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Abstract

Cancer is one of the most impactful diseases known, with 18 million new cases in 2018 alone.
This means that early detection is of great importance. DNA methylation is an epigenetic pro-
cess, which can be used for the early detection of cancer. DNA methylation is responsible for the
regulation of genes but is also associated with cancer. Surface-Enhanced Raman Spectroscopy
(SERS) already shows promising results in the detection of methylation differences. SERS also
has advantages over other methods, namely being more sensitive, quicker in analysis, and is a
non-invasive method. This thesis aims to look at the application of detecting single base DNA
methylation with SERS for the detection of cancer and whether SERS will be a feasible option
to use for this application.

Firstly, regular Raman spectroscopy was used to differentiate between methylation levels. A
DNA sequence was created, and three versions, each with different levels of cytosine methyla-
tion, were ordered. The Raman spectra of the three sequences were obtained, and differentiation
was looked at with principal component analysis (PCA). The regular Raman showed very similar
Raman spectra, with some subtle differences at around 1000 and 1460 cm−1 per sequence. PCA
further showed the differences between methylation levels.

To translate the measurements to SERS, different substrates, and Raman setups were tested.
The drain-to-deposit method in combination with an in-house build setup was chosen to conduct
the SERS measurements. These SERS measurements were obtained by conducting an area scan
of a gold nanoparticle (AuNP) aggregate on which DNA was desiccated. The SERS measure-
ments consist of two samples, the DNA sequence which has no methylation, and the sequence
which is fully methylated. Both sequences were hard to acquire, with a small amount of AuNP
aggregates giving a spectrum. Of both area scans, 20 measurements were chosen randomly and
PCA was conducted. The SERS measurements of the non- and fully-methylated DNA share
some of the same peaks, but look different. Differences between measurements of the same
sample would also occur due to fluctuations caused by, among others, picocavities. The 40 mea-
surements were also analyzed with PCA, which was able to differentiate between the two samples.

Both regular Raman and SERS showed the ability to differentiate between methylation levels.
Regular Raman was able to differentiate between single base differences in the DNA. For SERS
however, only non-methylated and fully-methylated DNA were tested. Differentiation was pos-
sible between the two samples, even with the fluctuations between measurements. However,
further research on substrate and setup should be conducted to make the SERS measurements
more reliable and consistent. Further research should also look at lower DNA concentration
levels, as this would be the case in a clinical application of the method. This could eventually
lead to a microfluidic chip, on which DNA sample is captured at known hotspots, which can then
be analyzed precisely.
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Chapter 1

Introduction

Cancer is one of the most impactful diseases known to humankind. In 2018 alone, 18 million new
cases were diagnosed [1]. The risk of someone on earth developing cancer during their lifetime is
on average 20% [1]. The chance of curing increases in some types of cancer when caught early
and treated correctly [2]. That is why it is important to catch the disease as early as possible.

Various biomarkers and techniques exist to find cancer in an early stage, which probe (epi)genetic
changes that indicate cancer [3]. DNA methylation is one of the possible epigenetic changes re-
searchers look at, and could be used to detect cancer [4]. DNA is methylated differently across
different cell types to suppress certain genes. DNA methylation can also occur on genes that
suppress cancer growth, which can lead to cancer.

Raman spectroscopy is already a proven method for detecting cytosine methylation and also has
the advantage of being a non-invasive method [5, 6, 7, 8]. However, Raman scattering is very
weak, being around 14 orders of magnitude smaller than fluorescent signal [9]. Surface-Enhanced
Raman Spectroscopy (SERS) is a method to increase the intensity of the signal, with the ability
to measure single molecules [10]. SERS uses rough metal surfaces such as gold or silver. When
visible light excites the localized surface plasmon resonance of the metal, electromagnetic fields
are generated [9]. This increases the dipole of the scatter, increasing the intensity of the sig-
nal. However, there are still challenges concerning SERS for label-free detection of DNA. These
challenges range from similarity in spectra of DNA bases to the spacing of DNA-nanoparticles
conjugates [11, 12].

This thesis aims to look at the application of detecting single base DNA methylation with SERS
for the detection of cancer and whether SERS will be a feasible option to use for this application.
Other research already shows promising results whilst also having some benefits compared to
other methods [13, 14]. SERS is for example more sensitive, quicker in analysis, and is a non-
invasive method. Research will be conducted on whether Surface-Enhanced Raman Spectroscopy
could be used to determine the methylation level of DNA using gold nanoparticles.
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Chapter 2

Theoretical background

2.1 DNA methylation

DNA is arguably the most critical biomolecule and is the basis of all organisms. DNA consists
of nucleotides made of deoxyribose, a phosphate group, and one of four bases: adenine, guanine,
thymine, or cytosine [15]. DNA contains all the genetic code for an organism, and the complete
genome is present in every organism’s cells. However, for different cells, different genes need to be
expressed. One of the methods that DNA uses to regulate gene expression is DNA methylation
[16].

DNA methylation is an epigenetic mechanism that adds methyl groups to the nucleobases of
DNA. DNA methylation has been naturally observed in adenine and cytosine. However, most
methylation in eukaryotes can be seen on the cytosine nucleotide with a guanine nucleotide
following it, looking in the 5’ → 3’ direction [16]. These sites are called CpG sites and more than
98% of DNA methylation in somatic cells occurs here [17]. DNA methylation in cytosine is due to
a covalent transfer of a methyl group on the C5 position with the use of DNA methyltransferases,
which creates 5-methylcytosine [16, 17]. This change is shown in Figure 2.1.

Figure 2.1: A non-methylated cytosine nucleotide (left) and a methylated cytosine nucleotide (right).
The methyl group is attached to the carbon on the 5th position of the ring. [5]

The methylation can regulate gene expression by preventing the binding of transcription factors
or by attracting certain proteins that are associated with gene repression [16]. When methylation
occurs in a gene promoter, it can act as a suppressor for gene expression. If this occurs for a
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tumor suppressor gene, this can lead to cancer, among other diseases [4, 17]. Over-methylation
of DNA is called hypermethylation. However, less than average methylation levels in DNA, hy-
pomethylation, has also been attributed to the development of cancer [18], albeit that it is often
found in different parts of the DNA sequence than hypermethylation [19].

Because DNA methylation is a significant epigenetic factor, it can be used to identify whether
the DNA is from healthy or cancerous cells [18]. The golden standard for the detection of DNA
methylation currently is bisulfite treatment. This incorporates a chemical treatment step in the
analysis [20]. The process turns cytosine into uracil but leaves 5-methylcytosine unaffected. PCR
is used to amplify the DNA. It is expensive, takes a long time, and not a lot of DNA can be used
for PCR templates due to degradation during the bisulfite conversion [21].

Another method is using methylation-sensitive restriction enzymes (MSRE) in combination with
qPCR [22]. However, qPCR needs long amplicon lengths and has to include two MSRE sites,
making it impossible to look at the methylation of single CpG couples.

A technique that shows promising results is Raman spectroscopy. This technique has the ability
to distinguish between small changes in molecular structure and could be able to show DNA
methylation in a label-free way [23].

2.2 Raman spectroscopy

Raman spectroscopy is a technique that uses inelastic scattering of photons, or Raman Scat-
tering. When measured, this gives a Raman spectrum, which gives insight into the vibrational
modes of molecules. It can also be used to identify a material [24], but also small differences
between two molecules, such as methylation in DNA [23]. Measurements will give an intensity
per wavenumber that is visualized in a spectrum that can be compared and analyzed.

Rayleigh scattering and the two types of Raman scattering, stokes, and anti-stokes begin when
the absorption of a photon excites a molecule [9, 25]. This excitement will bring the energy to a
virtual electronic energy level linked with the laser’s photon energy. However, this energy state
is short-lived and a photon is released, which causes the energy level to drop again. Rayleigh
scattering, which is a type of elastic scattering, occurs when there is no energy exchange, the
incident and scattered photons have the same energy. Raman scattering, which is inelastic scat-
tering, occurs when there is a change in energy. Stokes Raman scattering is when the molecule
absorbs energy and the scattered photon is lower in energy. Anti-Stokes Raman scattering occurs
when the molecule loses energy and the scattered photon has more energy. The different types
of scattering are shown in Figure 2.2.

Raman spectroscopy uses monochromatic light, often a laser. The laser photons interact with
the vibrations of the molecules, causing Raman scattering. This can be used to give information
about the vibrational modes. However, Raman gives a very weak signal, as it is much more
likely for the photons to Rayleigh scatter. Raman scattering occurs for only around 1 in 108 of
incident particles [25].
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Figure 2.2: Rayleigh, Stokes, and anti-Stokes scattering [26]

When looking at the ideal laser wavelength to use for Raman spectroscopy, multiple aspects need
to be considered. Using a different wavelength has no effect on the location of the peaks found
in the Raman spectrum, but it does change the height of the peaks and the Raman scattering
cross section [27]. Using different wavelengths can also cause other peaks to show up, while
previously seen peaks could disappear. Also, the effect of wavelength on signal intensity plays
a role. The Raman intensity, I, is proportional to the frequency of the incident light, v0, to the
power of 4 [28]. This means that the intensity is proportional to the inverse of the wavelength
of the incident light to the power of 4, which can be seen in Equation 2.1. For an increasing
wavelength of the laser, the intensity of the Raman scattering is lowered.

I = v40 = 1/λ4 (2.1)

2.2.1 Raman spectrum

During measurements, a Raman spectrum will be recorded. This spectrum is a visualization
of the Intensity, or number of photons measured, as a function of the wavenumber. Figure 2.3
shows a Raman spectrum. It can be seen that there are peaks, which are called the Raman
bands. The fingerprint region in the spectrum, which can be used to identify the substance, can
roughly be found between 400 and 1800 [cm−1] [29].

The Raman bands will say something about the vibrational modes of molecules. There will be
specific peaks for the different interactions of individual atoms and bonds with each other. These
interactions are the rocking, stretching, and bending of these parts of the molecule [30, 31]. All
the bands can be explained by one, or multiple, interactions of the different atoms. This also
makes Raman a technique that can be used to identify which substance is measured, through
the process of fingerprinting.
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Figure 2.3: Raman spectrum of Adenine

2.2.2 Surface-Enhanced Raman Spectroscopy

Surface-enhanced Raman Spectroscopy (SERS) is a technique that can be used to enhance Ra-
man scattering. Fleischmann et al. observed this effect in 1974 while studying molecules that
were adsorbed on a rough silver surface, and found an intensity increase of 106 times [32]. Nowa-
days it is shown that under ideal conditions the SERS enhancement can be up to of up to 1012

times [33]. SERS is credited to its increase due to the combination of two effects: chemical impact
and the electromagnetic effect [9]. The chemical impact says that this enhancement is achieved
due to resonance Raman spectroscopy. The resonance of the incident photon and the electron
transition are very similar, which boosts the Raman scattering intensity. The electromagnetic ef-
fect depends on the size, shape, and material of the used nanoparticle, which all have an effect on
the resonance frequency of the metal. Localized surface plasmons are excited when light hits the
metal, causing the resonant electromagnetic radiation to scatter, and the generation of strong
electromagnetic fields at the rough surface of the metal, seen in figure 2.4 [9]. Raman-active
molecules need to be present within the electromagnetic fields for the enhancement to take place
[9].

