1. Motivation

Cancer is the leading cause of death in Canada, accounting for 30% of all deaths [1]. Important
research has gone into understanding the molecular origins of the disease and improving the
ways that this can be used to detect it earlier, delineate tumor margins and determine the optimal

treatment plan.

Cancer is usually diagnosed using a macroscale imaging modality and confirmed through
histopathology. Diagnosis imaging modalities such as computed tomography (CT), magnetic
resonance imaging (MRI), positron emission tomography (PET) and ultrasound are often the first
methods. These techniques can provide information about the tumor such as is 3D volume,
structure and composition. A suspicious lesion is then confirmed by biopsy, followed by
histological analysis. Tissue is extracted from the patient from a suspicious region, then sliced,
mounted on a slide and stained. A trained histopathologist can determine whether the cells seen
in this small piece of tissue are normal or malignant. This process is very time consuming and
can delay a diagnosis or increase surgery time when it is used to determine tumor margins such
as in Mohs micrographic surgery. While these methods are invaluable for cancer diagnosis, there
are challenges of incorporating these techniques intra-operatively, obtaining high resolution
images, obtaining biochemical information, and using multiple probes simultaneously for

targeting. This has led to the development of Raman techniques to improve tissue diagnosis [2].

Raman techniques can allow for close to real time biochemical analysis of the tissue saving time
and allowing for information to be extracted in situ without tissue extraction. The introduction
will cover the fundamentals of Raman spectroscopy, followed by a chapter describing surface
enhanced Raman scattering (SERS), with the application of optical probes for molecular
diagnosis of cancer. Then the third chapter will describe the intrinsic Raman spectra of biological
cells and tissue and how malignancy-associated changes can be detected. The final chapter will

discuss future work and translating Raman techniques into clinical practice.



1.2. Raman Spectroscopy

1.2.1. Light Interactions with matter

Photons can be scattered when interacting with matter in two ways. Most commonly, this
happens in an elastic (Rayleigh) manner, where the scattered photon has the same energy, hv, as
the incident wavelength, hv. In a rare scattering event, the scattered photon will have a different
energy, hv + AE, from the incident photon. This can be visualized using a Jablonski diagram,
Figure 1.1. From the quantum mechanical interpretation of these scattering events, when an
incident photon interacts with a molecule, the molecule is excited to a virtual energy state. From
here there are three different potential outcomes. The molecule can relax elastically back to the
ground state and emit a photon of equal energy (Rayleigh scattering), hv. In the second type of
interaction the molecule can relax from the virtual state to a real phonon state (vibrational mode)
emitting a photon with less energy than the incident photon, hv - AE; this is called Stokes shifted
Raman scattering. The third possibility is that the photon interacts with a molecule that is already
in a higher phonon state and is excited to a higher virtual state and relaxes back down to the
ground state with the scattered photon having more energy, hv + AE. This is called anti-Stokes
Raman scattering. This type of Raman scattering is less likely to occur, since most molecules are
found in a ground state at room temperature and, therefore, undergo Stokes Raman scattering.
Due to this, the Stokes Raman spectra are more commonly used in biological specimen analysis.
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Figure 1.1 Jablonski diagram detailing Rayleigh and Raman (Stokes and anti-Stokes) scattering

events and a fluorescence event

Comparing Raman scattering to fluorescence, fluorescence is a very different optical process. In
a fluorescence process, the photon is absorbed from the ground singlet state, Sy, to the first
singlet state, S;. At this point the molecule will undergo a vibrational relaxation process until it
reaches the vibrational ground state of S;. It will remain at this energy level for a few
nanoseconds, known as the molecule’s fluorescence lifetime, and relax back to the ground
singlet state, S releasing a photon. Fluorescence differs from the Raman scattering process in
that the emission process in fluorescence is independent of the initial photon energy as long as

this is sufficient to excite the higher electronic state [3].

All molecules are composed of atoms that are connected to each other by bonds. At above 0K,
molecular bonds vibrate with a certain energy that is dependent on the type of atoms involved,
the strength of the bond, and the arrangement of the bond in 3D space, which is partly dependent
on the environment. Thus, molecules have a vibrational ‘fingerprint’ that is characteristic of the

bonds that it contains. Using monochromatic light, this ‘fingerprint’ can be probed by observing



the interaction of the bonds with the oscillating electromagnetic field with energy, E. This

induces a polarization of the molecule, given a molecule’s polarizability, «,

Hing = & (1.1)

Not all bonds are ‘Raman active’ as there are selection rules. The vibration of the bond must

cause a change in the polarizability of the molecule,

(E) # 0 (1.2)

, Where q is the simplified coordinate describing the vibrational motion around the equilibrium.
Thus, an atom which has an isotropic polarizability, where the polarizability does not change
with vibration, will just re-radiate the photon at the incident energy (Rayleigh scattering). A

molecule with anisotropic polarizability of the bond will give rise to Raman scattering. [4]

Molecules probed with monochromatic laser light will scatter the incident light revealing
information about the bonds contained in them if the bonds are ‘Raman active’. The collected
Raman spectra record the amplitude of the frequency-shifted light. The spectra are usually

represented by the intensity vs. the Raman shift, which is defined by the wavenumber, w,
w = (%0 -5) (1.3)

, Where 2, is the incident wavelength and A, is the scattered wavelength. Wavenumber is
independent of the incident wavelength and represents the energy difference between the excited

and the ground vibrational energy levels of the molecule.

1.2.2. Applications

Spectroscopy is the study of the interaction of light with matter evaluated as a function of

wavelength of the emitted or scattered light. Examining the Raman scattering spectrum of a



substance is a rigorous, established spectroscopic technique that has been used for quantitative
analysis of molecular materials for many years. Every compound in a sample gives a unique
Raman spectrum that is related to the vibrational modes of the molecules. Since Raman
scattering is a linear process, a mixture of different substances gives a superposition of each of

its constituent Raman spectra allowing for a quantitative analysis of the components.

Raman spectroscopy has grown to be useful in many fields, including pharmaceuticals,
environmental sciences, semiconductors, archeology and forensic sciences. For example, in
pharmaceuticals, it is used in almost every stage of drug discovery and development from pre-
formulation to formulation analytics to quality control [5]. It is a versatile tool that can be used
on substances in many forms such as transparent, opaque, colored and also solids, suspensions,
and solutions [6]. It is used in DNA analysis to observe oligonucleotides and mononucleotides
[7.8].

1.3. Surface Enhanced Raman Scattering

Surface enhanced Raman scattering was first reported in 1974 by McQuillan, who observed that
pyridine adsorbed to a roughened silver electrode caused an enhanced Raman signal. [9] This
initial article has been cited over 3000 times and this effect has been exploited in a variety of

settings.

1.3.1. Physics

Generally, the intrinsic Raman signal of a substance is very weak. The Raman signal of a
scatterer can be enhanced through the surface enhanced Raman scattering (SERS) effect.
Oscillating free electrons, or surface plasmon, in a metallic material interact with an
electromagnetic field which causes an enhancement of the electric field immediately surrounding
the surface due to surface plasmon resonance. This is called the Local Field Intensity
Enhancement Factor (LFIEF) which is the ratio between the intensity of the electric field in the
absence of the metal compared to the intensity of the field in the presence of the metal. The

LFIEF is dependent on the geometry and size of the metal structure indicated by the distance

from the surface term, r, and the frequency of the electromagnetic field, w.



|E(r,w)|?

LFIEF(T',(A)) = m

(1.4)

The Raman process will experience an enhancement factor (EF), from both an incoming photon

from the laser, wy, and the scattered photon, ws. It can be approximated, ignoring any

polarization effects, by [10]

EF = LFIEF(w,) X LFIEF (ws) (1.5)

The metal substrate for SERS needs to have nano-sized features for the surface plasmon
interaction with the field to have a significant enhancement effect, Figure 1.2. The most optimal
enhancement of the Raman signal occurs when the molecule is adsorbed to the surface
(minimizing the separation distance) and is polarized perpendicular to the surface. The
enhancement field drops off as r® [11], i.e. the signal intensity decreases as r'®, where r is the
distance of the molecule from the metal surface.

Electron Cloud

Metallic
Nanoparticle

Electric Field

Figure 1.2 Schematic of the plasmonic enhancement effect in metal nanoparticles where the free
electrons experience oscillations when excited by an electric field. The oscillations cause an

increase of the electric field immediately surrounding the metal surface.



1.3.2. Molecular Markers of Disease

Biomarkers are molecules in the body that can be found either in the blood, other bodily fluids,
or tissues and are important molecular signatures of the cell phenotype that can guide diagnosis
and treatment plans [12]. Biomarkers can come in different forms such as proteins (enzymes,
receptors), nucleic acids, antibodies, and peptides or they can be a collection of changes in gene
expression, proteomic, and metabolic signatures. They have multiple clinical uses including
estimation of disease risk, screening for primary cancers, determining the type of tumor (e.g.

benign or malignant), disease prognosis and disease monitoring [13].

Current methods of biomarker detection in vivo, including ultrasound, radiology, fluorescence
endoscopy and magnetic resonance imaging (MRI), lack the sensitivity and/or specificity to
determine tumor behavior [14]. The major challenge is to be able to classify the disease early.
The current ‘gold standard’ for diagnosis is histopathological examination ex vivo by microscopy
of a biopsy sample [15]. This method is limited as it involves tissue extraction and does not

provide functional information about the cells.

Monoclonal antibodies have been developed for cancer detection by mainly radioactive means of
either SPECT (single-photon emission computed tomography) or PET (positron emission
tomography). For example, one that is in clinical use is Indium 111 capromab pendetide
(ProstaScint), a monoclonal antibody for prostate-specific membrane antigen (PSA) labeled with
a radioactive tracer [16]. It targets the overexpressed antigen that is present in many instances of

prostate cancer and aids in the staging and detection of relapse through imaging.

1.3.2.1. Antibody structure

Antibodies, or immunoglobulins (1g), are molecules produced by immune cells in the body that
are used to identify invading pathogens for other immune cells to destroy. The antibody is
designed in such a way that it has a high specificity for the antigen, or characteristic protein, on
the pathogen’s surface. Binding is allowed by the roughly ‘Y’ shape of the antibody: Figure 1.3.
Focusing on IgG antibodies, which were used in this work, they are formed with two light chains



and two heavy chains, completing a complex that is about 150kDa. The amino terminus of the
chains is located at the tips of the arms of “Y’ shape, or in the Fab or variable region, where the
antigen-specific binding sites are found. The carboxyl terminus is located on the base of the ‘Y’
which contains the Fc or constant region of the antibody. In immunohistochemistry, this Fc

region is recognized by a secondary fluorescently-tagged antibody or Fab fragment.

\ variable
region
light chain <
\
disulphide bonds
constant
—— —— heavy chain region

Figure 1.3 Schematic of an IgG molecule containing 2 heavy chains and 2 light chains making

up the constant and variable regions.

1.3.2.2. Lung Cancer as a Model

Lung cancer has a very dismal 5-year survival rate of 20% [1] and most of the patients are at a
late stage of the disease upon diagnosis. For patients diagnosed at Stage | the 5-year survival rate
is higher at over 60%, but this represents only a small proportion of patients. The challenge in
this disease is early detection — the patients need to be diagnosed before the disease grows and

metastasizes.



A recent National Lung Screening Trial [14] showed that screening using low-dose helical
computed tomography decreased mortality in patients with a high-risk of developing lung cancer
by 20% compared to screening using chest radiography. Low-dose CT had a rate for positive
screening test of 24.2% compared to 6.9% with radiography. Both of the tests had a high false-
positive rate of 96.4% (low-dose CT) and 94.5% (radiography). This leads to abnormalities that
need to be further investigated. This can be done by further imaging, bronchoscopy, biopsy or

surgical procedures. A novel way to characterize these abnormal lesions is to use molecular
markers.

Lung cancer can be divided into small cell lung cancer and non-small cell lung cancer (NSCLC),
the latter being more common with 85% of cases being this type [1]. NSCLCs are known to be a
group of distinct diseases with genetic and cellular characteristics that are different [17]. Thus,
for the identification of lung cancer lesions a spectrum of molecular markers must be used for
correct classification.

Lung cancer has been found to have mutations in different types of proteins and receptors. HER2
is member of the EGFR family of receptor tyrosine kinases and HER2 mutations are found in 2%
of NSCLC [18]. MET amplification was detected in 22% of lung cancer specimens that
developed resistance to gefitinib or erlotinib, which are drugs developed to target tumors with
EGFR-activating mutations [19]. PIK3CA is a common gene overexpressed in cancer cells. It
was found to be overexpressed in 33% of squamous cell carcinoma, 6% adenocarcinoma and 5%

of small cell lung cancer cell lines [20].

1.3.2.3. Quantum Dots and Fluorescent Markers

An established method to determine the expression levels of antigens in cells is to use a
fluorophore conjugated to a targeting antibody. A fluorophore is a small molecule that emits a
photon with a longer wavelength than a photon by which it was initially excited. The fluorophore
is conjugated to the antibody which then binds to the sample. The collected fluorescence signal

represents the amount of bound antibody indicating the presence of the antigens in the sample.



The intensity of the fluorescence signal reveals whether there is high or low expression of the

associated protein.

Conventional fluorophores are bright, small molecules that are well established and easy to use.

The downside is that they easily photobleach after prolonged exposure to an excitation source
and they have a broad emission spectrum making it difficult for spectral separation of different
types in a combined sample. This does not allow for quantitative analysis of the antigen
expression levels, due to the changing signal intensity and the inability to accurately determine
the amount of signal originating from each type of fluorophore in the collected spectrum.

Quantum dots are an improvement on standard dye-based fluorophores. They are crystals of
semiconductor material that have a tunable emission wavelength that varies depending on the
size of the quantum dot. Their signal is stable and they have narrow emission spectra, allowing
for a more quantifiable way of separating the spectra from the different types of quantum dots.
Bioconjugated quantum dots have been used for quantitative immunohistochemical analysis
[21,22]. The potential in vivo applications are limited, since quantum dots are typically

composed of heavy metals such as Cd and Se, and so are potentially toxic [23].

It is preferred that the optical marker would be active in the 690-900 nm range, which is the
‘tissue optical window’. At this range light penetration in tissue is maximized. Hemoglobin in
the blood absorbs strongly below about 600 nm, which limits the signal intensity, due to
decreased penetration of the excitation and emission light. Water absorption is also low in the
near-infrared range [24]. However, there is a limited number of fluorophores available in this

range which limits their use in detecting multiple biomarkers simultaneously.

Thus, there is a need to develop an optical probe to be usable in vivo in the ‘tissue optical

10

window’ and that can be easily and quantitatively unmixed spectrally to be able to determine the

presence of multiple antigens simultaneously.
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1.3.3. SERS NPs as optical markers

SERS has been exploited to create nanoparticles (NPs) that can be used as optical markers that
have an associated Raman spectrum. Due to their strong signal they can be detected on tissue,
they possess low toxicity and have the ability for multiplexed detection. SERS NPs are seen as a
potential in vivo multiplex molecular imaging probe. This section will describe the use of SERS
NPs as optical probes in medicine and the progress that has been made to date towards them

becoming a clinical tool.

