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ABSTRACT

Bone is an an essential and multifunctional organ, but, due to an an ageing pop-
ulation, there has been an increase in diseases such as osteoporosis or similar
conditions. There is therefore a need for further study of the nanoscale processes
in bone mineralization, so that we can use our understanding of these to further
the development of tissue engineering aimed at healing bone diseases. Unfortu-
nately, the current methods for studying bone samples have some major disad-
vantages, being either time consuming and/or requiring chemical labelling that
permanently alters the sample. New techniques for the study of bone samples is
therefore desirable. One technique that shows promise is Coherent Anti-Stokes
Raman Scattering (CARS) spectroscopy, a two laser microscopy technique based
on Raman active vibrational modes of molecules, that allows for real-time imaging
at a high spatial resolution. In this technique, the signal is generated by photons
that undergoes anti-Stokes Raman scattering when interacting with a molecule.
The goal of this master’s thesis was therefore to see if CARS spectroscopy could
be used for imaging of bone samples.

Imaging was done on multiple different samples. This was done by collecting
anti-Stokes photons with particular wavelengths that corresponded to a particu-
lar vibration primarily from hydroxyapatite in the samples, though images were
also collected using photons generated from the CH-bonds vibrations. From the
resulting images, it was found that samples between 5-20 µm were imaged without
problem using the CARS microscopy when looking at spongy/trabecular bone or
structures such as nerve bundles and arterioles. When trying to image cortical
bone, or samples of much higher thickness, the signal strength, and therefore the
image quality, became noticeably worse. It was also shown that CARS signals
from different Raman shifts could be used to differentiate between different types
of tissue. This was done by comparing the signals from hydroxyapatite and CH
vibrations.

When looking at the CARS signal from hydroxyapatite, the signal strength
as a function of the delay between the pulses of the two lasers, as well as the
signal strength as a function of the probed vibration frequency, were collected
from multiple samples. Similar spectra were made for the signal strength from
the CH-bonds vibrations. Results obtained using CARS were also compared with
Raman spectra collected using Raman spectroscopy.
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SAMMENDRAG

Bein er et viktig og multifunksjonelt organ, men på grunn av en aldrende befolkn-
ing har det vært en økning i sykdommer som osteoporose eller lignende tilstander.
Det er derfor behov for videre studier av nanoskalaprosessene i beinmineralis-
ering, slik at vi kan bruke vår forståelse av disse til å videreutvikle vevsteknikk
rettet mot å helbrede beinsykdommer. Dessverre har dagens metoder for å studere
beinprøver noen store ulemper. De er enten tidkrevende og/eller krever kjemisk
merking som permanent endrer prøven. Nye teknikker som kan brukest til å stud-
ere beinprøver er derfor ønskelige. En teknikk som viser seg lovende er Koherent
Anti-Stokes Raman Spredning (CARS) spektroskopi, en to lasermikroskopiteknikk
basert på Raman aktive vibrasjonsmoduser i molekyler, som muliggjør sanntid-
savbildning med høy romlig oppløsning. I denne teknikken genereres signalet fra
fotoner som gjennomgår anti-Stokes Raman-spredning når de interagerer med et
molekyl. Målet med denne masteroppgaven var derfor å se om CARS-spektroskopi
kunne brukes til avbildning av beinprøver.

Avbildning ble gjort på flere ulike prøver. Dette ble gjort ved å samle anti-
Stokes fotoner med spesifikke bølgelengder som tilsvarte en bestemt vibrasjon,
primært fra hydroksyapatitt i prøvene, selv om avbildning også ble oppnådd ved
bruk av fotoner generert fra CH-bindingsvibrasjonene. Fra de resulterende bildene
ble det funnet at prøver mellom 5-20 µm ble avbildet uten problemer ved bruk av
CARS-mikroskopi når man så på svampete/trabekulære bein, eller på strukturer
som nervebunter og arterioler. Når man prøver å avbilde kortikalt bein, eller prøver
med mye høyere tykkelse, ble signalstyrken, og dermed bildekvaliteten, merkbart
dårligere. Det ble også vist at CARS-signaler fra ulike Raman-skift kunne brukes
til å skille mellom ulike typer vev. Dette ble gjort ved å sammenligne signalene
fra hydroksyapatitt og CH-vibrasjoner.

Når man så på CARS-signalet fra hydroksyapatitt, ble signalstyrken som en
funksjon av forsinkelsen mellom pulsene til de to laserne, så vel som signalstyrken
som en funksjon av den sonderte vibrasjonsfrekvensen, samlet inn fra flere prøver.
Lignende spektre ble laget for signalstyrken fra CH-bindingsvibrasjonene. Resul-
tater oppnådd ved bruk av CARS ble også sammenlignet med Raman-spektre
samlet ved bruk av Raman spektroskopi.
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CHAPTER

ONE

INTRODUCTION

Bone is an essential and multifunctional organ, important not only in bearing the
weight of the body and assisting in its locomotion, but also for its biological roles
such as the physical protection of vital organs like brain or heart, the generation
of blood cells, and the storage of minerals and growth factors [2]. Unfortunately,
due to the ageing of the population, there has been an increase in diseases such
as osteoporosis or similar conditions. Osteoporosis is characterised by low bone
mineral density and structural deterioration of bone tissue, leading to an increased
risk of fractures. There is also a general lack of understanding for other bone
diseases, such as Paget’s disease, as many of them either are underdiagnosed, or
occurs as complications for other conditions, and thus are not counted separately.
[3, 4]

There is therefore a need to study the nanoscale processes in bone mineraliza-
tion in order to increase our understanding of them, and from there be able to use
this knowledge to further the development of tissue engineering aimed at healing
bone diseases. The current methods for studying bone samples unfortunately have
some major disadvantages. Many of them are either time consuming, requires the
use of chemical labels, meaning the samples are permanently altered, or both.
Finding new methods which are both fast and doesn’t require chemical labels are
therefore desirable.

A solution to this problem might be the use of coherent Raman microscopy
techniques, which allows for chemical label-free optical imaging [5]. One of these
techniques is Coherent Anti-Stokes Raman Scattering (CARS) spectroscopy, a
nonlinear process that involves the use of two lasers with different wavelengths.
Other than allowing for label-free study of molecules, CARS also allows for real
time imaging at a high spatial resolution. [6]

Bone can be split up into an organic and inorganic portion. The organic
component primarily consists of collagen, and constitute approximately 30% bone
weight. The inorganic component is primarily composed of hydroxyapatite (HAp),
a calcium phosphate mineral with the formula Ca5(PO4)3(OH). Up to 40% of
the volume and 60% of the weight of human bone is made up of HAp crystals
interspersed in a matrix of collagen. [7, 8, 9]

Many different bone samples are here studied, including fully grown animal
bone tissue (both normal and decalcified), bone marrow biopsied, cultured pre-
osteoblast samples, as well as tooth sections, as teeth has a similar tissue structure
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CHAPTER 1. INTRODUCTION

to bone. The study of hydroxyapatite in bone using CARS is the main focus, but
the organic component is also studied as well. All samples were also studied using
Micro-Raman spectroscopy, in order to compare the results collected with those
obtained using the CARS technique. The end goal of this master’s thesis is to see if
it is possible to study bone samples using the CARS technique through both imag-
ing and signal analysis, and if so, to find the optimal settings and circumstances
for this procedure.
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CHAPTER

TWO

BACKGROUND AND THEORY

2.1 Spectroscopy
Spectroscopy is the study of the interactions between matter and electromagnetic
radiation. Furthermore, a distinction can be made between absorption, reflec-
tion, scattering and luminescence/emission spectroscopy. The essential principle
of spectroscopy is that atoms and molecules only are able to absorb or emit light
at specific wavelengths. [10]

2.1.1 Electromagnetic Radiation

There are two ways to describe electromagnetic radiation, either the classical or
quantum mechanical description. The classical description considers electromag-
netic radiation to be a transverse wave, where the oscillating electric and magnetic
field, as well as the propagation direction, all are perpendicular to each other.
In the quantum mechanical description, electromagnetic radiation is instead de-
scribed as quantized packets of energy called photons. Both of these descriptions
are necessary in order to understand electromagnetic radiation to its fullest. [11]
All forms of electromagnetic radiation is characterised by their frequency, and
hence their wavelength, and their energy. According to Einstein, the energy of
electromagnetic radiation, E, is proportional to the frequency, f , i.e. E ∼ f . Us-
ing the proportionality constant h = 6.626×10−34Js, one can obtain the equation

E = hf (2.1)

In a vacuum, the propagation velocity of electromagnetic radiation is constant
(c = 2997925± 3 m/s), which means the wavelength and frequency are correlated
according to the equations

f =
c

λ
(2.2)

and
E = h

c

λ
(2.3)

where λ is the wavelength of the electromagnetic radiation. This can further
be used to express the energy of electromagnetic radiation as a reciprocal length,
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CHAPTER 2. BACKGROUND AND THEORY

which is referred to as the wavenumber. There are two ways to define wavenumber.
In theoretical physics, it is defined as the number of radians per unit distance, and
can be found using equation:

k =
2π

λ
(2.4)

In spectroscopy, it is however defined as the number of wavelengths per unit dis-
tance, and can be found using equation:

v̄ =
1

λ
. (2.5)

[12]

2.1.2 Types of Spectroscopy

There are many different types of spectroscopy techniques. Broadly speaking, they
can be divided based on what type of interaction happens between matter and
electromagnetic radiation, or at which region of the electromagnetic spectrum the
radiation generated and/or detected finds itself. When looking at interactions,
the different techniques can furthermore be divided up into two new categories;
those involving energy transfer between matter and electromagnetic radiation, and
those which do not involve energy transfer. Different energy-transferring inter-
actions include absorption, emission, photoluminescence and chemiluminescence.
Non-energy transferring interactions include diffraction, refraction, scattering and
dispersion. Of course, not all techniques can be neatly divided based on their
interaction. For example, while Raman spectroscopy occurs because of absorption
of energy by molecules from electromagnetic radiation, what is measured is scat-
tered photons emitted by the molecules. Because of this, only the first interaction
is considered when dividing the different techniques in Table 2.1.1. When dividing
based on the region of the electromagnetic spectrum, it could be tempting to divide
the different spectroscopy techniques based solely on the type of electromagnetic
radiation which is generated/detected (X-ray, infrared etc.). However, since many
different spectroscopy techniques span multiple types of electromagnetic radiation,
like how UV/VIS spectroscopy spans both ultraviolet and visible light, it is easier
to just look at the usual wavelength range, which is done in Table 2.1.2. [13, 14]

2.1.3 Basic Components of Spectroscopic Instruments

All spectroscopic techniques in Table 2.1.1 and Table 2.1.2 use instruments that
share several basic components. These include: [14]

• Source of Energy: The source of electromagnetic radiation used to pro-
mote the analyte to a suitable excited state. Can be classified as either con-
tinuum (emits radiation over a broad range of wavelengths) or line (emits
radiation at selected wavelengths) sources.

• Detector: Used to measure the signal emitted or scattered from the sample.

• Wavelength Selector: A way to isolate a narrow range of wavelengths.
Used for narrowing both the range of radiation from the source that radiates
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Table 2.1.1: Different spectroscopy techniques divided based on the first type of
interaction happening between matter and electromagnetic radiation.

Type of Interaction Energy Transfer Spectroscopy Techniques
Absorption Yes Mossbauer spectroscopy, X-ray ab-

sorption spectroscopy, UV/Vis spec-
troscopy, atomic absorption spec-
troscopy, infrared spectroscopy, ra-
man spectroscopy, microwave spec-
troscopy, electron spin resonance
spectroscopy, nuclear magnetic reso-
nance spectroscopy

Emission Yes Atomic emission spectroscopy
Photoluminescence Yes Fluorescence spectroscopy, phospho-

rescence spectroscopy, atomic fluores-
cence spectroscopy

Chemiluminescence Yes Chemiluminescence spectroscopy
Diffraction No X-ray diffraction
Refraction No Refractometry
Scattering No Nephelometry, turbidimetry
Dispersion No Optical rotary dispersion

Table 2.1.2: Different spectroscopy techniques divided based on the usual wave-
length range of radiation generated and/or detected using the technique.

Type of Spectroscopy Usual Wavelength Range
Gamma-ray emission 0.005-1.4 Å
X-ray absorption, emission, fluorescence and diffrac-
tion

0.1-100 Å

Vacuum ultraviolet absorption 10-180 nm
Ultraviolet-visible absorption, emission and fluores-
cence

180-780 nm

Infrared absorption and Raman scattering 0.78-300 µm
Microwave absorption 0.75-375 mm
Electron spin resonance 3 cm
Nuclear magnetic resonance 0.6-10 m

the sample, and the range of radiation emitted or scattered from the sample
that reaches the detector. It is impossible to isolate a single wavelength of
radiation from a continuum source (can only isolate a narrow gap), so some
unwanted radiation will be able to pass through both selectors. That is
why its important to select for both the radiation that radiates the sample,
and the radiation that is detected by the detector. The selector usually
works either by absorbing light of certain wavelengths (absorption filter) or
by reflecting light of certain wavelengths (dichroic filter). One can also used
either a diffraction grating or a prism as a filter. How this works is that the
diffraction grating/prism disperses the radiation through either diffraction
or refraction [15]. Focusing mirrors and slits are then be used in order to
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make sure that only the radiation with the wanted wavelengths makes it to
the sample/detector.

• Signal processor: Processes the signal through e.g. noise filtering, signal
amplification or mathematical transformation, and then displays the signal
in a way more suitable for analysis.

See figure Figure 2.2.1 for a schematic of a basic spectroscopic instrument.

2.2 Raman Spectroscopy
Raman spectroscopy is an analytical technique where scattered light, caused by
interactions between a molecule and radiation in the near infrared or visible range,
is used to measure the vibrational energy modes of a sample. [16, 17]

Figure 2.2.1: Schematic of a basic spectroscopic instrument.
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A vibrational mode, also known as a normal mode of vibration, is a molecular
vibration where some or all atoms in a molecule vibrate together in the same fre-
quency. An example of this can be seen Figure 2.2.2, where the different normal
modes of vibration in a water molecule are shown. This vibration occurs without
causing movement to any of the other modes, and has itself no components origi-
nating from other modes. The number of vibrational modes in a molecule is equal
to the number of vibrational degrees of freedom,

3N − 6 (2.6)

for a molecule with a nonlinear shape, where N is the number of atoms in the
molecule, and

3N − 5 (2.7)

for a linear molecule. [18, 19]

Figure 2.2.2: The three normal modes of vibration of a water molecule: (a)
Symmetric stretching, (b) asymmetric stretching, (c) bending.

To explain exactly what vibrational energy levels are, one first has to explain
the concept of harmonic oscillators. In classical mechanics, this is a system that,
when displaced from equilibrium, experiences a restoring force F proportional to
its displacement from the equilibrium position. In one dimension, this would then
be:

F = −kx (2.8)

where k is a positive constant and x is the displacement from equilibrium. By
applying Newton’s second law (net force is equal to mass times acceleration), one
can find the elastic potential energy of a harmonic oscillator, which is given by
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U(x) =
1

2
kx2 (2.9)

which when plotted has the shape of a parabola, as shown in Figure 2.2.3. The
motion of the harmonic oscillation takes place between x = ±A, where A denotes
the amplitude of the motion. For such an idealised system, Etot = Ek + U(x) =
constant, Etot ∝ A, and when x = 0 the potential energy of the system equals zero.
In quantum mechanics, the potential energy of a system can be approximated
as a harmonic potential when close to the equilibrium point. By applying the
Scrödinger equation to the one-dimensional harmonic oscillator, one get equation:

En = (n+
1

2
)hf (2.10)

which describes an approximation to the energy levels in a molecule. Here, n is
the energy state, h is Planc’s constant, and f is the frequency of vibration. At the
lowest energy state, E0 = 1

2
hf , meaning the system is always oscillating (always

has kinetic energy). A very important detail is that the amplitude now no longer
can take any value, as only some oscillations are allowed in this system. This is
what gives the different separated energy levels (see Figure 2.2.3). While this is a
decent approximation, bonds in a molecule do not behave like they would do if they
truly followed harmonic oscillation. For example will atoms that are too far apart
dissociate, unlike the parabola given in the harmonic oscillator approximation.
By adding anharmonic perturbations to the harmonic oscillator, which is to say
expanding Equation 2.9 as a Taylor series:

U(x) = U(x0) +
dV (x)

dx

∣∣∣∣x
x0

(x− x0) +
1

2!

d2V (x)

dx2

∣∣∣∣x
x0

(x− x0)
2

+ ...+
1

n!

dnV (x)

dxn

∣∣∣∣x
x0

(x− x0)
n (2.11)

Figure 2.2.3: Potential energy function and first few energy levels for harmonic
oscillator. (CC BY-NC; Seymour Blinder via LibreTexts)
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one better describes molecular vibrations. Anharmonic oscillation is defined as the
deviation of a system from harmonic oscillation, and is when the restoring force no
longer is proportional to the displacement. By adding anharmonic perturbations
to the harmonic oscillation approximation, one improves the approximation, es-
pecially at greater displacements from equilibrium, see Figure 2.2.4. By applying
the Scrödinger equation to Equation 2.11, one can then calculate the vibrational
energy levels of this model, which is given by:

Eυ = (υ +
1

2
)υe − (υ +

1

2
)2υexe + (v +

1

2
)3veye + higher terms (2.12)

where υ is the vibrational quantum number, and xe and ye are the first and second
anharmonicity constants. This potential is less confining than a parabola used in
the harmonic oscillator. A consequence of this is that the energy levels become
less widely spaced at high excitation. [20, 21, 22, 23, 24]

As explained above, adjacent vibrational energy levels have a difference in
energy. These are typically smaller than a molecules electronic states, and the
vibrational energy modes can be considered as a sub-structure of the electronic
states. A Jablonski diagram is a diagram that illustrates the electronic states
and the vibrational levels of a molecule, as well as the transitions between them,
and an example of this can be seen in Figure 2.2.5 [25]. The difference in energy
between two vibrational states is equal to hv, where v is the difference in frequency
of vibration for the two vibrational energy levels. [18, 19]

Figure 2.2.4: Simple harmonic potential approximation (red curve) of true/exact
potential (blue curve) with anharmonic perturbations (green). (CC BY-NC; Ümit
Kaya via LibreTexts)
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Figure 2.2.5: A Jablonski diagram. Three electronic levels are depicted along
with four vibrational energy levels.