Figure 2.4: Electromagnetic field changes caused by localized surface plasmon resonance of two spher-
ical nanoparticles [9]

SERS can be used in DNA detection while being a method with advantages such as being
label-free, having a high sensitivity, and giving a detailed fingerprint [13]. These advantages
are promising for DNA methylation detection and structural characteristic analysis [20, 34].
However, it remains hard to use SERS for label-free detection of DNA. This is due to some
issues, which will be discussed further in chapter 2.3.
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Gold Nano Particles

To enable SERS, a rough metal needs to be used, of which there are multiple choices. Candidates
for SERS include but are not limited to, gold [20, 35], silver [7], or a gold-silver combination [8].
The close proximity of the AuNPs enables SERS, which causes a red shift of the signal when
two AuNPs are in close proximity. The distance between nanoparticles for which SERS occurs
depends on the size of the particles. In research done by Kumari et al. [36], it is shown that
for silver nanoparticles (AgNPs) the distance for SERS to occur is 1 nm for AgNPs of 20 nm in
diameter up to a distance of 5 nm for AgNPs of 90 nm in diameter. These results are shown in
figure 2.5. Theoretical modeling shows that this is also the case for AuNPs [36]. Although giving
more signal and can be used further apart, the AuNPs of > 50nm are less stable in solution and
tend to aggregate [36]. Polyethylene glycol (PEG) can be used to stabilize the gold nanoparticles,
allowing for larger AuNPs [37]. The use of PEG might be a solution when larger molecules, such
as DNA, are conjugated to the AuNPs for SERS measurements.

Figure 2.5: Graph showing the relation between particle size and particle distance for SERS to occur
[36]

2.3 State of the art

The current state of the art in the detection of DNA methylation using Raman spectroscopy is
focused on using SERS [38]. The main improvements in the field are in techniques to improve
sample placement in hotspots. There are many possible techniques that can be used for this
purpose. For example, the DNA can be captured by a complementary sequence already attached
in an SERS active region [39]. A sandwich assay can be used, on which a piece of sample, needs
to bind to a nanoparticle. This conjugate will be captured in a SERS active region, causing
a sandwich of the sample [40]. Also, optical entrapment methods can be used, such as optical
tweezers [41]. These methods ensure a more optimal signal that is obtained. This contributes to
the ability to differentiate between a single nucleotide polymorphism, or single base difference,
which has been achieved [23].

There are however some limitations of SERS. Firstly, distinguishing between methylated DNA
and unmethylated DNA is hard to do. DNA consists of four bases giving similar Raman shift
spectra for both unmethylated and methylated DNA [11]. Another problem is that the signals
from single and double stranded DNA sequences are similar [38]. SERS is also notorious for
having a random distribution of ’hotspots’, causing poor reproducibility of the spectrum [42].
Lastly, SERS is very sensitive to spacing between the nanoparticles [12]. The spacing is on a
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nm level, and with longer DNA strands, this could be an issue. These are problems that can
be improved upon. This thesis will look at the ability of SERS to differ between methylated
and unmethylated double stranded DNA by comparing multiple DNA sequences with different
methylation levels. To have more reliable and reproducible SERS measurements, research will
be done into a substrate on which the hotspot placement is more controlled. Multiple substrates
will be manufactured and tested.
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Chapter 3

Materials & Methods

The experiments conducted in this thesis can be classified into three parts. Part I is about
measuring nucleobases and DNA with regular Raman spectroscopy. Part II is about testing
SERS measurements and designing, making, and characterizing AuNPs. Part III will be about
SERS measurements of DNA bound to the most ideal AuNP variation found.

3.1 Part I: Raman spectroscopy of nucleobases and DNA

This section will go into detail about the experiments that were conducted using regular Raman
Spectroscopy on nucleobases and DNA.

3.1.1 Protocol for Raman spectroscopy

The following protocol was followed to measure the Raman spectra of samples such as nucle-
obases, DNA, and AuNPs. Two Raman spectrometers have been used for measurements. The
commercial Raman spectrometer (WITec-alpha300 S, Oxford Instruments, Abingdon, United
Kingdom) was used in combination with the program Control FIVE (WITec GmbH, Ulm, Ger-
many) for the regular Raman measurements. For SERS measurements, both the commercial
setup, as well as an in-house built setup by the Nanobiophysics group (NBP) of the University
of Twente, were used.

To be able to measure the Raman spectrum, the sample needs to desiccate if dissolved, which
will leave a crystalized substance. To do this, a sample of 2 to 10 µL was added to the desired
substrate. The sample was allowed to desiccate until no moisture was left.

After the drying, the sample was placed under the Raman spectrometer. First, using the bright
field camera, the location of the sample was located and the sample was brought into focus.
Figure 3.1 shows a typical sample location, in this case, crystallized cytosine. Crystallized DNA
will look similar. The crystal is where the sample will be, and thus it is the location that gives
the Raman signal. Next, using the Raman modus, the Raman spectrum is measured. The
measurement conducted is an integration of 10 measurements all with an integration time of 10
s. This is done for five locations on the sample. The final average Raman spectrum will be the
average of the spectra at the five locations.
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Figure 3.1: Crystallized cytosine seen with a brightfield microscope

Analysis

For analysis of the datasets gathered from the experiment, MATLAB (MathWorks, Natick, Mas-
sachusetts, USA) was used. A script was written that would load the Raman spectra measured.
Firstly, a baseline correction was conducted, using the Polyfit method by Lieber & Mahadevan-
Jansen [43]. When comparing measurements, normalization through the Standard Normal Vari-
ate (SVN) method was used afterward. The average intensity, Iaverage, was subtracted from the
intensity, I. That value was divided by the standard deviation, SDI , which gives the SNV:

SNV =
I − Iaverage

SDI

After normalization, a principal component analysis (PCA) was conducted using SPSS statistics
27 (IBM, Armonk, New York, USA).

Variations on the protocol have occurred and will be mentioned when applicable.

Raman spectrometer setups

As has been mentioned, there are two setups that were used for the experiments. The commercial
WITec setup and the in-house built NBP setup. A figure of the WITec setup can be found in
figure 3.2. The WITec has the choice of three laser wavelengths: 532 nm, 633 nm, and 785 nm,
of which the latter has not been used. The program to control the WITec is control FIVE. The
program also shows a real-time signal when in the Raman-mode, and is used to start measure-
ments. The measurements can be saved manually into a .txt file or .jpg image. To setup the
WITec correctly, it needs to be calibrated before each measurement session. This calibration is
for maximization of Raman signal captured by the setup. However, because calibration is done
by hand, there can be differences between measurement sessions. The WITec focuses on the
sample manually using the Control FIVE program. A sample location is chosen by hand as well,
using the translation knobs of a moving stage. The setup has brightfield microscopy available
but lacks darkfield capabilities.
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Figure 3.2: WITec setup with halogen lamp to allow for dark field microscopy

The in-house built setup of NBP can be seen in figure 3.3. The NBP setup uses a 633 nm
laser for the conducted SERS measurements, but other laser wavelengths are available. Software
was developed specifically for the setup using MATLAB. This code can control the spectroscopy
setup, as well as show the data gathered, which is saved as an .h5 file. The NBP setup requires no
calibration before each use of the system. Focusing can be done both by hand, or automatically
using the software. The location on the sample can be chosen by hand on the setup, by hand
on the program or by using a point-and-click feature. The setup has brightfield and darkfield
capabilities.

Figure 3.3: In-house built Raman spectrometer by NBP

3.1.2 Nucleobases

For the measurement of the individual nucleobases of DNA, the exact same protocol was used
as described above, using the 532 nm laser, with a power used of 12,9 mW . The only difference
is that the DNA sample is changed with Adenine (Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA), Guanine (Thermo Fisher Scientific, Waltham, Massachusetts, USA), Cytosine
(Thermo Fisher Scientific, Waltham, Massachusetts, USA), methylated Cytosine (Thermo Fisher
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Scientific, Waltham, Massachusetts, USA), or Guanine (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Each sample was dissolved in nuclease-free water (New England Biolabs,
Ipswich, Massachusetts, USA) to a desired concentration of 1 mM.

3.1.3 Simulated Raman spectrum

A MATLAB model for Raman spectra based on their nucleobase composition was created based
on the results of the nucleobase spectra. This script uses average spectra of these nucleobases
and requires user input telling the script out of which and how many nucleobases the sequences
consists. The script can be found in Appendix I.

3.1.4 DNA

A DNA sequence (Eurofins Genomics, Ebersberg, Germany) has been designed and ordered:

FWD: 5’ – TGC GGC GGA GAG GGG TAG AGC GAC GA – 3’
REV: 5’ – TC GTC GCT CTA CCC CTC TCC GCC GCA – 3’

Three different versions of this sequence were ordered: the non-methylated sequence seen above,
a sequence in which one CpG cytosine was methylated, and a sequence in which all CpG cytosines
were methylated. The forward and reverse sequences were added together with nuclease-free wa-
ter with a total concentration of 45 µM , and this mixture was put into a thermal cycler (Bio-Rad
T100, Bio-Rad Laboratories, Hercules, California, USA). The length of a basepair of DNA is 0,34
nm [44]. That means that the length of this DNA sequence would be 8,84 nm.

The Raman spectrum was obtained for both the 532 nm and the 633 nm laser. The measurements
used a laser power of 22,6 mW and 20,05 mW respectively. To compare data sets gathered on
the DNA, PCA will be conducted. Prior to the PCA, a baseline correction and normalization will
be done on the Raman spectra, for which the process is described in the chapter 3.1.1 Analysis.

3.2 Part II: SERS and AuNP testing

This section will talk about the experiments that were conducted to test SERS measurements
as well as the creation of AuNP-DNA conjugates. Multiple different experiments have been
conducted to achieve SERS.

3.2.1 Protocol for preparation of gold nanoparticles

This section describes the protocol for the preparation of AuNPs, which are coated with mPEG
and with DNA. The following materials are needed: 20, 40, 60, or 80 nm AuNPs (BBI solutions,
Newport, United Kingdom), 100 µM mPEG (Sigma Aldrich, Saint Louis, Missouri, USA), sin-
gle stranded DNA with a thiol modification (Eurofins Genomics, Ebersberg, Germany), 1 wt%
Tween (Sigma Aldrich, Saint Louis, Missouri, USA), 5M NaCl (Sigma Aldrich, Saint Louis, Mis-
souri, USA), Phosphate-buffered saline Tween (PBST).