1.3.3.1. SERS NP Substrates

SERS NPs used for molecular targeting are typically synthesized to have a metal core, either
gold or silver, and coated with dye molecules or small Raman -active molecules. Usually, a
reference molecule is chosen that is small and does not have too many bonds, as increased
bonding gives an increased number of Raman peaks in the spectrum, making the signal more
complex, Figure 1.4. In terms of multiplexing, this causes a greater amount of peak overlap and
increases the error in spectral component separation. The metal core acts as a Raman signal
amplifier through surface plasmon resonance enhancement of the electric field.
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Figure 1.4 The Raman scattering spectrum of an S440 reporter molecule (trans-1,2-Bis(4-
pyridyl)-ethylene) compared to the fluorescence spectrum of 800 nm quantum dot. The Raman
peaks are much narrow, making them easier to separate spectrally. (Courtesy of Patrick Z.
McVeigh)

The next layer acts as a stabilizer of the NP. It is commonly composed of either polyethylene
glycol (PEG) molecules or a silica shell. The silica shell provides greater chemical stability of
the Raman reporter molecules that are adsorbed to the core, especially when encountering a
range of environments for in vivo applications [25]. The PEG chains, on the other hand, are more
permeable to encountered molecules and allow them to approach the metal core. This can change
the SERS reference spectrum, as the Raman spectrum of the encountered molecule will also be

enhanced.

The next layer is added to reduce the nonspecific binding that occurs mainly due to the charges
of the Au NP. Strategies to reduce nonspecific binding have shown that PEG is superior for in

vivo applications. PEG has a long history of being used to prevent absorption of biological
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molecules and prevent uptake by the reticuloendothelial or macrophage system [26]. Uptake in
other tissue decreases the NPs that are able to reach the tumor site. Therefore, a PEG coating of
surrounding the silica shell of the NPs is necessary to limit the electrostatic interactions. A
further advantage, is that the PEG molecules can be formulated with reactive groups at the ends
that allow for functionalization of the NPs with antibodies or other moieties [27] for targeted
delivery. This facilitates the binding of functionalized SERS NPs to the cell surface that leads to

expression level characterization.

1.3.3.2. Multiplexing testing

With increasing proteomic information becoming available, it would be advantageous to use this
for diagnosis of disease in situ. Cell surface markers, or antigens, can have a change in their
expression levels indicative of transformation into malignant cells. To be able to determine
which types of antigens are present, and in what proportion, will allow the patient to be
diagnosed more precisely, leading to a more personalized treatment directed at the specific
disease subtype. In lung cancer, for example, EGFR can become overexpressed or mutated in
30% of squamous cell carcinomas but only 15% of adenocarcinomas [28,29]. Other proteins can
also become amplified in other types of lung cancer, as discussed previously. Multiplexing is
advantageous as it allows for the simultaneous detection of a range of biomarkers. In terms of
targeted SERS, quantitative multiplexing is the determination of the proportion of bound SERS

NPs that are targeted to a specific biomarker.

SERS multiplexing without targeting has been reported by multiple laboratories. When
combining different types of SERS NPs in a mixture, the collected Raman spectra can be
accurately unmixed, that is, spectrally separated, to reveal the proportion of each of the SERS
NPs present. The relationship between the concentration of the SERS NPs and the signal
intensity from a Raman reference molecule is linear, allowing direct correlation of the signal to
the amount of NPs present. This is under the assumption that the NPs are stable, i.e. that the
number of Raman reporter molecules adhered to the Au core is constant and there is no
aggregation of the NPs. A change in these factors will change the intensity of the Raman signal
and conclusions cannot then be drawn as to the amount of NP present [30]. A step forward from
this, is showing that multiplexing is valid when collecting the signal from SERS NPs located on
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biological tissue, which can contribute a strong autofluorescence background signal. This was
shown in our lab by McVeigh et al. [30] using narrow-band SERS imaging, by applying a
mixture of four different types of SERS NPs through a subcutaneous injection on the dorsum of a
nude mouse: Figure 1.5. A quadruplex mixture of varying concentration was successfully

spectrally unmixed.
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Figure 1.5 White light (a) and bandpass images (b-e) of the 4 types of SERS NPs in varying
concentrations (S420, S421, S440, S481) applied through a subcutaneous injection on the
dorsum of a nude mouse. Unmixed Raman bandpass image intensities as a function of known
intensities in a quadruplex mixture are shown in (f) with the error bars representing +1 s.d.
(Reprinted with permission from ref. [30], Copyright 2009 Society of Photo Optical

Instrumentation Engineers)

Further studies have shown that targeted SERS NPs can bind to cancer tissue following either
intra-tumoral injection or topical application. Dinish et al. [31] showed that intra-tumorally
injected SERS NPs targeted to three different cell surface antigens were able to bind to a
subcutaneous breast cancer xenograft tumor. The analysis was done only semi-quantitatively,
where the presence or lack of binding was determined just by the intensity of the Raman peak at
the specific wavenumber. Wang et al. [32] were able to show that quantitative triplexing can be
achieved using two targeted SERS NPs and one untargeted to account for non-specific binding.
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This was done using a fiber optic probe and a brief topical application. In our lab, Mallia et al.
[33] showed, using narrow band imaging, that it is possible to spectrally unmix a triplex of SERS
NPs in which 2 were targeted with 2 different anti-EGFR antibodies, as well as an untargeted
control. This work showed that targeted binding does occur by having very similar binding with
the two anti-EGFR probes and no binding with the unspecific probe, Figure 1.6. Another
conclusion was that the type of SERS NP reporter molecules used does not affect the antibody

targeting or the collected signal.
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Figure 1.6 In vivo tumor targeting and multiplex detection of the EGF receptor using wide-field
Raman imaging in a lung cancer (A549) xenograft tumor. (A) Color image showing topical
application of the nanoprobe cocktail on the surgically exposed tumor. Wide-field Raman
bandpass images shown in false color superimposed on the white light image correspond to (B)
cetuximab labeling of S421 nanoprobes, (C) panitumumab labeling of S481 nanoprobes and (D)
nonspecific labeling of control S420 nanoprobes, where S421, S481 and S420 SERS NPs are
associated with three different Raman reporter molecules. (Reprinted with permission from Ref.
[33], Copyright 2014 Future Medicine Ltd)

1.3.3.3. Endoscope development

SERS NPs can be employed to enhance the signal and increase the contrast for normal and
diseased tissue. To detect optical markers in vivo, endoscopic techniques have been in
development for standard white-light imaging. To be able to collect the signal for specialized
optical probes, different light collection methods need to be adapted. This was discussed in a
book chapter entitled “Nanoparticle-Enabled Optical Endoscopy: Extending the Frontiers of
Diagnosis and Treatment” authored by B.C. Wilson and S. Borel [34]. This section will focus on

imaging technologies developed for collecting SERS spectra.

The use of targeted SERS NPs is tending towards topical application in body cavities using
endoscopic imaging. This minimizes the dose that needs to be given to the patient and greatly
reduces systemic uptake of the nanoparticles. Specific instrumentation needs to be developed to
detect the SERS signal in a clinical setting, with fast acquisition time and image formation.
Currently employed standard white-light endoscopes in the clinic have poor performance in the
infrared wavelength range, so that SERS detection requires a modification in the detection

cameras and optics.

Currently there are two main signal collection methods, full spectrum collection and narrow-
band detection, each with their own advantages and limitations. Full-spectrum collection takes
longer but provides more detailed information. Direct classical least-squares (DCLYS) fitting or

principal component analysis (PCA) is applied to the measured spectra to determine the
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components and the relative amount of bound SERS nanoparticles. This method is able to
accommodate a wide range of background spectra that would be collected from the tissue

autofluorescence, enabling more accurate SERS NP quantification [35,32,36].

Narrow-band detection collects only a specific narrow range of wavelengths that are
representative of the SERS NP references and the background. This can be challenging, due to
the highly fluctuating background spectra. The advantage is that this method is potentially faster
since point spectroscopy (where spectra are collected at single locations) is avoided. An image is
formed by collecting the light of a particular intensity using a CCD (charge-coupled device). The
image is collected for a wavelength range specific to the reference spectra (usually for a strong
intensity peak), using a narrow-band filter, and the same is done for a wavelength range
representing the background. After finding the difference of the two images, an image is formed
representing just the reporter intensity without background interference. When multiple reporters
are used, it is important to have reference spectra where the strong peaks for each are located far
from each other, in terms of wavelength. This allows for more accurate subtraction with lower
interference from other components [30]. Thus, this technique is limited by the availability of

Raman reporters with a low number of Raman peaks.

1.4. Intrinsic Raman

1.4.1. Intrinsic Raman Spectroscopy

As a vibrational spectroscopic technique, Raman spectroscopy is an emerging biomedical tool
that has the potential to provide a wide array of information about the chemical composition,
molecular structure and molecular interactions of cells and tissues. It can be employed in a non-
invasive, non-destructive and non-contact way for in vivo evaluation [37]. In biological
specimens, the Raman spectra reflect the constituents of the tissue such as proteins, nucleic
acids, lipids, carbohydrates and inorganic crystals. Since disease of normal cells and tissue leads
to changes in cellular function and metabolic characteristics, it is possible to detect differences in
the Raman spectra that are indicative of the disease. If such changes are unique to the disease
type then they can be used as a phenotypic marker for characterization. Raman spectroscopic
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evaluation can be done under normal physiological conditions and quickly, with minimal sample

volumes.

Many research groups have chosen to use this information in classifying cells or tissue for a wide
range of problems, for example, the effects of ionizing radiation exposure on tumor cells [38],
diagnosing gastrointestinal lesions [39,40] determining malignant tissue margins in the brain [41]
and categorizing at the single-cell level whether the cell is malignant or normal [42-44] and
identifying stem cells [45,46].

Raman spectra in diseased tissue rarely differ by substantial changes in the peaks, with the
exception of tissue calcification where the peaks are quite prominent. Nonetheless, the changes
observed are significant and have been shown in many situations to agree with the gold standard
of histopathology. Figure 1.7 shows an example spectrum of breast cancer cells and the peak
assignments for common constituents. The changes typically seen are subtle and involve small
peak intensity changes in different wavenumbers, mainly involving protein, DNA, or lipid peaks.
The changes can be expressed as changes in ratio between the peaks of different biochemical

components.
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Figure 1.7 Raman spectrum of live MCF-7 breast cancer cells with peak labels representing
Raman active vibrational levels in the bonds of proteins, DNA/RNA, and lipids. The vibrational
frequency (or wavenumber) refers to the shift in frequency of the Raman scattered light relative
to the excitation light, due to the molecular vibrational energy levels. (Reprinted with permission
from ref. [47], Copyright 2010 A. Downes and A. Elfick)

Recent successes in using Raman scattering in biomedical applications has relied on the
development of multivariate statistical analysis of the complex spectra. The Raman peaks from
different molecular vibrations overlap, making it difficult to classify cells simply by evaluation
of individual peak intensity ratios and locations. Multivariate statistical analysis allows for a
much more detailed analysis of the spectra and more robust classification. Some methods that are
commonly used are: least-squares fitting, where the Raman spectra of known chemical

constituents are used to fit the data; principal component analysis (PCA), where the spectra are
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transformed to a different orthogonal space to reduce correlation and redundant data; cluster
analysis, where data clusters are established based on spectral similarity; and blind-source

separation that is an unsupervised method for determining pure components in a data set [48].

1.4.2. In Vitro Raman Microspectroscopy

The ability to analyze cells on the single cell level is becoming increasingly important for our
understanding of cellular biology. It is thought that cancer begins with a mutation in a single cell
[49] that grows into a tumor and ultimately spreads to other parts of the body. Our understanding
of the processes that enable this growth, as well as detection of these cells, is crucial to fighting
the disease. Single-cell analysis is routinely done using optical microscopy. It has high resolution
and sensitivity and is non-invasive. The disadvantage is that it needs to be combined with
fluorescent or other labeling to be able to classify the cells. Electron microscopy provides even
higher spatial resolution but requires complex sample preparation that cannot be done for live-
cell imaging [50]. There is also a need for contrast agents to be able to identify specific
molecules in cells, which depends on finding markers with high specificity for the characteristics
of interest. Raman microspectroscopy on the other hand is a label-free technique that can detect

intrinsic biochemical differences in the cells.

To date many types of cellular changes have been classified using Raman spectroscopy
combined with multivariate statistical analysis. Cell-cycle variations have been successfully
studied using chemometrics and linear-discriminant analysis (LDA) [51]. It has also been shown
that the principal components in PC analysis of cell spectra capture the phase-to-phase transition
differences of the cell cycle as ratios of protein and nucleic acid content to lipid [52]. Raman
spectra have been used to determine drug effects on cells, for example the response of lung
adenocarcinoma cells to the chemotherapeutic drug cisplatin [53], the effects of non-cytotoxic
doses of the anti-cancer drug gemcitabine [54], and doxorubicin response of T-lymphocytes [55].
Another important application is the identification and classification of single cells. Raman
spectroscopy has been shown to distinguish tumorigenic and normal cells for many types of cell
lines where this method could be used for label-free cell sorting [45,56,57].
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1.4.3. Applications for Disease Detection

The use of Raman microspectroscopy for in vivo work is technically challenging, as the Raman
signal intensity is generally weak. Only about 1 in 10® incident photons are inelastically scattered
compared to the majority being elastically scattered. Tissue autofluorescence, even in the near-

infrared (NIR) can also be significantly stronger, and can overwhelm the Raman signal.

One of the first in vivo clinical applications of Raman spectroscopy was to investigate early
cancer and dysplasia in the gastrointestinal tract [58]. Raman spectra of human gastrointestinal
tissues were measured during routine clinical endoscopy, using a fiber-optic probe that was
inserted into the instrument channel of the endoscope and placed in gentle contact with the
mucosal surface of the tissue. This initial exploration revealed some differences between normal
and diseased tissues but the data sets were too limited to draw definitive conclusions. Further
work in this area showed that adenomatous and hyperplastic polyps in the colon could be

distinguished with 95% accuracy [39].

As a further example, complete surgical resection of malignant brain tumors (gliomas) is
extremely challenging due to the difficulty of delineating tumor tissue from normal tissue in the
resection bed. Tissue preservation is very important for normal brain function, so that the extent
of resection needs to be minimized, while maximum tumor removal is critical to extend survival.
Studies in murine models showed that the tissues can be distinguished using Raman
spectroscopy by their chemical composition [59]. Initial clinical trials in humans have been done
by our colleagues in Montreal and have been very successful: initial trials using a handheld
Raman probe during surgery glioma tissue could be distinguished from normal brain tissue with
a sensitivity and specificity of 93% and 91%, respectively [41].

1.4.4. Ovarian Cancer

The application of Raman spectroscopy in discrimination of oral, cervical, breast, brain and other

cancers has been quite active. The exploration of ovarian tissue has been limited, with only a few
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studies showing preliminary evidence of being able to distinguish normal and malignant tissue ex

Vivo.