E0 and E1 is used to represent electronic energy levels, while υ is used to
represent the vibrational modes in a molecule. If a sample is illuminated with
photons with energy lower than the energy difference between the two energy
levels, △E = E1 − E0, one would expect that non of the photons would be
absorbed by by the sample. This is however not 100 % correct, as sometimes,
the oscillating electromagnetic field of the photon will induce a polarisation of
the molecule’s electron cloud (slight relative shift of positive and negative charge
within the electron cloud). This then leaves the molecule in a higher energy state,
as the photon’s energy has been transferred to the molecule. This state of the
molecule is called a virtual state, which is not very stable, and the molecule will
therefore almost immediately re-emit the photon as scattered light. Several types
of scattering can here occur. The most common is Rayleight scattering, in which
the molecule returns to its ground state upon emitting the photon. Therefore,
the vibrational state and energy of the molecule is unchanged after its interaction
with the photon. The photon then is scattered elastically, leaving with the same
energy as it had before interacting with the molecule. In a much rarer event,
Raman scattering occurs, which is an inelastic scattering process. Here, energy is
transferred between the molecule and the scattered photon during the scattering
process. If the molecule gains energy from the photon, it will drop down to a
higher vibrational energy state (like υ = 1) instead of to its ground state (υ = 0),
meaning the molecule has been excited to a higher vibrational state than it had
originally. Here, one gets what is called Stokes scattering, where the scattered
photon has lost energy and increased its wavelength. If the photon that induced
the polarisation in the molecule had energy EL, and the scattered photon had
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energy ES, then the molecule has gained energy ℏωvib = EL − ES, where ℏωvib is
the energy of the vibration. If however the molecule loses energy by relaxing to a
lower vibrational state than the one it started at (like from υ = 1 to υ = 0), one
gets Anti-Stokes scattering. Here, the scattered photon gains energy and decreases
its wavelength. The molecule has then lost energy ℏωvib = ES−EL. As Anti-Stokes
scattering requires the molecule to be in an already excited vibrational state (like
υ = 1), and as the majority of molecules usually are found in their ground state
(υ = 0) at room temperature, it is normally less common than Stokes scattering,
even if both quantum mechanically are equally likely processes. Figure 2.2.6 shows
a scheme of the different types of scattering. [16, 17, 26, 27]

Raman spectroscopy use Raman scattering, primarily Stokes scattering, for
the identification of molecules in a sample. First, a sample is illuminated by a
laser. Then, the energy/frequency difference between the incident laser light and
the scattered light, known as the Raman shift, is detected. This difference is
only connected to the energetic properties of the sample studied and is therefore
independent of the wavelength of the laser. A sample can give many different
Raman shifts, which are usually expressed in wavenumbers (the spectroscopic
definition). Wavenumber can be converted to wavelength using Equation 2.5, and
to energy using equation

v̄ = h× c

E
(2.13)

Another important value is the so called count rate, which is the number of times
per second that the respective Raman shift is registered by the detector. This
value is proportional to the intensity of the light released by the respective Raman
shift onto the detectors. The higher the light intensity, the more Raman scattering
has occurred in the specific wavenumber region. By plotting the Raman shift up
against the count rate, one gets what is called a Raman spectrum, a spectrum
highly specific to every molecule. It can therefore be used to determine which
molecules are in a sample. [28]

Figure 2.2.6: The three different types of scattering that can occur when a
molecule is excited to a virtual state.
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There are a number of ways to interpret a Raman spectrum. One of them
is to use the Raman spectrum to identify functional groups within the molecule.
Distinct subunits all have a characteristic Raman shift, which will appear on the
spectrum. This can be used to monitoring reactions that involve different func-
tional groups, as they then provide a direct measure of the progress during the
reaction, or it can be used to relate the spectrum of an unknown compound to a
class of substances. The carbonyl group in an aldehyde for example always has a
Raman shift in the range of 1700-1730 cm−1, so a Raman spectrum that contains
this Raman shift might just be an aldehyde. Another way of interpret a Raman
spectrum is to look after the so called "fingerprint region" of a molecule. The
vibration of the molecular scaffolding (the molecules "skeleton") can be detected
in the Raman spectrum, and this creates a substance-specific, characteristic pat-
tern, usually below 1500 cm−1. This region can then be used to identify different
compounds. A third way to use Raman spectroscopy for substance identification
is by using software the compares the Raman spectrum from the substance with
all the Raman spectrums found within a spectral database. This makes it possible
to interpret a Raman spectrum within seconds. [28]

There are many advantages of using Raman spectroscopy for characterisation
of samples. The technique requires little to no sample preparation, and does not
alter or damage the sample (as long as the intensity of the laser illumination isn’t
too high). It can be used to determine both organic and inorganic compounds, and
can be done on aqueous solutions, as water produces very little Raman scatter-
ing. There are however some disadvantages. As fluorescent materials also release
photons when illuminated by radiation, it becomes more difficult to separate the
Raman signal from the fluorescent signal. Raman spectroscopy can also not be
used to analyse alloys or metals, and require highly sensitive instrumentation. [29]

2.2.1 Micro-Raman

Micro-Raman spectroscopy is a technique where one acquires a spatially resolved
Raman spectra, which shows the intensity of scattered light acquired after a sam-
ples is radiated by the incident light. This is done by combining a conventional
Raman spectrometer with a microscopic tool, typically an optical microscope.
This enables the micro-Raman spectrometer (µRS) the collection of spectral in-
formation with a submicron spatial resolution. This allows one to choose the exact
area of interest for identification and analysis of physical and chemical properties
of the material under investigation. A simplified schematic for a µRS can be seen
in Figure 2.2.7. [30]
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Figure 2.2.7: Simplified schematic of the setup of a micro-Raman spectrometer.

2.2.2 Raman specter for certain molecules

As already mentioned will each molecule have a highly specific Raman spectrum.
For example, glass seems to give the strongest Raman signal at around 1100 cm−1

[31], while calcium phosphate gives the strongest signal somewhere between 960-
990 cm−1 [32, 33, 34].

As larger molecules can have complex structures, they can also have more
complex Raman spectra. Polymethyl methacrylate (PMMA) for example has
many different peaks at varying sizes, among them those at 600, 810-850, 900-
1000, 1130-1230, 1330-1390, 1450-1480, 1730 and 2700-3000 cm−1 [35, 36, 37, 38,
39]. A Raman spectrum for PMMA can be seen in Figure 2.2.8. It should be noted
that the Raman shifts of PMMA seem to change a little based on the material the
PMMA is supported by/layered on top of [39].

Certain normal modes of vibration actually have their Raman peaks known.
For water, symmetric stretching has a Raman peak at 3685 cm−1, asymmetric
stretching has its peak at 3506 cm−1, and bending has its peak at 1885 cm−1.
[18] For lipids, the stretch vibrations for the C=O of the fatty acidglycerol ester
linkage is observed around 1740 cm−1, while the stretch vibration for the CH in
the methylene and terminal methyl groups of the fatty acid chains can be observed
around the 2850-3025 cm−1 region. [40]

2.3 Confocal Raman Microscopy
Confocal Raman microscopy (CRM) is a microscopy technique that combines the
spatial filtering of a confocal optical microscope with the spectral information from
Raman spectroscopy for high-resolution chemical imaging of samples. The vibra-
tional modes of the sample provides extensive chemical, physical and structural
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Figure 2.2.8: The Raman spectra of PMMA bulk film (760 nm) on quartz
substrate. (CC BY 4.0; Polymer Vol. 11, Iss. 4 via mdpi.com [39])

information, while the confocal optics of the microscope works as a spatial filter
for the laser, giving high resolution in lateral and axial directions. A spatial filter
is a filter designed to remove random fluctuations from the intensity profile of a
laser beam. These fluctuations are created when the laser is scattered by optical
defects and particles in the air. [41, 42]

A schematic of an CRM can be seen in Figure 2.3.1. The microscope consists
of many different components. The first is the laser, used to illuminate the sample
and create Raman scattering. The Raman scattering intensity, spatial resolution
and background fluorescence are all affected by the laser’s wavelength. The next
component is the objective lens. It has the function of both focusing the laser on
the sample, and to collect the Raman scattering produced by the sample. The
numerical aperture (NA) of the objective lens together with the laser wavelength
determines the lateral spatial resolution. The theoretical lateral resolution that
can be achieved is given by the Rayleigh criterion:

Lateral Spatial Resolution =
0.61λ

NA
(2.14)

As previously mentioned, Rayleigh scattering is the most common type of scat-
tering that occurs when a molecule is excited to a virtual state. This type of
scattering gives no information and is therefore just noise that needs to be dis-
carded before detection. This is the function of the rejection filter. It can be one
of two types of filter: a long pass optical filter or a notch filter. A long-pass optical
filter absorb all wavelengths beneath a certain value, and transmit all wavelengths
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Figure 2.3.1: Optical Layout of a confocal Raman microscope.

above this value. A notch filter on the other hand have a sharp absorption peak at
one particular wavelength, which is chosen to coincide with the laser wavelength,
with all other wavelengths being transmitted. [41]

The spectrograph spatially separate the different wavelengths of the Raman
scattering using a combination of mirrors and one or more diffraction gratings, and
image them onto a detector. The spectral resolution of the Raman microscope,
or its ability to separate closely spaced Raman peaks, is determined by the focal
length of the spectrograph, the width of the entrance slit, and the groove density of
the different diffraction gratings.[41] The detector of the CRM is an array detector,
which is a detector that can make multiple measurements simultaneously [43].

The defining feature of a confocal microscope, the confocal pinhole, is used to
improve the spatial resolution, increase the contrast, and decrease the fluorescence
background of the Raman mapping. How it works is that it blocks out all out of
focus Raman scattering, that is to say all Raman scatter from above or below the
focal plane, from entering the spectrograph and being detected, as shown in Fig-
ure 2.3.2. Without the pinhole, there is no axial spatial filtering, and the Raman
scattering collected from the sample would therefore have no axial resolution. The
pinhole also blocks scatter created from outside the lasers focal point (the area
radiated by the laser) and background fluorescence, which enhances the contrast.
[41]
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Figure 2.3.2: How the confocal pinhole blocks out of focus Raman scatter.

2.4 Stimulated Raman Scattering Spectroscopy
The major disadvantage with spontaneous Raman scattering described above is a
low signal level, which is due to the low spontaneous Raman scattering efficiency
per molecule. In order to overcome this weakness, coherent Raman scattering
microscopy techniques, based on either stimulated Raman scattering (SRS) or
coherent anti-Stokes Raman scattering (CARS) has been developed. [44, 45]

SRS involves two incident lasers: a pump laser at frequency ωp and a Stokes
laser at frequency ωS. When the difference in frequency between the two lasers,
△ω = ωp − ωs, matches the particular vibrational frequency of a Raman-active
vibrational band, an amplification of the Raman signal is achieved by virtue of
stimulated emission. This leads to the Stokes beam experiencing a gain in intensity
(∆IS), while the pump beam experience a loss of intensity (△Ip), as shown in
Figure 2.4.1. It is this gain/loss across the spectral region of interest that is
measured with SRS. SRS does not exhibit a non-resonant background (described
in section 2.5), as neither stimulated Raman gain or loss can occur if △ω does not
match any vibrational resonance. [46, 47]
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Figure 2.4.1: Input and output spectra of SRS. SRS leads to an intensity increase
in the Stokes beam, and an intensity decrease in the pump beam.

2.5 Coherent Anti-Stokes Raman Scattering Spec-
troscopy

Less technical demanding than SRS, CARS spectroscopy also involves two incident
lasers, a pump and a Stokes laser, at different frequencies. Unlike SRS however,
the goal of CARS is to study the anti-Stokes scattering created from the inter-
actions between electromagnetic radiation and molecules. However, as already
mentioned, anti-stokes scattering has much lower intensity than Stokes scattering
under normal conditions, as most molecules finds themselves in their ground state
at room temperature (υ = 0). Because of this, the molecules first have to be
excited up to a higher vibrational energy state before anti-Stokes scattering can
be produced. How this process works is that light first is emitted from the pump
laser onto the molecules, in order to excite them up to a virtual state. Then, the
molecules are radiated by the Stokes laser, which stimulate them into releasing
photons with the same frequency as the Stokes beam. This will in turn increase
the number of molecules that finds themselves in the higher vibrational state that
was desired (e.g. υ = 1). For this to work, the Stokes beam needs to have a lower
frequency than the pump beam (see Equation 2.3 for the relationship between
energy and wavelength). The frequency difference between the two beams that
ensure that the molecule ends up in a higher vibrational state is found according
to equation
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vvib =
1

λpump

− 1

λstokes

(2.15)

where vvib is the Raman shift, which here will have the value of a sizeable Raman
shift created by the molecule (usually found by looking at the molecule’s Raman
spectrum). Furthermore, the molecules are then radiated by a probe beam, which
excite them up to a new vibrational state with higher energy than the first. From
here, the molecules will then naturally relax down to their ground state by emitting
photons. These photons will have a higher frequency/lower energy than all lasers
used during the CARS process (this is the reason the second virtual state needs to
have higher energy than the first). The pump and probe light are usually provided
by the same laser, such that

ωCARS = 2ωpump − ωstokes (2.16)

where ωCARS is the frequency of the photons making up the CARS-signal, λpump

is the wavelength of pump laser, and λstokes is the wavelength of the Stokes laser.
Using this, one can get the equation

λCARS =
1

2
λpump

− 1
λstokes

(2.17)

which tells the relationship between the wavelength of the anti-Stokes scatter-
ing released (λCARS), and the wavelength of the pump and Stokes lasers. See
Figure 2.5.1 for a step by step guide of this process. [46, 48, 49]

By detecting the anti-Stokes radiation emitting from the molecules, CARS can
be used for chemical characterisation of samples, as the radiation released is highly
specific to a specific molecule, as well as for imaging of samples (such as cells), by
processing the intensity of radiation captured from different areas of the sample.
The imaging can be done on a scale less than 1 µm. CARS spectroscopy have all
the advantages of Raman spectroscopy. As the signal strength is much higher in
CARS than in Raman spectroscopy, the time between scanning the sample and
receiving chemical information and/or an image is much faster, almost instanta-
neous. [48, 49, 50]

The CARS process is described as vibrationally resonant. Unfortunately, other
interactions, which are described as non-resonant, can occur, which gives rise to
what is called a non-resonant background signal. This signal is made when, at
the step where the molecule normally would go from a virtual state to a vibra-
tional state higher than the ground state (see Figure 2.5.1b), it instead ends up
at another virtual state, either through excitation or emission. See Figure 2.5.2
for a schematic of this process. If the CARS signal is weak, this non-resonant
background may overwhelm the resonant CARS signal, especially if the molecule
almost was excited up to another electronic energy level during the process, also
called being near two-photon resonance (see Figure 2.5.2a). A solution to this
problem does however exist. Because the non-resonant process ends up at a vir-
tual state after the second step, it is much shorter lived than the second stage of the
CARS process (picoseconds in difference). By increasing the time between when
the laser pulse from the probe laser hits the sample after the Stokes laser, also
called increasing the delay, one can therefore inhibit the creation of non-resonant
background signal. [51]
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(a) Step 1 (b) Step 2

(c) Step 3 (d) Step 4

Figure 2.5.1: The four steps of the CARS process. Step 1: Light from the
pump laser radiates the sample, creating many virtual states. Step 2: Light from
the Stokes laser radiates the sample, stimulating the molecules to release photons
with the same energy as the Stokes laser. The molecules now find themselves in a
vibrational state higher than the ground state. Step 3: A probe laser is used to
excite the molecules up to a new virtual state. The probe and pump beams are
usually the same. Step 4: The molecules naturally relax from this virtual state to
the ground state, releasing a photon with higher energy/shorter wavelength than
the pump beam.

CARS signal is generated in two different directions, either forward (Trans
signal) or backwards (Epi signal). Generally, the trans signal will be so strong that
one clearly can differentiate it from the often strong non-resonant background that
arises from the surrounding solvent. This signal is applicable to thin samples, and
is detected with transmitted light detectors. If on the other hand the trans signal
is overshadowed by the non-resonant background, the contrast can be enhanced by
instead detecting the epi signal, which reduces the noise of the image. A sample
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(a) Non-resonance near two photon resonance (b) Non-resonance far from two-photon reso-
nance

Figure 2.5.2: The two types of non-resonant background signal.

that is highly scattered can lead to a strong epi signal, as the forward propagating
CARS signal here can be backscattered. [48]

2.6 Alizarin Red S
Discovered in 1871, Alizarin Red S (ARS) (C14H7O7SNa) is a water-soluble version
of the naturally occurring reddish dye alizarin. [52] In histology, ARS staining is
typically used for assessing of calcium salts, like for example the calcium phosphate
found in Hydroxyapatite (HAp) made by osteoblastic cell cultures. How it works
is that calcium cations interact with the sulfonic acid group on ARS, forming a
salt (sometimes called a complex or lake pigment). One calcium cation can react
with two sulfonic acid groups at the same time, meaning it can bind to two ARS
molecules at the same time. The ARS-calcium salt will have a red colour (just
like ARS alone), resulting in a stain that can be observed visually. [53, 54]

The absorption spectrum for ARS shows that the chemical compound has its
absorbance peak at 271 nm. The molecule also has the ability to absorb other
wavelengths as well, though what these exact wavelengths are seem to depend on
the pH of the environment it finds itself in. From approximately pH 1-4 ARS is
able to absorb wavelengths at around 410-430 nm, while at pH-values of 5 and
above, it instead absorbs wavelengths at around 530-550 nm. [55, 56, 57]

An schematic of the molecular structure of ARS can be seen in Figure 2.6.1.
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Figure 2.6.1: The molecular structure of Alizarin Red S.