The protocol started with a 1000 µL of AuNPs, and 10 µL of 1wt% Tween was added. Then the
desired concentration of mPEG was added and the substance was mixed, after which it stood for
20 minutes at room temperature. Next, the desired concentration of DNA was added. 400 µL
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of 5M NaCl was added and mixed, after which the mixture was incubated for one hour. After
the incubation, the washing of the AuNPs was done. The AuNPs are centrifuged and a pellet
of AuNPs will form in the bottom of the Eppendorf. 800 µL of fluid is removed and 800 µL of
PBST is added. This is repeated five times, after which the AuNPs are ready.

3.2.2 Creating SERS substrates

Different approaches were conducted to create a SERS substrate. The approaches are explained
in this section.

Gold nanoparticles bound on glass

The first approach for creating a SERS substrate was by binding AuNPs to a glass surface. To
be able to bind the AuNPs to the glass, the following materials are needed: a glass coverslip
(Knittel Glass, Braunschweig, Germany), 60 nm AuNPs (BBI solutions, Newport, United King-
dom), ultrasonic cleaner (VWR International, Pennsylvania, USA), a Plasma System (Plasma
Surface Treatment System CUTE, Femto Science, Hwaseong-si, South Korea). A schematic rep-
resentation can be found in figure 3.4.

The container with the AuNPs was placed in the ultrasonic cleaner, to evenly distribute the
AuNPs. The glass plates were put into the vacuum chamber of the plasma system to polarize.
The system ran protocol #0 for five minutes. The glass plates were removed from the vacuum
chamber and were now able to bind AuNPs. 50 µL of AuNPs were added to the middle of each
glass plate, and distributed evenly over the surface. The plates with AuNPs were dried overnight,
and a single-use glass plate with bound AuNPs was created.

Figure 3.4: Schematic representation of the substrate with AuNPs bounded to glass.

Gold-sputtered plate

Another method of creating a SERS substrate was by creating a gold sputtered plate. This plate
was made by a research engineer of the group. This plate consists of a silicon base on which a 4
nm layer of chrome is added because gold does not bind well to glass, but it does to chrome. On
top of this chrome layer, a 40 nm thick gold layer is sputtered, trying not to make it as smooth
as possible. A schematic representation can be found in figure 3.5.
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Figure 3.5: Schematic representation of the gold-sputtered plate substrate.

Drain-to-deposit method

The third way to create a SERS substrate was by using the drain-to-deposit method, created by
Yang et al. [45, 46]. This method makes it possible to create AuNP monolayer films on a glass
plate with a thin gold layer. The creation of the substrate was done with the help of NBP. The
following materials are needed: gold thin layer substrate, AuNPs (80nm), hexane, ethanol, and
butylamine. A schematic representation can be found in figure 3.6.

A gold thin layer substrate was cut out in a circle and put into a container. After this, a mixture
of 0.5 mL ethanol and 0.5 mL butylamine, and a mixture of 1 mL AuNP and 1 mL ethanol
was created. The AuNP-ethanol mixture was centrifuged, which ensured the AuNPs would sink
to the bottom. After this, 1 mL of the transparent part of the mixture was removed and the
remaining AuNP-ethanol part was mixed. 1 mL of this AuNP-ethanol mixture was added to
the container with the gold thin layer substrate. After this, 1 mL of the ethanol-butylamine was
added, and lastly, 1 mL of hexane was also added. Then the components were mixed with a
pipet, limiting the mixing to two cycles.

The mixture was left undisturbed for two hours, whilst covered to eliminate contamination. In
that time the AuNPs aggregate on the substrate. After this waiting period, a pump is put on
to slowly remove the liquid from the container. After this, the substrate with AuNPs on it is
placed inside a nitrogen box for drying, which takes 30 minutes. When the substrate is dried, an
AuNP monolayer has successfully been created. Now the substrate was ready and DNA could be
dropped on it. For this substrate, only DNA suffices, and no AuNP-DNA conjugate is necessary.

Figure 3.6: Schematic representation of the steps of the drain-to-deposit method substrate.

17



3.2.3 Measurement of AuNP-DNA conjugates on SERS substrates

Measurements have been conducted on each substrate to test the effectiveness of each method.

Measurements on gold nanoparticle bounded glass

AuNP-DNA conjugates were created following the protocol in 3.2.1. The AuNPs used were 40
nm in diameter. 4 µL of AuNP-DNA conjugate was pipetted on the AuNP bounded glass. For
the rest of the experiment, the protocol in chapter 3.1.1 was used. The wavelength of the used
laser was 532 nm, and the used laser power was 11,4 µW

Measurements on gold-sputtered plate

AuNP-DNA conjugates were also measured on the gold-sputtered plate. The protocol followed
can be found in chapter 3.2.1, using an 80 nm diameter for the AuNPs. The measurement
was done following the measurement protocol in chapter 3.1.1, with two additions. The sample
volume used was 8 µL, and a halogen lamp was used under a bigger angle as a second light
source, which is shown in figure 3.2. This lamp was used to create dark field capabilities on
the WITec setup to be able to distinguish the AuNPs from the gold surface. A laser with a
wavelength of 532 nm and power of 40,3 µW was used for this experiment.

3.3 Part III: Detection of DNA methylation using SERS

This section describes the experiments conducted with the final setup. These measurements are
conducted by using the Drain-to-deposit method as well as the own NBP Raman setup.

The samples were prepared as described in chapter 3.2.2. A total of two samples were made, one
for non-methylated DNA sequences and one for the fully methylated DNA, which is described in
chapter 3.1.4. These samples were measured using the in-house build Raman spectrometer. The
laser wavelength used was 633 nm, the laser power used was 100 µW , and the integration time
of 10 seconds. No integration steps were used. With these settings, an area scan was conducted
on an AuNP aggregate. This allowed for obtaining a big dataset, consisting of multiple points
within the area in one session. Each point in the area gave a SERS spectrum.
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Chapter 4

Results & Discussion

4.1 Part I: Raman spectroscopy of nucleobases and DNA

This chapter presents and discusses the measurements of the nucleobases and DNA sequences, as
described in chapter 3.1. This part looks at regular Raman spectroscopy, which will be expanded
on with SERS in part II, chapter 4.2. First, the Raman spectra of individual nucleobases will
be looked at. A comparison will be done, specifically between cytosine and 5-methylcytosine to
see whether there are differences in the Raman spectra. With the spectra of all nucleobases, a
MATLAB script was written to try and predict the spectrum of a DNA sequence, based on which
nucleobases are present. Lastly, Raman spectra of the DNA sequence with different methylation
levels were obtained. These spectra were compared to look at whether differentiation between
methylation levels is possible. The non-methylated DNA sequence was also compared to the
MATLAB script to see whether the model could predict Raman spectra accurately.

4.1.1 Nucleobases

A Raman spectrum of each nucleobase was acquired through the protocol described in Chapter
3.1.1. These spectra show different Raman bands. These bands will be compared to the Raman
bands found in the literature. Results of adenine, guanine, and thymine can be found in Appendix
II. The tables with the Raman bands, assigned literature values, and experimentally found values
can be found in Appendix III. The nucleobase of guanine has not been analyzed, due to the poor
solubility in water of the substance.

Cytosine vs. 5-methylcytosine

The Raman spectrum of cytosine can be found in Figure 4.1, and for 5-methylcytosine in Figure
4.2. The numbers indicate the Raman bands, which assignment can be found in Appendix III.
The figure shows the counts of the CCD, or Intensity, per wavenumber.

When comparing the cytosine with the 5-methylcytosine, it can be observed that the spectra
are significantly different. Peak 2, in both cytosine spectra, shows the ring breathing. In the
regular cytosine, the peak is shifted more towards 800 cm−1 compared with the 5-methylcytosine,
this can also be seen in literature [47]. Peak 3 and 4 of both cytosines share a partly similar
assignment. Peak 3 is located at similar wavenumbers in both graphs, this is not the case for
peak 4. Peak 5 in regular cytosine has similar assignments to peak 5a and 5b in the methylated
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Figure 4.1: Average Raman spectrum of cytosine. The numbers correspond to the assignment found
in Appendix 6

cytosine. Peak 5a is somewhat shifted to the left compared to peak 5 in regular cytosine, while
peak 5b is at the same location.

Figure 4.2: Average Raman spectrum of 5-methylcytosine. The numbers correspond to the assignment
found in Appendix 6

The difference in intensity of the signal can be due to differences in concentration at the lo-
cation on the sample. Although the concentration of the nucleobases is the same in solution,
the crystallization of the sample could cause a non-homogeneous distribution of the nucleobase.
However, peak location is more relevant when looking at differences between molecules. There
are some peaks that are at roughly the same location, but have no similar assignment. This is
the case for peak 1, 6, and 7 for both cytosines.

Spectra were obtained, which were in correspondence with cytosine spectra previously presented
in literature [47, 48]. Peaks occur at roughly the same wavenumbers, and the overall shape of
the peaks is also similar. The different peak locations and appearance between nucleobases show
that Raman spectroscopy is able to differentiate between the two molecules. The next step is
to show whether differences can be seen when looking at non-methylated DNA compared to
methylated DNA.
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4.1.2 Simulated Raman spectrum

The MATLAB script that was used has been written to get an indication of how the Raman
spectrum of a DNA sequence will look, depending on the nucleobase composition. Figure 4.3
shows the spectrum created with the MATLAB script compared to the actually measured Raman
spectrum of the non-methylated DNA sequence from chapter 3.1.4.

Figure 4.3: Actual Raman spectrum vs. Simulated Raman spectrum of non-metlylated DNA

The first half of the wavenumbers share not too many similarities. But in the second part
of the plot it can be seen that, although the bands don’t have the same intensity, the peaks
are corresponding. Peaks that correspond can be found at 1254, 1336, 1372, and 1485 cm−1.
Although some peaks are corresponding, and thus similarities can be seen, it is not completely
accurate. This could be due to multiple reasons. The spectrum of guanine was not acquired
completely, due to poor solubility of the substance. This could also contribute to the spectrum
not being completely accurate. Next to nucleobases, DNA also exists out of phosphate backbones,
which can influence the Raman spectrum. However, only the nucleobases are used in the model,
which could give a less accurate simulation. The simulated spectrum gives some useful insights
into what the actual Raman signal could look but there are improvements that can be made.

4.1.3 Raman spectra of DNA

Figure 4.4 shows Raman spectra of the same DNA sequence with different degrees of methyla-
tion using a 532 nm laser. The Raman spectra acquired with the 633 nm laser can be found in
Appendix IV.