Ovarian cancer is the fifth-leading cause of cancer death among women and the leading cause
among gynecological cancers [60]. The 5-year survival rate for this cancer is only around 30%.
In large part this is due to late stage diagnosis, where around two-thirds of patients are diagnosed
when the disease has already progressed to stage 11 or IV and involves other organs in the
peritoneal cavity [61]. If the disease is discovered and treated at stage | (confined to the ovary),
the 5-year survival is as high as 90%. This drops down to 33% for diagnosis at stage 111 or 1V.
Current treatment involves an initial surgical debulking, followed by chemotherapy using agents
such as platin compounds and taxanes [62]. Prognostic factors include the age of the patient, the

stage of the cancer, histologic grade and the presence of residual disease after initial surgery.

1.4.5. SERS in biological applications

SERS provides characteristic spectral information from Raman scattering and has the advantage
of a highly enhanced signal overcoming the problem of low sensitivity. Thus, it is able to provide
“fingerprint’ information along with having a high sensitivity for signal collection. Biological
samples, being composed of complex biomolecules, can be characterized using SERS. While
another application is the use of plasmonic nanoparticle functionalization with Raman active
reporter molecules and conjugation with targeted ligands (i.e. antibodies) for detection of

specific molecules on the cells/tissue [3].

SERS can be utilized in aqueous solutions to detect certain components, with the specific
advantage of the detection of low concentrations. This can be applied in detection/monitoring of
bacteria [63], specific molecules [64,65], drug release [66] and cancer cells [67,68].

Gold nanoparticles can be mixed with cell media, which causes the signal collection time to be
greatly reduced due to the enhancement effect. The enhancement of the electric field due to the
oscillations of the surface plasmon in the nanoparticles amplifies the number of Raman scattered
photons by orders of magnitude. This allows probing of the intracellular chemical composition
if the gold nanoparticles are able to enter the cells. The intracellular concentration can be
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increased by electroporation [69]. The SERS enhancement has been shown to be able to measure
cell content in osteosarcoma cells [70,71]. Figure 1.8 shows results for a blood serum sample
from a colorectal cancer patient. The signal is greatly enhanced using SERS (Figure 1.8a)
compared to the intrinsic signal with no enhancement (Figure 1.8b). Combined with PCA/LDA
methods, the use of the enhanced spectra correctly differentiated normal and colorectal cancer

cells in a blood serum mixture with a sensitivity 97.4% and specificity of 100% [72].
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Figure 1.8 (A) SERS spectrum of the blood serum sample from a patient with colorectal cancer,
(B) the regular Raman spectrum of the same serum sample without the addition of gold
nanoparticles and (C) the background Raman signal of the coagulant agent mixed with gold
nanoparticles. (Reprinted with permission from ref. [72], Copyright 2009 Society of Photo

Optical Instrumentation Engineers)

1.5. Thesis Objectives

The overall goal of the work in this thesis is to contribute to the development of Raman
spectroscopy as a diagnostic tool for cancer using both intrinsic Raman spectra of cells and

targeted SERS multiplexing to molecularly diagnose the presence of cancer cells. The techniques
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were tested in vitro in murine normal and transformed ovarian surface epithelial cells for
intrinsic Raman, and in lung cancer cell lines using SERS multiplexing. These quantitative

studies are intended for future translation into clinical use.

Chapter 2 describes the methods used to validate SERS NPs, followed by the testing of
quantitative multiplexing of the targeted SERS NPs using lung cancer cell lines. Chapter 3 of
the thesis describes the development and testing of Raman microspectroscopy and multivariate
statistical analysis in classifying live ovarian surface epithelial cells into two groups — normal
and malignant. Chapter 4 summarizes the results and describes the general trends in the field

and the future of clinical Raman spectroscopy.
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Chapter 2
Validation of SERS NPs

2.1. Introduction

Recently there has been a lot of interest in discovering more cell antigens that have diagnostic
value. The search for better cancer treatment has really advanced the research and discovery of
tumor specific antigens [73,74]. The same antibodies can be used for disease diagnosis. Research
has shown that cancer can be very heterogeneous, so that an array of antibodies would work
better to increase the accuracy of the diagnosis [75]. To be able to perform diagnostic tests in
situ, probes may be conjugated to antibodies to detect their binding to associated antigens. In this
case, fluorescence markers will not work, as they are difficult to multiplex quantitatively
especially in the presence of background autofluorescence that is found in cells and, more
significantly, tissue. SERS (surface enhanced Raman scattering) NPs provide much narrower
peaks, by 1-2 orders of magnitude, and have the potential to multiplex a large number of antigens
simultaneously due to this better spectral separation. Before this method can be translated to the
clinic, it is important to determine its limitations. It must be confirmed that it is an accurate

representation of the information on the cell surface.

Contrast agents based on (SERS) have been studied by several groups over recent years. The
classes of agents include metal nanoparticles (NPs) with a Raman active probe adsorbed to the
surface, the signal from which is enhanced through SERS. The Raman reporter molecule can be
changed to obtain a different Raman spectrum creating different SERS NP types. The metal
cores have been tried with many variations of materials and shapes, such as silver or gold
nanospheres [76,77] or nanoshells [78] or even a combination of a gold and silver core and shell
[79]. Various other shapes such as nanostars [80,81], nanorods [82,83], and others [84-86] have
been investigated. The important characteristic for the metal core to work well for an optical
probe is for it to provide a strong and consistent signal. Shapes that are irregular or have sharp
edges create enhancement regions that are non-uniform around the whole surface making them
not ideal for this application due to heterogeneous signal. They are also challenging to produce in
consistent shapes for mass manufacturing that is necessary for adoption for clinical use. In terms

of the material, gold NPs are preferred for in vivo applications due to their unreactive nature.
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Commercially produced silica encapsulated gold SERS NPs have been used in this work. The
silica encapsulation pacifies the NPs by increasing their chemical and physical stability. This
also protects the Raman reporter molecules adhered to the gold core from interacting with the
environment, as any change in their concentration will affect the SERS signal intensity. Silica
encapsulation prevents aggregation of the gold nanoparticles or other molecules being adsorbed
to the surface and altering the SERS signal. A reliable synthesis method for functionalization of
these SERS NPs with monoclonal antibodies was recently developed [32] in our lab. The NPs
were shown to be resistant to aggregation and signal degradation under different possible
biological conditions. The conjugation process was shown to produce stable SERS NPs;

therefore, this was not tested in this body of work.

These types of SERS NPs have also been reported by other research groups. Initial work
included testing the signal strength and spectral separation of the signal in the presence of tissue
background [87,88]. As this was successful, further work using SERS NPs conjugated to
antibodies showed successful binding of the probes to antigen sites for one type [27,89,90] and
several types of antibodies (conjugated to different SERS NPs) simultaneously [91-93]. These
studies have not examined the limits of quantifiability of using antibody targeted multiplex
SERS NPs. The aim of this work was to determine this, but in the process it was found that the
antibodies used for conjugation to the SERS NPs need to be carefully evaluated for changes in
binding affinity. This work found that some antibodies are not viable for use with this
conjugation protocol and had greatly decreased affinity.

My contribution to the SERS NP research done in this lab is described in this chapter. By using a
previously developed antibody conjugation method to SERS NPs, | was able to conjugate
different types of antibodies to the NPs. | characterized SERS NP reference spectra after
conjugation to antibodies and determined the relative number of conjugated antibodies between
different types of SERS NPs. | developed and implemented a spectral unmixing method using
least squares and tested its ability to accurately determine the concentration of SERS NPs present
in the signal. I explored targeted SERS NP multiplexing for its ability to determine quantitatively
the relative expression levels of 3 different cell-surface receptors, EGFR, HER2 and EpCAM, in
3 different human lung cancer cell lines that overexpress these receptors, namely MGH7, Calu-3

and H520, respectively.
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2.2. SERS NP Conjugation

Commercially available SERS gold nanoparticles each with one of 4 unique associated Raman
reference spectra were conjugated with a corresponding monoclonal 1gG antibody and pacified

with polyethylene glycol chains. The conjugation method is described in this section.
2.2.1. Materials

SERS nanoparticles were purchased from Cabot Security Materials Inc. (Mountain View, CA,
USA). They have a 60 nm gold core, covered by adsorbed Raman active molecules, and a 30nm
thick surrounding silica shell. The shell contains a thiolated layer that makes the NPs easy to
functionalize with targeting molecules. The 4 different types of adsorbed Raman active
molecules contributing to the detected spectra are S420 (4,4’-dipyridyl), S421 (d8-4,4°-
dipyridyl), S440 (trans-1,2-Bis(4-pyridyl)-ethylene), and S481 (4-Azobis(pyridine)).

The polyethylene glycol (PEG) crosslinker, MAL-PEG,,-NHS ester, with a reactive maleimide
(MAL) group and an N-hydroxysuccinimide (NHS) reactive ester group was purchased from
Quanta BioDesign, Ltd. The PEG terminator chain, MAL-PEG,-(m- PEG;,-)3, was also
purchased from Quanta BioDesign, Ltd. The anti-epithelial cell adhesion molecule (EpCAM,
clone AUAL), anti- epidermal growth factor receptor (EGFR, clone H11), anti- human epidermal
growth factor receptor 2 (HER2, clone 9G6.10) and an isotype control (clone MOPC-21)
antibody were purchased from Fisher Scientific. The antibodies were all of the same sub-type of

immunoglobulin — IgG1 — and are from a mouse host with human reactivity.

The reaction and storage buffers were prepared with (N-morpholino) propanesulfonic acid
(MOPS), bovine serum albumin (BSA) and sodium azide. A solution containing 2-
mercaptoethanesulfonic acid (MESA) was using to finish the reaction. All these supplies were

purchased from Sigma-Aldrich.
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2.2.2. Conjugation Reaction

A reaction buffer of 10mM MOPS, pH 7.25, was prepared. The antibodies were purchased pure
in a PBS buffer and processed through a desalting column to remove any salts that will compete
with the reaction. The reaction buffer, SERS NPs and antibodies, in a 1 NP to 350 IgG ratio were
combined in a glass vial. The crosslinker MAL-PEG-NHS ester was added in a 50 PEG to 1 19G
ratio. The reaction proceeded for 3h in a table vortex at room temperature. The MAL end of the
crosslinker reacted with the thiol groups on the NP surface and the NHS ester end reacted with

the amine groups on the antibodies. Upon completion of the first reaction, PEG terminator chains

were added in a ratio of 650,000 PEG to 1 NP. The reaction proceeded overnight at 4°C. It was

quenched using 2-mercaptoethanesulfonic acid (MESA) to remove any unreacted thiol groups on

the NP surface. To purify the suspension of any unreacted molecules, rinsing by centrifugation

was performed 4 times. The product was stored at 4°C at a concentration of ~3000 pM in a 20

mM MOPS buffer (pH 7.5) with 0.5% BSA and 0.05% sodium azide.

2.2.3. Conjugation Products

The final product was the conjugation of the 4 different types of SERS NPs, each having its own
Raman spectrum from the Raman reporter molecule, with the corresponding antibody. They are
as follows: S420-(anti-EpCAM), S421-(anti-EGFR), S440-(isotype control) and S481- (anti-
HER2).

2.3. Instrumentation

For Raman signal collection a Renishaw inVia Raman spectrometer connected to an inverted
Leica microscope was used. All the Raman spectra were collected using this system with the
microscope objectives or the cuvette solution measurement system, as described in the following

sections.
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A 785nm incident laser beam was used to excite the SERS NPs. The signal was collected within
a narrow spectral window of wavenumber shifts ranging from 600 to 1700 cm™ (corresponding
to 824-906 nm). Depending on the sample, the acquisition time was varied to achieve good
signal-to-noise. For solution measurements this was 10s times 5 accumulations and for area

measurements on adhered cells it was 64 s for the whole sample area (0.2 s per pixel).

The initial setup of the Raman signal collection system contained a microscope stage. This is
optimal setup for measuring samples of adhered cells on slides or plates. For SERS NP or cells
bound with targeted SERS NP solution measurements, the signal can be collected more easily
using a cuvette system. The setup for this system was designed and installed as an addition to the

Renishaw system.

A cuvette holder was purchased from Thorlabs Inc. The holder was installed on the Renishaw
system in the collimated laser beam path from the spectrometer and before the beam reaches the
microscope. The holder contained openings for the light path, a slot for a cuvette and a slot to
hold a filter. The filter holder was repurposed to hold a plano convex lens (diameter 6.0mm,
focal length 10.0mm) that focuses the beam in the sample. The focused laser spot was located
between the middle and the further side of the cuvette avoiding any signal collection from the
cuvette material itself. This allowed for the use of plastic cuvettes without interference from the
plastic Raman signal. The backscattered Raman signal from the sample was collimated back
through the lens and collected by the spectrometer. When cuvette measurements were not
required the lens was taken out and the laser path was clear to be used in the microscope.

2.4. Validation of Conjugation

To be able to use the conjugated SERS NPs in vitro, they were first tested for consistency by
obtaining the final concentration after conjugation and the relative amount of antibodies bound
for each type of NP.
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2.4.1. Materials

A secondary antibody marker of Alexa Fluor 647 fluorescent dye conjugated to anti-mouse IgG
(H+L) F(ab"), fragment (Cell Signaling Technology) was used to determine primary antibody
conjugation to the Au SERS NPs.

2.4.2. Methods

2.4.2.1. Equimolar Concentrations

To confirm a stable conjugation of the antibodies to the SERS NPs without aggregation, the
absorption spectrum of the product was taken. If the Au NPs have aggregated, then the
absorption spectrum will shift from the expected spectrum of the 60nm Au NP. The absorption
peak of the unconjugated SERS Au NPs is 545 nm, which is characteristic of 60 nm diameter Au
NPs [94]. The peak of the absorption spectrum was found to be 547 nm, which is slightly red
shifted. This may be due to the addition of PEG molecules surrounding the nanoparticles that
makes them larger. The shift of the peak to even higher wavelengths would be indicative of
aggregation and can also be observed in the solution by eye by the formation of aggregates in the

suspension resulting in a faster setting time.

For analysis of unknown concentrations, the Raman reference spectra intensities of the
conjugated SERS NPs at known equimolar concentrations are needed. The conjugated SERS
NPs were diluted to 10pM in 0.5% BSA in PBS. Since there is still pipetting error associated
with creating these solutions, the absorption spectrum peak intensity at 547nm was used for
internal consistency as a better representation of the concentrations of each of the solutions
relative to the others. The Raman spectra of the same solutions were collected using the cuvette
holder on the Renishaw system. The spectra were collected over 5s x 4 accumulations with 3
repetitions after mixing the suspended particles with a pipette. The Raman spectra were

normalized to the intensity values acquired from the absorption spectra. This process gives
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accurate Raman reference spectra acquired at identical concentrations that can be used during

evaluation of all other Raman spectra.