2.7 Bone Matrix
Bone is composed of cells lying in an extracellular, calcified matrix. This cal-
cified matrix, know as the bone matrix, consists of both inorganic and organic
constituents. The inorganic portion of bone mainly consists of calcium phosphate
minerals, while the organic portion consists of collagen fibers, proteoglycans, and
glycoproteins. Multiple cell types are also present. [9]

2.7.1 Organic Component

Constituting approximately 30% of the weight of bone, the organic component
(know as osteoid) primarily consists of collagen fibers (80-90%), which are almost
exclusively type I collagen. The collagen is formed in large bundles (50 to 70 nm
in diameter), with type I collagen being highly cross-linked. The most important
functions of collagen in the bone is to provide a surface/scaffold for inorganic
crystals to adhere, as well as to give the bones flexibility, so that they can bend
without being brittle. [9, 58, 59, 60]

Most of the non-collagenous organic materials in the bone matrix are proteins
produced by the bone cells. One group of these proteins are glycosaminoglycans
(GAGs), large negatively-charged polysaccharide compounds that links together to
form even larger molecules called proteoglycans [61]. These proteoglycans create
an amorphous gelatinous material, which is known as the ground substance. They
are among other things very good at absorbing water (water makes up around
10% of the weight of bone), making the ECM very good at resisting force. They
may also help regulate collagen fibril diameters, as well as play a role in the
mineralisation process. [9, 62, 59]

Several glycoproteins are also present in the bone matrix, which all appear
to bind to certain parts of the bone. These include osteocalcin, osteopontin and
bone sialoprotein. Osteocalcin binds to HAp, and is involved in binding calcium
during the mineralisation process. Osteopontin binds to HAp as well as to inte-
grins present on osteoblasts and osteoclasts, and plays a role in bone metabolism,
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biomineralisation, cell-mediated immunity and bone remodelling, as well as being
involved in biological activities such as proliferation, migration, and adhesion of
several bone-related cells [63, 64]. Bone sialoprotein has binding sites for matrix
components and integrins of osteoblasts and osteocysts, which suggests that they
somehow is involved in the adherence of these cells to the bone matrix. [9, 59, 60]

2.7.2 Inorganic Component

The inorganic portion of bone accounts for about 60% of its weight, and roughly
40% of its volume. It is primarily composed of calcium and phosphate in the form
of HAp crystals [Ca10(PO4)6(OH)2], though calcium phosphate in an amorphous
form also is present. It is these crystals that give bones their hardness and strength.
The crystals, which are 40 nm in length by 20 nm in width, with a thickness of
1.5-3 nm, are arranged along the type I collagen fibers in an ordered fashion,
being deposited in the gap regions and alongside the overlap regions of the fibers.
Amorphous ground substance surrounds the free surface of the crystals. Exchange
of ions with the extracellular fluid is made possible by a hydration shell around
the crystals, which is formed by H2O molecules attracted by ions on the surface
of the crystals. [9, 58, 59, 60]

HAp crystallises in a hexagonal lattice with the space group of P63/m. The
approximate cell parameters for this lattice has a = b = 9.418 Å, c = 6.884 Å,
α = β = 90° and γ = 120°. [65, 66]

While HAp crystals makes up the majority of the inorganic portion of bone,
there are actually many other components also present, in the form of impurities/-
substitutions in the HAp crystals. These include carbonate, citrate, magnesium,
potassium and sodium. Carbonate might be the most common, its weight propor-
tion in bone mineral typically amounting to about 4-8% (depends on age). It can
occupy either the PO4

3- (B-type substitution, most common) and/or OH- (A-type
substitution) lattice sites of a HAp crystal. These types of impurities/substitu-
tions seem to decrease the crystallinity of the bone mineral, which affects other
mineral properties such as solubility [67]. A fraction of the PO4

3- lattice sites may
also be occupied by HPO4

2-. Lastly, ion vacancies in the crystal lattice are also
present. [68, 9, 69]

2.8 Bone Cells
A small amount of the bone volume consists of cells, which are crucial to the func-
tion of bones. An illustration of the different cell-types can be seen in Figure 2.8.1.
[58]

2.8.1 Osteoprogenitor cells

Osteoprogenitor cells, also known as osteogenic cells, are undifferentiated cells
derived from embryonic mesenchymal cells. They have high mitotic activity, and
are the only bone cells that are capable of mitosis. They can be found (in their
immature form) in the deep layers of the periosteum and in the bone marrow.
They have the potential to differentiate into osteoblast, though they can also
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Figure 2.8.1: Four types of cells found and within bone tissue, and their function
within the tissue. (CC BY 4.0; Anatomy and Physiology 2e via OpenStax[58])

differentiate into chondrogenic cells (important in the formation of cartilage) under
conditions of low oxygen tension. [9, 58]

2.8.2 Osteoblasts

The osteoblasts are the cells responsible for the formation of new bone, and can be
found on the growing portion of its surface. Osteoblasts manufacture and release
the organic components that constitute the extracellular matrix of bone, which
include type I collagen, glycoproteins, proteoglycans and cell attachment proteins.
[9, 58, 59]

Osteoblasts also promote the mineralisation of the osteoid through both indi-
rect and direct mechanisms. The indirect mechanism involves the synthesis and
secretion of charged noncollagenous proteins associated with the collagen gap re-
gions, where they direct mineral precursors into the collagen fibril. The direct
mechanism happens through extracellular matrix vesicles budding of from the
outer cell membrane of the osteoblasts. Through attraction and uptake, these vesi-
cles will collect Ca2+ and PO4

3- into themselves, where HAp crystals are formed.
These crystals will later be released into the extravesicular fluid. [70, 71]

2.8.3 Bone Lining Cells

Ostoblasts that cover the surface of bone, and that cease to form matrix, revert
to a more quiescent flattened-shaped state, and are called bone lining cells. By
preventing the direct interaction between osteoclasts and bone matrix, they hinder
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bone resorption in the areas they cover. They can also be reactivated into secreting
osteoblasts with the proper stimulus. [9, 59, 72]

2.8.4 Osteocytes

Lying within the bone itself are the osteocytes, mature bone cells differentiated
from osteoblasts which became "trapped" when the bone matrix calcified around
them. Per mm3 there can be as many as 20 000 to 30 000 osteocytes. Each
osteocyte is located in a cavity within the bone called a lacunae, which have many
fine canals called canaliculi radiate out from it in all directions. Cytoplasmic
processes of the osteocyte are hosed within these canaliculi, letting the osteoblasts
communicate with each other. They also contain extracellular fluids, through
which nutrients and metabolites are delivered to the osteocytes. [9, 58, 59]

Osteocytes seems to have two main functions within the bone. The first is to
maintain the mineral concentration of the matrix via the secretion of enzymes. The
second is to function as the main mechanoreceptors of bone, that is to say the main
way the bone detects and respond to mechanical stress. They respond by releasing
factors such as insulin-like growth factors, cyclic adenosine monophosphate and
osteocalcin, which facilitates the recruitment of osteoprogenitor cells to assist in
the remodelling of the skeleton. [9, 58, 59]

2.8.5 Osteoclasts

Originating from the macrophage-monocyte cell lineage, osteoclasts are multinu-
cleated cells responsible for the resorption of bone. They are created when mono-
cytes and/or macrophages migrate from the bone marrow into a specific skeletal
site, where they fuse either with each other in order to form new osteoclasts,
or with already existing osteoclasts. The cells are found on the surface of the
bone, occupying shallow depressions formed by bone resorption called Howship’s
lacunae. [9]

The formation and function of osteoclasts are dependent on local signals from
other cells, like osteoblasts, and growth factors in the bone matrix. Bone resorp-
tion can first happen after osteoblasts not only has activated osteoclasts, but also
have absorbed the osteoid that separates them from the HAp surface, and then
migrated away from that surface. The newly freed bone surface can then be occu-
pied by the activated osteoclasts. The cells will then secrete several organic acids,
thus reducing the pH of the microenviroment. This then leads to the dissolve-
ment of the inorganic component, with the released minerals being taken up by
the osteoclasts, and delivered to nearby capillaries. The osteoclasts also secrete
lysosomal proteolytic enzymes and cysteine proteinases in order to degrade the
organic component of the now decalcified bone matrix. The degrade organic com-
ponent will then be further broken down into amino acids, monosaccharides and
disaccharides by the osteoclasts through endocytose, and then released into the
nearby capillaries. [9, 58, 59]

The balance between osteoblasts and osteoclasts is responsible for the con-
stant reshaping of bone, as osteoclasts continuously break down old bone while
osteoblasts continuously form new bone. [58]
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2.9 Compact and Spongy Bone
Bone can be divided into two different types of structures: compact bone, a very
dense bone with the function of withstanding compressive forces; and spongy bone
(also called cancellous bone), which is filled with open spaces, with the function of
supporting shifts in weight distribution. Most bones contains both compact and
spongy tissue, but their distribution and concentration vary based on the bone’s
overall function. [9, 58]

2.9.1 Compact Bone

Compact bone is composed of thin layers of calcified matrix, called lamellae, ar-
ranged in layers. The bulk of compact bone is composed of a microscopic structural
unit called an osteon, or Haversian canal system. Each osteon is composed of con-
centric rings of lamellae, aranged around a vascular space known as the Haversian
canal. Running through these canals are blood vessels, nerves, and lymphatic
vessels. Haversian canals are connected to each other by Volkmann canals, vascu-
lar spaces that are oriented perpendicular to or oblique to Haversian canals. The
outer layer of dense bone is called the outer circumferential layer, and is connected
to the periosteum (two layer membrane consisting of a dense fibrous connective
tissue layer and a cellular layer containing osteprogenitor cells). An inner circum-
ferential lamellae also exists, completely encircling the marrow cavity. Within a
lamellae, collagen fiber bundles are parallel to each other, though they are oriented
almost perpendicular to those of adjacent lamellae. The lacunae containing the
osteocytes are found at the borders of adjacent lamellae. [9, 58] Figure 2.9.1 shows
a cross-sectional view of compact bone, along with its structures.

Figure 2.9.1: A cross-sectional view of compact bone and its structures. (CC
BY 4.0; Anatomy and Physiology 2e via OpenStax[58])

25



CHAPTER 2. BACKGROUND AND THEORY

2.9.2 Spongy Bone

Unlike the compact bone, spongy bone contains no Haversian system. Instead,
the lamellae of spongy bone are arranged in a lattice-like network of matrix spikes
called trabeculae. They are lined with a thin specialised connective tissue com-
posed of a monolayer of osteoprogenitor cells and osteoblasts, called endosteum.
While it might seem like the trabeculae are arranged in an irregular fashion, in
reality each trabecula forms along lines of stress in order to provide strength to the
bone. The lamellae of spongy bone also contains lacunae housing osteocytes, which
gains nourishment through diffusion from the marrow cavity surrounding the tra-
beculae. These cavities are filled with red bone marrow, which contains blood
stem cells (can differentiate into red blood cells, white blood cells, or platelets),
and where the formation of blood cells (hematopoiesis) occurs. [9, 58] There also
exists yellow bone marrow in the bone (though located in the medullary cavity
rather than in the spongy bone), which is composed mostly of fat. It also contains
stem cells that can become cartilage, fat, or bone cells. [9, 73] See Figure 2.9.2 for
a schematic of spongy bone.

Figure 2.9.2: Spongy bone and its structures, the trabeculae. (CC BY 4.0;
Anatomy and Physiology 2e via OpenStax[58])

2.10 Raman Signal for Bone
The phosphate group associated with the mineral component of bone has four
vibrational modes. The ν1 PO4

3- stretching mode gives the strongest Raman
signal (highest peak) for bone, and is therefore the strongest marker for the tissues
mineral component. This peak can usually be found around 960-970 cm−1, though
certain tests has shown that it can sometimes also appear at upwards of
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990 cm−1 [32, 33, 34]. The other vibrational modes for phosphate are the ν2 and
ν4 bending modes at around 430-450 and 587-604 cm−1, and the ν3 asymmetric
stretching mode at 1035-1048 and 1070-1075 cm−1. [74, 75] Different parts of
the organic component (collagen and non-collagen moieties) of bone also gives
a Raman peak. These are amide III in the region 1200-1340 cm−1, amide I in
the region 1600-1700 cm−1, CH bending at 1400-1470 cm−1, and CH stretching
at 2800-3100 cm−1. Some important amino acids in collagen that might give of
a Raman signal is proline at around 850 and 920 cm−1, and hydroxyproline at
around 870-880 cm−1. [76, 77, 78] For the carbonate group (CO3

2-), the internal
modes are detected at 1073 cm−1 (ν1 mode of B-type carbonate) and at 1103 cm−1

(mode of A-type carbonate). [74, 75, 79, 80] A typical Raman spectrum for bone
tissue can be seen in Figure 2.10.1

One should of course also remember that the nerves, veins and blood vessels
found in the bone tissue give their own Raman spectra when studied. Peaks relat-
ing to CH bending (1400-1470 cm−1), amid I (1600-1700 cm−1) and CH stretching
(2800-3100 cm−1) also appear in these spectra. Many other peaks also appear,
including peaks related to cellular components such as phenylalanine (1000 cm−1),
CH2 bending mode (1450 cm−1). [81]

Figure 2.10.1: A typical Raman spectrum of bone tissue showing the major
bands and the corresponding compounds. The background signal has been re-
moved. The bands for A-type carbonate and ν3 PO4

3- are not shown, as these are
usually hidden by the band from ν1 mode of B-type carbonate. Used with permis-
sion of SPIE, from Identifying compositional and structural changes in spongy and
subchondral bone from the hip joints of patients with osteoarthritis using Raman
spectroscopy, Tomasz Buchwald et al., Journal of Biomedical Optics Vol. 17, Issue
1, 2012; permission conveyed through Copyright Clearance Center, Inc.
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2.11 Teeth
While not considered bones, teeth are considered as part of the skeletal system.
While some morphological features, such as the number of roots, differs between
various teeth, the general structure remains the same. A collagenous connective
tissue, know as the peridontal ligament (PDL), suspends each tooth in a bony
socket, know as the alveolus. The region of the bone within the alveolus is know
as the root, while the one outside of it (visible in the oral cavity) is know as the
crown. The portion between these two sections is known as the cervix. A tooth can
be divided into two parts, a mineralised component consisting of three different
calcified substances, which in turn encapsulates a soft, highly vascularized and
innervated gelatinous connective tissue known as the pulp. [9]

Its the mineralised component that has the structure closest to bone, consisting
primarily of HAp and collagen. Unlike bone however, teeth consists of multiple
different mineralised substances. These are enamel, dentin, and cementum. Dentin
surrounds the pulp, and composes the bulk of a tooth’s mineralised substance. It
is covered by enamel on the crown, and by cementum on the root. [9]

Enamel is the hardest substance in the body, and consists of 96% HAp, and
4% organic material and water. The HAp crystals are large, and each is coated
in a thin layer of organic matrix. This matrix consists of glycoproteins, as well
as proteins such as enamelins, amelogenins and ameloblastins. The body cannot
repair enamel, as the cells that create the tissue, the ameloblasts, die after the
maturation of the tooth, which happens before the tooth erupts into the oral
cavity. [9, 82]

The second hardest substance in the body is dentin. It is composed of 65-
70% HAp, 20-25% organic material, and around 10% bound water. The organic
substance is almost exclusively composed of type I collagen, with the remainder
consisting of proteoglycans and glycoproteins. Another similarity dentin have with
bones is that the cells that produces it, odontoblasts, remain functional after the
tooth has been made. This gives dentin the ability to self-repair. Odontoblasts
can be found at the periphery of the pulp, with cytoplasmic processes extending
into the dentin through tunnel-like spaces. [9, 82]

The last mineralised substance in teeth is cementum, which is composed of 45-
50% HAp and 50-55% organic material. The organic material primarily consists
of collagen of type I, III and XIII, as well as their associated proteoglycans and
glycoproteins. One part of cementum, known as cellular cementum, is similar to
bone in that the tissue houses cells, cementocytes, withing lacuane, with processes
from these cells extending towards the vascular PDL through canaliculi. The
part of cementum without these cells are called acellular cementum. Both types
of cementum are covered in cementoblasts (at the interface with the connective
tissue), cells that produces cementum throughout the life of the tooth. Cementum
can also be resorbed by odontoclasts, osteoclasts-like cells. Along with alveolar
bone and periodontal ligament, cementum forms the attachment apparatus of the
tooth. [9, 82]
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2.12 CARS setup
As the CARS microscope used during the duration of this masters wasn’t a com-
mercial microscope, but instead a homemade setup, this setup will be described
below. See Figure 2.12.1 for a simplified schematic. The microscope consisted of
many different components. It had two lasers, a pump laser a Stokes laser. An
electro-optic modulator (not shown in the schematic) had the function of con-
trolling the power, phase, and polarization of the lasers. Both lasers were also
connected to a cooling system (not depicted in the schematic) which kept them
at a certain degree so they did not overheat.

The different scanning mirrors had the function of aligning the two lasers on
the sample, as well as to control any delay between them. These were controlled
by a beam diameter galvo system.

The CARS system had two detectors, one below the sample, which detected
the signal in the trans direction, and one above the sample, which detected the
signal in the epi direction. Both CARS detectors were connected to each their
PMT controller and power supply, which had the function of amplifying the signal
detected from their respective detector, and then send it on to a computer where
the signal could be processed.

The main dichroic cubes and CARS filter cubes above and below the sample
were used to filter out all unwanted background signal from hitting the two de-
tectors. The dichroic cubes reflected all signal underneath a certain wavelength
towards the detectors, while the filter cubes would function as absorption filters,
only letting a narrow band of wavelengths through to the detectors.

Figure 2.12.1: Setup for the CARS microscope.
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3.1 Sample Preperation
Some results obtained during the author’s specialisation project (TFY4520) were
used in this thesis. These were collected from a sample consisting of 10 mg Dical-
cium Phosphate Dihydrate (DCPD) in 1 ml NaCl-solution made by constructing
a simple flow cell, see Figure 3.1.1. 5 µl of the sample was placed on a micro-
scope slide, and a coverslip was then mounted on-top of the sample, held in place
by double-sided tape. A 1M CaCl2-solution, made by mixing 29.4 g CaCl (CAS
10035-04-8) in 200 mL deionized water, was then added underneath the coverslip.
The edges of the coverslip was then sealed using nail polish.