When looking at figure 4.4, it can be observed that the three spectra look very similar. Signifi-
cant peaks at 785, 1095, and 1484 cm−1 show these similarities clearly. This is contrary to the
big differences that are observed comparing the cytosine with the 5-methylcytosine. Upon closer
inspection of the spectra of the DNA sequences, it can be seen that there are subtle differences.
The peak at 728 cm−1 appears to shrink and shift to the left when there are more methylated
cytosines in the DNA. This change is named ’a’. At 1005 cm−1 for the non-methylated DNA,
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and shifted to 1015 cm−1 for the methylated DNA, change b can be found. Around 1460 cm−1

a side peak appears to emerge as methylation increases, named change ’c’. A zoom-in of these
changes can be seen in figure 4.5.

Figure 4.4: Raman spectra of the same DNA sequence, but with different methylation levels. Blue:
non-methylated DNA, Orange: 1 cytosine methylated, Green: all cytosines methylated.

Figure 4.5: Zoom of changes a,b, and c from the plot in figure 4.4 Blue: non-methylated DNA, Orange:
1 cytosine methylated, Green: all cytosines methylated.

The peak at 1005 cm−1, or change b, is interesting. This peak, seen at around 1000 cm−1 in
other research [5, 49], corresponds to the methyl group for the cytosine. A bigger area under
the curve means more methylated cytosines. It can be seen that the peak becomes broader
and higher for higher methylation levels, which is what was expected. This change could be an
interesting factor to look at when determining methylation levels without another reference. It
should be checked whether this peak always follows the trend as methylation increases, as can
be seen in figure 4.4. If this is the case, the peak around 1005 cm−1 is a good indicator for
methylation in the DNA. A more profound peak at 1484 cm−1, change c in figure 4.5, is also
associated with methylation [5].
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Principal Component Analysis

Because it can be difficult and subjective to compare Raman spectra with the naked eye, a prin-
cipal component analysis (PCA) is conducted on the DNA samples with different methylation
levels. PCA is chosen as a statistical analysis method because it reduces the dimensionality
of large datasets, but preserves as much information as possible. PCA does this by principal
components (PC), which are linear combinations of original features in the data. PC1 finds the
maximum variance in the entire dataset, which gives the direction of the highest variability. This
gives a line that is the closest to the data possible on which all variables are placed. For each
consecutive PC, it will find the next maximum variance possible. These PCs can be plotted in
a graph, that is able to identify trends and patterns which beforehand were hidden in the large
dimensionality of the dataset. Two principal components are used because in each case this
explains a significant part of the variance. In this case, a third PC would contribute very little
to the variance explanation. But this would introduce a third dimension in which the data is
plotted, making analysis harder without adding much relevance. So with two PCs, the results are
plotted in two dimensions. Figure 4.6 shows PCA plots of Raman spectra achieved by the 532
nm laser respectively. The full elaboration of the steps taken for PCA can be found in Appendix
V.

Figure 4.6: Principal component analysis of Raman spectra of DNA with different methylation levels.
Non-methylated (blue), 1-methylated (yellow), fully-methylated (red). The spectrum has been normal-
ized by the SNV method.

The PCA plot of the 532 laser clearly shows a difference between the methylated and unmethy-
lated DNA sequences. This can be seen by the grouping of the points in the plot. The fully-
methylated and single-methylated sequences seem to be close together. However, the measure-
ments of the fully methylated sequence lie lower on the plot than the single-methylated sequence.
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4.2 Part II: SERS and AuNP testing

The previous chapter already showed promising results in methylation differentiation in regular
Raman. However, regular Raman uses relatively high laser power, and will only be useful for
higher concentrations of DNA. SERS is a more sensitive technique and will be useful when scaling
to lower concentrations. This section will present experiments conducted with SERS and look
for the ideal substrate to use.

The results in this section were obtained by measuring AuNP-DNA conjugates as well as regular
DNA on the selected substrates. Multiple substrates and production methods were tested to
find the best substrate for the SERS experiment conducted in Part III, chapter 4.3. The first
substrate is produced by binding AuNPs to glass. The second substrate is a gold sputtered plate.
On these first two substrates, AuNP-DNA-PEG conjugates were used. The last substrate was
created with the drain-to-deposit method. No AuNP-DNA-PEG conjugates are necessary with
this method, and thus only DNA is used. At the end of this part, a conclusion will be drawn
about which substrate will be the preferred one for the experiment in part III.

4.2.1 Gold nanoparticles bound on glass

A brightfield image of AuNP-DNA-PEG conjugates pipetted on glass with AuNPs bounded on
it can be seen in figure 4.7a and the corresponding Raman spectrum can be seen in figure 4.7b.
White dots can be observed in figure 4.7a. It is most likely that the aggregated white dots are
the AuNP conjugates and the smaller, more evenly distributed dots are the bound AuNPs, but
it is hard to be certain of this because no Raman signal was observed.

(a) Brightfield image of AuNP-DNA-PEG conju-
gates pipetted on glass with bounded AuNPs. Ob-
jective: 100x 0.9NA. A schematic of the substrate
can be seen in the bottom right.

(b) Raman spectrum of AuNP-DNA-PEG conjugates
pipetted on glass with bounded AuNPs.

Figure 4.7: AuNP-DNA-PEG conjugate on a AuNP-Glass substrate

The signal is very noisy and no Raman bands can be seen in figure 4.7b. For all measurements
using this method, with different laser power and integration time, similar Raman spectra were
obtained. It is most likely that the density of AuNPs that are bound to glass is too low. That
could explain the reason no SERS signal is observed because only at a distance of 1 to 5 nm
between AuNPs SERS is able to occur.
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4.2.2 Gold sputtered glass

Because the density of the AuNPs bound to glass was likely too low for SERS to occur, a gold
sputtered plate was created, which makes sure the whole substrate area consists of gold. The
AuNP-DNA-PEG conjugates were pipetted directly on the plate, of which a brightfield image
can be seen in figure 4.8a. The corresponding Raman spectrum can be seen in figure 4.8b, which
is obtained using a 532 nm laser.

(a) Brightfield image of AuNP-DNA-PEG conju-
gates on a gold sputtered plate. Objective: 100x
0.9NA. A schematic of the substrate can be seen in
the bottom right.

(b) Raman spectrum of AuNP-DNA-PEG conjugates
on a gold sputtered plate.

Figure 4.8: AuNP-DNA-PEG conjugate on a gold sputtered substrate

The Raman signal is noisy, and no Raman bands can be observed. It can be seen that the signal
is bulging, which could be a sign of the laser power being too high. However, with a laser power
of 40,3 µW, this seems unlikely. It could also be due to the high reflectivity of the gold sputtered
plate. Because of this high reflectivity, it is also impossible to see the AuNP conjugates without
a darkfield setup, which was not available at the time of this experiment. Another explanation
for the lack of signal could be the size of the AuNP-DNA-PEG conjugates. In this experiment,
40 nm AuNPs were used as the basis of the conjugate. Bigger AuNPs have a higher chance of
giving signal and can lay further apart for SERS to occur, as is shown in figure 2.5. Lastly, the
laser wavelength could be of influence. A higher wavelength of the laser could improve SERS
signal.

The experiment was redone with some optimization. Darkfield capabilities were added, AuNP-
DNA-PEG conjugates were made using 80nm AuNPs, and a laser with 633 nm was used. The
results can be seen in figure 4.9, where figure 4.9a shows an image obtained on the sample using
both brightfield and darkfield simultaneous. Figure 4.9b shows the Raman spectrum for this
sample location. The spectrum was hard to obtain and would fluctuate often. When SERS
would occur, this was often located at the gold nanopatricles, which are clearly visible due to
the darkfield microscopy. This was not always the case, and sometimes SERS signal would also
appear when not on an AuNP. However, picking a precise spot where SERS would occur was
hard, and tweaking of the sample position, which is done by hand, was required to get a clear
signal. When a stable signal was obtained the measurement was started.
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(a) Brightfield + Darkfield image of 80nm AuNP-
DNA-PEG conjugates on a gold sputtered plate.
Objective: 100x 0.9NA. A schematic of the sub-
strate can be seen in the bottom right.

(b) Raman spectrum of 80nm AuNP-DNA-PEG conju-
gates on a gold sputtered plate.

Figure 4.9: AuNP-DNA-PEG conjugate on a gold sputtered substrate

The DNA which is used for the AuNP conjugates also was measured on CaF2, to be able to
compare the SERS measurements. Figure 4.10 shows both the DNA on CaF2 and one of the few
successful SERS measurements from the AuNP conjugates. It can be seen that there are differ-
ences between the two, peaks have shifted. However, taking the shift into account, similarities
can be found. The peaks of the regular Raman signal around 1331, 1488, and on 1580 can be
compared to the peaks of the SERS signal on 1342, 1500, and 1584 [cm−1] respectively. These
peaks can be found in figure 4.10 as peaks a, b, and c respectively, with a subscript indicating
whether the peak is for regular Raman or SERS. It can be seen that, although somewhat shifted,
the SERS spectra show similar peaks with the regular Raman spectrum, giving this method the
ability to measure SERS spectra, albeit with great difficulty.

4.2.3 Drain-to-deposit method

The drain to deposit method was tested to see whether the method would work for DNA. Due to
the nature of the production of this method, only DNA was used, and not the AuNP-DNA-PEG
conjugates because this was not necessary. Also important to note is that these measurements
were conducted using the in-house built Raman setup of NBP. Only the non-methylated DNA
sequence, described in chapter 3.1.4, was used for the test. The results of this measurement can
be seen in figure 4.11. In this figure, the SERS signal is compared to the regular Raman signal
obtained on the WITec setup of non-methylated DNA.

When comparing the SERS spectrum to the regular Raman spectrum of non-methylated DNA,
at first there are some similarities that are observed. The SERS signal has less significantly large
peaks. There are small peaks between 400 and 1200 [cm−1]. These peaks do not correspond
to the regular Raman signal. Two smaller SERS peaks around 1372 and 1411 [cm−1], peak a
and b respectively, seem to be shifted to the right and correspond to the regular Raman peaks
at 1327 and 1368 [cm−1] respectively, labeled a and b respectively again in figure 4.11. There
is a big peak around 1610 [cm−1] for the SERS signal, this corresponds to a peak of the regu-
lar Raman signal at 1580 [cm−1], both labeled peak c with the respective subscript per technique.
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Figure 4.10: Regular Raman spectrum of DNA on a CaF2 substrate vs. SERS spectrum of AuNP-DNA-
PEG conjugates on a gold sputtered substrate. The same DNA sequence is used in both measurements.
The spectra are normalized using the SNV method. Subscript: RR = regular Raman, SERS = Surface-
Enhanced Raman spectroscopy

Figure 4.11: Regular Raman spectrum (blue) on WITec vs. SERS spectrum (orange) on NBP setup
of non-methylated DNA. The spectra are normalized using the SNV method. Subscript: RR = regular
Raman, SERS = Surface-Enhanced Raman spectroscopy
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The drain-to-deposit method will be chosen to use in the SERS measurements of part III because
it is the most controlled and reliable method. AuNP aggregations form in a relatively small but
findable area. DNA in solution can be added to the whole surface and will dry. In that case,
the chance of there being DNA on an aggregation is very likely. Also, the setup of NBP is much
more preferable for SERS compared to the WITec. The WITec uses completely manual position
controls. This is fine for regular Raman, but because the controls are imprecise, it is not great
for SERS. Also, darkfield capability is not standard and needs to be improvised, which is also
not ideal, making the in-house setup preferable.