2.4.2.2. Relative Amount of Antibody on SERS NPs

To be able to quantify the binding of the SERS NPs, it is important to know whether there is the
same amount of antibody conjugated to each of the four types of SERS NPs. An indirect method
with fluorescent secondary antibodies was used to determine the relative amount of antibody

conjugated to the NPs,

Nine fmol aliquots of each of the SERS NPs were placed in 1.5mL Eppendorf tubes. 100uL of a
1:100 dilution of Alexa 647 conjugated secondary antibody was incubated with the NPs for 30
min in a table vortex for even binding and to prevent settling. The NPs were then rinsed 3 times

by centrifugation and re-suspended in 0.5% BSA in PBS.

The fluorescence signal was measured using the Fluorolog Horiba system with excitation of the
Alexa 647 fluorophore at 650 nm and emission signal collection from 660 to 750 nm. The
absorption spectrum of the Au SERS NPs was collected from 360 to 800 nm. To determine the
relative amount of fluorescence in the sample, the fluorescence emission peak intensity at 669
nm was taken to be directly proportional to the amount of bound fluorophore and, therefore, the
amount of antibody conjugated to the surface.

2.4.3. Results and Discussion

The absorption spectra of the conjugated Au SERS NPs have peaks around 547 nm, Figure 2.1.
Since the Raman reporter molecules do not have strong absorption peaks in this range and Au is
a very strong scatterer, the signal can be attributed as coming from the Au NP core. The location
of the peaks indicated a stable conjugation and no change in the absorption peaks were observed

during storage for up to one month.
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Absorption Spectra of Au SERS NPs

0.7
0.6 - ——5420-EpCAM
05 - ——5421-EGFR
‘; S440-1gG Ctrl
= 04 -
@
(=]
g ———5481-HER?2
£
5 0.3 -
(%]
£
<
0.2 -
0.1 -
0 T T T T T T T 1
350 400 450 500 550 600 650 700 750

Wavelength (nm)

Figure 2.1 The absorption spectra of the conjugated Au SERS NPs.

The reference spectra of the four different types of SERS NPs were collected at equimolar
concentrations: Figure 2.2. The S440 signal (green) is the strongest, so that for accurate results it
was chosen to be conjugated to the isotype control antibody that was expected to have the lowest
binding.
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Figure 2.2 SERS NP spectra with normalized intensity (to the strongest peak of S440) at

equimolar concentrations.

The normalized secondary antibody fluorescence in each of the four samples was found to be the
same. Figure 2.3 shows the fluorescence signal collected from the bound florescent secondary
antibody to each of the NPs, indicating the relative amount of antibody conjugated. A control of
SERS NPs with no conjugated antibody was used. These were conjugated with PEG terminator
chains only, as for the antibody-conjugated NPs, which reduces non-specific binding to proteins
and gives a similar structure of the control SERS NPs to the antibody-conjugated SERS NPs.
The signal from the control sample was close to zero, as can be seen by the bar on the far right.
The signal for antibody conjugated SERS NPs was much higher. This indicates that the
secondary antibodies are binding specifically to the primary antibodies conjugated to the SERS
NPs, and approximately the same amount of binding is seen for all four types of antibodies.
Hence, it can be concluded that there is approximately the same amount of antibody conjugated
to each type of SERS NP, i.e. that the antibody type does not affect the number of conjugates per
NP.
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Figure 2.3 Relative fluorescence signal (normalized to the maximum signal intensity) from

secondary antibody binding for each of the antibody conjugated SERS NPs (£ 1 s.d., n=3).

The assumptions made when using equimolar NP concentrations for binding to the cells are that
the NP concentration is proportional to the antibody concentration and is the same for each type

of SERS NP. This assumption is assumed to be valid from the results in Figure 2.3.

2.5. Spectral Unmixing Validation

It is necessary to accurately determine the amount of signal present for each of the SERS NPs
relative to the acquired reference spectra in order to quantify the amount of bound NPs on the
cells. To validate the spectral component decomposition technique, Raman spectra of solutions

with known NP concentrations were collected and analyzed using a least-squares algorithm.
2.5.1. Solution Preparation

Evaluating the accuracy of the least squares fitting requires careful allocation of the stock

solutions to reduce pipetting error. All 4 types of antibody conjugated SERS NPs were diluted to
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a 10pM concentration from the stock solutions. These solutions served to provide the reference
spectra in the calculations. Volumes from these stock solutions were taken to make the mixed
solutions of specific concentrations. The concentrations were chosen to reflect the expected
results from cell staining. The S420, S421 and S481corresponding to EpCAM, EGFR and HER?2,
respectively, ranged from 10-60% of total SERS NP concentration in the solution and S440
corresponding to isotype control binding ranged from 2-25% of the total SERS NP concentration

in the solution.

2.5.2. Measurement

The Raman signal of the solutions was measured in plastic cuvettes using the cuvette holder
system installed on the Renishaw Raman system. The signal was collected for 10s x 3
accumulations, followed by re-suspension of the NPs using a pipette. The signal was averaged

over 3 collections. This was repeated for all 10 solutions of different compositions.

2.5.3. Least-Squares Algorithm

Spectral decomposition was performed using the least-squares method algorithm in the
MATLAB (MathWorks) software, which minimizes the difference, Q, between the model output
values, S(x; , p), and the observed values. Here, i refers to the spectral points and p is the

combination of fitting parameters, described as a, b and ¢ below.

Q= XLy —S&, p))? (2.1)

Apart from noise, the acquired spectrum is assumed to be composed of a linear weighted sum of
the four different SERS NP spectra, a known background and a broadband baseline that is

represented by a third order polynomial.

S = Yp-1an - Fp +bB+2131=0Cn'Pn (2.2)
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S = measured spectrum

F, = SERS reference spectrum for the n" flavor acquired under the same conditions

a,, = weight for the n reference spectrum proportional to the concentration of SERS NPs
bB = weighted spectrum of known background, B

¢, = weight for the polynomial term

P,, = n" order polynomial term

To evaluate the goodness of fit of the decomposed spectra, a spectral reliability index (SRI) was
used as a metric [95]. A commonly used metric is the relative fitting error (RFE), which takes the
norm of the fit over the norm of the acquired signal. A perfect fit will gave an RFE of 1 and a
bad fit will approach zero. When fitting SERS spectra, the RFE can have a bias towards 1 if the
background signal and the baseline signal are strong compared to the SERS signal. The SRI

mitigates this bias by subtracting these two terms from the norm calculations.

[[S=R—(bB+¥n cpnPp)ll

SRI'= [[S=(bB+Xn cn Pl

(2.3)

The results presented below had a good fit based on 0.99 < SRI< 1.

2.5.4. Results and Discussion

Comparing the expected fraction of SERS NPs present in the solution to the calculated amount
using the least-squares fit of the reference spectra on the acquired signal, gives a result close to
unity. A perfect result would be represented by a slope of one, m=1. Detection of the S420 and
the S421 signals tends to be slightly higher than expected while for S440 it tends to be slightly
lower than expected: Figure 2.4. The S481 signal is detected most accurately, with m=0.99. In
general, the signal can be unmixed using the least squares algorithm with fluctuations of

approximately £5% from the expected values.



37

=420 EpCaAt =421 EGFR
0.7 o 0.7 s
0E& 0k
_ o5 _ o0&
[ [1]
=) =3
0.4 0.4
= =
5 5
£03 £03
b =
“ 0z “ 0z
0.1 o1y -
o
0 ! ! ' * * * 0 * ! ! * * !
0 o1 02 03 04 0&A 06 0 0.1 02 03 04 05 O0F
Fraction in Solution Fraction in Solution
5440 g (hon-spec.) 54581 HER2
0.3 o 07 P
r/ '
04
T 0.2 T
= =]
0 no04
E 0.15 E
i 707
£ 01 I 02
0.0 0.1
./'
0 0
0 0os 01 n1s 02 0.25 03 0 0.1 02 03 04 05 D0OE
Fraction in Solution Fraction in Solution

Figure 2.4 The calculated vs. expected concentrations of each of the four SERS NPs in a mixed
suspension. The dots indicate the measured values with a line of best fit in colour. The dotted
line represents x=y. The coloured area represents the 95% confidence interval.

The error seen when comparing the expected values to observed values may be due to the
strength of the Raman signal from that particular Raman reporter molecule. For the same
concentration of SERS NPs, the S481 and S440 signal intensities are the strongest: Figure 2.4,
while the S420 and S421 signal intensities are weaker. Since the overall signal strength is
different this can influence the uncertainty for that reporter. For S440, the concentration was kept
lower than the other types, which made the signal intensities lower for this reporter in the

solution. This gives lower signal for the algorithm to fit, which might tend to underestimate the
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amount present. S481 signal is the most accurate, due to its overall signal strength and higher

abundance in the solutions.

2.6. In Vitro - Materials and Methods

2.6.1. Cell Culture and Flow Cytometry

Calu-3, H520, A549 and MGHY cell lines were cultured in RPMI-1640 media supplemented
with 10% fetal bovine serum (Invitrogen, Burlington, ON, Canada). They were grown to
confluency and detached enzymatically using Accutase (StemPro). Fixation was done using 4%
paraformaldehyde in PBS for 15min. Fixed cells were stored in blocking buffer (3% bovine
serum albumin (BSA) in PBS) at 4°C until further use.

Cells were prepared in the adhered state using 96 well plates. After detachment as described
above, 10* cells diluted in media were added to each well. They were grown to confluency and
fixed using 4% paraformaldehyde in PBS for 15 min and stored in blocking buffer at 4°C until

further use.

Flow cytometry was performed to determine the expression levels of antigens on the cell
surface. This was done using an indirect method. Fixed cells were aliguoted into assay tubes at
0.5 million cells per tube. Primary antibody incubation was done in 100 pL using a 1:1000
dilution of the Img/mL stock concentration of the monoclonal antibodies. The same monoclonal
antibodies were used as for the SERS NP conjugation described previously. Following 30min
incubation the cells were rinsed twice using a rinsing buffer (0.5% BSA in PBS). A fluorophore,
Alexa 647, conjugated to a secondary antibody (1:1000 dilution) was incubated with the primary
antibody-bound cells for 30 min. The same secondary antibody and fluorophore was used for all
tubes. This was followed by 2 rinsing steps using the rinsing buffer. Flow cytometry was used to
collect the fluorescence signal from each cell which indirectly represents the amount of bound
primary antibodies. The mean of the signal for each event (total 10,000 events) was recorded
and used as representative of the relative amount of cell surface antigens. A cell sample with no

primary antibody was used as a control.
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For comparing the antigen expression levels in their adhered state on a microplate, the same
indirect staining protocol was used for cell preparation as for flow cytometry. First, cells were
plated in 15 (5x3) wells in a 96-well plate. The first column of 3 wells was used as a background
control and treated with only the fluorescently-tagged secondary antibody. The next 4 columns
of 3 wells each were first treated with only one of the 4 primary untagged antibodies in a 1:1000
dilution for 30 min. This was followed by rinsing and treatment with a 1:1000 dilution of the

fluorescently labeled secondary antibody.

The fluorescence signal was collected using the same Leica microscope as was used for the
SERS signal collection on the Renishaw system. The filter corresponding to the 665nm Alexa
647 emission peak was used to collect the fluorescence signal. An image was taken of an area
fully covered with cells with a cell density consistent for each cell line. The signal intensities
correspond to the location and amount of the bound secondary antibodies. The intensity for the
image was summed for each of the wells. This was done for all 4 columns of wells
corresponding to the 4 different antibodies, with 3 repeats. A cell sample with no primary

antibody was used as a control.

2.6.2. SERS in Microplates

The microplates with fixed cells were stained with a 40pM concentration of each of the types of
SERS NPs in 3x6 wells. The first column of 3 was used as a baseline control for the background
Raman signal. The next 4 columns of 3 were treated with 40pM concentration of each of the
SERS NPs separately. The last column of 3 wells was treated with a mixture of all 4 SERS NPs,
each at 40 pM concentration, to obtain the same number of each type of NPs as in the single
wells . The represents the staining of the cells with all 4 markers simultaneously, which is the
multiplex well, and this was compared to the other single wells for any interactions between the
NPs.
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2.6.3. SERS in Suspension

SERS NP staining was performed by aliquoting 0.5 million cells into Eppendorf tubes. The cells
were re-suspended in 50ul. SERS NPs at a concentration of 100 pM. They were placed for 30
min on a table vortex to prevent settling. To remove unbound NPs from the suspension, the cells
were rinsed by centrifugation 6 times using the rinsing buffer. More rinsing steps were required
when staining using targeted SERS NPs than with fluorescently labeled antibodies, due to the
SERS NPs having a much higher mass. The final re-suspension was in the rinsing buffer and the

suspension was then stored at 4°C.

The Raman spectra of the cells were collected on the Renishaw Raman system, for which the cell
suspension was transferred to a plastic cuvette. The spectra were collected for 10s with 6

accumulations and this was repeated once after re-suspension. The spectra were then averaged.

2.7. In Vitro — Results Microplates

The first set of in vitro experiments was performed using fixed cells grown on microplates. This
was chosen as the first step in trying to mimic the conformation of the cells in tissue, since the
cells are adhered to a surface. The microplate set-up was chosen because of the accuracy in

replicating the specific concentrations.

2.7.1. Fluorophore vs. SERS cell staining

Fluorescence microscopy was used to determine the antigen expression levels of the adhered
cells. The fluorescence intensity of the antibody targeted cells compared to the non-targeted
antibody treated cells, Figure 2.5, showed that the detected antigen levels were very similar to
the expression levels obtained by flow cytometry of single-cell suspensions (shown further in
section 2.8.1). This is the expected distribution of cells treated with SERS NPs: Calu-3
overexpresses HER2, H520 overexpresses EpCAM and A549 overexpresses EGFR.



41
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Figure 2.5 Targeted antibody (EpCAM, EGFR, HER2) binding relative to non-targeted antibody
binding in Calu-3, H520 and A549 cell lines. (N=3 repeats, with bars indicating +1 standard
deviation).

Comparison of the signal collected from the fluorescently-stained cells to the SERS NP binding
measurements was not as expected. The relative signal distributions corresponding to the
different targeted antibodies did not exactly parallel the free-antibody binding. Representative
results from the Calu-3 cell line can be seen in Figure 2.6. For this cell line, the individual wells
where cells were treated with only one type of SERS NP had a similar distribution to that
expected. In the multiplexed well, QUAD, the results showed a slightly different distribution,
with a higher EpCAM signal relative to the others. A much greater deviation from the expected

levels was observed in the H520 and A549 cell line with much lower specific binding.
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Figure 2.6 SERS NP binding distribution for the Calu-3 cell line. The first 4 wells were treated
with a single type of SERS NP, as indicated on the x-axis. The final well, QUAD, was treated
with an equimolar mixture of all 4 SERS NP types. (N=3 repeats, with bars indicating +1 s.d.).
The y-axis signal is the intensity value relative to the control sample.