The bone samples studied were prepared by Catherine A. Heyward and Hanna
Tiainen from the University of Oslo’s Faculty of Dentistry. Some of these sam-
ples included two separate dog jaw sections, one rabbit leg section, two different
bone marrow biopsies, and one bone nodule, all embedded in methyl methacrylate
(MMA). After extraction, the samples were first dehydrated in an ascending se-
ries of alcohol and xylene baths, before being embedded in MMA and polymerised
at -20°C. Polymerising means the process in which monomer molecules react to-
gether to form a polymer, here with the MMA molecules coming together to form
Polymethyl Methacrylate (PMMA). The samples were then sectioned into thin-
ner sections using a motorised rotary microtome. [83] The exact thickness varied
between the samples, and weren’t always known. It should also be noted that all
traces of fat and fat cells in the samples should have been removed during this
process (according to those who prepared the samples).

Catherine A. Heyward and Hanna Tiainen from the University of Oslo’s Fac-
ulty of Dentistry also prepared a decalcified rat jaw section. Decalcification means
that calcified minerals were removed from the sample, here HAp. After euthanasia
of the specimen the sample originally belonged to, the upper jaw (maxilla) was
dissected and immediately placed in fresh formaldehyde for 48 hours. After fixa-
tion, the samples taken from the tissue were washed in water and immersed in 10
% EDTA at pH 7.4 (the decalcification process). After decalcification, the sam-
ples were further sectioned to separate the right and left side of the maxilla, and
the specimens were then serially dehydrated in ethanol and embedded in paraffin.
Tissue sections of 5-µm thickness were prepared as cross-sections cut parallel to
the long axis of the first molar. [84]
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Figure 3.1.1: Illustration of a simple flow cell.

Two other samples which were studied, prepared by Marie Eline Ullevålseter
from NTNU’s Faculty of Natural Sciences, consisted of a layer of MC3T3-E1 pre-
osteoblasts which had been cultured for either 21 and 31 days. The sample which
had been cultured for 21 days was stained using ARS, while the one cultured for 31
days was not. The cells were cultured in TC75 flasks (Thermo Fisher Scientific)
with Minimum Essential Medium Alpha Medium (Gibco 22571 for the stained
sample, Gibco A10490-01 for the non-stained sample) and fetal bovine serum
(Thermo Fisher Scientific). 50 mL of fetal bovine serum was added to 500 mL of
media. The cells were cultured at 37°C with 5 % CO2 and at least 95 % humidity.
The differentiation media was supplemented with 2 mM β-glycerol-2-phosphate
(Sigma-Aldrich) and 50 µg/mL L-ascorbic acid-2-phosphate (Sigma-Aldrich). The
cell cultures were seeded on round cover glasses with 20 mm diameter in well
plates. The cover glasses and tweezers were sterilised with 70 % ethanol. 35000
cells were seeded in each well. The media was exchanged every second to third
day. The sample that was to be stained, was transferred to a 35 mm Petri dishes
with its media before staining. After the glass slip was moved the media was as-
pirated, and the cells were then washed with phosphate buffered saline. 1 ml 4 %
paraformaldehyde (Sigma-Aldrich) was then used to fix the cells for 15 minutes.
The sample was washed twice with water before adding 1 ml of an ARS solution.
The sample was left in the solution for 20 minutes before removing the excess, and
was then washed by gently lowering the bottom of the Petri dishe in a water bath
and gently rinsing until no more stains were coming from the sample. The sample
was stored in water at 4 °C . The ARS solution was made by dissolving 0.50 g
ARS powder (Sigma-Aldrich) in 25 ml of water to make a 2%(w/v) solution. It
was mixed for 10 min on a rolling board. The pH was then measured to be 5.0
with a pH-meter. The solution was then filtered through Acrodisc syringe filters
with a 0.2 µm membrane (Pall).
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3.2 Starting the system
When starting the CARS microscope, there was a certain order things had to be
done:

1. The pump and Stokes beams/lasers were both turned on from standby mode,
and allowed to warm up for 15 min. The cooling system for the lasers also
had to be checked, in order to make sure that both lasers kept a temperature
of 30°C.

2. The power strip that powered all of the following parts was turned on.

3. The electronic unit from NI was turned on, along with the computer.

4. The small beam diameter galvo system was turned on, which in turn turned
on the scanning mirrors.

5. The electro-optic modulator was turned on.

6. The PMT power supplies (Hamamatsu C10709) for both the epi and trans
laser was turned on, though first one had to make sure that the voltage
control buttons were off.

7. The shutter power supply (control unit KSC101, ThorLabs) was turned on.
If set to manual mode, its wheel was set to its upper position while scanning.

8. The control unit (KDC101, ThorLabs) for the sub-stage condenser motor
was turned on.

9. If not already on (from turning on power strip), the control for the z-motor
was turned on.

3.3 Bright field
The bright field microscope had two primary functions; to give and overview of
the sample that was going to be analysed, and to focus and centre the aperture in
the sample plane. First, the main dichroic mirror cube for the epi signal had to be
removed, and the camera cube had to be inserted (see Figure 3.4.2) The sample
that was going to be analysed was place in the sample holder, and a water droplet
was added to the cover glass. The objective of the microscope was then lowered
into to water droplet. The sample was then focused on with the camera, using
a green LED light and ThorCam. Exposure time, light intensity and contrast
was then adjusted as necessary. Then, the Kohler was adjusted by closing the
field aperture until the edge of the light was clearly visible, for then to centre
the aperture in the middle of the image using the micrometer screws shown in
Figure 3.4.4. If the edges of light were blurry/not visible when closing the field
aperture, the sub-stage condeser motor was used in order to focus the aperture in
z-direction. The lens used to focus on the sample had an magnification of 25X.
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3.4 CARS microscope
After the aperture had been centred and focused using the bright field microscope,
the green LED light was turned off, and the camera cube for the bright field mi-
croscope was removed. The appropriate dichroic mirror cubes and filter cubes was
then placed in both Trans and Epi locations (see Figure 3.4.3 and Figure 3.4.2 for
setup). The light was then turned of, and the lasers were calibrated using Scan-
Image. The pump signal was then set to its appropriate wavelength. ScanImage
was then used to capture the CARS-image received when the lasers were focused
on the sample. Unidirectional scan was used at all image acquisitions.

In order to detect CARS signal from calcium phosphate in HAp, literature
values, as well as values found by scanning calcium phosphate crystals using the
CARS during the author’s specialisation project (TFY4520), set the strongest
Raman shift at around 988 cm−1. Using Equation 2.15, the value for λpump was
then found to be at 935.7 nm. λCARS was then calculated using Equation 2.15 to
be 856.5 nm. The main dichroic cubes were therefore set to reflect all wavelengths
beneath 875 nm, and the reflected light was then filtered using 857±15 nm filters.
There was however not enough filter cubes (with the correct filters) available to
have both a trans and epi filter at 857 nm. A 857 nm filter was therefore placed
on the left side of the main dichroic epi cube so that it in theory should be able to
work as both a dichroic cube and a filter cube. This however meant that the epi
detector had to change place to the left side of the dichroic epi cube when scanning
a calcium phosphate sample. However, late into the master it was discovered that
the filters in the dichroic epi cube had been mounted incorrectly, reflecting most
epi signal that would have reached the cube in the wrong direction, away from the
detector.

Using the work done in author’s specialisation project (TFY4520), the optimal
delay between Stokes and Probe laser pulses for calcium phosphate crystals was
found to be around 2500 fs. This value was therefore first used when imaging
the bone samples. Later, the optimal delay for scanning HAp in bone was found
during testing.

For CH-bindings, literature values set the Raman shift for CH stretching at
somewhere between 2800-3000 cm−1. λpump was therefor set to different values
between 787.4-800.0 nm. The optimal value was found during testing, which
was then used for imaging of the samples using CARs signal coming from CH
stretching. The main dichroic cubes were therefore set to reflect all wavelengths
beneath 695 nm, and the reflected light was then filtered using 643± 15 nm filters
(see Equation 2.17 for how to find λCARS). Here, enough filter cubes with the
correct filters were available, so the setup for capturing signal in both trans and
epi direction was the same (one dichroic cube and one filter cube), with the epi
detector placed on the right side.

The datasets collected using CARS consisted of numbers representing the sig-
nal strength at each pixel of the area scanned. These values are then converted
into an image using a colourmap. Here, greyscale was used when imaging the
datasets, meaning black in the CARS images represents the lack of signal, while
different shades of grey/white represents signal at different strengths. The brighter
the grey, the stronger the signal.

Multiple spectra showing the intensity of CARS signal acquired at different
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wavelengths for the pump laser were made. This was done by scanning the sample
while the pump laser was set to many different wavelengths within the limit values
of the filter. The intensity of each signal were then analysed, both for the whole
image acquired, as well as for smaller areas. This was only done for the trans
signal, as non of the samples scanned gave much of an epi signal. This type of
spectra were also acquired at different values of delay between when the Stokes
and Probe laser pulses hit the sample. λpump was here constant. The value for
the signal strength was acquired by adding together all numerical values in the
CARS dataset. Both types of spectra were made when studying both HAp and
CH-bonds.

At certain points, spectra which studied the signal strength for HAp when
λpump was below 927 nm (vvib below 1088 cm−1) were made. For this, a filter
cube with a 832± 18 nm filter was used alongside the 857± 15 nm filter in trans
direction. This made it possible to use λpump down to 909.8 nm, and therefore
study wavenumber signals up to 1292.1 cm−1.

Background signal was collected by finding an area where no HAp was present
in one of the samples, for then to collect multiple datasets at different values
of λpump. Here, this was done in an interval of 909.0-944.8 nm. A background
signal spectrum was then made. By subtracting this spectrum from a spectrum
made within the same interval from one of the bone samples, a new spectrum
which in theory should be showing the CARS signal from the sample without any
background signal was acquired. The area in which both signals were collected
were of the same size.

At one point during the master’s, the lasers were re-aligned (if the two beams
didn’t hit the sample with perfect overlap, then the CARS signal would become
weaker). As this could have led to changes in the CARS signal received, it will be
noted when results has been gained after this re-calibration.

The CARS signal coming from HAp and CH-bonds from the same areas were
at certain points compared by overlaying the signals coming from both sources on-
top of each other, using different colourmaps for each signal type (blue for HAp,
red for CH-bonds. In order to normalise the brightness/contrast of the colours
for both signals, the background signal from areas where barely any signal was
detected was removed, and any signal coming from pixels with abnormally large
signal values (usually caused by saturation of the detector), were changed to a
more reasonable value. This was all done using python (see Figure 3.4.1 for code).

3.4.1 Setup

The CARS microscope used during the duration of this masters was not a com-
mercial microscope, but was instead a homemade setup. It had two lasers, one
designated OPO (pump laser) and one designated IR (Stokes laser). Both lasers
were made by APE. An electro-optic modulator had the function of controlling
the power, phase, and polarization of the lasers. Both lasers were connected to a
panel PC separate from the rest of the CARS system, which used the picoEmer-
ald (ver. 4.10.0.65) software from APE to control the individual power output (in
mW) of the lasers, the wavelength of the pump laser, any delay between the lasers’
pulses, and if the laser shutter was open or closed. The Stokes laser always had
a wavelength of 1031 nm. Both lasers were connected to a cooling system which
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Figure 3.4.1: An example of python code which can be used to remove back-
ground signal, as well as change abnormally large signal in a dataset acquired
using a CARS microscope.

kept them at 30°C.
An electronic unit from NI was used to powered the computer that control the

CARS system and the brightfield camera. The computer used the ScanImage-
software for controlling the CARS, and ThorCam-software for controlling the
brightfield camera.

The different scanning mirrors used to aligning the two lasers on the sample,
as well as to control any delay between them, were all connected to a small beam
diameter galvo system from ThorLabs, which controlled them all.

The setup for filters, detectors, objective and other microscope related compo-
nents is a little more complicated. See Figure 3.4.2, 3.4.3 and 3.4.4 for images of
this setup. All of Figure 3.4.3 and 3.4.4 are set up below the sample. The CAM
unit is the brightfield camera, the Epi PMT is the signal detector for the CARS
epi-signal, and the Trans PMT is the signal detector for the CARS trans-signal.
The CAM cube was used to reflect light into the brightfield camera. The light
used for the brightfield came from the LED in Figure 3.4.3. The main dichroic
cubes and CARS filter cubes were used to filter out all unwanted background sig-
nal from hitting the two detectors. Both CARS detectors were connected to each
their preamplifier (pre-amp in images), which in turn passed the signal from the
detectors to a PMT power supply (Hamamatsu C10709, one for trans and one for
epi). In Figure 3.4.4, the condenser screws and control unit (KDC101, ThorLabs)
for the substage condenser motor are shown.
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Figure 3.4.2: Setup for the brightfield camera, brightfield camera cube, pream-
plifier for epi PMT, epi main dichroic mirror cube and filter cube, and epi detector
(EPI PMT).

Figure 3.4.3: Setup for the LED light, field aperture, z-motor for condenser,
trans main dichroic mirror cube and filter cube, and trans detector (EPI PMT).
This is all placed underneath the sample.
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Figure 3.4.4: Setup for preamplifer for trans PMT, the screws used to control
the direction of light beam from condenser (x- and y-direction), and the z-motor
control box used to control the z-position of the condenser. This is all placed
underneath the sample.

A shutter power supply (control unit KSC101, ThorLabs) was also connected
to the system. When its wheel was in the upper position, a shutter stopping the
lasers from hitting the sample would be open.

There was a control unit for the sample stage that controlled its the position
of the sample in z-direction. The control for x- and y-position did not function.

3.4.2 Settings

The CARS microscope had many different settings that could be changed. Below
is a list of some of these setting:

1. The individual output power of the pump and Stokes laser in mW. Set to
350 mW for both lasers.

2. The time the focused laser beams rested on a single pixel and illuminated
it, known as pixel dwell time. Set to 3200 ns.

3. Zoom, which increased the magnification of the area scanned. Normally set
to 1.

4. The fill fraction, another type of zoom function, which increased or decreased
the magnification to a much smaller degree than the zoom function. Set to
0.400.

5. The number of pixels per line scanned. Set to 512 pixels/line.

38



CHAPTER 3. MATERIAL AND METHODS

6. The overall power of the lasers that the sample was illuminated with, in %.
Set to around 60 %.

7. The delay between when the second and third laser pulse from the lasers hits
the sample. At 0 delay, they hit at the same time, at delay > 0 the pulse
from the Stokes laser hits first, and at delay < 0, the second pulse from the
pump laser hits first. Delay times between 0 and 10000 fs were tested. The
optimal value was found during testing.

8. Number of accumulations used for the averaging of an area scan. Set to 32
accumulations.

9. The use of either bidirectional or unidirectional scan (explained in subsec-
tion 3.4.3).

3.4.3 Bidirectional and Unidirectional Scan

Bidirectional scan and unidirectional scan are two different way for image acquisi-
tion for CARS and other laser microscopes. The difference between them is based
of how they scan each "line" of a sample. Unidirectional scan starts the scan of
each line on the same side (the left side for the CARS microscope used here). This
means that the laser has to "jump" back to the other side of the scan area each
time it is going to start a new line. While this means that the distance the laser
travels, and thus the acquisition time, is longer, this helps preserve spatial infor-
mation during imaging. Bidirectional scan on the other hand has the beginning
of a new line be at the same side as the last line ended. While this increase the
scanning speed, it also deteriorates the spatial information. Because of this, uni-
directional scan was the preferred method of scanning used. Both scan methods
are depicted in Figure 3.4.5. [85]

3.5 Micro-Raman
Using the principles of micro-Raman, a Raman microscope was used to find the
Raman spectra for the different bone and tooth samples. Witec AS was the
manufacturer of the Raman microscope used (model Witec Alpha 300r). A 532
nm laser (100mW) with a 600 grooves/mm grating was used to analyse the samples.
The Witec Control Five 5.2 software was used to control the RS and analyse the
results gained from it. Using this software, the number of accumulations that
would be used when creating the Raman spectrum was set to 6, the integration
time was set to 10 seconds per accumulation, and the laser power was set to 10
mW. The interval of wavenumbers that were tested was between 0-3800 cm−1.
For a normal scan, the sample was first put under a brightfield microscope at
either 10X or 50X magnification. If possible, the brightfield was used to focus
on the sample. If this wasn’t possible, due to for example the sample’s surface
structures not being visible in the brightfield at such a high magnification, the
focus was instead found by letting the Raman microscope continuously scan the
sample while changing the focus, in order to find the height that gave the best
signal in the form of a Raman spectrum. A larger area map was then made by
combining multiple pictures taken at the chosen magnification. One could then
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Figure 3.4.5: Unidirectional and bidirectional scanning.

chose the points one wanted to scan on the sample by picking them from the area
map.
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4.1 DCPD
As part of the author’s specialisation project (TFY4520), a Dicalcium Phosphate
Dihydrate (DCPD) sample was imaged using the CARS microscope. The sample
was scanned at different values of delay between 0 and 5000 fs, as well as at different
λpump values between 933.5-943 nm, in order to find which delay and wavenumber
gave the strongest signal (by transforming the wavelength values found here to
wavenumber using Equation 2.15 the corresponding wavenumbers were found).
Delay here means the time between when the second laser pulse from the pulse
laser (also known as the probe pulse) hits the sample after the Stokes laser. The
delay becomes important when the CARS signal generated by the sample is weak
enough that a so called non-resonant background signal can become stronger than
it (see section 2.5 for an explanation into how this background signal is created).
As explained in section 2.5, one can decrease the amount of non-resonant signal
generated by the sample by increasing the delay. However, increasing the delay to
much may also decrease the amount of CARS signal generated. Therefore, it was
important to find the delay that gave the strongest CARS signal. An image of a
sample containing the DCPD crystal is shown in Figure 4.1.1. It was found that
calcium phosphate crystals gave the strongest CARS-signal at 2500 fs delay, and
that they gave the strongest CARS signal at around 988 cm−1 (λpump = 935.7 nm).
This signal corresponds to the ν1 vibrational stretching mode for PO4

3- normally
detected with Raman spectroscopy [32, 33, 34]. It should be noted that the range
of vibrations explored was narrow (between 905.1-1013 cm−1), being close to the
vibrational peak for calcium phosphate found in literature. As a CARS signal
was acquired from the DCPD crystals, and it was strong enough to give detailed
imaging of the crystals, the work of the master thesis focuses on testing different
bone, teeth and bone cell samples with the CARS microscope.