4.3 Part III: Detection of DNA methylation using SERS

This part continues on the work of part II. The Drain-to-deposit method has been chosen as
the method to us for the final measurements. This method has all the capabilities needed and
is also created specifically for SERS. This part shows the results obtained by using the chosen
method and compares this to the regular Raman measurements of non- and fully-methylated
DNA respectively. This chapter also looks at the possibility of differentiating between non-
methylated and fully-methylated SERS measurements of DNA using PCA.

4.3.1 Non-methylated DNA

During the setup of the SERS measurements with non-methylated DNA, an aggregate on which
DNA was present, was found quickly. This was confirmed by some test measurements. When
a big enough aggregate was found, a full area scan over 15 x 15 µm was conducted, and 5041
spectra were acquired. It must be noted that the SERS average consists of 5041 measurements,
while the average regular Raman consists of 5 measurements, and is measured on the WITec
setup.

Figure 4.12: SERS spectra of three individual measurements of non-methylated DNA. The spectra are
normalized using the SNV method.
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When comparing individual measurements, differences in signal can occur. An example of this
is shown in figure 4.12. All measurements have different intensities, with the highest difference
being a factor of 4,5 between measurements 2 and 3. This difference is not shown in the figure due
to the normalization, which allows for better direct comparison. Measurements 1 and 2 are fairly
similar in shape. Measurement 3 is also very similar but differs vastly in the region between 1400
and 1600 cm−1. In that same region for measurements 1 and 2, the signal barely shows peaks,
but some resemblance with measurement 3 can be seen upon closer inspection. Temporal and
spatial fluctuations can be a reason for this. These are fluctuations in the intensity of the Raman
scattering generated on the SERS substrate [50]. The DNA could be located at different places
in the electromagnetic field that is used to achieve the enhancement of SERS per measurement.
Picocavities could also play a role in this. These are sub-nanometer cavities in the substrate
surface in which light can be trapped [51]. The trapped light can cause a strong increase in
the electromagnetic field due to more plasmonic resonance, creating hotspots. This impacts the
uniformity of the signal. Zhu et al. also describes the random distribution and nonuniform
enhancement of those hotspots as factors that cause poor spectral reproducability of SERS [42].
Because there can be differences between measurements, averaging the SERS measurements is
important to get relevant results.

Figure 4.13: Plot of the average regular Raman (blue) vs. SERS (orange) spectra of non-methylated
DNA. The spectra are normalized using the SNV method. Subscript: RR = regular Raman, SERS =
Surface-Enhanced Raman spectroscopy

The average SERS measurement of the area compared to the average scan of the regular Raman
measurement of non-methylated DNA on CaF2 can be seen in figure 4.13. It can be observed
that the first part of the SERS spectrum, up to around 1300 cm−1, has some differences com-
pared to the regular Raman spectrum. There are some small peaks in the SERS spectrum that
are corresponding, although shifted to the right. An example of this is peak a. This peak can
be found at 857 cm−1 in the SERS spectrum and most likely corresponds with the peak at 785
cm−1 in the regular Raman spectrum. Due to the averaging, peaks that are larger in individual
measurements can be suppressed somewhat overall. Another reason for a decrease in peaks could
be due to plasmonic resonance caused by picocavities. These picocavities can cause fluctuations
in the signal, as has been mentioned earlier. These fluctuations impact the signal seen between
different measurements and could be a reason that the peaks are lower than expected. Another
possible explanation is the unstable nature of picocavities at room temperature [52].
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After 1300 cm−1, similar peak locations occur for SERS, albeit somewhat shifted to the right.
SERS peaks at 1372 and 1612 cm−1, peaks b and c respectively, are examples of this. They
seem to correspond with peaks at 1327 and 1579 cm−1 respectively in the regular Raman spec-
trum. The correspondence between the two spectra indicates that the SERS measurements of
non-methylated DNA were successful.

4.3.2 Fully-methylated DNA

Acquiring the SERS spectrum of fully-methylated DNA was harder to achieve. This was due
to the fact that on a very small number of gold aggregates, the signal could be measured. An
explanation for this could be the lower concentration of the DNA compared to the concentrations
normally used for this method, which is around 10 to 100 times larger. However, this does not
explain why the non-methylated DNA spectra were obtained with much more ease. However,
aggregates with DNA on them were found, and a signal was obtained at the end. For this sample
two area scans were conducted. The first one was conducted over an area of 5 x 5 µm, and the
second was conducted over an area of 2 x 2 µm, giving a total of 800 measurements. As with the
SERS measurements of non-methylated DNA, individual measurements could differ significantly,
so an average spectrum was plotted.

Figure 4.14 shows the average SERS measurement of the area compared to the average scan
of the regular Raman measurement of non-methylated DNA on CaF2. The area, and thus the
number of points, are lower than for the non-methylated DNA sample, because of the small
number of aggregates that were giving signal. Also, the aggregates that gave signal were smaller,
thus giving the smaller scan area, meaning less datasets.

Figure 4.14: Plot of the average regular Raman (blue) vs. SERS (orange) spectra of fully-methylated
DNA. Subscript: RR = regular Raman, SERS = Surface-Enhanced Raman spectroscopy

The SERS spectrum of fully-methylated DNA is vastly different when compared to the regular
Raman spectrum of the same sample. The first part of the spectrum can be explained by the
same reasoning as in chapter 4.3.1, namely due to temporal and spatial fluctuations. Two peaks,
peak a and peak b, can be observed around 1448 and 1550 cm−1 respectively for the SERS
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signal. It is most likely that these peaks represent the regular Raman peaks at 1485 cm−1 and
1575 cm−1, but the SERS signal is shifted to the left. The SERS peaks are not very distinctive,
but this is most likely due to the averaging of the signal. When looking at some of the individual
measurements, large distinctive peaks are observed which correspond with the regular Raman
signal. Appendix VI shows some of these measurements.

It is difficult to directly compare the results obtained with the literature. This is because a small
custom-made piece of DNA is used, and no other research has used that exact sequence. For
example, Moisoiu et al. uses DNA subtracted from an immortalized cancerous cell line and an
immortalized non-cancerous cell line [47]. This means that the spectra will differ in appearance.
What can be observed by looking at the results from Moisoiu et al. is that the spectra look
different from one another, with some peaks corresponding, which is the same for the SERS
spectra in figure 4.15.

4.3.3 DNA methylation comparison

Figure 4.15 shows an average of the SERS measurements of both non-methylated and fully-
methylated DNA. From 400 to around 1000 cm−1, both signals show peaks at similar wavenum-
bers. Peaks at wavenumbers 539, 917, and 1005 cm−1 are examples of this. Both spectra do
have a different trend between 400 and 1000 cm−1. This difference in trend could be due to the
averaging of the signal. Between 1000 and 1600 cm−1 the signal is different. An increase in signal
can be seen between 1400 and 1600 cm−1 for fully-methylated DNA. In this region, the signal for
the non-methylated DNA drops somewhat. After 1600 cm−1 the signal of fully-methylated DNA
drops again, whereas the signal of non-methylated DNA increases and forms a distinct peak at
1612 cm−1. At around 1650 cm−1, the last part of the two spectra seem to show similar peaks
again, for example, the overlapping peaks at 1700 cm−1.

Figure 4.15: Average SERS spectra of non-methylated DNA (blue) and fully methylated DNA (orange).
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Looking at the peak at 1005 cm−1, it is expected that the area under the curve is larger for the
higher methylation level [49]. This is not the case for the averages seen in figure 4.3.3. It could
be due to the averaging of the signal that the peak is suppressed for the fully-methylated DNA.

When looking at the average signal of the fully-methylated DNA measurements, there were al-
most no distinct peaks. Upon closer inspection of individual measurements, it was observed that
a lot of the measurements did not include relevant peaks but instead gave a noisy signal. For this
reason, not all data was used. Instead, a selection of 50 measurements was used for the average
signal. This gave an average signal where peaks could be distinguished from one another, which
is seen in figure 4.15.

The shown plots in figure 4.15 are normalized to be able to conduct a direct comparison between
the two. However, when looking at the raw data another observation can be made. This is the
difference in intensity for the two measurements. The average intensity of the non-methylated
signal is 5,5 times higher compared to the average intensity of the signal of fully-methylated DNA.
The concentration of the DNA used is the same for both samples, however, local concentrations
differ due to the crystallization of the sample. However, 5,5 times is a very steep decrease in signal
intensity. The fully-methylated DNA sample was harder to measure, and a lot of aggregates did
not show any signal at all. It is not clear why there is such a difference.

PCA analysis SERS

The two SERS spectra look vastly different, more so than when comparing the regular Ra-
man spectra. This makes it easier to differentiate between the two methylation levels. PCA is
still conducted to see whether these differences can be differentiated when reducing the dimen-
sionality. Figure 4.16 shows PCA conducted on the SERS measurements. To keep the graph
from cluttering, 20 successful measurements were chosen randomly for both non-methylated and
fully-methylated DNA to be used for PCA.

Figure 4.16: PCA conducted on SERS measurements of non-methylated (Blue) vs. fully-methylated
(Red) DNA. The data has been normalized using the SNV method.
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It can be seen that both methylation levels are mostly distributed in their own groups. There
is one non-methylated measurement lying within the fully-methylated group, and one fully-
methylated measurement is very close to the non-methylated group. Furthermore, the two groups
are very distinct. It needs to be taken into account that even for the same sample, differences
between measurements could be significant, which can be seen in figure 4.12. However, the
measurements per sample were selected at random, meaning that the differences per measurement
are taken into account. This indicates that it is possible to differentiate between non- and fully-
methylated DNA using SERS.

4.3.4 Intensity of regular Raman vs. SERS

Looking at the average intensity, CCD counts, per sample for both regular Raman and SERS
gives an insight into the efficiency of both methods. To compensate for power and integration
time, the average counts per second per Watt will be calculated.

For regular Raman, the average intensity was 773 and 859 counts for non-methylated and fully-
methylated DNA respectively. These measurements used a 633 nm laser with a power of 20,05
mW and an integration time of 10 s. This gives 3855 and 4284 [counts/s/W ] respectively.