2.8. In Vitro — Results In Suspension

When the cells are in an adhered state their antigen locations and availability might be changed
from when they are not adherent in a single-cell suspension state, since the latter have more
surface area available for binding. Since so little binding was observed in the adhered-cell state
this was thought to help increase the amount of SERS NPs bound to the cells. Also the amount of
cells in the sample was also increased to try to obtain more bound SERS NPs. Experiments in the

suspension state were performed to have better binding and stronger signal.

The results presented here are with the MGH?7 cell line. This is a lung cancer cell line also
overexpressing EGFR like A549. The A549 presented very minimal EGF- conjugated SERS NP
binding, so that this additional cell line was also tested. The A549 cell line results are not shown

for in-suspension staining.
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2.8.1. Flow Cytometry vs. SERS multiplexing (In Suspension)

To be able to determine if the SERS multiplexing is an accurate representation of the actual
expression levels of receptors on the cell, flow cytometry was used as the gold standard for in-
suspension experiments. The flow cytometry results represent the relative amount of binding of
one type of antibody to its cell surface antigen compared to the other type of antibodies. This was

done in a non-competitive manner, where each type was tested in separate tubes.

The expression levels of the antigens on the cells according to flow cytometry can be seen in
Figure 2.7 (bottom). The signal for each of the targeted antibodies is normalized to the signal
from the untargeted binding. The Calu-3 cell line has a very high expression level of HER2
antigen and low expression of EpCAM and EGFR. The H520 cell line has a high expression of
EpCAM and low expression of EGFR and HER2. The MGH7 cell line, similarly to A549, has
high expression of EGFR and low expression of EpCAM and HER2.
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Figure 2.7 The binding of the SERS NPs compared to flow cytometry for three different cell

lines. (N=3 repeats, with bars indicating £1 standard deviation)

The Raman signal collected from the multiplexed spectrum, Figure 2.7 (top), shows similar
trends as the flow cytometry results, but is not identical. SERS multiplexing should be able to
distinguish between low and high expression. The Calu-3 cell line exhibits the most similar
trends, with the signal pertaining to the HER2 antigen being much stronger than for the other
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types of antigens. The H520 cell line seems to trend towards stronger EpCAM signal relative to
the other types of SERS NP binding. This is as expected from the flow cytometry results but is
not definitive since the signal from the other SERS NP is not as strongly separated from it and
the error bars are either overlapping or close to overlapping. The MGH?7 cell line had the least
definitive results, where the signal from the EGFR associated SERS NP had much less

separation from other antibody binding than expected from flow cytometry.

2.8.2. Increasing Concentrations

If low staining concentrations are used, then the saturation of receptors on the cell may not be

achieved. This could potentially cause the binding assay to be dependent on the properties of the
binding SERS NPs and so not be an accurate representation of the expression levels on the cells.
Hence, to determine whether the staining concentration is enough to reach saturation, increasing
staining concentrations of 30-240pM were used to target two of the cell lines. The same staining

procedure as above was used, varying the staining concentrations.

The Calu3 cell line (high HER2) and the H520 cell line (high EpCAM) showed increasing signal
intensity with increasing staining concentration for each of the four targeted SERS NPs. This
demonstrates that the SERS NP staining is not saturating even at maximum concentration of
240pM used in this experiment. While this is the case, the signal detected from the bound SERS
NPs has the same trends as the expected results, where the SERS NPs signals being highest for
the most highly expressed antigen binding. In Figure 2.8, the specific binding is normalized to
the non-specific binding at each concentration and the points are fitted to a line to aid

visualization.
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Figure 2.8 SERS NP binding with increasing staining concentration, normalized to the non-
specific binding of the isotype control SERS NPs (N=3 acquisitions, 60s each, bar, +1s.d.).

Exploring this further, after normalizing the calculated amount of targeted SERS NPs to the
untargeted SERS NPs, the trends differed between the two cell lines. While the Calu-3 relative
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amount stayed the same with increasing concentration, the H520 relative amount increased with
higher concentrations for EGFR and EpCAM binding. This difference might be due to the H520
cells having a smaller total expression of the targeted antigens than Calu-3 or the antibodies
binding differently in this cell line. According to the flow cytometry results, the total amount of
signal from anti-HER 1gG binding in the Calu-3 cell line is much higher than for any of the
targeted binding for the H520 cells. The change in staining concentration will then affect the

antibody binding in H520 more than in Calu-3 cells.

2.8.3. Blocking Experiment

To determine whether the SERS NPs are binding the cells specifically, an experiment was
performed to try to first block the targeted sites, followed by staining with the SERS NPs. The
cells were initially blocked with the same type of antibody as conjugated to the SERS NPs and
then stained with a 40 pM concentration of each SERS NP in separate tubes and also in a

quadruplex SERS NP staining mixture.

There was not much evidence of blocking found in the Calu-3 or H520 cell lines: Figure 2.9.
There was some signal decrease in the Calu-3 cells in the anti-HER2 and anti-EGFR antibody
binding. The H520 cell line showed the same signal from the targeted SERS NPs in both the
blocked and unblocked cases.

The estimated amount of antibodies that were used for blocking is about 8 x 108 1gG per cell.
This is about 5 orders-of-magnitude greater than the SERS NPs applied per cell, which was
about 6 x 103. It is known that the SERS NP staining is not saturating the cells, so the blocking

experiment would not perform as successfully, but some decrease in signal was still expected.
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Figure 2.9 The binding of the targeted SERS NPs to Calu-3 and H520 cells before and after IgG
blocking of the targeted sites (N=1).

2.8.4. NP per cell Calculation

An approximation was used to determine how many NPs were bound to the cells. The Raman
signal collected from the cell solution was compared to the signal from the known concentration
reference samples that were used for the least squares algorithm. The concentration of the cell
suspension, C..ys, is directly proportional to the intensity of the Raman signal, I...;;5, and to the
scattering factor, s..;;, Which depends on the type of cells used and the concentration of cells in
suspension. The concentration is also inversely proportional to the acquisition time, t..;;, and

the laser power, P,.;;s. Thus,

Icells'Scells
Ccells x ¢ .p (2-4)
cells'Fcells

To determine the concentration, the signal intensity was compared to that of the reference spectra
of known concentration used in the least-squares calculations. Thus, the concentration of SERS

NPs in the cell suspension was determined by
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trefPref  IcellsScelis (25)

C = C
cells ref
Iref teellsPcells

, Where the ‘ref” subscript refers to the corresponding values for the reference spectra.

To confirm the state of the Raman spectrometer and account for any changes in signal intensity,
the calibration spectrum of a silicon sample was collected before each day’s measurements.
Changes could occur from fluctuations in laser power or the instrument collection efficiency.
The Raman peak from the silicon sample was used as an indirect measurement of the laser power

and signal collection.

Light scattering by the cells reduces the backscattered Raman that is collected by the system.
This must be accounted for each of the cells used, as it will depend on their size and shape. To
estimate the scattering coefficient for the system, known low concentrations of SERS NPs (1pM)
were combined in suspension with known cell concentrations, ranging from 0 to 1.5 million in
ImL. This was repeated in triplicate. The reduction in the collected signal can be seen in Figure
2.10, where the signal at 1.5 M/ml cell concentration decreased 5-fold. The curve of the
scattering coefficient was modeled by a double-exponential decay from the intensity of the null
suspension. This represents the decay experienced by both the incident light and the

backscattered light due to scattering in the sample.
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Figure 2.10 The decrease in SERS signal due to light scattering by cells, illustrated here for the

S481 reporter, as the number of cells increases in the suspension.

This effect is intensified due to the long focal length of the chosen lens for the system. The rate
of signal decay would be less if a shorter focal length lens was used, since the distance traveled

by the light, and thus interactions with scatterers, would be reduced.

This concentration approximation is then used to calculate the amount of SERS NPs per cell:

Ccells'V'NAvogadro
Nper cell — (26)
Ncelis

, Where Ny, cer, 1S the number of NPs per cell; V' is the volume of the suspension; Nyyogaaro 1S

Avogadro’s number and N, IS the number of cells in suspension.
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The number of bound SERS NPs per cell can be estimated using this approximation: in general,
this number is around 10°, which is lower than the copy number of antigens expected, where

overexpression can be around 10° HER?2 antigens per cell [96].

2.9. Discussion

The conjugation of the antibodies to the SERS NPs was successful in the sense that the
conjugates were stable and reproducible. The conjugation gave a product that was consistent
between the different antibodies used, and yielding approximately the same concentration of
antibody per SERS NP, which allowed for direct comparison of the SERS signal and the binding
of the NP.

The difficulty came in selecting an antibody that is compatible with the conjugation method. In
the case of these experiments, the purchased antibody needed to be chosen based on a set of
criteria that limited the selection. First, the antibodies needed to be monoclonal in order to
achieve a consistent distribution of the same type of antibody surrounding the SERS NP and so
increase the reproducibility. Second, the antibody had to be from the same species as the other
chosen antibodies so that comparisons of the binding could be made using secondary
fluorescently-labeled antibodies. Changing the host species of the antibody will affect the type of
secondary antibody used and the binding properties to the primary antibody. Third, the antibody
needed to be stable and be stored in a non-protein based solution. This is the most important
condition; if there are any other types of protein in the antibody stock solution then that protein
will be conjugated to the SERS NPs via an acylation reaction, just as the antibody would. A
common protein used for stability is BSA and this is found in a much higher concentration than
the antibody in the stock solution, so that the SERS NP would be covered in a much higher
proportion of BSA than the antibody, thereby making the product unusable for targeting.
Potentially, the protein used for stability could be extracted using purification spin columns. This
has been testing in our group previously and we found that this was not a successful method.
Considering all these selection criteria, the amount of antibodies that can be used for synthesis to
the SERS NPs is limited. Thus, for these experiments only antibodies matching these conditions

were considered.
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Evaluating the results obtained from both the in-suspension and plate-staining of the cells, it was
found that the SERS NPs were not binding as expected. The most likely explanation for lack of
binding for some of the conjugated antibodies is the choice of antibody itself. The conjugation
reaction occurs with the lysine residue on the antibody. This residue is positively charged at
physiological pH, so that is found most commonly on the outside surface of the protein and the
site is available for conjugation. Considering that the antibody binds to antigens mainly via
electrostatic forces from its residues on the outside surface, it is plausible that the lysine residue
used to conjugate the antibody to the SERS NP is also necessary for binding to its target or other
nearby residues. Decrease in binding affinity of antibodies after conjugation via amine groups
has been reported in several instances in the literature. For example, Trubetskoy et al. [97] found
that, when conjugating an antibody using a lysine group to poly[l-lysine] (PLL), the affinity
decreased due to a blockage of the antibody-binding site. They overcame this problem by using a
carbohydrate-directed conjugation to target the conjugation towards the hydroxyl group of the
antibody. Vira et al. [98] describe the avidity or the combined effect of all the binding
interactions (affinities) of antibodies before and after conjugation to a fluorophore. Fluorescein
isothiocyanate (FITC) was shown to decrease the avidity of Fc125 antibody, against
hemagglutinin. This was also observed in Trastuzumab conjugation to AlexaFluor 647 [99].
However, fluorophore conjugation is different from the SERS NP conjugation. Fluorophores are
small relative to the antibody so that the product of the conjugation procedure will have many
fluorophores on the antibody surface, whereas SERS NPs are many times larger than the
antibodies so that there are many antibodies conjugated to the NP surface. This difference does

not impact the conclusion that the binding site might be affected due to the lysine chemistry.

Although there might be even more accurate ways to determine the antigen numbers on the cell
surface, flow cytometry does seem applicable here, since it represents a similar way of binding
of the antibodies as the SERS NP staining. The antibodies were used at the same relative
concentration to be able to compare it to the SERS NP staining, which were also taken at the
same relative concentration to each other. The technique was used to assess how the SERS NPs
affected the binding of the antibodies.

The only difference between the staining methodology between the two techniques is that the

flow cytometry staining was done non-competitively (in separate tubes), while the SERS NPs
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were stained under competitive conditions (all for in the same tube). This distinction is not as

important under non-saturation conditions.

While the staining concentration used in this work does not saturate the receptors, the ratios of
the targeted SERS NP binding show the same trends as the expected results. It would be
interesting to perform a full saturation experiment to determine how many NPs are needed.
However, this is not practical as it would require the use of a large amount of Au NPs and this is
not a cost-wise realistic. Thus, the SERS NPs were testing only in under-saturated conditions and

equimolar staining concentrations as their expected use.

A better way of comparing the classification abilities of this technique would be to perform a
titration experiment which saturates the receptors since there are differences between antibodies.
This would account for the binding affinity differences between the antibodies and determine if
the binding is accurately reflecting the expression levels of the antigens.

2.10. Summary

Claiming quantifiable results using SERS multiplexing requires thorough investigation of the
NPs binding. The NPs need to be comparable to each other to support a claim that the signal
collected means that the corresponding antigen is overexpressed in the cells. It was concluded
from the above experiments that the SERS NPs were successfully conjugated, by showing that
there was no aggregation by evaluating the Au absorption peak. The relative amount of
antibodies conjugated to the SERS NPs when comparing the four different types was similar.
The least-squares algorithm was shown to be an effective method for spectrally unmixing the

Raman signals to determine the relative amount of SERS NPs present in the mixture.

Overall, the SERS NP staining shows different results than the flow cytometry gold standard.
The most highly expressed antigen can be identified in the Calu-3 cell line with HER2 and less
convincingly in the H520 cell line with EpCAM. The binding of the antibodies was most likely
affected by the conjugation process to the SERS NP. This can be seen by the change in total
distribution of the targeted SERS NP binding compared to the flow cytometry results. There is



not as much separation between the relative amounts of the most highly expressed antigen and

the others.
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Chapter 3
Intrinsic Raman Spectroscopy

3.1. Introduction

Optical imaging has the advantage of having very high resolution with potentially high
sensitivity and specificity. While tissue imaging modalities such as optical coherence
tomography (OCT) and autofluorescence imaging provide morphological or functional
information about the tissue, they fail to provide any biochemical information that is important in
identifying any early neoplastic changes.

Raman spectroscopy of cells or tissue is a powerful technique when combined with multivariate
statistical analysis for cell and tissue characterization. The small changes in composition due to
changes in chemical bonds can be detected in the Raman spectra. They provide a sort of
‘molecular fingerprint’, enabling classification of the cells or tissue as normal or diseased. In
optical microscopy this technique has been used in many single-cell analyses, for example,
classifying human breast epithelial cells [42] and leukemia cells [44] and for differentiating

between stem cells and their differentiated progeny [100].

This work focuses on ovarian cancer and validating the use of Raman spectroscopy to classify
cells as either normal or malignant. It serves as the first step in being able to translate this
technology to identifying ovarian cancer cells in tissue, either for (1) screening, (2) surgical

margin determination or (3) treatment response monitoring.