4.2 Samples
As the CARS technique had proven itself to work for imaging of calcium phosphate,
one would like to see if the technique worked for bone and bone related samples,
as well as to figure out what kind of information one could gain using CARS.
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Figure 4.1.1: An image of a calcium phosphate crystal made using CARS. Taken
during the author’s specialisation project (TFY4520). The image was captured at
988 cm−1. λpump = 935.7 nm, λStokes = 1031 nm, delay = 2500 fs.

Because of this, many different samples were studied using the technique. The
different samples were:

1. Two dog jaw sections embedded in Methyl Methacrylate (MMA). One was a
7 µm section cut by microtome. The other one of unknown thickness (though
much thicker than 7 µm) with surrounding soft tissue. The thicker sample
was embedded in a much thicker layer of MMA than the 7 µm section.

2. A 5 µm decalcified upper rat jaw bone section with surrounding tissue, em-
bedded in paraffin.

3. A rabbit leg bone sample embedded in MMA. The exact thickness was not
known, though it was around the same thickness as the thicker dog jaw
section.

4. Two bone marrow biopsies of differing thickness, embedded in MMA. One
had a thickness of 10 µm, while the other’s thickness was somewhere between
7-20 µm.

5. One bone nodule (level 1 arthritis), embedded in MMA.

6. Two samples consisting of MC3T3-E1 preosteoblasts which had been cul-
tured for either 21 or 31 days, so that the cells had created HAp mineralized
extracellular matrix. One of the samples was stained using ARS (cultured
for 21 days), while the other wasn’t (cultured for 31 days).

7. Multiple human tooth sections. Eye measurements put them at a thickness
around 0.5 mm. They were not embedded in anything.
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4.3 Micro-Raman
Before testing the different bone and tooth samples with the CARS microscope,
Raman spectra were collected for all samples using a Witec Alpha 300r Raman
microscope. As explained in the theory section, a Raman microscope can be
used for the identification and analysis of physical and chemical properties of a
sample by the acquisition of a spatially resolved Raman spectra. This was done
in order to confirm the wavenumbers which gave Raman active vibration from the
samples, and to compare these results with the results from CARS microscopy.
With the brightfield, the samples were focused on using first 10X and then 50x
magnification. Where possible, the brightfield camera was used to focus on the
samples. If this wasn’t possible, the focus was instead found by letting the Raman
microscope continuously scan the sample while changing the focus, in order to
find the height that gave the best signal in the form of a Raman spectrum. Which
method that was used depended on the sample. The spectra were made for the
wavenumber interval between 200-3200 cm−1.

Each of the Raman spectra collected was taken from the average over a selected
region of around 1-102 µm2. While multiple spectra were made for each sample
from different regions, they all showed very similar results for each sample. Because
of this, only one spectra collected from each sample is shown unless otherwise
specified.

The Raman spectra made from the dog jaw 7 µm section can be seen in Fig-
ure 4.3.1. While some of the spectra had a little more background signal than
the others, all of them had the same peaks. Most of these peaks fit well with
the literary values for the Raman active vibrations found in bone tissue. These
were the peak at 600cm−1 (ν4 mode, PO4

3-), the peak around 967 cm−1 (ν1 mode,
PO4

3-), the many smaller peaks between 1200-1300 cm−1 (amid III), and the peak
at 1450 cm−1 (CH bending). Some of the other peaks didn’t fit quite a well, but
might still have corresponded to known Raman peaks in bone. The peak at 1120
cm−1 might correspond to either A-type carbonate or ν3 mode for PO4

3-, while
the peak at 1730 cm−1 might correspond to amid I. The one peak that did not
fit the know Raman spectrum for bone was the one found at 810 cm−1. While
this might have correspond to proline and/or hydroxyproline, the signal strength
was much higher than expected. A reason for this might be the embedding MMA,
as MMA has a Raman peak at around 850 cm−1. One can also see a peak at
around 3000 cm−1 (much larger than any of the other peaks, see Figure 4.3.1b),
which may have come from CH stretching. Why the ratio between the peaks is
so different than that seen in Figure 2.10.1 was unknown, but may have been
due to Raman signal created by background signal from the embedding MMA, as
MMA has its strongest Raman active vibrations around this wavenumber. This
background signal will be discussed in a bit.

The Raman spectrum for the thicker dog jaw section can be seen in Figure 4.3.2.
The peaks found here are at 600 cm−1 (ν4 mode, PO4

3-), 820 cm−1 (might corre-
spond to proline or hydroxyproline), 960-970 cm−1 (ν1 mode, PO4

3-), 1455 cm−1

(CH bending), 1727 cm−1 (amid I), and 2950 cm−1 (CH stretching). If the 820
cm−1 were from proline or hydroxyproline, the signal strength was much higher
than expected. There was also more background signal coming from the sam-
ple. This can be seen by how the strength of the base line (the intervals between
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(a)

(b)

Figure 4.3.1: Raman spectrum of a 7 µm dog jaw bone sections cut by micro-
tome, and embedded in MMA. The scale for Raman intensity is based on the
second highest peak in (a), and the highest peak in (b). Captured using a Raman
microscope (Witec Alpha 300r) from a single point of trabecular bone, 532 nm
laser, 600 grooves/mm grating, 10 mW laser power, 6 accumulations, 10 s acqui-
sition time.
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the peaks) of the Raman signal seems to be increasing as the wavenumber in-
creases, even though the signal strength in these intervals in theory should have
very similar values. This background signal may come from two different sources,
fluorescence and/or non-resonant background signal. The reason the thicker dog
jaw section creates more of these two types of background signal may have to do
either with the thickness of the sample, and/or the thickness of the embedding
layer of MMA.

In order to see if the MMA contributed any significant Raman signal that
may affect the results recorder from the MMA embedded sections, the collection
of the embedding MMA spectra was attempted. This however turned out to be
more difficult than expected. For all MMA embedded samples, at least a thin
layer of bone cells could be found almost everywhere in the sample, making it
very difficult to gain a spectrum which didn’t receive signal from either the bone
tissue or the the glass slide. While some of these spectra showed small differences
from the MMA embedded spectra (like a small peak at around 1000 cm−1), it was
difficult to say if this actually was because of the MMA or not. However, while
investigating the two dog jaw sections, small areas without any bone tissue were
found, and both of these areas gave very similar spectra, with the only difference
being the size of the peaks when compared to the rest of the spectrum. One
of these spectra can be seen in Figure 4.3.3. While this spectrum does contain
some peaks that might fit with a typical PMMA Raman spectrum, such as peaks
around 1000 cm−1, 1170 cm−1, 1320 cm−1 and 1415 cm−1, it also lacks certain
peaks typical for MMA, such as peaks at 600 cm−1, 850 cm−1 and 1730 cm−1, as
well as clear peaks around 2700-3000 cm−1. The spectrum also contain peaks not
typical to the MMA Raman spectrum, such as a peak at 1570 cm−1. As such, this
spectrum does likely not belong to MMA. What molecule it might belong to, if
any, was therefore unknown.
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(a)

(b)

Figure 4.3.2: Raman spectrum of a dog jaw bone sample embedded in MMA.
The scale for Raman intensity is based on the second highest peak in (a), and
the highest peak in (b). Captured using a Raman microscope (Witec Alpha 300r)
from a single point, 532 nm laser, 600 grooves/mm grating, 10 mW laser power, 6
accumulations, 10 s acquisition time.

The Raman spectra made from the decalcified rat jaw sample can be seen in
Figure 4.3.4. This spectrum was collected from an arteriole, though a spectrum
collected from a nerve bundle showed all the same peaks. Here, peaks were found
at 890 cm−1 (might correspond to proline/hydroxyproline), 1060 cm−1 (ν1 mode of
B-type carbonate), 1140 cm−1 (might correspond to either A-type carbonate or ν3
mode for PO4

3-), 1290 cm−1 (amid III), 1440 cm−1 (CH bending), and 2880 −1 (CH
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Figure 4.3.3: Raman spectrum of the background signal found in a dog jaw
section embedded in MMA. Captured using a Raman microscope (Witec Alpha
300r) from a single point, 532 nm laser, 600 grooves/mm grating, 10 mW laser
power, 6 accumulations, 10 s acquisition time.

stretching). Here, the relation between the 890 cm−1, if it indeed corresponded
to proline or hydroxyproline, and the other peaks were much more in line with
what one would expect. While these spectra share some of the same peaks as
the dog jaw sections, it lacked all peaks related to PO4

3-. As this spectrum was
collected from tissue where there normally should be little HAp, combined with
the decalcification which further decreased the amount of HAp in the sample, the
lack of peaks related to PO4

3- was not surprising.
A spectrum collected from the tissue around the arteriole and nerve bundle was

also collected, and can be seen in Figure 4.3.5. While all the peaks in Figure 4.3.4
can be seen here (with the exception of the 890 cm−1 peak, where it isn’t as clear
if what is shown is a peak or just background signal), multiple other peaks are
visible as well. This includes what looks like small peaks at 560 cm−1 (ν4 PO4

3-

bending modes) and 940 cm−1 (may correspond to the ν1 PO4
3- stretching mode),

as well as a larger peak at 1660 cm−1 (amid I). As this tissue normally consists of
primarily HAp, it makes sense that small peaks related to PO4

3- are collected from
this tissue. The amid I peak also makes sense, as the HAp in bone is arranged
along type I collagen fibers, where amid groups can be found.

The Raman spectrum made from the rabbit leg sample can be seen in Fig-
ure 4.3.6. Just as with the thicker dog jaw section, there seemed to be more
background signal coming from this sample as well. Still, it was possible to dis-
cern the peaks, which were found at 600 cm−1 (ν4 mode, PO4

3-), 820 cm−1 (might
correspond to proline), 960-970 cm−1 (ν1 mode, PO4

3-), 1455 cm−1 (CH bending),
1727 cm−1 (amid I), and 2950 cm−1 (CH stretching). The peak that that might
represent proline or hydroxyproline was again much higher than expected. The
base-line for signal strength also seem to be climbing here as well, although less
than the thicker dog jaw section. The reasons for the climbing base-line is proba-
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(a)

(b)

Figure 4.3.4: Raman spectrum of a decalcified rat jaw sections in paraffin. The
scale for Raman intensity is based on the second highest peak in (a), and the
highest peak in (b). Captured using a Raman microscope (Witec Alpha 300r)
from an arteriole, 532 nm laser, 600 grooves/mm grating, 10 mW laser power, 6
accumulations, 10 s acquisition time.
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Figure 4.3.5: Raman spectrum from a decalcified rat jaw sections in paraffin.
Captured using a Raman microscope (Witec Alpha 300r) from the tissue sur-
rounding an arteriole, 532 nm laser, 600 grooves/mm grating, 10 mW laser power,
6 accumulations, 10 s acquisition time.]

bly the same as for the thicker dog jaw section, that is to say an increase in either
non-resonant background signal or fluorescence because of the increased thickness
of the sample and/or MMA layer the sample is embedded in. The fact that the
increased base-line is less noticeable for the rabbit leg section might indicate that
the sample is thinner than the thicker dog jaw section. A thinner sample would
require thinner layer of embedding MMA, so this explanation work even if only
the MMA layer is at fault for the increase in non-resonant background signal.

Raman spectra from two bone marrow biopsies of different thickness (one 10
µm, one somewhere between 7-20 µm), as well from a bone nodule, were collected.
For the most part, these three samples gave very similar Raman spectra when
looking at areas in the samples with lower bone density. Because of this, only the
spectrum from the bone nodule is shown for these areas here, see Figure 4.3.7.
Here, peaks can be found at 600 cm−1 (PO4

3- ν4 bending mode), 810 cm−1 (pro-
line/hydroxyproline), 970 cm−1 (ν1 mode, PO4

3-), 1130 cm−1 (might correspond
to either A-type carbonate or ν3 mode for PO4

3-), 1450 cm−1 (CH bending), 1730
cm−1 (amid I) and 2950 cm−1 (CH stretching).

The two bone biopsies however both gave some interesting results when looking
at other areas in the sample. For the 10 µm biopsy, an overview image can be
seen in Figure 4.3.8.
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(a)

(b)

Figure 4.3.6: Raman spectrum of a rabbit leg bone sample embedded in MMA.
The scale for Raman intensity is based on the second highest peak in (a), and
the highest peak in (b). Captured using a Raman microscope (Witec Alpha 300r)
from a single point, 532 nm laser, 600 grooves/mm grating, 10 mW laser power, 6
accumulations, 10 s acquisition time.
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Figure 4.3.7: Raman spectrum from a bone nodule (arthritis 1). Captured using
a Raman microscope (Witec Alpha 300r) from a single point, 532 nm laser, 600
grooves/mm grating, 10 mW laser power, 6 accumulations, 10 s acquisition time.

Figure 4.3.8: An overview image of the parts of a 10 µm bone marrow biopsy
taken using an optical brightfield microscope. The image was made by merging
multiple brightfield images.
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Here the spectrum seen in Figure 4.3.7 fit the more white and red areas seen in
Figure 4.3.8, which was the less dense bone tissue in the sample. The darker areas
on the other hand, which had structure similar to compact bone, gave the Raman
spectrum seen in Figure 4.3.9. While all the peaks are at the same wavenumbers,
this spectrum has a much higher peak at around 960 cm−1 (the ν1 mode for PO4

3-).
This then meant that this spectrum was closer to the typical Raman spectrum for
bone (see Figure 2.10.1), where the Raman signal around 960 cm−1 is the highest.
As the denser tissue contained more HAp, it made sense for the ν1 mode for PO4

3-

to give off a stronger signal. This also show that even though two different tissues
might have a similar molecular composition, the structure of the tissues also affect
the Raman signal the tissue can create.

For the 7-20 µm biopsy, an overview image of the sample can be seen in Fig-
ure 4.3.10. Here, the white areas fit the spectrum seen in Figure 4.3.7. The darker
areas also fit the spectrum seen in Figure 4.3.9. The brown areas on the other
hand were not suppose to be from bone, and was therefore also tested in order to
confirm if this was true. It should be noted that these areas couldn’t be scanned
using a laser power of 10 mW, as this would burn through the sample. Instead,
the laser was turned down to 0.1 mW power. A spectrum from these areas can
be seen in Figure 4.3.11. While the spectrum doesn’t give a lot of information
as the molecular structure of this material, it is clearly different from the Raman
spectrum of bone, or any of the earlier spectrum found from HAp. This confirms
that this material is something else other then bone tissue.

Figure 4.3.9: Raman spectrum from a 10 µm bone marrow biopsy. Captured
using a Raman microscope (Witec Alpha 300r) from a single point, 532 nm laser,
600 grooves/mm grating, 10 mW laser power, 6 accumulations, 10 s acquisition
time.
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Figure 4.3.10: An overview image of a 7-20 µm bone marrow biopsy taken
using an optical brightfield microscope. The image was made by merging multiple
brightfield images.

Figure 4.3.11: Raman spectrum from a 10 µm bone marrow biopsy. The spec-
trum is made from the brown tissue seen in Figure 4.3.10. Captured using a
Raman microscope (Witec Alpha 300r) from a single point, 532 nm laser, 600
grooves/mm grating, 0.1 mW laser power, 6 accumulations, 10 s acquisition time.

Acquiring spectra from the MC3T3-E1 preosteoblasts samples (which had been
cultured for 21/31 days) was interesting primarily because these samples weren’t
embedded in neither MMA nor paraffin, meaning the Raman spectra obtained
would only come from the HAp mineralized extracellular matrix in the sample,
and not from the embedding material. As the mineralized matrix also had a
different structure from that of normal bone tissue, it would also be interesting
to see if this affected the Raman spectra collected from the samples in any way.
Lastly, one was also interested in seeing if the ARS staining would affect the
Raman spectrum collected.
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The spectrum from the preosteoblasts sample which had not been stained can
be seen in Figure 4.3.12. Here, one see less background signal and more discernible
peaks when the spectra were made from areas with a thicker layer of HAp. The
peaks were found at 956 cm−1 (ν1 mode, PO4

3-), 1250 cm−1 (amid III), 1450 cm−1

(CH bending), 1670 cm−1 (amid I), and 2940 cm−1 (CH stretching). No peak was
found between 820-890 cm−1.

When trying to study the preosteoblasts sample which had been stained us-
ing ARS however, the laser ended up burning through the sample. Therefore,
no Raman spectrum has been captured for this sample. This meant that, since
the settings were the same when scanning both preosteoblasts samples, that the
stained sample somehow was more sensitive to the laser. When looking at the
absorption spectra for ARS, it seems like the molecule does absorb wavelengths
at 532 nm. As the salt created between ARS and calcium takes on a similar
reddish colour as the ARS, this salt would have the ability to absorb similar wave-
lengths to the ARS, unlike the HAp mineralized matrix alone, which because of
its white colour would reflect more of the wavelengths. This would mean that the
stained preosteoblast sample would absorb more energy from the laser than the
non-stained sample, which might explain why the laser ended up only burning
through the stained sample.

Last, one Raman spectrum was made from one of the tooth sections (Fig-
ure 4.3.13). This showed peaks primarily at 960 cm−1 (ν1 mode, PO4

3-) and 2945
cm−1 (CH stretching), though small peaks at around 430 (ν2 mode, PO4

3-), 590 (ν4
mode, PO4

3-) and 1080 cm−1 (A-type carbonate and/or ν3 mode for PO4
3-) could

be observed as well. No peak was observed between 820-890 cm−1. It should be
noted that this was the only sample who’s Raman spectrum had a 960 cm−1 peak
higher than the 2945 cm−1 peak. This isn’t to surprising, as the tooth section were
much thicker than the other samples, which would increase the amount of calcium
phosphate mineral that gave a Raman signal. The fact that the tooth section
wasn’t embedded in either MMA or paraffin might also have played a factor here.
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(a)

(b)

Figure 4.3.12: Raman spectrum of a MC3T3-E1 preosteoblasts sample which
had been cultured for 31 days. The scale for Raman intensity is based on the
second highest peak in (a), and the highest peak in (b). Captured using a Raman
microscope (Witec Alpha 300r) from a single point, 532 nm laser, 600 grooves/mm
grating, 10 mW laser power, 6 accumulations, 10 s acquisition time.
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Figure 4.3.13: Raman spectrum of a tooth section. Captured using a Raman
microscope (Witec Alpha 300r) from a single point, 532 nm laser, 600 grooves/mm
grating, 10 mW laser power, 6 accumulations, 10 s acquisition time.