For SERS this average intensity was 27948 and 5125 counts for non-methylated and fully-
methylated DNA respectively. The SERS measurements used a 633 nm laser with a power
of 80 µW and an integration time of 10 s. This gives 3,494 x 107 and 6,406 x 106 [counts/s/W ]
respectively. Comparing that to the regular Raman intensities, there is an increase of counts
per second per Watt of 9064 times for non-methylated DNA and 1495 times for fully-methylated
DNA. This is already an enormous enhancement, however, increases of up to 1012 have been
observed [33]. This shows that SERS is much more sensitive than regular Raman. For the large
concentrations used in the experiments conducted in this research, that is not necessary, how-
ever, when going to much smaller concentrations of DNA, SERS will be preferable because of
the enormous enhancement factor.
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Chapter 5

Discussion & Conclusion

This chapter will consist of a discussion of the research conducted in this thesis. After that, a
conclusion will be drawn based on the acquired results. An outlook will also be given for future
research on this topic in the next chapter.

5.1 Discussion

Simulated Raman spectrum

The script used for the simulation of the expected Raman spectrum only used nucleobases. This
already gave results that show similarities between the simulated spectrum and the real Raman
spectrum. However, to get the signal to be more accurate, it could be beneficial to look into the
use of nucleobases with the phosphate backbone. It is recommended to measure the nucleobase
that is connected to a deoxiribose 5-phosphate molecule. These backbones could contribute to
the signal and give a more correct representation of the real Raman spectrum. A more accurate
simulation can be of importance so that it is known how the spectrum looks before doing any
actual measurements. In addition to this, it is preferable to use the NBP setup for the measure-
ments. Lastly, because there are differences between regular Raman and SERS spectra, such as
shifting and peak proliferation, it is possible to measure the nucleobases with backbones for both
techniques.

Substrate and setup

The drain-to-deposit method was chosen as the way to fabricate the substrate with the sample
on it, in combination with the in-house built Raman setup of NBP. When looking at the results
of this method, figure 4.11, it seems that the spectrum is less accurate compared to the regular
Raman signal when looking at the AuNP-DNA-PEG on a gold sputtered plate result in combi-
nation with the WITec setup, seen in figure 4.10. Here many more similarities can be observed.
However, the result seen for the AuNP-DNA-PEG conjugate was one of the few successful mea-
surements conducted, as has been mentioned in the results. Some other measurements gave
vastly different spectra, but most measurements consisted of noise, even when at the beginning
of the measurement a spectrum could be observed. The vastly different spectra could be due to
picocavities and the created resonance, or due to the random distribution of hotspots, which are
known phenomenon [42, 51]. However, the inconsistency and the fact that very precise move-
ment of the microscope had to be done by hand contributed to the fact that the drain-to-deposit
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method on the NBP setup was chosen. Another factor contributing to this is the fact that the
drain-to-deposit method is much more controlled than the gold sputtered plate method. This
does leave the question if the AuNP-DNA-PEG on gold sputtered glass could be viable when us-
ing a more advanced setup, such as that of NBP, which is something further research can look at.

Next to see whether the AuNP-DNA-PEG on gold sputtered glass will work on a more advanced
setup, further research can be done into other usable substrates for SERS. The research should
look at SERS efficiency, reliability of measurements, ease of creating the substrate, and cost.
Other materials, but also different substrate shapes can be used. Classic SERS materials such as
silver [7] could be a cheaper option compared to gold. But there are also advances in combining
the metal with other nanostructures to use for SERS. Gaidi et al. used silicon nanowires on silver
nanoparticles to create the SERS substrate [53]. Other research used other methods to increase
signal, such as zicronium ions which increase fingerprint signal in DNA [7], or graphene which
increased SERS signal by positive interactions with the electromagnetic field [34]. When looking
at the shape of a substrate, there are also other possibilities instead of a flat substrate. Luo et
al. created a gold substrate using nanohole arrays. These are small, nanometer size gaps in the
substrate, to act as hotspots [20]. These nanoholes can be seen as bigger controlled picocavities,
that enhance SERS signal. When having a flat substrate, precisely placed nanoparticle arrays
are also promising [54].

The drain-to-deposit method did have success after some tweaking. At times it was hard to find
any signal, as was especially the case for the fully-methylated DNA sample. On many aggre-
gates formed on the substrate, no signal, and thus most likely, no DNA was present. Even on
aggregates where signal was present, this would often not be on the complete aggregate, causing
not all data to be useful. A solution to this could be the immobilization of the DNA between
AuNPs. This way, the DNA will be at a known location, because the AuNPs which are placed
on the substrate can be seen using darkfield microscopy. This exact method has been shown
recently by Li et al. with a limit of detection as low as 0.8 fM [55].

The regular Raman measurements on the DNA with different methylation levels were conducted
using the WITec setup. The SERS measurements were done using the NBP setup. To counter
variables, such as calibration differences, caused by the difference in setup, the regular Raman
measurements were also conducted on the NBP setup. However, the measurements conducted
on the NBP setup did not give usable results due to multiple reasons. The first reason is that
the 633 nm laser was most likely not powerful enough for regular Raman. The laser has a maxi-
mum power of around 100 µW, which is around 200 times less power than the laser of the same
wavelength used in the WITec. There was also a 640 nm laser that had a higher laser power,
however, that laser was lacking a filter, which caused some irregularities in the signal. This would
also mean using a slightly different laser wavelength, which also introduces new variables, even
if small. Because regular Raman measurements could not be achieved on the NBP setup, it was
decided that the comparison between regular Raman and SERS would be done over two setups.
The signal acquired on the WITec was shifted somewhat due to the setup difference, but that is
also something that can happen when switching from regular Raman to SERS. The shift would
not decrease the capability to look for similarities and is thus accepted. The measurements could
be repeated when these issues are fixed.

The NBP setup has multiple advantages over the WITec setup. The darkfield capabilities that
the NBP setup has is one of the biggest reasons to use this setup. As has been shown in the
SERS experiments conducted on the WITec setup, darkfield capabilities can be added by using
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an external light source. However, this is not an optimal situation, because the light source needs
to be setup for every individual measurement, and due to this, can vary. Another advantage is
the ease the NBP setup can scan a whole area, this is more difficult with the WITec. When
scanning individual points by hand, the WITec setup needs to be changed by hand, whilst the
NBP setup can be positioned much more accurately using the software. All these reasons make
the NBP setup much more suitable for SERS measurements. The WITec setup is a good com-
mercial Raman spectrometer which gives decent results for regular Raman. However, the setup
built in-house by NBP is more advanced and easier to use. There are some minor problems that
need to be fixed, but when this is done it is preferable to use the NBP setup, or another setup
available that has the advanced features of the NBP setup, for all measurements. This eliminates
variables that occur when using two different setups.

Sample capturing

A problem that could occur during SERS measurements was that on some aggregates no sig-
nal was acquired. For fully-methylated DNA this was more significant than for non-methylated
DNA. This problem could be tackled by looking at possibilities for the capture of DNA on the
substrate. When DNA is captured and thus immobilized, the location of DNA is known, which
makes measurement easier. Another advantage is that at the capturing location of the sample,
a hotspot can be created, to increase the SERS efficiency. A possible solution to test this is
the use of thiol groups, which can be attached to the DNA sequences with different methylation
levels [56]. These groups make it so that DNA can bind to AuNPs. Because thiol groups are not
attached to DNA naturally, these need to be made or ordered. When wanting to capture DNA
out of, for example, a urine sample, then other techniques need to be searched for to immobilize
the DNA. A possibility is to use a label-free hybridization sensor setup, where an immobilized
single strand of DNA is linked to the substrate. A complementary target DNA strand can bind to
this, which immobilizes the DNA [57]. This technique also has the capability to create a hotspot
by binding an NP to the other side of the sequence. Figure 5.1 shows this technique, including
the binding of another NP in the last step. The target sequence needs to be known, which
excludes the possibility of capturing random cancerous DNA. Next to the capture of DNA, there
are also other possibilities, such as micro RNA (miRNA). These miRNAs are also an indicator
of cancer, and research has been conducted to capture these miRNAs using a sandwich method,
after which SERS measurements are conducted [55]. Another option to capture DNA is to use
physical immobilization techniques, such as optical tweezers [58]. When the sample is captured,
this can ultimately be used to create a small chip on which the sample is placed, which then
captures DNA. This chip can then be used for analyzing using SERS.

Methylation differentiation

For SERS, the non-methylated and fully-methylated DNA sequences were used to determine if
those could be differentiated. The partly-methylated DNA was not used for these experiments,
however, it could give more insight into the changes in the spectrum. For further research, the
partly methylated DNA could be included and changes in spectra could be observed with the
eye, or using methods such as PCA.

This research showed the possible differentiation between methylated and non-methylated DNA
using SERS. However, it was known which sample was which. Further research could try and
do the same differentiation, but without the knowledge of which sample is methylated and visa
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Figure 5.1: DNA capture method by using a complementary capture sequence (blue) which is immobi-
lized on a substrate or particle. The target DNA (red), In the last step, another complementary sequence
(purple) which also has an NP attached, binds to the target sequence, creating a potential hotspot. [59]

versa. The peak at 1006 cm−1 is one that corresponds with the methyl group added to the
cytosine and becomes larger when more methylation is present in the DNA [49]. This is observed
in the regular Raman measurements, but not in the SERS measurements. Further research into
this needs to be conducted. It was still possible to see differences between the two different
methylation levels, which indicates that other changes could also be important. It is important
to look at whether the other observed changes seen in the used DNA sequence will also be ob-
served in different DNA sequences, or that other parts of the spectrum will be changing. Due to
the differences seen in cytosine and 5m-cytosine, it is hypothesized that it would be possible to
observe the changes.

Concentration

In the results it can be seen that both regular Raman and SERS have the capability to differ-
entiate between non-methylated and methylated DNA sequences. Why should a more expensive
and difficult technique such as SERS be used when Raman spectroscopy is capable on its own?
This can be explained by the much higher efficiency given by SERS, in combination with the
much lower concentration of DNA available in a sample when translating the technique to a
real-life case. SERS would give an enhancement of up to 1012 times compared to regular Raman
[33]. When having a very small concentration of DNA that must be found in for example a urine
sample, regular Raman would be much too weak for detection. The concentration of potential
cell-free DNA in urine is very low [21]. Low concentrations are possible to measure using SERS,
where even single-molecule sensitivity has been achieved, albeit in very controlled environments
[60, 61]. When looking at concentration, this can also be lowered significantly. Ikegami et al.
acquired SERS signal of Adenine, using a concentration of 10−11M [62], and Li et al. going to a
concentration of 10−12M using miRNA [55].