To model ovarian cancer in vitro, two cell lines were used - mouse ovarian surface epithelium
(MOSE: M0505) cells and spontaneously-transformed surface epithelium (STOSE) cells.
STOSE cells have been identified as the first spontaneous murine model of HGSC (high-grade
serous ovarian cancer) [101], which is the most common subtype for ovarian cancer. Raman
microspectroscopy along with multivariate analysis was applied to these two types of cells for
the first time.
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The origins of ovarian cancer are not yet fully resolved. There is controversy as to whether the
cells are of ovarian origin or fallopian tube origin [100,102,103]. This is difficult to determine in
patients, since most often the disease is diagnosed when the tumor has progressed to later stages
and occupies the whole abdominal cavity region. The original paper describing the STOSE cells
argues that there is validity in thinking that some ovarian cancer originates in the ovarian surface
epithelial cells, since the cells were observed to originate from normal ovarian surface epithelium

as shown in mice [101].

3.2. Acknowledgements

The work in this chapter focuses on the application of Raman spectroscopy to analyze spectra
collected from live cells. This is an initial step in developing a method to detect the differences
that occur when cells transform from normal to malignant. This chapter is a summary of a
published paper: S. Borel, E. A. Prikryl, N. H. Vuong, J. Jonkman, B. Vanderhyden, B. C.
Wilson and S. Murugkar, Discrimination of normal and malignant mouse ovarian surface
epithelial cells in vitro using Raman microspectroscopy, Analytical Methods 7, 9520-9528, 2015
[104]. My contribution to this work involved designing the live-cell experimental protocol,
performing the Raman signal collection and contributing to the development of the spectral
analysis methodology. The multivariate statistical analysis was performed by Emil Prikryl and
Dr. Sangeeta Murugkar at Carleton University and the cell lines were provided by Dr. Barbara

Vanderhyden’s group at the University of Ottawa.

3.3. Methods

3.3.1. Cell Culture

MOSE and STOSE cells were cultured in MOSE media according to the protocol described in
Gamwell et al. [105]. After the cells reached confluence, TrypLe (Life Technologies, Burlington,
ON) was used to detach them from the tissue culture dish. They were then plated at low density
on a thin 25.4 mm diameter quartz coverslip (01019T-AB SPI Supplies, West Chester, PA)

contained in a 60 mm tissue culture dish.
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It had been demonstrated in earlier work [51,106] that both cell cycle progression and changes in
cell culture confluency, are major sources of spectral variability in Raman spectra of single cells
measured from the same cell culture. Since the objective of this work was to test if Raman
spectroscopy can detect biochemical differences between MOSE and STOSE cells, appropriate
steps were implemented, as follows, to minimize the effect of confluency and the cell cycle on
the measured spectra. Both MOSE and STOSE cells were propagated until they were 95%
confluent and a cell-cycle inhibitor, Roscovitine (CST, Whitby, ON, Canada), was used to arrest
the cells in G1/G0 and G2/M phases. A solution of Roscovitine was added to the cell media to a
final concentration of 20 uM in 0.1% DMSO. This concentration was determined from a set of
preliminary dose-response experiments to identify the maximally-effective concentration that
inhibits cell proliferation, and was used previously [107] without apparent cytotoxicity. The
same amount (0.1%) of DMSO was added to the untreated control cells for which the

Roscovitine was not used. This amount of DMSO is expected to have no impact on cell viability.

Imaging was performed 24h after Roscovitine treatment for cell cycle arrest. The quartz
coverslip containing the adhered cells was transferred to a Chamlide magnetic chamber (Live
Cell Instrument, Seoul, Korea) and filled with fresh media containing either Roscovitine in
DMSO or DMSO only. A Chamlide stage top incubator (Live Cell Instrument, Seoul, Korea)
was used to maintain the cells under optimum conditions of 5% CO,, 50% humidity and 37 °C

during the acquisition of Raman spectra.

3.3.2. Raman Spectra Collection

Raman spectroscopy measurements were made using a confocal Raman system (Renishaw
inVia, Hoffman Estates, IL, USA) as shown in Figure 3.1, configured to an inverted microscope
base (Leica DMI6000B, Concord, ON, Canada) fitted with a 63X water-immersion objective
lens. Excitation light of 785 nm was used at a power of 70 mW at the sample. Each spectrum

was acquired with a total integration time of 1 min (6 scans each of 10s).
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RENISHAW _

Figure 3.1 The Renishaw inVia Raman system equipped with a Leica microscope (left) and a

Renishaw spectrometer (right).

Spectra were acquired from 40 randomly, manually selected cells adhered to the quartz substrate
for each of the four groups (MOSE control, MOSE treated, STOSE control, and STOSE treated)
for a total of 160 spectra. Figure 3.2f shows a typical image of MOSE cells in the field of view
of the Raman microscope obtained using Differential Interference Contrast (DIC). The image
illustrates the laser beam superimposed on one MOSE cell such that the sampling area is
centered on the nucleolus and spans mainly the nucleus with minimal contribution from the
cytoplasm. The laser beam has a 2 um by 15 um focus spot on the sample. The laser beam
originates as an elongated shape. A circular laser spot can be obtained by using a pinhole but this
results in a 95% decrease in laser power. Since the Raman signal is intrinsically weak, special

resolution was sacrificed for a higher signal-to-noise ratio.

Background spectra were acquired and averaged over four different locations of the quartz

substrate containing only the cell media with or without Roscovitine in DMSO.
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Figure 3.2 Pre-processing steps for a sample Raman spectrum in the cell nucleus, where the x-
axis represents the wavenumber and the y-axis represents the signal intensity. (a) Raw cell
spectrum, (b) with Savitzky—Golay smoothing, (c) average of 4 raw background spectra, (d)
Savitzky—Golay smoothing applied to background spectrum, (e) correction for the background
contributions using the SMIRF background removal algorithm yielding the extracted cell
spectrum, and (f) the 785 nm laser focus spot (2um x 15um) superimposed on a differential
interference contrast (DIC) image of the cell monolayer, acquired with a 63x water immersion
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objective. The laser beam is centered on a nucleolus of the cell and spans the nucleus. (Reprinted

with permission from ref. [104], Copyright 2015 The Royal Society of Chemistry)

3.3.3. Data Processing and Multivariate Analysis

3.3.3.1. Spectra processing

Raw Raman spectra of the cells contain many confounding factors and need to be processed
before they are used for analysis. The cell spectrum is confounded by noise and background
components, including from the quartz, media, media additives and fluorescence signal. The
spectra also need to be smoothed to reduce noise, followed by a smoothed background spectrum
subtraction to obtain the Raman spectral components originating from the cell. This section will
give a detailed explanation of the steps in this process to obtain the pure cell spectrum and

reduce the variability in the collected Raman signal of the cells for meaningful comparisons.

First, a Savitzky-Golay smoothing filter (using 15 spectral points and second-order polynomial)
was applied to each raw spectrum and the collected background spectrum. A background
subtraction method was used to yield the true Raman spectra of the cells and reduce or eliminate
the varying levels of background fluorescence signal from the cells, media, DMSO and
Roscovitine and the Raman signal from the quartz substrate. These background contributions
were removed using the Spectrum-based Method for Iterative Removal of Fluorescence
(SMIRF) background removal algorithm developed in MATLAB® by Beier and Berger [108].
The average of the smoothed background spectra collected from the cell media was used as the
‘contaminant’, or components apart from the cell, and a 5th-order polynomial was used to model
the broad and slowly-varying background fluorescence. SMIRF uses an iterative algorithm to

best fit these components to the raw spectrum and obtain the Raman components of the cell.

The remaining variability between spectra is the signal intensity that may fluctuate due to the
amount of biological sample being sampled by the laser beam. This may be caused by the slight
differences in cell morphology (shape/orientation) and in focus height. Each spectrum was then
normalized to the total area under the curve to produce the final spectrum: Figure 3.2e. Other
methods have used the area under the peak at 1450 cm™, originating from CH deformation, to

normalize the spectra, but this then makes the assumption that it is representative of the amount
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of biological material sampled [109,110]. Normalizing to the full area under the curve method
makes no assumptions about the cell biochemistry. Due to minute wavenumber shifts in the
system, the Raman wavenumbers were then mean-centered for subsequent processing and

comparison.

The quartz Raman contribution to the background spectra was significant and had fluctuating
signal intensity depending on the location, likely originating from inconsistent thickness of the
quartz coverslip. Hence, the background spectra were stronger than the cell spectra in certain
spectral ranges, most notably in the 800 cm™ region. In addition, a sharp peak at 670 cm™ from
DMSO [111] may not have been removed consistently and could result in artificial contributions
in this region. DMSO also produces a small and broader peak at 710 cm™ but this peak has less

impact on the background subtraction because of its lower intensity.

3.3.3.2. Multivariate Statistical Analysis

Principal component analysis (PCA) and linear discriminant analysis (LDA) were chosen for
classifying the groups of spectra. These are two complementary multivariate statistical
techniques that separate the spectra based on the statistically important factors in the data. They

reduce extraneous and redundant factors, which improves the accuracy of the classification.

PCA is an unsupervised technique that is used commonly to reduce the dimensionality of
spectroscopic data. It computes new variables that represent the data set, called principal
components (PCs). These maximize the variance of the data set and are orthogonal to each other
[112]. The first PC accounts for the most variance in the data set, with diminishing contributions
from the following PCs. The most important spectral features that represent the most difference

between the spectra in the data set are emphasized and the redundant information is reduced.

Linear discriminant analysis (LDA) uses the PCs to maximize the separation between the two
groups in the data set and minimize the variation within the groups [113]. It computes the
component, called the linear discriminant, along which the separation between the two groups is
greatest. The LD loading plot can be examined to view the separation that is determined to exist

between the two groups using LDA.
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In this work, the two groups to be separated using the PCA/LDA method were the spectra from
the MOSE and the spectra from the STOSE cells. PCA combined with LDA has been widely

used to classify and analyze Raman spectra in cells and tissues [39,43,114-118].

PCA was performed on the cell spectra of the control and treatment MOSE and STOSE groups
using the STATS package in the R programming language [119]. LDA was applied to the output
of PCA algorithm using the MASS package in R [120]. The choice of the number of PCs to use
in the LDA was determined by examining the location of the elbow of the scree plot and keeping
the principal components that precede the elbow. From the scree plot, only the first two PCs

were found to be the dominant contributors to the LDA, as explained below.

To evaluate the effectiveness of this method for the separation of the two groups, the specificity
and sensitivity of the classification for the confusion matrix were computed taking the STOSE
classification as the positive and the MOSE classification as the negative. This was based on the
well-established leave-one-out-classification validation (LOOCV) method [121]. The loadings
of the first principal component and the linear discriminant were examined to identify those

Raman peaks that accounted for the biomolecular differences between the cell types.

3.4. Results

3.4.1. Untreated Control Samples

The average Raman spectra from 40 MOSE and STOSE cells collected can be seen in Fig
Figure 3.3. The Raman peaks for these spectra represent the superposition of peaks mainly from
the cell nucleus containing protein, lipid and nucleic acid, and contributions that may be from
polysaccharides. The likely molecular assignments for the peaks can be found in Table 3.1. The

peaks are considered as a wavenumber range centered at the values listed.

The wavenumbers, or the x-axis, represent the Raman shift of the scattered light from the cells.
The peak locations for the average spectra of the two cell types are the same, but the intensities
differ: Figure 3.3. This is because the composition of the cells does not change markedly

between the cell lines, but the relative amounts molecules do differ, as represented by the
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intensity changes between spectra. In the difference spectrum, Figure 3.3c, the positive bands
represent an increased intensity in the STOSE cells compared to the MOSE, indicating an
increased concentration of that constituent. The peaks marked 1 and 4 in the difference spectrum
indicate higher nucleic acid content in the STOSE cells compared to the MOSE. The specific
peak at 666-678 cm™ (1) is associated with the guanine ring breathing modes in DNA/RNA bases
and C-S stretching mode in cytosine [122,123]. The band at 766-786 cm™ (4) is associated with
uracil, thymine and cytosine ring breathing modes in DNA/RNA bases. For certain wavenumbers
there is an overlap of peaks that originate for different types of components. The mixed
assignment peaks, marked in grey, can also contribute to increased nucleic acid content in the
STOSE cells. The peak at 748-753 cm™ can be from the ring breathing mode in thymine in DNA
or symmetric breathing of the amino acid tryptophan associated with proteins. The peak at 1415—
1421 cm™ (6) is associated with adenine, guanine and deoxyribose in DNA but could also have

contributions from C-H deformations in proteins or lipids.
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Figure 3.3 (a) Average STOSE spectrum, (b) average MOSE spectrum and (c) difference
spectrum generated by subtracting the average MOSE spectrum from the average STOSE
spectrum in non-arrested cells. The grey curves are the standard-deviation envelopes. Spectral
peaks of MOSE and STOSE spectra are highlighted by grey lines and annotated with numbers
assigned as per Table 3.1. The spectra are shifted in the y-axis for visual clarity. (Reprinted with
permission from ref. [104], Copyright 2015 The Royal Society of Chemistry)



Molecular Assignment(s) Molecular Assignment(s)
Wavenumber ) Wavenumber .
Band A with Wavenumbers from Band 1 with Wavenumbers from
(cm™) . (em™) .
Literature Literature
C-C twisti |
618 .\A{IS ing (p) 1048 glycogen (c.)
1 C-C twisting mode of 16 C-O stretch in
621 ) 1049
phenylalanine (p) carbohydrates (c)
Symmetric O-P-O stretch of
C-S stretching & C-C twisting 1093 DNA backbone (d), or C-N
5 640 of proteins - tyrosine (p) 17 stretch (p)
643 C-C twisting mode of tyrosine 1094 (d)
(p) 1094 C-N stretch (p), or chain C-C
stretch (1)
C-N stretchi ; C-C
3 678 G ring breathing (d) 18 1125 stretching (p)
stretching (1)
4 717-719 choline (1), C-N (membrane 19 1158 C-C/C-N stretch (p)
phospholipids head) (1), A (d) P
s 746 T (ring breathing mode of 20 1175/6 C,G(d)
DNA/RNA bases) (d) 1176 C-H bending tyrosine (p)
Symmetric breathing of
755 tryptophan (p) tryptophan, phenylalanyne
6 759 Tryptophan (p), ethanolamine 21 1208 (p), or A, T ring-breathing
group (I), or (d)
phosphatidylethanolamine (1)
7 782 U,C,T ring breathing (d) 22 1254 C-N in-plane stretch (p)
1320 G (d)
8 810 hosphodiester (d 23
PROsP (@ 1320 C-H deformation (p)
Out-of-pl ing breathing,
ut-otp ane.rlng reathing A, G (d), C-H deformations
9 827 tyrosine (p), 24 1336-1345 i
(p), CH2 twist (1)
0-P-O stretch (d)
Ring breathing mode of 1373 T, A, G (ring breathing of
10 853 tyrosine & C-C stretch of 25 1374 DNA/RNA) (d)
proline ring (p) T(d)
Monosaccharides (beta-
_ _ 1421 A, G(d)
11 898 glucose) and disaccharides, 26 1422 Deoxyribose (d)
(C-0-C) skeletal mode (c) v
936 C-C symmetric stretch
12 937 backbone, a-helix (p) 27 1450 CH deformations (p, 1)
C-C backbone (p)
974 Ribose vibration (d)
13 980 C-C stretching beta-sheet (p) 28 1582 phenylalanine (p)
980 =CH bending (1)
1656 id C=C stretch (|
14 1000/1/3 Phenylalanine (p) 29 amide (p) o‘r stretch (1)
1655-1680 Amide | (p)
15 1030to 1040 | C-H bending phenylalanine (p)
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? Abbreviations: (d) nucleic acid, (c) carbohydrate, (p) protein, (1) lipid (G) guanine, (C) cytosine, (A) adenine, (T) thymine, (U) uracil

Table 3.1 Provisional molecular assignments for peaks in average MOSE and STOSE spectra.
Bold indicates nucleic acid-related peaks. References: [109,122,52,124,125] (Adapted with
permission from ref. [104], Copyright 2015 The Royal Society of Chemistry)



66

A paper on the STOSE cells by McCloskey et al. [101] guided the interpretation of the
difference spectra and the PCA/LDA results. This paper describes how the STOSE cells differ
from the original ovarian epithelial cells (MOSE) and how they are a model for murine HGSC.
The STOSE cells have a doubling time of 13h, which is nearly 4 times faster than the MOSE
cells. STOSE cells also have a higher degree of aneuploidy, or abnormal number of
chromosomes, that is higher than observed in the MOSE cells. STOSE cells are mostly near-
triploid and some polyploid, while MOSE cells are partly near-tetraploid and mostly near-
diploid. From cell cycle analysis, a much higher proportion of STOSE cells were found to be in
the S phase (45%) compared to the MOSE cells (10%). The STOSE cells have a total proportion
of cells with higher DNA content in phases S and G2 that is over 50% higher than in the MOSE
cells.