4.4 CARS

4.4.1 Trans and epi signal

The CARS microscope was set up in such a way that the collection of signal from
both trans and epi direction should be possible (see Figure 2.12.1 for a simplified
schematic, and section 2.12 for a more in depth description). At wavenumbers
where the sample scanned has Raman active vibrations, the trans signal will usu-
ally be strong enough to be used for imaging, though this is only applicable to
thin samples. On the other hand, if the signal in trans direction is to weak (gets
overshadowed by non-resonant background signal), or the sample is to thick, then
it might be more fruitful to instead look at the signal that is instead backscattered,
that is to say the CARS signal in the epi direction. An epi signal can be created
even if there is a strong trans signal (and vise versa), and the CARS microscope
was setup in such a way that both could be detected at the same time. During
most of the master’s however, no epi signal was detected during any of the exper-
iments. If this was because the samples didn’t produce any epi signal, or if it was
because of the faulty installation of the dichroic epi cube filters (see section 3.4
for further explanation), is unknown. Because of this, unless otherwise specified,
all signal received during the following experiments was trans signal.

4.4.2 Dog jaw sections embedded in MMA

The two dog jaw sections of different thickness were the first to be studied using
the CARS technique. The goal of studying these samples was to see if it was
possible to images bone tissue using CARS, and, if this was possible, see how
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Figure 4.4.1: An overview image of the parts of a dog jaw 7 µm section taken
using an optical brightfield microscope. The image was made by merging multiple
brightfield images.

a thicker sample and/or a thicker layer of embedding material might affect the
CARS process.

To be able to identify morphological features on the CARS images, a brightfield
overview image was collected of the 7 µm section with an optical microscope
(see Figure 4.4.1). Some of the most important structures seen in this image
are described further in Figure 4.4.2. These include arterioles, venules, nerve
bundles, blood vessels, the different types of bone tissue (spongy, trabecular and
cortical), and bone structures that are produced inside bone marrow (known as
bone inside bone marrow). One would expect to find calcium phosphate in the
spongy, trabecular or cortical bone tissue, as these tissues consists of HAp, and
not from the arterioles, venules, nerve bundles or blood vessels.

Images were also acquired using the brightfield camera on the CARS micro-
scope. These images were from different areas seen in Figure 4.4.1. The same areas
were then scanned using the CARS at wavenumber 988 cm−1 (λpump = 935.7 nm)
and 2500 fs delay. Some of the images acquired can be seen in Figure 4.4.3. This
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(a) (b)

(c)

Figure 4.4.2: Brightfield image of a bone sample showing the difference between
spongy bone, cortical bone (a type of compact bone) and trabecular bone (a type
of spongy bone) (a); brightfield image of a bone sample showing a nerve bundle
and a blood vessel (b); brightfield image of a bone sample showing arterioles, a
venule, and bone that develops inside bone marrow (c).

shows that the CARS signal acquired can be used for imaging of the bone, creating
images with contrast resembling those captured using a brightfiled camera. The
CARS signal acquired at this wavenumber should in theory come from ν1 PO4

3-

stretching.
Tests were then done in order to confirm the wavenumber and delay where the

HAp gave the strongest CARS signal. For delay, multiple images were acquired at
different values of delay between 0 and 5500 fs, with a step of 250 fs (wavenumber
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(a) (b)

(c) (d)

Figure 4.4.3: Brightfield images (a, c) and corresponding CARS images (b, d)
of different areas of a 7 µm dog jaw section. (a) and (b) depicts a nerve bundle
and a blood vessel, while (c) and (d) depicts spongy bone. The CARS images were
captured at 988 cm−1. λpump = 935.7 nm, λStokes = 1031 nm, delay = 2750 fs.
In CARS imaging, black represents the lack of signal, while grey/white represents
signal at different strengths (the brighter the stronger).

988 cm−1). Then, the strength of the signal from each image were plotted, which
can be seen in Figure 4.4.4. Based on these results, the bone samples gave the
strongest HAp signal at 2750 fs delay.

For the wavenumber, multiple images were acquired at different values of λpump

from 927.4 nm to 944.8 nm. The corresponding wavenumber (see Equation 2.15)
was then plotted against the signal strength of each image. The results of this
can be seen in Figure 4.4.5. Here, one can see a peak at around 988 cm−1, which
was as expected based on the results acquired from the DCPD crystals. This is
also the reason 988 cm−1 was used as a the primary wavenumber for study of all
samples when looking at the ν1 PO4

3- mode later in this thesis. However, one can
also see that at higher wavenumbers, the signal strength increases to higher values
than that of the 988 cm−1 peak, which was unexpected. In order to confirm if this
high point corresponded to another Raman peak other than the ν1 PO4

3- mode,
and if so which one, a new wavenumber spectrum was made from 886.1-1292.1
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(a) (b)

Figure 4.4.4: (a): CARS imaging of a 7 µm dog jaw section at 2750 fs delay
(wavenumber 988 cm−1, λpump = 935.7 nm, λStokes = 1031). (b): A spectrum
comparing the signal strength at various values of delay from the area marked in
(a) using all the different images seen in Figure A.0.2

(a) (b)

Figure 4.4.5: (a): CARS imaging of a dog jaw sample at wavenumber 988 cm−1

(λpump = 935.7 nm, λStokes = 1031, 2750 fs delay). (b): A spectrum comparing
the signal strength at various values of wavenumber from the area marked in (a)
using all the different images seen in Figure A.0.1

cm−1 (λpump from 909.8 nm to 944.8 nm) using both the 857±15 nm and 832±18
nm filter cubes. This was done after the re-alignment of the lasers. This spectra
can be seen in Figure 4.4.6. A very interesting result that can be observed from
this spectra is that the ν1 PO4

3- mode no longer is at 988 cm−1, but instead finds
itself at 963.9 cm−1. While this fits more with the literary value for this mode, it
is strange that the signal peak has changed its placement. Another peak is also
seen, here at 1125.5 cm−1, which might correspond to A-type carbonate. The
signal strength is however still increasing with higher wavenumber. It should also
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(a) (b)

Figure 4.4.6: (a): CARS imaging of a dog jaw sample at wavenumber 963.9 cm−1

(λpump = 937.8 nm, λStokes = 1031, 2750 fs delay). (b): A spectrum comparing
the signal strength at various values of wavenumber from the area marked in (a)
using all the different images seen in Figure A.0.3

be noted that the increase in signal strength seen in Figure 4.4.5b and 4.4.6b is
near linear if one ignores the peaks.

As a big part of bone consists of either collagen or structures containing CH-
bonds, there would in theory be a possibility of obtaining a CARS signal from CH
stretching from the sample. If the correct area were to be scanned, this signal could
be stronger than the HAp signal. In order to check if this actually was the case,
images were captured of a blood vessel and a nerve bundle with surrounding bone
tissue using both wavenumber 988 cm−1 and 2845 cm−1, as these were structures
where one would expect to find CH-bonds. The results of this can be seen in
Figure 4.4.7. The background signals was then removed from the two datasets
acquired (as discussed in section 3.4), and they were overlaid on-top of each other.
The end result of this can be seen in Figure 4.4.8. Here, one can clearly see
that that the area that gives the strongest signal at 2845 cm−1 (therefore more
CH-bonds) is the nerve bundle, with some signal also coming from the blood
vessel, while the area around this bundle, which primarily consist of HAp, gives
the strongest signal at 988 cm−1 (therefore more calcium phosphate/HAp). These
results fit with what one would expect based on the composition of the two tissues.
It should however be noted that a weak signal at 988 cm−1 still was collected
from the blood vessel and nerve bundle, while a weak signal at 2845 cm−1 also
was collected from the surrounding HAp tissue. As there exists collagen in the
calcified matrix, a weak CH-signal from this tissue wasn’t unexpected. The 988
cm−1 from the nerve bundle and blood vessel was more unexpected, but it has
been shown that both blood vessels and nerves both give a weak Raman signal at
around 1000 cm−1, so this signal might be from that. Further tests into CH-bonds
in bone tissue can be seen in subsection 4.4.3.
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(a) (b)

Figure 4.4.7: CARS imaging of a 7 µm dog jaw bone sections done through
calcium phosphate signal (wavenumber 988 cm−1, λpump = 935.7 nm, 2750 fs
delay) (a) and CH-signal (wavenumber 2845 cm−1, λpump = 979.2 nm, 0 fs delay)
(b). λStokes = 1031 nm.

Figure 4.4.8: Comparing the signal strength from calcium phosphate and CH
given in Figure 4.4.7. Blue represent calcium phosphate, while red represents CH.
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An interesting detail emerged from the imaging of the area seen in Figure 4.4.5a.
This area depicts an interface between trabecular bone and cortical in the sample.
As cortical bone is more dense than trabecular bone (compact vs spongy), one
would expect the cortical bone to give a stronger Raman signal of the two tissues,
but that is not the case here. A reason for this might be that the cortical bone
is so dense that the lasers weren’t able to penetrate as deep into the sample as
they could with trabecular bone. It should be noted that a signal did come from
the cortical bone, even though it was weaker than the signal from the trabecular
bone. This signal was at its strongest at around 967.5 cm−1. At this wavenumber,
the structures of this bone were also easier to see, see Figure 4.4.9. In theory, the
cortical bone might have given a better epi signal than the trabecular bone, but
because of the less than ideal epi-setup, it was difficult to say if the lack of epi
signal recorded was because of the sample, or the CARS microscope.

As a typical Raman spectrum for bone shows that the strongest Raman signal
usually could be found around 960 cm−1, a delay spectrum was made using this
wavenumber (see Figure 4.4.10). Here, the optimal delay was found to be at 2250
fs delay, which was different from the optimal delay for a 988 cm−1 signal. When
comparing two images captured of the same area (trabecular bone tissue) using
either 960 or 988 cm−1, one can see that the 988 cm−1 signal was the strongest (see
Figure 4.4.11). This was later confirmed by looking at the numerical data used
to create the images. While the CARS signal captured was weaker at 960 cm−1

than at 988 cm−1, this does show that even though the difference in wavenumber
isn’t large, and the signal was from the same vibrational mode, there still was a
change in optimal delay.

Figure 4.4.9: The interface between trabecular and cortical bone, depicted using
CARS at wavenumber 967.5 cm−1 (λpump = 937.5 nm, λStokes = 1031 nm, 2750 fs
delay).
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(a) (b)

Figure 4.4.10: (a): CARS imaging of a dog jaw section at 2250 fs delay
(wavenumber 960 cm−1, λpump = 938.2 nm, λStokes = 1031 nm, delay = 2250 fs.).
(b): A spectrum comparing the signal strength at various values of wavenumber
from the area marked in (a) using all the different images seen in Figure A.0.4.

(a) (b)

Figure 4.4.11: CARS images acquired of a 7 µm dog jaw section at 960 cm−1

(λpump = 938.2 nm, λStokes = 1031 nm, 2250 fs delay) (a) and 988 cm−1 (λpump =
935.7 nm, λStokes = 1031 nm, 2750 fs delay) (b).
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Though brightfield imaging was attempted of the thicker dog jaw section, no
good brightfield images were collected using the optical microscope. This was most
likely due to the sample’s thickness, as brightfiled imaging is dependent on light
passing through the sample. The brightfield camera attached to the CARS was
however able to image the sample (see Figure 4.4.12), which may be because the
light source for this microscope was a LED light focused on a smaller section of the
sample. CARS imaging was then done of the sample. Thought the technique was
able to depict structures on the sample’s surface (see Figure 4.4.12), the images
acquired seemed to be of lower quality than those obtained from the 7 µm section.
Looking at the signal strength coming from the sample at different wavenumbers,
the spectrum obtained was also different than that from the 7 µm section (see
Figure 4.4.13). No clear peak can be seen around 960-990 cm−1, as one would
expect based on the typical Raman spectrum for bone. What seems to be a peak
can however be seen around 1057 cm−1, which likely corresponded to either ν3
asymmetric stretching mode of PO4

3-, or the ν1 mode of B-type carbonate.
The lack of clear peak around 960-990 cm−1, as well as the lower quality of

images acquired, points to either a weaker CARS signal from the sample, or more
background signal interfering with the CARS signal. As the biggest differences
between this section and the 7 µm one are the thickness of the sample, as well
as the thickness of the MMA layer the sections are embedded in (much larger in
this sample), one or both of these factors might be in play here. Both a thicker
sample and a thicker layer of MMA might have lead to a weaker CARS signal for a
multitude of reasons, like by reducing the lasers ability to penetrate deep enough
into the sample so that a strong trans signal could be transmitted on the other
side, or by absorption of signal by surrounding molecules. The thick MMA layer
might also have lead to the creation of more background signal, as MMA also has
a Raman peak in the 930-990 cm−1 range, as well as in the 1030-1100 cm−1. When
the layer of MMA is very thin, the CARS signal created from this layer would be
very little when compared to the sample, but when its much thicker, the signal
strength would increase, which then would mix with the CARS signal from the
sample, muddying the quality of data acquired. This might also explain why there
were no clear peak around 960-990 cm−1 in the spectra shown in Figure 4.4.13, as
here the CARS signal from MMA might have obscured it. Still, imaging of the
thicker dog jaw section was possible, and, as already shown by the 7 µm section,
there is a possibility that by preparing the sample a little bit differently, the quality
of CARS images acquired could increase drastically.
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(a) (b)

(c) (d)

Figure 4.4.12: Brightfield images (a,c) and corresponding CARS images (b,d)
of different areas of a dog jaw section. The CARS images were captured at 988
cm−1 (λpump = 935.7 nm, λStokes = 1031 nm) and 2750 fs delay.
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(a) (b)

Figure 4.4.13: (a): CARS imaging of a dog jaw section at 1057 cm−1 (λpump =
929.7 nm, λStokes = 1031 nm) and 2750 fs delay. (b): A spectrum comparing the
signal strength at various values of wavenumber from the area marked in (a) using
all the different images seen in Figure A.0.5.

4.4.3 Decalcified rat jaw

The goal of studying the 5 µm decalcified rat jaw section using CARS was primarily
to study the organic component of bone tissue. The reason for this was that the
amount of HAp when compared to the rest of the tissue in this sample should be
far less than in the other samples thanks to the decalcification (removal of calcified
minerals, here HAp), making it much easier to study the organic component. It
should be noted that the decalcification didn’t remove all HAp in the rat jaw
section, so one should still be able to detect traces of it if one were to look.

Before CARS imaging was done on the sample, a overview image was made
using a optical brightfield microscope (see Figure 4.4.14). Some of the most im-
portant structures seen in this images is described in Figure 4.4.15.

As the rat jaw sample was decalcified, it was primarily studied by focusing
on the CH-bindings in bone. As these in theory should be able to produce CH
stretching signal somewhere in the interval 2800-3100 cm−1, it was first decided to
study which wavenumber in this interval would give the strongest signal. Multiple
images were acquired at different values of λpump from 780.3 nm to 803.2 nm
(2750-3116 cm−1), and the corresponding wavenumber was then plotted against
the signal strength (see Figure 4.4.16a). Here, there is a clear peak at 2844.6 cm−1.

After finding the best wavelength, the best value for delay was also looked
into. Multiple images were acquired at different values of delay between 0 and
10000 fs, with a jump of 250 fs between each image (wavenumber 2844.6 cm−1).
Then, the strength of the signal from each image were plotted, which can be seen
in Figure 4.4.16b. While a strong signal was recorded at all values of delay, the
signal was clearly strongest at around 8000 fs delay. However, at this high of as
delay, certain details from the sample was actually lost in the acquired images,
possibly from saturation of the detectors. Because of this, it was decided to keep
the delay at 0 fs when studying CH stretching, as the CARS signal still was very
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Figure 4.4.14: An overview image of the parts of a decalcified rat jaw section
taken using an optical brightfield microscope. The image was made by merging
multiple brightfield images.

strong here. For both spectra discussed above, as well as imaging of the area used
for the acquisition of the data using both CARS and brightfield, see Figure 4.4.16.

Using wavenumber 2844.6 cm−1 and 0 fs delay, the sample was then imaged
using the CARS. Some of the images acquired can be seen in Figure 4.4.17. An
nerve bundle and arteriole was also imaged at wavenumber 988 cm−1 and 2844.6
cm−1, in order to see if a strong enough ν1 PO4

3- signal (through HAp) for de-
tection/imaging still could be generated by the sample, and if this was the case,
compare this HAp-signal with the signal from CH stretching. Background signal
was also tested for by using only the pump laser. As the laser had two differ-
ent values when testing for either CH stretching (λpump = 797.2 nm) or ν1 PO4

3-

(λpump = 935.7 nm), both were used. The results from this can be seen in Fig-
ure 4.4.18. Here, a signal from HAp can be seen, though as a whole it is weaker
than the signal coming from CH stretching. This was expected, not only because
the sample was decalcified, but also because the area scanned should be high on
CH-bonds (arteriole and nerve bundle). The area around the nerve bundle and
arteriole however looked to give a stronger ν1 PO4

3- signal than a CH-signal. This
also makes sense, as this tissue normally would primarily consist of HAp. One can
also see that there is a background signal coming from the sample when testing
for both CH-bonds and HAp, though this background signal is much weaker than
the corresponding CARS signal.