All the measurements conducted in this thesis, both regular Raman and SERS, use a relatively
high concentration of DNA. The research conducted was to see whether it was possible to see
differences in methylation in DNA. As has been mentioned before, when is be translated into
real-life detection of cancer, the concentration of DNA will be significantly smaller. Further re-
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search needs to be conducted to find out what the lower limit of concentration is where a SERS
spectrum still can be obtained. This can be done by lowering the concentration of DNA and
increasing the laser power. Firstly, the highest possible laser power that can be used needs to
be known. This can be done by trial and error on a sample. After this, the concentration can
be lowered till there is barely any signal left to get the lower concentration threshold. When
increasing the SERS efficiency with for example a substrate that captures the DNA at a hotspot,
the concentration can be lowered again.

DNA

The length of the DNA used is 8,84 nm. Depending on the size of the AuNPs used the distance at
which SERS occurs is 1 to 5 nm. This is a smaller distance than the entire DNA molecule takes
up. Because DNA has a bend-persistence length of around 50 nm [63], it can be assumed that
no additional part of the DNA appears in the same hotspot due to bending. This could influence
the SERS signal of this DNA sequence negatively, especially when the DNA is deposited on the
substrate. This could cause parts of the DNA to be outside of a hotspot. This is another reason,
next to inconsistencies due to picocavities, why measuring an area and averaging the signal is
important.

5.2 Conclusion

The goal of this thesis was to look at whether SERS would be a feasible option to detect methy-
lation changes in DNA, and be an option to use for early detection of cancer. To do so, firstly
the regular Raman spectra of the nucleobases were acquired. Specifically, the spectra of cytosine
and methylated-cytosine were compared. These spectra were significantly different, showing that
regular Raman spectroscopy is able to differentiate between the two nucleobases.

After this, DNA with different methylation levels were compared using regular Raman spec-
troscopy, to see whether differences would also show in the spectra. Comparison of the spectra
with the naked eye and PCA showed that it is possible to differentiate between the different
methylation levels. Especially when comparing the non-methylated and fully-methylated DNA.
The single-methylated DNA sequence measurements would lay closer to the fully-methylated
measurements when PCA was conducted and plotted, meaning that single base differences are
harder to differentiate between, but still possible.

Multiple methods and setups were tested, and the drain-to-deposit method in combination with
the NBP Raman setup was chosen to do the final SERS measurements. This was chosen be-
cause this method gave the best results in terms of repeatability and reliability. However, even
with the best reliability overall, it could prove hard to find aggregates with DNA on it, mak-
ing it hard to gather data. Improvements could be made, as has been described in the chapter 5.1.

Lastly, the step towards SERS was made. By combining the most ideal method and setup, the
measurements of non-methylated and fully-methylated DNA were conducted. This means that
single base differences in DNA have not been looked at. Instead, a difference of four bases was
tested. It can be concluded that for the used substrate and setup, DNA methylation can be dif-
ferentiated by looking at the SERS spectra. PCA also confirmed this, with clear differentiation
between the two methylation levels. It must be said that differences between measurements for
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the same sample can be vastly different, which can result in outliers or false interpretations of
results. Averaging of the measurements is a possibility to counter the effects the vastly different
measurements have. Because DNA methylation is a significant epigenetic factor that can be used
for identifying healthy or cancerous DNA, and SERS can differentiate between this methylation,
SERS is a feasible option to use for cancer detection when the measurements are more controlled
and fluctuating effects are lessened. SERS will be especially useful when the concentration levels
of the DNA will drop significantly, because of the much higher sensitivity of SERS compared
to regular Raman spectroscopy. These levels will drop significantly when translating this to the
clinic and for example, use it to study urine samples. Cancer needs to be detected and treated
as early as possible. This means that, depending on the stage and type of cancer, concentrations
could be as low as a few molecules per mL of urine. For the best results of any test to detect
cancer as early as possible, it is preferable to be able to detect single DNA molecules. Single-
molecule detection using SERS is already possible in controlled situations, which is hopeful for
the viability of this technique translated into a clinical application.
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Chapter 6

Outlook

This chapter gives an outlook on the further research that can be conducted based on this thesis.
Recommendations will be given for further research using reflection based on this research. The
outlook is split up into recommendations on where to continue this research, as well as a part
that gives a longer-term future perspective.

Future perspective

Using SERS to differentiate between methylated and non-methylated DNA shows promising re-
sults. It is recommended to continue the research and work further to a practical application
of this technique. This practical application could be a chip on which a sample will be placed,
for example, urine. In the urine, a very low concentration of potentially cancerous DNA will
be present. This can be only even a few molecules. This chip will then be able to catch the
DNA molecules. The chip will be placed under a SERS setup which can systematically scan each
possible DNA binding location, to look for cancerous DNA based on the methylation. Figure 6.1
shows a schematic of a possible microfluidic chip. The chip consists of two inputs, one for the
sample containing the target DNA. The other input is for complementary DNA with an AuNP
connected to it. An output is also fitted on the chip to dispose of excess fluid. The two inputs
lead to a SERS substrate, in this case made of gold, on which another strand of complementary
DNA is conjugated. The target DNA binds to the capture DNA connected to the substrate, and
the AuNP-DNA conjugate of the second input binds to the remaining part of the target DNA,
creating a SERS hotspot. The chip can now be placed in a SERS setup, where the area of the
substrate will be scanned. This can be done very precisely, because of the known location of the
hotspots.

The chip needs to be analyzed with a Raman setup. These can be very expensive to buy, costing
a minimum of $12000 [64]. However, these prices can become much higher. This is a significant
investment for a clinic and could be a reason not to implement this technique. A solution could
be centralized laboratories to which all the sample chips will be sent. This will make it cheaper
for the clinics but will increase test result time significantly. There is research done into the
development of cheaper self-made Raman systems, but this does require significant knowledge
of Raman [64]. The setup is also specifically built for regular Raman spectroscopy, and not for
SERS. This can be seen in for example the laser power used in this research, which is 2 orders of
magnitude too high for SERS application, with the laser being an expensive part of the setup.
Commercial point-of-care devices using SERS are already in use, for example, to detect COVID-
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19 [65]. Portable SERS devices are available commercially, however, detection limits are not low
enough, with one study finding a lower detection limit of 10.87 mM [66].

Figure 6.1: Schematics of a possible chip that captures target DNA (red) on a substrate with capture
DNA (green) and adds an AuNP with complementary DNA (black), creating SERS conditions. The
chip can be placed in a SERS setup and be measured.

In this research, the methylation level of the sample was known beforehand. It would ultimately
be necessary to be able to know the level of methylation by spectra analysis itself. As has been
shown in the results, changes can be seen in the spectra as methylation levels increase. It is
important to look further into the seen changes and find which changes at which wavenumbers
indicate more methylated cytosine. It might be necessary to develop pattern recognition using
machine learning. PCA could still be an important tool for the reduction of dimensionality, as
it shows the spectra as points in a 2 or 3 dimensional plot, which helps in determining the level
of methylation. It will also be necessary to do more research into what level of methylation will
be cause for concern. This could both be a level of methylation which is too low, or too high,
given that hypo- and hypermethylation are both associated with cancer.

Research continuation

There are promising results in the SERS part of this research, for which three focus points are
recommended for the continuation of this research. The intensities of the spectra are high, whilst
the used laser power is low. Because DNA concentration will be significantly lower when trans-
lating the measurements to real-life samples, the first focus should be on testing lower samples
and finding a lower limit. It can be observed that the intensities for SERS are significantly higher
for lower laser powers. It can be assumed that a signal will still be obtained when decreasing the
concentration. Some researchers have obtained SERS spectra using a concentration of Adenine
of 10−11M [62]. Translating the single molecule capabilities of SERS in other research to DNA
will be an important step.

As has been mentioned in the discussion, other substrates are also a possibility. It is possible the
drain-to-deposit method, which uses a gold plate with AuNPs on top, is not the best method in
terms of efficiency and reliability. That is why it is recommended to look at different SERS sub-
strates, both in material use and shape, as well as in fabrication method, and compare results to
find an ideal substrate. This part can be combined with the last recommendation, the capturing
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of the sample.

Another important step that needs further research is for a method to capture DNA, physically
or chemically. This is practical for the envisioned chip and also helps with the efficient place-
ment of sample DNA in the hotspots, which will also increase the efficiency of SERS, which will
decrease the minimum concentration needed. It is recommended to look into different capture
techniques viable, which will work with the chosen substrate.
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Appendix I: MATLAB script simulated Raman spectrum

The MATLAB script which is used to simulate the Raman spectrum can be found below:

%% Average Raman Spectrum : s c r i p t that s imu la t e s a Raman spec t ra based on
% the number o f n u c l e o t i d e s pre sent
% Ian de Waard − 06−09−2023
c l c , c l o s e a l l , c l e a r a l l

% Open the text f i l e o f the Raman spec t ra o f th average n u c l e o t i d e s
As = readtab l e (” Path ” ) ;
Cs = readtab l e (” Path ” ) ;
Gs = readtab l e (” Path ” ) ;
Ts = readtab l e (” Path ” ) ;
mCs = readtab l e (” Path ” ) ;

% Def ine the x−a x i s
X = tab l e2a r ray (As ( : , 1 ) ) ;

% F i l l in the number o f n u c l e o t i d e s as found in the DNA sequences
% The number o f n u c l e o t i d e s are mult ip l ed with the spec t ra o f each n u c l e o t i d e
A = 8 ; As = tab l e2a r ray (As ( : , 2 ) ) . ∗A;
C = 18 ; Cs = tab l e2a r ray (Cs ( : , 2 ) ) . ∗C;
G = 18 ; Gs = tab l e2a r ray (Gs ( : , 2 ) ) . ∗G;
T = 8 ; Ts = tab l e2a r ray (Ts ( : , 2 ) ) . ∗T;
mC = 0 ; mCs = tab l e2a r ray (mCs ( : , 2 ) ) . ∗mC;

% Total spectrum c a l c u l a t e d by adding va lue s and d i v i d i n g i t by the t o t a l n u c l e o t i d e s
SpecTot = (As + Cs + Gs + Ts + mCs) . / (A + C + G + T + mC) ;

% Plot the r e s u l t s
f i g u r e (1 )
p l o t (X, SpecTot ) ; t i t l e ( ’ Simulated Spectrum non−Methylated DNA’ )
x l a b e l ( ’ Rel . 1/cm ’ ) ; y l a b e l ( ’CCD counts ’ ) ;
xl im ( [ 4 0 0 , 1 8 0 0 ] ) ;
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Appendix II: Raman spectra of nucleobases

The tables with the Raman bands, literature value, and experimentally found values can be
found in Appendix III.

Adenine

The Raman spectrum of adenine can be found in Figure 6.2.