As expected, we observed higher peaks related to nucleic acid content in the STOSE cells,
although this is not fully conclusive as there was some peak overlap with other components in

the mixed peaks.

The PCA/LDA analysis of the cell spectra revealed separation of the two untreated groups as can
be seen in the PC plot in Figure 3.4a. Two outliers were removed from the data set as evaluation
of the spectra revealed that the background spectrum was not adequately removed. PC1 in large
part represents the intergroup variability, while PC2 represents the intragroup variability. The
first two PCs were used for the LDA analysis, as determined by the elbow of the scree plot that
compares the contribution to variance of each of the components. This is where the component
becomes relatively small and similar to the remaining components. Increasing the amount of PCs
included in the LDA analysis will increase the classification accuracy but will be sample-
dependent. The higher number PCs are due to subtle cell variations and noise contributions. They
will not be informative for larger sample sizes. The accuracy that was achieved with the control
samples was 72% (Table 3.2), with a sensitivity and specificity both of 72%. This limited
accuracy of the technique was due to large intra-group variations that can in part be due to the
cells being in different phases of the cell cycle. The results of the arrested cell cycle are
described in the following sections.



a PC2 vs PC1
0.002 -
Fy A L
00011 * oLt * .
| 1 &
A ry ‘i‘t .
f- ey . i
w0 ry L ]
I L] ‘.O Iy -
© ..
= » *
§-0.001- = » -
o L ]
A A "
-0.002 &
-0.0031 4

-0.0050

00000  0.0025
PC1 (var=0.387)

-0.0025

0.0050

Count

7.57

251

0.0

67

LDA with PCs 1-2

2 0 2
Linear Discriminant 1

Figure 3.4 PCA score plots (a) and LDA histograms (b) for MOSE (blue) and STOSE (red) non-
treated cells. (Reprinted with permission from ref. [104], Copyright 2015 The Royal Society of

Chemistry)

Treated Predicted

Actual MOSE STOSE
MOSE 34 i
STOSE 3 a7
Sensitivity 9204
Specificity 85%
Accuracy 89%

Control Predicted

Actual MOSE STOSE
MOSE 28 11
STOSE 11 28
Sensitivity 7204
Specificity 72%
Accuracy T2%

Table 3.2 Confusion matrix for LOOCV (leave-one-out-classification validation) on PCA-LDA

of treated and control cells. (Reprinted with permission from ref. [104], Copyright 2015 The

Royal Society of Chemistry)
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3.4.2. Treated Samples

In order to extract biochemical differences between the two cell lines, differences in the cell
cycle need to be controlled, so that the cells were treated with Roscovitine to arrest them in the
G1/G0 and G2/M phases [126,127]. This was expected to reduce intra-group variability due to

cell cycle differences in the proportion of cell found in the S phase.

The average of the collected spectra of 40 treated cells for MOSE and STOSE can be seen in
Figure 3.5a. The spectra again look visually similar with no large differences, requiring
quantitative analysis. The PCA analysis showed that the first two PCs accounted for a large
portion of the variation seen in the data. There was much better clustering of the two groups, as
in Figure 3.5c, compared to the first two PCs in the untreated group. PC1 accounted for more of
the inter-group variation and 52% of total variation in the data. PC2 accounted for more of the
intra-group variation and 6% of total variation in the data. The LDA analysis using the first two
PCs showed better separation of the MOSE and STOSE groups. The sensitivity, specificity and
accuracy were improved from the control group to 92%, 85% and 89%, respectively (Table
3.2).
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Figure 3.5 (a) Average STOSE and MOSE spectra from treated group with the gray shading
indicating standard deviation envelopes. (b) Comparison of (i) difference spectrum (STOSE-
MOSE), (ii) PC1 loadings plot and (iii) LD loadings plot for treated spectra. Spectral peaks are
numbered and highlighted by grey lines, as per Table 3.3. (¢) PC scores plots and (d) LDA
histogram for treated MOSE (blue) and STOSE (orange) cells. (Reprinted with permission from
ref. [104], Copyright 2015 The Royal Society of Chemistry)
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Wavenumber Molecular Wavenumber Molecular
Band (cm ) assignment(s) Band (cm ) assignment(s)
1 653-673 G(d) 12 1048 Glycogen (c)
678 G ring breathing (d)
2 700-45 C-S trans vibration (aminoacid 13 1073 Triglycerides (1)
methionine) (p)
3 766 Pyrimidine ring breathing (d) 14 1087-1020 C-C stretch, phosphate stretch( d,I)
4 1355/7 G(d) 15 1099 C-N stretch (p)
1359 Tryptophan (p)
1360 Tryptophan (p)
1361/2/3/5  GI(d)
5 1417 C] Cstretch in quinoid ring 16 1209 Tryptophan, phenylalanine (p)
1420 CH, (p. 1) 1210 Tyrosine, phenylalanine (p)
14201 Deoxyribose (d)
6 1573 A, G (d), tryptophan (p) 17 1239 Amide Il (p)
1575 A, G ring-breathing (d) 1240 RNA peak, or asymmetric 0 -P-0
stretching modes (d), or collagen (p)
1241 Asymmetric O-P-0
Stretching modes (d)
7 1600-1800 ()] 18 1250/2 G, C(NH , mode) (d)
1640-1680 Amide | band (p) 1254 C-N in plane stretching (p)
8 643 C—C twisting mode of tyrosine (p) 1264 Triglycerides (1)
1265/6 Amide lll, a-helix (p)
9 957 Cholesterol (I) 1453 (p)
10 977 Phenylalanine (p) 21 1465 (
980 C-C stretching of beta-sheet (p),
1 CH bending ()
1 1005 Phenylalanine (p)

# Abbreviations: (d) nucleic acid, (c) carbohydrate, (p) protein, (I} lipid, (G) guanine, (C) cytosine, (A} adenine, (T) thymine, (U) uracil.

Table 3.3 Provisional molecular assignments for peaks in the difference spectrum from the
treatment group. Bold indicates nucleic acid-related peaks. References: [122-124]. (Reprinted

with permission from ref. [104], Copyright 2015 The Royal Society of Chemistry)

The difference spectra, PC1 loadings plot and LD loadings plot shown in Figure 3.5b have very
similar characteristics, indicating that PC1 is accounting for inter-group variation and most of the
same characteristics are seen in the difference spectrum. Examining the positive features in these

spectra suggests an increase in nucleic acid and protein content in the STOSE cells, as expected.

In the difference spectrum, there are negative values for lipid and some protein peaks in the
treated STOSE compared to the MOSE. This contradicts previous reports where it was found
that cancer cells have a higher lipid metabolism then normal cells [128,129]. This may be due to
a cellular reaction to the Roscovitine treatment. The contradiction was explored in the next
section by comparing the control and treated data sets of the same cell type using the same type
of PCA/LDA analysis.
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3.4.3. Effect of Roscovitine within groups

There was an overall decrease in the lipid peaks and some of the protein peaks in the treated
groups compared to the untreated control groups. This is seen in the difference spectra (c, f in
Figure 3.6) by the negative peaks around 960, 1070 and 1260 cm™. A strong increase is seen in
the 1600 cm™ peak, which is attributed to increased protein in the treated samples compared to
the untreated control. The peak at 675 cm™ could be attributed to nucleic acid content or could be

an artifact of background subtraction as mentioned previously.
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Figure 3.6 Left: Average MOSE (a) treated, (b) control and (c) difference spectra (treated-
control), and PC scores plot for MOSE control and treatment spectra. Right: Average STOSE (d)

control and (e) treatment, and (f) difference spectrum, and PC scores plot for STOSE control and
treatment spectra. (Reprinted with permission from ref. [104], Copyright 2015 The Royal

Society of Chemistry)
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Comparing the PCs, there is good clustering in the PC1 vs. PC2 plots (Figure 3.6) for the two
groups, showing that there are significant spectral differences between the treated and the
untreated groups and that there is an effect of the Roscovitine treatment on eliminating cell cycle
variation, although this is not fully effective. Roscovitine is known mostly to arrest cells in the
G1/GO or the G2/M phases but the majority of cells were expected to be found in the G1/GO0
phase since the cells do not stay for a long time in the G2/M phase. Both observations have been
reported previously [126,127], but in this study Roscovitine served the purpose of reducing the
variation by eliminating the fraction of cells that are in S phase so that baseline DNA content
could be compared between the MOSE and STOSE cells.

3.5. Conclusions

The PCA/LDA method can successfully discriminate between the normal MOSE and malignant
STOSE cell types with an accuracy of 89% with cell cycle arrest. Further work should examine
differences in the Raman spectra based on the rest of the cellular components, such as the
cytoplasm. This is technically challenging with the system used in this work, as the cytoplasm is
considerably thinner than the nucleus, requiring much longer and potentially damaging spectral

integration times.

This initial in vitro study examined some of the ability of the PCA/LDA method to be able to
distinguish the difference in normal and malignant ovarian cells. This had a focus on the
fundamental biochemical differences and the ability to distinguish them. The multivariate
technique shows a lot of promise to be a model in the future in the clinical setting to classify not
only MOSE vs. STOSE but potentially also normal ovarian cells vs. cancer stem cells or ovarian
cells that are sensitive or resistant to treatment. This would be advantageous in early detection of
ovarian cancer, isolation of stem cells as therapeutic targets and early assessment of treatment

response.

Alternate statistical techniques could also be employed to further the understanding of the
biochemical composition, such as biochemical component analysis [130] or other classification

methods that may be more precise, such as boosted trees [41]. Even combinations of PCA/LDA
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with other techniques, such as successive projection algorithm and genetic algorithm, have
shown improved results [131].

Translating this work to in vivo would be the next step. There are known differences that will be
seen in the spectra, apart from the inability to arrest the cell cycle, and there are other
components in the tissue that will also contribute to the signal. Several studies have shown the
potential of this technique in a clinical setting, including endoscopic applications for colon
cancer [39,132] and Barrett’s esophagus [58,133]. The fiber optic probes used need to be
specifically optimized for this purpose in order to minimize fluorescence background and
increase the Raman signal collection. In ovarian cancer this technique could be applied during
laparoscopy and will need to demonstrate high specificity for discriminating lesions and high

sensitivity for their detection in order to have clinical impact and adoption.
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Chapter 4
Discussion and Future Work

4.1. Summary of work to date

Diagnostic tests are important for early detection of disease. In the case of lung cancer, it has
been shown that low-dose CT screening in a population with a high risk of developing the
disease resulted in a 20% decrease in lung-cancer mortality [134]. This study underlined the
importance of early detection. The increase in the prevented deaths from screening was
correlated with the number of tumors diagnosed at stage I. Early lung cancer presents itself as a
pulmonary nodule. These nodules are often false positive on screening, so that the presence of
malignant tissue must be confirmed through a biopsy. Biopsy is an invasive procedure.
Preforming a transthoracic needle biopsy of a pulmonary nodule presents high risk of
pneumothorax, i.e. presence of air between the lung and the chest wall, causing a lung collapse,
and sometimes hemorrhage [135,136]. Potentially, a less invasive procedure involving Raman
spectroscopy could be considered. In vivo SERS imaging relies on the recognition of known
markers on the tissue by using synthesized immunocomplexes with a SERS NP marker, as
described in this work. Apart from just diagnosing lung cancer, antibody labeled SERS NPs have
the potential to recognize a range of biomarkers present in the tissue that can lead to a more

personalized diagnosis of the tumor and a more successful treatment plan [68].

Early detection of cancer is important in successful treatment of the disease. Since research has
demonstrated that cancer cells originate and start to develop through pre-malignant stages, early
identification and destruction of these cells can prevent the development of invasive disease.
There is considerable clinical need to identify the cells undergoing these biochemical changes.
Label-free Raman spectroscopy can provide a minimally- to non-invasive way to achieve this
and may be used in the future as an alternative or adjuvant to histopathology. The current gold
standard of histopathology is time consuming and costly with the sectioning, staining and
analysis steps. The advantages of Raman spectroscopy over histopathology is that the technique,
combined with multivariate statistics similar to those was described in this work, can be

automated, objective and reproducible [137].
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These clinical changes towards early diagnosis can be achieved using multiple techniques of
Raman spectroscopy. Firstly, the intrinsic Raman spectroscopic properties of the tissue can be
probed by collecting spectra containing biochemical information that can be linked to disease
states. Secondly, molecular information relating to the expression levels of known disease
antigens can also identify the disease. Information about a range of antigens can be collected
simultaneously using molecularly targeted SERS NPs (multiplexing). This body of work aimed
to develop Raman spectroscopy as a technique that can distinguish cell types by both label-free
and labeled detection.

4.1.1. SERS

The first part of my work focused on the use of SERS NPs for in vitro cell classification. The
goal was to determine the level of quantitation that could be obtained using monoclonal antibody
targeted SERS NPs when binding in vitro. This was tested with both cells in suspension and cells
adhered to a substrate. In both cases, there was a marked difference in the distribution measured
by SERS NP binding compared to the expected distributions determined by fluorescent antibody

staining.

The primary difficulty was identified as arising from the conjugation of the antibody to the SERS
NP. This conjugation step can cause blockage of the binding site that prevents it from binding
with the same affinity to the antigen site.