The signals from Figure 4.4.18c and Figure 4.4.18a was then overlaid on-top of
each other, in order to compare which area gave the strongest CARS signal from
either CH-bonds or HAp. The result of this can be seen in Figure 4.4.19. Here,
one gets the strongest CH-signal from the nerve bundle and arteriole, while the
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(a) (b)

(c)

Figure 4.4.15: Brightfield image of a decalcified rat jaw section showing the
difference between bone, muscle and gum (a); brightfield image of a decalcified
rat jaw section showing the ridge of a tooth, a nerve bundle and a arteriole (b);
brightfield image of a decalcified rat jaw section showing arterioles, nerve bundles,
secretory zones, and muscle (c).

strongest HAp-signal comes from the surrounding bone tissue, as well as the bone
tissue encapsulating the arteriole. There also seems to be some overlap between
the two signals in the tissue directly encapsulating the nerve bundle.
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(a) (b)

(c) (d)

Figure 4.4.16: (a): A spectrum comparing the signal strength at various values
of wavenumber from the area marked in (c) using all the different images seen
in Figure A.0.6. (b): A spectrum comparing the signal strength at various val-
ues of delay from the area marked in (c) using all the different images seen in
Figure A.0.7. (c): CARS imaging of a decalcified rat jaw sample at wavenumber
2844.6 cm−1 (λpump = 797.2 nm, λStokes = 1031 nm) and 0 fs delay. (d): Bright-
field imaging of decalcified rat jaw.
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(a) (b)

(c) (d)

Figure 4.4.17: Brightfield images (a,c) and corresponding CARS images (b,d)
of different areas of a decalcified rat jaw section. CARS images captured at 2844.6
cm−1 (λpump = 797.2 nm, λStokes = 1031 nm) and 0 fs delay.
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(a) (b)

(c) (d)

Figure 4.4.18: A CARS imaged captured of a nerve bundle and arteriole in a de-
calcified rat jaw section at wavenumber 988 cm−1 (2750 fs delay) (a), wavenumber
2844.6 cm−1 (0 fs delay) (c), and the corresponding background signal detected
from the same area (b, d).
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Figure 4.4.19: Comparing the signal strength from CH and HAp given in Fig-
ure 4.4.18c and Figure 4.4.18a. Red represents CH-bonds while blue represent
HAp.
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4.4.4 Rabbit leg embedded in MMA

The rabbit leg section of unknown thickness (though thicker than 10 µm), was
also tested under the CARS microscope. As this sample both was from very
different bone tissue than the other bone samples (leg-bone instead of jawbone),
and was much thicker than most of the other samples (though the exact thickness
was unknown), the goal was to see if any of these differences would affect the
CARS process. As with earlier samples, and overview images was also taken of
this section, and can be seen in Figure 4.4.20.

Figure 4.4.20: An overview image of the rabbitleg section taken using an opti-
cal brightfield microscope. The image was made by merging multiple brightfield
images.

CARS imaging was then done on the sample (see Figure 4.4.21). The quality of
the images acquired were not optimal, which pointed to the CARS signal from the
sample being weak. Some reasons for this might be the samples thickness, and/or
the layer of MMA surrounding the section. As described before, the thickness of a
sample can affect the CARS signal from a sample. A thicker layer of MMA could
also reduce the signal strength, but might also create a background signal that
is stronger than the CARS signal from the sample. No matter the reason, the
samples were still able to be imaged with the CARS method, which points to the
ability for better imaging of samples like this through better sample preparation.
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(a) (b)

(c) (d)

Figure 4.4.21: Brightfield images (a,c) and corresponding CARS images (b,d)
of different areas of a rabitleg section embedded in MMA. CARS images captured
at 988 cm−1 (λpump = 935.7 nm, λStokes = 1031 nm) and 2750 fs delay.
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4.4.5 Bone Marrow Biopsies and Bone Nodule

The two bone marrow biopsies with different width, as well as the one bone nodule,
were studied using CARS in order to see if there were any difference in the CARS
imaging of these types of bone samples when compared to those that came before.
Overview images for the biopsies can be seen in Figure 4.3.8 and 4.3.10, while the
overview images for the nodule can be seen in Figure 4.4.22.

Here, brightfield images were first taken of areas in the samples where one
would expect there to be HAp, and therefore where one would expect to get a
CARS signal at 988 cm−1, 2750 fs delay. Then, these areas were scanned over using
the CARS, and images acquired. The results of these can be seen in Figure 4.4.23
and 4.4.24 for the bone marrow biopsies, and in Figure 4.4.25 for the nodule. Here,
one can clearly see that the structured imaged using brightfield also can be imaged
using CARS.

Figure 4.4.22: An overview image a the bone nodule (arthritis 1) taken using an
optical brightfield microscope. The image was made by merging multiple bright-
field images.

There are however some interesting observations obtained from these results as
well. In Figure 4.4.23b, the compact bone surrounding the spongy bone structure
depicted gives much less CARS signal than this structure. This again shows that
even though the two bone types are just as thick as each other, the denseness of the
compact bone leads to less CARS signal in trans direction. Another interesting
result is all the spots that give a relatively strong (when compared to the sur-
roundings) CARS signal in Figure 4.4.24b, 4.4.24d and 4.4.24f. While not so easy
to see, these do in fact relate to similar spots seen in the corresponding brightfield
images (Figure 4.4.24a, 4.4.24c and 4.4.24e). These spots might be areas where
the calcified matrix is either thinner or thicker than the rest, though as the exact
size thickness of this marrow biopsy hadn’t been given (somewhere between 7-20
µm), which one it was is difficult to say. On the same sample, many small dark
circles can also be seen in both the brightfield and CARS images (appear brown
in the overview image). Because so little signal was received from these areas, as
well as their different colouration when compared to the surrounding tissue, these
areas were likely to be composed of non-calcified tissue of some kind. As there
shouldn’t be any fat or fat cells left in the sample after preparation, these might
be the remains of blood or bone cells.
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(a) (b)

(c) (d)

Figure 4.4.23: Brightfield images (a,c) and corresponding CARS images (b,d)
of different areas of a 10 µm bone marrow biopsy. CARS images captured at 988
cm−1 (λpump = 935.7 nm, λStokes = 1031 nm) and 2750 fs delay.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.4.24: Brightfield images (a,c,e) and corresponding CARS images
(b,d,f) of different areas of a 7-20 µm bone marrow biopsy. CARS images cap-
tured at 988 cm−1 (λpump = 935.7 nm, λStokes = 1031 nm) and 2750 fs delay.
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(a) (b)

(c) (d)

Figure 4.4.25: Brightfield images (a,c) and corresponding CARS images (b,d)
of different areas of a bone nodule (arthritis 1). CARS images captured at 988
cm−1 (λpump = 935.7 nm, λStokes = 1031 nm) and 2750 fs delay.
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4.4.6 Cultured preosteoblasts

In order to confirm that the CARS-signal collected actually came from the calcium
phosphate mineral HAp, and not from for example the material the samples were
embedded in, two different MC3T3-E1 preosteoblasts samples (which had been
cultured for 21/31 days) were tested. One of them was stained using ARS, while
the other was not. The goal was to see if CARS-signal could be obtained from
the calcified matrix made by the preosteoblasts when no MMA nor paraffin was
present.

For the stained sample, the goal was to see if the CARS imaging showed the
same structures as those seen with a brightfield microscope, in order to confirm
that the CARS actually imaged the HAp found in the sample. An image taken of
the stained sample by Marie E. Ullevålseter using an optical brightfield microscope
can be seen in Figure 4.4.26. Different areas depicted on this image was then
scanned using CARS, the resulting images being displayed in Figure 4.4.27. Here,
one can clearly see that the structures depicted in Figure 4.4.27 are the same as
the once in Figure 4.4.26, proving that the CARS method depicted the calcium
phosphate in the tissue. One can also see structures in the CARS images that
were not visible in the brightfield image.

Figure 4.4.26: A brightfield image of stained hydroxyapatite tissue made by
preosteoblast. The areas marked were depicted using CARS in Figure 4.4.27.
Taken by Marie Eline Ullevålseter from NTNU’s Faculty of Natural Sciences
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(a) (b) (c)

(d) (e)

(f) (g)

Figure 4.4.27: CARS images of stained hydroxyapatite tissue made by pre-
osteoblast seen in Figure 4.4.26. Captured at 988 cm−1 (λpump = 935.7 nm,
λStokes = 1031 nm) and 2750 fs delay. (a) is the grey area, (b) is the blue area,
(c) is the purple area, (d) is the orange area, (e) is the pink area, (f) is the yellow
area, and (g) is the red area.

The non-stained sample was primarily used in order to find the wavenumber
and wavelength where the calcified matrix gave the strongest signal, as had been
done before. It was done on this preosteoblast-sample in order to make sure that
ARS didn’t affect the results. As there was no real structures in the sample (only
calcified matrix), no overview image was taken.

For the wavenumber, the interval tested was between 886-1080 cm−1, and for
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(a) (b)

(c) (d)

Figure 4.4.28: A spectrum made from preosteoblast tissue comparing the sig-
nal strength at various values of wavenumber using all different images seen in
Figure A.0.8 (2750 fs delay) (a), and delay using all different images seen in Fig-
ure A.0.9 (wavenumber 988 cm−1) (b). (c) is a CARS image of the preosteoblast
tissue of the relevant area, with the area used to make (a) and (b) marked. (d) is
a brightfield image of the same area.

the delay, the interval was between 0-5500 fs with jumps of 250 fs between each
image acquired. The resulting spectra can be seen in Figure 4.4.28, along with a
CARS and brightfield image of the area scanned. From this, one can see that there
is a clear peak for signal strength at 988 cm−1, though the signal strength seems
to be increasing near linearly with higher wavenumbers. For delay, the strongest
signal was acquired somewhere between 2750-3250 fs delay.

After re-alignment of the lasers, a wavenumber spectrum was also made for
the stained sample from 884.9-1290.9 cm−1 (see Figure 4.4.29). While one can’t
see any peak at 960-988 cm−1, peaks at around 1080 cm−1 (ν3 PO4

3- asymmetric
stretching mode), 1173 cm−1 (may correspond to amid III) and 1244 cm−1 (amid
III) can be seen. The signal strength seemed to increase with the wavenumber,
in a near linear fashion, though it looks like this increase might stop at around
1250-1300 cm−1, as the drop in signal strength after the 1244 cm−1 peak is larger
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(a) (b)

Figure 4.4.29: (a): CARS imaging of a cultured MC3T3-E1 preosteoblasts
sample stained with ARS at wavenumber 1080 cm−1 (λpump = 927.7 nm, λStokes =
1031 nm) and 2750 fs delay. (b): A spectrum comparing the signal strength at
various values of wavenumber from the area marked in (a) using all the different
images seen in Figure A.0.10.

than that seen after the two other peaks.

4.4.7 Background

As the signal strength seemed to be increasing past the ν1 PO4
3- for multiple dif-

ferent samples, and seemingly continued to increase up to at least 1300 cm−1 for
the 7 µm dog jaw section, it was decided to investigate if this was caused by a
background signal created during the CARS process. This was done by making a
wavenumber spectrum from 886.1-1292.1 cm−1 of an area without any HAp. This
was done after the re-alignment of the lasers. As the ARS stained preosteoblast
sample gave a clear indication to where there was and wasn’t any calcium phos-
phate (and therefore HAp), this sample was used for this. The spectrum obtained,
as well as the area used to make it, can be seen in Figure 4.4.30. Here, one can
clearly see an increase in signal strength as the wavenumber increases, even though
there is no CARS signal coming from HAp. This means that something else, be it
fluorescence or some other source, is creating this background signal. This increase
also seem to be near linear, similarly to wavenumber spectra seen earlier.

After collecting the background signal, it was decided to check what kind
of results would be obtained if one were to subtract it from a similar spectrum
acquired from one of the bone samples. The spectrum chosen for this was the one
captured from the 7 µm dog jaw section seen in Figure 4.4.6b. The result is the
spectrum seen in Figure 4.4.31. While this spectrum still doesn’t perfectly align
with a typical bone Raman spectrum, one can still see many improvements from
the original wavenumber spectrum. Three peaks can be seen, all corresponding
to well known vibrational modes, being the ν1 PO4

3- stretching mode around 960
cm−1, the mode of A-type carbonate around 1125 cm−1, and the mode for amid III
at around 1250 cm−1. The 1250 cm−1 peak did not appear in the original spectrum.
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One can also see that the signal strength in the background subtracted spectrum
decrease much more after the 1125 cm−1 peak than it did in the original spectrum,
and that the signal strength starts to decrease after the 1250 cm−1, something it
didn’t do in the original spectrum, where the signal strength continued to increase.
While the peaks at 1125 cm−1 and 1250 cm−1 still are larger than the peak at 960
cm−1 also in the background subtracted spectrum, it still better represent a typical
Raman spectrum for bone.

(a) (b)

Figure 4.4.30: (a): CARS imaging of a cultured MC3T3-E1 preosteoblasts
sample stained with ARS at wavenumber 988 cm−1 (λpump = 935.8 nm, λStokes =
1031 nm) and 2750 fs delay. (b): A spectrum comparing the signal strength of
the background signal at various values of wavenumber from the area marked in
(a) using all the different images seen in Figure A.0.10.

Figure 4.4.31: A wavenumber spectrum made by subtracting the background
signal seen in Figure 4.4.29b from the wavenumber spectrum seen in Figure 4.4.6b.
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4.4.8 Tooth Sections

Multiple human tooth sections were also tested using the CARS. These sections
were the thickest of all of the samples, being around 0.5 mm, and was therefore
tested in order to see if any CARS signal could be acquired when samples were
this thick.

When scanning the tooth sections using CARS, the strength of the trans signal
collected was very weak (see Figure 4.4.32b, e, h). A reason for this was likely the
thickness of the sample. As discussed earlier, this might have affected the trans
CARS signal in multiple ways:

1. The lasers were not able to penetrate deep enough into the sample so that
a strong signal could be transmitted on the other side.

2. More of the laser’s energy might have been absorbed by molecules deeper
within the sample, and when these molecule released CARS-signal, a lot of
the signal might have been absorbed by the material around the molecules.

An epi signal was also acquired from the sections, and though it was stronger
than the trans signal, it was still weak (see figure Figure 4.4.32c, f, i). An inter-
esting observation is that the areas of the section that gave an epi signal seems to
be the inverse of those which gave a trans signal. In fact, no details from the areas
giving epi signal were seen in the brightfield images either. These areas seemed to
be corresponding to the pulp chamber of the tooth. Those who had prepared the
sample suggested that this might be because of deterioration of the pulp chamber
(the reason the tooth was originally extracted), which would have changed the
structure of this area, perhaps making it more scattering than in the rest of the
tooth. This could explain why the trans signal is virtually non-existent in this
area, while the epi signal is at its strongest there. It should be noted that this was
the only time an noticeable epi signal was collected with the faulty setup, which
means that a better setup might have been able to acquire a much stronger CARS
signal in this direction from these samples.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.4.32: Images of different tooth sections acquired using brightfield
(a,d,g), as well as from CARS-signal in both trans (b,e,h) and epi (c,f,i) di-
rections. CARS images captured at 988 cm−1 (λpump = 935.7 nm, λStokes = 1031
nm) and 2750 fs delay.
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DISCUSSION

The goal of this master’s thesis was to see if CARS could be used to image and
study bone samples, primarily by using the Raman signal created by HAp in the
tissue, though the Raman signal from CH-bonds was also considered. This was
shown to be possible in trans direction using both wavenumber around 960-990
cm−1 among others for HAp, as well as for wavenumbers around 2845 for CH-bonds
in the organic component. Samples with thickness between 5-20 µm were imaged
without issue, while the image quality was noticeably worse for significantly thicker
samples (discussed in more detail below). Samples embedded in both MMA and
paraffin, as well as samples that wasn’t embedded in any material, all were imaged
without issue, showing that all three options could be used for bone tissue imaging
using CARS. When looking at the Raman spectra collected from the different
samples, the embedding material seemed to create some background signal, but
at least for the thinner samples this extra signal did not seem to majorly affect
the quality of images.

As mentioned above, a limitation with the CARS signal in trans direction
was seen when trying to image the thicker samples. Here, the quality of images
collected was much worse than those from the thinner samples. For both the
thicker dog jaw sample and the rabbit leg sample, much more background sig-
nal was also detected from both the Raman spectra collected using the Raman
microscope, as well as from the wavenumber spectrum made using the CARS.
The source of this background signal may have been either fluorescence and/or
non-resonant background signal. The reason the thicker MMA embedded samples
creates more background signal may have to be because of the thickness of the
sample, and/or the thickness of the embedding layer of MMA. Some of this signal
might also have been CARS signal created by the embedding material. As seen
by the tooth section, the increased background signal isn’t the only reason for the
worse signal quality in the trans direction, as the tooth sections weren’t embedded
in anything. The tooth sections were by far the thickest samples, and gave the
worst trans signal out of any of the samples, showing just how much the thickness
of the sample can affect the amount of CARS signal generated. This could be
because the lasers were not able to penetrate deep enough into the thicker sample,
so that a strong signal could be transmitted on the other side, and/or that more
of the lasers’ energy had been absorbed by molecules deeper within the sample,
where much of the released CARS-signal created by these molecules was stopped

87



CHAPTER 5. DISCUSSION

by the material around them. Unfortunately, as the thickness of the thicker sam-
ples wasn’t known, and in the case of the tooth sections only assumed based on
eye measurements, it is difficult to say at exactly what thickness the CARS sig-
nal in trans direction becomes weaker. It should however be noted that even the
tooth sections did give some trans signal, even at their relatively large thickness.
This shows that the range of thickness in which a trans signal can be created
is relatively large. This might also help explain why compact bone tissue, while
still giving of a strong Raman signal around 960 cm−1 according to the Raman
spectra collected, was harder to image using the CARS signal in trans direction
when compared to spongy and trabecular bone tissue. As compact bone is much
more dense than spongy and trabecular bone, there is the possibility that the
lasers simply weren’t able to penetrate as deep into the tissue as it would with
spongy/trabecular bone.

In theory, when a sample is too thick/too dense to be imaged properly using
the CARS signal in the trans direction, one should be able to use the signal created
in the epi direction instead. However, little to no CARS signal was acquired in this
direction for most of the samples tested, no matter the thickness or denseness of
the tissue. A possible reasons for this might have been alignment issues with the
lasers. However, as the lasers were re-aligned during the master’s, and this still
didn’t lead to better epi signal, this probably wasn’t the reason. Another possible
explanation was the instrumental setup, as the filters in the dichroic epi cube had
been mounted incorrectly. Unfortunately, there was no time to investigate this any
further. No matter the reason, CARS signal in epi direction was collected from
the tooth section, although only in small amounts and only from specific parts of
the samples. As this was the only time noticeable epi signal was collected with the
faulty setup, a better setup might be able to acquire a much stronger CARS signal
from these samples in the epi direction. If this is the case, then there is also the
possibility that a better setup might be able to collect epi signal from the other
bone and preosteoblast samples as well, especially from more dense areas of the
samples, like cortical/compact bone, as well as from the thicker samples, as there
here would be more molecules which could scatter the CARS signal back in the
epi direction. It should however be mentioned that when looking at CARS signal
at around 2845 cm−1, no epi signal was collected. Here, the setup of dichroic and
filter cubes were the same in both trans and epi direction, so a faulty setup could
not be blamed for the lack of signal. The only samples tested around 2845 cm−1

were however thinner ones, and only in areas with trabecular bone tissue. While
this might suggest that the thinner samples, at least where the tissue was less
dense, might not produce any epi signal even with a better setup, this still doesn’t
count out the possibility that the thicker/denser samples might.