Figure 6.2: Average Raman spectrum of adenine. The numbers correspond to the assignment found
in Appendix III

Guanine

The Raman spectrum of guanine can be found in Figure 6.3. As can be seen, there is a lot of
noise in the signal. Only for the somewhat higher wavenumbers, peaks can be seen. No analysis
was conducted on Guanine, because of the poor quality of the measurements.

Figure 6.3: Average Raman spectrum of guanine. No analysis has been done, due to the poor results.
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Thymine

The Raman spectrum of thymine can be found in Figure 6.4.

Figure 6.4: Average Raman spectrum of thymine. The numbers correspond to the assignment found
in Appendix III
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Appendix III: Tables for Raman bands of nucleobases

Adenine

Table 6.1: Raman bands for adenine own measurements compared to literature [30]. b: bending, s:
stretching.

Number Calculated wavenumber Wavenumber
on graph Assignment Literature [cm−1] Raman Spectrum [cm−1]
1 C5C4N

b − C2N1C
b
6 540 537

2 N9R
b + C6N12b −N7C5C

b
6 623 627

3 Ring Stretching 718 729
4 NHr

2 + N1C
s
6 966 946

5 NHr
2 + N9R

s 1081 1031
6 -N3C

s
2 + N9R

s 1119 1129
7 N1C

s
2 + C2H

b + N9C
s
8 + C8N

s
7 1259 1254

8 −N7C
s
5 + C8N

S
7 1329 1336

9 C8N9 + C2N
s
3 1354 1374

10 C2H
b −N1C

s
2 + N3C

s
2 1463 1485

Cytosine

Table 6.2: Raman bands for cytosine own measurements compared to literature [31]. b: bending, s:
stretching, r: rocking.

Number Calculated wavenumber Wavenumber
on graph Assignment Literature [cm−1] Raman Spectrum [cm−1]
1 C4N6C

b
1 + C3C2N

b
7 + N6C1N

b
7 589 546

2 Ring breathing 778 797
3 H10N8C

b
4 + N7C

s
2O11C1N

b
7 979 984

4 N6C
s
4 + H9N8C

b
4 1219 1259

5 N7C
s
2 + N6C

s
1 + N7C

s
1 1318 1298

6 H5C2C
b
3 + N8C

s
4 + H13C3C

b
2 1390 1382

7 C3C
s
2 + N8C

s
4 1696 1659
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5methylated-Cytosine

Table 6.3: Raman bands for 5methylated-cytosine own measurements compared to literature [31]. b:
bending, s: stretching.

Number Calculated wavenumber Wavenumber
on graph Assignment Literature [cm−1] Raman Spectrum [cm−1]
1 C4N6C

b
1 + C11C3C

b
4 + C3C2N

b
7 + N6C

s
1 598 605

2 Ring Breathing 760 771
3 H10N8C

b
4 + C2N7C

b
1 + N7C1N

b
6 + C4N6C

b
1 958 992

4 N6C
s
4 + H16N8C

b
4 1170 1129

5a H16N7C
b
2 + N7C

s
1 + N7C

s
2 1246 1244

5b N6C
s
1 + N7C

s
1 + H9N8C

b
4 1318 1300

6 C3C − Cs
2 + H5C2N

b
7 1381 1354

7 H10N6C
b
4 + N8C

s
4 1633 1660

Thymine

Table 6.4: Raman bands for thymine own measurements compared to literature [30]. b: bending, s:
stretching, r: rocking. *No calculated wavenumber, but wavenumber used from the researchers findings.

Number Calculated wavenumber Wavenumber
on graph Assignment Literature [cm−1] Raman Spectrum [cm−1]
1 N1C2O

b + N3C4O
b 614 624

2 Ring Breathing 795 754
3 N1C

s
2 + N1R

s + C5C
s
4 + N1C

s
6 + N3C

s
4 811* 811

4 C5 −Mer 986* 997
5 No assignment found - 1116
6 Rings + C5 −Mer 1214* 1256
7 N3H

b − C4 = Os 1375 1366
8 C2 = Os 1691* 1671
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Appendix IV: DNA methylation results 633 nm laser

The Raman spectrum obtained with a 633 nm laser, seen in figure 6.5 looks very similar to
the spectrum in figure 4.4, which uses the 532 nm laser. In both spectra the Raman bands are
located at the similar wavenumbers. The spectrum obtained with the 633 nm laser has a more
noisy signal than the spectrum of the 532 nm laser.

Where the 532 nm spectrum shows some subtle differences, it is even harder to see these dif-
ferences for the 633 nm laser. Firstly, the peaks at 785, 1085 and 1494 cm−1 show up in the
same location for each methylation level, which is also seen in the comparison of the spectra
obtained with the 532 nm laser. The peak at around 728 cm−1, change a, seems to become
higher and shifts to the right for an increase in methylation. At 1000 cm−1, change b, the peak
shifts to the right for higher methylation levels. This peak is associated with the methyl group
on the cytosine [49], and becomes larger when more cytosine is present. The area under the
curve for is the smallest for the non-methylated DNA and largest for the fully-methylated DNA,
which would be in-line with the literature. Around 1453 cm−1, change c, a side peak appears to
emerge, which is also seems to be the case for the 532 nm laser.

Figure 6.5: Raman spectra of the same DNA sequence, but with different methylation levels, acquired
with a 633nm laser. Blue: non-methylated DNA, Orange: 1 cytosine methylated, Green: all cytosines
methylated
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Appendix V: Principal Component Analysis extended

This appendix goes more into depth what steps PCA uses, how choices about number of principal
components (PC) were made, and whether the results are usable. It also show the steps for each
PCA that is conducted.

Appendix V-A: Steps of PCA

After normalization, the data is loaded into SPSS. After this, the first step of the analysis is
conducted and the data is put into a correlation matrix. The next step is to look at the sampling
adequacy, using the Kaiser-Meyer-Olkin (KMO) test and the significance of the variables using
Bartlett’s test of sphericity. The KMO value shows the suitability of the data for factor analysis.
A KMO value of less than 0.6 is considered not adequate, whilst a KMO value bigger than 0.9 is
considered marvelous [67]. After this, significance is checked using the Bartlett’s test. When this
test has less than 5% significance, this indicates that there is a relation among variables. When
both tests are passed, further analysis can be done. The next step is to determine the number of
PC’s that is going to be used in the analysis. Each PC will explain a percentage of the variance,
with the first PC explaining the most, the second the most after PC1, etc. A way to determine
the number of PCs is by using the scree plot of the eigenvalues in combination with the total
percentage of variance explained. Using the scree plot, the value of PCs can be found around
the elbow of the plot. This can be combined by looking at whether an extra PC will influence
the percentage of explained variance significantly. This percentage can be calculated by dividing
the Eigenvalue with the total number of components. It also is important to limit the PCs to a
maximum of three if possible, because more gives you too many dimensions to visualize. After
this, a number of PCs is chosen, and the last step of the PCA is conducted. This gives a location
on a plot per sample measurement using the PCs as coordinates, which shows the final PCA
plot.

Appendix V-B: Regular Raman 532 nm

KMO & Bartlett’s test

The KMO and Bartlett’s test results of the regular Raman measurements conducted with a 532
nm laser can be found in figure 6.6. It can be observed that the KMO value is 0,929, which is
considered a marvelous sampling adequacy. The Bartlett’s test of sphericity gives a significance
of 0.000, which is smaller than 5%. This means that both tests are passed, and the PCA can be
continued.

Figure 6.6: KMO and Bartlett’s test results of PCA regular Raman 532 nm.

Number of Principal Components

The scree plot of the regular Raman measurements conducted with a 532 nm laser can be found
in figure 6.7. The elbow is clearly formed by the time component number 3 is reached. This
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means that component 1 and 2 are specifically significant, with a contribution of 58,7% and
16,2% respectively.

Figure 6.7: Scree plot of eigenvalues regular Raman 532 nm.

PCA plot

The PCA plot and analysis can be found in chapter 4.1.3 subsection Principal Compenent
Analysis.

Appendix V-C: Regular Raman 633 nm

KMO & Bartlett’s test

The KMO and Bartlett’s test results of the regular Raman measurements conducted with a 633
nm laser can be found in figure 6.8. It can be observed that the KMO value is 0,968, which is
considered a marvelous sampling adequacy. The Bartlett’s test of sphericity gives a significance
of 0,000, which is smaller than 5%. This means that both tests are passed, and the PCA can be
continued.

Figure 6.8: KMO and Bartlett’s test results of PCA regular Raman 633 nm.

Number of Principal Components

The scree plot of the regular Raman measurements conducted with a 633 nm laser can be found
in figure 6.9. The elbow is clearly formed by the time component number 3 is reached. This
means that component 1 and 2 are specifically significant, with a contribution of 80,3% and 7,4%
respectively.
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Figure 6.9: Scree plot of eigenvalues regular Raman 633 nm.

PCA plot

The PCA plot of the spectra using a 633 nm laser shows less difference, especially between the
one- and fully-methylated DNA. The non-methylated DNA measurements are located above the
other two clusters. Upon closer inspection, it can be seen the of the one- and fully-methylated
sequence, one measurement is present in the non-methylated group, which seems to be outliers.

Figure 6.10: Principal component analysis of Raman spectra of DNA with different methylation levels.
Non-methylated (blue), 1-methylated (yellow), fully-methylated (red). The spectrum has been normal-
ized by the SNV method. λ = 633 nm.

The PCA plot of the spectra using a 532 nm laser can be found in figure 4.6.
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Appendix V-D: SERS 633 nm

KMO & Bartlett’s test

The KMO and Bartlett’s test results of the SERS measurements conducted with a 633 nm laser
can be found in figure 6.11. It can be observed that the KMO value is 0.980, which is considered
a marvelous sampling adequacy. The Bartlett’s test of sphericity gives a significance of 0.000,
which is smaller than 5%. This means that both tests are passed, and the PCA can be continued.

Figure 6.11: KMO and Bartlett’s test results of PCA SERS 633 nm.

Number of Principal Components

The scree plot of the SERS measurements conducted with a 633 nm laser can be found in figure
6.12. The elbow is clearly formed by the time component number 3 is reached. This means
that component 1 and 2 are specifically significant, with a contribution of 56,8% and 15,6%
respectively.

Figure 6.12: Scree plot of eigenvalues SERS 633 nm.

PCA plot

The PCA plot and analysis can be found in chapter 4.3.3 subsection PCA analysis SERS.
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Appendix VI: Fully-methylated DNA measurements

The plot in figure 6.13 shows three randomly selected individual SERS measurements of the
fully methylated DNA sequence. Measurement 3 shows the distinct peaks seen in the average
signal the best. Especially between 1400 and 1600 [cm−1]. As could be seen between the non-
methylated spectra, each measurement differs quite from the other measurements.

Figure 6.13: Three random SERS spectra from the fully-methylated DNA measurements, showing
variation per measurement.
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