4.1.2. Intrinsic Raman

The second part of the body of work focused on being able to differentiate normal and malignant
cells using Raman microspectroscopy in vitro combined with multivariate statistical analysis.
These techniques have for the first time been tested in ovarian cell lines — specifically mouse
ovarian surface epithelial (MOSE) cells and their spontaneously-transformed counterpart
(STOSE). Although Raman microscopy and multivariate analysis have been used previously in
other cell lines, this work is novel in that it shows that this can be applied in ovarian surface

epithelial cells. The two groups of cells were differentiated by their Raman spectra. The
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information contained in the Raman spectra also correctly showed biochemical differences
between the cells. It identified that the nucleic acid content was increased in the STOSE cells
compared to the MOSE.

The limitation of the technique was that the cell cycle needed to be synchronized for the
PCA/LDA method to be able to classify the two types of cells with high accuracy. This
synchronization was necessary to evaluate the baseline differences and identify true biochemical
changes. The technique was also tested on one type of ovarian cell line. Further work needs to be
done to demonstrate the use of this technique for ovarian cancer diagnosis.

4.2. Future Directions

4.2.1. Targeted SERS nanoparticles

Based on the results of our in vitro studies, the current formulation of the SERS NPs needs to be
improved to be able to determine the extent of quantitative multiplexing that can be used. It was
found that the binding affinity of the antibodies with the highest expression levels for the cell
line was reduced when they are conjugated to the SERS NPs compared to the other antibody
binding. A whole 1gG antibody is also not the best choice for targeting. Smaller targeting
moieties that are specifically developed for the antigen might increase the binding affinity.
Examining the low binding affinity of the anti-EGFR conjugated SERS NPs, the antibody may
be conjugated at a location that may be close to the binding site. This is very challenging to test
directly. The chemistry involved the binding of the NHS ester group on the PEG linker chain to
the primary amine group on the antibody. The amine group can be found at the N-terminus of the
antibody and also at different points in the protein chain on the lysine amino acid. The N-
terminus of the light chains in the antibody is where the binding site is formed. Conjugation to
the amine group in this region can significantly affect the antigen-binding activity of the
antibody. In addition, if the binding site contains a large amount of lysines, then the antigen-
binding activity will be even more decreased. A further consideration is the orientation of the
antibody upon conjugation to the SERS NPs. Presumably, if the antibody is conjugated near the
binding site, then the binding will also be affected. To overcome these limitations of using
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monoclonal antibodies, it would be advantageous to design a moiety specifically with a
conjugation site that is optimized to be far from the binding site. In this way the antigen-binding

activity can be maximized without the SERS NP affecting the binding significantly.

Previous work in our lab showed that anti-EGFR SERS NPs exhibited strong binding to tumor
cells [33]. One difference from this work is that the antibodies used previously, namely
cetuximab (a chimeric human mouse anti-EGFR monoclonal antibody) and panitumumab (a
fully human antibody) are different from the mouse monoclonal antibody used here. Since these
are different molecules, it is possible that the conjugation could have proceeded at a site that

decreased the binding ability.

Further work by Y. Wang et al. [138] using a mouse monoclonal EGFR antibody and HER2
antibody concluded that binding of the multiplexed targeted SERS NPs in rat esophageal tissue
can give the expected results (as compared to flow cytometry). Although the imaging results are
convincing in this work, the quantitative results are not. The signal collected over a cell line
derived xenograft tumor has much less separation between the binding concentrations of the
different types of antibodies. Focusing on their A431 cell-line analysis, flow cytometry results of
the cell line showed ~100x more anti-EFGR binding and ~40x more anti-HER2 binding than
control antibody. The results from A431 cell line derived xenograft tumor found that there was a
much lower ratio difference for targeted antibody binding compared to the control antibody
binding of the SERS NPs. Treatment of tumor tissue showed approximately the same amount of
EGFR and HER2 targeted binding (relative to the control antibody binding) over the tumor with
only small specific regions showing higher targeted EGFR expression. As this was a pilot study
for the endoscopic technique and only included only a single tumor, clear conclusions cannot be
drawn about quantitative abilities of SERS NP binding. Other tumors did not display such
discrepancies between SERS NP binding and flow cytometry. It seems like some antibodies (or

clones) or cell line-derived tumors can allow for better binding of the SERS NPs than others.

There are some diseases where the detection of multiple biomarkers could be beneficial for
diagnosis [139-141]. This has not become common usage in the clinic yet. Even fluorophore

conjugated antibodies are not commonly used clinically for cancer diagnosis. For a diagnostic
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colonoscopy for example, there have been some trials where antibody targeting has been tested
[142]. Preclinical and clinical studies have shown some ability to detect dysplasia in the
presence of background inflammation and to visualize inflammatory molecular targets for
assessing disease severity and prognosis. However, this has yet to be adapted into routine

clinical diagnosis.

Fluorescently-labeled probes are also used in fluorescent image-guided surgery [143]. They
have been shown to target cancer cells [144,145], sentinel lymph nodes [146,147] and other
non-cancer pathologies such as in neurological [148] and cardiovascular diseases [149]. Here is
another area where SERS multiplexing could be used to localize multiple biomarkers. This
would benefit the surgeon by being able to identify not only diseased tissue but also different

types of healthy tissue for careful excision.

SERS NP multiplexing may be an asset in many types of disease detection for both diagnosis
and surgery but the biomarkers first need to be identified to have clinical diagnostic or
prognostic value. The advantage of NIR excitation used by the SERS NPs is that there is
minimal tissue autofluorescence, allowing for higher levels of multiplexing, but the main
advantage of NIR imaging is the ability of the signal to penetrate tissue up to centimeters [150].
It is not yet clear how deeply the NPs will penetrate into the tissue by topical application. If the
nanoparticles are able to penetrate and bind to tissue deeper than just the top layer, then the
collected signal may be increased due to larger number of available binding sites. This will give
a better representation of the whole tissue, as multiple layers will be sampled and variation

could be accounted for.

Multiplexing is a useful tool that can be potentially employed but that is still far from being
implemented quantitatively in the clinical setting. The instrumentation needed for image
collection of the signal is under development [35,36,33]. Most importantly, a spectrum of
relevant biomarkers needs to be developed and tested with high specificity and sensitivity for

the target.
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4.2.2. Intrinsic Raman

4.2.2.1. In Vitro

The setup used here for signal collection was preliminary, with room for improvement to acquire
more detailed cell spectra. It was selected mainly to try to preserve the most natural state of the
cells to avoid any confounding effects from the environment or from the detachment process.
This initial exploration with PCA/LDA analysis confirmed some biochemical changes. Further
improvements include decreasing the background, increasing the number of collected spectra,

and cell mapping.

The limitation of having the cells adhered to the surface is that it decreases the thickness of the
cell and significantly increases the required Raman spectrum acquisition time. The signal
collection was not fully confocal, leading to inefficiency in the signal collection and decreasing
the signal-to-background ratio. The quartz that was used as the cell substrate is considered to
have a very low Raman signal but this was still quite strong compared to the signal from the
cells, which created challenges to completely remove it from the cell signal. This resulted in
regions in the spectra that cannot be interpreted accurately due to interference from background.
An improvement may be to use calcium fluoride coverslips, as they have been shown to provide

a much lower Raman background signal.

Collection of an order-of-magnitude more spectra would allow classification of subcategories
within one type of cell line. An important improvement to the workflow is to automate the
system to allow more cell spectra to be collected. The 40 spectra per cell type presented in this
work combined to about 3h of spectral collection and preparation time. Even though the cells
were kept in an incubator that maintained them under optimal conditions, the person-hours
required to manually move the stage and focus on a cell are unrealistic if hundreds of spectra are
to be collected. Collecting large amounts of spectral data is important when trying to identify

rare subtypes in a cell population, such as stem cells.
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An optimal way to combine both of the above requirements- for faster signal collection and
automation- would be to use a microfluidics setup. In this way cells can travel through the laser
beam path and the Raman spectra can be collected. The advantage would be that the cells are
more spherical in shape so that they have a thicker cross section than adhered cells. This would
decrease the background contribution and generate a stronger Raman signal, which decreases the
collection time. This also allows for the collection for the Raman spectra that represent the whole
cell and that can be collected faster, since more of the cellular volume is being covered by the
beam. This process could be automated so that a large number of spectra could be collected for
statistical analysis. This has been tried previously for cell sorting, using optical trapping and
quartz capillary channels [151] with application to analysis of erythrocytes, leukocytes, acute
myeloid leukemia cells and breast tumor cells. This may also be done with the development of a
Raman flow cytometry system, where Raman spectra are collected instead of fluorescence

spectra as in conventional instruments [152].

For most cells to flow through the system they must be detached from their substrate. For the
ovarian cells, the viability would need to be evaluated, since cells can react differently to being
unable to adhere. The detachment process might affect their state, so that the collected Raman
spectrum might not be an accurate representation of the true components of the cell but be

confounded by the detachment procedure.

The optimal next stage from the current in vitro work is cell mapping. The work presented here
evaluated the Raman spectra as collected mostly from the nucleus. It was determined that there is
an increased amount of nucleic acid content in the malignant cells. There may be an effect due to
this in the rest of the cell, so that collecting Raman spectra also from the cytoplasm is necessary
to fully understand the changes occurring in the transformation of the cells from normal to
malignant. Previous work in various cell lines has shown that lipid content in cancer cells is
higher in the cytoplasm [128,129] compared to normal cells due to differences in lipid
metabolism. From the small portion of the signal that was collected from the cytoplasm in our
work, it seems like our results might contradict this conclusion (Figure 3.5). Although these
differences could be attributed to the Roscovitine treatment, a definitive exploration of the

cytoplasm content of these ovarian surface epithelial cells would help determine if the lipid
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metabolism in this type of cells is atypical. If a difference from expected behavior is indeed

found, then this could lead to a different use of lipid metabolism targeting cancer drugs.

4.2.2.2. In Vivo

The in vitro testing of the Raman capabilities established a methodology to for in vivo work,
which is needed to establish that the technique can be used to identify malignant cells in the
ovaries, recognizing that the work presented in Chapter 3 is in a very artificial setting and may

differ from the findings that might be seen in real tissue samples.

The first step will be to examine tissue slices ex vivo that contain the mouse ovarian surface
epithelial cells and compare them to slices from murine tumor formed by subcutaneous or
orthotropic injection of the STOSE cells. The tissue will be more heterogeneous than the live
cells grown on quartz. Different types of cells will contribute towards the collected Raman
signal. It is possible that these components will drown out the differences seen in the single cell
results. However, it is also possible there are other differences in the way the healthy and the

malignant tissue grow that will contribute to further differences in the observed peaks.

4.2.2.3. Probes and Coherent Raman Scattering

Collecting Raman spectra in a clinical setting would require the development of a Raman fiber-
optic probe to reach deep into the body. For ovarian tissue, it is not yet clear if this would be
applied during a laparoscopic examination itself or to the excised tissue following biopsy. The
design of the probe will depend on the sample. For example, a rigid probe would suffice for
exposed tissues such as skin or brain tissue during surgery or biopsy samples. For spectral
collection in body cavities such as colon or the lung a more flexible probe is required. The
materials used in this probe need to be optimized, as many of them can have interfering Raman
and fluorescence signals. The signal integration time needs to be minimized to be practical

during diagnosis or surgery.

In order to overcome the low signal using spontaneous Raman spectroscopy, a number of
techniques have been developed to enhance the signal. Stimulated interactions, where Raman
scattering processes are driven coherently, generate much stronger scattered signals. The two

methods that have been successfully applied in the medical field to date are stimulated Raman
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scattering (SRS) and coherent anti-Stokes Raman scattering (CARS). Both methods require the

use of a pumped laser beam, wp, and a Stokes laser beam, ws, where the difference in frequency

(wp - ws) is tuned to match the vibrational levels of the molecule. The exploitation of such non-

linear interactions provides much larger signal-to-noise ratio, thereby reducing the time needed
to collect spectra from a region of tissue. Stimulated Raman is particularly exciting, since it can
be used for real-time imaging instead of collecting point spectra. For example, it has been used to
delineate glioma margins in brain by obtaining the ratio of the Raman signal at 2930 cm™ and
2845cm™, representing the protein and lipid concentrations, respectively. Comparing SRS
microscopy-analyzed biopsy samples with H&E- stained tissue gave similar accuracy results
when analyzed by neuropathologists [153]. The sensitivity of SRS imaging is significantly
greater than spontaneous Raman scattering and it is able to deliver background-free chemical
contrast [111].

4.2.2.4. Clinical Use

Ovarian cancer has a relatively low prevalence of 40 cases per year per 100,000 women over the
age of 50. If a screening test were to be developed it would need to have high sensitivity and
specificity to reduce false positives and be clinically useful. It has been estimated that this would
require a minimum sensitivity of 75% and a specificity that is higher at more than 99.6%. This
would provide a positive predictive value of 10%, which is the threshold most commonly
accepted by epidemiologists to accept a screening test [62]. This would mean there are 10

surgeries to confirm disease for every 1 case of cancer.

The technique shown in this work had a sensitivity of 92% and specificity of 85% in the case of
cell-cycle synchronized cells. This has a good sensitivity but the specificity is too low to be

considered as a screening test for ovarian cancer.

Another clinical application of the tool could be for use during surgical resection. Currently,
epithelial ovarian cancer patients with stage IV disease have a median of 12 months progression-
free survival and 29 months of overall survival. It was found that patients with a higher residual
tumor after surgery have diminishing survival of both types [154] . The generally excepted belief

is that optimal reduction of the tumor prolongs survival [155-157]. During surgery the surgeon
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determines the boundaries of the tumor and how much to resect. The resected amount has to be
balanced with the preservation of normal tissue. Raman spectroscopy can be used during surgery
to find tumor margins. As mentioned in the Introduction, it has been shown to detect glioma
with high enough accuracy for potential clinical adoption [41]. In the case of ovarian cancer, it
would benefit the procedure for the surgeon to know with higher accuracy if the tissue has cancer
cells remaining. It was shown in this work that Raman spectroscopy has the capability to detect
higher DNA (nucleic acid) content found in the malignant cell line compared to the normal cell
line. If this detection can be translated to tissue, then tumor margins would be better identified
and localized during surgery, which would guide surgical decision making. Other work in
ovarian cancer has shown that the degree of aneuploidy of tumor cells may be an indicator of
patient survival [158]: higher DNA content was found in tumor cells for patients who had lower
survival. In this case, preforming spectral analysis of tumor cells during surgery may also help
surgeons decide the level of risk. Thus, in more sensitive areas tumor cells may be spared if they
have a lower DNA content. Further research will need to be performed to determine if this is

possible to determine using Raman spectroscopy and the resulting benefit.
4.3. Conclusions

Raman spectroscopy offers a wealth of biochemical information about the tissue that can
contribute to diagnosis of cancer. The initial tests were carried out in vitro and can have potential
translatability in vivo. Raman spectroscopy may be exploited though targeted biomarker specific
SERS probes to detect specific changes in cell-surface receptors. This work is under further
development to find appropriate targeting moieties that will maintain their targeting abilities
upon conjugation to a SERS NP probe. Raman spectroscopy can also be used to detect changes
in the tissue in a label-free manner by looking at the intrinsic spectra for biochemical changes

that occur following transformation of the cells from normal to malignant.
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