The CARS technique was also show to be able to distinguish between different
types of tissue based on the Raman active vibrations. This was done by comparing
the signal strength recorded from HAp and CH-bond vibration over the same
sample area. This was done for a 7 µm dog jaw section and for a decalcified rat
jaw section. For both samples, data was collected from an area that contained
a nerve bundle, a arteriole or blood vessel, and HAp matrix. By looking at the
resulting images, one could clearly see that the different tissue types gave their
strongest Raman signal at different wavenumbers (see Figure 4.4.7 and 4.4.18). To
illustrate this further, signals were overlaid using different colours maps as shown
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in Figure 4.4.8 and 4.4.19. There might however be some limitations to this, as
it was difficult to distinguish the blood vessel depicted in the dog jaw section
from the surrounding HAp tissue. Another way separation between tissues was
done was with the 7-20 µm bone marrow biopsy. When looking at the overview
image of the sample (Figure 4.3.10), one could clearly see a brown-coloured tissue
that differentiated itself from the surrounding bone tissue. That this tissue indeed
was different from the bone tissue was confirmed by the Raman spectra collected
from both tissues, as these were very different from one another. When this sample
later was imaged using CARS at wavenumber 988 cm−1, the bone tissue was easily
depicted thanks to the strong CARS signal, while the brown tissue gave little to
no signal at this wavenumber, appearing dark in the CARS images. As the Raman
spectrum for the brown tissue had shown no Raman shift around 960 cm−1, this
wasn’t unexpected. It should also be noted that while the compact bone also gave
less signal than the spongy bone in these images, this most likely was due to the
compact bone being more dense than the spongy bone, as discussed above.

While the Raman spectra captured using the Raman microscope are similar
to that typical for a bone sample, there still was some uncertainty about if the
CARS signal collected actually came from HAp, or if it came from another source
such as the embedding material. This however was levied by the results obtained
from the cultured cells that under specific conditions produced mineralized bone
matrix. For the results from the non-stained sample, not only did the Raman
spectra collected show Raman active vibrations at many of the same wavenumbers
as the different bone samples, but the wavenumber spectrum created by using the
CARS signal collected from this sample was also similar to the wavenumber spectra
from the other non-decalcified samples. For the results from the stained sample,
by comparing the structures seen using brightfield imaging with those seen using
CARS imaging, the same structures could be seen using both techniques. As these
samples were not embedded in MMA, this seemingly confirmed that it was CARS
signal from HAp that was collected during the experiments.

When imaging the HAp tissue in the stained preosteoblast sample using CARS,
many more details became visible when compared to the images acquired from
the same areas using brightfield. This showed that under the right circumstances,
CARS imaging could give better results than brightfield imaging. The difference
in image quality between CARS and brightfield was much higher for the stained
sample than for the non-stained one. This is most likely because the light from
the brightfield microscope was hindered from travelling through the stained sample
because of the ARS staining, something that wouldn’t be a problem for the non-
stained sample. As the CARS technique is based on the molecular vibration
created by a the molecules in a sample, CARS imaging wouldn’t be affected by
the staining in the same way (if at all).

Something that became apparent when looking at the HAp wavenumber spec-
tra collected using CARS, was that they did not match the Raman spectra col-
lected using the Raman microscope. The signal strength was apparently growing
as the wavenumber was increasing, leading to what could be considered the base
line signal strength passing the height of the ν1 PO4

3- stretching peak. Even the
thicker dog jaw section, which had more background signal according to its Ra-
man spectrum than the most of the other samples, still had the ν1 PO4

3- stretching
peak as its highest peak between 900-1080 cm−1 (the interval of the wavenumber
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spectrum made for this sample) in its Raman spectrum. Peaks that should appear
in the wavenumber spectra also didn’t appear, like the ν1 PO4

3- stretching peak
for the thicker dog jaw section and the stained preosteoblast sample, or the amid
III peak for the 7 µm dog jaw section. One explanation for this was with the
wavelengths reflected by the dichroic mirror cube. When looking at the Equa-
tion 2.15 and Equation 2.17, one can see that a higher λpump correlates to a higher
λCARS, while also correlating to a lower vvib (wavenumber). This could mean that
at higher wavenumbers, more signal with values higher than the expected Raman
shift might be reflected by the dichroic mirror cube towards the detector, and
that this might have impacted the signal detected. This explanation does however
have a few flaws. The biggest one is that it completely ignores the filter placed
between the dichroic mirror cube and the detector, whose sole purpose is to stop
any excess signal from entering. While one could assume that this filter was flawed
in some way, as two different filters (832±18 nm and 857±15 nm) were used, this
becomes much more unlikely. Another point against this explanation is that this
growth did not appear when creating a wavenumber spectrum for the CH-bonds
at 2750-3100 cm−1. If the dichroic mirror cube was to blame, one would expect
the growth to appear here to. It should also be noted that this growth did not
show up when testing DCPD in the author’s specialisation project (TFY4520),
which is why it was never mentioned. Here, the same dichroic mirror cubes and
filters were used as those used when looking at the CARS signal from HAp.

Another explanation for this phenomena was that this apparent increase in base
line signal strength was created by some kind of background signal, be it from fluo-
rescence and/or non-resonant background. While some kind of signal coming from
the embedding material had been proposed, the unforeseen growth also appeared
in the wavenumber spectrum from the non-stained cultured preosteoblasts, which
had not been embedded in anything. In order to find this background signal, a
wavenumber spectrum had to be made from an area without any HAp, in the
same interval as one of the HAp wavenumber spectra (here 886-1292 cm −1). The
area chosen was from the stained preosteoblast sample, as it here was very easy to
see where one could and could not find HAp. This spectrum was then subtracted
from the HAp wavenumber spectrum made from the 7 µm dog jaw section. The
resulting spectrum made from this (see Figure 4.4.6b) was much more similar to
what one would expect from a bone Raman spectrum. The A type carbonate peak
was much clearer (higher drops in signal strength around it), which fit well with
what was seen in the Raman spectrum corresponding to the 7 µm dog jaw section.
The amid III peak also appeared here, and the signal strength even seemed to
drop off at the higher wavenumbers, instead of just continuously growing as seen
in the original wavenumber spectrum for the dog jaw section. While there still
was discrepancies between the new wavenumber spectrum and its corresponding
Raman spectrum, with the A carbonate and amid III peaks still being higher than
the ν1 PO4

3- stretching peak, it did seem to work as proof for there indeed being
a background signal which too was captured when using the CARS. A thought
was to look at the weird Raman spectrum collected from what was believed to be
some kind of background signal, obtained from the two dog jaw sections, and see if
this might come from the source of the background signal seen in the wavenumber
spectra. While this spectrum did show an increase in base line signal strength that
might be similar to the one seen in the wavenumber spectra, many more peaks
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appeared in this spectrum than did in the wavenumber spectrum collected from
the same sample. Whatever created this Raman spectrum therefore most likely
wasn’t the main source of the background signal. More work should therefore
be done in order to not only find the source of the already collected background
signal, but also in order to find the source of the other discrepancies not explained
by this background signal.

Many interesting results were found when the different Raman spectra collected
from the different samples were compared with each other. One of these related to
the peak seen around 810-890 cm−1 in many of the spectra collected from the MMA
embedded bone samples. This peak had originally been assumed to correspond
to vibrations coming from proline/hydroxyproline, as these amino acids had their
Raman active vibrational peak at around this wavenumber. For all the samples
embedded in MMA however, the strength of this signal was much higher than one
would expect when compared to the typical Raman spectrum for bone. While
proline/hydroxyproline primarily is found in the collagen, which is found within
the bone matrix, the surrounding HAp might prohibit the creation of much signal
from these amino acids, which explains why a typical Raman spectrum usually
shows the proline/hydroxyproline peak as really small. This however raises the
question as to why this signal is so strong for the embedded bone samples. Looking
at the spectra from the decalcified rat jaw section might provide some answers.
The spectrum collected from a nerve bundle shows a peak at 890 cm−1, though its
size when compared to the other peaks is much smaller. As collagen can be found
in the extracellular matrix surrounding the surface of Schwann cell/axon units, as
well as arterioles and blood/lymphatic vessels, it makes sense for these types of
tissues to give off a proline/hydroxyproline Raman signal. Here one however see
that the peaks from A and B-type carbonate, amid III and CH bending should be
larger than that of proline/hydroxyproline. This further raises the question as to
why this isn’t the case for the MMA embedded bone samples. There is however
one big difference (other than the decalcification) between the MMA embedded
bone samples and the decalcified rat jaw section, and that is that the rat jaw
section was embedded in paraffin. MMA does have a Raman active vibrational
peak at around 850 cm−1, and this might help explain why the 810-890 cm−1

peaks are so much larger than one would expect in the MMA embedded bone
samples, but not in the rat jaw section. This is further supported when looking
at the spectra collected from the non-stained cultured preosteoblast sample and
the tooth section. Non of these were embedded in MMA, and their corresponding
Raman spectra did not show any peaks around 810-890 cm−1. This might also
explain some other discrepancies between a typical bone Raman spectrum and
those collected from the MMA embedded bone samples. In all these samples, the
CH bending peak is shown as larger than the ν1 PO4

3- stretching peak. This is
not the case for the spectra collected from the non-stained cultured preosteoblast
sample and the tooth section, where this peak is much smaller. The spectrum
from the decalcified rat jaw section also show this peak as smaller than the A and
B-type carbonate peaks and the amid III peak. MMA also have a Raman active
vibrational peak at around 1450-1480 cm−1, and might therefore have affected the
Raman spectra collected from the samples embedded in the material. While it was
attempted to capture a Raman spectrum from the MMA, in order to see at what
wavenumbers the MMA signal might have had an effect on the collected Raman
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spectra, no spectrum relating to MMA was obtained.
Another unexpected result seen in every Raman spectra collected, was the size

of the CH stretching peak. While a CH-signal is consistent with the sample mor-
phology, it should, according to a typical bone Raman spectrum, be much weaker
than the ν1 PO4

3- stretching signal, but that is simply not the case for the Raman
spectra collected. As this discrepancy appear in all Raman spectra, also those
which wasn’t embedded, this discrepancy is not the fault of the embedding mate-
rial. In fact, the relation between the CH streaching peak and the PO4

3- stretching
peak was closer to what one would expect in the Raman spectrum collected from
the bone nodule (embedded in MMA) than in the spectrum collected from the
non-stained preosteoblast sample (not embedded). The exact reason for this ob-
served difference is therefore unclear However, even if not all the signal received
at 2700-3000 cm−1 is from the sample itself, one can still use these wavenumbers
to depict and analyse the samples using CARS. As seen when analysing both the
7 µm dog jaw section and the decalcified rat jaw section at 2844.6 cm−1, is that
the CARS signal created from nerve bundles and arterioles is much stronger than
the signal created from the surrounding HAp tissue. This signal was also able to
image the samples in these areas without any noticeable problems.
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CONCLUSIONS

In this master’s thesis, it was tested if CARS spectroscopy could be used for
imaging and further study of bone and bone like samples. Imaging was done using
both the Raman signal acquired from HAp in the sample tissues, as well as from
CH-bonds. Many different samples were tested here, including dog jaw sections
of different thickness, a decalcified rat jaw section, a rabbit leg section, two bone
marrow biopsies of different thickness, a bone nodule, two samples consisting of
mineralized bone matrix produced by cultured preosteoblasts (one which had been
stained by ARS), and tooth sections.

While there were few problems collecting CARS signal in the trans direction
from the samples (with the exception of the tooth sections), almost no epi signal
was collected from any of the samples. The exact reason for this is unknown, but
can have been because of a faulty filter setup. Either way, some epi signal was
collected from the tooth sections, showing that it was possible to collect epi signal
from tissue similar to bone.

In order to confirm that the signal thought to come from HAp, actually came
from this tissue, a sample consisting of mineralized bone matrix produced by
cultured preosteoblasts, and stained using ARS, was used. By comparing images
captured of the stained tissue using an optical brightfield microscope, with those
seen through CARS imaging of the same tissue, one could confirm that the same
structures were seen in both.

Multiple Raman spectra were collected from each sample used. These were
made in order to confirm at what wavenumbers would give Raman active vibra-
tions from the different samples, compare these spectra with that of a typical
bone Raman spectrum, and than later compare these results with the results from
CARS microscopy.

The signal strength at different values of both wavenumber and delay were
tested for the signal from both HAp and CH-bonds. For CH-bonds, the signal
strength was at its strongest around 2844.6 cm−1 and 8000 fs delay, thought the
signal also was strong around 0 fs delay. 2844.6 cm−1 and 0 fs delay was then
chosen as the values used for imaging using the CH-bond signal from the samples.
For the HAp signal, it seemed to be strongest somewhere between 2250-3250 based
on either the sample tested (dog jaw section or cultured cells that under specific
conditions produced mineralized bone matrix) or the wavenumber (960 or 988
cm−1). For the wavenumber which gave the strongest CARS signal, the results
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weren’t as conclusive, but seemed to show a signal strength peak at either 960 or
988 cm−1. 2750 fs delay and 988 cm−1 was chosen as the primary values used for
imaging using signal from the HAp-tissue.

While testing the HAp-signal strength at different wavenumbers, the spectra
collected showed an unexpected increase in base line signal strength corresponding
to the increase in wavenumber. This made the signal strength spectra collected
very different from the Raman-spectra collected from the same samples. In order
to test if this might have been because of some kind of background signal creeated
by the samples, a signal strength spectrum (at different wavenumbers) was made
from an area without any HAp. This spectrum was then subtracted from a 7 µm
dog jaw spectrum made using the same wavenumbers. The resulting spectrum
was much closer to both the Raman spectrum collected from the dog jaw section,
and to a typical bone Raman spectrum, showing that there most likely that some
background signal indeed was present. The exact source of this background signal
was however unknown.

In order to see if the CARS technique could differentiate between different types
of tissues, three different types of samples, a 7 µm dog jaw section, a 5 µm rat
jaw section, and a 7-20 µm bone marrow biopsy, was used. For the bone marrow
biopsy, bone tissue was tested up against an unknown tissue in the sample. The
bone tissue was easily imaged using CARS at 988 cm−1, while the unknown tissue
was not. Raman spectra from both tissues were also obtained, which confirmed
that they indeed were different. For the 7 µm dog jaw section and the 5 µm rat
jaw section, signal was collected at 988 and 2845 cm−1 (signal from HAp and
CH-bonds respectively). In both instances, the signal was collected from an area
which included both HAp-tissue, a nerve bundle and an arteriole/blood vessel.
These signals was later overlaid in order to easier compare what tissue gave the
strongest signal of each type. In both instances, one could clearly see a stronger
HAp-signal coming from the HAp-tissue, while a stronger CH-signal came from
the nerve bundle and arteriole.

While not all the results obtained were as expected, and there still were some
questions the remained unanswered, CARS was still able to image most of the
samples used without any problems. With the technique also being able to dif-
ferentiate between different types of tissues, and detect background signal if one
knows where to look, CARS shows great promise as a future method for the anal-
ysis of bone and bone-like samples.
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CHAPTER

SEVEN

FUTURE WORK

There is still work that could be done in order to improve the imaging of bone and
bone-like samples using CARS. Firstly, the filter setup for the CARS signal in epi
direction should be fixed. Then, the samples should be tested again, here with the
focus of collecting an epi signal if possible. This should especially be done for the
thicker samples, as well as for areas in the thinner samples where the bone tissue
was denser (primarily compact bone).

Finding the exact source of the background signal detected when analysing
the HAp-signal could also help us better understand how the CARS technique
interacts with the samples, and perhaps also how to mitigate this background sig-
nal. It should also be looked into explaining the other discrepancies between the
wavenumbner spectra and the Raman spectra that wasn’t caused by this back-
ground signal.

If possible, the Raman spectrum for the embedding MMA should be collected,
so that it can be compared with the other results collected. One should also see
if the source of the weird Raman spectrum (obtained from the dog jaw sections)
originally thought to be a background signal can be located. One should also see
if it was possible to find the reason as to why the Raman signal collected around
2800-3000 cm−1 was so much larger than expected. This might again further help
us understand how the CARS technique interacts with the samples, so that we
can further improve upon it.
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APPENDICES

A - FULL SPECTRES

Figure A.0.1: All images captured in order to create the spectrum seen in
Figure 4.4.5. Aspect ratio 320×320 µm.
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Figure A.0.2: All images captured in order to create the spectrum seen in
Figure 4.4.4. Aspect ratio 320×320 µm
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Figure A.0.3: All images captured in order to create the spectrum seen in
Figure 4.4.6. Aspect ratio 320×320 µm
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Figure A.0.4: All images captured in order to create the spectrum seen in
Figure 4.4.10. Aspect ratio 320×320 µm
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Figure A.0.5: All images captured in order to create the spectrum seen in
Figure 4.4.13. Aspect ratio 320×320 µm.
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Figure A.0.6: All images captured in order to create the spectrum seen in
Figure 4.4.16a. Aspect ratio 320×320 µm.
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Figure A.0.7: All images captured in order to create the spectrum seen in
Figure 4.4.16b. Aspect ratio 320×320 µm.
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Figure A.0.8: All images captured in order to create the spectrum seen in
Figure 4.4.28a. Aspect ratio 320×320 µm.
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Figure A.0.9: All images captured in order to create the spectrum seen in
Figure 4.4.28b. Aspect ratio 320×320 µm.
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Figure A.0.10: All images captured in order to create the spectrum seen in
Figure 4.4.30. Aspect ratio 320×320 µm.
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B - SOME CALCULATIONS

Here, how to arrive at Equation 2.17 from Equation 2.16 is shown.

ℏ =
h

2π

ωc

λ
= ℏw

−→ ω =
2πc

λ

ωCARS = 2ωpump − ωstokes

−→ 2πc

λCARS

=
4πc

λpump

− 2πc

λStokes

−→ 1

λCARS

=
2

λpump

− 1

λStokes

−→ λCARS =
1

2
λpump

− 1
λstokes
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C - IMAGE LICENSE

114
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Figure C.0.1: License for the use of Figure 2.10.1
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